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A B S T R A C T

While many types of mature space propulsion systems are in active use, significant progress is still required to meet the requirements of new missions. The emerging 
challenges include plans for Mars and Moon exploration, building huge satellite constellations like Starlink and OneWeb, advanced astrophysical studies including 
space-based gravitational wave detection systems, precise astrophysical and astronomical measurements in space, search for life on exoplanets, deep space missions, 
and others. In this light, this review outlines and briefly discusses the most recent, advanced and innovative approaches, technologies, concepts, and physical 
principles related to space propulsion. Furthermore, we present more ambitious ideas for the future that have been demonstrated in labs as prototype space systems 
to enhance the performance of mature space propulsion thrusters and concepts that are proposed for consideration in future space thruster systems. We discuss the 
recent advances in the application of advanced rotating magnetic field systems for space propulsion, condensable propellant thrusters, innovations in propellant 
supply systems, capillary and narrow channel thrusters, staged thrusters, application of segmented electrodes, and other techniques. The manuscript brings to light 
the most recent innovations for future consolidated research efforts worldwide, helps to define the key parameters of space propulsion systems for future ambitious 
missions, and ultimately contributes to the creation of substantially novel thrust platforms for future space exploration.

1. Introduction

We stand witness to the birth of a new space era: space tourism has 
become a reality, constellations of satellites have become an enabling 
platform for ambitious projects that touch virtually every facet of our life 
on Earth, and sufficient technological progress has been achieved to 
enable the exploration and colonization of Moon and Mars [1–3]. The 
space sector is destined to become a major driver and enabler for the 
economy of the future, as companies and governments allocate huge 
investments to space technology, and all space-related activities have a 
wide resonance on social media. The advances in microelectronics and 
miniaturized systems allowed space assets to become smaller [4], 

creating a vibrant and rapidly growing micro- and mini-satellite markets 
[5–7]. Given the primary role advanced space propulsion plays in this 
context, researchers in the field focus on devising new concepts for 
creating thrust in space [8,9], and on efficiently implementing the 
existing thruster systems [10,11]. Space systems that utilize plasma 
[12–15] and ionized gas [16–18] to create thrust are particularly 
appealing due to many advantages [19–21], mainly related to very high 
specific impulse [22–24] and potentially long service life [25,26]. 
Advanced applications of plasma systems can stimulate new research 
directions, ranging from space debris removal to maintenance and 
repair operations in open space [27].

There are still several challenges in the further development of the 
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existing advanced propulsion systems. Firstly, an increase in specific 
impulse is needed to enable all the potential applications of electric and 
plasma propulsion systems, ranging from small satellites to large, 
manned spacecraft directed toward the Moon and Mars. Secondly, work 
must be done to extend the lifetime of plasma thrusters, which is still 
insufficient to complete many demanding missions (e.g., investigation of 
remote planets and deep space exploration). Finally, a significant 
endeavor shall be dedicated to the improvement of the cathode, a crit-
ical part of plasma thrusters and that affects the total efficiency, reli-
ability, and lifetime of the entire propulsion system.

The innovations in the present space propulsion technologies include 
enhancing the plasma control in the electric propulsion (EP) thrusters, 
introduction of new control mechanisms, the utilization of alternative 
propellants to xenon, to address the requirements of the recently 
emerged missions. On the other hand, many different concepts exist 
whose maturity is still low yet they are promising for the creation of 
novel thrust platforms. Alternative propulsion systems are explored with 
the aim of making space vehicles greener, faster, more reliable, cheaper, 
and more durable. In some cases, innovative solutions are mandatory to 
reach new goals; for example, light-enabled space propulsion is one of 
the few currently known realistic options for future interstellar travels. 
The same physical principle, e.g., using light or magnetic reconnection 
to create thrust, can be exploited in many ways and implemented in 
different devices, as described later in this Review. Emerging technol-
ogies are prone to a shorter time to market, due to low-cost and rapid 
methods of developing and testing made possible by the progress in 
diagnostics.

Since no single propulsion technology is suitable for the entire va-
riety of space missions, a diversity of propulsion solutions should be 
maintained and brought to an advanced readiness level to fulfill a 
diverse set of functions. The requirements for in-space propulsion 
broadly vary according to the intended application. The possibility of 
implementing multimode systems, i.e., propulsion systems with two or 
more modes achieved with a single propellant, could allow for a high 
level of adaptability and flexibility [28]. Concepts combining mono-
propellant, bipropellant, and solid chemical propulsion with electro-
thermal, electrostatic, and electromagnetic EP have been or are being 
investigated. In general, for a given mission, a tradeoff is sought between 
multiple parameters, namely efficiency, thrust, specific impulse, 
compactness, and thrust-to-power ratio. Manufacturability and cost are 
also primary aspects to consider. The researchers share a common 
endeavor for improvements in transit times, payload mass, safety, reli-
ability, and durability of propulsion systems. As very important recent 
missions, the successful mission to asteroid Bennu, NASA’s OSIRIS-REx 
asteroid-sampling mission [29–31], and the successful return of samples 
from Ryugu could be mentioned here [32,33]. Space exploration assets 
have become essentially electrical and very diversified in physical 
principles. Thus, new ideas, concepts, and perspective technologies 
should be examined [34,35].

While many types of space EP systems are mature and active in 
space, significant progress is still required to address the new tasks and 
challenges that emerged recently, such as plans for Mars and Moon 
exploration [3,36], building huge satellite constellations [37] such as 
Starlink and OneWeb [38–40], advanced astrophysical studies including 
space-based gravitational wave detection systems [41–44], precise 
astrophysical and astronomical measurements in space [45–47], search 
for life on exoplanets [48], and others. From this perspective, we aim 
this review to examine the most recent, most advanced aspects and 
physical principles that will help enable the following [49–51]. 

✓ To ensure a breakthrough in the extending of the operation life of mature 
EP systems for long two-way journeys to/from Mars, as well as for remote 
planet exploration;

✓ To enhance the efficiency of the thrusters via innovative, not yet explored 
physical principles and technological approaches that were recently 

demonstrated in labs or conceptualised for the application in space 
propulsion systems;

✓ To ensure ultra-precise position and attitude control for special astro-
physical missions such as drag-free flight in the gravitational wave 
detection systems in space, space-based measurement systems, geodesy, 
fundamental physics measurements, and space-based platforms for 
fundamental physics studies.

The general aim of this review is to outline and help define the most 
relevant innovations for the future consolidated research efforts, and to 
finally help to enhance the key parameters of space propulsion systems 
for the ambitions future missions such as Mars and Moon exploration, 
investigation of remote planets, and supporting the deep space missions.

2. Electric space propulsion today – a brief overview

While the survey and even the brief outline of the existing, mature 
space propulsion systems is well outside the scope of our review, here we 
list and briefly characterize the key types of space propulsion thrusters, 
with a view to highlight the whole spectrum of these systems and help 
the general physical audience to orient themselves in the flourishing 
diversity of the existing space propulsion systems [5,7,11].

According to the ideal rocket equation, the velocity increment 
attained by a space vehicle is Δv = Ve ln (Mi/Mf), where ṁ is the rate of 
variation of the vehicle mass (kg/s), Ve is the effective exhaust velocity 
(m/s), and Mi and Mf are the initial and final mass of the spacecraft, 
respectively [52]. Since the velocity increment is linearly dependent on 
the effective exhaust velocity Ve, this value should be as high as possible. 
While in the case of chemical propulsion the highest Ve is indeed the 
ultimate aim, it is not always desired for EP systems since the EP systems 
create thrust by accelerating plasma and ions, and the thrust-to-power 
ratio is also a very important characteristic which strongly depends on 
the mission requirements, type and power of the on-board power supply 
system, and many other considerations [53].

EP systems span five orders of magnitude in power, and two orders of 
magnitude in the specific impulse (Fig. 1). Such considerable diversity 
enables the use of this family of thrusters across very different missions, 
from the smallest cubesat systems to large, powerful spacecraft designed 
for, e.g., manned flights to Mars. Insets illustrate the principal sche-
matics of each device type. Note that the colored ovals marking the 
power/specific impulse zones are tentative, to sketch these key param-
eters by order of magnitude and to illustrate how various types of 
thrusters can complement each other and for different missions. For 
more specific numbers and other important parameters of various types 
of thrusters the reader could refer to the fundamental monographs [52,
54] and recent comprehensive review papers [5,7,10,19,20,24,28,34]. 

1. Vacuum arc thrusters utilize a discharge between two electrodes 
(most often, in the coaxial configuration yet flat geometry is also 
possible). The cathode is eroded in localized regions known as 
cathodic spots, where the discharge is attached to the surface. Metal 
plasma emitted from these micrometer-sized spots is accelerated via 
gas-dynamic expansion and ponderomotive forces originated from 
the interaction of magnetic field with electric current. Those 
thrusters feature low-to-medium specific impulse.

2. Pulsed thrusters work similarly to magnetically enhanced vacuum 
arc thrusters but in a pulsing mode. They produce medium impulses 
and a higher level of power, due to their pulsing character that allows 
cooling between pulses and their design allows to cope with potential 
energy limitations.

3. Electrospray (colloid) thrusters electrostatically accelerate the 
charged droplets of liquid to create thrust. In the thrusters of this 
type, the charged droplets are created via electrospray process. 
Electrons are injected into the jet of droplets via a cathode- 
neutralizer (which can be seen in Fig. 1 above as a thin tube atop 
the thruster body).
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4. Resistojet thrusters utilize a heating of non-reactive fluids by an 
electric current flowing via incandescent heating elements. The high- 
temperature gas is then expanded in the nozzle and generates thrust.

5. Ion thrusters utilize the neutral gas, which is then ionized in the 
discharge chamber. The ions are then accelerated by an electrostatic 
field, while electrons are injected into the ion jet via a cathode.

6. Hall thrusters use the Hall effect (by Edwin Hall) in the radial 
magnetic field and axial electrostatic field. This ensures efficient 
ionization of the propellant and acceleration of ions to generate 
thrust. Electrons are also injected into the plasma beam via a cath-
ode, which can be observed in Fig. 1 as a thin tube atop the thruster 
body.

7. Arcjets use an electrical discharge (arc) in gas-phase propellants such 
as hydrazine or ammonia, to bring additional energy to the propel-
lant and thus increase the exhaust velocity due to additional energy 
consumed by the propellant. The arcjets could physically operate in a 
very wide power range, spanning from 102 to 105 W yet the 
materials-related problems make the very high powers problematic.

8. Magnetoplasmadynamic (MPD) thrusters use a gaseous material 
that is fed into an acceleration chamber and then ionized. The ions 
are then accelerated via Lorentz force which is created from the 
interaction of the electric current in plasma, and the magnetic field. 
It can feature very high power and specific impulse, yet at the 
expense of a very high energy cost (Watt per Newton) of the thrust. It 
should be noted that this type of thrusters is sub-divided to the three 
major groups, namely the self-field, self-field with low applied 
magnetic fields, and applied-field thrusters. While the self-field sys-
tems rely on the magnetic field produced by the discharge current, 
the applied-field thrusters use external coils that are powered by 
additional power supply units and produce the magnetic field to 
realize the acceleration of plasma. Apparently, the external coils 
could incorporate many turns and thus can produce the required 
levels of magnetic field by relatively low current, much lower than 
the discharge current. The self-field thrusters with low applied 
magnetic field is the system where a weak diverging magnetic field is 
applied in the anode/nozzle region to damp instabilities and what is 
called “onset” (which is a high oscillation mode characterized by 
anode sputtering and damage). Onset limits the discharge current, 
power and performance. The low applied field does not contribute 
significantly to the electromagnetic thrust, but helps to raise the 
discharge current significantly, up to two-hold. As a results, a power 
level of MW is achievable for the applied-field thrusters [55]. Various 

power levels are also reported, e.g. 100 kW [56], 200 kW, 400 kW 
[57] thus making this type of thrusters quite promising for the future 
missions [58,59].

The vast diversity of power, efficiency, schematics, size, and thrust 
levels makes it possible to find the most matching solutions among the 
EP platform for virtually any type of spacecraft, from CubeSats to huge 
Earth-Mars transportation systems.

It should be noted that among the diversity of the above-mentioned 
parameters and characteristics, the propellant flexibility and thruster 
throttability are also important to easily and efficiently adapt the 
thrusters to various missions by changing the propellant and thrust 
without significant re-designing of the flight tested units. Not surpris-
ingly, a series of multi-propellant thrusters has recently been developed 
and successfully tested, e.g. Hall type thrusters capable of working on 
Xenon and Krypton (as Krypton is significantly cheaper than tradition-
ally used Xe) [60,61]. In view of the importance of this feature, we will 
discuss below the progress in this field in more detail.

Table 1 lists several recently reported characteristics of various types 
of EP thrusters, to present the currently achieved levels of efficiency and 
a wide range of thruster power levels, ranging from several W to tens of 
kW.

Note that the electrodeless thrusters form a somewhat separate group 
of electric propulsion systems and would require a separate graphical 
diagram to illustrate their characteristics. More detailed information on 
specific physical mechanisms, principles of operation, characteristic 
parameters, advances and disadvantages of various electrode-utilizing 
and electrodeless thrusters of various types could be found in the 
comprehensive reviews and original publications cited herein [5,7,8,10,
14,19,20,24,28,34,81–83].

3. Active plasma control in electric thruster systems

Active plasma control is important for virtually all types of thrusters, 
including micro-cathode thrusters which are very simple in their design, 
consisting mainly of the cathode and axial anode, sometimes fitted with 
an auxiliary magnetic coil. They ensure relatively high specific impulse 
and are widely used for the attitude control systems of small satellites 
[84,85]. Importantly, they could be made to be very small, and suitable 
for application at Cubesats and ultra-small satellites. On the other hand, 
their specific impulse should be enhanced to ensure long, for several 
years, in-orbit active control. This aim could be achieved in two ways, 

Fig. 1. Main types of space electric propulsion systems in the power – specific impulse coordinates. Very wide power and specific impulse ranges allow the 
application of EP on quite various missions and spacecraft, ranging from small CubeSats to large systems for the human transportation to Moon and Mars. To enhance 
the performance of existing EP systems, prolong their operational life and enhance the reliability, further advanced ideas and concepts should be explored and some 
of them are discussed in this review. Note that the colored ovals marking the power/specific impulse zones are tentative, to sketch these key parameters by order of 
magnitude and to illustrate how various types of thrusters can complement each other and be used for different missions. For more specific numbers and other 
important parameters the reader could refer to the fundamental monographs and recent comprehensive review papers.
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mainly by influencing plasma acceleration in the discharge and through 
the active control of the plasma after discharge.

3.1. Additional magnetic coils and electrodes

Application of additional magnetic coils and additional electrodes to 
intensify the discharge and control the exhausting plasma is a natural 
way to enhance the parameters of the thruster. The influence of the 
magnetic field on the discharge parameters has a complex character 
(Fig. 2). The influence of the magnetic field on the energy of ions 
generated in a cathodic spot is described by a non-monotonic depen-
dence, when the energy is increased as the magnetic field increases from 
zero values, and then reaches a saturation mode [86]. Both the electron 
temperature and kinetic energy of ions are affected by the magnetic field 
of less than 0.05 T at the arc discharge current of about 500 A; this trend 
is observed for cathodes made of titanium, carbon, and uranium [87]. 
Furthermore, the presence of the magnetic field B does not change the 

shape of the distribution of electron energy, since it stays Maxwellian, 
but increases the average energy of electrons εe from about ε0 ≈ 1 eV for 
zero magnetic field and 5–10 eV for the magnetic fields less than 0.05 T. 
The trend is stable for various cathode materials. The observed depen-
dence is described well by the relation: εe(B) = εe0 + αεB

̅̅̅
B

√
.

It should be mentioned that in the case of very strong magnetic fields 
(typical for e.g. magnetic nozzles, see sub-section 3.5 below), the pro-
cesses are more complicated. Details can be found in the dedicated re-
views e.g. Ref. [89] and in the recent original research publications 
[90–94].

3.2. Segmented electrodes and other techniques

Segmentation of electrodes has always been a viable method to 
assess, investigate and implement systematic analyses on the level of 
voltage and current variations, thrust and life time-related issues refer-
ring to the electrodes. An example is the first stage of the hybrid thruster 

Table 1 
List of recently published characteristics of several key types of EP thrusters.

Thruster Year Status Power Thrust Isp, sec Efficiency Ref.

Hall thrusters
PPS-X00 2020 Development 200–1000 W 43 mN (@650W) 1,530 (@650W) 0.4 [62,63]
H-9 (Xe & Kr) 2021 Lab 4.5–9 kW 295–450 mN (Xe) 

240–350 mN (Kr)
1,900–2,780 (Xe) 
1,900–2,700 (Kr)

0.64–0.73 (Xe) 
0.52–0.54 (Kr)

[64]

HT20K 2021 Lab 6–19 kW 400–910 mN (Xe) – – [65]
Wall-less low power 

HET
2021 Lab 190–370 W 5–11.5 mN (Xe) 1,020–1,200 (Xe) 0.135–0.19 [66]

MASMI 2021 Qualification 200-1,000 W 14–68 mN (Xe) 900-1,900 (Xe) 0.25–0.51 [67]
100-kW nested HET 2021 Lab 5–102 kW <5 4. N (Xe) 1,800–2,650 (Xe) 0.54–0.67 [68]
300W HET 2022 Lab 150–500 W (Xe) 250–450 

W (Kr)
9–22 mN (Xe) 11–18 mN 
(Kr)

850-2,000 (Xe) 
1,100–1,700 (Kr)

0.28–0.44 (Xe) 
0.26–0.34 (Kr)

[69]

Steady-state applied-field MPD thrusters
CAS 2018 Lab 150 kW – 5,600 (Ar) 0.76 [70,71]
SX3 2019 Lab 150 kW 0.4–3.59 N <4,665 (Ar) 0.2–0.62 [55]
AF-LFA 2018 Lab 30 kW 0.111 N – – [72]
Gridded ion thrusters
Gridded ion thruster 2022 Lab 200 W 40 mN (Estim.) – 0.6–0.75 (Xe, I, Ar, Kr) [73]
GIESEPP (T5) 

GIESEPP (T6)
2022 Lab 215–4058 W 

1704–32,221 W
23.7 mN 145 mN 1434–2711 1845 - 34,885 0.86 [74,75]

IonJet 2022 Lab 6–14 W 0.8–1.56 mN <1000 – [76]
Other types of thrusters
Helicon HIPATIA 

thruster
2022 Lab 200–450 W 2.5–6.5 mN 400 s 0.5 [77–79]

IFM Nano Thruster 2022 Lab 50 W (beam) 475 mN 4500 s 30% [80]

Fig. 2. Influence of the magnetic field on arc parameters. The magnetic field resulted in (1) increased charge states, (2) increased average ion energies approximately 
proportional to the charge state, and (3) broader distributions. Reprinted with permission from Baranov et al., Rev. Mod. Plasma Phys. 3, 7 (2019) [88]. © 
Springer-Nature.
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TIHTUS which is a water-cooled version of the 100 kW radiatively 
cooled thermal arcjet HIPARC-R, where a segmentation was successfully 
employed [95]. Moreover, there is an important technical aspect related 
to the propellant flexibility for hot cathodes in a steady-state operation, 
since segmented electrode packages can enable the insertion of chemi-
cally aggressive gases that then can be used as an amended propellant 
mass flow rate [88]. Importantly, the described systems were used as 
plasma generators for aerothermodynamic testing but they demon-
strated the supply of gases such as CO2, O2 and CH4 downstream using a 
neutrode. This aspect also enables in-situ resource utilization by the use 
of waste gases e.g. in long-term manned missions in order to produce 
additional momentum independent from whether the gas ensures the 
optimal operation or not. Not surprisingly, the influence of the magnetic 
field on the characteristics of micro-cathode thrusters and similar 
plasma sources has recently attracted significant attention from re-
searchers [96–101]. Moreover, other attempts to enhance the parame-
ters of micro-cathode thrusters were focused on the alternative 
configurations of the discharge system, along with the configuration of 
magnetic field. Tian et al. recently studied several systems with 
segmented anodes, see Fig. 3. In this research aimed to enhance the 
characteristics of μCAT thrusters, the structure of electrodes was stud-
ied. One of the thruster designs incorporated a cathode shaped as a 
truncated cone, a sleeve made of insulating material, and a complex 
anode that was a set of segmented insulated parts (segmented insulated 
anodes, or SISA-μCAT) including both distant and proximal anodes. The 
authors of this study established the effects of structure on the discharge 
parameters, breakdown characteristics, as well as performance for the 
SISA-μCAT, SEA-μCAT (a segmented exposed anode), and NSEA-μCAT 
(incorporates a non-segmented exposed anode). The comparison 
revealed the better performance of plasma ejection system for the 
SISA-μCAT, that is conditioned by the specially designed electric field 
generated between the segmented anode and parts on the anodic insu-
lation. For a single ignition of the SISA-μCAT, the maximum thrust was 
increased by 11.4 times, the maximum thrust-to-power ratio increased 
by 10.4 times, whereas the maximums of propagation speed and plasma 
density were increased by 2.93 times and 8.2 times, respectively, when 
compared to the NSEAμCAT [99]. Such a significant enhancement of the 
most important thruster characteristic, namely a thrust and 

thrust-to-power ratio, of particular importance for small satellites, 
makes this technology very promising and a promising candidate for 
further development [17].

3.3. Segmented (staged) thrusters

Zolotukhin et al. performed a comparative study on the character-
istics of two-stage (segmented) microcathode arc MPD thrusters with 
different magnet systems, namely (i) based on permanent magnets, and 
(ii) powered pulsed magnetic field (Fig. 4) [95]. The permanent 
magnet-based system is simpler and does not require power but has 
apparently limited controllability and flexibility. On the other hand, the 
thruster fitted with the magnetic coil powered from a separate PPU (yet 
from a single signal generator to synchronize all processes in the 
discharge) provides many more options for the independent adjustment 
of the external magnetic field. Importantly, these micro-cathode 
thrusters are two-staged, i.e., feature additional accelerating electrodes 
powered by separate PPUs capable of generating voltage pulses of about 
60 V, triggered by the same signal generator. Figs. 4a and b show 
schematics of the thrusters without power and signal circuitry for 
simplicity [103].

The authors observed that the thrust can exhibit a ten-fold increase 
for both magnetic field configurations when the second stage is powered 
at a specific voltage. The pulsed current improves control of the mag-
netic field, yet produces a delay between the plasma ignition in both 
stages, and in doing so restrains the possible thrust increase [94]. Per-
manent magnets allow for the obtainment of a stable increase in the 
thrust yet at the cost of flexibility of the magnetic field control, a sig-
nificant drawback for application in micro-satellites [104]. At the same 
time, the level of electromagnetic emission with a moderate amplitude 
occurs in a low-frequency range of tens of kHz. The mechanical noise is 
100 times lower than the thrust in the normal operating mode for both 
configurations of the magnetic field. Moreover, the change in the 
voltage applied to the accelerating electrode does not significantly affect 
the thrust-to-power ratio, efficiency, or thrust, when the magnetic field 
is not applied. In summary, these findings show the improvements in the 
performance of low-power MPD thrusters by the generation of the 
magnetized arcs promoted by the increase above a specified threshold 

Fig. 3. Active discharge control using segmented anode. (a–c) Structure diagrams and parameters of the three μCATs using NSEA, SEA, and SISA configurations, 
respectively. (d) Thrust and thrust-to-power ratios produced by the three different μCATs in a single shot. The system with a segmented anode (SISA-μCAT) dem-
onstrates a significant enhancement in thrust and thrust-to-power ratio due to the special spatial electric field between the segmented anode and the slit structure. 
Reprinted with permission from Tian et al., Plasma Sources Sci. Technol. 29 (2020) [102]. Copyright IOP.
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level of the voltage applied to the second MPD thruster stage.

3.4. Active discharge control using a segmented magnetic coil

Fig. 5a illustrates the scheme for an active discharge control using a 
segmented magnetic coil. The thruster is fitted with an additional 
(focusing) magnetic coil which significantly influences the discharge. 
Figs. 5b and c shows the results of the numerical simulation of the 
discharge for different currents in the focusing magnetic coil. Fig. 5d 

shows the optical photograph of the plasma jet in the experimental setup 
with a μCAT-like discharge and a focusing magnetic coil. Both the 
‘magnetic bottle’ configuration generated by coils 1 and 2, with the 
same direction of the current, and the ‘magnetic cusp’ configuration 
obtained by use of the oppositely-powered coils, allows the generation 
of a region with dense plasma (marked red) [88,105]. Thus, the appli-
cation of segmented electrodes, segmented multi-stage magnetic coils 
and their combinations ensure, provided that the due synchronization 
was achieved, significant intensification of the discharge and essential 

Fig. 4. Active discharge control using pulsing magnetic field and accelerating electrodes. Schematics of the μCAT-MPD thruster with a permanent magnetic 
ring (a) and a pulsing magnetic coil (b). Reprinted with permission from Zolotukhin et al., J. Phys. D: Appl. Phys. 54 015201 (2021) [95]. Thrust, estimated from the 
electrical measurements of the thruster in with magnet and no magnet configurations (c), and an indirectly measured thrust using the thrust stand in a configuration 
with magnet (d). The first numbers in brackets is the mean thrust-to-power ratio (in μN/W), and the second ones with percent signs mean efficiency, for the respective 
data points. Reprinted with permission from Zolotukhin et al., Phys. Rev. E 102, 021203(R) (2020) [94].

Fig. 5. Active discharge control using a segmented magnetic coil. (a) μCAT with additional (focusing) magnetic coil, and (b,c) numerical simulation of the 
discharge for different currents in the focusing magnetic coil; (d) optical photograph of the plasma jet in the experimental setup with μCAT-like discharge and 
focusing magnetic coil. Reprinted with permission from Baranov et al., IEEE Trans. Plasma Sci. 42, 304 (2018).
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enhancement of the most important characteristics of μ-thrust vacuum 
arc thrusters. This field is also particularly covered by the developments 
for electrodeless thrusters where the magnetic field configurations that 
employ magnetic nozzles are divided into segmented designs, to addi-
tionally manipulate the discharge. Correspondingly, in some of these 
designs even ECR modes are triggered by the magnets aside the general 
manipulation of the discharge [86,87,89,106]. Among the other in-
stitutions actively exploring this field are the University of Madrid, 
Spain; Institut de Combustion Aérothermique Réactivité Environnement 
(ICARE), Orléans, France; and Institut für Raumfahrtsysteme (Institute 
of Space Systems, IRS).

3.5. Active plasma control in vacuum arc thrusters

Active plasma control is important for many types of thrusters e.g. 
the vacuum arc thrusters (VAT) and also for magnetic nozzles [90,91]. 
VAT is a very low-thrust device that requires many hours of operational 
time to impart its total impulse. Since a VAT utilizes the cathode elec-
trode as a solid propellant, the cathode is consumed by erosion and re-
quires replenishment. In the pulsed mode of operation, the electrode 
erosion and very low thrust complicate obtaining statistically mean-
ingful performance results. Recently, a coaxial VAT with an active 
feeding mechanism was introduced known as the inline-screw-feeding 
VAT (ISF-VAT) [107,108]. An ISF-VAT prototype was developed at the 
Technion Institute of Technology to enable large scale data collection 
and evaluate the performance of VATs. The ISF-VAT was recently used 
to study the effect of weak magnetic nozzles on VAT performance.

For magnetic fields up to 0.2 T, performance increases over the non- 
magnetic case are observed with the best thrust-to-arc power ratio ≈9 
μN/W obtained at a magnetic field of approximately 0.2 T. A parametric 
model captures the performance enhancement based on beam collima-
tion and plasma acceleration in the magnetic nozzle [109]. For magnetic 
fields greater than 0.2 T, the arc discharge is shown to be suppressed, 
nullifying any additional gains by the nozzle effect. 

✓ An enhancement in the plasma control in the EP thrusters, the intro-
duction of new control mechanisms and principles would contribute to a 
further increase in the operational characteristics, durability and service 
life of space propulsion systems [110–113].

4. Recent advances in rotating magnetic field systems

Rotational systems for space propulsion have not been demonstrated 
in the form of a flight-ready device, but they offer promising features, 
and thus attract the attention of researchers and engineers working in 
the area of miniaturized EP thrusters [114,115]. Such systems feature 
the following main advantages: (i) higher thrust densities conditioned 
by the absence of limitations intrinsic to gridded ion- or Hall-type 
thrusters, dependence of the acceleration process on electrical 
screening or Hall parameter; (ii) absence of a neutralizer, (iii) thruster 
throttling between the higher thrust and specific impulse, while main-
taining the constant power, and (iv) removal of electrode material erode 
that is accompanied with plasma contamination and lifetime limitation, 
e.g., referring to cathodes.

4.1. Rotamak-type systems

Recently, several novel techniques have been demonstrated that 
bring the rotational systems close to space implementation. As an 
example, a spherical plasma source Rotamak (GER) initially developed 
for the controlled thermonuclear fusion in The Space Propulsion Centre 
(SPC) in Singapore at the Nanyang Technological University, has suc-
cessfully passed the preliminary tests to be applied as a prospective 
device for plasma propulsion, i.e. as a small space thruster [116]. The 
experimental results of the study on the Rotamak-type (GER) device 
were reported. This system is characterized by a configuration where an 

azimuthal plasma current in a compact torus is guided by an external 
rotating magnetic field (RMF), and an external steady axial field keeps 
the current at an equilibrium. When the azimuthal current exceeds a 
specified value, the steady field is reversed to generate a field-reversed 
configuration (FRC). Figs. 6a and b show the 3D model of the Rota-
mak coils, as well as the configuration of the magnetic field of the de-
vice, where the toroidal magnetic field is depicted with dashed curves. 
Fig. 6c is the optical photograph of the operating GER system. When 
deployed in space as a miniaturized thrust system, the electrodeless 
Rotamak-like thrusters (see Figs. 6d and e for the suggested design) 
could be a possible solution for the problem of electrode erosion that 
Hall and gridded ion thrusters suffer.

Fig. 6f shows quite high plasma density, greater than 1019 m− 3, that 
has been demonstrated in the experiments with the azimuthal current 
reaching 4 kA at 400 W of total RMF power, thus proving the possibility 
of designing a “pure electromagnetic” thruster to generate high-density 
non-inductive plasmas. This type of thruster is assumed to generate the 
azimuthal plasma currents to cause non-selective acceleration of ions, 
electrons and neutrals by use of an axial body force. Thus, the necessity 
of implementation of additional elements of design such as the stages for 
preliminary ionization, grids or neutralizers is omitted, unlike for the 
commonly used types of thrusters. Moreover, the flexibility of opera-
tional power control, significantly decreased erosion of structure ele-
ments, as well as the absence of moving parts of the structure benefit 
further development of the device suitable for application as in deep 
space missions as in lower Earth or geostationary orbit missions. Thus, 
the ability of the miniaturized Rotamak system was proved. It was 
demonstrated that the characteristic processes occurring in the rotating 
magnetic field device with respect to the generation and acceleration of 
particles, allows considering Rotamak as a novel platform for space 
exploration. Further efforts should be put with a purpose of develop-
ment of a sample for the flight operation tests.

4.2. Helicon antenna-based plasma source

Fig. 7a shows a similar scheme but with a helicon antenna-based 
plasma source and the divergent magnetic field in the RMF accelera-
tion area [117]. The axial ion velocity of 3 km/s was achieved, the rate 
of density increase was 70% for the RMF frequency of 3 MHz. To confine 
the electrons and make them rotate azimuthally by the RMF, the RMF 
frequency was set in a range between the cyclotron frequencies of ions 
and electrons. This resulted in the generation of the azimuthal electron 
current. Argon propellant was supplied through a flange of quartz tube 
to be ionized in a helical device enhanced by a set of permanent magnets 
with a specially designed cover of stainless steel for an external diverted 
magnetic field. The configuration and strength of the magnetic field 
conditioned the axial position of RMF antennas; the application of the 
divergent configuration of the magnetic field necessary for the plasma 
acceleration is considered. The RF antenna was powered with pulses of a 
duration of 75 ms separated with a 1.5 s time lap, and the RMF was 
applied in 35 ms after plasma ignition. The effect of a rotating magnetic 
field is clearly seen in Fig. 7b where the measured distribution of elec-
tron density in plasma and ion velocity are shown. Significantly higher 
electron density and ion velocities were reached with the application of 
RMF with a frequency of 0.7 MHz, when the electron density reached its 
central peak upstream of the RMF antennas. These highly promising 
results inspire further research efforts in this field [118–121].

Apart from the thrusters that exploit the rotational modes, similar 
effects have been recently discovered in cathodes that are used in Hall- 
type and gridded ion thrusters. Becatti et al. have recently reported the 
observation of the rotating magnetohydrodynamic modes in the plumes 
of high-current hollow cathodes [122,123]. Rotational instabilities and 
regimes were previously reported for various types of thrusters, 
including Hall type systems [124,125]. The discovery of rotational 
modes in the cathodes will enable the finer optimization of this critically 
important sub-system of EP thrusters. Fig. 8 shows the scheme of the 
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cathode and three frames from the high-speed video.

4.3. Rotational modes in cathodes

Hollow cathodes that are capable to generate high currents are 
widely employed for space propulsion. However, a large set of fluctua-
tions could be observed in the region that is located in the close prox-
imity to the cathodes, thus leading to generation of the coherent plasma 
structures that greatly affect the performance of the cathode [120,126]. 
When a hollow cathode operates in a continuous mode, the plasma in-
stabilities are developed in the exterior of the plasma plume region and 
also deteriorate the performance of the whole thruster unit, and even 
could result in its complete shut-down. Moreover, the instabilities in 
plume generate energetic ions that are responsible for the intensive 

erosion of structure elements in the near cathode region, thus causing 
the damage of the structure. Becatti et al. revealed the existence of MHD 
azimuthal mode with a frequency of 58 kHz, by use of Fast-Cam images 
(Fig. 8b) collected in the exterior region of the hollow cathode that 
operated at 25–150 A in the presence of an axial magnetic field. The 
ideal magnetohydrodynamic theory that takes into account the bound-
ary condition of a non-line-tying cylindrical anode, predicts the mode, 
its measured frequency and the wavenumber. These results contribute to 
the deeper understanding of the physics of a hollow cathode systems and 
thus will facilitate designing of the high current, long operating cathodes 
for powerful electric propulsion thrusters need for the future inter-
planetary missions.

Of interest for future thrusters is harnessing the energetic ion gen-
eration observed in these high-current plasma discharges. Ion 

Fig. 6. Systems with rotational effects. (a) 3D schematics of the main coils in the Rotamak system. (b) Magnetic field configuration of a compact torus device. (c) 
Optical photograph of operating GER system. (d,e) 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. (f) Experimental dependence of electron temperature and electron density on the radio frequency 
power in GER system. Reprinted with permission from Sun et al., J. Phys. D: Appl. Phys. 30, 065003 (2021).

Fig. 7. (a) Schematic view of the rotating magnetic field coils in the system with the divergent magnetic field. (b) Measured spatial profiles of electron density and 
ion velocity in the RMP device with a divergent magnetic field. Reprinted with permission from Furukawa et al., AIAA 2020–3630 (2020) [114].

I. Levchenko et al.                                                                                                                                                                                                                              Progress in Aerospace Sciences 152 (2025) 100900 

8 



acceleration by MHD waves has been described by Miller [127] and 
Petrosian & Liu [128]. In addition, Drake et al. described ion heating and 
acceleration during magnetic reconnection [129]. They showed that 
ions above a critical mass-to-charge ratio behave like pickup particles 
(particles in a local plasma flowing at the Alfven speed) as they enter the 
exhaust region of a flare and thereby gain significant energy. The 
exploitation of similar physics that uses rotational waves or magnetic 
reconnection for the acceleration of ions from these hollow cathode 
discharges could enable a new class of electric thrusters.

5. Innovations in alternative propellants and propellant supply 
systems

Propellants are a very important part of the space thrust systems, and 
the requirements for the specific propellants are quite dependent on the 
type of a thruster and the physical principles it is based on. While some 
types require heavy gases with acceptable physical properties in the 
terms of plasma formation (e.g., ion thrusters including Hall-type plat-
forms), other e.g. thermal arcjets require light propellant for the best 
performance. Since ion thrusters are currently very popular and 
massively used on satellites (e.g., Hall-type thrusters power Starlink 
satellites), the attempts to find an alternative for very expensive xenon 
used as a propellant, with a general purpose to improve the cost effi-
ciency of the space exploration projects, were made during the last de-
cades. The systems operating with molecular propellants, iodine, and 
even water have been recently demonstrated [130–132]. However, 
xenon is the regular gas applied as a propellant in many Hall thrusters 
because it possesses an optimal set of chemical and mass properties for 
the purpose. However, Starlink satellites utilize krypton and the ten-
dency for the replacement of Xe on Hall thrusters continues [57,63,68]. 
Currently, other materials that are not in a gaseous state at ambient 
temperature, are considered as propellants for various types of thrusters, 
and many of them are referred to as “condensable” propellants because 

of their condensed state opposite to the gaseous propellants.

5.1. Condensable propellant thrusters

Iodine. Recently, D. Rafalskyi et al. demonstrated a successful 
application of an ion thruster utilizing iodine in space, thus offering a 
cost-effective and simple alternative to xenon and krypton [133]. Fig. 9a 
shows a simplified scheme of an iodine-based EP system [134]. In this 
thruster, solid iodine is stored in a tank and heated there forming a gas 
via sublimation. Next, the gas is fed into the thruster through a tube. 
Plasma is generated via electron collisions in the radio-frequency 
discharge, collides with a gas molecule, and produces two electrons 
and an iodine ion. The following processes are typical for the gridded ion 
thrusters: the ions are then extracted from plasma and accelerated, and 
then the ion beam is neutralized by the cathode. When the heating is 
turned off, a plug is formed by the cooled iodine that is solidified in the 
orifice that connects the tube to the tank.

The ability of iodine to sublimate from the solid phase when heated 
makes it possible to place it directly into the thruster, thus avoiding the 
complex system with high-pressure tanks and feeders. Fig. 9b illustrates 

Fig. 8. Rotating magnetohydrodynamic modes in hollow cathodes. (a) 
Hollow cathode schematic showing the basic components and plasma location. 
Reprinted with permission from Goebel et al., J. Appl. Phys. 130, 050902 
(2021). (b) Sequence of three frames from the high-speed video from the 
cathode front. Reprinted with permission from Becatti et al., J. Appl. Phys. 129, 
033304 (2021) [119].

Fig. 9. Innovations in propellants. (a) Simplified scheme of iodine-based EP 
system. Reprinted with permission from Levchenko et al., Nature (2021) [131]. 
(b) Schematic of the NPT30-I2 iodine EP system. Solid iodine is located in a 
storage tank upstream of the plasma source tube. Heating causes sublimation. A 
RF antenna creates a plasma, and a set of grids accelerates iodine ions. 
Reprinted with permission from Rafalskyi et al., Nature (2021) [130].
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the schematic of the NPT30-I2 iodine EP system. After the sublimation of 
iodine, plasma is generated by the use of an RF inductive antenna, and 
importantly, the efficiency of the ionization is higher, as compared with 
xenon. Then, an accelerated highly-collimated flow of atomic and mo-
lecular iodine ions is created by high-voltage grids, and substantial 
iodine dissociation is observed in the process of thrust generation. The 
successful implementation of the propulsion system was performed 
onboard a small satellite, that was confirmed through the data of the 
satellite tracking. These results can be considered as a powerful argu-
ment for the early application in the space industry the alternative 
propellants similar to iodine. Iodine could enable significant simplification 
and miniaturization of the propulsion systems, thus increasing the per-
formance of the thrusters with respect to all aspects of their application 
[135,136].

However, there are some limitations in the application of iodine as 
the propellant, that are caused by its corrosive nature that creates a 
potential danger for the satellite systems. That is why complex ceramics 
and polymers were engaged in the developed system to protect the 
structural elements made of metals. Moreover, a matrix made of a 
porous aluminum oxide was used to carry the iodine crystals, which 
increased the mass and complexity of the system. Although these 
drawbacks should be addressed before the implementation of the whole 
concept into the satellite industry, the system with iodine can be 
considered a breakthrough in EP.

Thrusters operating on naphthalene and elemental bismuth. 
Fig. 10 and 11 explore recent efforts on designing and testing an 
experimental setup with a thruster operating using naphthalene as a 
propellant [137]. Naphthalene is a promising propellant due to its 
operational characteriastics and properties. Similar to iodine, the tem-
perature for naphthalene sublimation is relatively low, producing a 
vapor pressure that is sufficient to support a useful mass flow rate for a 
small thruster. Elemental bismuth has also been used as a propellant for 
Hall thrusters [138]. A hollow anode with heating was engaged to 
produce the vapor at the chamber inlet and distribute it around the 
thruster axis; the results were compared with the data obtained for 
xenon used as the propellant. It was confirmed that bismuth allows 
obtaining a significant increase in the ratio of thrust to discharge power for 
the discharge voltage drops of 250–400 V; the same trend was observed 
for the anode efficiency.

In the experiments, the shape of the plume was almost the same for 
both gases [138]. The measurements also confirmed that the difference 
between the theoretical speed and mean velocity is much less for 

bismuth, which implies that propellant utilization is lower for xenon, 
while it provides a bit higher specific impulse. Furthermore, the shapes 
of the central plume are almost the same, as was proved by the mea-
surements of current in the ion plume. In addition, the experiment 
revealed the difference in the charge exchange mechanism for ions at 
large angles, where the population was much higher with xenon. Thus, it 
can be stated that the shape of the plume for bismuth is not affected 
significantly by the changes in thruster operation modes. In general, 
elemental bismuth is a very promising replacement for xenon, ensuring a 
significant boost in many thruster characteristics and a much lower 
price. However, the energy required for bismuth evaporation along with 
the complexity of the bismuth supply system are the factor that currently 
hinder the wide application of bismuth and iodine.

Fig. 10. Schematic of the naphthalene thruster, illustrating its key components. The reservoir temperature (Tr) is monitored by the reservoir thermocouple (T/C) and 
maintained by the reservoir heater resistor. Similarly, the valve temperature (Tv) is tracked by the valve thermocouple (T/C) and regulated through the valve heater 
resistor. Reprinted with permission from Tsifakis et al., Front. Phys. 8, 389, 2020 [137] under the terms of the Creative Commons Attribution License (CC BY).

Fig. 11. Thrust measured over time. The thruster was set to perform 12 s burns 
in minute, with the reservoir maintained at a temperature of 70◦C. Initially, the 
reservoir contained 10 g of naphthalene and the system operated continuously 
until the propellant was depleted. The purple dashed line represents data taken 
without insulation on the transfer line and nozzle, while the green dotted line 
shows results after the transfer line and nozzle were insulated with multi-layer 
insulation (MLI). Reprinted with permission from Tsifakis et al., Front. Phys. 8, 
389, 2020 [137] under the terms of the Creative Commons Attribution License 
(CC BY).
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Metals as propellants. Figs. 12a and b illustrate the metal plasma 
thruster (MPT) for driving micro- and nanosatellites. This type of 
thruster utilizes propellants made of solid metals, moving parts are not 
engaged in the design. The device generates approximately 5000 N × s/ 
U, and typical packages are ½-U, 1U, and multiple-U increments. The 
vacuum arc accelerates the plasma plume up to velocities of 6.8 km/s 
(platinum, Pt) or even 30.6 km/s (magnesium, Mg) followed by gener-
ation of thrust of about 10 μN/W. Thus, the thruster is powered from a 
DC source of 7–28 V and controlled by pulses supplied from the satellite 
bus; therefore, the total impulse per mass unit of the propellant is high.

The design is simpler than Hall and ion thrusters and allows scaling it 
down. After comparison with other types of thrusters of the same size 
range, such as xenon gas RF thruster, field emission EP thruster, and 
pulsed plasma thruster, the authors made a conclusion about more 
flexible operation of MPTs. Fig. 12c shows the shape of arc discharge 
pulse of the MPT thruster. However, the operation using zinc propellant 
still has not been demonstrated, yet the zinc vapor feeding system is 
currently under development [141].

Metallic propellants are also used in the prospective laser-electric 
hybrid space thruster systems which are currently under development 
[142,143]. The method of laser-enabled space propulsion features 
several significant advantages such as very high thrust-to-power ration 
and high specific impulse [144,145]. Schematics of the laser-electric 
hybrid thruster are illustrated in Fig. 12d. In this system, the ablation 
in the focus of a laser beam is used to vaporize or decompose the pro-
pellant. The plasma then can be accelerated by electromagnetic forces to 
produce the thrust. This kind of thrusters features many additional ad-
vantages due to the separate plasma generation and accelerated pro-
cesses. In a thruster of this type, the parameters of laser-assisted ablation 
along with the parameters of plasma acceleration influence the thrust 

and characteristics of the thruster. This type of dual control ensures 
higher accuracy in controlling the thrust pulses, thus ensuring precise 
maneuvering and attitude adjustment for the satellites. Not surprisingly, 
extensive works on these thrusters are in progress. In particular, the 
behavior of various metals is being studied, including copper, steel and 
aluminum, in the prospective laser-electric hybrid space thruster [138]. 
The dependencies of ablated mass on the type of metal for various pulse 
energies are shown n Fig. 12e. The comparison has demonstrated that 
the copper ensures the most uniform distribution of plume. On the other 
hand, aluminum ensures faster expansion of plume ablated by nano-
second laser, thus faster response of the thruster utilizing aluminum. As 
expected, higher laser energy results in the higher ablated mass for all 
metals. However, some saturation of the ablation rate could be noticed, 
possibly due to the shielding of laser beam with plasma. Fig. 12f shows 
the dependence of plume velocity, i.e., the specific impulse, on laser 
pulse energy for three types of metal propellants. The plume velocity for 
Al was the highest, as compared with the steel and copper.

Since the absence of gas storage and supply systems, along with 
advanced discharge characteristics intrinsic to the condensable pro-
pellants are strong advantages for the miniaturized space propulsion 
systems, many teams and companies are currently exploring this type of 
propellants [146–148]. Examples are the Ion Space Propulsion Labora-
tory at Michigan Tech where Hall thrusters with condensable pro-
pellants are being developed since 2004. A specialized facility to test the 
thrusters fueled with zinc, bismuth and magnesium was used to inves-
tigate the operational characteristics of the thrusters. All the metal 
propellants exhibited superior performance accompanied by significant 
cost reduction compared to the commonly used xenon propellant. The 
unique process of the vaporization of the propellants by use of waste 
heat supplied from the plasma discharge was patented by Michigan Tech 

Fig. 12. Recent innovations in the application of metals as propellants for space thrusters. (a,b) Scheme of the metal plasma thruster (MPT), and the shape of arc 
discharge pulse of the MPT thruster (c). Reprinted with permission from Krishnan et al. [135]. Copyright AIAA 2020. (d) Schematics of laser-electric hybrid thruster 
where metals could be used as propellants. Reprinted with permission from Ou et al. [139]. Copyright Elsevier 2022. (e) Dependence of ablated mass on the type of 
metal for various pulse energies. Reprinted with permission from Yuanzheng et al. [140]. Copyright IOP, 2021. (f) Plume velocity (specific impulse) for three types of 
metal propellants. Data from Ref. [138]. (e) Energy specific volume for a single pulse laser ablation obtained in laser milling experiments. The fluence along the x-axis 
is normalized to the ablation threshold for respective metals. Reprinted with permission from Forster et al. [140] under the terms of a Creative Commons Attribution 
4.0 International License.
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[149]. Another example is the Plasma Sources and Applications Cen-
tre/Space Propulsion Centre Singapore that has recently demonstrated 
the krypton Hall thruster [57] and is currently developing the iodine 
propelled miniaturized Hall thruster [150], and the Busek company that 
presents a line of Hall thrusters ranging from 100 W to 20 kW, capable of 
operating using iodine, along with xenon and krypton [58,151].

5.2. Thrusters with composite and nanoparticle-doped propellants

Composites doped with metal oxides as propellants. Along with 
the metallic propellants, complex and composite materials with various 
dopants and nanoparticles are also currently under extensive investi-
gation as propellants for space thrusters. Figs. 13a and b show the 
scheme of laser-electric hybrid thruster utilizing polytetrafluoro-
ethylene (PTFE) propellant filled with various dopants, and the optical 
photographs of the plasma [149]. Since the propellant is ablated with 
the laser beam, it can be non-conductive in contrast to pulsed thrusters 
where the material of the electrode is used for acceleration via elec-
tromagnetic forces. Importantly, dopants play a very significant influ-
ence on the thruster characteristics and in particular, on the specific 
impulse as illustrated in Figs. 13c–e. While doping with Co–Cr ensures 
only 800 s, doping with NaCl rises the impulse to 4000 s and doping with 
TiO2 ensures 8000 s. Rate of doping also significantly affects the specific 
impulse, together with the initial voltage.

Metal oxides are promising dopants for the laser-electric hybrid 
thrusters, which are currently under extensive investigation. Figs. 14a 
and b show the dependence of plasma plume area for the experimental 
laser-electric thruster utilizing PTFE propellant dopped with various 
metal oxides including CuO, NiO, VO2, and Fe2O3 [136]. Fig. 14c shows 
the scheme of the experimental setup. The type of metal oxide strongly 
affects the development of the plasma plume, and the percentage of 
metal oxide in PTFE should be optimized to ensure the best plasma 
generation conditions (Fig. 14b).

Nanocarbon and graphene as propellant dopants. Nanocarbon, 
graphite and graphene also could be used as promising propellant 
dopants for laser-electric thrusters. Fig. 14d shows the optical 

photograph of the prototype thruster utilizing carbonous propellants, 
and Figs. 14e and f show the dependencies of specific impulses on laser 
power for various doping ratios of nanocarbon and graphene. Doping 
ratios significantly influence the specific impulse, which exceeds 1000 s 
for graphene. Specifically, the authors demonstrate that the 5% doping 
ratio on PTFE is optimal for carbon and graphene [151]. This finding 
was explained in terms of optimal density of doping particles which 
absorb the laser power and transfer it to the polymeric matrix, thus 
ensuring ablation of the polymer. Dependencies of the specific impulse 
on laser power for various types of dopants demonstrate that the impulse 
for carbon dopant features some saturation with the laser power while 
the impulse for graphene strongly rises with the power.

5.3. Innovations in propellant supply systems

Internal Gas Feeding. Recently, Shinohara et al. have demonstrated 
a strong influence of the propellant gas supply method on the discharge 
characteristics of electrodeless plasma thrusters. Figs. 15a and b illus-
trate the technique of (a) Conventional Gas Feeding (CGF) and (b) In-
ternal Gas Feeding (IGF) [154]. In the IGF method, the gas is supplied to 
the thruster close to the discharge zone, via the supply tube placed in the 
discharge chamber. Figs. 15c and d show the differences in the profiles 
of electro and neutral particle densities measured for these two methods, 
and profiles of pressure along the center line of the thruster. As one can 
see from these graphs, the differences are quite significant, and IGF 
features strong peaks of the plasma and neutral particle densities at the 
thruster center line. Importantly, IGF demonstrates a strong electron 
density peak while CGF shows a flat distribution with a depletion of 
neutrals near the axis.

Vertex-type propellant supply. Two decades ago, experimental 
investigations proved that the tangential gas injection is the best method 
ensuring better parameters of the inductively heated plasmogenerators 
[155]. Not surprisingly, similar technology is now adapted for various 
types of plasma-based thrusters, and the recent results are quite prom-
ising. In particular, the vertex-type gas propellant supply could be very 
promising for the miniaturized cylindrical [156] Hall thrusters. The 

Fig. 13. Application of complex and composite materials as propellants for space thrusters. PTFE with various dopants for the laser-electric thrusters. (a) 
Schematics of laser-electric hybrid thruster, and (b) optical photograph of the operating thruster. (c–e) Specific impulse as a function of initial voltage for the PTFE 
doped with Co–Cr (d), TiO2 (e), and NaCl (f). Reprinted with permission from Ou et al. [152]. Copyright Elsevier 2021.
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Fig. 14. Application of complex and composite materials as propellants for space thrusters. (a,b) Plasma plume area for the experimental laser-electric 
thruster utilizing PTFE propellant dopped with various metal oxides including CuO, NiO, VO2, and Fe2O3. (c) Schematics of the typical experimental setup for 
the characterization of laser-electric thrusters. Reprinted with permission from Ou et al. [136]. Copyright Elsevier 2022. (d–f) Application of carbon, graphite and 
graphene as propellant dopants for laser-electric thrusters. (d) Optical photograph of the prototype thruster; (e,f) specific impulses as functions of laser power for 
various dopant ratios of carbon (e) and graphene (f). Reprinted with permission from Ou et al. [153]. Copyright Elsevier 2022.

Fig. 15. Innovations in propellant supply systems. Methods of (a) Conventional Gas Feeding (CGF) and (b) Internal Gas Feeding (IGF). (c) The radial profile of 
electron and neutral particle densities for CGF and IGF modes. A significant increase in density is noticeable for IGF mode. (d) Pressure profile near the center axis for 
CGF and IGF modes. Reprinted with permission from Shinohara et al., Rev. Sci. Instrum. 91, 073507 (2020).
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study by Ding et al. [157] presents a new design of the propellant inlet 
for a cylindrical Hall thruster operating at low power, which supports 
the mode designated as “vortex inlet”. The gaseous propellant is sup-
plied as a circumferential vortex to the discharge channel, which allows 
for increasing the density of the neutrals and extends the dwell time for 
the gas in the channel, as was confirmed by the experiments and 
simulation. Fig. 16a compares the designs of conventionally used radial 
supply with the vortex-type supply system. As seen from Fig. 16b, the 
distribution of neutrals density at the inlet is much less uniform in the 
conventional radial supply mode, where the gas is concentrated in the 
center of the discharge channel, and then expands in the axial direction. 
In addition, the density of the gas propellant is higher near the anode 
where it is injected. The motion of the gas in the vortex is changed 
directly around the surface of the anode. The circumferential motion in 
the vortex is formed by a tangential gas flow rate; a peripheral diffusion 
is stimulated by a centrifugal force. The measurements show that the 
vortex design improves the performance characteristics: 3.12%–8.81% 
are added to the propellant utilization, 1.1%–53.5% – to thrust, 1.1%– 
53.5%, – to specific impulse, 10%–63% – to thrust-to-power ratio, and 
1.6%–7.3% – to anode efficiency.

Fig. 17a presents the characteristics of the optimized krypton Hall 
thruster with vertex-type and conventional radial propellant supplies 
[158]. The relatively low ionization performance of krypton is condi-
tioned by its small cross section for ionization, thus resulting in lower 
specific impulse, when operating in Hall thrusters instead of xenon. The 
author also used a rotating mode to supply the propellant through the 
gas distributor, which changes the distribution of neutrals in the 
discharge. To study the effect, the dependencies of the discharge current 
on the discharge voltage, magnetic field, and flow rate were experi-
mentally measured.

It was shown that the application of the rotating propellant reduces 
the effective axial velocity of the neutrals and increases the circumfer-
ential motion distance and density; in total the ionization efficiency of 
Hall thrusters operated on krypton increases due to this mode. More-
over, the thrust and efficiency also increased, and the divergence angle 
of the plume is reduced after the implementation of the design modifi-
cation. Under some conditions (discharge voltage and flow rate), the 
anode efficiency is increased from 46.2% to 53.2%, while the half-angle 
of the plume divergence is decreased from 39.2◦ to 35.5◦. In addition, 
the rotating propellant increases the performance due to the continuous 
increase in the discharge voltage and anode flow rate. The graphs in 
Fig. 17a clearly illustrate the significant enhancement in the key pa-
rameters of the thruster with a rotational supply of krypton.

The three-dimensional maps of the ionization efficiency, peak-to- 
peak value of discharge current oscillations, and plume divergence 
half-angle for the thruster with rotational supply of krypton are shown in 

Figs. 17b and c [159]. The propellant rotation makes the ionization zone 
narrower, thus enhancing the ionization, and moves the ionization re-
gion upstream of the discharge channel. The measured flow rate-ampere 
characteristics confirmed the reduction of the ionization zone by a factor 
1.1–1.2, an increase of the ionization rate by 1.4 times, and a shift of the 
ionization peak 2 mm upstream of the channel when comparing the 
thruster performance with the propellant rotation and axial supply 
modes at 300 V of the discharge power. The experiments reveal the 
mechanism of how the rotating propellant supply improves the ioniza-
tion in the krypton-operated Hall thrusters. Moreover, the mode ex-
pands the range of a stable operation of the thrusters with respect to the 
applied strength of the magnetic field and discharge voltage.

5.4. Damping instabilities in hollow cathodes by gas injection

Control of gas supply is also useful for damping plasma instabilities 
in powerful hollow cathodes. The supply of additional neutral gas could 
reduce the instabilities in the hollow cathodes, which are a very 
important part of several types of the most used ion thrusters, including 
gridded ion and Hall systems. Fig. 18a illustrates the design of the 
cathode with such type of instability damping [120]. Gas is injected in 
the 2-cm-diameter LaB6 X3 cathode operating at 200–350 A of discharge 
current. To date, the injection of extra neutral gas in the near cathode 
plume has been the only demonstrated successful method of damping 
both the ionization and ion-acoustic instabilities. Gas flows injected 
externally to the cathode orifice, and into the space between the keeper 
tubes and cathode, were applied according to the schematic shown in 
Fig. 18 with the purpose of damping the instabilities in the discharge 
current range of 200–350 A.

6. Narrow channel and capillary discharge thrusters

A tendency for miniaturization of space assets and thrusters that 
power them leads to the problem with discharge efficiency in low- 
dimension channels. This raised a strong interest in studies of the 
physics of discharges in narrow channels. When the narrow channels are 
properly designed and optimized, the discharge in them could be quite 
efficient [160]. Moreover, the capillary discharge could be used in the 
capacity of capillary discharge-based plasma thrusters [161]. The 
miniaturized hollow cathodes which also feature discharge in narrow 
channels and confined spaces, could also serve as the thrusters [162]. 
Below we will briefly outline several most recent ideas and results on the 
investigation of plasma discharges in confinement conditions.

Fig. 16. Innovations in propellant supply systems. (a) Gas flow direction in low-power cylindrical Hall thruster (left: radial inlet mode and right: vortex inlet 
mode), (b) Density distribution of neutral gas in the cross-section of the propel-lant outlet. The vortex inlet mode features mode uniform density distribution. 
Reprinted with permission from Ding et al., Phys. Plasmas 24, 080703 (2017).
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6.1. Narrow channel Hall thrusters

Currently, there are very few low-power Hall thrusters that can 
operate at power levels below 30–50 W. Recently, Hamo and Kronhaus 
described the characteristics of the narrow channel Hall thruster 
discharge [157]. Currently, Hall thrusters are developed to operate at 
powers lower than 100 W. In particular, a miniaturized Hall thruster 
with a narrow channel (NCHT) [163] can operate at the power of 15–30 
W and a thrust-to-power ratio of approximately 50 μN/W, recently 
developed at the Aerospace Plasma Laboratory, Technion. While it 
preserves a general design of Hall thrusters, some unique improvements 
are introduced to enhance the ionization efficiency at the low power 
[164,165]. The densities of ions and ion current reach their peaks in the 
plume, which is conditioned by the distribution of the electrical po-
tential drop that mostly occurs outside the discharge channel, as was 
measured in the experiment. The peak values found in the plume are as 
high as 10 eV for the electron temperature, 480 A/m2 for the ion current 

density, and 1.2 × 1018 m− 3 for the ion density. At the same time, the 
loss of ions on the walls of the discharge channel is still the main 
problem that should be solved in future models of NCHTs. Figs. 19a–c 
illustrates the design of the NCHT (a), a photograph of a 3 cm NCHT in 
operation (b) with the operating hollow cathode seen outside, and (c) 
the results of experimental measurements of the ion density outside the 
channel. The authors made a conclusion about the spatial separation of 
functions it the thruster, when plasma is generated in the channel, and is 
accelerated outside of it. This important finding contributes to the 
further works on the thrusters with the out-channel mechanisms of 
plasma acceleration, which is essential for decreasing wall wear and 
thus prolonging the thruster service life, urgently required for the 
nanosatellite-based scientific missions and probes.

6.2. Capillary discharge thrusters

Wang et al. have recently presented the capillary discharge-based 

Fig. 17. Innovations in propellant supply systems. (a) Characteristics of the optimized Hall thruster with vertex-type propellant supply. The graphs clearly 
illustrate the significant enhancement in the key parameters of the thruster with rotational supply of krypton. Reprinted with permission from Xia et al., Acta 
Astronaut. 171, 290–299 (2020). (b,c) Three-dimension maps of the ionization efficiency, peak-to-peak value of discharge current oscillations, and plume divergence 
half angle for the thruster with rotational supply of krypton. Reprinted with permission from Xia et al., Vacuum 181, 109664 (2020).

Fig. 18. Damping instabilities in hollow cathodes by gas injection. (a) Scheme of extra gas supply into hollow cathode to damp the instabilities in plasma, and 
(b) photograph of the discharge. Reprinted with permission from Goebel et al., J. Appl. Phys. 130, 050902 (2021).
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pulsed plasma thruster [158,166]. In comparison with other systems 
intended for electric propulsion, pulsed plasma thrusters have a wider 
range of parameters that can be adjusted by the application of different 
input powers and configurations, which increases their flexibility with 
respect to their implementation in micro- and nanosatellites. The 
capillary discharge based pulsed thruster is in fact a type of electro-
thermal thrusters and thus, it features a high thrust-to-power ratio, yet at 
very small dimensions. Fig. 20 illustrates the design, discharge, and 
characteristics of a novel capillary discharge thruster. In this system, the 
propellant ablation followed by the ionization utilizes the largest part of 
energy applied at the discharge ignition. As a result of the variation of 
pressure conditions in the channel, faster particles are accelerated early, 
and the slower particles – later in the pulse, while the neutrals are 
accelerated by a gas-dynamic force and the plasma equivalent velocity 
in a plume can be as high as 12.5–35 km/s. These are very promising 
results for the miniaturized thruster with the pulse discharge energy in 
the range of 1–10 J. Further developments of similar systems should be 
expected, with clear prospects for utilizing them on nano-satellites.

A miniature capacitively coupled radio frequency thruster with a 
capillary tube (C3RFT) is being developed and tested at the Technion 
[167,168]. The thruster utilizes a nonsymmetric electrode arrangement 
and a dedicated radio frequency generator. The small diameter of the 
dielectric tube, 0.8 mm, allows operation of the device at very low flow 
rates, less than 8 sccm Ar [164]. The measured thrust time response and 
wall temperature of 400 ◦C confirm an electrothermal mechanism of 
thrust generation. At a constant input power, the thrust is shown to 
increase linearly with the flow rate. At an input power of 14 W and a 
flow rate of 8 sccm, the thrust increases significantly compared to the 
cold flow case, for a total thrust of approximately 160 μN and specific 
impulse of approximately 69 s on argon. When powering the larger inlet 
“back” electrode, discharge is observed to diverge from the classical 
theory of asymmetric capacitive coupled plasma, leading to mode 
transition. This phenomenon is marked by the appearance of bright 
plasma exhaust and a reduction in input power from approximately 15 
W–~9 W. The thrust-to-power ratio increased by 25% after the transi-
tion. A simple sheath breakdown model was proposed to explain the 
transition.

Concepts of hollow cathode thrusters. Fig. 21a shows the schemes 
of three conceptual variants of hollow cathode thruster developed at the 
Technische Universität Dresden, Germany. It should be noted that the 
thruster was developed as a spin-off project of a hollow cathode device. 
Different configurations are developed for the mN-thrusters based on the 
utilization of the materials with low work function, like C12A7, LaB6, 
and thoriated tungsten. In the electrothermal design the thrust is 
generated by a heated propellant expanded and accelerated in nozzle. 
The preliminary tests confirmed the thrust was higher than for the cold gas 

application, yet it was accompanied by the lower thrust efficiencies. In 
the novel electromagnetic thruster, the applied magnetic field is directed 
orthogonally with respect to the discharge current, thus creating a sys-
tem for the acceleration of the charged particles. In the case of C12A7 
the tests were not successful; however, the modification that utilizes a 
thoriated tungsten wire proved the functionality of the concept. Fig. 21b 
shows the key parameters of the tested thrusters.

7. Outlook and perspectives

The heterogeneity of electric thrusters ideally allows for their use in 
any kind of mission, spanning the whole range of space vehicles and 
functions. Several promising concepts that are less mature with respect 
to the in-use propulsion systems are being explored and may be placed in 
operation in the near future.

7.1. Novel approaches

The photonic propulsion systems, which use external or internal 
lasers to produce thrust, are now investigated to serve modern satellite 
systems and missions (Fig. 22). Different concepts of laser propulsion 
could have multiple applications, ranging from space micropropulsion 
systems to high-power thrusters with very high specific impulse. Mag-
netic reconnection, namely the conversion of field energy into energy of 
charged particles by a sharp change of the topology of a magnetic field, 
is a promising mechanism for space propulsion systems and acceleration 
of plasma, able to reach exhaust velocities and specific impulses com-
parable with the presently existing plasma thrusters. After simulations 
gave encouraging results, the development is now focused on the real-
ization of a compact and energy-efficient prototype. Surface plasmon 
resonance is another mechanism to generate thrust in space, based on 
the acceleration of nanoparticles. Its envisaged application is mainly for 
attitude control of small satellites, possibly using a direct conversion of 
sunlight to thrust inside the thruster. Electroosmotic forces generated by 
electrostatic Coulombic forces could be exploited to expel electrolytic 
working liquids to the surrounding environment generating thrust, in 
the so-called kinetic/osmotic thrusters. The implementation of this 
technology, demonstrated as lab-based prototypes of space thrusters, 
presents challenges in fabrication, materials, and thruster design; how-
ever, high efficiency and high thrust could be attained if successful so-
lutions will be found. Matter acceleration by surface-acoustic waves 
(SAWs) could be potentially considered to efficiently generate low 
thrusts in space. Although the SAWs-based space thrusters have not yet 
been demonstrated, their implementation shall be feasible since the 
underlying processes are similar to osmotic thrusters.

The negative mass theory is one more promising direction for space 

Fig. 19. Narrow channel thruster. (a–c) Narrow Channel Hall Thruster (NCHT). (a) The top half cross section of the NCHT. (b) A photograph of a 3-cm NCHT in 
operation. The hollow cathode is seen outside. (c) Experimental 2D measurements of the ion number density. Reprinted with permission from Hamo et al., J. Appl. 
Phys. 130, 223301 (2021).
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propulsion. It is based on an analogy with electromagnetism, where 
negative and positive charges are distinguished; hence, it may be true for 
mass. Various assumptions are made with respect to the places where 
this kind of matter can be found [169]. Negative matter describes masses 
with gravitational, inertial and other properties opposite to the normal 
matter that operates with positive mass. It should be stressed that 
negative matter should not be confused with antimatter which is 
considered for now as dealing with positive mass. If an object with 
negative mass interacts with the same value of positive mass through 
gravitational, electromagnetic, or elastic forces, both the objects would 

be accelerated in the same direction without experiencing the necessity 
for a reaction mass or energy source. Despite the incredible properties, 
the negative propulsion does not violate the Newtonian laws of energy and 
conservation of linear momentum. Importantly, experimental evidence of 
a negative mass-like behavior has been recently reported [170]. Not 
surprisingly, this discovery has immediately attracted strong interest in 
media [171,172].

Concerning the matured space propulsion technologies, innovations 
being explored include enhancing the active plasma control in the EP 
thrusters, as well as the introduction of new control mechanisms and 
principles, with the aim of improving the performance and lifetime of 
space propulsion systems. Thrusters exploiting rotating magnetic field 
systems are close to implementation in miniaturized EP. Besides, rota-
tional modes have been recently discovered in the plumes of high- 
current hollow cathodes, contributing to a deeper understanding of the 
physics of these devices and improving the possibility to design long-life 
electric thrusters. Another aspect in the spotlight of EP is the utilization 
of alternative propellants to xenon. Apart from krypton, which is presently 
supplying many Hall thrusters in space [173], iodine, bismuth, metals, 
and even water have been recently demonstrated as valid alternatives to 
inert gases. Innovations in propellant supply systems are also being 
investigated, with potential solutions to improve the thruster perfor-
mance and damp plasma instabilities in hollow cathodes. Narrow 
channel and capillary discharge thrusters are of great interest in the 
frame of the miniaturization of space assets, offering valid solutions for 
micro-satellites and nano-satellites applications. Hollow cathode 
thrusters, featuring discharge in narrow channels and confined spaces, 
are under study to produce millinewton thrust using thermionic electron 
emission from low work function materials.

Progress in diagnostics also could be an important factor for accel-
eration of a thruster’s design and development. Here, automated test 
systems [174,175] and big data approaches capable of predicting the 
service life of thrusters designed for very long missions and affected by 
erosion [176,177] could be among the most critical achievements 
[178–180].

In addition to the above-mentioned novel technologies, other ac-
celeration principles could be used to produce thrust in space and thus 
should be further investigated. For example, a pair of beating electro-
static waves was proposed to accelerate magnetized ions (so called 
“Coherent acceleration”) [181]. For a single propagating electrostatic 
wave, an ion with a charge q and mass Mi can be accelerated when its 
velocity exceeds the value Vth = ω/k −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
qE/kMi

√
, where E, ω, and k are 

the amplitude of the electric field of the wave, frequency, and wave 
number. The ions with the velocities below the threshold value are 
considered as located in a regular (or coherent) region of phase space, 
while those with higher velocities are located in a stochastic region. For 
the two waves of frequencies ω1 and ω2 the acceleration occurs when ω1 
- ω1 = nωc, where ωc is the ion cyclotron frequency. In this case the 
regular and stochastic regions connect, thus allowing acceleration even 
the ions with the small velocities. Importantly, the appropriate set of 
initial conditions allows gaining significant energy for the particles 
[182,183].

Interesting concept was proposed recently by Kang et al. In the 
electrical supersonic thruster based on rotating gliding arc, the arc 
discharge is ignited in a gap of 0.7 mm between a cone-shaped AC- 
biased (700–800 V, up to 10 A) electrode and the body of the discharge 
chamber, while CO2 gas is supplied in swirling motion into the chamber 
to ensure the ignition [184]. The preliminary estimations were made for 
Martian atmosphere.

Another interesting technology is the interaction of helicon plasma 
with an expanding magnetic field which forms a current free double 
layer able to accelerate the plasma ions, as shown by Saini and Ganesh 
[185]. Basically, the pressure gradients and the confining magnetic field 
are responsible for the acceleration in a radial direction, while electro-
thermal (via expansion of heated gas) and electromagnetic 

Fig. 20. Capillary discharge thruster. Design, discharge, and characteristics 
of a novel capillary discharge thruster. Reprinted with permission from Wang 
et al., Phys. Plasmas 28, 123509 (2021).
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(predominantly Hall mechanism via interaction of azimuthal current 
with the magnetic field jΘ × Br) acceleration are considered as the 
drivers in the axial direction. The measured profiles of an annular ion 
beam generated in the helicon thruster show a half-opening angle of 
about 30◦ and one-peak profile of the beam [186]. A thrust of about 1 
mN was obtained for the magnetic field 0.01 T and the input power of 
about 500 W [187]. Radio frequency helicon thrusters with various 

nozzles is also a promising technology [80,188], along with the electron 
cyclotron resonance (ECR) plasma thrusters [189].

High-density helicon plasma sources were studied by Shinohara 
et al., investigating the rotating magnetic field (RMF), ion cyclotron 
resonance/ponderomotive acceleration (ICR/PA), and rotating electric 
field (REF) schemes [190]. The RMF design implies a steady plasma 
current in toroidal configuration, which is guided in a steady-state 
noninductive manner by use of the rotating magnetic field and was 
initially developed also for fusion applications. The ICR/PA scheme uses 
a principle of ion parallel acceleration via the electromagnetic ponder-
omotive force, which urges a charged particle to drift towards a domain 
of the weaker strength in an inhomogeneous oscillating electromagnetic 
field, when RF waves are applied to make the resonance point coinciding 
with the peak of the wave energy density. A numerical study has 
demonstrated that the ponderomotive acceleration is not as effective as 
the ion cyclotron resonance acceleration, at least for the parameters 
used in the model [191].

Helicon plasma with rotating electric field includes two facing 
electrodes mounted around a plasma vessel to create a rotating electric 
field in the presence of divergent magnetic field and thus to accelerate 
the plasma along the axis [192]. The same principle was studied by 
Nakamura et al. in the experimental research of plasma that is electro-
magnetically accelerated in a helicon thruster by use of a rotating 
electric field in the presence of a diverging static magnetic field [193]. It 
was found that the greatest increase of the velocity was due to the in-
crease in the electron temperature.

7.2. Atmosphere-breathing electric propulsion systems

The atmosphere-breathing electric propulsion (ABEP) systems are a 
relatively novel propulsion platform that currently attracts strong in-
terest from the researchers and engineers. This system allows thrust 
creation at very low Earth orbit (VLEO). Rarefied atmosphere is used in 
these systems in the capacity of propellant gas, without the need to 
launch it with the satellite, and to keep it ion-board. Collection and 
compression of atmospheric particles is made in this case with the intake 
devices. Apparently, the area of intake device determines the inflow of 
propellant from the atmosphere and thus influences the performance 
characteristics of the thrusters. Currently, a very limited number of 

Fig. 21. Hollow cathode thruster. (a) Three conceptual variants and (b) the key characteristics of the hollow cathode thruster. Reprinted from Gondol et al., CEAS 
Spae J. (2021) under terms and conditions of Creative Commons Attribution 4.0 International License.

Fig. 22. Various types of photonic-based space thrust systems (artistic pre-
sentation). The laser-accelerated systems utilize external laser beams to 
generate the thrust via reflection. Solar sails use the radiation from the Sun, but 
produce lower thrust compared with laser-based propulsion system. Laser- 
enabled fine attitude controls use on-board- lasers to generate low thrust for 
precise attitude control of spacecraft. The laser-powered systems receive the 
energy from external lasers to accelerate propellant. Reprinted with permission 
from Nature Photon. 12, 649–657 (2018) [8].
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satellites operate at VLEO, i.e., at the attitudes of 250 km or below. On 
the other hand, the low Earth orbits offer great advantages for satellites, 
such as e.g., lower launch costs, higher observation accuracy, less 
communication losses, safer operation environment, and many others. 
However, spacecraft at low orbits are affected by the atmosphere, yet 
rarefied, and the larger aerodynamic drag. Low gas pressure means a 
small amount of gas collected for the thrusters, so the thrust could be 
limited. Also, atomic oxygen could adversely affect the systems and 
cause erosion and oxidation of spacecraft and the thrusters. Fig. 23 il-
lustrates the concept of ABEP system. Currently, various ABEP systems 
are under development, yet the flight tests dates have not been set 
[194–197].

Another thruster designed for space missions at very low altitudes 
employs the helicon-based inductive plasma. In a recent study several 
novel feature was used. Specifically, a cylindrical birdcage antenna 
similar to that used in the magnetic resonance imaging and fusion ex-
periments ignited inductively coupled plasma in a region of a static 
magnetic field created by a solenoid wound around the antenna [198]. 
The interaction of the electromagnetic field generated by the antenna 
with the magnetic field of the solenoid results in the acceleration of 
helicon plasma.

7.3. Electrodynamic tethers and tether-enabled systems

Electrodynamic tethers (EDTs) are long wires able to conduct elec-
trical current and perform as electromagnetic generators, when trans-
forming their kinetic energy into electrical energy or otherwise. These 
wires can be deployed from a satellite, and the electric potential is 
generated when moving the structure through the magnetic field of a 
planet. Three main parts are distinguished in tethered satellites, such as 
a base satellite, a tether, and a sub-satellite. The first part (base satellite) 
contains the other two parts until deployment. A spacecraft, another 
satellite, or even the Moon can serve as the base-satellite. The tether 
serves as a connecting cable between the base- and sub-satellites. Usu-
ally, a spring ejection system is used to release the sub-satellite that is 
pushed further by gravity or centrifugal force.

Electrodynamic tether propulsion is based on thrust conditioned by 
Lorentz force that is generated when a current through the tether in-
teracts with the magnetic field of a planet that is used as a reaction mass 
instead of expelled propellant. A lot of applications require such tethers, 
such as artificial gravity, momentum exchange, sensor positioning, to 
mention but a few. After the tether deployment, the station can be kept 
for some time, and then the system can be retracted if the deployment 

system is designed for the purpose.
Electrodynamic tethers: the first tests. Electrodynamic tethers 

were proposed several years ago, and currently, several orbital missions 
were accomplished by use of the electromagnetic tethers in space, e.g., 
the experiments with Plasma Motor Generator (PMG), TSS-1, and TSS- 
1R. Fig. 24a shows the early biography of tether technology tests at 
low Earth orbits. The Tethered Satellite System-1 (TSS-1) was proposed 
by NASA and the Italian Space Agency (ASI), was flown in 1992, during 
STS-46 aboard the Space Shuttle Atlantis from 31 July to 8 August. The 
PROPEL (Propulsion using Electrodynamics) mission was proposed to 
demonstrate the operation of an electrodynamic tether propulsion sys-
tem in low Earth orbit and advance its technology readiness level for 
multiple applications [199].

Apart from the orbital experiments, the tethered techniques were 
successfully tested using sounding rockets. Figs. 24b and c illustrate one 
of these experiments, the space demonstration of bare electrodynamic 
tape-tether technology on the sounding rocket S520-25 [200]. The 
T-Rex (Tether Rocket experiment) mission was launched aboard a 
S520-25 sounding rocket on 31 August 2010 by ISAS/JAXA from 
Uchinoura site to an altitude of 300 km (velocity about 0.5 km/s) and 
successfully deployed 132.6 m of tape tether over 120 s in a ballistic 
flight. The electrodynamic performance of the bare tape tether 
employed as an atmospheric probe was measured. The EDT was 
extended in the direction of flight to intersect at 45◦ the direction of the 
magnetic field of the Earth, which was confirmed by data from a 
magnetometer. The purpose of the experiment was to check the EDF 
performance in space with respect to the following characteristics: 
reliable deployment of long tethers; fast operation of hollow cathodes in 
supplying the electricity to the tether; use of EDT as a collector of 
electrons; verification of theories of the electron collection; check of the 
interaction of tape tether with atmosphere; check of a system of a 
robotized motions in space. A bare electrodynamic tether made of 
reinforced Al with a thickness of 0.05 mm and width of 25 mm was used 
in the experiments with a Langmuir tube, when the tether was extended 
for the full length to afford the necessary time of 5 min for the experi-
ments in space. As a result, the successful application of T-Rex for most 
of the tasks was confirmed.

Electrodynamic tethers among other systems. Fig. 24d shows the 
place of electrodynamic tether technology among the other EP systems 
by comparison of specific impulse vs. thrust-to-power characteristics of 
ED tethers. Apparently, this technology holds very high promises 
featuring efficient specific impulse of about 105 s with very high thrust-to- 
power parameter, well exceeding that of e.g., gridded ion and Hall 
thrusters. Note that while the tether system does not utilize any pro-
pellant gas (in fact, the tether system is not a reactive propulsion system, 
in contrast to any other type of propulsion thrusters), it still uses a 
plasma contactor device whose function is to ensure electric current 
between the tether and ambient ionosphere; in the capacity of such 
contactors, hollow cathodes are usually considered which require some 
flow of expellant (like hollow cathodes in the electric propulsion 
thrusters e.g., Hall type). Plasma contactor generates plasma plume that 
ensures electrical contact between design parts of tether and ionosphere. 
As a result, a powerful tether system will still need some mass of 
expellant, yet much less than traditional EP thrusters. Solid expellant 
also can be used to simplify the design.

How powerful could be an EDT system? Fig. 24e shows the 
calculated variation of power generation capability with tether length. 
Importantly, the power generation capability varies essentially linearly with 
the tether length [201]. The order is 1 kW per 10 km of the tether length – 
that is, quite useable power levels could be achieved for realistic length 
(note that tethers of several km have already been tested in orbit). 
Fig. 24f shows the normalized averaged current in the tether as the 
function of a normalized length for various sets of dimensionless pa-
rameters, which depend on electron Debye length and electron tem-
perature in space plasma, as well as on the tether characteristics 
including tether material temperature and conductivity, and 

Fig. 23. Distribution of satellites over altitudes (a), based on the database of 
UCS; (b) ABEP concept using atmospheric particles as the propellant of electric 
thruster. Application of atmosphere breathing EP systems could help to utilize 
very low orbits, useful for many applications such as high-resolution observa-
tions. Reprinted from Wu et al., J. Prog. Aerospace Sci. 2022.
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tether-to-plasma bias.
The physics of the tether-to-plasma interaction is complex, and not 

surprisingly, several detailed models were recently developed. In the 
EDT circuit where hollow cathode plasma contactors (HCPCs) are 
intended to serve as the electron emitters as the electron collectors, the 
impedance of the collection is a dominant factor affecting the power 
generation and the system efficiency. Unfortunately, EDF performance 
cannot be predicted with the necessary precision due to the problematic 
issues in the description of the processes of the electron collection. Up to 
now, two theoretical models have been developed to describe the upper 
and lower limits of the collection performance. Katz et al. [202] assume 
that plasma plume in HCPC’s distribution is close to spherical, and the 

radius of the plume depends on the ion current across the spherical 
surface of the plume. Gerver et al. [203] suggest a cylindrical geometry 
along the lines of the Earth’s magnetic field, which predicts the higher 
collected currents at a fixed ion current and bias voltage.

7.4. Novel materials and material systems

The materials-based progress in space propulsion systems is out of 
the scope of our review, so we will only mention several recent trends in 
the application of novel materials and technologies for advanced space 
propulsion systems. Integration of novel advanced materials could be a 
factor of significant enhancement of the operational characteristics of 

Fig. 24. Capabilities of space tether systems. (a) Short history of tether technology (b,c) Results of implementation of Bare Electrodynamic Tape-Tether Tech-
nology on the Sounding Rocket S520-25. (b) Daughter Satellite (DAU) and (c) Payload as Mother satellite (MOT) and DAU connected by bare EDT. Reprinted with 
permission from Fujii et al., paper AIAA 2011–6503. Copyright AIAA. (d) Specific impulse vs. thrust-to-power characteristics of EDTs and EP technologies. Elec-
trodynamic interactions with the geomagnetic field do not imply the use of propellant, thus allowing to overcome the limitations of the rocket equation to increase as 
Isp as EP thrust. (e) Calculated function of the power generation depends linearly on the length of tether. Reprinted with permission from Hoyt et al., paper AIAA 
2011–7321. (f) Normalized averaged current in the tether as the function of a normalized length for various sets of dimensionless parameters. Reprinted with 
permission from Sanchez-Arriaga et al., J. Propuls. Power 34, 213–220 (2018).
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electric propulsion systems [204,205]. Metamaterials [206–209] and 
functional metamaterial-based architectures are among the most 
attractive materials platform that could potentially bring a very signif-
icant advance for the space propulsion technology [210,211]. Advanced 
materials for heat exchange and heat insulation also could significantly 
enhance thrusters characteristics [212,213]. Materials for future teth-
ered systems are currently also under careful consideration, in view of a 
strong interest in the dynamics and application of tether systems [214]. 
Advanced technologies for manufacturing space propulsion systems 
include 3D printing [215–217], laser sintering, and plasma-based 
methods [218] that allow fabrication of complex metamaterials with 
unique properties. Novel materials for efficient on-board power systems 
include nanomaterial-based supercapacitors [219–223], advanced 
polymers [224], and super-hydrophilic and super-hydrophobic mate-
rials [225].

8. Concluding remarks

In this paper we outlined the most recent (mainly published in 
2019–2022) and most important novel physical mechanisms, in-
novations, concepts, and discoveries that could potentially boost both 
matured and future space propulsion technologies. Among others, we 
discussed the recent advances in active plasma control in electric 
thruster systems such as e.g., additional magnetic coils and electrodes, 
segmented electrodes and other techniques, and stages thrusters; recent 
advances in rotating magnetic field systems including Rotamak-type 
systems and helicon antenna-based plasma sources; innovations in 
alternative propellants and propellant supply systems including con-
densable propellant thrusters; and innovations in propellant supply 
systems, narrow channel and capillary discharge thrusters. The main 
aim was to promote the most recent innovations for the future consoli-
dated research efforts worldwide, and to finally help enhance the key 
parameters of space propulsion systems for future ambitious missions 
and ultimately, to contribute to the creation of substantially novel thrust 
platforms for the new era of space exploration.
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fluorescence spectroscopy on xenon atoms and ions in the magnetic nozzle of a 
Helicon plasma thruster, Plasma Sources Sci. Technol. 31 (2022) 095007, https:// 
doi.org/10.1088/1361-6595/ac8db8.

[91] A.E. Vinci, Q. Delavière–Delion, S. Mazouffre, Electron thermodynamics along 
magnetic nozzle lines in a helicon plasma, J. Electric Propuls. 1 (2022) 4, https:// 
doi.org/10.1007/s44205-022-00003-0.

[92] A.E. Vinci, S. Mazouffre, Plasma properties conditioned by the magnetic throat 
location in a helicon plasma device, J. Appl. Phys. 130 (2021) 183301, https:// 
doi.org/10.1063/5.0069983.

[93] A.E. Vincia, S. Mazouffre, Effect of magnetic nozzle geometry on ion and electron 
properties, in: 73rd Internat. Astronautical Congress (IAC), Paper IAC–22–72147, 
Paris, France, 2022.

[94] Y.-A. Chan, G. Herdrich, Experimental verification of an electromagnetic nozzle 
on plasma confinement and acceleration, in: IEPC-2022-428, 37th Internat. 
Electric Propuls. Conf., MIT, Cambridge, MA USA, 2022.
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M. Bisgaard, D. Garcia-Almiñana, S. Rodriguez-Donaire, M. Sureda, D. Kataria, 
R. Outlaw, R. Villain, J.S. Perez, A. Conte, B. Belkouchi, A. Schwalber, 
B. Heißerer, RF helicon-based inductive plasma thruster (IPT) design for an 
atmosphere-breathing electric propulsion system (ABEP), Acta Astronaut. 176 
(2020) 476–483, https://doi.org/10.1016/j.actaastro.2020.07.008.

[199] S.G. Bilen, C.L. Johnson, B.M. Wiegmann, L. Alexander, B.E. Gilchrist, R.P. Hoyt, 
C.H. Elder, K.P. Fuhrhop, M. Scadera, N. Stone, The PROPEL electrodynamic 
tether demonstration mission, in: AIAA SPACE 2012 Conference and Exposition, 
Paper AIAA 2012-5293, 2012, https://doi.org/10.2514/6.2012-5293.

[200] H. Fujii, T. Watanabe, H. Sahara, H. Kojima, S. Takehara, Y. Yamagiwa, S. Sasaki, 
T. Abe, K. Tanaka, K. Oyama, et al., Space demonstration of bare electrodynamic 
tape-tether technology on the sounding rocket S520-25, in: AIAA Guidance, 
Navigation, and Control Conference, Paper AIAA 2011-6503,, Portland, Oregon, 
2011, https://doi.org/10.2514/6.2011-6503.

[201] R.P. Hoyt, Propulsion and power harvesting performance of electrodynamic 
tethers, in: AIAA Space 2011 Conf, Paper AIAA 2011-7321, Long Beach, CA, 
2011, https://doi.org/10.2514/6.2011-7321.

[202] I. Katz, J.R. Lilley Jr., A. Greb, J.E. McCoy, J. Galofaro, D.C. Ferguson, Plasma 
turbulence enhanced current collection: results from the plasma motor generator 
electrodynamic tether flight, J. Geophys. Res. Space Phys. 100 (1995) 
1687–1690, https://doi.org/10.1029/94JA03142.

[203] M.J. Gerver, D.E. Hastings, M.R. Oberhardt, Theory of plasma contactors in 
ground-based experiments and low earth orbit, J. Spacecraft Rockets 27 (1990) 
391, https://doi.org/10.2514/3.26156.

[204] I. Levchenko, S. Xu, G. Teel, D. Mariotti, M.L.R. Walker, M. Keidar, Recent 
progress and perspectives of space electric propulsion systems based on smart 
nanomaterials, Nat. Commun. 9 (2018) 879, https://doi.org/10.1038/s41467- 
017-02269-7.
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