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ABSTRACT

There are a number of pressing problems mankind is facing today that could, at least in part, be resolved by space systems. These include
capabilities for fast and far-reaching telecommunication, surveying of resources and climate, and sustaining global information networks, to
name but a few. Not surprisingly, increasing efforts are now devoted to building a strong near-Earth satellite infrastructure, with plans to extend
the sphere of active life to orbital space and, later, to the Moon and Mars if not further. The realization of these aspirations demands novel and
more efficient means of propulsion. At present, it is not only the heavy launch systems that are fully reliant on thermodynamic principles for
propulsion. Satellites and spacecraft still widely use gas-based thrusters or chemical engines as their primary means of propulsion. Nonetheless,
similar to other transportation systems where the use of electrical platforms has expanded rapidly, space propulsion technologies are also experi-
encing a shift toward electric thrusters that do not feature the many limitations intrinsic to the thermodynamic systems. Most importantly, elec-
tric and plasma thrusters have a theoretical capacity to deliver virtually any impulse, the latter being ultimately limited by the speed of light.
Rapid progress in the field driven by consolidated efforts from industry and academia has brought all-electric space systems closer to reality, yet
there are still obstacles that need addressing before we can take full advantage of this promising family of propulsion technologies. In this paper,
we briefly outline the most recent successes in the development of plasma-based space propulsion systems and present our view of future trends,
opportunities, and challenges in this rapidly growing field.
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|. INTRODUCTION ambitious aspirations for permanent lunar stations and eventual colo-

nization of Mars.” * As space assets become exceedingly smaller’ and

There is little doubt that the nanotechnological revolution has utilize more advanced electronics and sensors, the need for advanced

reached and in effect underpinned the tremendous progress in space space propulsion systems with the efficiency that matches that of other

technologies,' providing the much-needed technological framework to satellite systems is becoming increasingly evident. Not surprisingly,

not only build extensive near-Earth satellite networks but also support exploration of new physical principles for creating thrust in space”’
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and advanced implementation of the existing thrust systems attract
strong attention of the researchers.”” Among the plethora of available
and emerging space propulsion systems, the thrust platforms that uti-
lize plasma'®""” and ionized gas'* ' to create reactive thrust are cur-
rently attracting the strongest attention due to many potential
advantages of these devices,'” ' particularly for their ability to deliver
a very high specific impulse’””" and potentially long service life.”**’

However, further uptake of these systems is hindered by several
challenges. First of all, there is an urgent need to further enhance the
critically important operational parameters of these thrusters, such as
their energy efficiency and capability to adjust specific impulse to the
task at hand. This need holds true for all existing and emerging electric
and plasma propulsion systems when used on any space asset—from a
small satellite to a large spacecraft, including those destined for
manned missions to the Moon and Mars. Indeed, the specific impulse
of the electric propulsion system is, in most cases, a mission-
dependent parameter. Other related parameters, such as thruster effi-
ciency, are also critically important. For longer missions, the delivery
of greater specific impulse requires a greater amount of energy for ion
acceleration and thus an increased capacity with respect to energy
storage and other systems. As a result, the specific impulse of an elec-
tric propulsion system will be determined by the complex optimization
of the whole mission design.”*”" It is worth noting that since the pro-
pulsion needs typically change during the course of the mission, there
is strong interest in hybrid variable-specific-impulse electric propul-
sion platforms to deliver greater efficiency.”*””

Second, the service life of the existing plasma thrusters is still not
sufficiently high, mainly due to very strong erosion of the electrodes
and accelerating channel walls by the action of highly energetic ion,
electron, and plasma fluxes impinging on the surface.”*”” The heat,
radiation, and other effects that are present in the energy-loaded
plasma thrust systems may further contribute to the failure of materi-
als that come into direct contact with plasmas. Finally, the limitations
of the currently available plasma cathode systems still remain a critical
block that significantly hinders the total efficiency and reliability of the
entire space thrust system.

In this perspective, we will briefly outline the most recent suc-
cesses in the plasma-based space propulsion systems and present our
view on further trends, possibilities, and challenges facing these plasma
systems. For the purpose of this discussion, the entire spectrum of the
space electric propulsion platforms is subdivided into three main
types, namely, the electrostatic, electromagnetic, and electrothermal
systems. The electrostatic and electromagnetic thrusters exploit the
electric and magnetic fields for the generation, acceleration, and expul-
sion of ionized propellant, and hence, the articles discussing these plat-
forms are represented well in the Physics of Plasmas journal. In
contrast, the electrothermal thrusters feature mainly a thermodynamic
principle of acceleration via the electric current heating of the propel-
lant, where the latter then expands and thermodynamically accelerates
through the nozzle. When compared to the former two thruster types,
the electrothermal thrusters demonstrate significantly lower specific
impulse levels (see Fig. 3) and, as a consequence, are not a strong focus
for the Physics of Plasmas journal. Hence, in this this article, we will
mainly characterize the two main groups of thrusters, ie., the electro-
static and electromagnetic systems, as well as cathodes that play an
exceptionally important role in many various types of thrusters, such
as Hall-type and gridded ion systems. We will first briefly characterize
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the major and most advanced types “of plasma- and electric
discharge-based space propulsion platforms,” show their level of devel-
opment and challenges they are facing, and then set the ways for the
future development of this field in Sec. II. Moreover, we will discuss
two aspects of prime importance, namely, problems and challenges
linked to “miniaturization” of various electric propulsion systems
(Fig. 1) and advantages and opportunities provided by the application
of novel materials in this field. Finally, in Sec. IV, we will set the
longer-term goals and directions for this exciting field. We aim our
Perspective article at the most general physics audience and students
who may benefit from a comprehensive top-level view of the present-
day state of the art in the plasma propulsion as a whole and see what
opportunities, challenges and problems are there to be considered in
the nearest future. For the more specialized expert audience, we will
provide an extended (over 230 publications) list of the most recent
specialized textbooks and papers on the topic.

The rest of this paper is organized as follows. In Sec. II, we
will first briefly outline the major types of the electric propulsion

"PLANETARY SYSTEM" OF ELECTRIC PROPULSION THRUSTERS

HALLTH

PULSED THRUSTE

PLASMADYNAMIC THRUSTER

FIG. 1. A “planetary system” of electric propulsion thrusters. Four main types of elec-
tric propulsion systems are considered as the most promising candidates for various
space applications. While Hall, ion, and pulsed thrusters have already been tested
and currently found multiple applications as space propulsion systems, the magneto-
plasmadynamic (MPD) thruster was only once tested in a real space flight in the
framework of the EPEX (Electric Propulsion EXperiment) mission onboard of the
Japanese Space Flyer Unit project.” Nevertheless, MPD thrusters are considered
among the most promising propulsion systems for future missions related to the
colonization of Mars and the Moon. Reprinted from Levchenko et al., Appl. Phys. Rev.
5, 011104 (2018). Copyright 2018 Author(s), licensed under a Creative Commons
Attribution (CC BY) license.”
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systems and their key characteristics; this section aims to introduce
the field to the broader readership of the journal, including
students and the not-expert audience. Then, in the subsequent
subsections A, B, and C, we will analyze the challenges and oppor-
tunities specific to the electrostatic systems, electrodynamic sys-
tems, and cathode systems used for space electric propulsion
thrusters. Next, Sec. I1I will deal with the modeling and simulation
of the space electric propulsion systems, and, finally, Sec. IV will
outline the directions for future development of the field, briefly
touching on the emerging and prospective approaches.

A Hall thruster™” uses a number of externally mounted magnetic
coils or a single coil of a larger size surrounding the entire thruster. An
internal magnetic coil may also be used. An incandescent cathode and
anode are installed on the outside and inside of the acceleration chan-
nel, respectively. The acceleration channel itself can be made out of
ceramic or a metal, with the latter configuration producing a thruster
with an anode layer. The anode is typically perforated, with the holes
used to supply the propellant, e.g., Xe, as shown in the figure. Upon
application of an electric potential to the cathode relative to the anode,
a closed Hall current is produced within the channel, being controlled
by the intersection of magnetic and electric fields. A static electric field
is used to accelerate ionized propellant, whereas the magnetized elec-
trons of the circular Hall current diffuse in the direction of the anode.
As Hall thrusters are electrostatic ion accelerators, thrust they produce
can be described by considering the interaction of Hall current with
the externally applied magnetic field. An ion thruster (depicted on the
right) comprises a cylindrically shaped body housing a discharge unit,
i.e,, an incandescent hollow cathode, an anode, and a magnetic coil.
Additional focusing magnetic coils are mounted on the outside of the
body. A unit consisting of internal and external grids is used for
extraction and acceleration, respectively. An additional cathode unit is
mounted on the outside of the acceleration channel and is used to pro-
duce an electron flux to neutralize the ion exhaust as it exits the chan-
nel in order to prevent charge accumulation on the spacecraft. The
propellant gas such as Xe is delivered into the hollow cathode, at which
point it undergoes ionization in the magnetized discharge. The inter-
nal grid is then used to extract the ion flux, which is then accelerated
by the second grid. This results in the ion flux exiting the thruster at
high velocity.

Il. SURVEY AND PERSPECTIVES: WHERE ARE WE
WITH PLASMA PROPULSION?

First of all, we should briefly consider what makes plasma pro-
pulsion so promising. Newton’s third law of motion postulates that in
order to generate thrust in space, an object must expel mass to gain
acceleration, with the force expressed as F =1 x V,,, where V,, is the
velocity with which mass is expelled relative to the object and 7 is the
rate at which mass is consumed to produce the force (kilogram per
second). At present, chemical rockets and electric propulsion thrusters
are the most typical systems for space propulsion. Primarily used to
deliver assets from Earth to space, chemical rockets are characterized
by much greater thrust-to-mass ratio 1 reaching 2000N kg™ '; how-
ever, the exhaust velocity of these systems is comparatively low, at V,,
= 5000 ms ! even for the most efficient fuels. In contrast, systems
that use electric propulsion can deliver a greater exhaust velocity
approaching 10> ms™' yet can only produce low levels of thrust. In
these systems, ions are accelerated using electric fields, and there are
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no physical limitations to prevent further improvements in the value
of V,, (Fig. 2).

When compared to thermodynamic (chemical) rocket engines
that come only in few modifications, plasma propulsion thrusters are
represented by a large and diverse family of platforms, which could in
principle produce thrust in space over a very wide range of power
(from fractions of watts to megawatts) and specific impulse (from
hundreds to tens of thousands of seconds), see Fig. 3 for a brief classifi-
cation and visual representation of the devices within the power/
impulse field. A more comprehensive picture and characteristics of
various types of space electric propulsion systems could be found in
the numerous recently published review papers.”*”'”'**'*° Figure 4
shows the two very important classes of electrostatic systems, i.e., the
Hall-type and gridded ion thrusters that use a DC potential to acceler-
ate ions. These systems are currently considered among the most
promising thrust platforms for the long-term missions and for space
exploration within the Solar system and beyond its bounds. In addi-
tion to the thrusters themselves, “plasma cathodes” could be consid-
ered as a separate type of auxiliary but extremely important devices
that are either used in conjunction with electrostatic thrusters or them-
selves could be utilized as ultrasmall thrusters. Electrostatic thrusters
always incorporate a set of at least two (sometimes more) electrodes to
create an accelerating DC electric field; the electrostatic thrusters may
also include several electrodes to create a discharge between them or
may be realized in the electrode-less configuration. An analysis of the
current state of art of the electrostatic thrusters and the advanced tech-
niques for their numerical analysis is presented below in Sec. II A.

There are a number of electrodynamic space thruster configura-
tions that are currently being developed (Fig. 5). A typical system of
this type operates by first ionizing the propellant and then accelerating
the ionized species along the channel. A power energy source on board
of a spacecraft is used to generate the electric and magnetic fields used
for generation, control of movement, and acceleration of changes par-
ticles. Once ionized, the particles can be moved along the acceleration
channel by the Lorentz force and expelled out. This force is the result
of the current of the flowing plasma interacting with the externally
applied magnetic field; the magnetic field may also be induced by
the plasma’s current. Notable examples of such devices include the
actively researched helicon plasma thruster [HPT, Fig. 5(a)],

for the most typi
a thruster should pr
This is trivial for plasma-based syst

P

O

c
2
A
=
i

1
Velocity ratio p

FIG. 2. Why do we need to adjust the exhaust velocity? In order to obtain the maxi-
mum efficiency for the most typical case of orbital velocity, the thruster should be
able to provide 8-12 km/s. This is not easily achievable when using chemical thrust-
ers yet a ftrivial challenge for any plasma-based system. Moreover, when the
exhaust velocity V, is very high, the energy efficiency drops off weaker than for the
case when V, is low, as seen from the graph.
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Specific impulse, s
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FIG. 3. Characteristic parameters of the major types of space electric propulsion thrusters in the power-specific impulse coordinates. The electric propulsion thrust systems
span of five orders of magnitude in power and two orders of magnitude in the impulse. Such considerable diversity enables the use of this family of thrusters across very differ-
ent missions, from the smallest Cubesat systems to large, powerful spacecraft designed for, e.g., manned flights to Mars. Insets illustrate the principal schematics of each

device type.

magnetoplasmadynamic (MPD) thruster [Fig. 5(b)], and pulsing
thruster [Fig. 5(c)]. Other examples include the Helicon Electrodeless
Advanced Thruster (HEAT), which uses helicon plasma with high
density; the plasma is produced using an RF antenna, with rotating
magnetic field (RMF) coils operated in the open magnetic field config-
uration of the divergent field; these are used for the acceleration of

Cathode A
| Gas supply

plasma. The rotating magnetic field induces an azimuthal current
Jjp» and the externally applied static radial magnetic field B, results
in the generation of an axial Lorentz force f,. If successfully real-
ized, the HEAT-type thrusters will be the next step in propulsion
technology. At present, however, the prototype devices typically
suffer from low efficiency and require further exploration and

Plasma cathode

Gas supply

\\ Plasma jet

Magnetic coils

FIG. 4. Electrostatic systems: Hall (left) and gridded ion (right) thrusters, the two major candidates for powering future spacecraft.
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)

Nozzle-Anode

Magnetic coil

(C)

Coils for rotating magnetic field

Focusing coil

Plasma

Coils for rotating magnetic field

FIG. 5. Electrodynamic space thruster systems. (a) Schematic diagram of the Helicon Electrodeless Advanced Thruster (HEAT). Adapted from Ref. 31. (b)
Magnetoplasmadynamic (MPD) thruster. (c) Pulsed plasma thruster. (d) Conceptual Rotamak-type design of a space thruster. (b) and (d) Adapted with permission from Appl.

Phys. Rev. 5, 011104 (2018). Copyright 2018 AIP Publishing.®

optimization.”””® More details about the characteristics of these
devices are presented in Sec. II B.

A. Electrostatic systems: Challenges and opportunities
1. Hall thrusters and variants

Electrostatic thrusters used for space propulsion of satellites
and interplanetary spacecraft include two major types, namely,
Hall thrusters and gridded ion engines as shown in Fig. 4. Ion
engines deliver a high exhaust velocity, but the thrust is limited due
to space charge effects. Hall thrusters offer a larger thrust-to-power
ratio with specific impulses above 1000 s.'**” In Hall thrusters, a DC
plasma discharge is created inside an opened annular dielectric cav-
ity, termed the channel, between an anode placed at the back of the
channel and an external cathode. Magnetizing coils or permanent
magnets wrapped around the channel produce a transverse magnetic
field that confines the electrons without altering ion trajectories. The
cathode generates energetic electrons needed both for maintaining
the discharge and for plume neutralization. The propellant gas, typi-
cally xenon for the present generation of Hall thrusters, is supplied to
the channel through either a perforated anode, as illustrated in Fig. 4,
or a dedicated injection system decoupled from the anode. The cath-
ode-to-anode potential drop is abrupt and located near the channel
exit plane, a region where the electron transport across the magnetic
field is low due to the high magnitude of the magnetic field."” The

axial electric field combines with the radial magnetic field to generate
a closed electron drift in the azimuthal direction, the so-called Hall
current, which efficiently ionizes the propellant gas. Ions are subse-
quently accelerated outside the channel by the static electric field.
Hall thrusters are thus essentially electrostatic ion accelerators.'” Hall
thrusters have been designed to operate across a very broad range of
input power from 10 W up to 100 kW using xenon and krypton as
propellant.”’ Current state-of-the-art thrusters generate a thrust level
between 1 mN and 5N, while the specific impulse remains between
1000 s and 2500 s, which is well above the maximum value that
chemical engines offer.”” Figure 6 shows an example of a recently
developed low-power Hall thruster suited for microsatellite maneu-
vers."”” This thruster produces 8mN at 150 W with an anode effi-
ciency above 30%. Figure 7 shows the evolution of the thrust and the
specific impulse with the input power for small Hall thrusters. The
general trend is the decrease in the performance metrics when the
power, i.e., the size and storage capacity of the on-board power sys-
tem, decreases. The anode efficiency follows the same tendency. This
fact brings to light the difficulty in developing efficient miniature
Hall thrusters.

* “Hall thrusters demonstrate high thrust-to-power ratios and high
efficiencies over a broad power range, which make them very
good candidates for various applications that encompass small
and large satellites as well as Earth orbit missions and
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vacuum chamber. A well collimated plasma jet is observed. (b) Discharge current vs applied voltage plot. A low level of oscillation is achieved as shaded areas cover 90% of
the discharge current oscillations. Reprinted with permission from S. Mazouffre and L. Grimaud, IEEE Trans. Plasma Sci. 46, 330-337 (2018). Copyright 2018 IEEE.**

interplanetary missions. For example, Hall thrusters are the
prime candidates for the upcoming Mars colonization missions,
as reported recently by NASA.”*"**

At present, many groups are actively working to improve the per-
formance and expand the capabilities of Hall thrusters. In addition to
increasing the overall efficiency and the thrust level, many studies also
focus on extending the lifetime, widening the operational envelope,
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FIG. 7. Thrust and specific impulse against input power for several small Hall thrusters.
The thrust, I, and anode efficiency decrease when the power decreases.”” The thrust-
to-power ratio, however, remains relatively constant at around 65 mN/kW. Reprinted with
permision from Mazouffre et al., Proceedings of the 8th European Conference for
Aeronautics and Space Sciences, Madrid, Spain, July 2019, Paper 214 Copyright 2019
Author(s), licensed under a Creative Commons Attribution 4.0 License.”

developing devices with dual-mode (high vs low specific impulse)
functioning, and system simplification.

The development of the Hall thruster configuration known as
“magnetic shielding” has resulted in a drastic improvement in the
thruster lifetime range by decreasing the radial ion kinetic energy in
the acceleration region.'™** ** Gains in the operational lifetime have
been reported across a very broad range of power, with a slight
decrease in efficiency at very low power. In addition, magnetically
shielded thrusters can operate with conducting walls,”” " which pro-
vides a pathway to develop new architectures and explore new applica-
tion possibilities. The wall-less configuration has the potential to
provide a means for reducing the wear of the Hall thruster assembly
along with proposing a simplified design, which can be manufactured
at a reduced cost.””

Sophisticated magnetic field topologies and multistage configura-
tions are among the possible approaches that are currently considered
for the next generation of devices, see Fig. 8. °' A two-stage Hall
thruster with a helicon preionization stage has been proposed to
enhance the ionization degree of plasma, therefore allowing device
operation at high discharge voltages. To achieve this, the helicon stage
is placed behind the channel, as shown in Fig. 8(a). Although the addi-
tion of radio frequency power allowed us to slightly increase the thrust,
the global efficiency and the thrust-to-power of the device drastically
decreased.” Similar results were obtained with a RF antenna wrapped
around a Hall thruster channel.”” A Hall thruster with two magnetic
field peaks inside the channel and an intermediate electrode (IE)
placed in the region of low field magnitude is another possible design.
The so-called double stage Hall thruster, see Fig. 8(b), allows us to bet-
ter separate the ionization and acceleration regions, which is necessary
to enable dual-mode operation.”"*” A similar technique has been pro-
posed recently with permanent magnets and an electrode located in a
zero field zone near the exit plane, see Fig. 8(c). The two-peak
approach has not demonstrated a large increase in the operation
envelope,”* whereas the system is more complex and heavier than a
conventional one. An innovative design named ID-HALL for the
Inductive Double stage HALL thruster has recently been introduced to
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(a) Double stage Hall thruster with a helicon ionization stage. Reprinted with permission from Phys. Plasmas 25, 093503 (2018). Copyright 2018 AIP
b) Schematic view of the double-stage Hall effect thruster with an intermediate electrode (IE) and a two magnetic field peak configuration. Reprinted with permis-

sion from Phys Plasmas 14, 113502 (2007). Copyright 2007 AIP Publishing.” (c) Drawing of a two magnetic peak Hall thruster using permanent magnets instead of coils.

Reprinted with permission from Ding et al., Eur. Phys. J. D 71, 192 (2017). Copyright 2017 Springer-Verlag.”

(d) The ID-Hall Double-Stage Hall Thruster. The inner cylinder

and a RF antenna used to generate an inductively coupled discharge close to the acceleration channel. Contour plots represent the magnetic field intensity distribution (bottom)
along with magnetic field lines and (top) the ideal spatial distribution of the power absorbed per electron. Reprinted with the permission from Phys. Plasmas 25, 093503

(2018). Copyright 2018 AIP Publishing."’

efficiently guide ions produced in the first stage into the acceleration
zone.'' The ID-HALL architecture is depicted in Fig. 8(d). The ioniza-
tion stage is a RF inductively coupled discharge of which the antenna
is placed inside the inner part of the thruster. Magnets combined with
a specific magnetic circuit create a magnetic barrier at the channel exit
plane, a B-field free region where the plasma is created and a cusp-like
structure is formed to limit the losses at walls. ID-HALL is optimized
to generate ions in the vicinity of the acceleration region. Preliminary
experiments show an efficient operation of the inductively coupled
plasma source with a large plasma density upstream the channel and
extraction of an ion current when the device operates in a two-stage
configuration with a DC voltage applied between the anode and the
external cathode.’

A promising and effective approach to reach high-power opera-
tion and large thrust generation is the nested-channel Hall
thruster.””®" The principle is to combine Hall thrusters that vary in
sizes and power levels into a multichannel thruster, as can be seen in
Fig. 9. Nesting the discharge channels lowers the mass and size of this
high-power system. In addition, the nested channel configuration
widens the operating envelope and enables throttling through the
selection of available channels. Thus far, the nested channel technology
has been successfully tested with two and three channels, producing
thrusters capable of operating at over 100 kW of power. Currently, a
two-channel magnetically shielded thruster is under development to
demonstrate that operating life-prolonging technologies can be
successfully applied to high-power devices. This work is of prime

FIG. 9. A 10kW class X2 two-channel nested Hall thruster with its centered-
mounted cathode firing with xenon at full power in the dual channel configuration.
Reproduced with the permission from J. Appl. Phys. 123, 133303 (2018). Copyright
2018 AIP Publishing.”’
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importance as long-life high power Hall thrusters would be a cost-
effective technology for near-Earth and deep space applications.

2. lon engines

In ion engines with the electron bombardment ionization, a
cylindrically shaped body houses the discharge unit. The typical unit
consists of a thermionic hollow cathode, an anode, and internally
mounted permanent magnets to confine the discharge plasma.
Externally mounted magnetic coils may be used to confine the plasma
in Kaufman ion thrusters. An acceleration grid unit contains internal
and external grids used for extraction and acceleration, respectively.
An additional cathode is mounted on the outer body of the thruster
(Figs. 3 and 9). The propellant, most often Xe, is delivered to the hol-
low cathode, where ionization takes place within a magnetized dis-
charge. Once it is extracted and accelerated by the respective grids, the
ion flux is expelled from the thruster at a high speed. The role of
the electron flux produced by the externally mounted cathode is to
counteract the electric charging by the ion flux, thus preventing
charge accumulation on the spacecraft. It is worth mentioning that
in both types of thrusters discussed so far, the plasma is generated
and sustained by electron-neutral collisions. Evidently, plasma
can be sustained using other methods, for example, by using radio
frequency- and microwave-driven ionization, with both methods
employed in electric propulsion.

There are many advantages to using gridded ion thrusters, includ-
ing a very high specific impulse and high thrust efficiency. Not surpris-
ingly, the ion thrusters are among the most promising candidates for
automated missions requiring very high fuel efficiency, such as visiting
outer planets and asteroids.”” However, along with the aforementioned
advantages, there are a number of drawbacks. These include lower ioni-
zation efficiencies as compared to that of Hall thrusters. To overcome
this, the radio frequency ionization stages could be used as an alterna-
tive promising technology to bring the gridded ion thrusters to the
orbit of commercial exploitation. Moreover, the use of iodine instead of
the widely used xenon for gridded ion thrusters may provide a promis-
ing pathway to reduce the cost of the long space flights; however, it is
worth noting that iodine is a corrosive substance and the related degra-
dation must be considered carefully to ensure sufficiently long lifetime
of this technology for any given mission. The interested readers may
refer to numerous recent publications to review the current state-
of-the-art of various types of the modern gridded ion thrusters.”” "

* Owing to their very high intrinsic specific impulse and other
advantages, gridded ion thrusters have been historically among
the most intensely researched space thrust platforms. However,
the Hall effect thrusters and other emerging thruster concepts are
currently attracting most of the researchers’ attention. The use of
multistaged radio frequency driven thrusters and alternative pro-
pellants such as iodine may present the most promising direc-
tions for further development of efficient gridded ion thrusters,
particularly for missions that require very high specific impulse
at low thrust levels.””

B. Electrodynamic systems

There are a number of benefits to using magnetoplasmadynamic
(MPD) thrusters. These include attractive thrust density approaching
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100 mN cm ™, high power (approximately megawatt), lower voltage, a
simple device design, and the possibility of using several propellants,
including a variety of gases and metallic solids. This makes this form
of propulsion highly promising for long-distance missions, such as for
deep space exploration, due to a favorable combination of high effi-
ciency reaching 60% and thrust and impulse reaching tens of Newtons
and 10% s, respectively?“S In this device, the interaction between the
current flowing through the plasma and a magnetic field produces the
Lorentz force needed for plasma acceleration. The magnetic field can
be generated using externally mounted coils or arise from the plasma’s
own current. It should be noted that there are several concepts of the
MPD systems; e.g., the “applied field molecular dynamics (MD)” uti-
lizes the externally installed and powered coils to generate a magnetic
field, whereas the “self-field MPD” uses the magnetic field produced
by the discharge current flowing between the main cathode and anode.
Importantly, MPD thrusters demonstrate higher efficiency in the self-
field mode, which features an even simpler design and power supply
system due to the absence of external magnetic coils. Capable of pro-
ducing significant (tens of Newton) thrusts at the megawatt power
level, these thrusters are considered among primary candidates for the
future missions related to the Mars and Moon colonization, where sig-
nificant cargo masses would need to be delivered quickly and with the
optimal mass-to-cost ratio. They could be also very promising for mis-
sions related to the exploration of remote planets, i.e., those missions
that currently require many years of flight. However, generating
megawatt-level powers in space would require much more advanced
nuclear power systems. "’

Unlike pulsed plasma thrusters (PPTs) that are able to generate
the high specific impulse at low power, MPD thrusters are not ideal
for use in small satellites. Indeed, the former are well suited for attitude
and orientation control, and low-thrust maneuvers by small space
assets. PPTs that use ablation of solid propellants have the added bene-
fit of design simplicity and high specific impulse.”””® These devices
take advantage of the inherent properties of plasmas to generate thrust
and gain considerably high velocity with very low fuel consumption.””

1. Helicon plasma thrusters

Helicon plasma thrusters have emerged as one of the most
promising systems that are currently undergoing active explora-
tion. Helicon plasma sources (Fig. 10) generate plasmas by using
radio frequency radiation. They generate plasmas of high density
(~10" cm™?) and can sustain a wide range of external operating
parameters. For this reason, many different helicon sources of dif-
ferent geometrical scales have been designed and their ability to
control plasmas described.”” ** As the most types of electric pro-
pulsion thrusters mentioned in this article, helicon plasma thrust-
ers feature very complex physics® * but hold great promise for
space thruster applications.”” Experts anticipate rapid evolution of
high-density helicon plasma sources, for a number of advantages
that they offer when compared to other sources, particularly with
respect to the ease of high-density plasmas over a wide range of
external parameters. Nevertheless, more research efforts are
needed to translate various concepts devised thus far into practical
devices to underpin the development of a wide range of future
innovative technologies across many fields, including fields of
fundamental science.”” "'
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FIG. 10. Schematics of the radio frequency ion thruster including the electric inter-
connection of extraction grids and thermionic neutralizer. Us is the screen grid (1)
and U, is the acceleration grid (2) voltage, respectively. The deceleration grid is on
ground potential. Electrons for neutralization are provided by a tungsten filament (Ur
is the filament heating voltage). Reprinted with permission from Holeste et al., Eur.
Phys. J. D 72, 1-7 (2018). Copyright 2018 Springer-Verlag.”
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2. Gradually expanded Rotamak (GER)-type devices

Before helicon plasma thrusters can take their place in the suite
of widely used propulsion devices, a number of challenges would need
to be resolved. These include the erosion of the dielectric wall of the
plasma-confining tube (notably, half of the total thruster power can be
lost in the form of radial particle transport to the walls”* **), compara-
tively low rate of propellant ionization, instability associated with the
use of high-power plasmas, to name but a few. These challenges hinder
the advancement of the currently available magnetoplasmadynamic
thrusters. The development of a spherical plasma source has provided
a pathway for the realization of a “gradually expanded Rotamak” sys-
tem (GER, Fig. 11) as a potential candidate for space propulsion. With
further development, the GER-type devices could enable the produc-
tion of azimuthal plasma currents, and thus to accelerate species
within the plasma, e.g., electrons, ions, and neutral species, through an
axial body force. Other advantages of GER-type thrusters are the elim-
ination of preionization stages, neutralizers, and high voltage grids and
electrodes typically required for the efficient performance of ion and
Hall thrusters. Of most significance is the possibility of scaling opera-
tional power regimes, reducing plasma-wall interaction and oblation.
These features will likely make GERs a thruster of choice for long haul
missions in Low Earth Orbit (LEO), geostationary orbits, and deep
space exploration. Rotamak was originally developed (e.g., by Flinders
University in the 1960s) as a more compact alternative to a tokamak,
since it lacks an inner column’” and uses a spherical discharge vessel.
The external sources are configured to enable a “field reversed configu-
ration” as well as other current drive schemes.” A prototype GER pro-
pulsion device was recently developed by the Space and Propulsion
Center (SPC) at the National Institute of Education, Nanyang
Technological University, Singapore. Early results of its use for space

FIG. 11. (a) and (b) Schematics of the helicon plasma systems operating in the “rotating magnetic field” (RMF) mode, which has been originally utilized in the nuclear
fusion field (a), and in the m = 0 “half-cycle acceleration mode” (here, m is an azimuthal mode number). The basic mechanism is to induce an azimuthal current j, in the
divergent magnetic field to produce the j, x B; axial Lorentz force, where B; is the static radial magnetic field. Reprinted with permission from Plasma Phys. Controlled
Fusion 61, 014017 (2019). Copyright 2019 I0P.*° (c) Helicon plasma thruster firing in the 500-1000 W radio frequency power range, at 13.56 MHz with xenon in the
vacuum chamber. Importantly, in the helicon thrusters, the plasma flow could be efficiently controlled.”” Reprinted with permission from Vacuum 149, 69 (2018). Copyright

2018 Elsevier.*
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propulsion are encouraging, confirming its potential for the eventual
development into a pure electromagnetic thruster that could sustain
high density, noninductive plasmas. A pair of parallel RF coils can be
used to sustain these plasmas, with the coils located outside of a spher-
ical confinement vessel. Additional coils are located orthogonally to
the former RF coils to provide a poloidal magnetic field by the DC
pulses. The poloidal field confines and densifies the plasma in the mid-
dle of the vessel. It is possible to modify the device configuration and
geometry to build a fully electromagnetic thruster, with the accelera-
tion and the thrust sustained by an axial force in the absence of any
neutralizes and grids, typical of conventional electric propulsion plat-
forms. Larger thrusts per unit of the propellant spent could be gener-
ated, the latter being a requirement for longer-haul missions.

3. Arc thrusters

Pulsed and ablative systems are examples of thrust systems that
share similar physical mechanisms and very small size (up to several
millimeters), which makes them well suited for small satellites.””
“Microcathode arc thrusters” (u-CAT, Fig. 12) are also actively investi-
gated, with examples including microthrusters employing a Ring
Electrode, a Coaxial Electrode, and an Alternating Electrode developed
by the George Washington University’s Micropropulsion and
Nanotechnology Laboratory (MpNL) since 2009. These configurations
differ with respect to their performance and operational characteris-
tics, namely, thrust and working life. On average, u-CAT available at
present features a thrust-to-power ratio and efficiency of approxi-
mately 20 uN/W and 15%, respectively. A major limitation of this
device is that ~10% of the discharge current contributes to the ion
current, and thus to thrust, with ~90% of the discharge current con-
ducted by electrons spent on anode heating.*'*'""

Overall, at the present stage of development and understanding
of the basic plasma physic mechanisms of the electrodynamic space
thrusters, we can see the following opportunities and advantages pre-
sented by electrodynamic plasma thrusters when compared to electro-
static and electrothermal propulsion devices:

e ability to produce considerable thrust densities, since particle
acceleration is not restricted by the positive space charge in the
acceleration channel or by grid electrical screening;

(b)
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¢ absence of the requirement for a neutralizer since the pondero-
motive force is capable of accelerating all plasma species along
the direction of the plume;

* ability to switch the thruster between optimum specific impulse
and greater thrust while maintaining constant power enabled by
the inherent multistaged nature of the electrodeless plasma
thruster, which allows for independent optimization;

* minimal electrode degradation and absence of plasma contami-
nation for the helicon and Rotamak devices enabled by the use of
a combination of nonuniform high frequency field and a static
magnetic field to generate the ponderomotive force, which means
that the plasma does not come into direct contact with electrodes
and no grids are used for species acceleration and extraction.

C. Hollow cathode systems for space electric
propulsion thrusters

Hollow cathodes are used in the Hall effect and ion thrusters to
provide electrons for the propellant ionization and the neutralization
of the ion beam. The cathode affects the overall performance and life-
time of the thruster unit. The cathode propellant consumption, along
with a possible additional power required to ensure its operation, has a
direct impact on the thrust efficiency. The cathode position is an
important aspect to be studied, since it affects the thruster perfor-
mance characteristics and the cathode erosion. As such, important
goals for the cathode development include the reduction of propellant
consumption, improvement of the thermal design to lower the heat
losses from the hot parts, and the increase in the cathode service life.
Below, we will briefly discuss the recent advances and current trends
in the development of hollow cathodes, starting from an outline of the
basic physical phenomena involved in the operation of hollow plasma
cathodes. We will then discuss some of the achievements in the model-
ing and simulation of plasma cathodes and describe the design and
performance of low and high current hollow cathodes, respectively.

1. Physical phenomena in cathodes

The general schematic of a traditional hollow cathode is shown
in Fig. 13.”” The cathode uses a refractory metal tube to support the

Cathode spot

Electrons, |z

lon current |;

FIG. 12. (a) Lab prototype of the Rotamak system, now under exploration as a novel elctric propulsion system at the Space and Propulsion Center (SPC) at the National
Institute of Education, Nanyang Technological University, Singapore. (b) Schematics of the proposed concept of the microcathode arc thruster with high thrust (-CAT-HT).
Such a thruster can feature a thrust-to-power ratio of about 20 N/W, with the efficiency of up to 15%. Plasma is also accelerated by the Lorentz forces. Reprinted with permis-
sion Levchenko et al., Appl. Phys. Rev. 5, 011104 (2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution (CC BY) license.”

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141
Published under license by AIP Publishing

27, 020601-10


https://scitation.org/journal/php

Physics of Plasmas

Sheathed He
o Heater Shield
-\

W\

"\
!

Mounting
Flanges

Heating coil

Gas supply

FIG. 13. A typical configuration of a hollow cathode showing its main compo-
nents.” The insets made of a material with a low work function ensures an efficient
emission of electrons. A heater is used to maintain the high temperature needed for
electron emission and also reduces the total heat flux from an outer surface of the
cathode (an additional thermal screen can also be used to further enhance the
device efficiency). Reprinted with permission from Levchenko et al., Nat. Commun.
9, 879 (2018). Copyright 2018 Author(s), licensed under a Creative Commons
Attribution 4.0 License. ™

thermionic insert (or emitter). The insert is kept in its position by a
pusher and spring arrangement and is pushed against a refractory
metal end plate with a chamfered orifice. Historically, two types of
inserts have been used in hollow cathodes: barium-oxide impregnated
tungsten dispenser inserts and lanthanum hexaboride (LaBg).' "
Barium-oxide inserts have a low work function (about 2.1eV), but a
maximum continuous current density of 20 A/cm” at a temperature of
about 1200 °C. The LaBg insert is a well-known thermionic insert that
has been used in low power flight Hall thrusters built in the Soviet
Union and later in the Russian Federation since the 1970s.'”> LaBg
inserts have a higher work function (2.67 V) when compared to BaO
dispenser cathodes and therefore operate at a temperature just exceed-
ing 1600°C to generate approximately 10 A/cm” emission current
density. LaBg also has low evaporation rates and is insensitive to
poisoning from the impurities in the propellant gas.

A heater can be included in the cathode assembly to warm the
insert up to the thermionic emission temperatures prior to ignition.
High current cathodes feature a high temperature coaxial sheathed
heater, which is wound around the cathode to deliver sufficient heating
to start the discharge. Alternative heater solutions in use or under
development are described in the recently published comprehensive
reviews on the cathodes for electric propulsion systems.”” A heat shield
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comprising layers of thin refractory metal foil encases the heater coil
to provide for greater heating efficiency. This arrangement is sur-
rounded by an isolated “keeper” electrode, the purpose of which is to
assist in igniting the discharge and also to provide protection to the
orifice plate against the energetic ion bombardment from the cathode
plume. The selection of material for the keeper electrode is aimed to
minimize sputtering, with graphite keepers often chosen for present
high current cathodes.

In recent years, extensive theoretical research on a variety of hol-
low cathode phenomena has been conducted. The research focused
mainly on several specific physical processes: the neutral flow dynam-
ics in the cathode interior, """ electron transport and anomalous
resistivity, """ and spot and plume mode physics."'>'"* Particular
attention was given to the theoretical and experimental investigation
of cathode instabilities, in both the cathode interior and cathode plume
region.'"* ''® The ultimate goal of the aforementioned studies was to
broaden the understanding of cathode-related physics, as well as to
formulate relationships between the various cathode parameters.
These relationships would enable the design of more power- and
propellant-efficient cathodes.

Confronting the aforementioned theoretical challenges would
advance the cathode effectiveness in the near future and provide
researchers with the ability to adequately design and test hollow cathodes.

First, deeper understanding of cathode plume physics would
enable proper testing of cathodes in diode mode configurations
(against an anode structure instead of with a thruster). Further under-
standing of the cathode plume physics can dictate the required experi-
mental setup, i.e., anode geometry, cathode-anode distance, additional
peripheral mass flow rate, background pressure, etc.

Second, an improved theoretical understanding of the cathode/
keeper orifice physics would lead to possible mitigation of orifice wear
that would potentially extend cathode life and enable operation at a
wide range of discharge currents, specifically high current levels.

Third, theoretical understanding of the interaction between the
plasma flow and the interior cathode structure would allow for the
development of novel cathode configurations. For example, the physics
of “open-end emitter, orificed keeper” configurations, commonly used
in heaterless hollow cathodes (HHCs), would reveal the optimal geome-
try for the efficient emitter heating while minimizing ion density and
energy in the vicinity of the keeper orifice, thus reducing orifice erosion.

Finally, it is natural that further theoretical research of cathode-
related physics would unfold a myriad of new possibilities, currently
unconceived, ultimately leading to new and improved cathode config-
urations, designs, and cathode operation schemes.

2. Low current hollow cathodes

The low current cathodes find their principal use in nano- and
microsatellites deployed for varied purposes: scientific research, Earth
observation, astronomy, as well as technological, educational, and mili-
tary applications. As previously noted, advances in microelectronics
and miniaturized systems provided the practical means to lower the
operating power of electric thrusters, with the goal of addressing the
micro/mini propulsion market.” The related activities aim at the devel-
opment of propulsion subsystems characterized by low cost, low
power consumption, low mass, high thrust controllability, and
manufacturing capability. The latter aspect is particularly important
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for constellations of satellites, which will mainly use electric propulsion
for end-of-life de-orbiting. Another aspect under continuous investiga-
tion is the possibility to operate the electric thrusters with alternative
propellants; in particular, iodine is a valid candidate to be used in low-
power applications."”

The traditional hollow cathode architecture (Fig. 14) based on
lanthanum hexaboride or barium-oxide tungsten impregnated inserts
has been adopted by various research institutions and industries.''*"'**
However, other promising insert materials, such as the electride
C12A7e-, are under investigation for the low current class of hollow
cathodes.'”*'*” The traditional hollow cathode design presents a single
point of failure, namely, the heater. The heater is generally made of a
refractory wire (tantalum or tungsten alloy) and is electrically insulated
from the cathode tube by means of ceramic components. Alternatively,
a potted heater is included in the cathode assembly. The mineral insu-
lated cables used to heat the high-current hollow cathodes could also
be used for the low current cathodes, provided the cable dimensions
are efficiently scaled down to fit the smaller geometrical envelope.”

To overcome the reliability and manufacturing issues related to
the heater, the Heaterless Hollow Cathode (HHC) architecture was
devised that does not require external heating to bring the electron
insert to its operation temperature. Instead of using external heating,
as with conventional cathodes, HHCs are heated via plasma heating.
When the temperature of the electron insert is sufficiently high, the
HHC works in a similar way to any other conventional hollow cathode
operating, under steady state conditions. HHCs are suitable primarily
for low-current hollow cathodes, since the heaterless ignition may
induce a high thermal stress on the insert when reaching relatively
high discharge current levels. ">

In recent years, the interest in HHCs for low current hollow cath-
odes has been growing.'*”** The quick ignition time, low power
demand during the ignition phase, and the potentially longer lifetime
have made these cathodes an attractive option for low power ion and
Hall thrusters. To date, the HHC technology has overcome two tech-
nological challenges: the ignition voltage has been reduced to merely
several hundred volts'*’ and the transition to operational temperature
of the insert is with minimal damage to the cathode, thus allowing for
thousands of igni‘[ions.”"l Further, it was shown that low-power
HHCs can operate adequately with different insert materials such as
the eligtrjge Cl12A7e-,""""" BaO-impregnated tungsten,” '* and
LaB6.1’ 1133

(@)
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Nevertheless, the current state of HHC technology development
still needs to overcome two leading challenges:

(1) Cathode conditioning: after the exposure to ambient air, the
insert must be conditioned, which is gradually heated to emit
impurities."”° However, since HHCs are heated using plasma
that is formed within the cathode cavity, a dedicated rigorous
and methodological research is needed to identify the appropri-
ate cathode conditioning schemes. The research should focus
on correlating the keeper (or anode) current, insert tempera-
tures, and the required time to achieve the cathode conditioning
for each current level;

The sensitivity of breakdown voltage to temperature: it has
been demonstrated that in the cylindrical geometry, the
decrease in the temperature leads to an increase in breakdown
voltage.'”” A device the use of which can lead to the reduction
of HHC temperatures prior to ignition has been proposed and
physically realized."”” However, the outcomes of the test of the
sensitivity of cathode ignition to cathode temperature have not
yet been communicated to the research community. To prop-
erly qualify an HHC for in-space missions, its sensitivity to low
temperatures, primarily the required ignition voltage, should be
studied experimentally.

2

~

New frontiers of the low current cathode development are likely
to include new designs, new concepts, and new advanced materials,
and the combination of thereof. For example, ultrananoporous inserts
are under study to reach a longer cathode lifetime, through a larger sur-
face area per volume unit, also increasing the efficiency due to the
smaller required heated volume.'”” Carbon nanotubes possess a poten-
tial for cold, propellant-free cathodes, whereas nanoscale metamaterials
capable of reversal heat transmission could help reduce heat losses.*’

Concerning the mass production of hollow cathodes, advanced
manufacturing techniques (e.g., additive manufacturing) could play an
important role, especially with ongoing simplification of the cathode
design and manufacturing flow; mass production is necessary to meet
the current and future needs of ambitious satellite constellations.””

3. High current hollow cathodes

Hollow cathodes used in the present day ion thrusters and Hall
thrusters are capable of producing discharge currents of up to about

FIG. 14. (a) SITAEL's HC1 cathode and (b) Rafael's RHHC (Rafael Heaterless Hollow Cathode) cathode. (c) The X3 cathode assembly with external gas injectors required for
operation over 200 A of discharge current. (a) and (c) Reprinted with permission from Lev et al., Rev. Mod. Plasma Phys. 3, 6 (2019). Copyright 2019 Springer-Nature.* (b)
Reprinted with permission from Lev et al., IEEE Trans. Plasma Sci. 46, 311 (2018). Copyright 2018 IEEE.'*®
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25 A. The next generation of Hall thrusters are designed to operate in
the 5-20 kW range and thus require discharge currents of less than
50 A. The design of high current hollow cathodes dated back to the
1970’s, when they were developed to neutralize the beam from ion
sources intended for injection heating in fusion applications.'*" These
cathodes routinely in the range of 50 to over 500 A of discharge cur-
rent, which, for the purpose of this discussion, can be considered as
“high current” hollow cathodes. There are five major issues that domi-
nate the design of high current hollow cathodes:

. Insert design, in terms of current density and evaporation;
. Effective emission length;

. Orifice plate design;

. Heater design;

. Suppression of erosion phenomena.

U1 LN =

Theoretical modeling and numerical simulations prove to be
effective tools to design hollow cathodes, besides providing explana-
tions of experimental results in terms of performance and lifetime, as
described in Sec. I11.

At temperatures over 1100 °C, BaO dispenser cathodes have sig-
nificant evaporation rates and tend to form tungstates. Both of these
factors limit their life in high current applications where power deposi-
tion from cathode self-heating is significant. A preferable insert mate-
rial for high current hollow cathodes is LaBg: the higher temperature
operation and the higher emissivity of LaBs (compared to BaO-W
inserts) mean that the insert radiates effectively and overheating is not
a significant issue.

The plasma density profile along the axial direction in the insert
region is an important characteristic of high current hollow cathodes,
since it defines the plasma contact area and thus the insert temperature
profile. The axial uniformity in plasma density affects the uniformity
in both the insert temperature and the evaporation rate. In addition, if
the plasma density is excessively low close to the insert upstream end,
the thermionic emission of electrons can be limited by space-charge
effects, thus lowering the current provided by the insert. Operation at
higher discharge current and higher gas flow rates often required by
higher power thrusters tends to constrict the plasma in the down-
stream portion of the insert, limiting the effective emission length. The
only solution is to enlarge the cathode diameter, selecting larger insert
and orifice diameters, to operate the cathode in the nominal 1-Torr
pressure range.”’

The maximum allowed current of a hollow cathode is often lim-
ited by the orifice plate, since the orifice dimensions drive the current
density of the electrons drained from the insert, ultimately affecting
the growth of instabilities and energetic ion production in the cathode
plume. The orifice size also determines the pressure inside the cathode
for a given gas flow;'** as described previously, this would impact the
plasma contact area, the required insert temperature to produce the
discharge current, and therefore the insert life. Finally, orifice plate
heating is significant in high current hollow cathodes,"*” and larger
orifice plates are required to radiate the power away. High current hol-
low cathodes have large radiation and conduction areas and so require
high power (200-400 W), high temperature (>1400°C) coaxial
sheathed heaters or filament heaters wound in an insulating mandrel
around the cathode tube. Conventional BaO-W dispenser hollow cath-
odes use coaxial sheathed tantalum heaters with a MgO powdered
insulation capable of nominally withstanding up to about 100 W of
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power. High current LaBg hollow cathodes typically use a tantalum
sheathed-heater that incorporates high-temperature alumina-powder
insulation.'*’ Alternative heaters based on refractory metal filaments
in ceramic mandrels or thin film heaters on ceramic substrates are
under development for this application.'**

Operation of hollow cathodes at high discharge currents tends to
generate ionization instabilities or current-driven turbulent ion acous-
tic instabilities in the near cathode plume.''" These result in the ener-
getic ion generation that erodes the cathode and keeper orifice plate
and limits the cathode life. These modes are avoided in lower current
hollow cathodes by means of a particular selection of the cathode ori-
fice diameter and the mass flow rate, at a fixed discharge current.
However, the same solution is not sufficient in the case of high current
hollow cathodes, where exceptional means are needed to suppress or
damp the instabilities. The injection of additional neutral gas in the
near plume of the cathode has been found to successfully damp the
ionization and ion acoustic instabilities. An increase in the cathode
mass flow rate to damp the instabilities is not a recommended solution
since, as described above, the higher internal pressure constrains the
plasma in the downstream portion of the insert, lowering the contact
area thus affecting the lifetime. Nevertheless, a propellant source simi-
lar to the cathode mass flow rate can be added externally to the cath-
ode or into the plume through the cathode to keeper gap to damp the
instabilities. The 2.1-cm-dia. X3 cathode was provided with an addi-
tional gas feed external to the cathode orifice plate for all the operating
points from 200 A to 330 A of discharge current. Figure 14(c) shows
the X3 cathode with the external gas injectors. High current hollow
cathodes that are capable of producing 50 to 300 A of discharge cur-
rent are available now for development as propulsion cathodes.
Achieving higher current with long life will require larger diameter
inserts to provide more area for electron emission, larger insert IDs for
sufficient penetration of the plasma density upstream for complete
contact area with the insert, thicker inserts for longer life, larger cath-
ode orifice plates to radiate the power away, higher power heater
designs, and optimized external gas injection schemes.

Hollow cathodes in the range 50-300 A are now under develop-
ment for electric propulsion applications.*>'** Higher current levels
with extended lifetime will be achieved selecting inserts with larger
Inside Diameters (IDs), to increase the emission surface and to
enhance the plasma penetration in the upstream direction for a total
contact with the insert, increased insert thicknesses to extend the life-
time, larger orifice plates to improve the power radiation, more power-
ful heater designs, and solutions to externally inject additional gas in
the near plume. Despite many of the advantages of LaB6, namely high
current capability with long lifetime (tens of thousands of hours), low
sensitivity to contaminants, and the possibility to sustain the heating
due to high current operation, new materials with low work function
and evaporation rate are under study. The theoretical study of cathode
operation, thermal behavior, and plasma plume instabilities deserves
to be pursued to achieve fully predictive capabilities of the design
codes.

lll. MODELING AND SIMULATION: CHALLENGES AND
FRONTIERS
A. Modeling approaches

Numerical modeling and simulations are very powerful tools;
their use can drastically reduce the time and resources needed to
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design, test, and optimize space propulsion thrusters. Moreover,
modeling and numerical simulations have become even more impor-
tant for miniaturized plasma thrusters, since the reduction of the scale
of the device inevitably results in increasing difficulty and invasiveness
of the direct measurement approaches. In addition, with recent advan-
ces in in the high-performance computer (HPC) technology, the high-
fidelity of reproduction and rapid execution time of numerical models
are improving quickly. As a proof of the importance of numerical
modeling in the electric propulsion community, a dedicated project
named LANDMARK'* (Low temperAture magNetizeD plasMA
benchmaRKs) has been developed in the last two years. The project
aims to (1) provide an open forum for evaluating methods used to
describe plasma transport in nonfusion magnetized plasmas (e.g., ion
sources, Hall thrusters (HTs), magnetrons, cusped-field thrusters,
etc.); (2) define benchmark test cases for full-kinetic, fluid, and hybrid
methods; (3) address physics issues linked to the questions of anoma-
lous transport across magnetic field, instabilities, plasma-wall interac-
tions, and their possible effects on particle and energy transport; (4)
facilitate international collaboration and promote mutual understand-
ing among researchers.

B. Kinetic techniques

The full kinetic description has often been applied to HT config-
urations. Since electron thermalization and isotropization rates are
quite low in HTs, kinetic approaches are more suitable to represent
the important deviations of electron distribution functions from the
Maxwellian one. Furthermore, kinetic approaches are of ab initio
type and do not require any empirical adjustable parameter to fit the
experimental current. Among the different kinetic techniques, the
Particle-in-Cell-Monte Carlo Collision (PIC-MCC)"*’ model in
the electrostatic approximation is the one that is most commonly
used. It consists of a mixed Lagrangian-Eulerian (particle-mesh)
solution of the coupled Boltzmann-Poisson equations. By means of
the Klimontovich-Dupree representation of distribution functions,
electron and ion Boltzmann equations reduce to the solution of
equations of motion for macroparticles (clouds of real particles rep-
resenting small regions of the phase space). Figure 15 illustrates the
typical PIC-MCC cycle. The charge density is deposited on a spatial
mesh (the size of which must be smaller than the Debye length, step
3) where the electric potential is solved (step 4) and from where the
electric field is interpolated back to the macroparticle locations

Monte Carlo Collisions:
+ - Volumetric processes
- Surface processes
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FIG. 15. Diagram showing one integration time steps in a PIC MCC simulation.
Adapted with permission from J. Appl. Phys. 121, 011101 (2017). Copyright 2017
AIP Publishing."""
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(step 5). After pushing the virtual particle (step 1) and before restart-
ing the PIC cycle again, a MCC'*’ module (step 2) is called to process
volumetric (i.e., electron-neutral, ion-neutral, and Coulomb colli-
sions) or surface events (i.e., secondary electron emission, ”’ ion
sputtering,'”” etc.). PIC-MCC is a very powerful numerical tool that
allows for a very accurate and extremely detailed analysis of plasma
and discharge parameters. However, there are important constraints
associated with PIC-MCC methods. In the explicit version where the
electric field is supposed to be constant during one time step, the
integration time step must be less than the inverse of the plasma fre-
quency. The grid spacing must also be limited to make sure that one
particle does not move over more than one grid interval during the
time step. Another constraint is that the number of particles per cell
of the simulation must be large enough to avoid statistical errors and
numerical heating.

The most important features of the HT PIC-MCC models are as
follows:

(1) Solution of the Poisson equation for the self-consistent elec-
tric field. It allows resolving the deviation from the quasi-
neutrality in the plasma-wall transition regions.

(ii) Detailed description of the electron-wall interactions.'””
With a high surface-to-volume ratio, plasma-wall interac-
tions play an important role, not only as a source of energy
loss but also as an active source of particle and energy
terms.

(iii)  Ability to reveal microinstabilities and self-organized struc-
tures typical of ExB partly magnetized low temperature
plasma devices, such as electron E x B drift,' >*1>° spoke,ls(’
sheath,'”” and two-stream'™ instabilities. Detailed descrip-
tion of methods, advanced numerical algorithms, and high-
performance computing techniques applied to PIC-MCC
models can be found in the recent review publications.'””'*’

Figure 16 shows examples of self-organized structures detected
by the PIC-MCC models. In Fig. 16(a), the temporal evolution of the
azimuthal profiles of electron density is reported. It is evident that the
electron E x B drift instability is characterized by a nonlinear evolution
toward longer wavelengths by an inverse energy cascade. Figure 16(b)
reports the m = 1 spoke instability rotating with a velocity of 6.5 km/s.
Both phenomena lead to similar high-frequency electric field oscilla-
tions characterized by a wavelength of mm-scale, frequency of few
megahertz, and amplitudes of the order of 100 V/cm that have also
been experimentally observed'®" and are considered as very effective
in inducing the anomalous electron cross field transport.'*>'**

The primary challenge concerning PIC-MCC codes is being able
to describe HTs through a full three-dimensional representation. It
may be possible to address this challenge by increasing their scalability
up to 10° processors using optimized Poisson equation solvers, imple-
menting particle sorting techniques, and taking advantage of the parti-
cle domain decomposition on the modern supercomputer architecture
[the central processing unit (CPU)/graphic processing unit (GPU)
combination].

* Kinetic PIC methods are extremely powerful and convenient
tools to significantly cut off the time and resources need for opti-
mization of plasma thrusters; further development of this tech-
nique is in high demand.
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* Kinetic numerical modeling is efficient for investigating self-
organized structures and microinstabilities typical of E x B partly
magnetized low temperature plasma devices.

C. Direct simulation Monte Carlo (DSMC) and atomistic
simulation techniques

The Direct Simulation Monte Carlo (DSMC) method is actually
a class of kinetic methods, which uses probabilistic (Monte Carlo) sim-
ulation to solve the Boltzmann equation (Fig. 17). As a random
particle-based method, DSMC can be used to solve dilute gas flow
problems. Originally developed by Bird more the 50 years ago, DSMC
has evolved into becoming one of the most frequently used approaches
for simulating the flows of gas within the so-called nonequilibrium
Knudsen number regime.'® In this approach, each individual particle
embodies a significant number of gas species (i.e., real atoms or mole-
cules). This notably reduces the computational power needed to exe-
cute the simulation when compared to molecular dynamics (MD) and
other fully deterministic approaches. These individual particles are
allowed to move freely in space, characterized by their individual
velocity and the local time step. The particles can engage into interac-
tions with other particles, as well as with the margins that confine the
system. The collisions between the particles are considered stochasti-
cally after all individual particle movements have occurred. In doing
s0, as it progresses, the simulation reflects the physical processes that
take place in a real gas instead of trying to resolve Newton’s equations
of motion for a large set of individual atoms/molecules, as is the case
in fully deterministic MD methods.'®°

There are a wide variety of collision phenomena that can be
described by means of the DSMC method. These include the exchange
of momentum, charge, and internal energy between the colliding par-
ticles, as well as chemical reactions that make take place when particles

interact. The properties of individual particles are time averaged to
obtain the average characteristics of the gas flow, including its density,
velocity, and pressure. It is possible to stimulate unsteady flows by con-
sidering the average properties over discrete periods of time or by apply-
ing ensemble averaging.'”” This method is particularly suitable for
simulating hybrid particle-fluid systems, where electrons impacting on
the heavy particles are defined as a fluid, and the particles represent the
heavy species. **'® Specifically, when using the DSMC technique, the
principal elastic and charge exchange collisions can be included in
the model, thus ensuring the sufficient level of accuracy. In the No-
Time-Counter method typical for DSMC,'”” the selection and rejections
of the pairs of individual particles for collisions within cells are per-
formed statistically. It is possible to assign distinct macroparticle weight-
ings to individual heavy species. Since this method is very powerful for
modeling and studying phenomena in very rarefied gases, it could be
used, e.g., for investigating the interaction of plasma jets with the back-
ground gases.'”"'”? Using this technique, it has been demonstrated that
the characteristics of the jet of plasma are highly affected by the nature
of the background. Since these parameters are of importance for propul-
sor incorporation into the spacecraft, experimental parameters obtained
in the vacuum tank environment should be analyzed with a degree of
caution.'””'”” Not surprisingly, this method is also promising for study-
ing the interactions of electric thruster-produced ions with spacecraft.
Indeed, this problem features very rarefied ion fluxes that are hard to
model but which could, at a long time runs of several years required for
interplanetary travels, cause severe damage to the structure of spacecraft
and instruments installed on board of these space assets.'”*

Atomistic simulation techniques are mainly used to simulate the
plasma-material interactions, which is very important for predicting
material wear and sputtering and for modeling service life of the
thrusters, the components of which are subject to strong ion, electron,
and heat fluxes, e.g., accelerating grids of ion thrusters'* and walls of

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141
Published under license by AIP Publishing

27, 020601-15


https://scitation.org/journal/php

Physics of Plasmas

60
Populate mesh with particles
40
Move particles by v,(t) At ‘
compute boundary interactions
| 20
Update particle indexing
I 0
Perform collisions
I
Sample properties (€) S
No w 60
Yes z 40
Compute averaged properties 20

«< 0

I 50.00

4222
34.44
26.67
18.89
1111
333
-4.44
-12.22
=20.00

20 40 60 80

. 50.00

4222
34.44
26.67
18.89
11.11
3.33
—4.44
-12.22
-20.00

0 50 100 150

PERSPECTIVE scitation.org/journal/php

V)

X

V)

y

FIG. 17. (a) Flow chart of a basic DSMC time-integration scheme. Reprinted with permission from White et al., Comput. Phys. Commun. 224, 223 (2018). Copyright 2018

Author(s), licensed under a Creative Commons CC BY license.'® (b) and (c) Plasma potential distributions obtained by the three-dimensional IFE-PIC-MCC code with the
DSMC technique applied to model neutral atoms for the numerical simulations of SMART-1 spacecraft that had traveled to the Moon using a PPS-1350 Hall thruster.

163

Reprinted with permission from Shan et al., Math. Probl. Eng. 2015, 418493. Copyright 2018 Author(s), licensed under a Creative Commons Attribution License.'® These stud-
ies have revealed that the maximum disturbance normal force can reach 1% of the main thrust produced by the thruster. While this value is small, it may be important for spe-

cial astronomical missions requiring very high attitude accuracy for the spacecraft.

acceleration channel in Hall thrusters.'””'”® Moreover, special config-
urations of the magnetic field and other parameters in the acceleration
channel of Hall thrusters could be organized to significantly prolong
the deposition area in the channel, where redeposition of the sputtered
material occurs, and hence, atomistic simulations would be required to
model the growth of surface structures under the effect of plasma'’”'"*
and to ensure healing and self-regeneration of the surfaces.
Evidently, selection of such parameters is not a trivial task, and sophis-
ticated atomic scale simulations could be a powerful tool to ensure
long service life of the thrusters through the careful modeling of the
materials-plasma interactions. While a detailed discussion of the
atomic simulations is outside of the scope of this article, it is worth
emphasizing their current and future importance for the design and
optimization of future advanced thrusters. In general, the atomic scale
simulations can be broadly categorized as those based on quantum
mechanisms, i.e., those based on the wave function and density func-
tion and those based on classical principles. The latter type can itself
be divided into reactive and nonreactive models. In the former, the
simulation allows for the chemicals bonds to form and break. Further
details about specific applications of atomic simulations for modeling
sputtering and growth in plasma can be found elsewhere, with a view

139,179

to implement this technique for the further advancement of electric
propulsion systems.'*'*’

D. Fluid approach

Fluid-based models are valid when the distributions of particles
are close to equilibrium, ie., the pressure is high enough for the
charged particles to collide between themselves rather than with the
walls, as is the case in the electromagnetic engines and thermionic cath-
odes (see Sec. II C for challenges in the latter category). Plasma proper-
ties are described through density, mean velocity, and mean energy
that are the solution of a system of macroscopic fluid equations. In
electromagnetic thrusters, fluid equations are coupled with Maxwell’s
equations'”*'** to self-consistently determine the induced electric
and magnetic fields profiles."”* '*° The magneto-hydrodynamic code
MACH developed by the US Air Force research laboratory has success-
fully been used to model the operation of a self-field MPD thruster in a
real thruster geometry. Figure 18 shows the typical results of the
MACH code in its 2D axisymmetric version. The results show an
incomplete ionization of the hydrogen propellant and that the mass
expansion in the vicinity of the anode contributes to the thrust."*” The
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FIG. 18. MACH 2 two-dimensional distributions for a 10kA MPD thruster, (top) aver-
age degree of ionization, and (bottom) mass density. Reprinted with permission from
P. G. Mikellides, Proceedings of the 27th International Electric Propulsion Conference,
Pasadena, CA, October 2001, Paper No. [EPC-2001-124. Copyright 2001 [EPC."*

complexity of electrodynamic thrusters in terms of dynamics of insta-
bilities in 3D highlights the considerable challenges fluid modeling
must overcome in the coming years.

E. Fluid-hybrid technique

In a fluid-hybrid approach, the system of macroscopic fluid equa-
tions for ions has been replaced with a kinetic description, where the
ion energy distribution is self-consistently calculated. In electrostatic
thrusters, the ion energy distribution varies in time and space and cor-
responds to a peaked distribution far from equilibrium. These proper-
ties have to be self-consistently determined. In that way, a hybrid
approach is often preferred over other methods. In ion thrusters, the
modeling efforts are mainly related to ion optics and its consequences
for grid erosion. In most instances, the fluid transport of electrons is
simplified through a Boltzmann relation with a given electron temper-
ature that makes electrons immediately respond to the electric poten-
tial variations. Poisson’s equation is solved to calculate the electric field
profile due to the space charge face to grid apertures.**'” Figure 19
illustrates a comparison of the effect of charge exchange collisions on
grid erosion for an ion thruster working with xenon and krypton pro-
pellants. 3D Commercial software can now be used to properly define
the best design for the grid system according to the thruster operation,
with current challenges revolving around the availability of basic data
of ion sputtering for different grid materials.

As HTs are not space-charge limited and since the self-induced
magnetic field can be ignored, the self-consistent electric field is
deduced from the electron fluid transport assuming the quasineutral
hypothesis. Sheath properties (including the effects of secondary elec-
tron emission and sputtering) are analytically described.”’ Hybrid
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approaches have been highly successful in describing the HT operation
with the prediction of so-called breathing mode and transit time oscil-
lations, as illustrated in Fig. 20.

To enable further progress in the fluid and hybrid modeling of
HTs, a number of challenges need to be overcome. The first challenge
concerns present capability to propose efficient numerical schemes
able to capture the effect of nondiagonal terms in the tensor of trans-
port coefficients to be able to model a large variety of magnetic field
configurations.”*'”> The second and main challenge concerns the
inclusion of mechanisms responsible for anomalous transport through
electron-wave interactions (high frequency-small scales and low
frequency-large scales), as illustrated in Fig. 20, and its implementation
via wave-interaction equations'>*'”*'”> or analytical laws derived
from numerous experimental campaigns.'*®

Finally, whatever is the type of the electric propulsion system
being considered, the study of interactions between the plume and the
satellites and the induced spacecraft charging is of considerable impor-
tance. A hybrid approach assuming a Boltzmann equilibrium for
unmagnetized electrons is often the preferred method. Three-
dimensional large scale tools like the open-source SPIS software'””'”
are able to contain all of the satellite geometry but with the simplified
boundary conditions for charged particle properties coming from the
thrusters. The coupling between refined models of electric propulsion
systems and larger scale plume-interaction tools, validated with mea-
surements, is crucial for the electric propulsion community.'”**"

IV. FRONTIERS AND OUTLOOK

A. What does the future hold for electric and plasma
propulsion technology?

Given the current trends described in the reports coming out
from academic and industry stakeholders, three directions of high pri-
ority can be identified: miniaturization, uptake of the advanced and
self-healing materials, and search for new device paradigms to widen
the niche of possible applications for plasma space propulsion.

1. Miniaturization

Our built environment is in the process of overwhelming minia-
turization. Handy, ultraminiaturized, multifunctional electronic devi-
ces are among a wide range of inventions that are now penetrating
every facet of our life and revolutionizing how we deliver and consume
products and services.””' There is no doubt that miniaturization of
space assets is also steaming ahead, bringing along obvious advantages
of lower cost and advanced functionality, efficiency, and lifetime. Most
probably, miniaturization alone would likely to remain a key trend
and a major driver for the advancement of future spacecraft.
Miniaturization provides additional space—and the space is limited
even in space! This is particularly true for near-Earth orbits where
debris can be encountered more frequently than operational satellites.
Moreover, miniaturization in combination with the use of small and
ultrasmall satellites “en masse” means new capabilities—which is the
key aspect of current space technologies.

Miniaturization means reduced cost and hence much greater
affordability and easier access to space for those who need some spe-
cial functions but cannot spend millions to purchase the entire launch.
Examples include small scientific labs, private companies, and univer-
sities. Most importantly, small satellites could form networked
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FIG. 19. Distribution of the charge exchange collision rate and its influence on current density on the accelerator grid. (a) and (b) charge exchange (CEX) collision rate of Kr
and Xe ion thrusters, respectively. (c) and (d) Current density on the accelerator grid of Kr and Xe ion thrusters by CEX ion impact. Reprinted with permission from Chen et al.,
Chin. J. Aeronaut. 31, 719-726 (2018). Copyright 2018 Author(s), licensed under a Creative Commons CC BY-NC-ND license.®

distributed systems, i.e., dynamically changing, adaptive constellations
for the mission-oriented coordinated formation flights of a large num-
ber of mini-satellites that feature expressive capabilities not readily
available when using several satellites with the total mass similar to
that of the net mass of the constellation. New opportunities offered by
these interconnected networks include the widest-possible coverage of
survey and information pickup; and larger, of the constellation size,
observation bases with the relevant resolution and ability to collect
and coherently process the information inside the constellation. These
features may open new horizons for the efficient, robust space explora-
tion.” This holds true not only for the near Earth exploration and con-
nectivity. Small yet organized groups of small satellites at the orbits of
the Moon and Mars could be quite realistic and a much cheaper alter-
native to large, heavy universal probes that require heavy launch
vehicles to reach remote planets. Recent studies suggest that deep-
space Cubesats are nearing reality.”"”

However, significant stumbling blocks still hinder the deploy-
ment of organized mini-satellites, albeit launching them in hundreds
at a time is nowadays a routine practice (e.g, 104 satellites were
deployed by the Polar Satellite Launch Vehicle C37 mission on
February 15, 2017).°% Yet, many of these assets can be described as
passive spacecraft in that they have the capacity to change orientation
but not to conduct active maneuvers. Whereas, for organized coordi-
nated flight, spacecraft fitted with highly efficient, reliable thrust
systems that can maintain active work and coherent maneuvering of
small satellites within the formation. On the other hand, at the power
level of hundred and even tens watts as required for typical Cubesats
of one to ten U form-factor, the efficiency of small thrusters is unac-
ceptably low, sometimes below 10%. Such low efficiency implies the
need for considerable quantities of propellant and electric power to be
carried on board, often at the expense of payload, and, consequently, a
reduced orbital service life.
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B. How can we advance miniaturization of space
propulsion systems?

Systems that rely on cold gas and hydrazine show suboptimal
performance with respect to specific impulses when their dimen-
sions are reduced to produce tens of watts. This is quite expected
from the physics point of view due to considerable hydraulic losses
in the accelerating channels and nozzles as a result of high surface-
to-volume ratios in radically scaled down systems. While efforts
have been made to enhance the specific impulse by employing elec-
tric heating, the resulting hybrid thrusters did not feature signifi-
cantly improved efficiency. Moreover, they were cumbersome and
demanded the use of both electrical energy and chemical fuels, the
latter often being harmful and corrosive. Although they were used
in several missions, such systems did not find a niche in the space
technology.

Therefore, the current trend is “all-electric space thrust platforms,”
the development of which is currently being driven by many prominent
industry players, e.g., by Airbus with its Eutelsat 172B launched on 2
June 2017.”%" These systems are very flexible and diverse; their amazing assortment and ver-
satility are the most prominent signature of the electric thrust platforms. To date, a wide
range of electric thrusters has been developed and tested in labs and directly in space. Several
device types could be highlighted as the major trends in the field:

* Hall thrusters that rely on a closed electron drift and deliver high
thrust-to-power ratios and large thrust densities;

co% of 20 kHz with superimposed ion transit time oscillations at 200 kHz. Reprinted with the

ion thrusters that accelerate ions through a high electric potential
applied between two metal grids and deliver low thrust density
but very high specific impulse;

magnetoplasmadynamic thrusters that accelerate plasma as a
whole medium by means of an electric discharge between two
electrodes;

electrodeless systems with rotating and complex-shape magnetic
fields, such as Rotamaks, helicon thrusters, and similar systems;
electrospray thrusters of different structures, and

printable cathode arc thrusters.

Every one of the aforementioned devices requires a special
approach to overcome the specific stumbling blocks that presently
limit their scale down and thus to achieve miniaturization. Several
major trends and approaches to achieve said miniaturization have
already been proposed.

1. Hall thrusters

Hall thrusters are now considered as a very promising propulsion
means for medium and large satellites and space probes. Thus, consid-
erable efforts are dedicated to their miniaturization toward sizes com-
patible with Cubesats. An interesting and promising step toward this
goal is the invention and testing of the “cylindrical Hall thrusters” fea-
turing a simplified geometry without the central cylindrical part. This
configuration decreases the efficiency of the device, yet it opens wide
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prospects for miniaturization by providing a way to build a tiny accel-
eration channel with a very small diameter. Underpinned by the pio-
neering works at the Princeton Plasma Propulsion Laboratory, these
thrusters have gained a wide recognition and may be soon adapted to
Cubesats.”” "’

Hall thrusters developed and tested at the Space Propulsion
Center in Singapore (SPCS) combine a number of innovations, includ-
ing novel materials with exceptional properties for acceleration chan-
nels, flexible permanent magnet-based magnetic circuits, and an
innovative cathode design. These technological innovations allowed
the development of a 10 W Hall thruster, a world record. Such a device
could typically be installed on 6U Cubesats.”””

Another potential way to improve the efficiency of small Hall
thrusters is by using the so-called wall-less configuration where the
plasma discharge is shifted outside the channel, therefore drastically
reducing losses at the walls; it also makes the device very simple and
hence more reliable.”” ™ Although these preliminary reports are
encouraging and show stable operation and low wear of the device,
ionization remains to be increased, e.g., by shaping the magnetic field,
and the ion beam divergence angle has to be reduced to increase per-
formance metrics.

2. lon thrusters

Ion thrusters are promising electric propulsion systems that are
currently being considered as promising candidate thrusters for active
maneuvers, orbit keeping, and gaining impulse for the interplanetary
missions. In these devices, the ion flux is accelerated by the DC poten-
tial applied to the grids, delivering very high specific impulse. However,
unlike Hall thrusters, the ion thrusters are characterized by lower thrust
density attributed to the electric space charge in the discharge chamber.
This limits their suitability for miniaturization. It may be possible to
compensate for, the low value of the thrust density by applying greater
accelerating voltage to the grids. Yet, this may be challenging to realize
in the miniaturized systems due to increased likelihood of electric
breakdowns owing to small gaps between the powered electrodes, and
thin insulators. It is possible that with the development of sophisticated
miniaturized semiconductor systems in may e possible to sustain safe
generation of high voltages on board of Cubesats. For this reason, mini-
aturization of ion thrusters requires advances in materials science and
engineering, just as much as progress in plasma physics and technol-
ogy. Current efforts to design the miniaturized ion thrusters include,
e.g, the article in Journal of Spacecraft and Rockets.””” Busek Co. Inc., a
private propulsion company, has recently reported the radio frequency
ion thruster of 1 cm size with the power of about 10 W, designed specif-
ically to address the needs of Cubesats.”"’

3. Magnetoplasmadynamic thrusters

Magnetoplasmadynamic thrusters accelerate the ionized propel-
lant as the entire medium. As such, their thrust density is sufficiently
high to render these devices suitable to be used in microthrust configu-
rations. Pulsed thrusters have a range of applications in small satellites
and Cubesats of various sizes, including the smallest ones. In a micro-
cathode form-factor, they can be used in Cubesats of 1 U form-factor
and smaller, mainly for precise attitude control.”"*'* Yet, it is impor-
tant to note relatively low power efficiency of these devices when com-
pared to Hall and ion thrusters, primarily because of high energy
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losses due to metal evaporation and ionization in nonequilibrium plas-
mas and nonstation discharge transition processes. From this perspec-
tive, they may not be ideal for missions that demand significant delta-
v changes, such as orbit rising and interplanet transitions, but provide
a good fit for precise attitude control and positioning. These opera-
tions require high accuracy for small satellites built for the highly orga-
nized formation flights. A greater level of miniaturization is vitally
required to fulfill the growing requirements to the accuracy of attitude
control in large satellite networks. These pressing demands have stimu-
lated the development of a new generation of pulsing thrusters based on
the flat (material form-factor) “printed arc thrusters.”

4. Printaed cathode arc thrusters

Printable cathode arc thrusters are propulsion devices that rely
on a pulsed or DC discharge between the two electrodes. The species
to be ionized arise as a result of electrode erosion. Once ionized, the
species are accelerated and expelled at high speed. Unlike conventional
pulsed thrusters that have a 3D geometry, printed thrusters comprise
two or more flat concentric electrodes. The electrodes are printed
using a metallic ink on a dielectic wafer, which is typically a thin flexi-
ble polymer sheet. These thrusters can be made exceedingly small,
with a typical diameter of a few millimeters and thickness of fractions
of millimeters. They can be produced cheaply, as they have a simple
configuration. Of most significance, however, is their ability to produce
extremely small thrust impulses for the extra-precise attitude control
of the smallest but still active satellites (e.g., picosatellites of less than
1 kg). Further progress in the area of printable thrusters would come
from optimization of their geometry to improve the efficiency of mate-
rial ionization, and acceleration is still underexplored in flat discharges.
Another area from which advances are likely to come is in the discov-
ery of novel materials capable of efficiently supplying an easily ionis-
able propellant to the acceleration zone and, simultaneously, able to
withstand the harsh open-space conditions (cycling heating-cooling,
ionized radiation, etc.) without the disruption of the thin structure and
material exfoliation. The group led by Professor M. Kim from the
University of Southampton, UK, had recently produced a printed
cathode arc thruster of about 5 cm size.”

5. Electrodeless systems with rotating and complex-
shape magnetic fields

Electrodeless systems with rotating and complex-shape magnetic
fields do not involve an exchange of current between the plasma and
conductive electrodes, thus excluding power and material losses that
arise as a result of material heating, erosion, and energy spent on work
function. Although in principle highly efficient, electrodeless systems
are at the very early stages of miniaturization, with their advancement
hindered by the exceptionally complex physics of the processes that
underpin these systems. However, significant progress has already been
achieved by several teams working on helicon thrusters (i.e., the group
led by Professor S. Shinohara at the Tokyo University of Agriculture
and Technology, see their article in Physics of Plasmas),”"” Rotamak-
type systems designed by SPCS, Singapore (see their video article in the
Journal of Visualized Experiments),”"* and radio frequency electrother-
mal thrusters (the “Pocket Rocket,” designed by the Space Plasma
Power and Propulsion Group at the Australian National University,
see the article in Plasma Sources Science and Technology).”” At present,
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it is not clear whether these and similar systems will eventually be
scaled down to a Cubesat scale or whether they will only ever occupy a
niche reserved for the medium and high power thrusters.

6. Electrospray thrusters

Electrospray thrusters occupy a niche between the flat printed
systems that generate ultralow thrust pulses and micropulsed thrust-
ers. Electrostatic voltage is applied to electrospray emitters to acceler-
ate liquid propellant, the latter exiting from a channel with a small
diameter. Compared to other miniaturized device configurations, elec-
trospray thrusters can be viewed as a relative mature technology that is
inherently miniature. Scaling these devices down further would most
probably be driven by the use of complex nanostructures as the nee-
dles. Where currently electrospray systems employ porous tungsten,
future microfabricated emitter tips can be made of silicon. The possi-
bility multiplexing electrospray microthrusters makes this technology
attractive for the use of Cubesats and other small space assets. In
addition to silicon technology, other advanced complex metamaterials
coupled with optimized device geometry may further enhance thruster
efficiency and reduce its size. The thrusters of this type have already
been used in the Laser Interferometer Space Antenna (LISA
Pathfinder) project, see the article in Acta Astronautica.”'®

The aforementioned examples provide but a brief snapshot of the
current efforts by many research and engineering teams to miniaturize
various space assets to meet the growing expectations of the space
industry and, in doing so, respond to a number of global challenges.
Global information access, distributed orbital networks, and explora-
tion of extraterrestrial bodies for gathering vital information and
founding a solid base for their approaching colonization would be
among the prime benefits of the efficient low-scale thrust systems.

C. Advanced space materials

Superrational distances, billions of light years of dark spiritless
space and billions of years of existence—this is our Universe. Is inter-
planetary space travel just a dream, or have we finally reached a stage
where we have the capacity to develop technologies sufficiently
advanced to allow colonization of Mars, or at the very least, extend
exploration of remote planets? There are no repair shops, no fueling,
and charging stations along the way, and, for unmanned probes, the
flight path and spacecraft configuration are controlled by the auto-
matic equipment and remote control systems, without any crew pre-
sent on board. To survive for long time under severe conditions in
open space and on surfaces of other planets, space assets should ideally
be self-healing and highly adaptable. In most instances, these features
are impossible to attain within the framework of traditional materials
and design paradigms. To ensure real progress in exploring the near-
Earth and remote space and to realistically approach the existing plans
for Mars and Moon colonization,”" novel dynamic, self-healing mate-
rials should be designed to realize the next generation of spacecraft
and bring about a new generation of humans as a multiplanetary
species.” Specifically, the ability of novel advanced space materials to
actively self-heal and self-assemble would be considered as one of the
most important technological frontiers.
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1. Is a self-healing plasma thruster possible?

However, when examining self-healing features and abilities of
the materials used in spacecraft design, we should first of all consider
the intended use and design of a specific system onboard of spacecraft.
Indeed, while the design elements of the spacecraft bus and frame pan-
els suffer mainly from internal cracks and similar damage due to deg-
radation of the bulk material, other subsystems such as power units
and control electronics would suffer from quite different effects, such
as thermal degradation, electrical breakdowns, and electric current-
induced diffusion. The critical elements of the electric propulsion
thrusters of interest here are mainly degraded and sputtered by the
effect of plasma fluxes and very strong heat loads. These effects have
been shown to cause extensive material evaporation from the surfaces.
In other words, in thrusters, the bulk of material damage can be classi-
fied as surface-localized damage. To effectively combat and halt these
processes, novel materials should feature self-healing surfaces and,
moreover, external processes should be organized in the thrusters to
ensure restoration of surfaces damaged by plasma and ion fluxes. Two
different approaches may be proposed for this aim, namely, restora-
tion of the surface structure and integrity by exploiting strong electric
fields at the damaged surface and redeposition onto the damaged sur-
faces from plasma that is generated by the thruster itself.”'”*'" It goes
without saying that plasma is capable of producing a widest spectrum
of particles with sizes ranging from nanometers through millimeters,
i.e., quite suitable for various materials and repair scenarios. Selective
deposition of the repairing material onto the damaged surface could
be in principle organized by taking advantage of the electric field at the
plasma-surface interfaces; the irregular pattern of the electric field
could promote selective deposition onto the damaged surface in such a
way as to fill the damaged features, thus rebuilding the surface and
restoring an even topography of the design elements. Conceptual
experiments have already demonstrated the possibility of such a strat-
egy for plasma-induced reorganization at surfaces.”'” **' Moreover,
electric-field induced self-organization and ordering on the surfaces
can also stimulate the processes of self-healing and restoration by pro-
moting re-distribution of material on the surface.”** ***

D. New paradigms and hybrid concepts
1. Laser-plasma systems

Apart from the “classical” plasma-based propulsion systems out-
lined above, other concepts could be considered in the nearest future,
and among them, the “laser-plasma systems” may be of key impor-
tance (Fig. 21). It is possible to design thrust systems that take advan-
tage of photonic propulsion to propel spacecraft in space. These can
employ laser radiation generated by a power station based on the
ground, on a space base, or on board. The light can then be used to
drive the acceleration of a propellant, which can be a solid or a
liquid.”****° A microthruster that uses light to ablate a solid target is
currently being developed.””” There are several benefits to using light
for propellant acceleration. One of the major advantages lies in the
ability to physically disconnect the spacecraft and power generation
unit. Not only would this result in a lighter and more compact space-
craft, but since the power source would not have to be accelerated with
the spacecraft, higher efficiency may be realized. Furthermore, power
generation methods that involve large or heavy infrastructure or may
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FIG. 21. Artistic presentation of several types of photonic space thrust platforms,
where laser beams may be used to power plasma-based thrusters. An externally
generated laser beam with a significantly higher power density than that of sunlight
could be converted to electric energy and used to accelerate working fluid and pro-
duce thrust via plasma acceleration. Reprinted with permission from Levchenko
et al., Nat. Photonics. 12, 649 (2018). Copyright 2018, Springer-Nature.”

present danger for the crew, e.g., a nuclear reactor, may be used. The
efficiency of the propellant would deliver the desired specific impulse.

It may be possible to operate such ablation-type photonic thrust
systems in transverse and coaxial modes. In the former, the laser beam
reaches the target from the side’*’ via a transparent window, whereas
in the latter, the incident flux of photons will be coaxial to the resultant
reactive jet.””” Where the transverse mode may provide for greater
flexibility with respect to thrust vector control, the specific impulse can
be effectively controlled by altering power density at the surface of the
solid target, e.g., through changing the pulse duration and focal radius.
It may in principle be possible to realize devices with a propellant
exhaust velocity of up to 50000 ms ', given that it is possible to
achieve an ion temperature of 10000K in a laser focus. The plasma
that is created under the latter conditions would produce an electric
field that will further increase the exhaust velocity. Of particular
importance is the thrust-to-weight ratio that can be significantly
greater for photonic devices that use ground- or space-based sources
of power when compared to conventional electric propulsion
platforms that carry their primary power source on board of a
spacecraft.””’ Lightcraft is the early realization of a photonic-
powered object that demonstrates stable flight sustained by the light
from a ground-based laser.”””*’' Although Lightcraft employs
shock waves produced in air to achieve propulsion, the interactions
between laser light and matter are critical to the transfer of energy
from the Earth to this system.

Electromagnetic systems feature a number of notable advantages
when compared to conventional systems currently used for space pro-
pulsion. For this reason, it is imperative that we continue to pursue the
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realization of highly efficient electromagnetic modes of propulsion and
continuous advancement and optimization of space propulsion sys-
tems that are already serviceable.

In particular, the magnetically shielded Hall thrusters were pro-
posed for life extension and possible operation at higher voltages and
in the dual-mode configurations capable of providing low and high
specific impulses; the high power thrusters may be realized in the
nested-channel configuration. The gridded ion thrusters may be
equipped with radio frequency preionization stages to ensure higher
efficiency and power.

Among others, the PEGASES (plasma propulsion with electro-
negative gases) concept is of significant interest. In this system, the
gridded ion thruster accelerates alternately positively and negatively
charged ions to provide thrust by accelerating both positive and nega-
tive ions from the same source. This eliminates the need for additional
neutralizers (cathodes).”*”

The field-emission electric propulsion (FEEP) is especially
important for Cubesats due to their ultraminiaturized form-factor.
Yet, at present, they provide very low thrust, so the search for increas-
ing the thrust level for larger satellites is the most actual challenge
here. Moreover, the interaction between the metal propellant of FEEP
thrusters and the satellites, especially at high power and higher mass
flow rates, is a problem that remains to be solved.

The electrospray (ionic liquid) thrusters are interesting for their
long lifespan, utilization of liquid propellant, and possibility to cover
sides of satellites if made as thin thrusters. However, they feature low
current density that should be increased to make the electrospray sys-
tems more applicable.

Hollow cathodes intended for space propulsion applications have
been developed to operate in various propellants while producing dis-
charge currents from a fraction of an ampere to over 300 A. Modeling
of hollow cathodes has progressed from simple zero-dimensional par-
ticle and energy balance models to full 2D plasma fluid codes that
include neutral dynamics, thermionic emission, electron flow and
anomalous resistivity, discharge instabilities, and life predictions. The
technology of hollow cathodes has also progressed, as shown by new
heater and heaterless designs, new thermionic emitter developments,
and active instability suppression techniques that produce cathodes
with >10 kh life. Work in these areas continues.

There is still considerable research and development in hollow
cathode physics going forward. Theoretical and experimental investi-
gations of the instabilities generated in the near cathode plume region
are continuing in order to predict the onset of plume mode and ener-
getic ion generation that lead to sputter-induce life limitations.
Techniques to fully mitigate these issues are still needed, especially at
very high discharge currents over 100 A in order to provide the life
required for deep space missions. Further research is needed that
incorporates fully consistent thermal models with the plasma model-
ing to broaden the understanding of cathode-related physics to enable
the design of more power-efficient cathodes that require less propel-
lant gas to operate and provide lifetimes approaching 100 kh.

One more interesting application is the use of plasma thrusters
for Spacecraft-plasma-debris removal (Fig. 22).” As government
agencies and private sector continue to deploy an increasingly large
number of space assets into Earth orbits, the question of space junk
and debris removal becomes fundamental to the continuous exploita-
tion of these orbits. Deceleration may be used to deorbit the debris
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FIG. 22. An open exit magnetic nozzle RF plasma thruster forms a single electric
propulsion device where control of the momentum flux imparted onto the debris is
obtained via the control of the plasma momentum fluxes ejected at each open exit
using variable external parameters (solenoid currents and propellant gas flow
rates). Reprinted with permission from Takahashi et al., Sci. Rep. 8, 14417 (2018).
Copyright 2018 Author(s), licensed under a Creative Commons CC-BY License.

and facilitate their entry into the atmosphere. However, once the space
asset runs out of fuel, finding an external means of applying the decel-
erating force is not trivial. One possible option is to use another satel-
lite capable of producing a sufficiently powerful plasma beam that it
can direct at the debris to decelerate it, and another plasma beam that
it can use to ensure a safe distance is maintained between itself and the
debris. For this purpose, a magnetic nozzle plasma thruster may be
well suited, as it can support bi-directional ejection via two open exits.
Laboratory tests using a space simulation facilities have provided early
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confirmation that this propulsion platform can indeed exert a deceler-
ation force on the debris (approximated by a target plate) while main-
taining zero net force on the thruster. Importantly, these forces can be
independently controlled by modifying the external electrical parame-
ters, confirming the possibility of switching between acceleration/
deceleration modes in a single propulsion device.”"

2. Hybrid systems

Hybrid systems incorporating several different schematic solu-
tions may be also a very promising alternative to the existing classical
platforms.””” There are many options on how the already known and
tested systems can be combined into novel platform to enhance their
characteristics and capabilities; here, we outline several examples that
may inform further investigations in this field. One of the most prom-
ising approaches could possibly combine the two major classes of elec-
tric propulsion systems, namely, electrostatic and electromagnetic
platforms. Indeed, a series of the most recent works has demonstrated
great potential of such hybrid systems. Figure 23(a) shows the hybrid
system that has been successfully tested at the Department of
Aerospace Engineering, Nagoya University.””° The electrostatic-
magnetic hybrid system includes a central-cathode electrostatic
thruster (CC-EST) with a centrally located hollow cathode and a ring
anode that form an electrostatic system; along with this, a diverging
magnetic field has been applied to this system with the help of exter-
nally located coils or permanent magnetic system. Further, develop-
ments of this system (CC-EST-1 and CC-EST02) have also been
reported, proving the viability of hybrid technologies incorporating
hollow cathodes and various external acceleration subsystems, both of
the electrostatic and electrodynamic character.”*””” In hybrid systems
incorporating electrostatic acceleration stages, an important feature is
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FIG. 23. Where do the frontiers lie? Hybrid and novel advanced concepts. (a) Electrostatic-magnetic-hybrid thrust generation in central-cathode electrostatic thruster (CC-
EST). Reprinted wih permission from Sasoh et al., AIP Adv. 7, 065204 (2017). Copyright 2017 Author(s), licensed under a Creative Commons CC-BY License.”*° (b) Layout of
VASIMR system. Reprinted with permission from Arefiev et al., Phys. Plasmas 11, 2942 (2004). Copyright 2004 AIP Publishing.”*” (c) Schematics of the magnetoplasma
thruster prototype of variable Specific Impulse Magnetoplasma Rocket (VASIMR). Reprinted with permission from Phys. Plasmas 11, 5125 (2004). Copyright 2004 AIP
Publishing.”** The hybrid technologies incorporating hollow cathodes and various external acceleration subsystems, both of electrostatic and electrodynamic character, could
be capable of significant broadening the functional diversity of the space electric propulsion systems.
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FIG. 24. Perspective concepts for the gridded ion thrusters: (a) triple grid and (b) four-grid configurations. The most advanced 4-grid system significantly reduces the grid sput-
tering and allows for up to 80 kV acceleration potential, which results in much higher thrust density.

additional electromagnetic acceleration character; a unique combina-
tion of both electrostatic and electromagnetic acceleration mechanisms
would be capable of significantly broadening the functional diversity
of the space electric propulsion systems.

Another example of a prospective hybrid system is a Variable
Specific Impulse Magnetoplasma Rocket (VASIMR) platform that has
not been tested in space so far but demonstrates quite promising char-
acteristics in lab tests and theoretical studies [Figs. 23(b) and 23(c)].
This system employs three major components, namely, a helicon
plasma source, an ion cyclotron-resonance heating section, and a mag-
netic nozzle. This system is particularly promising now, when the
need in thrusters for fast, convenient Earth-Mars flights has appeared.
Indeed, the VASIMR concept has been proposed for interplanetary
missions, due to its unique capabilities of operating at different specific
impulses, to power the cruise phase of the flight when high impulse
and lower thrust are required, and maneuvering phases near the plan-
ets when higher thrust levels are needed. Moreover, the VASIMR sys-
tem is also very promising in terms of long operation life, since it uses
the radio frequency radiation to ionize and accelerate the propellant.
Being an intrinsically electrode-less system, VASIMR does not incor-
porate any electrodes to sustain gas ionization and plasma accelera-
tion, and so its operational lifetime is not limited by erosion of any
critical parts. While first proposed in the early 1980s, this concept is
still at the relatively early stages of development, due to the two main
reasons: absence of efficient power sources of the required (relatively
high) power level and absence of the realistic missions to drive. Now,
when the Mars and Moon colonization is at the top of the agenda, fur-
ther development and practical realization of the hybrid system such
as VASIMR are expected to be at the frontiers of the space electric pro-
pulsion systems.

3. Complex optical systems for ion thrusters

Along with other types, gridded ion thrusters still attract signifi-
cant interest, especially for the missions that require very high specific
impulse. However, the intrinsic problem of the gridded ion thrusters,
the low ion flux (and hence thrust) surface density, still needs to be

addressed. The complex multigrid system is one of the recently
emerged promising techniques that could in principle drastically
enhance the surface thrust density without compromising their spe-
cific impulse and grid sputtering-determined service life.'”**

While the traditional gridded ion systems comprise usually two
grids that extract and focus the jon flux from plasma and accelerate it,
in the three-gridded system [Fig. 24(a)], the third grid is a decelerating
grid. As a result, much higher potential may be applied to the second
(accelerating) grid “to ensure much higher current and hence thrust
density Newton per meter square.” The third (decelerating) grid is used
to decelerate the ion flux and thus not to operate on too high specific
impulse, which is an optimized mission-dependent parameter.” In this
system, the first (screen) grid ensured better collimation of the extracted
ion flux and thus significantly reduces the sputtering of the acceleration
grot, which is the principal life-limiting factor in ion thrusters."”* To fur-
ther enhance the process, decrease the gird sputtering, and mainly, to
enhance the thrust surface density, a novel 4-grid system has recently
been proposed and successfully tested [Fig. 24(b)].*”

The four-grid ion thrusters are in fact a dual-stage system where
the processes of ion flux extraction and acceleration are decoupled, in
contrast to the traditional three-grid systems where flux extraction and
acceleration proceed simultaneously, with the maximum ion potential
limited to about 5kV. In the four-grid ion thrusters, the first stage effi-
ciently extracts ions from the plasma by using the two front grids,
while a longer second stage formed by the 3rd and 4th grids accelerates
ions to much higher potentials reaching 80 kV.

In summary, the recent successes in the development of plasma-
based space propulsion systems discussed in this article suggest that
this family of propulsion platforms is bound to play an important, per-
haps even crucial, role in the advancement of our capabilities in space
exploration, exploitation, and, eventually, colonization of other celes-
tial bodies.

ACKNOWLEDGMENTS

This work was supported in part by the following funds and
organizations: OSTIn-SRP/EDB through National Research

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141

Published under license by AIP Publishing

27, 020601-24


https://scitation.org/journal/php

Physics of Plasmas

Foundation and in part by MoE AcRF (No. Rp6/16 Xs),
Singapore. LL. acknowledges the support from the School of
Chemistry, Physics and Mechanical Engineering, Science and
Engineering Faculty, Queensland University of Technology. The
authors express special thanks to L. Xu, M. Lim, S. Huang, and the
entire PSAC/SPCS for their help K.B. acknowledges the support
from the Australian Research Council.

REFERENCES

N. Kishi, “Management analysis for the space industry,” Space Policy 39-40,
1-6 (2017).

2E. Musk, “Making humans a multi-planetary species,” New Space 5, 46-61
(2017).

3S. Do, A. Owens, K. Ho, S. Schreiner, and O. deWeck, “An independent
assessment of the technical feasibility of the Mars One mission plan—updated
analysis,” Acta Astronaut. 120, 192-228 (2016).

“I. Levchenko, S. Xu, S. Mazouffre, M. Keidar, and K. Bazaka, “Mars coloniza-
tion: Beyond getting there,” Glob. Chall. 3, 1800062 (2018).

5I. Levchenko, M. Keidar, J. Cantrell, Y.-L. Wu, H. Kuninaka, K. Bazaka, and
S. Xu, “Explore space using swarms of tiny satellites,” Nature 562, 185
(2018).

8I. Levchenko, K. Bazaka, S. Mazouffre, and S. Xu, “Prospects and physical
mechanisms for photonic space propulsion,” Nat. Photonics 12, 649-657
(2018).

7B. Beaurepaire, A. Vernier, M. Bocoum, F. Bohle, A. Jullien, J.-P. Rousseau, T.
Lefrou, D. Douillet, G. Iaquaniello, R. Lopez-Martens, A. Lifschitz, and J.
Faure, “Effect of the laser wave front in a laser-plasma accelerator,” Phys.
Rev. X 5,031012 (2015).

8]. Levchenko, K. Bazaka, Y. Ding, Y. Raitses, S. Mazouffre, T. Henning, P. J.
Klar, S. Shinohara, J. Schein, L. Garrigues, M. Kim, D. Lev, F. Taccogna, R.
W. Boswell, C. Charles, H. Koizumi, S. Yan, C. Scharlemann, M. Keidar, and
S. Xu, “Space micropropulsion systems for Cubesats and small satellites:
From proximate targets to furthermost Frontiers,” Appl. Phys. Rev. 5, 011104
(2018).

°K. Lemmer, “Propulsion for CubeSats,” Acta Astronaut. 134, 231-243 (2017).

101, Adamovich, S. D. Baalrud, A. Bogaerts, P. J. Bruggeman, M. Cappelli, V.
Colombo, U. Czarnetzki, U. Ebert, J. G. Eden, P. Favia, D. B. Graves, S.
Hamaguchi, G. Hieftje, M. Hori, I. D. Kaganovich, U. Kortshagen, M. J.
Kushner, N. J. Mason, S. Mazouffre, S. M. Thagard, H.-R. Metelmann, A.
Mizuno, E. Moreau, A. B. Murphy, B. A. Niemira, G. S. Oehrlein, Z. L.
Petrovic, L. C. Pitchford, Y.-K. Pu, S. Rauf, O. Sakai, S. Samukawa, S.
Starikovskaia, J. Tennyson, K. Terashima, M. M. Turner, M. C. M. van de
Sanden, and A. VardelleHide, “The 2017 plasma roadmap: Low temperature
plasma science and technology,” J. Phys. D: Appl. Phys. 50, 323001 (2017).

L. Dubois, F. Gaboriau, L. Liard, D. Harribey, C. Henaux, L. Garrigues, G. J. H.
Hagelaar, S. Mazoulffre, C. Boniface, and J. P. Boeuf, “ID-HALL, a new double
stage Hall thruster design. L. Principle and hybrid model of ID-HALL,” Phys.
Plasmas 25, 093503 (2018).

12K, Takase, K. Takahashi, and Y. Takao, “Effects of neutral distribution and
external magnetic field on plasma momentum in electrodeless plasma thrust-
ers,” Phys. Plasmas 25, 023507 (2018).

3N. Tiwari, S. Bhandari, and S. Ghorui, “Stability and structures in atmospheric
pressure DC non-transferred arc plasma jets of argon, nitrogen, and air,”
Phys. Plasmas 25, 072103 (2018).

4T, Furukawa, K. Shimura, D. Kuwahara, and S. Shinohara, “Verification of
azimuthal current generation employing a rotating magnetic field plasma
acceleration method in an open magnetic field configuration,” Phys. Plasmas
26, 033505 (2019).

'5]. Tian, W. Liu, Y. Gao, and L. Zhao, “Discharge and metallic plasma genera-
tion characteristics of an insulated anode with a micropore,” Phys. Plasmas
26, 023511 (2019).

6. Cheng, Y. Wang, W. Ding, C. Ge, J. Yan, Y. Li, Z. Li, and A. Sun,
“Experimental study on the discharge ignition in a capillary discharge based
pulsed plasma thruster,” Phys. Plasmas 25, 093512 (2018).

PERSPECTIVE scitation.org/journal/php

7C. Charles, “Plasmas for spacecraft propulsion,” J. Phys. D: Appl. Phys. 42,
163001 (2009).

185, Mazouffre, “Electric propulsion for satellites and spacecraft: Established
technologies and novel approaches,” Plasma Sources Sci. Technol. 25, 033002
(2016).

K. Nakagawa, T. Tsuchiya, and Y. Takao, “Microfabricated emitter array
for an ionic liquid electrospray thruster,” Jpn. J. Appl. Phys. 56, 06GN18
(2017).

201, Conde, J. L. Domenech-Garret, J. M. Donoso, J. Damba, S. P. Tierno,
E. Alamillo-Gamboa, and M. A. Castillo, “Supersonic plasma beams with
controlled speed generated by the alternative low power hybrid ion
engine (ALPHIE) for space propulsion,” Phys. Plasmas 24, 123514
(2017).

2lY. Ding, H. Su, P. Li, L. Wei, H. Li, W. Peng, Y. Xu, H. Sun, and D. Yu, “Study
of the catastrophic Discharge phenomenon in a Hall thruster,” Phys. Lett. A
381, 3482-3486 (2017).

22Voyager 1 Fires Up Thrusters After 37 Years; accessed June 2018.

23V, Croes, A. Tavant, R. Lucken, R. Martorelli, T. Lafleur, A. Bourdon, and P.
Chabert, “The effect of alternative propellants on the electron drift instability
in Hall-effect thrusters: Insight from 2D particle-in-cell simulations,” Phys.
Plasmas 25, 063522 (2018).

24K, Kuriki, K. Ninomiya, M. Nagatomo, N. Tsuya, M. Kawachi, K. Tjichi, and
H. Kimura, “The design and orbital operation of space flyer unit,” Acta
Astronaut. 24, 33-43 (1991).

25R. C. Koppel, “Optimal specific impulse of electric propulsion,” Proceedings
of the 2nd European Spacecraft Propulation Conference, Noordwijk, the
Netherlands, edited by M. Perry, 27-29 May 1997, pp. 131-139.

26 Sasoh, H. Kasuga, Y. Nakagawa, T. Matsuba, D. Ichihara, and A. Twakawa,
“Electrostatic-magnetic-hybrid thrust generation in central-cathode electro-
static thruster (CC-EST),” Acta Astronaut. 152, 137-145 (2018).

27E. Chesta, D. Estublier, B. Fallis, E. Gengembre, J. Gonzalez del Amo, N.
Kutufa, D. Nicolini, G. Saccoccia, L. Casalino, P. Dumazert et al., “Flexible
variable-specific-impulse electric propulsion systems for planetary missions,”
Acta Astronaut. 59, 931-945 (2006).

28B, Karadag, S. Cho, and I. Funaki, “Thrust performance, propellant ioniza-
tion, and thruster erosion of an external discharge plasma thruster,” J. Appl.
Phys. 123, 153302 (2018).

29M. Meyer, M. Byrne, B. Jorns, and L. D. Boyd, “Erosion of a meshed reflector
in the plume of a Hall effect thruster, Part 1: Modeling,” ATAA Paper 2019-
3987, 2019.

30, Kronhaus and A. Linossier, “Experimental characterization of the narrow
channel Hall thruster,” Plasma Sources Sci. Technol. 27, 124005 (2018).

515, Bathgate, M. Bilek, and D. McKenzie, “Electrodeless plasma thrusters for
spacecraft: A review,” Plasma Sci. Technol. 19, 083001 (2017).

32D. R. Lev, L. G. Mikellides, D. Pedrini, D. M. Goebel, B. A. Jorns, and M. S.
McDonald, “Recent Progress in Research and Development of Hollow
Cathodes for Electric Propulsion,” Rev. Mod. Plasma Phys. 3, 6 (2019).

33D, Kahnfeld, J. Duras, P. Matthias, S. Kemnitz, P. Arlinghaus, G. Bandelow,
K. Matyash, N. Koch, and R. Schneider, “Numerical modeling of high effi-
ciency multistage plasma thrusters for space applications,” Rev. Mod. Plasma
Phys. 3, 11 (2019).

340. Baranov, I. Levchenko, S. Xu, X. G. Wang, H. P. Zhou, and K. Bazaka,
“Direct current arc plasma thrusters for space applications: Basic physics,
design and perspectives,” Rev. Mod. Plasma Phys. 3,7 (2019).

357. Zhang, W. Y. L. Ling, H. Tang, J. Cao, X. Liu, and N. Wang, “A review of
the characterization and optimization of ablative pulsed plasma thrusters,”
Rev. Mod. Plasma Phys. 3, 5 (2019).

36K. Takahashi, “Helicon-type radiofrequency plasma thrusters and magnetic
plasma nozzles,” Rev. Mod. Plasma Phys. 3, 3 (2019).

575, Shinohara, “Helicon high-density plasma sources: Physics and
applications,” Adv. Phys. X 3, 1420424 (2018).

385, Shinohara, H. Nishida, T. Tanikawa, T. Hada, I. Funaki, and K. P. Shamrai,
“Development of electrodeless plasma thrusters with high-density helicon
plasma sources,” IEEE Trans. Plasma Sci. 42, 1245-1254 (2014).

39D. M. Goebel and 1. Katz, Fundamentals of Electric Propulsion: Ton and Hall
Thrusters (John Wiley & Sons, NJ, USA, 2008).

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141
Published under license by AIP Publishing

27, 020601-25


https://doi.org/10.1016/j.spacepol.2017.03.006
https://doi.org/10.1089/space.2017.29009.emu
https://doi.org/10.1016/j.actaastro.2015.11.025
https://doi.org/10.1002/gch2.201800062
https://doi.org/10.1038/d41586-018-06957-2
https://doi.org/10.1038/s41566-018-0280-7
https://doi.org/10.1103/PhysRevX.5.031012
https://doi.org/10.1103/PhysRevX.5.031012
https://doi.org/10.1063/1.5007734
https://doi.org/10.1016/j.actaastro.2017.01.048
https://doi.org/10.1088/1361-6463/aa76f5
https://doi.org/10.1063/1.5043354
https://doi.org/10.1063/1.5043354
https://doi.org/10.1063/1.5015937
https://doi.org/10.1063/1.5034397
https://doi.org/10.1063/1.5064392
https://doi.org/10.1063/1.5078677
https://doi.org/10.1063/1.5038087
https://doi.org/10.1088/0022-3727/42/16/163001
https://doi.org/10.1088/0963-0252/25/3/033002
https://doi.org/10.7567/JJAP.56.06GN18
https://doi.org/10.1063/1.5005881
https://doi.org/10.1016/j.physleta.2017.09.002
https://doi.org/10.1063/1.5033492
https://doi.org/10.1063/1.5033492
https://doi.org/10.1016/0094-5765(91)90150-4
https://doi.org/10.1016/0094-5765(91)90150-4
https://doi.org/10.1016/j.actaastro.2018.07.052
https://doi.org/10.1016/j.actaastro.2005.07.053
https://doi.org/10.1063/1.5023829
https://doi.org/10.1063/1.5023829
https://doi.org/10.1088/1361-6595/aaec65
https://doi.org/10.1088/2058-6272/aa71fe
https://doi.org/10.1007/s41614-019-0026-0
https://doi.org/10.1007/s41614-019-0030-4
https://doi.org/10.1007/s41614-019-0030-4
https://doi.org/10.1007/s41614-019-0023-3
https://doi.org/10.1007/s41614-019-0027-z
https://doi.org/10.1007/s41614-019-0024-2
https://doi.org/10.1080/23746149.2017.1420424
https://doi.org/10.1109/TPS.2014.2313633
https://scitation.org/journal/php

Physics of Plasmas

40c, Boniface, L. Garrigues, G. J. M. Hagelaar, and J. P. Boeuf, “Anomalous
cross field electron transport in a Hall effect thruster,” Appl. Phys. Lett. 89,
161503 (2006).

“Non thruster prototype breaks records in tests, could send humans to Mars in
just 40 days. Physics and Astronomy Zone, October 2018.

“2Jon Thruster Sets World Record. NASA, updated August 2017.

435, Mazouffre and L. Grimaud, “Characteristics and performances of a 100-W
Hall thruster for microspacecraft,” IEEE Trans. Plasma Sci. 46, 330-337
(2018).

“*R. R. Hofer, D. M. Goebel, I. G. Mikellides, and I. Katz, ]. Appl. Phys. 115,
043304 (2014).

“SR. W. Conversano, D. M. Goebel, R. R. Hofer, I. G. Mikellides, and R. E.
Wirz, . Propul. Power 33, 992-1001 (2017).

%@L, Grimaud and S. Mazouffre, “Ion behavior in low-power magnetically
shielded and unshielded Hall thrusters,” Plasma Sources Sci. Technol. 26,
055020 (2017).

“71. G. Mikellides, 1. Katz, R. R. Hofer, and D. M. Goebel, ]. Appl. Phys. 115,
043303 (2014).

“81. G. Mikellides, R. R. Hofer, I. Katz, and D. M. Goebel, ]. Appl. Phys. 116,
053302 (2014).

“9D. M. Goebel, R. R. Hofer, I. G. Mikellides, I. Katz, J. E. Polk, and B. N.
Dotson, [EEE Trans. Plasma Sci. 43, 118-126 (2015).

50Y. Ding et al., Jpn. J. Appl. Phys. 56, 050312 (2017).

5ID. Yongjie et al., IEEE Trans. Plasma Sci. 46, 263-282 (2018).

52J, Vaudolon, S. Mazouffre, C. Hénaux, D. Harribey, and A. Rossi, Appl. Phys.
Lett. 107, 174103 (2015).

S3g, Mazouffre, S. Tsikata, and J. Vaudolon, J. Appl. Phys. 116, 243302 (2014).

545, Mazouffre, L. Grimaud, S. Tsikata, K. Matyash, and R. Schneider, Plasma
Sources Sci. Technol. 28, 054002 (2019).

55Y. Ding, L. Wang, H. Fan, H. Li, W. Xu, L. Wei, P. Li, and D. Yu, “Simulation
research on magnetic pole erosion of Hall thrusters,” Phys. Plasmas 26,
023520 (2019).

58Y. Ding et al., Eur. Phys. ]. Spec. Top. 226, 2945-2953 (2017).

571, Garrigues, S. Santhosh, L. Grimaud, and S. Mazouffre, “Operation of a
low-power Hall thruster: Comparison between magnetically unshielded
and shielded configuration,” Plasma Sources Sci. Technol. 28, 034003
(2019).

58A. Shabshelowits, A. D. Gallimore, and P. Y. Peterson, “Performance of a heli-
con Hall thruster operating with xenon, argon, and nitrogen,” AIAA Paper
2012-4336, 2012.

59A. 1. Bugrova, G. E. Bugrov, V. K. Kharchenikov, M. 1. Shaposhnikov, and S.
Mazouffre, Tech. Phys. Lett. 38, 344 (2012).

05, E. Cusson, M. P. Georgin, H. C. Dragnea, E. T. Dale, V. Dhaliwal, I. D.
Boyd, and A. D. Gallimore, J. Appl. Phys. 123, 133303 (2018).

8lg, J. Hall, R. E. Florenz, A. D. Gallimore, H. Kamhawi, D. L. Brown, J. E. Polk,
D. M. Goebel, and R. R. Hofer, ATAA Paper 2014-3815, 2014.

2L, Grimaud and S. Mazouffre, “Performance comparison between standard
and magnetically shielded 200W Hall thrusters with BN-SiO2 and graphite
channel walls,” Vacuum 155, 514-523 (2018).

633, Mazouffre, T. Hallouin, M. Inchingolo, A. Gurciullo, P. Lascombes, and J.-
L. Maria, “Characterization of miniature Hall thruster plume in the 50 - 200
W power range,” Proceedings of the 8th European Conference for
Aeronautics and Space Sciences, Madrid, Spain, July 2019, Paper No. 214.

6"]. Perez-Luna, G. J. M. Hagelaar, L. Garrigues, and J. P. Boeuf, “Model analy-
sis of a double-stage Hall effect thruster with double-peaked magnetic field
and intermediate electrode,” Phys. Plasmas 14, 113502 (2007).

85y, Ding, P. Li, H. Sun, L. Wei, Y. Xu, W. Peng, H. Su, H. Li, and D. Yu,
“Simulation of double stage hall thruster with double-peaked magnetic field,”
Eur. Phys. J. D 71, 192 (2017).

86D, Milligan and D. Gestal, “Flying SMART-1 to the Moon with electric
propulsion,” J. British Interplanet. Soc. 61, 466-477 (2008).

7p. Grondein, T. Lafleur, P. Chabert, and A. Aanesland, “Global model of an
iodine gridded plasma thruster,” Phys. Plasmas 23, 033514 (2016).

®8Y. Yamashita, R. Tsukizaki, Y. Yamamoto, D. Koda, K. Nishiyama, and H.
Kuninaka, “Azimuthal ion drift of a gridded ion thruster,” Plasma Sources
Sci. Technol. 27, 105006 (2018).

PERSPECTIVE scitation.org/journal/php

89G. Cai, H. Zheng, L. Liu, X. Ren, and B. He, “Three-dimensional particle sim-
ulation of ion thruster plume impingement,” Acta Astronaut. 151, 645-654
(2018).

7Y Jia, J. Chen, N. Guo, X. Sun, C. Wu, and T. Zhang, “2D hybrid-pic simula-
tion of the two and three-grid system of ion thruster,” Plasma Sci. Technol.
20, 105502 (2018).

7H. Zheng, G. Cai, H. Wang, L. Liu, and B. He, “Three-dimensional particle
simulation of ion thruster plume flows with ex-pws,” Plasma Sci. Technol. 20,
105501 (2018).

72G. Coral, R. Tsukizaki, K. Nishiyama, and H. Kuninaka, “Microwave power
absorption to high energy electrons in the ECR ion thruster,” Plasma Sources
Sci. Technol. 27, 095015 (2018).

73K. Holste, W. Girtner, D. Zschitzsch, S. Scharmann, P. Kohler, P. Dietz, and
P. Klar, “Performance of an iodine-fueled radio-frequency ion-thruster,” Eur.
Phys. . D 72, 1-7 (2018).

7%E. Y. Choueiri, “New dawn of electric rocket,” Sci. Am. 300, 58-65 (2009).

7SM. R. LaPointe, E. Strzempkowski, and E. Pencil, “High power MPD thruster
performance measurements,” in 40th AIAA/ASME/SAE/ASEE Joint
Propulsion Conference Exhibit (2004).

76Glenn Research Center Webpage. Magnetoplasmadynamic thrusters; accessed
August 2019.

777. Wu, G. Sun, S. Yuan, T. Huang, X. Liu, K. Xie, and N. Wang, “Discharge
reliability in ablative pulsed plasma thrusters,” Acta Astronaut. 137, 8-14
(2017).

78T. Schénherr, K. Komurasaki, and G. Herdrich, “Propellant utilization effi-
ciency in a pulsed plasma thruster,” J. Propul. Power 29, 1478-1487 (2013).

7op. Rafalskyi and A. Aanesland, “Brief review on plasma propulsion with
neutralizer-free systems,” Plasma Sources Sci. Technol. 25, 043001 (2016).

805, Shinohara, D. Kuwahara, T. Furukawa, S. Nishimura, T. Yamase, Y.
Ishigami, H. Horita, A. Igarashi, and S. Nishimoto, “Development of featured
high-density helicon sources and their application to electrodeless plasma
thruster,” Plasma Phys. Controlled Fusion 61, 014017 (2019).

81D, Kuwahara, S. Shinohara, T. Ishii, S. Otsuka, T. Nakagawa, K. Kishi, M.
Sakata, E. Tanaka, H. Iwaya, K. Takizawa, Y. Tanida, T. Naito, and K. Yano,
“High-density helicon plasma thrusters using electrodeless acceleration
schemes,” Trans. JSASS Aerosp. Tech. Jpn. 14, Pb_117-Pb_121 (2016).

825 Shinohara, D. Kuwahara, T. Ishii, H. Iwaya, S. Nishimura, T. Yamase, D.
Arai, and H. Horita, “Development of high-density radio frequency plasma
sources with very small diameter for propulsion,” IEEE Trans. Plasma Sci. 46,
252-262 (2018).

835, Isayama, S. Shinohara, and T. Hada, “Review of helicon high-density
plasma: Production mechanism and plasma/wave characteristics,” Plasma
Fusion Res. 13, 1101014 (2018).

84N. Sharma, M. Chakraborty, N. K. Neog, and M. Bandyopadhyay, “Design of
a helicon plasma source for ion-ion plasma production,” Fusion Eng. Des.
117, 30-38 (2017).

850. Grulke, S. Ullrich, T. Windisch, and T. Klinger, “Laboratory studies of drift
waves: Nonlinear mode interaction and structure formation in turbulence,”
Plasma Phys. Controlled Fusion 49, B247 (2007).

88N. Sharma, M. Chakraborty, N. K. Neog, and M. Bandyopadhyay, “Influence
of magnetic filter and magnetic cage in negative ion production in helicon
oxygen plasma,” Phys. Plasmas 25, 123503 (2018).

87B. Tian, M. Merino, and E. Ahedo, “Two-dimensional plasma-wave interac-
tion in an helicon plasma thruster with magnetic nozzle,” Plasma Sources Sci.
Technol. 27, 114003 (2018).

88) Navarro-Cavallé, M. Wijnen, P. Fajardo, and E. Ahedo, “Experimental
characterization of a 1 kW helicon plasma thruster,” Vacuum 149, 69-73
(2018).

89D, Ichihara, Y. Nakagawa, A. Uchigashima, A. Iwakawa, A. Sasoh, and T.
Yamazaki, “Power matching between plasma generation and electrostatic
acceleration in helicon electrostatic thruster,” Acta Astronaut. 139, 157-164
(2017).

9OM. Merino and E. Ahedo, “Contactless steering of a plasma jet with a 3d mag-
netic nozzle,” Plasma Sources Sci. Technol. 26, 095001 (2017).

9'L. Chang, X. Hu, L. Gao, W. Chen, X. Wu, X. Sun, N. Hu, and C. Huang,
“Coupling of RF antennas to large volume helicon plasma,” AIP Adv. 8,
045016 (2018).

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141
Published under license by AIP Publishing

27, 020601-26


https://doi.org/10.1063/1.2360182
https://doi.org/10.1109/TPS.2017.2786402
https://doi.org/10.1063/1.4862314
https://doi.org/10.2514/1.B36231
https://doi.org/10.1088/1361-6595/aa660d
https://doi.org/10.1063/1.4862313
https://doi.org/10.1063/1.4892160
https://doi.org/10.1109/TPS.2014.2321110
https://doi.org/10.7567/JJAP.56.050312
https://doi.org/10.1109/TPS.2017.2776257
https://doi.org/10.1063/1.4932196
https://doi.org/10.1063/1.4932196
https://doi.org/10.1063/1.4904965
https://doi.org/10.1088/1361-6595/ab07fc
https://doi.org/10.1088/1361-6595/ab07fc
https://doi.org/10.1063/1.5077041
https://doi.org/10.1140/epjst/e2016-60247-y
https://doi.org/10.1088/1361-6595/ab080d
https://doi.org/10.1134/S1063785012040025
https://doi.org/10.1063/1.5028271
https://doi.org/10.1016/j.vacuum.2018.06.056
https://doi.org/10.1063/1.2783989
https://doi.org/10.1140/epjd/e2017-80124-8
https://doi.org/10.1063/1.4944882
https://doi.org/10.1088/1361-6595/aae29b
https://doi.org/10.1088/1361-6595/aae29b
https://doi.org/10.1016/j.actaastro.2018.07.007
https://doi.org/10.1088/2058-6272/aace52
https://doi.org/10.1088/2058-6272/aad5da
https://doi.org/10.1088/1361-6595/aadf04
https://doi.org/10.1088/1361-6595/aadf04
https://doi.org/10.1140/epjd/e2017-80498-5
https://doi.org/10.1140/epjd/e2017-80498-5
https://doi.org/10.1038/scientificamerican0209-58
https://doi.org/10.1016/j.actaastro.2017.04.006
https://doi.org/10.2514/1.B34789
https://doi.org/10.1088/0963-0252/25/4/043001
https://doi.org/10.1088/1361-6587/aadd67
https://doi.org/10.2322/tastj.14.Pb_117
https://doi.org/10.1109/TPS.2017.2776110
https://doi.org/10.1585/pfr.13.1101014
https://doi.org/10.1585/pfr.13.1101014
https://doi.org/10.1016/j.fusengdes.2017.02.002
https://doi.org/10.1088/0741-3335/49/12B/S23
https://doi.org/10.1063/1.5050983
https://doi.org/10.1088/1361-6595/aaec32
https://doi.org/10.1088/1361-6595/aaec32
https://doi.org/10.1016/j.vacuum.2017.11.036
https://doi.org/10.1016/j.actaastro.2017.06.032
https://doi.org/10.1088/1361-6595/aa8061
https://doi.org/10.1063/1.5025510
https://scitation.org/journal/php

Physics of Plasmas

92D F, Berisford, R. D. Bengtson, and L. L. Raja, “Power balance and wall ero-
sion measurements in a helicon plasma,” Phys. Plasmas 17, 033503 (2010).

93]. Del Valle, J. A. Castro, N. Arce, E. Chinchilla, E. Echeverria, D. Lezama, C.
Martinez, J. Oguilve, A. Rivera, M. Rodriguez et al., “Measurement of the
dielectric wall erosion in helicon plasma thrusters: An application to the
VASIMR VX-CR experiment,” in paper presented at the 33rd International
Electric Propulsion Conference, Washington, DC, USA, October 6-10 (2013),
Paper No. IEPC-2013-188.

9*K. Takahashi, A. Chiba, A. Komuro, and A. Ando, “Axial momentum lost to
a lateral wall of a helicon plasma source,” Phys. Rev. Lett. 114, 195001 (2015).

9SW. N. Hugrass, I. R. Jones, K. F. McKenna, M. G. R. Phillips, R. G. Storer,
and H. Tuczek, “Compact torus configuration generated by a rotating mag-
netic field: The Rotamak,” Phys. Rev. Lett. 44, 1676 (1980).

%], R. Jones, A. Lietti, and J.-M. Peiry, “A rotating magnetic field pinch,”
Plasma Phys. 10, 213 (1968).

97). Zhang, X. Li, W. Yang, W. Yan, D. Wei, Y. Liu, and G. Yan, “The effect of
the length to diameter ratio on capillary discharge plasmas,” Phys. Plasmas
25, 103501 (2018).

98K F. Liiskow, P. R. C. Neumann, G. Bandelow, J. Duras, D. Kahnfeld, S.
Kemnitz, P. Matthias, K. Matyash, and R. Schneider, “Particle-in-cell simula-
tion of the cathodic arc thruster,” Phys. Plasmas 25, 013508 (2018).

99, Yang, G. Zeng, H. Tang, Y. Huang, and X. Liu, “Numerical studies of
wall-plasma interactions and ionization phenomena in an ablative pulsed
plasma thruster,” Phys. Plasmas 23, 073518 (2016).

199D B. Zolotukhin, S. Hurley, and M. Keidar, “Anode ablation and performance
improvement of microcathode arc thruster,” Plasma Sources Sci. Technol. 28,
034001 (2019).

191D, B. Zolotukhin and M. Keidar, “Optimization of discharge triggering in
micro-cathode vacuum arc thruster for CubeSats,” Plasma Sources Sci.
Technol. 27, 074001 (2018).

192 M. Goebel, R. M. Watkins, and K. Jameson, “LaB6 Hollow Cathodes for
Ton and Hall Thrusters,” J. Prop. Powe 23, 527-528 (2007).

1038, A. Arkhipov and K. N. Kozubsky, “The development of the cathode com-
pensators for stationary plasma thrusters in the USSR,” in 22nd International
Electric Propulsion Conference, Viareggio, Italy, October 14-17 (1991), Paper
No. IEPC-91-023.

1041, G. Mikellides, 1. Katz, K. Jameson, and D. Goebel, “Driving processes in the
orifice and near-plume regions of a hollow cathode,” in 42nd ATAA/ASME/
SAE/ASEE Joint Propulsion Conference & Exhibit (American Institute of
Aeronautics and Astronautics, 2006).

105K, Kubota, Y. Oshio, H. Watanabe, S. Cho, Y. Ohkawa, and I. Funaki,
“Hybrid-PIC Simulation on Plasma Flow of Hollow Cathode. Trans. Japan
Soc. Aeronaut. Space Sciences,” Aerosp. Technol. Jpn. 14, Pb_189-Pb_195
(2016).

1061 G. Mikellides, I. Katz, D. M. Goebel, and K. K. Jameson, “Evidence of non-
classical plasma transport in hollow cathodes for electric propulsion,” J. Appl.
Phys. 101, 063301 (2007).

1974, L. Ortega, B. A. Jorns, and 1. G. Mikellides, “Hollow cathode simulations
with a first-principles model of ion-acoustic anomalous resistivity,” J. Propul.

Power 1, 13 (2018).

198G, Sary, L. Garrigues, and J. P. Boeuf, “Hollow cathode modeling: I. A coupled
plasma thermal two-dimensional model,” Plasma Sources Sci. Technol. 26,
055007 (2017).

T09R. Z. Sagdeev and A. Galeev, Nonlinear Plasma Theory (W. A. Benjamin, New
York, 1969).

TOR. C. Davidson and N. A. Krall, “Anomalous transport in high-temperature
plasmas with applications to solenoidal fusion systems,” Nucl. Fusion 17,
1313-1372 (1977).

™MD, M. Goebel, K. K. Jameson, I. Katz, and I. G. Mikellides, “Potential fluctua-
tions and energetic ion production in hollow cathode discharges,” Phys.
Plasmas 14, 103508 (2007).

126, Sary, L. Garrigues, and J. P. Boeuf, “Hollow cathode modeling: I1. Physical
analysis and parametric study,” Plasma Sources Sci. Technol. 26, 055008
(2017).

T3M. P. Georgin, B. A. Jorns, and A. D. Gallimore, “An experimental and theo-
retical study of hollow cathode plume mode oscillations,” in 35rd International

PERSPECTIVE scitation.org/journal/php

Electric Propulsion Conference, Atlanta, GA, October (2017), Paper No. IEPC-
2017-298.

T4p Guerrero, 1. G. Mikellides, and J. E. Polk, “Hollow cathode thermal model-
ling and self-consistent solutions. Work function evaluation for a LaBs cath-
ode,” in 54th AIAA/SAE/ASEE Joint Propulsion Conference, AIAA
Propulsion and Energy Forum: American Institute of Aeronautics and
Astronautics (2018).

5B, A. Jorns, C. Dodson, D. A. Goebel, and R. Wirz, “Propagation of ion acous-
tic wave energy in the plume of a high-current LaB6 hollow cathode,” Phys.
Rev. E 96, 023208 (2017).

8T, Matlock, D. A. Goebel, R. Conversano, and R. Wirz, “An investigation of

low frequency plasma instabilities in a cylindrical hollow cathode discharge,”

in ATAA Paper 2014-3508, 2014.

J. W. Dankanich and D. M. Schumacher, “lodine propulsion advantages for

low cost mission applications and the iodine satellite (ISAT) technology dem-

onstration,” in 66th International Astronautical Congress, Jerusalem, Israel

(2015), Paper No. IAC-15-D2.5.7x31069.

T84, Parakhin, R. S. Pobbubniy, A. N. Nesterenko, and A. P. Sinitsin, “Low-cur-
rent cathode with BaO based thermoemitter,” Proc. Eng. 185, 80-84 (2017).
T9p_ Saevets, D. Semenenko, R. Albertoni, and G. Scremin, “Development of a
long-life low-power Hall thruster,” in 35th International Electric Propulsion
Conference, Georgia Institute of Technology, Atlanta, Georgia, USA October

8-12 (2017), Paper No. IEPC-2017-38.

129p M. Puchkov, “The low-current cathode for a small power electric propul-
sion,”in 7th European Conference for Aeronautics and Space Sciences, Milan,
Ttaly, 3-6 July (2017), Paper No. EUCASS2017-138.

217, Loyan, M. Titov, O. Rybalov, and T. Maksymenko, “Middle power Hall
effect thrusters with centrally located cathode,” in 33rd International Electric
Propulsion Conference (IEPC), Washington, DC, USA, 6-10 October (2013),
Paper No. IEPC-2013-410.

122y pedrini, C. Ducci, T. Misuri, F. Paganucci, and M. Andrenucci, “Sitael hol-
low cathodes for low-power Hall effect thrusters,” IEEE Trans. Plasma Sci. 46,
296-303 (2018).

2D, Lev and L. Appel, “Heaterless hollow cathode technology—A critical
review,” in 5th Space Propul. Conf. (SPC), Rome, Italy, 2-6 May (2016), Paper
No. SP2016_3125366.

124C. Drobny, J. W. Wulfkiihler, K. Witzig, and M. Tajmar, “Detailed work func-
tion measurements and development of a hollow cathode using the emitter
material C12A7 electride,” in Space Propulsion Conf., Seville, Spain, 14-18
May (2018), Paper No. SP2018_92.

125M. S. McDonald and N. R. S. Caruso, “Ignition and early operating character-
istics of a low-current C12A7 hollow cathode,” in 35th International Electric
Propulsion Conference (IEPC), Atlanta, GA, USA, 8-12 October (2017),
Paper No. IEPC-2017-253.

126D, R. Lev and G. Alon, “Operation of a hollow cathode neutralizer for sub-
100-W hall and ion thrusters,” IEEE Trans. Plasma Sci. 46, 311-318 (2018).

127M. Schatz, “Heaterless ignition of inert gas ion thruster hollow cathodes,” in
18th International Electric Propulsion Conference (IEPC), Alexandria, VA,
USA, 30 September-2 October (1985).

1287 .X. Ning, H.-G. Zhang, X.-M. Zhu, L. Ouyang, X.-Y. Liu, B.-H. Jiang, and
D.-R. Yu, “10000-ignition-cycle investigation of a LaBs hollow cathode for
3-5-kilowatt Hall thruster,” J. Propul. Power 35, 87-93 (2019).

129y Vekselman, Y. E. Krasik, S. Gleizer, V. T. Gurovich, A. Warshavsky, and L.
Rabinovich, “Characterization of a heaterless hollow cathode,” J. Propul.

Power 29, 475-486 (2013).

1301, p. Rand and J. D. Williams, “Instant start electride hollow cathode,” in 33rd
Intnational Electric Propulsion Conference (IEPC), Washington DC, USA,
6-10 October (2013), Paper No. IEPC-2013-305.

T31E, Niirmberger, A. Hock, and M. Tajmar, “Design and experimental investiga-
tion of a low-power Hall effect thruster and a low-current hollow cathode,”
ATAA Paper 2015-3822 (2015).

325, Daykin-Iliopoulos, S. Gabriel, I. Golosnoy, K. Kubota, and 1. Funaki,
“Investigation of heaterless hollow cathode breakdown,” in 34th International
Electric Propulsion Conference (IEPC), Hyogo-Kobe, Japan, 6-9 July (2015),
Paper No. IEPC-2015-193.

33D, Pedrini, T. Misuri, F. Paganucci, and M. Andrenucci, “Development of hol-
low cathodes for space electric propulsion at sitael,” Aerospace 4, 26 (2017).

n7

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141
Published under license by AIP Publishing

27, 020601-27


https://doi.org/10.1063/1.3304184
https://doi.org/10.1103/PhysRevLett.114.195001
https://doi.org/10.1103/PhysRevLett.44.1676
https://doi.org/10.1088/0032-1028/10/3/302
https://doi.org/10.1063/1.5041781
https://doi.org/10.1063/1.5012584
https://doi.org/10.1063/1.4959807
https://doi.org/10.1088/1361-6595/ab01ec
https://doi.org/10.1088/1361-6595/aacdb0
https://doi.org/10.1088/1361-6595/aacdb0
https://doi.org/10.2514/1.25475
https://doi.org/10.2322/tastj.14.Pb_189
https://doi.org/10.1063/1.2710763
https://doi.org/10.1063/1.2710763
https://doi.org/10.2514/1.B36782
https://doi.org/10.2514/1.B36782
https://doi.org/10.1088/1361-6595/aa6217
https://doi.org/10.1088/0029-5515/17/6/017
https://doi.org/10.1063/1.2784460
https://doi.org/10.1063/1.2784460
https://doi.org/10.1088/1361-6595/aa6210
https://doi.org/10.1103/PhysRevE.96.023208
https://doi.org/10.1103/PhysRevE.96.023208
https://doi.org/10.1016/j.proeng.2017.03.295
https://doi.org/10.1109/TPS.2017.2778317
https://doi.org/10.1109/TPS.2017.2779409
https://doi.org/10.2514/1.B37192
https://doi.org/10.2514/1.B34628
https://doi.org/10.2514/1.B34628
https://doi.org/10.3390/aerospace4020026
https://scitation.org/journal/php

Physics of Plasmas

134p, Lev, G. Alon, L. Appel, O. Seeman, and Y. Hadas, “Low current heaterless
hollow cathode development overview,” in 35th International Electric
Propulsion Conference (IEPC), Atlanta, GA, USA, 8-12 October (2017),
Paper No. IEPC-2017-244.

351, Li, J. Wei, Y. Feng, and X. Li, “Effect of CaO on phase composition and
properties of aluminates for barium tungsten cathode,” Materials 11, 1380
(2018).

36T, Verhey and G. Macrae, “Requirements for long-life operation of inert gas
hollow cathodes—Preliminary results,” in 21st International Electric
Propulsion Conference (1990).

37H. S. Uhm, S. J. Jung, and H. S. Kim, “Influence of gas temperature on electri-
cal breakdown in cylindrical electrodes,” J. Korean Phys. Soc. 42, 989-93
(2003).

38D, Katz-Franco and D. Lev, “Conceptual design of a radiative cooling system
for heaterless hollow cathodes,” in Proceedings 34th Internationa Electric
Propulsion Conference (IEPC), Hyogo-Kobe, Japan, 4-10 July (2015), Paper
No. IEPC-2015-164.

39, Levchenko, S. Xu, G. Teel, D. Mariotti, M. L. R. Walker, and M. Keidar,
“Recent progress and perspectives of space electric propulsion systems based
on smart nanomaterials,” Nat. Commun. 9, 879 (2018).

14OM. Keidar, A. Shashurin, S. Delaire, X. Fang, and L. 1. Beilis, “Inverse heat flux
in double layer thermal metamaterial,” J. Phys. D: Appl. Phys. 48, 485104
(2015).

D, M. Goebel, J. T. Crow, and A. T. Forrester, “Lanthanum hexaboride hollow
cathode for dense plasma production,” Rev. Sci. Instrum. 49, 469-472 (1978).
2D, M. Goebel, K. K. Jameson, and R. R. Hofer, “Hall thruster cathode flow
impacts on cathode coupling and cathode life,” J. Propul. Power 28, 355-363

(2012).

3D, M. Goebel and E. Chu, “High current lanthanum hexaboride hollow cath-
ode for high power hall thrusters,” . Propul. Power 30, 35-40 (2014).

44M. Celik and H. Kurt, “Ferromagnetic enhanced inductively coupled plasma
cathode for thruster ion neutralization,” ATP Conf. Proc. 2011, 090022 (2018).

1458, A. Jorns, I. G. Mikellides, and D. M. Goebel, “Ton acoustic turbulence in a
100-A LaBg hollow cathode,” Phys. Rev. E 90, 063106 (2014).

146, Chu, D. M. Goebel, and R. E. Wirz, “Reduction of energetic ion production

in hollow cathodes by external gas injection,” J. Propul. Power 29, 1155-1163

(2013).

J.-P. Boeuf, “Tutorial: Physics and modeling of Hall thrusters,” J. Appl. Phys.

121, 011101 (2017).

483ee https://www.landmark-plasma.com for LANDMARK: Low temperAture
magNetizeD plasMA benchmaRKs; accessed June 2019.

149C. K. Birdsall and A. B. Langdon, Plasma Physics via Computer Simulation
(Taylor and Francis, 2005).

15OF, Taccogna, “Monte Carlo collision method for low temperature plasma sim-
ulation,” J. Plasma Phys. 81, 305810102 (2015).

"5IM. Villemant, P. Sarrailh, M. Belhaj, C. Inguimbert, L. Garrigues, and C.
Boniface, “Electron emission for Hall thruster plasma modelling,” in
Proceedings of the 35th International Electric Propulsion Conference, the
Electric Rocket Propulsion Society, Atlanta, GE (2017), Paper No. IEPC-2017-
366.

521, D. Boyd and M. L. Falk, “A review of spacecraft material sputtering by Hall
thruster plumes,” AIAA Paper 2001-3353, 2001.

53A. Dominguez-Vézquez, F. Taccogna, and E. Ahedo, “Particle modeling of
radial electron dynamics in a controlled discharge of a Hall thruster,” Plasma
Sources Sci. Technol. 27, 064006 (2018).

54T Lafleur, S. D. Baalrud, and P. Chabert, “Characteristics and transport effects
of the electron drift instability in Hall-effect thrusters,” Plasma Sources Sci.
Technol. 26, 024008 (2017).

'5E, Taccogna, P. Minelli, Z. Asadi, and G. Bogopolsky, “Numerical studies of
the ExB electron drift instability in Hall thrusters,” Plasma Sources Sci.
Technol. 28, 064002 (2019).

156K, Matyash, R. Schneider, S. Mazouffre, S. Tsikata, and L. Grimaud, “Rotating
spoke instabilities in a wall-less Hall thruster: Simulations,” Plasma Sources
Sci. Technol. 28, 044002 (2019).

'57E, Taccogna, S. Longo, M. Capitelli, and R. Schneider, “Anomalous transport
induced by sheath instability in Hall effect thrusters,” Appl. Phys. Lett. 94,
251502 (2009).

147

PERSPECTIVE scitation.org/journal/php

158D, Sydorenko, A. Smolyakov, I. Kaganovich, and Y. Raitses, “Effects of non-
Maxwellian electron velocity distribution function on two-stream instability in
low-pressure discharges,” Phys. Plasmas 14, 013508 (2007).

159F, Taccogna and L. Garrigues, “Latest Progress in Hall Thrusters Plasma
Modelling,” Rev. Mod. Plasma Phys. 3, 12 (2019).

1698, Chaudhury ef al., “Hybrid parallelization of particle in cell monte carlo col-
lision (PIC-MCC) algorithm for simulation of low temperature plasmas,” in
Software Challenges to Exascale Computing. SCEC 2018. Communications in
Computer and Information Science, Vol 964, edited by A. Majumdar and R.
Arora (Springer, Singapore, 2019).

1675, Tsikata, N. Lemoine, V. Pisarev, and D. Gresillon, “Dispersion relations of
electron density fluctuations in a Hall thruster plasma, observed by collective
light scattering,” Phys. Plasmas 16, 033506 (2009).

162K, Matyash and R. Schneider, “3D simulation of rotating spoke in a wall-less
Hall thruster,” in Proceedings of the 36th International Electric Propulsion
Conference, Vienna, Austria, 15-20 September (2019), Paper No. IEPC-2019-
437.

183M. Tajmar, R. Sedmik, and C. Scharlemann, “Numerical simulation of
SMART-1 Hall-thruster plasma interactions,” J. Propul. Power 25, 1178-1188
(2009).

164K, Shan, Y. Chu, Q. Li, L. Zheng, and Y. Cao, “Numerical Simulation of
Interaction between Hall Thruster CEX Ions and SMART-1 Spacecraft,”
Math. Probl. Eng. 2015, 418493.

185G. A. Bird, Molecular Gas Dynamics an d the Direct Simulation of Gas Flows
(Oxford University Press, 1994).

166C. White, M. K. Borg, T. J. Scanlon, S. M. Longshaw, B. Johnd, D. R. Emerson,
and J. M. Reese, “dsmcFoam+: An OpenFOAM based direct simulation
Monte Carlo solver,” Comput. Phys. Commun. 224, 22-43 (2018).

1871, D. Boyd, “Extensive validation of a Monte Carlo model for hydrogen arcjet
flow fields,” J. Propul. Power 13, 775-782 (1997).

1681, D. Boyd and J. T. Yim, “Modeling of the near field plume of a Hall thruster,”
J. Appl. Phys. J. Appl. Phys. 95(9), 4575-4584 (2004).

169p, Boyd, “Numerical modeling of spacecraft electric propulsion thrusters,”
Prog. Aerosp. Sci.41(8), 669-687 (2005).

170g, Cheng, M. Santi, M. Celik, M. Martinez-Sanchez, and J. Peraire, “Hybrid
PIC-DSMC simulation of a Hall thruster plume on unstructured grids. Hybrid
PIC-DSMC simulation of a Hall thruster plume on unstructured grids,”
Comput. Phys. Commun. 164, 73-79 (2004).

7Y, Yue, F. Ma, W. Gong, J. Li, F. Yu, L. Nie, Y. Xian, K. Bazaka, X. Lu, and K.
Ostrikov, “Radial constraints and the polarity mechanism of plasma plume,”
Phys. Plasmas 25, 103510 (2018).

72\, Gong, Y. Yue, F. Ma, F. Yu, J. Wan, L. Nie, K. Bazaka, Y. Xian, X. Lu, and
K. Ostrikov, “Control of radial propagation and polarity in a plasma jet in sur-
rounding Ar,” Phys. Plasmas 25, 013505 (2018).

73M. Celik, M. Santi, S. Cheng, M. Martinez-Sanchez, and J. Peraire, “Hybrid-
PIC simulation of a Hall thruster plume on an unstructured grid with DSMC
collisions,” in 28th International Electric Propulsion Conference, Toulouse,
France (2003), Paper No. IEPC-03-134.

7%M. Sangregorio, K. Xie, N. Wang, N. Guo, and Z. Zhang, “Ion engine grids:
Function, main parameters, issues, configurations, geometries, materials and
fabrication methods,” Chin. J. Aeronaut. 31, 1635-1649 (2018).

75R. W. Conversano, D. M. Goebel, R. R. Hofer, I. G. Mikellides, I. Katz, and R.
E. Wirz, in paper presented at The Joint 30th ISTS, 34th IEPC and 6th NSAT
Conference, Kobe-Hyogo, Japan, 4 July (2015), Paper No. IEPC-2015-100/
ISTS-2015-b-100.

1781, Grimaud and S. Mazouffre, J. Appl. Phys. 122, 033305 (2017).

77Y. Ding, Y. Xu, W. Peng, L. Wei, H. Su, H. Sun, P. Li, H. Li, and D. Yu,
J. Phys. D: Appl. Phys. 50, 145203 (2017).

78D, de Faoite, D. Browne, F. R. Chang-Dfaz, and K. Stanton, “A review of the
processing, composition, and temperature-dependent mechanical and thermal
properties of dielectric technical ceramics,” J. Mater. Sci. 47, 4211-4235
(2012).

1791, Levchenko, K. Bazaka, T. Belmonte, M. Keidar, and S. Xu, “Advanced mate-
rials for next generation spacecraft,” Adv. Mater. 30, 1802201 (2018).

180M. Shariat, B. Shokri, and E. C. Neyts, “On the low-temperature growth
mechanism of single walled carbon nanotubes in plasma enhanced chemical
vapor deposition,” Chem. Phys. Lett. 590, 131-135 (2013).

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141
Published under license by AIP Publishing

27, 020601-28


https://doi.org/10.3390/ma11081380
https://doi.org/10.1038/s41467-017-02269-7
https://doi.org/10.1088/0022-3727/48/48/485104
https://doi.org/10.1063/1.1135436
https://doi.org/10.2514/1.B34275
https://doi.org/10.2514/1.B34870
https://doi.org/10.1063/1.5053403
https://doi.org/10.1103/PhysRevE.90.063106
https://doi.org/10.2514/1.B34799
https://doi.org/10.1063/1.4972269
https://www.landmark-plasma.com
https://doi.org/10.1017/S0022377814000567
https://doi.org/10.1088/1361-6595/aac968
https://doi.org/10.1088/1361-6595/aac968
https://doi.org/10.1088/1361-6595/aa56e2
https://doi.org/10.1088/1361-6595/aa56e2
https://doi.org/10.1088/1361-6595/ab08af
https://doi.org/10.1088/1361-6595/ab08af
https://doi.org/10.1088/1361-6595/ab1236
https://doi.org/10.1088/1361-6595/ab1236
https://doi.org/10.1063/1.3152270
https://doi.org/10.1063/1.2435315
https://doi.org/10.1007/s41614-019-0033-1
https://doi.org/10.1063/1.3093261
https://doi.org/10.2514/1.36654
https://doi.org/10.1155/2015/418493
https://doi.org/10.1016/j.cpc.2017.09.030
https://doi.org/10.2514/2.5232
https://doi.org/10.1063/1.1688444
https://doi.org/10.1016/j.paerosci.2006.01.001
https://doi.org/10.1016/j.cpc.2004.06.010
https://doi.org/10.1063/1.5052133
https://doi.org/10.1063/1.5010993
https://doi.org/10.1016/j.cja.2018.06.005
https://doi.org/10.1063/1.4995285
https://doi.org/10.1088/1361-6463/aa6019
https://doi.org/10.1007/s10853-011-6140-1
https://doi.org/10.1002/adma.201802201
https://doi.org/10.1016/j.cplett.2013.10.061
https://scitation.org/journal/php

Physics of Plasmas

18.lQ. Xiang, X. Ma, D. Zhang, H. Zhou, Y. Liao, H. Zhang, S. Xu, I. Levchenko,

and K. Bazaka, “Interfacial modification of titanium dioxide to enhance photo-
catalytic efficiency towards H2 production.,” J. Colloid Interf. Sci. 556,
376-385 (2019).

'82H. P. Wagner, H. J. Kaeppeler, and M. Auweter-Kurtz, “Instabilities in MPD
thruster flows: 2. Investigation of drift and gradient driven instabilities using
multifluid plasma models,” ]. Phys. D: Appl. Phys. 31, 529-541 (1998).

'83[, Mikellides, “Modeling and analysis of a megawatt-class magnetoplasmady-
namic thruster,” J. Propul. Power 20, 204 (2004).

184R. Martorelli, T. Lafleur, A. Bourdon, and P. Chabert, “Comparison between
ad-hoc and instability-induced electron anomalous transport in a 1D fluid
simulation of Hall-effect thruster,” Phys. Plasmas 26, 083502 (2019).

1857, Li and D. Livescu, “High-order two-fluid plasma solver for direct numerical
simulations of plasma flows with full transport phenomena,” Phys. Plasmas
26, 012109 (2019).

186K, Hara, “Non-oscillatory quasineutral fluid model of cross-field discharge
plasmas,” Phys. Plasmas 25, 123508 (2018).

'87p, G. Mikellides, “Design and operation of MW-class MPD thrusters, Part I:
Numerical modelling,” in Proceedings of the 27th International Electric
Propulsion Conference, Pasadena, CA, October (2001), Paper No. IEPC-2001-
124.

133], Wang, J. Polk, J. Brophy, and I. Katz, “Three-dimensional particle simula-
tions of ion-optics plasma flow and grid erosion,” J. Propul. Power 19, 1192
(2003).

T89M. Chen, A. Sun, C. Chen, and G. Xia, “Particle simulation of grid system for
krypton ion thrusters,” Chin. . Aeronaut. 31, 719-726 (2018).

1908, Jorns, “Predictive, data-driven model for the anomalous electron collision
frequency in a Hall effect thruster,” Plasma Sources Sci. Technol. 27, 104007
(2018).

191K, Hara, “An overview of discharge plasma modeling for Hall effect thrusters,”
Plasma Sources Sci. Tech. 28, 044001 (2019).

192G, J. M. Hagelaar, “Modelling electron transport in magnetized low tempera-
ture discharge plasmas,” Plasma Sources Sci. Technol. 16, S57 (2007).

1931 G. Mikellides and 1. Katz, “Numerical simulations of Hall-effect plasma
accelerators on a magnetic-field-aligned mesh,” Phys. Rev. E 86, 046703
(2012).

9%M. K. Scharfe, C. A. Thomas, D. B. Scharfe, N. Gascon, M. A. Cappelli, and E.
Fernandez, “Shear-based model for electron transport in hybrid Hall thruster
simulations,” IEEE Trans. Plasma Sci. 36, 2058 (2008).

93M. A. Cappelli, C. V. Young, A. Cha, and E. Fernandez, “A zero-equation tur-
bulence model for two-dimensional hybrid Hall thruster simulations,” Phys.
Plasmas 22, 114505 (2015).

1987 Lafleur and P. Chabert, “The role of instability-enhanced friction on ‘anom-
alous’ electron and ion transport in Hall-effect thrusters,” Plasma Sources Sci.
Technol. 27, 015003 (2018).

97T, Lafleur, R. Martorelli, P. Chabert, and A. Bourdon, “Anomalous electron
transport in Hall-effect thrusters: Comparison between quasi- linear kinetic
theory and particle-in-cell simulations,” Phys. Plasmas 25, 061202 (2018).

1985ee hitp://dev.spis.org/projects/spine/home/spis for SPIS, the Spacecraft
Plasma Interaction System; accessed May 2019.

"99F, Darnon, L. Garrigues, J. P. Boeuf, A. Bouchoule, and M. Lyszyk, “Spontaneous
oscillations in a Hall thruster,” IEEE Trans. Plasma Sci. 27, 98 (1999).

200y Bareilles, G. J. M. Hagelaar, L. Garrigues, C. Boniface, J. P. Boeuf, and N.
Gascon, “Critical assessment of a two-dimensional hybrid Hall thruster
model: Comparisons with experiments,” Phys. Plasmas 10, 4886 (2004).

201, P. Zhou, X. Ye, W. Huang, M. Q. Wu, L. N. Mao, B. Yu, S. Xu, L
Levchenko, and K. Bazaka, “Wearable, flexible, disposable plasma-reduced
graphene oxide stress sensors for monitoring activities in austere environ-
ments,” ACS Appl. Mater. Interfaces 11(16), 15122-15132 (2019).

202guccess of tiny Mars probes heralds new era of deep-space Cubesats; Accessed
March 2019.

203Record launch included 100 small satellites—Aerospace America; Accessed
March 2019.

20%All-electric propulsion satellites—Sparking a revolution in space; Accessed
March 2019.

205y Raitses and N. J. Fisch, “Parametric investigations of a nonconventional
Hall thruster,” Phys. Plasmas 8, 2579 (2001).

PERSPECTIVE scitation.org/journal/php

206y Raitses, A. Smirnov, and N. J. Fisch, “Cylindrical Hall thrusters,” AIAA
Paper 2006-3245.

207y Raitses, E. Merino, and N. J. Fisch, “Cylindrical Hall thrusters with perma-
nent magnets,” ]. Appl. Phys. 108, 093307 (2010).

2087 W. M. Lim, I. Levchenko, S. Huang, L. Xu, R. Z. W. Sim, J. S. Yee, G.-C.
Potrivitu, Y. Sun, K. Bazaka, X. Wen, J. Gao, and S. Xu, “Plasma parameters
and discharge characteristics of lab-based kryptonpropelled miniaturized Hall
thruster,” Plasma Sources Sci. Technol. 28, 064003 (2019).

209R. W. Conversano and R. E. Wirz, “Mission capability assessment of CubeSats
using a miniature ion thruster,” J. Spacecr. Rockets 50, 1035-1046 (2013).

Z19BUSEK Company. Accessed March 2019.

2", Zhuang, A. Shashurin, T. Denz, P. Vail, A. Pancotti, and M. Keidar,
“Performance Characteristics of Micro-cathode Arc Thruster,” J. Propul.
Power 30, 29-34 (2014).

2127, Zhuang, A. Shashurin, L. I. Beilis, and M. Keidar, “Ion velocities in a micro-
cathode arc thruster,” Phys. Plasmas 19, 063501 (2012).

2135, Shinohara, T. Hada, T. Motomura, K. Tanaka, T. Tanikawa, K. Toki, Y.
Tanaka, and K. P. Shamrai, “Development of high-density helicon plasma
sources and their applications,” Phys. Plasmas 16, 057104 (2009).

241 W. M. Lim, I. Levchenko, M. W. A. B. Rohaizat, S. Levchenko, K. Bazaka,
and S. Xu, “Optimization, test and diagnostics of miniaturized Hall thrusters,”
J. Vis. Exp. 144, e58466 (2019).

215C, Charles and R. W. Boswell, “Measurement and modelling of a radiofre-
quency micro-thruster,” Plasma Sources Sci. Technol. 21, 022002 (2012).

218, Scharlemann, N. Buldrini, R. Killinger, M. Jentsch, A. Polli, L. Ceruti, L.
Serafini, D. DiCara, and D. Nicolini, “Qualifciation test series of the indium
needle FEEP micro-propulsion system for LISA Pathfinder,” Acta Astronaut.
69, 822-832 (2011).

2170, Baranov, L. Levchenko, J. M. Bell, J. W. M. Lim, S. Huang, L. Xu, B. Wang,
D. U. B. Aussems, S. Xu, and K. Bazaka, “From nanometre to millimetre: A
range of capabilities for plasma-enabled surface functionalization and nano-
structuring,” Mater. Horiz. 5, 765-798 (2018).

2180, Baranov, K. Bazaka, H. Kersten, M. Keidar, U. Cvelbar, S. Xu, and 1.
Levchenko, “Plasma under control: Advanced solutions and perspectives for
plasma flux management in material treatment and nanosynthesis,” Appl.
Phys. Rev. 4, 041302 (2017).

2197 P, Trelles, “Pattern formation and self-organization in plasmas interacting
with surfaces,” J. Phys. D: Appl. Phys. 49, 393002 (2016).

2201 p, Allain and A. Shetty, “Unraveling atomic-level self-organization at the
plasma-material interface,” J. Phys. D: Appl. Phys. 50, 283002 (2017).

221\, Sanduloviciu, “On the physical basis of self-organization,” J. Mod. Phys. 4,
364 (2013).

2221 1evchenko, K. Bazaka, M. Keidar, S. Xu, and J. Fang, “Hierarchical multi-
component inorganic metamaterials: Intrinsically driven self-assembly at
nanoscale,” Adv. Mater. 30, 1702226 (2018).

2230, Baranov, S. Xu, K. Ostrikov, B. B. Wang, K. Bazaka, and 1. Levchenko,
“Towards universal plasma-enabled platform for the advanced nanofabrica-
tion: Plasma physics level approach,” Rev. Mod. Plasma Phys. 2, 4 (2018).

224R. Previdi, I. Levchenko, M. Arnold, M. Gali, K. Bazaka, S. Xu, K. Ostrikov, K.
Bray, D. Jin, and J. Fang, “Plasmonic platform based on nanoporous alumina
membranes: Order control via self-assembly,” J. Mater. Chem. A 7,
9565-9577 (2019).

2251, N. Myrabo, “World record flights of beam-riding rocket lightcraft—demon-
stration of “disruptive” propulsion technology,” AIAA Paper 01-3798, 2001.
226G, Bergstue, R. Fork, and P. Reardon, “An advanced optical system for laser

ablation propulsion in space,” Acta Astronaut. 96, 97-105 (2014).

227\ Nakano, T. Ishikawa, and R. Wakabayashi, “Laser propulsion technology
on KKS-1 microsatellite,” Rev. Laser Eng. 39, 34-40 (2011).

228C_ R. Phipps, J. R. Luke, W. Helgeson, and R. Johnson, “A ns-pulse laser
microthruster,” AIP Conf. Proc. 830, 235-246 (2006).

229G, R. Phipps, “Performance test results for the laser-powered microthruster,”
AIP Conf. Proc. 830, 224-234 (2006).

230C, Phipps, W. Bohn, T. Lippert, A. Sasoh, W. Schall, and J. Sinko, “A review
of laser ablation propulsion,” AIP Conf. Proc. 1278, 710-722 (2010).

231C. Phipps, M. Birkan, W. Bohn, H.-A. Eckel, H. Horisawa, T. Lippert, M.
Michaelis, Y. Rezunkov, A. Sasoh, W. Schall, S. Scharring, and J. Sinko,
“Laser-ablation propulsion,” J. Propul. Power 26, 609-637 (2010).

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141
Published under license by AIP Publishing

27, 020601-29


https://doi.org/10.1016/j.jcis.2019.08.033
https://doi.org/10.1088/0022-3727/31/5/010
https://doi.org/10.2514/1.9246
https://doi.org/10.1063/1.5089008
https://doi.org/10.1063/1.5082190
https://doi.org/10.1063/1.5055750
https://doi.org/10.2514/2.6939
https://doi.org/10.1016/j.cja.2018.01.020
https://doi.org/10.1088/1361-6595/aae472
https://doi.org/10.1088/1361-6595/ab0f70
https://doi.org/10.1088/0963-0252/16/1/S06
https://doi.org/10.1103/PhysRevE.86.046703
https://doi.org/10.1109/TPS.2008.2004364
https://doi.org/10.1063/1.4935891
https://doi.org/10.1063/1.4935891
https://doi.org/10.1088/1361-6595/aa9efe
https://doi.org/10.1088/1361-6595/aa9efe
https://doi.org/10.1063/1.5017626
http://dev.spis.org/projects/spine/home/spis
https://doi.org/10.1109/27.763063
https://doi.org/10.1021/acsami.8b22673
https://doi.org/10.1063/1.1355318
https://doi.org/10.1063/1.3499694
https://doi.org/10.1088/1361-6595/ab07db
https://doi.org/10.2514/1.A32435
https://doi.org/10.2514/1.B34567
https://doi.org/10.2514/1.B34567
https://doi.org/10.1063/1.4725500
https://doi.org/10.1063/1.3096787
https://doi.org/10.1088/0963-0252/21/2/022002
https://doi.org/10.1016/j.actaastro.2011.05.037
https://doi.org/10.1039/C8MH00326B
https://doi.org/10.1063/1.5007869
https://doi.org/10.1063/1.5007869
https://doi.org/10.1088/0022-3727/49/39/393002
https://doi.org/10.1088/1361-6463/aa7506
https://doi.org/10.4236/jmp.2013.43051
https://doi.org/10.1002/adma.201702226
https://doi.org/10.1007/s41614-018-0016-7
https://doi.org/10.1039/C8TA11374B
https://doi.org/10.1016/j.actaastro.2013.11.021
https://doi.org/10.2184/lsj.39.34
https://doi.org/10.1063/1.2203266
https://doi.org/10.1063/1.2203265
https://doi.org/10.1063/1.3507164
https://doi.org/10.2514/1.43733
https://scitation.org/journal/php

Physics of Plasmas

232), Aanesland, D. Rafalskyi, J. Bredin, P. Grondein, N. Oudini, P. Chabert, L.
Garrigues, and G. Hagelaar, “The PEGASES gridded ion-ion thruster perfor-
mance and predictions,” in 33st International Electric Propulsion Conference,
The G. Washington University, USA, 6-10 October (2013), Paper No. IEPC-
2013-259.

233E, Cichocki, M. Merino, and E. Ahedo, “Spacecraft-plasma-debris interac-
tion in an ion beam shepherd mission,” Acta Astronaut. 146, 216-227
(2018).

234K Takahashi, C. Charles, R. W. Boswell, and A. Ando, “Demonstrating a new
technology for space debris removal using a bi-directional plasma thruster,”
Sci. Rep. 8, 14417 (2018).

255D Ichihara, T. Uno, H. Kataoka, J. H. Jeong, A. Iwakawa, and A. Sasoh,
“Ten-Ampere-Level, Applied-Field-Dominant Operation in
Magnetoplasmadynamic Thrusters,” J. Propul. Power 33, 360-369 (2017).

PERSPECTIVE scitation.org/journal/php

236 Sasoh, K. Mizutani, and A. Iwakawa, “Electrostatic/magnetic ion accelera-
tion through a slowly diverging magnetic nozzle between a ring anode and an
on-axis hollow cathode,” AIP Adv. 7, 065204 (2017).

237A. V. Arefiev and B. N. Breizman, “Theoretical components of the VASIMR
plasma propulsion concept,” Phys. Plasmas 11, 2942 (2004).

238R. Boswell, O. Sutherland, C. Charles, J. P. Squire, F. R. Chang Diaz, T. W.
Glover, V. T. Jacobson, D. G. Chavers, R. D. Bengtson, E. A. Bering III, R. H.
Goulding, and M. Light, “Experimental evidence of parametric decay pro-
cesses in the variable specific impulse magnetoplasma rocket (VASIMR) heli-
con plasma source,” Phys. Plasmas 11, 5125 (2004).

239C. Bramanti, R. Walker, O. Sutherland, R. Boswell, C. Charles, D. Fearn, J.
G. Del Amo, and M. Orlandi, “The innovative dual-stage 4-grid ion
thruster concept—Theory and experimental results,” AIAA Paper AC-06-
C4.4.7 (2012).

Phys. Plasmas 27, 020601 (2020); doi: 10.1063/1.5109141
Published under license by AIP Publishing

27, 020601-30


https://doi.org/10.1016/j.actaastro.2018.02.030
https://doi.org/10.1038/s41598-018-32697-4
https://doi.org/10.2514/1.B36179
https://doi.org/10.1063/1.4985380
https://doi.org/10.1063/1.1666328
https://doi.org/10.1063/1.1803579
https://scitation.org/journal/php

	s1
	f1
	s2
	f2
	f3
	f4
	s2A
	s2A1
	f5
	f6
	f7
	f8
	f9
	s2A2
	s2B
	s2B3
	s2B4
	f10
	f11
	s2B5
	s2C
	s2C6
	f12
	s2C7
	f13
	s2C8
	f14
	s3
	s3A
	s3B
	f15
	s3C
	f16
	s3D
	f17
	s3E
	s4
	s4A
	s4A1
	f18
	f19
	s4B
	s4B2
	f20
	s4B3
	s4B4
	s4B5
	s4B6
	s4B7
	s4C
	s4C8
	s4D
	s4D9
	f21
	s4D10
	f23
	f22
	s4D11
	f24
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97
	c98
	c99
	c100
	c101
	c102
	c103
	c104
	c105
	c106
	c107
	c108
	c109
	c110
	c111
	c112
	c113
	c114
	c115
	c116
	c117
	c118
	c119
	c120
	c121
	c122
	c123
	c124
	c125
	c126
	c127
	c128
	c129
	c130
	c131
	c132
	c133
	c134
	c135
	c136
	c137
	c138
	c139
	c140
	c141
	c142
	c143
	c144
	c145
	c146
	c147
	c148
	c149
	c150
	c151
	c152
	c153
	c154
	c155
	c156
	c157
	c158
	c159
	c160
	c161
	c162
	c163
	c164
	c165
	c166
	c167
	c168
	c169
	c170
	c171
	c172
	c173
	c174
	c175
	c176
	c177
	c178
	c179
	c180
	c181
	c182
	c183
	c184
	c185
	c186
	c187
	c188
	c189
	c190
	c191
	c192
	c193
	c194
	c195
	c196
	c197
	c198
	c199
	c200
	c201
	c202
	c203
	c204
	c205
	c206
	c207
	c208
	c209
	c210
	c211
	c212
	c213
	c214
	c215
	c216
	c217
	c218
	c219
	c220
	c221
	c222
	c223
	c224
	c225
	c226
	c227
	c228
	c229
	c230
	c231
	c232
	c233
	c234
	c235
	c236
	c237
	c238
	c239

