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Abstract: The renewed interest in space exploration has led to the growth in research efforts pertain-
ing to advanced space propulsion systems, including highly efficient electric propulsion systems.
Although already tested in space many decades ago and being currently employed on various space
platforms and thousands of satellites, these systems are yet to reach their full potential for appli-
cations on orbit and in deep space. One specific feature of space electric propulsion is the large
diversity of physical processes used in this technology, which is not typical for many other types
of propulsion systems used in transport, such as those used by airplanes or automobiles. Various
physical processes and mechanisms underpin different electric propulsion technologies and should
be integrated to drive the future science and technology of space electric propulsion systems. This
opinion article briefly highlights this feature of space electric propulsion and outlines some challenges
and opportunities that follow from this diversity.
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1. Introduction

Current space exploration plans include the deployment of multiple satellite constella-
tions made up of hundreds to several thousands of small orbital assets [1-4], each capable
of being highly active by changing their attitude and orbital parameters. As a result, there
is a strong need for advanced space electric propulsion platforms to provide such capabili-
ties [5-7]. Furthermore, recently, there has been an increased interest in deep space missions
aimed, for instance, at asteroid capture or voyages to Mars. These missions are feasible only
with highly efficient means of space electric propulsion that allow for overall spacecraft
mass reduction while increasing spacecraft manoeuvrability [8-10]. Miniaturized satellites
that occupy orbits around the Earth [11,12] also require highly efficient electric propulsion
systems, capable of operating on orbit without refuelling [13,14]. Advanced materials
and nanofabrication that drive progress in the development of these on-orbit assets, and
space technology in general, [15-17] will also play an important role in the emergence
of permanent stations on the Moon and Mars, which are closer to their realisation than
ever [18-20]. These lighter, more durable systems, possibly featuring self-healing [21,22]
and self-restoration abilities [15], will be less costly to deliver to and maintain at these
distant outposts, with the outposts themselves serving as hubs from which smaller space
assets can be managed and deployed.
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The aim of this Opinion article is not to provide a comprehensive review of the current
state of the art for modern space propulsion systems, though interested readers are directed
to the most recent reviews where electric propulsion systems, including their operating
principles for various types of propulsion platforms and their key characteristics, are
discussed in significant depth [5,23-26]. Instead, the core objective of this article is to
emphasize the importance of such features of space electric propulsion systems as:

v" The wide diversity of physical processes and effects involved in space electric propul-
sion technologies, and

v" The amenability of these systems to miniaturization and implementation of cutting-
edge materials for the advancement of gridded ion thrusters, Hall-type thrusters,
magnetoplasmadynamic (MPD) accelerators, Rotamak-type platforms, electrospray
systems and other promising propulsion platforms [27-29].

The improvement in the performance of these systems relies on the ongoing develop-
ment of the specific sub-systems, e.g., highly efficient cathodes [30-32], as well as on the
use of complex modelling approaches [33] and unique test equipment [34] to probe the
physical processes that govern their performance.

Thus, the ultimate aim of this article is to introduce the reader to some of the challenges
and opportunities for the development of future space electric propulsion systems in the
context of the diversity and complexity of physical processes that underpin their operation
(Figure 1).

MAJOR TYPES

Vacuum Arc Thruster _OF SPACE ELECTRIC THRUSTERS

Electrospray

Pulsed Plasma Thruster

Resistojet

lon Thruster

Figure 1. The major types of space electric propulsion thrusters spanning the input power to the
thruster. The circled icons represent the basic electrical schematics of each type of thruster. This image
illustrates the wide spread of physical complexity that is manifested by the numerous propulsion
devices employed over five orders of magnitude of power to the thruster.

2. Variety of Physical Processes to Integrate into a Single Design

Novel physical principles are now being explored to create thrust in space [35,36], along
with intense research efforts to further advance the existing types of space thrusters [23-39].
The pace propulsion systems illustrated in Figure 1 using plasma [40—43] and ion jets [30—47]
are among the most promising systems due to numerous advantages [48-50], including high
specific impulse [51,52] and long service life [53,54] in space. Currently, space technology,
and in particular space electric propulsion systems are undergoing rapid development as
part of many advanced space programs [55], including NASA’s Mars and Moon exploration
programs [56] which will require high-powered electric propulsion systems [57,58], and a
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large number of deep space exploration projects [59,60]. Table 1 lists several key parameters
(including efficiency and operational time) for the major types of space electric propulsion
technologies. However, despite many exciting and promising developments, we are yet
to realise propulsion systems that would provide these missions with the necessary level
of efficiency, reliability and lifetime [61]. This is particularly true for miniaturised thrust-
generating systems that need to deliver a sufficiently high level of performance under stringent
power, mass and volume constraints. These constraints also apply to the supporting sub-
systems (e.g., propellant and energy storage), which are only allowed to take up limited space
within the satellite.

Table 1. Principal characteristics of the main EP thruster types (see detailed description in the
comprehensive review [24]). Reproduced from [24] under the terms and conditions of CC BY
license. Copyright 2020, Authors. Nomenclature: GIE—gridded ion engine; HET—Hall effect
thruster; HEMPT—high efficiency multistage plasma thruster; PPT—pulsed plasma thruster; MPDT—
magnetoplasmadynamic thruster; ECR—electron cyclotron resonance; PPU—power processing unit.
The electrical efficiency of the thrusters was calculated as the ratio of jet power to the total input
electric power to the thruster. A contribution of chemical energy from the propellant and/or energy
from pressurised gas was not taken into account, thus numbers exceeding 100% could be obtained.

Resistojet Arcjet GIE HET/HEMPT PPT MPDT/ECR
Type Electrothermal Electrothermal Electrostatic Electrostatic Electromagnetic Electromagnetic
ﬁgl“e"able thrust, 0.5-6000 50-6800 0.01-750 0.01-2000 0.05-10 0.001-2000
Isp, s 150-850 1302200 1500-10,000 600-3000 1400-2700 200-3200
Efficiency, % 30-110 25-60 30-90 20-70 5-30 20-70
Thrust-to-power
ratio, mN /KW 450-700 150-600 20-250 150-300 50-200 150-500
Operational time Month Month Years Years Years Weeks
NHj, hydrazine, H,, N, NH3, Xe, K1, Ar, Bi, Hg, .
Propellants Ha, Xe, Ny hydrazine L, HyO Xe, Kr, Ar, I, PTFE Ar, Xe, Hp, Li
. . High . . . .
Benefits Low leve} of High thrust ngh.I§p, high power-to-thrust Slmple device, High Isp, h1.gh
complexity efficiency ratio solid propellant thrust density
Low thrust Beam divergence Low lifetime,
Drawbacks Very low Isp Low efficiency density, complex gence, Low efficiency high power
channel erosion ]
PPU requirements

When compared to conventional thermochemical thrust systems, electric propul-
sion platforms feature a substantially increased specific impulse, i.e., exhaust velocity of
propellant. There is a growing demand for exclusively electrically powered, all-electric
satellites [62,63], with both industry and Universities allocating significant funds and efforts
to increase the efficiency and reliability of electrostatic and electrodynamic thrusters [64]
and associated ancillary sub-systems. These include cathodes for plasma generation and
neutralisation [31], control systems, propellant feed and storage systems [65] and the
materials from which these systems are made [15].

There is also a significant overlap with research efforts that exploit the physical and
chemical processes generated in plasmas to fabricate and assemble materials [66] and
devices [67-72] for space technologies, as well as for other applications [73-77]. This means
that the modifications of, for example, Hall-type thrusters can be used for the synthesis
of materials and even for the growth of materials directly in the thruster channel (e.g.,
nanodiamonds, graphene flakes and others, see details in [78]). A comparison with cur-
rently available propulsion technologies, both well-developed (e.g., chemical rockets) and
emerging ones (e.g., solar sails), suggests that at present, plasma thrusters represent one of
the most practical and technologically realizable means of propulsion for missions requir-
ing high specific impulse, delivered total impulse, thrust precision, and spacecraft control
authority. These are the missions that currently drive the exploration and exploitation of
near-Earth space and deep space and, eventually, will drive the creation of permanent
extra-terrestrial outposts.
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Figure 1 exemplifies the wide spread of physical complexity that is manifested by the
numerous propulsion devices employed over five orders of magnitude of power to the thruster.

Moreover, even within the same type of thruster technology, a wide spread of the
parameters can be observed, e.g., a large collection of experimental material has been
accumulated on anode efficiency, which is one of the most important characteristics of the
Hall-type space thrusters [79]. A wide spread of the characteristics for the same type of
thrusters is an apparent signature of the complexity of the processes, their intertwined
characteristics and their mutual interference.

Among the schematics shown in Figure 1, two types of thrusters are the most devel-
oped with respect to current application in space: Hall thrusters and ion thrusters, shown
in Figures 2 and 3, respectively. These thrusters rely on different acceleration processes,
each suitable for a particular range of available electric power.

Ve 2\

SCHEME OF HALL THRUSTER

Cathode

.%

Gassupply ==

Gas supply
J— A ! Channel B

Magnetic circuit

Gas supply

Figure 2. Various types of space electric propulsion systems utilize a vast variety of interdependent
physical processes and design solutions. As an example, the electrostatic system is illustrated: Hall
thrusters are among the major candidates for powering future spacecraft. Integration of electric
propulsion thrusters into satellites represents an even more complex task due to the possible interac-
tions of the thruster and plasma jets with sub-systems integrated within the satellite. For more details
about the operation principles of Hall thrusters, see e.g. [23,24].

Not surprisingly, a small variation in the design, operational modes, materials and
geometry of the thruster results in a dramatic change in its efficiency. On the other hand,
optimization of electric and plasma thrusters implies the multi-parametrical optimization
of a large number of electric, magnetic, thermodynamic and other concatenated processes.

As a consequence, optimization of space thrusters is considered to be one of the most
time-, labour-, and fund-consuming stages of the design. The optimization of parameters
of the existing types of thrusters is the first challenge in space electric propulsion.
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Figure 3. Gridded ion thruster. The gridded ion thruster is a second promising candidate for
powering future spacecraft. Integration of electric propulsion thrusters into satellites represents
an even more complex task due to the possible interactions of the thruster and plasma jets with
sub-systems integrated within the satellite.

While optimization challenges need to be solved to improve the characteristics of
existing types of engines, the development of new types of thrusters is always a current
demand. The necessity to simplify the thruster design to lower power consumption, remove
plasma-contaminating elements, improve the performance characteristics and decrease the
mass of the device are among the leading incentives for the development. This process
follows a well-known routine, where a scrupulous analysis of the design and operational
principles of the most developed subject-related engineering solutions results in synthesis
of a new device.

One of the promising approaches is the transition from stationary flows and electric/
magnetic fields, which are features of Hall and gridded ion thrusters, to rotational configurations.

Several types of electromagnetic plasma thrusters were recently developed by various
research groups [80-82]. One of the characteristic examples of the rotational system (which
is yet quite far from space testing) is the miniaturized Rotamak-type device, which was
initially suggested for the experiments with hot plasma for thermonuclear fusion [83].

A rotating magnetic field (RMF) is engaged to drive the azimuthal plasma current in a
plasma torus, which is sustained in equilibrium by a steady axial field, applied externally
as RMF. A schematic of the setup is shown in Figure 4. An external antenna generates
oscillating electric fields to produce plasma. Unlike the common ICP discharge, where the
external oscillating field does not penetrate into the plasma because of the plasma’s high
conductivity, the implementation of RMF allows the introduction of the external electric
field into the Rotamak plasma. In this case, a synchronous rotation of plasma electrons
occurs, while ions form a static background of positive charge, creating a shield. In the
device, the ponderomotive force accelerates the plasma particles in the same direction,
unlike the ion or Hall thrusters, and the field of the force is created by a static magnetic and
non-uniform high frequency field.
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INITIAL DESIGN OF THE THRUSTER BASED ON THE ROTAMAK CONCEPT
Axial coils

Horizontal coil
Thruster holder

Back holder

Pre-ionization coil
C?mic plasma vessel \

Gas input

Axial coils

Vertical coil

Figure 4. Initial design scheme of the practical thruster based on the Rotamak concept (under
development). The design consists of three axial coils and two holders joined with cross-plates to
form the main frame, where the plasma vessel is installed. Additional coils, together with gas supply
pipes and insulating inserts, are fixed within the frame. Reprinted with permission from Ref. [83].
Copyright 2021, IOP.

The design features the advantages of the electrodeless thrusters for plasma propulsion,
such as: (i) thrust density and acceleration are not limited by Hall parameters or electrical
screening; (ii) there is an absence of neutralizer; (iii) the thruster can be throttled between
the higher thrust and specific impulse at the constant power; (iv) the electrode erosion and
plasma contamination are absent.

Integration of several complex physical processes in a single system enabled the new
generation of space thrusters of Rotamak type. This approach could be promising for other
efforts on integration of various physical mechanisms to design novel space thruster systems.

One of the big challenges in the modern propulsion industry is miniaturization, which
means the development of small thrusters suitable to be employed in the booming market
of CubeSats. Indeed, miniaturized plasma thrusters are often considered a propulsion
means of choice for small space assets, e.g., small satellites and CubeSats. Yet, a thruster
designed for a satellite with centimetre to tens of centimetres dimensions would experience
significant power losses in ultra-miniaturized plasma sources, and for this reason cannot
provide the desired level of efficiency. Currently, there are active research efforts to combat
this issue, with some of the potential solutions outlined [23,61]. Unfortunately, the direct
approach of scaling down the well-proven Hall and ion thrusters does not lead to a
satisfactory result, since the ratio of the plasma-generating volume (~?) to the plasma-
decay surface (~r?) decreases with a decrease in the thruster size, which leads to a drop
in performance characteristics. It should be mentioned that the characteristics of the
Rotamak-type setup allow it to be considered for application as a small space thruster. In
general, the development of new types of miniaturised plasma thrusters to meet the current
requirements of space exploration missions is the challenge. Nowadays, miniaturization of
the thrusters is still much in demand.

Vacuum arc thrusters [84,85] are another good example of the conversion of a device
initially developed for initiation of arc discharge in technological setups [86,87]. The arc
systems vary in design and type of mass supply (via material ablation or using gas supply)
and they are relatively simple devices when compared to other thruster types [88]. The
device basically consists of two electrodes. The arc discharge is sustained between these
two electrodes to produce the plasma out of electrode material and accelerate it within
the same discharge. Despite the simplicity, they are still among the promising candidates
for powerful thrust systems capable of powering large spacecraft needed for large-scale
exploration of remote planets, and possibly Mars colonization, due to their relatively high
impulse and ability to produce high levels of thrust (see Figure 1).
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However, design simplicity does not necessarily imply the simplicity of the involved
physical and chemical processes. Even in such a simplest design, the wide variety of
intertangled processes should be integrated.

Due to its design simplicity, the vacuum arc thruster is a good illustration of the com-
plexity of problems that can emerge even in such small plasma setups (Figures 5 and 6).
The first problem is arc discharge ignition, which is far from being solved despite many
years of development and a very simple design. Currently, at least three main schematics
have been proposed to trigger the discharge. These include independent triggering [89],
resistance triggering [90], and triggerless schematic [91]. The first two methods rely on an
auxiliary pulse generator, and a resistor included into a circuit of a trigger electrode [92], re-
spectively. For the independent triggering, the device includes an annular trigger electrode
mounted around a thin cathode and an anode of metal grid with somewhat larger aperture.

J Triggering methods ’

Resistor connecting
the trigger electrode

Independent

Additional pulsed generator
and a voltage transformer

Triggerless

Cathode made of
conductive material

\ \

Anode | Anode . Anode Cond::cting layer
O Te¢—
Trigger Resistor
[
Insulator ‘ Insulator
Cathode Cathode
Pulse generator [B
- - +
Trigger pulse Gate pulse
generator Arc pulse generator generator  Arc pulse generator

Reliability Simplicity
Reliability & Simplicity

However, low-melting-point
cathode materials (Sn, Pb, Al)
produce microparticles which

However, slow transition of
emitted electrons from radial
movement to axial movement

However, a back flux
of evaporated material is

make short-circuit between the | | due to the low cathode-anode necessary
trigger and cathode voltage

Figure 5. Triggering methods for various types of arc plasma sources, for potential application
in space propulsion systems. This scheme illustrates only one aspect of plasma generation in arc
plasma sources, while the operation of thrusters producing an accelerated plasma jet involves a
wide variety of the intertangled processes, including processes of ion acceleration and other key

factors that underpin thruster physics. Reproduced with permission from Ref. [26]. Copyright 2019,
Springer-Nature.
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| PLASMA | _
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|:| Products CATHODE Results |:|
v : v
‘ Heating ‘ ’ Pure material ‘ ’ Composite cathode l
Heat conductivity Charge states of elements
> are an average of their
states for pure materials
Droplets ’ Expansion of heated area ‘ ‘
\J * Light ions had a higher velocity

EVépQrat!on & l@— Greater cohesive energy results in fewer ions than those in pure cathode
ionization plasma

DC arcs have higher

evaporated volume compared
’ Increase of evaporated volume at constant mean charge number }—F with pulsed arcs

'

’ Decrease of the mean charge number due to charge exchange collisions }_P

'

Pulsed arcs have higher charge
states compared with DC arcs

’ Hydrodynamic acceleration [ > All ion charge states of a
material move with
* + approximately the same
One peak in charge distribution ‘ ’ One peak in angle distribution { velocity or kinetic energy
Angular distributions of ion Superposition of an Multiply charged ions prevail
charge states do not depend isotropic distribution and over single charged along the
on the discharge current a cosine distribution normal to the cathode surface

Figure 6. Schematic describing the ablation and ion charge states distribution. For a very simple
design of an arc thruster, the whole set of involved physical processes is quite complex. Reproduced
with permission from Ref. [26]. Copyright 2019, Springer-Nature.

For the resistance triggering, the voltage between the cathode and anode should be
relatively low, thus leading to the generation of a much weaker axial electric field, as
compared to the independent triggering, so the transition from the radial to axial expansion
of the flux of plasma electrons is relatively slow. Moreover, the independent triggering
ignites more symmetric discharge with respect to the setup axis of symmetry. The last
method, i.e., triggerless, was initially proposed for the vacuum arc deposition setups,
where a part of the material evaporated in the arc discharge is deposited on a surface of
the igniting electrode, namely in the gap between the cathode and anode [91]. At the next
ignition cycle, the deposited layer is heated resistively, and evaporates at the electrical
breakdown of the gap.

To analyse this problem, readers are encouraged to examine a general schematic of a
wide variety of the intertangled processes that reflects only a limited number of aspects of
plasma generation, without taking into account processes involved in ion acceleration and
other key factors that underpin these thrusters [26]. When compared to these physically
simple direct current systems, thrusters that feature more complex physics (such as Hall-
type, radio-frequency etc. systems) involve a much more complex hierarchy of physical
processes [49,51].

However, ignition of the discharge is only the first stage of the complex chain of physical
processes for such a simple design. The whole chain of physical processes is much more
complex—see Figure 5 which illustrates two main stages, yet not the whole set of processes.
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The second stage is plasma plume formation and control of ion energies. Traditionally,
in the setups of vacuum arc technology an axisymmetric magnetic field was applied to
form the shape of the extracted ion flux [93,94], and the idea was adopted in VACs [95].
The composite cathodes made as alloys of heavy and light metals, allow the expansion of
the set of options with respect to the plasma plume. The non-uniformity in the chemical
composition causes the re-distribution in the discharge, when the heavier ions concentrate
on the discharge axis of the angular distribution, and the lighter ions gain more kinetic
energy in comparison with the pure metal cathodes. At the same time, a pulsed mode
of electric supply was considered as the best way to obtain the multiple charged ion flux
after a number of experiments [96]. The ways to affect the ablation and ion charge states
distribution are summarized in Figure 6.

Apparently, the characteristics of the material flows emitted from the cathode of the
arc discharge describe the performance of this type of arc thruster. Vapours, multi-charged
ions, neutrals, solid clusters and liquid droplets usually compose the material flux [97,98],
and the cathode erosion rate is considered as the primary parameter describing the arc
effectivity with respect to the production purposes (either in space propulsion or coating
deposition) [99,100]. Despite the long history of investigation of the erosion rates for a
large variety of the applied materials and discharge currents, the theoretical background
is still not completely clear due to the explosive character of the event [101,102], unlike
the evaporation from a steady source [103]. Currently, kinetic models [104] show good
agreement with the experimental results.

Hence, one of the most significant challenges in advanced space propulsion technology
is the complexity of physical and chemical processes, and the necessity to integrate them
into a single highly efficient system.

3. Physical Processes and Metamaterials: New Horizons for Space Propulsion

Synthesis of novel materials for the aerospace industry has always been a challenge
since the properties of the materials greatly affect a device’s operation. Indeed, high energy
fluxes of particles, high temperatures, the aggressive environment of other planets, dusty
particles and so on can affect the surfaces of spacecraft. As a results, cracks, dents and other
discontinuities in the material structure occur, thus causing device failure. Similarly, in
plasma propulsion devices, erosion of structure elements is the critical factor that greatly
affects the thruster’s lifetime. Since the material should withstand external forces, its
function can be described as passive. However, there is another group of materials that play
a very important role in the space industry in general, and in plasma thrusters in particular.
These are active functional materials such as those used in emitters of cathode-neutralizers
to produce an electron flux, or magnetic materials used to generate magnetic fields. As in
the development of thruster design, newly adopted technical solutions are employed in
this domain.

Metamaterials represent a new class of functional materials that could boost space
propulsion in various ways. However, the application of metamaterials also requires the
integration of a complex set of physical processes.

For the interaction with cold plasma when the electron temperature does not exceed a
few tens of electron-volts, three possibilities can be considered to boost space propulsion
technologies via advanced metamaterials (Figure 7). Several possible approaches to this
are illustrated in Figure 8. The first way depends on the large diversity of plasma species,
their mobility, their extraordinal chemical activity and their flexibility towards the control
means. Due to its ability to be guided by pressure gradients, friction forces, and electric
and magnetic fields, plasma is a perfect tool to modify materials through sputtering,
etching and other ballistic and thermal effects. As a result, complex hierarchical micro-
and nanostructures are synthesised on various substrates, thus forming a unique platform
for future applications [67,105]. The second possible application arises due to the effect
of the generation of patterned spatial distributions of electromagnetic fields and charged
particles, thus creating the complex plasma structures that can be implemented in space
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propulsion. For example, metamaterial composed of split ring resonators (SRR) produces
shifted SRR resonance when interacting with low-pressure argon plasma [106].

- Satellite

Smart metasurface:
integrated with
gyroscope to sense
the flying direction

metasurface

/ Sensing
[ B

MCU loaded with
feedback algorithm

Figure 7. (a,b) Smart metamaterials may be used for various aerospace technology and many other
applications. Reprinted from Ref. [107] under terms and conditions of CC BY License. Copyright
2019, the Authors.

The third application arises from the cases when plasma itself behaves like a metama-
terial [108]. There are several examples: An extraordinary wave transition is obtained by
the combination of a metamaterial with negative permeability and a plasma array [109];
broadband reduction of a radar cross-section (RCS) is produced by implementation of a
combined coating of metamaterial and plasma [110]; and a frequency selective filter can
be designed using plasma generated between coupled dielectric resonators (DRs) [111].
Mlumination of the single-layer metamaterial by microwave (MW) pulses produces effects
that are potentially useful in the development of high-power MW systems [112]. Several
comprehensive review articles outline the physics and applications of plasma when it takes
on the role of a metamaterial [113]. For example, the featherlight plasma horn antenna
could be considered as a system with metamaterial properties [114]. Plasma acting as a
metamaterial could be used as a non-linear media for cloaking, for example. [115]. In this
system, a set of thin metallic wires generates the plasma that produces a radiation very
similar to that produced by the metallic horn.

Miniaturisation could also be discussed from the point of view of emerging and
advanced engineering materials that are playing an increasingly important role in driving
the progress of space technologies [2,15]. Progress in material science is particularly relevant
for the development of more efficient and functional space assets of the CubeSat standard,
where these have transformed from relatively simple single-function systems to systems
with increased complexity and functionality needed for more advanced space exploration
missions [116].
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Figure 8. Plasmas and metamaterials: interrelated processes and properties create new capabilities.
Different pathways are possible to enhance the characteristics of space propulsion systems via
metamaterial-inspired technologies. Plasma can be used directly to create the novel metamaterials
for space applications; plasma can interact with metamaterials to produce novel effects, e.g., a type of
virtual antenna; and plasma itself could be a type of metamaterial.

Of particular interest are materials that display complex functionality, adaptivity and
self-driven behaviour, such as self-cleaning and self-healing.

The metamaterials, along with the materials that arise from their unique structure and
can increase device efficiency [117,118], comprise hierarchically organized physical elements
that span multiple scales [119,120]. Some of these features have already been realized, with
reported significant improvements in material lifetime and performance, whereas the possibil-
ity of self-healing in materials used for thrusters is still at the concept stage and would require
significant effort and investment before it can be realized practically.

Metamaterials are likely to find applications across all facets of space propulsion
technology [15,23], and more broadly, space exploration technologies. However, the process
of plasma interaction with metamaterials is very complex, and special tools and instruments
need to be developed to implement this technique in future space propulsion systems.

An interesting example of a hierarchical hybrid system that involves novel materials
and advanced design is a small Hall thruster with a hybrid magnetic system consisting of
permanent magnets and magnetic coils (Figure 9).
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For this design, the samarium—cobalt permanent magnets were tested. Samarium—
cobalt magnets are applied in various branches of industry, e.g., in the computer numerical
control units or magnetron heads of DC motors [121], because the magnets produce strong
magnetic fields at a relatively small size. At the same time, magnetic fields are an essential
feature of plasma thrusters such as Hall and arc thrusters, and the configuration and
strength of the field is critical for the performance of the thrusters. For thruster operation,
the strength varies in the range of a few mT to a few T (for arc thrusters in pulsed mode).
Obviously, the need for flexible control of thruster operation promotes the application of
electromagnets, where the direction and strength of the magnetic field can be varied by
simply changing the terminals of the power source and the direction of the current passing
through the coils of the electromagnet.

Unfortunately, electromagnets undergo extensive heating with the increase of the coil
current, which is the reason a magnetic field of 1 T is necessary to operate a miniaturized arc
thruster can only be obtained in the pulse mode. Additionally, electromagnets significantly
increase the weight of the device, and require a power supply. Thus, due to the large range
of the applied magnetic field and the necessity of flexible operation of the thrusters, a
combination of permanent magnets that are able to generate a strong but constant magnetic
field, and electromagnets that can adjust the magnetic field strength, is considered. Figure 7a
presents a schematic of a typical Hall-type thruster, while a hybrid magnetic system [122] of
a small Hall thruster (23 mm diameter) is shown in Figure 7b. As can be seen, the permanent
magnets are engaged to ensure the principal magnetization, while the electromagnetic part
serves to adjust the magnetic field to the specified parameters.

External screen

(b)

SmCo Magnet 77— . Coil

Magnetic pole

Magnetic pole

Figure 9. (a) Magnetic circuit (shown in yellow) in the typical Hall-type thruster. (b) Hybrid magnetic
system of a small Hall thruster, which incorporates coils that can be connected in the straight and
reverse directions, and a set of 24 to 50 samarium—cobalt permanent magnets. The permanent magnets
are necessary for principal magnetization, while the turns ensure flexible control of the resulting
magnetic field. Reproduced with permission from Ref. [122]. Copyright 2018, IEEE.

Another example of the implementation of a traditional technology to increase the
lifetime of a miniature micronewton arc thruster is deposition of boron-containing coatings,
which prevents the degradation of the interelectrode film that occurs after numerous arc
pulses and increases the lifetime by a factor of 6-17 [123].

While the implementation of samarium-—cobalt permanent magnets in space propul-
sion is a novel application of a well-known material, metamaterials present the next step in
the development of new materials to overcome the limitations intrinsic to the traditional
materials in aerospace technologies. As was found in a number of experiments, many
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effects which can be useful for space propulsion occur at the interaction of plasma with
metamaterials [124].

4. Concluding Remarks

Space electric propulsion systems, in contrast to other electric transportation tech-
niques that are usually represented by only a few types of propulsors, feature a very wide
diversity of thrusters that operate on the basis of vary different—and quite complex—
physical processes. Moreover, space thrusters routinely involve a long chain of intricate,
intertangled processes. As a result, the integration and optimization of such thrusters,
owing to the complexity of their physics, is a very difficult problem that is still under
extensive exploration. On the other hand, this diversity offers new perspectives for the
further development of space electric propulsion technology.

In this article we stressed these two aspects, pointing out that to overcome the com-
plexity and intertangled character of the processes in thrusters, new tools and instruments
need to be developed, including numerical methods for the complex systems that cannot
be tested directly in labs, and novel plasma characterization systems including automated
robotized test facilities that allow for fast collection of big data. On the other hand, the
integration of several physical mechanisms could result in the designing of novel, advanced
space propulsion systems with excellent characteristics. Such systems are vitally needed
for upcoming space missions, including Mars and Moon exploration and advanced outer
space scientific missions.
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