
Plasma Sources Science and
Technology

     

PAPER • OPEN ACCESS

Experimental investigation into efficiency loss in
rotating magnetic field thrusters
To cite this article: T M Gill et al 2024 Plasma Sources Sci. Technol. 33 015006

 

View the article online for updates and enhancements.

You may also like
Miniaturized rotating magnetic field–driven
plasma system: proof-of-concept
experiments
Y Sun, I Levchenko, J W M Lim et al.

-

Electron- versus neutrino-nucleus
scattering
J E Amaro, M B Barbaro, J A Caballero et
al.

-

Development of featured high-density
helicon sources and their application to
electrodeless plasma thruster
Shunjiro Shinohara, Daisuke Kuwahara,
Takeru Furukawa et al.

-

This content was downloaded from IP address 141.211.25.140 on 13/02/2024 at 20:50

https://doi.org/10.1088/1361-6595/ad107a
https://iopscience.iop.org/article/10.1088/1361-6595/ab9b34
https://iopscience.iop.org/article/10.1088/1361-6595/ab9b34
https://iopscience.iop.org/article/10.1088/1361-6595/ab9b34
https://iopscience.iop.org/article/10.1088/1361-6471/abb128
https://iopscience.iop.org/article/10.1088/1361-6471/abb128
https://iopscience.iop.org/article/10.1088/1361-6587/aadd67
https://iopscience.iop.org/article/10.1088/1361-6587/aadd67
https://iopscience.iop.org/article/10.1088/1361-6587/aadd67
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsu9DUDJgEgFK0xkRXa3JVKKMH-0ipSAlyFFG-VZ780neGcqUccDz39DbSgCgVa07jiX3_-lJhpMQ3vD0rxATsjYbwgfqMwglP2LkGQugKetEcF_niPKAkdsZNND3Qva8De0tWmSfbgnvCP87d1BHWW9nPeu6Etkk4Pu-hGql94YUtV-sJpm30z5pwKDu4HJQaVIyJb4glBpdUady0KLs7oV867qrzfiv3TlOCRx8O-jXIHhCLBM5u5hVm2lAZ4fNN4sodyW1hhVWYp5Q8tzehX_jpCm38fLFIZxTHfEJlJQZt2LIShYZEqlH6ZgkpDnsfkCgvUy0g&sai=AMfl-YQ9Z2gv35IjBS77YD4NnQDsqzibmPr6M7tFH_W-u97b4B3ZbN1tuhUays6EbtXhQusmqmrb6eMBy1vyCQk&sig=Cg0ArKJSzIUTxEqcaFU1&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.hidenanalytical.com/analysis-solutions-for-your-plasma-research/


Plasma Sources Science and Technology

Plasma Sources Sci. Technol. 33 (2024) 015006 (17pp) https://doi.org/10.1088/1361-6595/ad107a

Experimental investigation into
efficiency loss in rotating magnetic field
thrusters

T M Gill∗, C L Sercel and B A Jorns

Department of Aerospace Engineering, University of Michigan, 1320 Beal Avenue, Ann Arbor, MI
48109-2140, United States of America

E-mail: tategill@umich.edu

Received 19 May 2023, revised 16 November 2023
Accepted for publication 28 November 2023
Published 17 January 2024

Abstract
An experimental investigation into the low thrust efficiency of a rotating magnetic field (RMF)
thruster is presented. This technology is a low maturity but potentially enabling candidate for
high-power in-space propulsion for use with alternative propellants. Direct thrust stand
measurements of a 5 kW class RMF thruster were performed and show the thrust efficiency was
0.41 ± 0.04% with a specific impulse of 292 ± 11 s—typical values for RMF thruster
operation. A suite of far-field probes were used to inform a phenomenological efficiency model
for RMF thruster performance that accounted for divergence, power coupling, mass utilization,
and plasma/acceleration efficiency. It was found that the plasma efficiency was the critically low
term at 6.4 ± 1.0%. This indicates that the majority of the energy coupled to the plasma from
the RMF antennas was lost before being converted to directed kinetic energy in the thruster
beam. To determine the source of these losses, time-resolved measurements of the internal
plasma properties were performed using a triple Langmuir probe. It was found that collisional
excitation radiation and wall losses were the two dominant loss processes. This trend can be
explained by the unusually high plasma density (>1019 m−3) exhibited by this device compared
to other electric propulsion architectures. Limitations in the probing techniques and strategies
for improving RMF thruster performance are discussed given the results from the efficiency
analysis.

Keywords: electric propulsion, inductive pulsed plasma thrusters,
rotating magnetic field thrusters, magnetic nozzles

1. Introduction

Inductive pulsed plasma thrusters (IPPTs) are an attract-
ive technology for next-generation electric propulsion
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applications. In short, these devices utilize fast current transi-
ents to induce mirror currents in a plasma which drive Lorentz
force acceleration [1]. A key advantage of this approach, in
contrast to more conventional thruster technologies like Hall
and gridded thrusters, is that it does not necessitate the use of
plasma-wetted electrodes. This class of EP technology thus
has the ability to operate on alternative—and more chemically
reactive—propellants such as those recovered from in-situ
resource utilization or through sharing fuel with chemical
propulsion systems in dual mode architectures [2]. IPPTs also
exhibit favorable high power scaling because the impulse

1 © 2024 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6595/ad107a
https://orcid.org/0000-0002-5585-4869
https://orcid.org/0009-0006-5374-4689
https://orcid.org/0000-0001-9296-2044
mailto:tategill@umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/ad107a&domain=pdf&date_stamp=2024-1-17
https://creativecommons.org/licenses/by/4.0/


Plasma Sources Sci. Technol. 33 (2024) 015006 T M Gill et al

they produce trends quadratically with the driven plasma
current due to their magnetic acceleration mechanism [1].
Furthermore, because these thrusters operate in a pulsedmode,
they can be throttled across a wide power range by varying the
pulse repetition frequency.

These attributes make IPPTs a promising high-power
option for electric propulsion, and historically, laboratory
model IPPTs have demonstrated competitive performance
metrics to those of state-of-the-art EP thrusters. For instance,
the pulsed inductive thruster (PIT) achieved up to 7000 s spe-
cific impulse at 50% thrust efficiency [3, 4]. Despite these
promising results, however, IPPTs face several key challenges
for their adoption for flight. Most critically, to achieve the
quoted efficiencies, PIT required the use of very large transient
voltages—between 30 and 60 kV pulsed over microseconds—
as well as sensitive pulsed gas injection valves and pre-
ionization schemes.

The rotating magnetic field (RMF) thruster has however
the potential to overcome the limitations of archetypical
IPPTs through an alternate plasma current drive method. RMF
thrusters do not rely on large transient pulses to induce currents
in the plasma. Instead, they leverage high frequency phasing
of multiple coils to achieve the time-varying magnetic fields
needed for inductive current drive. As a result, they can drive
high levels of electron current (>kA) at reduced voltages.

In light of this advantage over other inductive thruster archi-
tectures, there have been several previous efforts to investig-
ate RMF devices. Mathematical Sciences Northwest (MSNW)
developed multiple test articles demonstrating pulse energies
up to 50 J on gases including nitrogen and xenon [5–8].
Tokyo University of Agriculture and Technology implemen-
ted another RMF device intended to run semi-continuously
at 1 kW on argon [9, 10]. At the University of Michigan, we
recently built and characterized a test article that demonstrated
steady-state operation at 150 pulses per second and powers up
to 4.5 kW operating on xenon. While these systems differed
in implementation and scale, in all cases, RMF performance
was poor with efficiencies of ∼1%. The highest reported effi-
ciency to date was 8% from MSNW, but we note this value
may be an overestimate given it did not include typical diver-
gence or antenna coupling losses. These results underscore the
nascence of the technology, given that the maximum RMF
thruster efficiency is predicted to be as high 85% [5].

The systematic poor performance of RMF technology
invites the question as to what processes are inhibiting effi-
cient operation. It has been suggested, for example, that radi-
ative losses [6] or poor mass utilization [11] may explain this
behavior. With that said, there is a lack of direct experimental
data to assess what drives the efficiency loss. Moreover, for the
data that has been previously generated, either the diagnostics
had limited accessibility [9, 10] or the test articles in ques-
tion were operated in facilities that were not representative of
the on-orbit environment where these devices are intended to
operate [5–8]. Given the outstanding fundamental questions
about the operation of RMF thrusters, there is an apparent need
for a detailed experimental characterization of the efficiency
modes of the performance of an RMF device operating under
more space-like conditions.

The goal of this work is to leverage conventional phe-
nomenological models of other electric propulsion devices
[12–14] combined with both near and far-field plasma dia-
gnostics to directly measure the contributions of various effi-
ciency losses in a 5 kW class RMF thruster. To this end, this
paper is organized in the following way. We begin by deriving
a phenomenological efficiency breakdown for RMF thrusters.
Next, we describe the experimental setup, the test article, and
the diagnostic measurements. Finally, we discuss the results of
our measurements and interpret them as they pertain to overall
thruster efficiency and performance.

2. Theory of RMF thruster operation

In this section we overview the operation of an RMF thruster
including further details on the advantages of this architecture
over other IPPTs. Following this, we describe the phenomen-
ological efficiency breakdown we employ in the remainder of
this work.

2.1. Principle of operation

We show in figure 1 the canonical geometry and principle
of operation for an RMF thruster. In this device, gas flows
into the thruster volume, and a fraction of this inlet flow is
ionized into a seed plasma by a cathode or pre-ionizer. The
resulting ionized particles are confined by a primarily lon-
gitudinal magnetic field provided by a series of concentric
bias magnets. Two sets of orthogonal Helmholtz configuration
antennas—the RMF antennas—are then pulsed in a controlled
sequence to produce a near-uniform transverse magnetic field
that rotates about the primary axis of the thruster—the RMF.
TheRMF is produced at a sufficiently high frequency to select-
ively entrain the electrons in the seed plasma. These field-line-
tied electrons travel at the RMF frequency further ionizing
the neutral propellant, and form an azimuthal plasma current
relative to the background ions. For sufficiently strong amp-
litudes of the RMF relative to the plasma density, this azi-
muthal current is independent of the magnitude of the RMF
antenna current [15]:

Iθ =
eNeω
2π

, (1)

where Ne is the number of electrons, and ω is the RMF fre-
quency. As this scaling shows, in principle, the current driven
in RMF thrusters is only a function of the total number of
free electrons and the frequency of the RMF. This is in con-
trast to conventional IPPTs where the induced current relies
on the rapid discharge of high amplitude voltages [3, 4, 16].
The reduction in required voltages for the RMF significantly
reduces the stress on the driving circuitry, which better favors
scaling to high powers and duty cycles.

The ring of induced azimuthal electron current accelerates
from the thruster via the Lorentz force. This force results from
interactions with radial components of both the applied bias
field as well as the time-varying magnetic fields in the sur-
rounding structure (which are in turn induced by the azimuthal
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Figure 1. Operational principles of the rotating magnetic field
thruster.

electron current) [17]. The electrons drag the heavier ions out
of the geometry through ambipolar electric fields. This process
results in an impulse ‘per shot’:

J∝
ˆ
Iθ⟨Br⟩dt, (2)

where ⟨Br⟩ is a spatially averaged magnetic field arising from
both the applied field and self-field effects. The generation of
impulse shots can be repeated continuously in a pulsedmanner
to deliver quasi-steady-state thrust. In principle, the time scale
of acceleration of a single pulse is a small fraction of the over-
all pulse rate. As a result, the physics of a single pulse remains
independent of pulse rate. This is another major advantage of
pulsed devices, where efficiency and specific impulse can be
maintained while thrust is throttled by changing the frequency
of pulsing.

2.2. Efficiency model

In this section, we represent the total efficiency of the RMF
thruster as a product of key energy loss modes. We formulate
our model in terms of the efficiency of impulse imparted per
shot of the thruster. This therefore is an indication of the abil-
ity to convert total energy delivered in a pulse to the total jet
energy:

η =
J2

2MEin
, (3)

whereM is the cumulative propellant mass and Ein is the input
electrical energy per shot. We note this is equivalent to the
conventional jet power efficiency of a steady-state thruster.

We in turn can represent the impulse efficiency in terms of
constituent elements:

η = ηdηmηcηp, (4)

where, ηd is the divergence efficiency, ηm is the mass
utilization efficiency, ηc is the coupling efficiency, and ηp is
the plasma efficiency.

The divergence efficiency in this expression, ηd, is a meas-
ure of the reduction in thrust generation caused by the exist-
ence of radial ion velocity in the accelerated plasmoid:

ηd =

(
J

Jbeam

)2

= cos2Θ. (5)

Here, J is the imparted axial impulse, and Jbeam is the total
momentum flux in the ion beam spherically leaving the
thruster. We also have noted here that divergence efficiency
can be expressed in terms of a characteristic divergence angle,
Θ, which is measured with respect to the symmetry axis of the
thruster. For larger divergence angles, i.e. scenarios in which
more momentum is directed radially outward, the divergence
efficiency suffers.

The mass utilization efficiency, ηm, represents how effect-
ively the thruster can ionize and accelerate the neutral
propellant:

ηm =
Mi

M
, (6)

where Mi is the total ejected ion mass for a single pulse. For
lower effective ionization fractions, this efficiency decreases.

The coupling efficiency, ηc, is related to the energy con-
sumed by the resistance of the RMF antennas and power pro-
cessing system:

ηc =
Ep
Ein

, (7)

where Ep is the energy absorbed by the plasma. This efficiency
is a measure of how effectively the RMF system supplies
energy to the plasma. For larger circuit resistances or poorer
energy coupling to the plasma, this efficiency decreases.

In practice, the total energy absorbed by the action of the
RMF on the plasma can contribute to multiple modes. This
can stem from direct acceleration of the plasma through an
axial Lorentz force, from compression of the plasma by a
radial Lorentz force, or from heating of the electrons arising
from viscous drag of the RMF current against the heavier spe-
cies. This latter heating in turn can be lost to the walls or can
contribute to frozen flow losses like ionization and radiation.
To represent all these effects, we express the energy in the
plasma as

Ep =
J2beam
2Mi

+Eth +Eiz+Ewall +Erad, (8)

where J2beam/2Mi, is the momentum-carrying energy from the
forces acting on the plasma, Eth is the thermal energy of the
ions in the ion beam, Eiz is ionization energy cost, Ewall is the
energy lost due to electrons recombining at the wall, and Erad

is the optical power emitted from inelastic electron collisions
with heavy species.

With this definition of total plasma energy in mind, we
define finally the plasma efficiency, ηp, as the proportion of
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the energy coupled into the plasma that is converted into dir-
ected kinetic energy:

ηp =
J2beam
2MiEp

. (9)

Physically, this mode reflects the relative fraction of useful
energy for thrust generation compared to the total energy.

In summary, the four phenomenological efficiency modes
outlined in equation (4) provide a framework to examine RMF
thruster performance. The goal for this work is tomeasure each
one experimentally with plasma diagnostic techniques.

3. Experimental setup

In this section, we summarize the experimental setup including
details on the RMF thruster and power processing unit (PPU)
as well as descriptions of the diagnostics we used to charac-
terize the efficiency modes from section 2.2.

3.1. Test Article and power processing unit

Figure 2(a) shows an image of the test article we employed
for this investigation—the 5 kW class PEPL RMFv2. During
operation, xenon gas is injected into a conical volume bounded
by a mica surface through the aperture of an upstream hollow
cathode as well as from an upstream-facing annular neutral
injector at the thruster exit plane. The conical thruster body is
characterized by a cone with a half angle of 14◦, a 20 cm exit
diameter, and a length of 33 cm. A 60 A-class LaB6 hollow
cathode provides a seed plasma which is confined by the mag-
netic field generated by an array of three DC air-core solen-
oid electromagnets concentric to the cone (see figure 2(a)).
These are capable of generating magnetic fields up to 240 G
on thruster centerline. Two orthogonal Helmholtz pair anten-
nas extend along the geometry external to the cone. These are
pulsed 90◦ out of phase to generate the RMF. The majority of
the thruster structure is constructed from dielectric FR4 and
G10 fiberglass to minimize coupling losses to the structure
[18]. Additional details on the design of the test articles can
be found in [19].

The RMF is generated by a PPU developed by Eagle Harbor
Technologies [20]. This PPU employs a resonant sine inverter,
where each of the two RMF antennas is connected in series to
a 40 nF resonant capacitor bank located next to the thruster.
This forms an LC circuit which we drive at its resonant fre-
quency with a full bridge solid state switching unit to produce
kiloamp-level currents through the antennas.

We perform the measurements in this investigation with the
thruster at a fixed operating condition that we have found from
previous exploratory work yielded the maximum in thruster
efficiency. This condition consisted of a 4.0 mg s−1 xenon
total flow rate with a 33% cathode flow fraction, 18 A cath-
ode discharge current, 180 G peak DC magnetic field, 2.0 kA
pk-pk RMF currents, 125 µs pulse duration, RMF frequency
of 415 kHz, and pulse repetition rate of 155 Hz.

We show in figure 2(b) a long exposure image of the
thruster firing at a similar operating condition to the one we

examined in this work. The luminance from the thruster dif-
fusely extends downstream (roughly 10 cm) with a large radial
expansion from the upstream cone. As this image is time-
averaged over ∼1500 pulses, it does not capture the transi-
ent behavior of the plasmoid. However, previous high speed
imaging has shown that the plasma forms a ‘D-shaped’ struc-
ture that is expelled from the thruster [19]. The time-integrated
light intensity approximately reflects this shape.

3.2. Diagnostics

For this study, we employed a suite of diagnostic tools to eval-
uate thruster performance and plasma properties. To measure
the quasi-steady thrust, we used a displacement mode inver-
ted pendulum thrust stand calibrated to yield values ranging
from 0–20 mN with a relative uncertainty of 0.5 mN (see
section 4.2). Additionally, we measured the current wave-
forms through the RMF antennas using 0.1 VA−1 wide-
band Pearson coils paired with 10:1 compensated oscilloscope
probes.

The far-field ion current density was measured using a
guarded Faraday probe (FP). This consisted of a 1.74 cm
molybdenum collector and an annular 0.54 cm molybdenum
guard ring with a 0.05 cm gap between them. Both the col-
lector and guard were biased to −115 V relative to facility
ground to ensure that ion saturationwas achieved. The need for
such large negative potentials to repel electrons is documented
in other RF thrusters [21] and is indirect evidence of some
population of high energy electrons. The use of a guarded FP
flattens the ion sheath to mitigate the effect of sheath expan-
sion on our measurements. To measure the time-varying elec-
tron density and temperature inside the thruster, we utilized a
triple Langmuir probe (TLP) [22]. Our TLP was made from
three 0.127 mm diameter by 1.270 mm long thoriated tung-
sten rods with 2 mm spacing between them. One of these elec-
trodes was electrically floating and the other two electrodes
were biased to 28.8 V with respect to each other. Current was
measured between the biased probeswith awide-band Pearson
coil, and voltage was measured between the floating and posit-
ively biased electrodes with a 50:1 floating differential probe.
We evaluated the azimuthal currents produced in the plasma
from the RMF with spatially resolved measurements made
with a two-axis B-dot probe. The details of this computation
are presented in another paper [23].

Signals from all plasma diagnostic probes were sampled
at 1 MHz using a 16 bit digital oscilloscope and were passed
through 4th order RC low-pass filters to attenuate noise
from the RMF. The corner frequency of these filters was
100 kHz and is thus the effective bandwidth of our measure-
ments. During operation, we utilized the periodic nature of the
RMF pulses to synchronize measurements across shots. This
enabled us to reduce noise through averaging and to time-align
probe measurements at different locations in the plasma. In
general, the uncertainty of our probemeasurements was driven
by the shot-to-shot variance of the pulses. Special cases where
additional uncertainty was taken into account are discussed
further in section 5.
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Figure 2. (a) Experimental setup of thruster in vacuum facility. (b) Long exposure image (10 s) of thruster firing, note: alternate operating
condition with 200 µs pulse length and 120 G magnetic field strength. (c) Schematic of experimental setup with notional locations of
diagnostics. (d) Internal measurement locations of TLP and B-dot probes.

3.3. Test facility and measurement locations

We show in figure 2(c) a schematic of the thruster and dia-
gnostics inside the vacuum test facility. The experiments
described here were performed at the large vacuum test facil-
ity at the University of Michigan. During testing, the back-
ground pressure was on the order of 2× 10−6 Torr Xe and was
monitored using a Stabil ion gauge located 1 m radially from
the thruster in the thruster’s exit plane in accordance with best
practices for electric propulsion testing [24]. The far-field FP
measurements were performed in a polar arc about the center
of the thruster exit plane. This arc had a radius of 1.72 m and
data was collected at 5◦ increments from −90◦ to 90◦, where
zero degrees corresponded to the thruster axis. We employed
a two-axis motion stage in the thruster near-field to take meas-
urements with the B-dot probes and TLP. Each probe was
translated on a horizontal plane coincident with the thruster
axis inside the thruster volume with measurements made on an

approximately 2 cm square grid that accommodated the taper
of the thruster cone. We show these locations in figure 2(d).

4. Analysis methods

In this section, we describe how we use the data resulting
from our diagnostic probe measurements to determine both
the overall thruster efficiency and the component efficiency
modes of equation (4) from section 2.2.

4.1. Estimating per-shot performance metrics

In order to determine of the efficiency of the thruster as out-
lined in equation (3), we require measurements of the per-shot
impulse, energy, and mass. To estimate these, we relate them
to steady-state measurements of the thruster operation:
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J= T/frep, (10a)

M= ṁ/frep (10b)

Ein = Pin/frep, (10c)

where frep = 155 Hz is the commanded repetition rate of the
pulses, T denotes the steady-state thrust measured experiment-
ally over many pulses (>1000), ṁ is the constant mass flow
rate fed to the thruster, and Pin is the average input power to
the PPU. The first relationship is justified because the thruster
was pulsed at a repetition rate much faster than the natural fre-
quency of the thrust stand. The second equation stems from
the fact that the repetition rates were commensurate with the
neutral gas fill time (see also section 6.4). The third relation-
ship is based on the fact that although the PPU draws steady
power due to passive filtering, power was only consumed by
the thruster during the RMF pulse. In addition to these per-
shot quantities, we remark here that we determine the specific
impulse from our steady-statemeasurements of thrust and flow
rate:

Isp =
T
ṁg0

=
J

Mg0
, (11)

where g0 is the gravitational acceleration at earth’s surface.

4.2. Measuring steady-state thrust

We show in figure 3 an example of the measured force from a
single thrust measurement. To generate this result, we operate
the cathode seed source continuously with a constant propel-
lant flow rate to the thruster and then apply the RMF for a
total of ten seconds. We in turn measure the change in thrust-
stand displacement caused by the RMF system.We convert the
displacement measurement into force via a previously gener-
ated calibration against known weights. As can be seen from
figure 3, there were large scale oscillations in the measurement
due to the under-damped nature of the thrust stand.

In order to estimate thrust from this oscillatory measure-
ment, we calculate an on-delta and an off-delta when the RMF
was activated and deactivated respectively. These deltas are
determined by taking the average over a three second window
on either side of the RMF actuation. We use one standard error
over this window to be the uncertainty of the force value. The
length of the red bars in figure 3 indicate these averaging win-
dows, and the upper and lower bars correspond to the range
of our uncertainty in the mean value. Taking the average value
of the two deltas (on and off) and combining their respect-
ive uncertainties in quadrature yields a steady thrust value
and associated uncertainty for a single measurement. We then
repeat three of these trials to capture the variability in the thrust
measurement. The final thrust value we report in this work is
the average of these three trials, where again the uncertainty is
the uncertainties of the individual trials added in quadrature.

4.3. Measuring divergence efficiency

Estimating the divergence efficiency (equation (5)) requires
measurements of the ratio of the axially-directed ion

Figure 3. Example thrust measurement with raw thrust data (gray)
and a moving average for comparison (black). The red bars indicate
the averaging windows of the raw data employed for on/off
measurements where the heights indicate the upper and lower values
within uncertainty.

momentum compared to the total ion momentum. These val-
ues come from measurements integrated over time and space
made with the FP of the collected ion current density, jFP, at
a radial location r from the thruster as a function of angular
position, θ:

Jbeam = 2π r2
ˆ π/2

0

ˆ f−1
rep

0
ϕvdtsinθdθ, (12)

Jaxial = 2π r2
ˆ π/2

0

ˆ f−1
rep

0
ϕvdtsinθ cosθdθ, (13)

where ϕ = mi jFP
Ze is the time-dependent mass flux inferred from

measured ion current density, Z denotes average charge state
of the ions, and mi is the ion mass. In the remainder of this
work, we assume only singly charged ions are present, and
we justify this assumption in section 6. The spatial integral is
over the hemisphere normal to the thruster exit plane assum-
ing axisymmetry, while the time integral is over the period of
RMF pulsing, f−1

rep . The velocity of the particles, v, is explicitly
dependent on the time, t, at which they are collected by the
probe per the relation:

v= r/(t− tiz) . (14)

Here, tiz is a correction for time delay stemming from the fact
that the RMF pulse begins before ionization and plasmoid
acceleration. The bounds on this parameter range from tiz =
0− 25 µs, where the latter value corresponds to when density
in the thruster reaches half its maximum (see section 5). In the
remainder of this work, we calculate the affected parameters
(e.g. Jaxial, Jbeam, and ηd) over this range of ionization times
and use the resulting maximum and minimum values as the
effective uncertainty bounds on the estimate with the nominal
values coming from tiz = 12.5 µs.

We note here that the ion current density as measured with
the Faraday probe is related to the raw current by

jFP =
IFP

AFP +κG
κSEE, (15)

where IFP is the raw signal, AFP is the probe collector area, and
κSEE and κG are, respectively, secondary electron emission and
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geometric correction factors as presented in [25]. In our case,
κG = 0.0772 cm2, or 3.25% of our collector area, and κSEE =
97.94% for singly charged xenon striking molybdenum.

4.4. Measuring mass utilization efficiency

To determine the mass utilization efficiency (equation (6)), we
require an estimate of the total ionmass flux downstream of the
thruster,Mi. To this end, we also employ the FP measurements
integrated over the hemispherical surface swept by the probe,

Mi = 2π r2
ˆ π/2

0

ˆ f−1
rep

0
ϕ dtsinθdθ. (16)

Combining this result with the total injected neutral mass,
M, per shot from equation (10b), we can determine mass
utilization.

4.5. Measuring coupling efficiency

To motivate an expression for the coupling efficiency
(equation (7)) we represent the total energy transmitted by the
PPU to the system during a shot as

Ein = (Rp+Rc)
ˆ f−1

rep

0

(
I2x + I2y

)
dt, (17)

where Ix and Iy are the time-varying currents in the two anten-
nas respectively, and Rp and Rc are the effective resistances
arising from the plasma and circuit components respectively.
This latter resistance is parasitic, dissipating energy, and leads
to a sub-unity coupling efficiency. In this representation, the
energy dissipated in the plasma can be written as

Ep = Rp

ˆ f−1
rep

0

(
I2x + I2y

)
dt. (18)

Combining with equation (17), we thus have for a given RMF
shot:

ηc = 1−
Rc
´ f−1

rep

0

(
I2x + I2y

)
dt

Ein
. (19)

In practice, we measure the total energy imparted into a shot,
Ein, per the description from equation (10c). We then infer the
circuit resistance, Rc, by measuring the impedance of the sys-
tem during a pulse applied without plasma (Rp = 0). We note
here that for this analysis we assume that the circuit impedance
upstream of the plasma does not change between the vacuum
and plasma loaded shots. We in turn assume the plasma is the
cause for any changes to the overall circuit impedance from
the perspective of the power processing system.

4.6. Measuring plasma efficiency

Lastly, to determine the plasma efficiency (equation (9)), we
again employ the measurements of the per-shot quantities,
Jbeam,Mi, and Ep (equations (12), (16) and (18)). As discussed

in section 2.2, we can isolate the various loss terms that con-
tribute to this plasma efficiency including thermal energy, ion-
ization, radiation, and wall losses (equation (8)). These are
related to measurements of the beam and local plasma proper-
ties through:

Eth = 2π r2
ˆ π/2

0

ˆ f−1
rep

0

1
2
ϕv2 dtsinθdθ− J2beam

2Mi
, (20a)

Eiz =

ˆ f−1
rep

0

ˆ
V
nnne⟨σizve⟩εizdVdt, (20b)

Erad =

ˆ f−1
rep

0

ˆ
V
nnne⟨σex,nve⟩εex,n+ n2e⟨σex,ive⟩εex,idVdt,

(20c)

Ewall =

ˆ f−1
rep

0

ˆ
A
0.6ne

√
eTeV
mi

e

(
5
2
TeV+ 2Φ

)
dAdt. (20d)

In the expressions above, ne is the local plasma density, nn
is the local neutral density, TeV is the electron temperature in
electron volts, ve is the electron thermal speed, A is the inside
surface area of the thruster cone, and V is the total volume in
the cone.

Equation (20a) uses far-field data from the FP to evalu-
ate the thermal contribution of energy in the ion beam. The
first term represents the total integrated kinetic energy of the
beam, and the second term subtracts the momentum-carrying
component. Equation (20b) represents the loss from the cost
of ionization. Here, ⟨σizve⟩ is the reaction rate of ionization
averaged over an assumed Maxwellian electron distribution,
and εiz = 12.13 eV is the first ionization energy for Xe. We
again assume here that all the ions are singly charged and
each ionization event requires an energy input of εiz. Next,
equation (20c) is essentially a low-fidelity coronal model for
radiation, where we assume there is no persistent excited pop-
ulation and that all energy put into the excited states spontan-
eously radiates out to the environment without re-absorption
into the plasma. In this way, we have represented all the
excitation processes with an effective total excitation rate and
energy per excitation. For the neutral collisions, we adopt
the approach from [26], which is informed by [27], in using
⟨σex,nve⟩ as the total neutral excitation reaction rate and εex,n =
8.3 eV as the average energy per excitation collision. For
electron-ion collisions, we have defined ⟨σex,ive⟩ as the total
ion excitation rate summing for all possible transitions from
the ground state, 5p5, to the 6p state. These are the dominant
transitions in terms of relative intensity and cross-section [28].
The average energy of these transitions is εex,i = 14.8 eV. We
have plotted these effective reaction rates for neutral and ion
excitation averaged over a Maxwellian electron population in
figure 4.

Finally, equation (20d) represents the time-integrated
power that the electrons and ions carry to the floating thruster
wall, where

√
eTeV/mi is the Bohm speed and (5/2TeV+ 2Φ)

is the energy lost from the plasma per electron/ion pair. Here,
Φ = TeV ln

√
2mi/πme is the plasma potential with respect to

the wall.
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Figure 4. Excitation reaction rates averaged over a Maxwellian
electron distribution for neutrals and ions. Neutral excitation rates
reproduced from fit from [26]. Ion excitation rates from sum of
ground state to 6p transitions from [28].

To evaluate the latter three expressions in equation (20),
we require information about the local plasma density, elec-
tron temperature, and neutral density. We ascertain the former
two from internal spatial measurements based on the raw tele-
metry from the TLP described in section 3.2. We convert the
current and voltage signals from the TLP into density and
electron temperature with the following expressions adapted
from [29]:

1/2=
1− exp(−VTLP/TeV)
1− exp(−Va/TeV)

, (21)

ne = α
π ITLP
eAp

√
mi

2e

[√
Va−VTLP +Φ−

√
Φexp

(
VTLP −Va

TeV

)]−1

(22)

where VTLP and Va are the measured and applied voltage of
the TLP respectively, ITLP is the measured TLP current, Ap
is the surface area of a single electrode in the probe, and α
is an ad hoc scaling factor we introduce. This last parameter
is motivated by our assumption for the TLP analysis that the
electrons follow a Maxwellian distribution. However, it has
has been demonstrated that measurements from TLPs in non-
equilibrium conditions can lead to errors of up to 50% [30].
In practice, if we do not include this density scaling factor,
the experimentally determined plasma energy from the sum
in equation (8) is more than twice the energy we measure as
coupled into the plasma from equation (18). In our subsequent
analysis, we thus adjust this parameter to enforce equal energy
in both cases. In practice, this value is within an order of mag-
nitude of unity.

To make an estimate for neutral density, we invoke continu-
ity for the heavy species and make the assumption that convec-
tion on the time-scale of ionization is negligible. This is jus-
tified by the fact that the neutrals have a much longer transit
time compared to the characteristic ionization time-scale, and

our measurements suggest the ions are not accelerated during
ionization. We do, however, assume that after the time of peak
ionization, effectively all neutrals are converted to plasma.
This is supported in section 6.4 by our experimental obser-
vation that the mass utilization is of order unity when correc-
ted for wasted gas between shots. We further assume that the
plasma density is subsequently governed by convection only.
This yields two relations between the neutral density and the
plasma density:

∂

∂t
(ne+ nn) = 0for t⩽ tpk (23a)

∂

∂t
(nn) = 0for t> tpk, (23b)

where tpk is the timewhenwemeasure local peak plasma dens-
ity. These expressions can be integrated to give an estimate for
neutral density at each spatial location:

nn (t) =

{
ne (tpk)− ne (t) for t⩽ tpk
0 for t> tpk.

(24)

We evaluate the local properties (ne, nn, and TeV ) at eachmeas-
urement location from figure 2(d) and perform the integrals in
the latter three equations from equation (20) numerically using
cylindrical coordinates.

5. Results

In this section, we present the experimental results of the RMF
thruster performance and its internal plasma properties. To
this end, we first report global performance measurements.
Next, we present the raw diagnostic data including: the RMF
waveforms measured by the Pearson coils, figures of the FP-
measured ion current density, and plots of the average plasma
density, electron temperature, and estimated neutral density.
Lastly, we report the four phenomenological efficiency val-
ues and show how the energy coupled into the plasma is
distributed.

5.1. Global performance measurements

In table 1, we show the steady performance values for the RMF
thruster including thrust, mass flow rate, and delivered power.
We also show the equivalent per-shot values—impulse, mass,
and energy—that we inferred from the steady-state measure-
ments per the discussion in section 4.1. Furthermore, we show
in this table the calculated specific energy, Ein/M, thrust-stand
measured thruster efficiency, η (equation (3)), and specific
impulse, Isp (equation (11)). The uncertainties in the thrust/im-
pulse values stem from noise, and measurement repeatabil-
ity as discussed in section 4.2. Mass flow and mass-per-shot
errors are inferred from the uncertainty in the mass flow con-
troller. The errors in power and energy readings are related to
the uncertainty of the output of the DC power supply, which
we conservatively assume to be 5% in both the current and
voltage reading.
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Table 1. Global performance parameters.

Parameter Steady value Per-shot value

Thrust/Impulse 11.6 ± 0.4 mN 74.9 ± 2.5 µNs
Mass flow rate/Mass 4.00 ± 0.09 mg s−1 26.1 ± 0.5 µg
Power/Energy 4066 ± 287 W 26.2 ± 1.9 J

Specific energy 1.0 ± 0.1 J µg−1

Specific impulse 292 ± 11 s
Efficiency 0.41 ± 0.04%

The values in table 1 are low compared to other state-
of-the-art electric propulsion technologies like gridded ion
and Hall effect thrusters. The efficiency and specific impulse
each are one to two orders of magnitude smaller than typical
for those devices. This behavior is commensurate with other
RMF thruster research efforts reported to date. For instance,
Furukawa et al estimated 7 mN of thrust for 3 kW RF power
at 1.8 mg s−1 argon flow rate, yielding an efficiency of∼0.5%
and a specific impulse of 400 s [31]. These results were for sub-
stantially longer RMF pulse lengths (on the order of 100 ms),
corresponding to a specific energy per shot of 1.67 J µg−1.
Weber, on the other hand, estimated for the ELF thruster a
single-shot impulse of 338 µNs for 15.6 µg of nitrogen, yield-
ing a specific impulse of 2200 s [6].While this specific impulse
exceeds our reported values, this thruster was operated at a
minimum of 10× the specific energy per shot (J kg−1) of our
system at roughly 10 J µg−1. We note here that the actual total
energy per shot (including losses in the driving circuit) was not
reported in the previous work by Weber et al which precludes
a direct comparison with our measurement. With respect to
efficiency, Weber in [6] reports a value of 8%; however, this
estimate did not include divergence losses, mass utilization,
or coupling loss. Allowing for values consistent with our
measured contributions (section 5.3), this would bring the
ELF efficiency to <0.7%, which ultimately is consistent with
our measured efficiency. In light of these low performance
metrics, we seek to understand physically what drives these
values. For example, the low specific impulse could suggest
either purely thermal acceleration and/or low mass utiliza-
tion. The low efficiency could be attributed to losses driven
by any of the mechanisms we identified in section 2.2. We
expand upon the causes of these low performance metrics in
the following section.

5.2. Diagnostic data

In this section, we present the diagnostic probe measurements
from our experiment. This includes the RMF waveform envel-
opes during vacuum and plasma-loaded operation, the ion cur-
rent density in the thruster far-field, and the plasma density and
electron temperature internal to the thruster volume. We also
report on the breakdown of overall thruster efficiency into the
efficiency modes identified in section 2.2, as well as the loss
contributions of energy coupled to the plasma.

5.2.1. Antenna waveforms. In figure 5, we show the envel-
opes of the high frequency currents passing through the RMF

Figure 5. Peak current envelopes through each of the RMF
antennas in vacuum and plasma-loaded shots.

antennas for a plasma-loaded and vacuum shot at the same DC
input voltage of 235 V. For our RMF PPU operating at reson-
ance, the ultimate value of the current amplitude in each case
is determined by the effective resistance of the circuit. The
disparity in amplitude between the two antenna sets (denoted
X and Y) arises from differing stray inductance, leading to
slightly off-resonance operation. For both antennas, the higher
peak currents in the unloaded vacuum case are an indication
of the overall lower effective resistance in the resonant cir-
cuit. The vacuum shot exhibits a monotonic increase during
the pulse to a value of 1250A and the amplitude rapidly decays
after the end of the pulse at 125 µs. For the plasma-loaded
case, the initial ramp-up is identical to the vacuum configur-
ation. This physically can be explained by the fact the low-
density seed plasma does not present a significant load to the
antennas. However, once the remaining propellant is ionized
by the increasing RMF-driven current and begins to acceler-
ate, the plasma load becomes significant and leads to the non-
monotonic behavior between 50 and 135 µs. The overall mag-
nitude of the current in the plasma-loaded case reaches a max-
imum of ∼1000 A. The difference in area under the two cur-
rent envelopes (vacuum versus plasma) visually represents the
energy coupled to the plasma in the plasma-loaded case.

Leveraging equation (17), we measure an effective resist-
ance for the plasma-loaded case of 282± 6 mΩ and an effect-
ive resistance of the unloaded vacuum case of 213 ± 1 mΩ.
This yields a plasma resistance of 69± 6 mΩ. The uncertainty
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Figure 6. Faraday probe measurements in the thruster far-field at a distance of 1.72 m. Angles are referenced with respect to thruster
centerline and the time is referenced with respect to the beginning of the RMF pulse. (a) Ion current density flux, (b) spatially integrated
total ion current as a function of time, and (c) temporally integrated ion charge density as a function of angle. Shaded areas indicate the
integrated standard deviation over 500 RMF pulses.

in these reported values is the standard deviation over three
independent measurements.

5.2.2. Faraday probe current density. In figure 6 we show
the measurements made with the FP of ion current density in
the thruster plume. Specifically, figure 6(a) shows the full data
set as a function of angle and time, where the angles are refer-
enced with respect to thruster centerline. We can further inter-
rogate aspects of the plume acceleration by integrating these
results over space or time, which we show in figures 6(b) and
(c) respectively.

In figure 6(a), we see a dominant population of ions in the
plot at 30◦ with a time delay of ∼250 µs, exhibited by the
maximum in the plot. The peaked structure implies a toroidal
plasmoid extending from centerline to 50◦. This result can be
interpreted as a concentrated population of ions moving at an
approximate speed of ue = 7 km s−1 away from the thruster

(taking into account the ionization time, tiz = 12.5 µs from
section 4). The shape of this population can be attributed to the
fact that the majority of RMF-induced current, and by exten-
sion Lorentz force acceleration, peaks between the thruster
wall and centerline [23]. We remark that the apparent speed of
the plasma torus does not directly map to specific impulse, e.g.
Isp ̸= ue/g0. This disparity may be explained by large diver-
gence as well as low mass utilization. We discuss the impact
of these processes in section 6.2.

We show in figure 6(b) the ion beam current as a function
of time. In this form, the ion current exhibits a notable dis-
persion with a tail that extends beyond 500 µs. The results
in figure 6(b) suggest that although the bulk of the plasma
is accelerated to the same speed, the RMF scheme results
in a continuous spectrum of ion velocities. There may be a
few factors driving this effect. For example, while the Lorentz
force acts across the bulk of the thruster, ions at the back of the
device will experience a longer exposure to this body force,
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thereby gaining more acceleration. The spatial distribution of
ions subject to acceleration thus may result in a spectrum.
Similarly, the spread may also be attributed to the influence of
other forces in addition to the axial Lorentz force. For example,
ions may be heated by compression from the radial compon-
ent of the Lorentz force. Additionally, we note the existence
of an early peak in current density between 75 and 150 µs,
which is plausibly explained by the existence of faster, doubly-
charged Xe2+. We cannot explicitly confirm this, however, as
we did not measure the ion charge state as a function of time
in this work. For simplicity, in the remainder of our analysis
(equations (12), (13), and (16)), we ultimately neglect the con-
tribution of any such secondary population. Given the low cur-
rent density associatedwith this higher velocity population, we
have found this simplification at most results in an error of 3%
from our reported values.

We next show in figure 6(c) the FP-measured current dens-
ity integrated over time. This results in a plot of charge density
as a function of angle with respect to the thruster centerline.
The large characteristic divergence of the RMF is evident from
this plot, with substantial charge density extending out to an
angle of 50◦. Furthermore, the dip in charge density on center-
line is consistent with our interpretation of a toroidal structure.

As figures of merit, we can use the data presented in figure 6
combined with equations (12)–(16) to determine key aggreg-
ate values for mass and momentum. To this end, we find
the resulting cumulative ion mass, Mi = 20.06± 0.07 µg, the
total beam impulse, Jbeam = 128± 10 µNs, and the axial com-
ponent of the impulse, Jaxial = 82± 7 µNs. Here, the errors
stem from the propagation of the standard deviation of our
500 FP traces at each angular position and the uncertainty in
our assumption of the ionization time delay.

5.2.3. Triple Langmuir probe plasma properties. In figure 7
we show the spatially averaged properties of the plasma dis-
charge from the TLP as a function of time. As discussed in
section 3.2, we generated these plots by translating the probes
within the thruster between shot bursts and using the repeat-
ability of the shots to synchronize measurements. The results
shown here are averaged by performing a numerical integral
of the local plasma properties over the internal thruster volume
in cylindrical coordinates. We have chosen to present the spa-
tial averages in figure 7 as the trends in the local paramet-
ers are generally global. The scaling factor we have employed
(per equation (22)) for determining the density from the raw
TLP trace is α= 0.637. We also show in figure 7 the estim-
ated volume-averaged neutral density from equation (24). We
note that the uncertainty reported in these results is assumed
to be a flat 50% for both density and temperature. As we dis-
cussed in section 4, Langmuir probes and TLPs in particular
are known to be inaccurate in non-equilibrium conditions up
to our assumed degree of error, which is beyond what can be
accounted for statistically [30, 32].

The mean plasma density begins to increases rapidly at
the beginning of the RMF pulse and peaks at 1.9 ×1019 m−3

after 50 µs. We take the time that the plasma density reaches
half of this maximum (25 µs) as the as the upper bound

Figure 7. Spatial average of plasma density (black) and electron
temperature (red) as measured by the TLP. Gray dashed line
indicates estimate of neutral density for loss calculations. α= 0.637
is the scaling factor from equation (22).

on possible ionization delay times, tiz, for the calculation of
probe-measured impulse in equations (12) and (13). Following
this peak, the plasma density decays for the duration of the
plasma shot. This is a qualitative indication of the acceleration
of the plasma out of the geometry.

The electron temperature as shown in figure 7 also increases
with the RMF pulse duration. Notably, the peak electron
temperature is less than the first ionization energy of xenon
(12.1 eV), indicating that the bulk of our electrons do not have
sufficient energy for ionization. This suggests the high rates of
ionizationwe observe likely is driven by a high energy electron
tail in the electron energy distribution. Relatedly, we suspect
that there may be an even higher energy population contribut-
ing to the formation of doubly charged ions. While we were
not able to resolve such a population with our triple probing
scheme, the fact that we needed to bias the Faraday probe to
such high negative potentials (section 4) suggests indirectly
that tail electrons may be present. The electron temperature
profile leads the density by approximately 12 µs. The evol-
ution of the average temperature with time profile likely can
be explained by a balance between Ohmic heating from the
RMF and energy sinks—such as ionization, wall loss, and
radiation—that are linked to the evolving plasma density.

5.3. Efficiency breakdown

With our plasma diagnostic results, we can calculate and com-
pare our efficiency terms as defined in section 2.2. We show
these values in figure 8, where we also plot for comparison
the efficiency as inferred from the thrust stand, ηTS, as well
as the product of the terms inferred from probing, ηprobe. We
found the divergence efficiency shown in this result by com-
paring the total beam impulse to the axially directed impulse.
This yielded ηd = 40.2 ± 0.2% with a characteristic diver-
gence angle ofΘ≈ 50◦. This angle is consistent with the spa-
tial distribution exhibited by figure 6(c). We calculated the
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Figure 8. Breakdown of phenomenological efficiencies compared
to total thrust stand measured efficiency. (a) Linear scale, and (b)
log scale for clarity.

mass utilization from themeasured total ionmass and the neut-
ral mass per shot to arrive at a value of ηm = 76.9 ± 1.7%.
Using the effective circuit resistances from the vacuum and
plasma-loaded PPU, we determined a coupling efficiency of
ηc = 24.5 ± 2.2%. Finally, with the beam impulse, ion mass,
and plasma coupled energy, we calculated a plasma efficiency
of ηp = 6.4 ± 1.0%. The product of these terms gives us a
probe-measured efficiency of ηprobe = 0.49 ± 0.09%.

We see that overall the probe-measured efficiency
agrees with the thrust stand efficiency within uncertainty.
Furthermore, we note here that all of our terms are low when
compared to equivalent terms in phenomenological efficiency
analyses of more conventional electric propulsion systems like
gridded ion and Hall effect thrusters. This is to be expected
given that the overall performance of the RMF system is also
lower.

While we discuss the physics impacting the magnitude of
each efficiency mode in more detail in section 6, we briefly
comment here on key trends. Specifically, the mass utilization
is large relative to the other modes indicating a high degree
of conversion of neutral gas to plasma. The low divergence
efficiency reflects the low collimation of the plume. The small
coupling efficiency indicates 75% of the energy is parasitic-
ally consumed by the PPU and RMF antennas. Finally, the low
plasma efficiency, which is the major driver for poor perform-
ance, suggests that 94% of the energy successfully coupled
into the plasma by the RMF is not successfully converted to
thrust.

5.4. Plasma energy breakdown

We expand here on the key factors that influence the plasma
efficiency, ηp, which as we found in the previous section is the
dominant loss mechanism for the RMF thruster. To this end,
we show graphically in figure 9 the five channels of plasma
energy from equation (8). As can be seen, the impulsive energy

Figure 9. Energy distributed by channel compared to total coupled
energy. Ep is equivalent to the sum of the first five bars and the
coupled plasma energy from equation (18).

to the plasma, J2/2Mi, which represents the energy success-
fully converted to thrust, is the second lowest term. This is
consistent with the observation that overall plasma efficiency
is low. The second bar represents the thermal energy of the
ions. This is the smallest energy mode, but it is significant rel-
ative to the impulsive energy. The relatively high degree of
thermal energy may be explained either by variations in the
magnitude of the accelerating force acting on the plasma—
due to charge state or the radial dependence of axial Lorentz
force—or by compressive work done by the radial component
of the Lorentz force (jθ ×Bz). The ionization loss presented in
figure 9 represents the energy expended from the total rate of
ionization collisions (from equation (20b)). This power/energy
is four times larger than the minimum ‘frozen flow’ ionization
cost based on the ejected ion mass (Efrozen flow

iz = εizMi/mi).
This discrepancy might be attributed to high re-combination
rates that stem from the high plasma densities in the device.
The wall loss as shown in figure 9 is four times greater than
the impulse energy. Thus, this also represents a substantial loss
to the plasma efficiency and likely can be explained by poor
magnetic confinement of the electrons. Finally, optical radi-
ated energy out of the thruster is the largest loss. This radiation
is primarily caused by the n2e scaling of electron-ion excita-
tion collisions, which dominate for the atypically large aver-
age plasma densities (compared to Hall or gridded thrusters,
for example) exhibited during RMF pulsing. This idea of radi-
ation losses being dominant for RMF thrusters has been indic-
ated previously by Weber [6] and has also been suggested as
an efficiency limiter for PIT thrusters by Polzin et al [33].

In summary, we have shown that the performance of our
RMF test article is consistent with previously reported experi-
mental results, with an overall thrust efficiency of 0.41± 0.4%
and a specific impulse of 292 s. Leveraging our phenomeno-
logical efficiency breakdown, we in turn have demonstrated
that this poor performance can primarily be attributed to a
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low plasma efficiency, ηp = 6.4± 1.0%. This indicated that
very little of the energy put into the plasma is converted to
usable directed kinetic energy. Further examination into the
energetic processes within the plasma revealed that the plasma
loses energy during the formation process primarily to excita-
tion radiation and losses to the thruster walls. In the following
section, we expand on the implications of these results and
leverage our findings into possible strategies for improving
performance.

6. Discussion

In this section, we discuss limitations of our experimental
methods and analysis. Additionally, we attempt to motivate
physics-based explanations for the low performance of the
RMF thruster. We in turn suggest possible strategies, informed
by our measurements, for increasing efficiency.

6.1. Experimental limitations

We address here the validity of the key simplifying assump-
tions we have made in this study. As a first consideration,
the time-of-flight velocimetry of the ion beam has a degree
of ambiguity from the selection of an ionization time delay,
tiz. In this work, we chose the upper bound of tiz such that
it corresponded to the time that the measured plasma dens-
ity reached half its peak value. This is a physically plausible
criterion based on the interpretation that the plasma will not
accelerate until achieving a critical density. In practice, we
were not able to directly measure the ion transit time as we
did not have direct velocity or energy information of the ion
beam. Ultimately, we chose a sufficient range of tiz to capture
the uncertainty of our assumption, and this error is reflected in
our reported values. To improve the accuracy of the ion speed
measurement, future work could include a near-field trigger
probe to set a zero-drift-time reference or employ direct meth-
ods for ion velocimetry like laser induced fluorescence.

Secondly, we have remarked in the preceding that the exist-
ence of non-equilibrium electrons may lead to errors in the
TLP measurements [30]. With that said, we can estimate the
relaxation time, i.e. the equilibrium time, of fast electrons
from the energy transfer collision frequency to be on the
order of 40 ns [34]. This is much faster than the RMF pulse
length, thus providing credibility to our assumption of elec-
tron thermal equilibrium. With that said, the electron drifts
caused by the RMF may sustain a high energy tail in the
electron energy distribution. This could explain why it was
necessary to invoke a correction factor (section 4.6) to give
physically plausible plasma densities, as TLPs tend to over-
measure density and under-measure electron temperature in
non-equilibrium conditions [30].

Lastly, for our analysis of plasma efficiency, when we cal-
culated the energy sub-terms we made two major simplific-
ations. First, we assumed the plasma freely streamed to the
walls at the Bohm speed. However, the actual near-wall plasma
in the thruster is subject to the applied magnetic field as
well as fields arising from the RMF and azimuthally driven

electron currents. In practice, we anticipate this combination
of fields likely provides some enhanced electron confinement
in our thruster. Given this simplification, we would expect
that our estimated ion current to the walls is an overestim-
ate. Our reported value for wall loss is consequently an upper
bound. Second, our estimates of radiative loss do not incor-
porate a detailed collisional model for xenon. For simplicity,
we instead opted to represent the energetic loss due to the
most prevalent excitation transitions for neutrals and singly
charged ions. Similarly, equation (20c) does not include any
mechanism for photon absorption or collisional de-excitation,
which can be important factors for total emitted radiation at or
above our measured plasma densities [35]. We anticipate that
neglecting these effects may ultimately translate to an under-
prediction for the actual radiation losses. Our reported value
thus represents a lower bound.

In practice, we have attempted to include large yet physical
error bounds to represent the culmination of these effects. To
this point, even when we do allow for these relatively large
uncertainties, our overall conclusions remain unchanged. For
example, a key finding that we have found to hold outside
of error bars is that radiation losses dominate the low plasma
efficiency.

6.2. Specific impulse

As we noted in section 5.2, the effective ion exhaust velo-
city based on the thrust-stand measured specific impulse was
lower than the time-of-flight ion velocities we measured. In
particular, the bulk ion speed as measured by the FP was
∼7 km s−1, which should correspond to a specific impulse of
Isp ≈ 700 s. We can explain this discrepancy, however, if we
account for the divergence and mass utilization efficiencies.
Taking these efficiency values into account leads to an effect-
ive Isp = 218 s from ion velocitymeasurements, which has bet-
ter agreement to the thrust-stand measured specific impulse of
Isp = 292 ± 11 s.

Even though we can reconcile these measurements, we
would still expect the effective specific impulse to be higher
for an electromagnetic accelerator such as the RMF thruster.
To further analyze the causes underlying this low specific
impulse, we can separate the measured beam impulse, Jbeam,
into terms relating to the Lorentz and thermal acceleration of
the plasma:

Jbeam ≈
ˆ f−1

rep

0

[ˆ
∂V
jθBrdV+ ⟨neeTeV⟩Aexit

]
dt, (25)

where the first term is the integral over the internal thruster
volume of the product of azimuthal current density jθ and the
radial magnetic field Br. The second term in equation (25) res-
ults from the product of the volume averaged electron thermal
pressure force and the exit area Aexit. The measurement of jθ
and Br is the subject of a companion work [23] and for brevity
is not reproduced here.

We plot the two terms from equation (25) in figure 10. From
the figure, we can see that the pressure force vastly dominates
over the Lorentz force. Correspondingly, in time-integrated
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Figure 10. Internal axial forces: thermal electron pressure and axial
jθ ×Br Lorentz force.

quantities, the thermal impulse is 83± 23 µNs and the Lorentz
impulse is 18.8 ± 1.9 µNs, less than a quarter of the thermal
term. Given that the thermal force is dominant, it is unsur-
prising that the thrust stand measured specific impulse of the
thruster is low (<300 s).

Undoubtedly, this low specific impulse is a symptom of the
low efficiency of the RMF thruster and the losses that occur
during plasma formation, as the thruster is designed to operate
as an electromagnetic accelerator and not via electron thermal
pressure. In the remainder of this discussion, we turn to the
individual phenomenological efficiency terms to interpret our
measured results and propose solutions to address thruster
performance.

6.3. Divergence efficiency

The low divergence efficiency for the RMF thruster is a phys-
ical indication that the plume is not well-collimated. This large
divergence is likely a combination of the sharply diverging
magnetic bias field in this region [19], and the dominance
of thermally-produced isotopic thrust. It is interesting to note
that electron cyclotron resonance thrusters—which employ a
similar accelerating magnetic nozzle to an RMF thruster—
experimentally exhibit a tighter and more axial beam, with
divergence efficiencies between 85% and 90% [21]. This sug-
gests that the divergence of our test article may be improved.
One such method may be to provide a stronger axial com-
ponent of the bias field as this ideally would provide a com-
pressive force when reacted with the driven azimuthal current.
We do note, however, that a more axial applied magnetic field
may adversely impact Lorentz-force acceleration, as the radial
component of magnetic field would necessarily be reduced
for a fixed field strength. An additional potential result of this
could be increased ion heating due to higher compression lead-
ing to increased divergence from randomized thermal motion.
Ultimately, we believe careful investigation into the optimum
shape of the magnetic field such that the electron dynamics

promote axial ion motion is necessary to better collimate the
plasma to improve divergence efficiency.

6.4. Mass utilization

The mass utilization efficiencies measured in this experiment
are not the critical loss factor to overall thruster performance.
This is a notable contrast to previous computational work [11],
where it was indicated that mass utilization could contribute a
significant efficiency loss for RMF thrusters due to the interac-
tion of a propagating ionization front with dense downstream
neutrals. We intuit that the high mass utilization found in this
experiment occurs from the high plasma densities resulting
from the large amplitude current transients. This is further
evidenced by the large power sink to—and therefore rate of—
ionization estimated in section 5.4.

We remark that the mass utilization is not unity primarily
because of wasted gas between shots. To illustrate, we can
define an estimate for the available neutral mass for a pulse
using

Mfill =
4ṁL
cth

, (26)

where L is the thruster length and cth is the neutral thermal
speed. In this work, this fill mass is 20.2 µg. Compared to the
ion mass from equation (16), this indicates an effective mass
utilization of 99.3% for a given pulse. This implies that the
thruster utilizes nearly all of the gas that is present when a
shot is performed.

Therefore, in order to increase mass utilization, we could in
principle increase the pulse rate such that the fill time is com-
mensurate with the pulse rate. For example, we can estimate a
fill time for our test article of tfill = 4L/cth. This value suggests
that the optimal pulse repetition frequency for our thruster is
∼200 Hz (in contrast to our rate of 155 Hz). While we did
not explore this dependency rigorously in this effort, this is
another potential strategy for marginally increasing thruster
performance.

6.5. Coupling efficiency

Our measured values for coupling efficiency (∼25%) indic-
ate physically that only this small fraction of energy delivered
from the power supply reaches the plasma. There are twomain
sources of parasitic loss driving this: resistance in the anten-
nas and resistance in the driving elements from the PPU. To
evaluate the contributions from the former, we can make an
estimate for the resistance of only the antennas by assum-
ing a 2× characteristic skin depth at 415 kHz. The estim-
ated combined resistance for the two antennas of 21.6 mΩ.
Comparing this antenna resistance to our measured plasma
resistance (similar to section 5.2), we find that a substantial
portion of the power input to the antennas, 76%, is coupled
to the plasma. This indicates an efficient power transfer to the
plasma from the antennas and is commensurate with the cal-
culated antenna-only coupling efficiency of the ELF thruster
[6]. This suggests the overall coupling losses are dominated
by the energy absorbed by the switching circuit of our PPU.
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Potential solutions to mitigate coupling loss include
increasing the load of the plasma or decreasing the resistance
of the circuit. Addressing the first point, the startup process
of pulsed operation leads to a substantial period when little
plasma is present to absorb energy. This suggests that longer
pulses of the RMF thruster could lead to higher coupling effi-
ciency by not incurring this startup loss for a given duty cycle
as frequently. Additionally, increasing plasma density via
higher flow rate could also increase the effective plasma load.
We note, however, that the gains in coupling efficiency from
this latter process may be offset by the reduction in plasma
efficiency produced from higher plasma density (section 5.4).
Finally, lack of a uniform RMF field has been numerically
demonstrated to adversely affect the plasma current drive—
and by extension plasma loading—in RMF plasma systems
[36]. These findings show that additional antenna phases can
work to increase RMF uniformity by reducing the impact of
anti-rotational harmonics in the system, and therefore may
help improve RMF thruster coupling.

With respect to the second mitigation strategy, the resist-
ance in the PPU circuit could be reduced by lowering the over-
all current delivered though the RMF antennas. This stems
from the fact that the switching losses for the solid state IGBTs
in the PPU are roughly linear with the driven antenna cur-
rent. With that said, this reduction in current will also result
in decreased RMF penetration into the plasma column for a
fixed electron density, leading to a reduction in the driven azi-
muthal current and by extension Lorentz force. This process in
turnmay bemitigated though the use of multiple-turn antennas
to increase the magnetic flux for a given current.

In practice, there are several avenues to address low coup-
ling efficiency and many of these trade at the expense of redu-
cing other efficiency terms. Ultimately, while our test art-
icle was not optimized to maximize coupling efficiency, these
insights may prove beneficial to increasing coupling in future
efforts.

6.6. Plasma efficiency

As shown in section 5.3, the plasma efficiency (figure 8)
is the dominant loss in the thruster. We further evaluated
the loss components to plasma efficiency (figure 9) to bet-
ter understand the plasma formation process. From these res-
ults our general conclusion is that the dominant loss processes
in plasma efficiency are those that scale most with plasma
density—linearly in the case of wall losses and quadratic-
ally for radiative losses. The dominance of radiative loss in
particular arises from the unusually high density in the RMF
thruster. Indeed, peak density shown in figure 7 is a factor of
10 higher than the peak plasma density exhibited in a 5 kW
class Hall thruster operating at more than twice the propel-
lant flow rate [37] and a factor of 100 higher than the dens-
ity exhibited in a 5 kW class gridded ion thruster [38] at a
similar flow rate. This higher density in the RMF system,
coupled with the fact that the peak densities in the RMF are
spatially global over several centeimeters-as opposed to spa-
tially localized over a few millimieters as is the case with Hall

and gridded ion thrusters—explains why radiative excitation
is a comparatively larger loss for this thruster.

The root cause of this high density may be in fact the pulsed
operation of the thruster. Prior to RMF activation, a slow-
moving, dense neutral gas fills the volume. These dense neut-
rals then quickly become ionized by the RMF as evidenced
by our results in figure 7 to form a correspondingly dense
plasma. As a potential solution to this problem, we recently
have examined the advantages of operating the thruster in a
continuous wave (CW) mode of operation rather than pulsed
[39]. In this mode, we posit neutral gas would not be able to
build up to the same level as in a pulsed mode because pro-
pellant would be continuously extracted in the ion beam at
a velocity higher than the neutral thermal speed. As a first
order assessment of this concept, we attempted to predict in
[39] the performance of a CW mode thruster by extrapolating
internal plasma measurements of density and current drive at
the end of long (∼1 ms) pulses from our RMF test article [39].
These results indicated there may be modest improvements for
a CW mode thruster, though we emphasize that at this point,
the advantages of CW mode are largely speculative. Further
experimental efforts are required to evaluate these claims.

With that said, even provided we can reduce the radiative
and thermal losses, the energy analysis revealed by figure 9
suggests the thruster performance may still be low. This stems
from the fact that the acceleration energy is less than the ion-
ization energy—the minimal frozen flow loss with the device.
Indeed, based on these values, the result may suggest that
the maximum efficiency would be 30%–40%. In practice, the
reason for this upper bound bound likely can be attributed to
poor acceleration in the thruster–suggesting that the Lorentz
acceleration is low. To this point, in our recent work [23], we
experimentally investigated the acceleration dynamics in the
thruster and showed that the Lorentz force is modest com-
pared to thermal effects. This result does not necessarily sug-
gest that this is an inherent limitation of the thruster, however,
as we have only examined in detail the one operating condi-
tion reported here. As discussed in this other work, there are
strategies based to manipulating the density, RMF power con-
ditioning, and bias field geometry that ultimately may help
enhance the acceleration.

7. Conclusion

In this work, we have experimentally investigated the reas-
ons for the low efficiencies historically exhibited by RMF
thrusters. To this end, we established a phenomenological effi-
ciency model for RMF thrusters consisting of four terms:
divergence efficiency, mass utilization, coupling efficiency,
and plasma efficiency. We then performed a suite of plasma
diagnostic measurements to individually evaluate each term’s
contribution to overall thruster efficiency. Our results indic-
ated a divergence efficiency of 40.2± 0.2%, a mass utiliza-
tion of 76.9± 1.7%, a coupling efficiency of 24.5± 2.2% and
a plasma efficiency of 6.4± 1.0%. These results combined
led to a probe-measured efficiency of 0.49± 0.09%, which is
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in close agreement to the thrust stand measured efficiency of
0.41± 0.04%.

This efficiency measurement agrees in order of magnitude
with the results from previous experimental studies of RMF
thrusters (See the discussion in section 5.1). However, it is
markedly below the theoretical value of 85% anticipated from
previous analytical studies [5]. With that said, an examina-
tion of this previous theoretical treatment shows that the ana-
lysis neglected the contributions of wall, recombination/ion-
ization, and radiative losses. As our work has shown, these
can be dominant drivers for performance loss. Indeed, our
analysis suggests that the majority of the energy lost from
the plasma is in the form of electromagnetic radiation due
to excitation collisions in the plasma. These radiative losses
are the result of high plasma densities that occur in the RMF
pulse, which reach values greater than 1× 1019 m−3. Themag-
nitude of these loss modes suggests that the estimates for
actual theoretical upper bound in performance may need to be
revisited.

To this end, we have discussed the physical drivers of
each efficiency mode and leveraged our results to propose
strategies to reduce their detrimental effects. A major con-
clusion from our work is that the shortcomings of the cur-
rent version of the RMF thruster stems from the high densities
inherent to pulsed-mode thrusters. Indeed, RMF thrusters are
a departure from more conventional PITs where the coupling
between high amplitude, transiently-induced currents interacts
with the high amplitude induced magnetic field to yield quad-
ratic scaling with the applied current. The corresponding high
thrust density in these devices presumably overcomes radi-
ative and wall losses characteristic of high plasma density.
By design, however, the RMF current drive scheme avoids
high amplitude, transiently-induced currents to enable low
voltage operation (see section 1). This minimizes quadratic
scaling with applied current in favor of an acceleration process
depends on a linear interaction between the amplified current
and background magnetic field [18]. As result, the high dens-
ities associated with pulsed operation serve only to adversely
impact RMF thruster efficiency. This finding would suggest
that pulsed-mode RMF thrusters may be unable to achieve
the efficiency levels competitive with state-of-the-art pulsed
inductive and steady-state electric propulsion devices. With
that said, there may be other methods for leveraging RMF
for accelerating plasmas, such as using RMF in a continu-
ous mode rather than pulsed, that may avoid the problem of
prohibitively high radiative losses. This is an area for future
investigation.

In summary, our findings here have provided critical
insights into the present operation and future development of
this low maturity but still promising technology. We anticipate
that these results may be leveraged to realize the full potential
of RMF thrusters.
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