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INTRODUCTION

Electric propulsion (EP). [1], [2] is a technology widely employed for maneuvering spacecraft on orbit.
The defining characteristic of these devices is their use of external electrical power—typically in the form
of solar—to accelerate and expel propellant to high speed (> 10 km/s). This process is often facilitated by
converting a neutral propellant into an ionized state and then employing a combination of electric and
magnetic fields to direct it. Common examples of EP include gridded ion engines, Hall effect thrusters,
arc/resistojets, magnetoplasmadynamic thrusters, electrosprays, pulsed inductive concepts, and
magnetic nozzles. The capability to achieve high exhaust speed in EP translates to higher specific impulse
(>1000 s) than conventional chemical rockets, which in turn enables higher propellant efficiency. Indeed,
select EP devices can perform comparable in-space maneuvers to more traditional chemical rockets with
an order of magnitude less propellant. This yields substantial savings in launch mass and cost. On the
other hand, the gains in fuel economy for EP systems is presently traded against lower thrust due to
limitations in the available input power on orbit. This in turn leads to less acceleration than chemical
rockets. EP maneuvers thus can require days or months of continuous thrusting.

Despite the penalty in transit time, the advantages in lower propellant mass requirements have led to a
growing use of EP technology for in-space applications. While earlier missions were limited to station-
keeping, increasingly EP systems have been employed for drag make-up in low-Earth orbit, orbit raising
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and transfer, and deep space exploration [3]. There are currently thousands of operational systems in
orbit with thousands of more launches planned in the near term.

The operational success of EP has led to new initiatives to further explore the potential of this technology.
For example, next-generation missions for robotic exploration will require longer lifetime, improved
stability, and greater throttleabilty. Non-conventional propellants (in lieu of the more conventional noble
gases) such as metals, liquids, and complex molecules are also attractive for applications ranging from air-
breathing EP engines in the upper atmosphere to in situ resource utilization. In parallel, the increasing
use of small satellites is fueling a need for EP technology at lower power levels than systems currently
flown. There are also calls to develop EP devices with orders of magnitude higher power than the state
of the art to provide the higher thrust levels necessary for crewed exploration. Relatedly, increasing the
power and required throughput of EP systems invites new questions about how representative ground-
based tests are of on-orbit behavior.

Research into the fundamental physics of EP devices is critical to addressing many of these outstanding
challenges to advancing the start of the art in this field. Indeed, EP devices are highly complex systems,
governed by processes that span orders of magnitude in time and lengthscales (c.f.[4]) As a consequence,
although there are EP systems that are operationally flown, several questions about their operation
remain—particularly when these systems are extended to new operating regimes. Similarly, while there
are less mature EP technologies that offer potentially transformative capabilities, aspects of their behavior
remain poorly understood and characterized.

This special issue, which focuses on the physics of EP, is timely in light of the growing number of
applications of this technology coupled with several emerging challenges for the field. The topics
addressed in this collection illustrate not only the broad range of research areas of interest but also the
increasing sophistication of numerical and experimental tools being brought to bear on these problems.
In this introductory note, we briefly highlight the common themes from this collection.

Physics of Hall effect thrusters

The Hall effect thruster is the mostly widely flown form of EP. This device consists of an annular geometry
in which crossed electric and magnetic fields accelerate a partially magnetized plasma to high speeds.
These devices offer a combination of high specific impulse (1000-3000 s) with moderate thrust density. It
is in part due to their heritage and potential for extensibility to new operating regimes of interest (e.g.,
new powers and lifetimes), that these thrusters have been the subject of a wide range of past and ongoing
investigations. The articles in this collection highlight several outstanding physics-based questions related
to these devices. Key topics include the nature and impact of large scale ionization-driven plasma
oscillations [6]-[11], onset of self-organized, gradient-driven modes [12], microinstabilities and their
impact on particle transport [13]—[15], evaluation of lifetime and the processes that govern lifetime [15]—
[17], operation on alternative propellants [18], [19], methods for improving testing fidelity [20], the role
of variations in magnetic field configuration and thruster geometry on performance [21]-[24], and
development of novel diagnostics tools to assess the plasma state [10], [25], [26].

Physics of hollow cathodes

The hollow cathode is the most commonly employed electron source for two widely known types of EP,
Hall effect thrusters and gridded ion engines. These cathodes are typically characterized by a central bore
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lined with an internal thermionically emitting surface. A working gas passes through this tube where it is
ionized and then expelled downstream. While the hollow cathode has been in use for over a half century,
there remain several open questions related to both the internal physics as well as the downstream
plume. Among these, the articles in this special collection address the evolving chemistry of the
thermionicinserts [28], [29], models for the internal plasma physics in the central bore [30], the presence
of microinstabilities in the cathode plume [31], the existence of non-classical electron transport and the
factors that impact this transport [32], [33], the role of test facility configuration on operation [34], and
the implementation of novel diagnostic methods to characterize the internal and external plasma
processes in these devices [35], [36].

Physics of electrospray thrusters

While electrospray thrusters conceptually are one of the oldest types of EP devices, this technology has
been the focus of renewed and extensive research in the past fifteen years. Unlike plasma-based forms
for EP, these devices are characterized by microscale emitters typically in the form of cones, pyramids, or
ridges, that support a conducting liquid propellant. An electric field is applied to these emitters with
sufficient strength to extract charged particles directly from the liquid. These are then accelerated to high
speed through electrostatic force. The range of topics covered in this special collection are broadly
representative of the key physics-based and engineering challenges in the advancement of electrospray
thruster technology. For example, developing physics-based, end-to-end models that encompass the
current emission of a single emitter as well as the evolution of the downstream charge plume is
particularly challenging given the several orders of magnitude in lengthscale involved with each stage
[37]-[40]. Similarly, there are potential issues with testing these devices with high fidelity as there is
evidence to suggest the test environment can impact thruster operation [41], [42]. The distribution of the
downstream plume is also critical for lifetime assessment and spacecraft integration [43].

Other topics in EP

Several contributions in the special issue focus on research into the physics of less mature or novel EP
technologies that may offer highly enabling capabilities. Topics include an analysis of the efficiency [44]
and thermal properties [45] of the magnetoplasmadynamic thruster, a type of electromagnetic
accelerator that supports operation at extremely high power density; numerical and experimental
analyses of novel concepts for plasma acceleration that may provide improvements in thrust density,
specific impulse, or lifetime [46]-[50]; and experimental and numerical treatments of electrodeless
concepts based on radio frequency waves that enable longer lifetime as well as operation on alternative
propellants [51]-[56]. In addition to examining the physics of novel concepts for propulsion, several
contributions in this issue outline novel diagnostic methods for characterizing the plasma properties in a
wide range of EP devices [10], [25], [26], [31], [35], [36], [57]. Key considerations include the capability
to measure these properties non-invasively and to achieve higher instrument resolution for energy and
charge states.

CONCLUSIONS

In closing, electric propulsion is a highly enabling technology for the commercialization and exploration of
space. Research into the physics of EP devices in turn has a critical role in furthering the capabilities of
these systems. This special collection highlights several ongoing efforts to address key outstanding
questions related to the physics of both established EP devices as well as novel concepts. Given the broad

P
Proprietary and Confidential, AIP Publishing, LLC. age| 3



AIP

Publishing

range of plasma conditions addressed by the articles in this issue, it is our hope that this collection will
serve not only as a resource for members of the EP community but also will be of interest to researchers
in the wider field of low-temperature plasma physics.

ACKNOWLEDGEMENTS

We would like to thank the many authors and reviewers who contributed to this special issue as well as
the associate editor, Dr. Yevgeny Raitses, and the journal manager, Dr. Brian Solis, for their support in the
organization and implementation of this issue. We would like to acknowledge the efforts and guidance
of the JAP editorial staff.

REFERENCES
[1] D. M. Goebel and I. Katz, Fundamentals of Electric Propulsion: lon and Hall Thrusters. 2008.

[2] R. G. Jahn and F. A. Lyman, Physics of Electric Propulsion, vol. 36, no. 3. New York: McGraw-Hill,
1969.

[3] D. Lev, R. M. Myers, K. M. Lemmer, J. Kolbeck, H. Koizumi, and K. Polzin, “The Technological and
Commercial Expansion of Electric Propulsion,” Acta Astronaut., vol. 159, pp. 213-227, 2019.

[4] I. D. Kaganovich et al., “Physics of e x B discharges relevant to plasma propulsion and similar
technologies,” Phys. Plasmas, vol. 27, no. 12, 2020.

[5] J.-P. Boeuf, “Tutorial: Physics and Modeling of Hall Thrusters,” J. Appl. Phys., vol. 121, no. 1, p.
011101, 2017.

[6] O. Chapurin, A. I. Smolyakov, G. Hagelaar, and Y. Raitses, “On the mechanism of ionization
oscillations in Hall thrusters,” J. Appl. Phys., vol. 129, no. 23, 2021.

[7] C. V. Young, A. Lucca Fabris, N. A. Macdonald-Tenenbaum, W. A. Hargus, and M. A. Cappelli,
“Time-synchronized laser-induced fluorescence in the near-field of a 600 Watt Hall thruster,” J.
Appl. Phys., vol. 130, no. 18, 2021.

[8] V. Giannetti, A. Piragino, C. A. Paissoni, E. Ferrato, D. Estublier, and T. Andreussi, “Experimental
scaling laws for the discharge oscillations and performance of Hall thrusters,” J. Appl. Phys., vol.
131, no. 1, 2022.

[9] P. J. Roberts, V. H. Chaplin, A. Lopez Ortega, and I. G. Mikellides, “Impact of low-frequency
oscillations on ion energy in a high-power magnetically shielded Hall thruster,” J. Appl. Phys., vol.
131, no. 3, 2022.

[10] E.T. Dale and B. A. Jorns, “Experimental characterization of Hall thruster breathing mode
dynamics,” J. Appl. Phys., vol. 130, no. 13, 2021.

[11] T. Lafleur, P. Chabert, and A. Bourdon, “The origin of the breathing mode in Hall thrusters and its
stabilization,” J. Appl. Phys., vol. 130, no. 5, 2021.

[12] M. Sengupta, A. Smolyakov, and Y. Raitses, “Restructuring of rotating spokes in response to
changes in the radial electric field and the neutral pressure of a cylindrical magnetron plasma,” J.
Appl. Phys., vol. 129, no. 22, 2021.

[13] J. Bak, R. Kawashima, G. Romanelli, and K. Komurasaki, “Plasma structure and electron cross-field
transport induced by azimuthal manipulation of the radial magnetic field in a Hall thruster e x B

P 4
Proprietary and Confidential, AIP Publishing, LLC. age|



AlP

Publishing

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

discharge,” J. Appl. Phys., vol. 131, no. 5, 2022.

P. Kumar, S. Tsikata, and K. Hara, “Effects of multiply charged ions on microturbulence-driven
electron transport in partially magnetized plasmas,” J. Appl. Phys., vol. 130, no. 17, 2021.

I. G. Mikellides and A. Lopez Ortega, “Growth of the lower hybrid drift instability in the plume of
a magnetically shielded Hall thruster,” J. Appl. Phys., vol. 129, no. 19, 2021.

J. E. Polk, R. Lobbia, A. Barriault, and P. P. Guerrero Vela, “Use of an accelerated testing method
to characterize inner front pole cover erosion in a high power Hall thruster,” J. Appl. Phys., vol.
130, no. 18, 2021.

J. D. Frieman et al., “Wear trends of the 12.5 kW HERMeS Hall thruster,” J. Appl. Phys., vol. 130,
no. 14, 2021.

L. L. Suand B. A. Jorns, “Performance comparison of a 9-kW magnetically shielded Hall thruster
operating on xenon and krypton,” J. Appl. Phys., vol. 130, no. 16, 2021.

F. Marchioni and M. A. Cappelli, “Extended channel Hall thruster for air-breathing electric
propulsion,” J. Appl. Phys., vol. 130, no. 5, 2021.

L. Brieda, Y. Raitses, E. Choueiri, R. Myers, and M. Keidar, “Quasi-steady testing approach for
high-power Hall thrusters,” J. Appl. Phys., vol. 130, no. 18, 2021.

J. Perales-Diaz et al., “Hybrid plasma simulations of a magnetically shielded Hall thruster,” J. Appl.
Phys., vol. 131, no. 10, 2022.

J. Simmonds and Y. Raitses, “lon acceleration in a wall-less Hall thruster,” J. Appl. Phys., vol. 130,
no. 9, 2021.

H. Kim, S. Lee, G. Doh, D. Lee, and W. Choe, “Magnetic field tailoring effects on ion beam
properties in cylindrical Hall thrusters,” J. Appl. Phys., vol. 131, no. 3, 2022.

0. Hamo and I. Kronhaus, “Experimental and numerical characterization of the narrow channel
Hall thruster discharge,” J. Appl. Phys., vol. 130, no. 22, 2021.

S.J. Thompson, S. C. Farnell, C. C. Farnell, C. C. Farnell, T. M. Andreano, and J. D. Williams,
“Combined electrostatic analyzer - Wien filter probe for characterization of species distributions
in Hall thrusters,” J. Appl. Phys., vol. 130, no. 23, 2021.

B. Nauschiitt, L. Chen, K. Holste, and P. J. Klar, “Combination of optical emission spectroscopy
and multivariate data analysis techniques as a versatile non-invasive tool for characterizing
xenon/krypton mixed gas plasma inside operating ion thrusters,” J. Appl. Phys., vol. 131, no. 5,
2022.

D. R. Ley, I. G. Mikellides, D. Pedrini, D. M. Goebel, B. A. Jorns, and M. S. McDonald, Recent
progress in research and development of hollow cathodes for electric propulsion, vol. 3, no. 1.
Springer Singapore, 2019.

P. Guerrero, I. G. Mikellides, J. E. Polk, R. Carmina Monreal, and D. |. Meiron, “Critical implications
of ion-surface energy accommodation and neutralization mechanism in hollow cathode physics,”
J. Appl. Phys., vol. 130, no. 4, 2021.

P. P. Guerrero Vela, J. E. Polk, M. H. Richter, and A. Lopez Ortega, “Dynamic thermal behavior of

Proprietary and Confidential, AIP Publishing, LLC.

Page| 5



AIP

Publishing

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

polycrystalline LaB6hollow cathodes,” J. Appl. Phys., vol. 130, no. 8, 2021.

P.Y. C. R. Taunay, C. J. Wordingham, and E. Y. Choueiri, “Total pressure in thermionic orificed
hollow cathodes: Controlling mechanisms and their relative importance,” J. Appl. Phys., vol. 131,
no. 1, 2022.

S. Tsikata, K. Hara, and S. Mazouffre, “Characterization of hollow cathode plasma turbulence
using coherent Thomson scattering,” J. Appl. Phys., vol. 130, no. 24, 2021.

M. P. Georgin and M. S. McDonald, “Electron transport in multiple orifice hollow cathodes,” J.
Appl. Phys., vol. 130, no. 24, 2021.

M. P. Georgin and M. S. McDonald, “Experimental evaluation of the 2D non-classical ohmic
transport model for electrons in the hollow cathode plume,” J. Appl. Phys., vol. 130, no. 20, 2021.

S.J. Hall, T. G. Gray, J. T. Yim, M. Choi, T. R. Sarver-Verhey, and H. Kamhawi, “The effect of facility
background pressure on hollow cathode operation,” J. Appl. Phys., vol. 130, no. 11, 2021.

S. Mazouffre, R. Joussot, B. Vincent, and S. Tsikata, “Discharge and plasma plume
characterization of a 100 A-class LaB6hollow cathode,” J. Appl. Phys., vol. 130, no. 17, 2021.

T. Morishita, R. Tsukizaki, K. Nishiyama, and H. Kuninaka, “Plasma parameters measured inside
and outside a microwave-discharge-based plasma cathode using laser-induced fluorescence
spectroscopy,” J. Appl. Phys., vol. 131, no. 1, 2022.

J. Asher, Z. Huang, C. Cui, and J. Wang, “Multi-scale modeling of ionic electrospray emission,” J.
Appl. Phys., vol. 131, no. 1, 2022.

E. M. Petro, X. Gallud, S. K. Hampl, M. Schroeder, C. Geiger, and P. C. Lozano, “Multiscale
modeling of electrospray ion emission,” J. Appl. Phys., vol. 131, no. 19, 2022.

N. Nuwal, V. A. Azevedo, M. R. Klosterman, S. Budaraju, D. A. Levin, and J. L. Rovey, “Multiscale
modeling of fragmentation in an electrospray plume,” J. Appl. Phys., vol. 130, no. 18, 2021.

M. Gamero-Castafio and M. Galobardes-Esteban, “Electrospray propulsion: Modeling of the
beams of droplets and ions of highly conducting propellants,” J. Appl. Phys., vol. 131, no. 1, 2022.

N. M. Uchizono, A. L. Collins, C. Marrese-Reading, S. M. Arestie, J. K. Ziemer, and R. E. Wirz, “The
role of secondary species emission in vacuum facility effects for electrospray thrusters,” J. Appl.
Phys., vol. 130, no. 14, 2021.

M. R. Klosterman, J. L. Rovey, and D. A. Levin, “ lon-induced charge emission from unpolished
surfaces bombarded by an [Emim][BF 4 ] electrospray plume ,” J. Appl. Phys., vol. 131, no. 24, p.
243302, 2022.

A. Thuppul, A. L. Collins, P. L. Wright, N. M. Uchizono, and R. E. Wirz, “Mass flux and current
density distributions of electrospray plumes,” J. Appl. Phys., vol. 130, no. 10, 2021.

P. Wu, Y. Wang, Y. Li, Z. Chen, T. Zhu, and H. Tang, “Anode power deposition in applied field
magnetoplasmadynamic thruster,” J. Appl. Phys., vol. 130, no. 24, 2021.

Y. Oshio, S. Tauchi, A. Kawasaki, and I. Funaki, “Cathode temperature measurement of a
hydrogen self-field MPD thruster during 1 ms quasi-steady operation,” J. Appl. Phys., vol. 130, no.
17, 2021.

Proprietary and Confidential, AIP Publishing, LLC.

Page| 6



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Publishing

AlP

D. Ichihara, R. Nakano, Y. Nakamura, K. Kinefuchi, and A. Sasoh, “Electrostatic-magnetic hybrid
ion acceleration for high-thrust-density operation,” J. Appl. Phys., vol. 130, no. 22, 2021.

H. S. Kumar, M. Takahashi, C. Kato, Y. Oshio, and N. Ohnishi, “Kinetic theory of double layers
driven by temperature anisotropy in a non-homogeneous magnetic field,” J. Appl. Phys., vol. 130,
no. 16, 2021.

A. Lucca Fabris, C. V. Young, A. Knoll, E. K. Rosati Azevedo, and M. A. Cappelli, “Evidence of a free-
space ion acceleration layer in the plume of a quad confinement plasma source,” J. Appl. Phys.,
vol. 131, no. 1, 2022.

L. Conde et al., “Physics of the high specific impulse alternative low power hybrid ion engine
(alphie): Direct thrust measurements and plasma plume kinetics,” J. Appl. Phys., vol. 131, no. 2,
2022.

T. C. Underwood, W. M. Riedel, and M. A. Cappelli, “Dual mode operation of a hydromagnetic
plasma thruster to achieve tunable thrust and specific impulse,” J. Appl. Phys., vol. 130, no. 13,
2021.

T. Furukawa, Y. Yarita, H. Aoyagi, and H. Nishida, “Measurement of plasma flow and electron
energy probability function in radio frequency plasma thruster with a magnetic cusp,” J. Appl.
Phys., vol. 131, no. 17, 2022.

X. Ma, H. Nishida, Y. Oshio, and T. Furukawa, “Numerical analysis of RF discharge in a nonuniform
magnetic field,” J. Appl. Phys., vol. 131, no. 8, 2022.

H. Sekine, R. Minematsu, Y. Ataka, P. Ominetti, H. Koizumi, and K. Komurasaki, “Experimental
characterization of non-Maxwellian electron energy distributions in a miniaturized microwave
plasma neutralizer,” J. Appl. Phys., vol. 131, no. 9, 2022.

T. Lafleur and C. S. Corr, “Characterization of a radio-frequency inductively coupled
electrothermal plasma thruster,” J. Appl. Phys., vol. 130, no. 4, 2021.

A. E. Vinci and S. Mazouffre, “Plasma properties conditioned by the magnetic throat location in a
helicon plasma device,” J. Appl. Phys., vol. 130, no. 18, 2021.

D. Levko and L. L. Raja, “Fluid modeling of inductively coupled iodine plasma for electric
propulsion conditions,” J. Appl. Phys., vol. 130, no. 17, 2021.

G. Doh, J. Park, D. Lee, H. Kim, and W. Choe, “Determination of the ionization region in Hall
thruster plasmas with low perturbation,” J. Appl. Phys., vol. 130, no. 19, 2021.

Proprietary and Confidential, AIP Publishing, LLC.

Page| 7



