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Abstract

The induced magnetic field during acceleration in a pulsed rotating magnetic field (RMF)
thruster is experimentally investigated. A two-axis Bdot probe is employed to characterize the
time-resolved evolution of the fields in a 5 kW-class test article. This device is operated at an
average power of 4 kW with an RMF frequency of 415 kHz, pulse widths of 125 us, and a
repetition rate of 155 Hz. Plasma currents induced in the thruster are shown to reach 2500 A and
to have sufficient magnitude to form a field-reversed configuration plasmoid. The Lorentz force
resulting from the induced magnetic field contributes ~25% of measured thrust at this operating
condition. Of this Lorentz thrust, ~58% is due to plasma current interaction with the steady
applied bias field, while the remainder is caused by interaction with secondary induced currents

in nearby structural elements. This structure force is predicted to scale quadratically with
plasma current magnitude. These results are discussed in the context of the historically low
performance of these devices and strategies for improving their operation are presented.

Keywords: inductive probing, electric propulsion, pulsed plasmas, rotating magnetic field,

field-reversed configuration, RMF, FRC

1. Introduction

The rotating magnetic field (RMF) thruster, a member of a
family of devices known as inductive pulsed plasma thrusters
(IPPTs), employs a RMF to induce directed azimuthal current
in a seed plasma along with enhanced ionization of the seed
plasma. This current interacts with the radial component of any
magnetic fields present to produce an axial body force on the
plasma, causing plasma ejection and thus generating impulse.
The RMF thruster shares many of its potential strengths with
other in-family devices such as the pulsed inductive thruster
(PIT) [1], the conical theta-pinch thruster [2], and the Faraday
accelerator with radio-frequency assisted discharge (FARAD)
thruster [3]. These include high throttlability while maintain-
ing efficiency and specific impulse, high specific power [4],
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and in-situ resource utilization (ISRU) compatibility. The
RMF current drive scheme has the additional benefit that the
induced plasma current depends on the RMF’s rotational fre-
quency rather than its magnitude [5], which is not the case
for other more canonical IPPTs [6]. The RMF thruster can
thereby avoid the prohibitively large current and voltage tran-
sients required for other IPPTs to operate. These transients
pose a challenge for power supply design and switching cir-
cuit longevity.

Due to these potential advantages, multiple research groups
have investigated this device. First among these studies was
the work by MSNW, LLC and the University of Washington
with their electrodeless Lorentz force (ELF) thruster. This
RMF-based thruster was operated with nitrogen, air, oxygen,
and xenon propellants in burst operation, i.e. with a limited
number of consecutive pulses. Each pulse delivered between
10 and 70 Joules with an RMF frequency of 300 kHz. [7].
Because the burst operation precluded standard thrust stand
measurement and the thruster itself was integrated mechan-
ically with the vacuum chamber, performance could only be
measured indirectly with a calibrated ballistic pendulum. The
resulting per-shot impulse was used to infer thrust efficiency

© 2023 The Author(s). Published by IOP Publishing Ltd
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of up to ~8% [8] although this number does not include
mass utilization, divergence effects, or losses associated with
coupling power to the plasma. This group also performed
path-finding demonstrations to show the thruster was cap-
able of ISRU capability by testing with exotic propellants [9].
More recently, the Furukawa group at the Tokyo University
of Agriculture and Technology has developed a test unit and
performed electrical and plasma-based measurements. In lieu
of burst mode operation, Furukawa et al operated their device
with continuous pulsing, thus enabling time-averaged meas-
urements of performance. Indirect measurements with a bal-
listic pendulum yielded thrust peaking at ~7 mN for 3 kW
operation at 60 sccm argon propellant flow rate and an RMF
frequency of 700 kHz [10, 11]. Based on these reported val-
ues, we can infer a total efficiency of ~0.5%. Finally, we
have recently taken performance measurements on a test unit
which shares design heritage with the ELF thruster. We sup-
plied ~4 kW of power at an RMF frequency of ~415 kHz
with xenon propellant flow ranging between 15 and 60 sccm.
At these conditions, we performed the first, to our know-
ledge, published direct performance measurements with a
thrust stand on an RMF thruster. Overall efficiency peaked at
~0.5% with a thrust of ~8 mN [12]. The major implication
of these exploratory studies has been that despite its apparent
advantages, the RMF’s performance is not competitive with
more mature electric propulsion technologies.

These low performance results invite the question of why
the performance is low. We seek to understand what the
dominant loss mechanisms are and how they scale for RMF
thrusters. To address this question, we performed in our previ-
ous studies internal plasma probing measurements on an RMF
test article to characterize efficiency modes. These studies [12,
13] showed that up to 50% of input energy is successfully
coupled into the plasma from the RMF. This indicated that
the overall efficiency loss was likely dominated by inefficient
acceleration, the conversion of the input energy into direc-
ted flow. Further investigation yielded the result that radiation
losses and wall losses are responsible for the loss of nearly all
energy input to the plasma [14]. This conclusion is consist-
ent with previous scaling arguments proposed by Weber in the
context of the ELF thruster [8]. The role of wall losses is not
unique to RMF devices, and has been observed in a number of
low temperature inductively coupled devices (e.g. [15, 16]).
The relatively narrow aspect ratio of RMF devices in particu-
lar lends itself to this loss process.

An equally important question in addition to efficiency
losses for these thrusters is the effectiveness of the RMF cur-
rent drive. For example, the RMF may not penetrate the plasma
as expected due to screening caused by a combination of col-
lisionality and classical skin depth. To this point, Furukawa’s
group performed azimuthal plasma current measurements dir-
ectly in an RMF thruster. They showed that azimuthal currents
are indeed induced by the RMF but at ~2.5% of the theoretic-
ally expected value [17]. In our recently developed test article,
the RMF magnitudes are higher and frequencies are lower, and
therefore we expect a more effective RMF current drive owing
to increased field penetration into the plasma. Indeed, we find
in previous work that overall thruster performance increased

with RMF field strength [12]. In the ideal case, however,
the currents induced by the RMF—and by extension thruster
performance—should be independent of this parameter. In
light of these previous findings, there remains an open ques-
tion as to the degree to which we drive azimuthal currents
in our system, and more generally, the extent to which RMF
contributes to thrust generation through the Lorentz force.
Due to the critical role of the current drive mechanism in the
RMF thruster, the need is apparent for plasma current density
measurement to assess whether current generation and plasma
acceleration behave as understood.

The goal of this work is to perform spatially and temporally
resolved magnetic field and current density measurements dur-
ing pulsed operation of an RMF thruster and to correlate these
with magnetically induced force on the plasma. We organize
the paper in the following way. In section 2 we overview the
operating principles of the RMF thruster as they are presently
understood as well as our probing techniques. In section 3, we
present the experimental setup. In section 4 we detail the ana-
lysis performed on the probe data to arrive at data for the mag-
netic field, current density, and Lorentz force before present-
ing these results in section 5. In section 6 we discuss the phys-
ical significance of the results, and finally in section 7 we sum-
marize our work and major conclusions.

2. Theory

In this section, we discuss the purported mechanism of accel-
eration in the RMF thruster and introduce the scaling laws and
theories for its performance. Figure 1 shows the geometry of
a canonical RMF thruster. A seed plasma is introduced to a
plasma-bounding dielectric cone, which is surrounded by elec-
tromagnets which form the applied magnetic bias field. Two
sets of saddle coils, which we denote as the RMF antennas, are
clocked 90° relative to each other such that each set produces
a magnetic field orthogonal to the other. The RMF is then
generated by applying sinusoidal currents into each antenna
with a 90° phase lag. The basic process of pulsed operation
is thus: after seed plasma fills the cone, the RMF induces an
azimuthal current in the plasma. This current, along with elec-
tric fields produced by the RMF, promote further ionization
of the plasma. The azimuthal current interacts with the mag-
netic fields resulting from the bias magnets as well as tran-
sient currents induced in structural elements of the thruster.
These latter currents arise from the response to the rapid onset
of the azimuthal plasma current. The resulting Lorentz force
is directed inwards and axially, serving to eject the plasma to
produce thrust with measured ejected plasma densities n. >
10" 1 m—3. Mass utilization (the conversion of inflow neutral
atoms to ions) has been measured to be as high as 100% [13].
This process is then repeated at a desired repetition rate.

2.1. RMF current drive

Each RMF antenna effectively consists of a Helmholtz pair
oriented transverse to the cone’s axis, (x or y in figure 1)
such that a current flowed through a given antenna produces a
uniform magnetic field in that direction. Injecting a sinusoidal
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Figure 1. Schematic of geometry of the canonical RMF thruster
illustrating coordinate convention and key elements.

current waveform though each antenna at a phase delay of
90° results in an approximately uniform RMF which can be
described as

ERMF = |BRMF| (COS (wt)fc + sin (wt) 57) s @))]
where |Brmp| is the RMF magnitude and w is the frequency
of the applied sinusoidal current, referred to henceforth as the
RMF frequency. It can be shown [5] under the assumptions
of unmagnetized ions, magnetized electrons, isotropic plasma
properties, and full field penetration into the plasma column,
that the induced azimuthal current density is given by

. —newr
.]0 = 29

nen
1+2 ( [Brur| )

where n refers to the electron density, r is the radial coordin-
ate as defined in figure 1, and 7 to the plasma resistivity. We
note that we have used a scalar plasma resistivity because the
current is driven primarily in only one direction. Physically,
this equation shows that increasing the plasma density, RMF
frequency, and field magnitude have the effect of leading
to higher induced current density. This scaling provides a
strong potential advantage over other pulsed inductive plasma
devices because plasma currents can be induced without the
need for high amplitude voltage or current transients in the
driving circuit.

Per [18], equation (2) is valid provided there is complete
RMF field penetration into the plasma:

v )" (R 2<<1
Wee ) ’

where wee = eli;lﬂ is the RMF’s electron cyclotron frequency,

@)

3

— neznc

Vei = -, is the electron-ion collision frequency, R is thruster

radius, and 6 =/ 3—20 is the classical skin depth of the RMF.

For our device, plasma densities have been measured to reach
values above n. ~ 1 x 10! 1m~3 with electron temperat-
ures of 7. =~ 9 eV [14]. At our RMF angular frequency of
w = 2.6 x 10° rad s—2, we measured an RMF field strength of

approximately By, = 5 x 1073 T. This corresponds to an elec-
tron cyclotron frequency of w¢. ~ 8.8 GHz. With these plasma
and RMF parameters, we find a classical skin depth of 6 ~1 cm
and a Coulomb resistivity of 1 = 1.75 x 10~#Q-m. For these
properties and with our thruster radius of R = 10 cm, the quant-
ity on the left-hand side of equation (3) yields 2 x 10~* such
that the penetration condition is satisfied and equation (2) is
valid. With these same plasma and RMF properties, we also
find that |Brmr|/ V2nen =~ 10 such that equation (2) yields
Jjo ~ —newr. The expected RMF current density in our device
is thus independent of RMF field strength and depends only the
local plasma density and angular frequency of the RMF. These
quantities also yield an expected value for jg on the order of
10 Acm™2, which is consistent with our experimental meas-
urements (section 5).

2.2. Thrust generation

Once the plasma current has been induced, it will interact via
the Lorentz force with any magnetic fields present. Thruster
performance depends on the axial component of this force:

F= / B,jod’r,
v

where B, refers to the radial component of the magnetic field,
d*r is the differential volume element, and V denotes the
volume of space wherever plasma exists. We identify three
contributions to the magnetic field present in an RMF thruster:

“

E = E() + Eself + Estruct- (5)

Here B, denotes the field produced by the DC electromagnets,
Bt is the self-field produced by the azimuthal plasma current,
and Es[ruct is the structure field resulting from transient currents
induced in conductive structural elements of the thruster by the
rapid onset of the plasma current.

The expressions which describe how each of these mag-
netic field terms scale with the induced plasma current is
derived in the appendix. We find that the bias field is independ-
ent of the plasma current, while the self-field and the structure
field depend linearly on the plasma current. With this being
said, we do not expect net axial contribution to impulse from
the self-field because it physically represents the interaction
of one section of the plasma with another. Since Newton’s
Second Law implies that no system can accelerate its own cen-
ter of mass, we expect that the self-field should be able to cause
expansion of the plasma but not net axial acceleration. With
this in mind, we thus can motivate how plasma current gener-
ates thrust by writing equation (4) as

(6)

2
F= 05019 + astruct167

where [y refers to the total azimuthal plasma current, and
« is a time-dependent geometric factor unique to each field
which depends on how the plasma currents are distributed spa-
tially. Physically, equation (6) shows that we expect the bias
field force to increase linearly with the induced plasma cur-
rents while the structure field force increases quadratically.
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As with other electromagnetic thrusters, the quadratic scal-
ing with current indicates a potential advantage for pulsed
operation, where high momentary currents can drive enhanced
thrust. This is in contrast to an operating mode where lower
steady current is maintained at the same average power.

In the latter sections of this work, we separate each mag-
netic field’s contribution to the overall force with the goal of
identifying whether the quadratically-scaling structure force
term dominates for our test article. This is performed by first
recognizing that since the bias field is constant, any time-
varying fields are due to the self and structure fields. Next,
we note that the self-field is caused by currents contained
in the plasma, while the structure field is caused by cur-
rents outside the plasma. Therefore, by directly measuring the
plasma currents, the self-field can be determined via the Law
of Biot-Savart. The structure field is described by any discrep-
ancy between the calculated self-field and the measured time-
varying field.

3. Experimental setup

In this section, we detail the experimental setup used to obtain
our results. We first describe the test article and briefly motiv-
ate its design. We then discuss our probe techniques used to
acquire the data before describing the facility in which these
tests were performed.

3.1 Test article

The unit under test, the PEPL RMFv2 Thruster pictured
in figure 2(a), was designed to follow heritage from previ-
ous thrusters such as the ELF thruster [8]. An in-depth dis-
cussion of the design can be found in [12]. In brief, three
electromagnets provide the bias field and double as flux-
conserving surfaces—elements which serve to enhance the
structure field. The RMF antennas are constructed from copper
tubing, through which we flow water to maintain constant tem-
perature, and therefore resistance, of the antennas. A plasma-
bounding cone is constructed from a rolled mica sheet. The
support structure of the device is made from G10 fiberglass
laminate as it is non-conductive and therefore minimizes unin-
tended mutual inductance effects. The plasma-bounding cone
is approximately 33 cm long with an upstream diameter of
6 cm and a downstream diameter of 20 cm. A seed plasma
is formed by flowing xenon through an upstream LaB¢ hollow
cathode discharging to an annular anode. During operation,
xenon gas is flowed from a downstream annular injector into
the cone to increase neutral residence time. We note that the
cathode consumed =400 W (=10% of the total power) dur-
ing this test, which would represent a major efficiency loss for
a flight-like system. However, the intention of this study was
to focus on the internal plasma physics of the RMF thruster.
We chose to use a cathode due to the availability of equip-
ment and institutional experience with this device. Other RMF
thrusters (e.g. [8]) have used lower power electrodeless ioniz-
ation schemes to good effect.

To produce the oscillating current, each antenna is paired
with a tuning capacitor bank to form a series LC circuit with a

resonant frequency of 415 kHz. As each tuning capacitor bank
has capacitance 42 nF, the antennas are estimated to have an
inductance of L ~3.5 pyH each. These circuits are pulsed at
this resonance to produce 700 A RMS (~2 kA peak-to-peak)
currents. The switching circuits responsible for power delivery
were developed by Eagle Harbor Technologies and are limited
to 4 kW operation.

3.2. Inductive probes

The magnetic field measurements presented in this work were
acquired using a two-axis Bdot probe constructed according
to electric propulsion community best practices [19]. This
probe consists of two orthogonally-oriented 1.25 cm diameter
by 0.64 cm long fiberglass bobbins, around which 24 AWG
enameled copper wire is wound. A pyrex tube is fit over these
copper bobbins to protect against damage from the plasma.
The two bobbins are offset ~0.3175 cm from each other both
axially and radially.

The 2-axis probe was mounted on a 2-axis motion stage
with one of the probe’s windings normal to the thruster axis
and the other normal to the radial direction. By translating the
probe throughout the interior of the thruster and recording the
signal at each location, a spatially and temporally resolved
map of the induced magnetic field can be measured. Data
points were taken at 2 cm intervals both axially and radially
inside the cone. 25 thruster pulses were captured at each loca-
tion for data averaging. We note that variability in the separate
shots was low. For example, at the peak value of total integ-
rated current, the standard deviation was approximately 0.75%
of the mean.

These probes function according to Faraday’s Law, by
which a voltage is induced on each wire wrap according to the
time rate of change of magnetic flux through the coil. We com-
pute the average magnetic field enclosed by the probe by integ-
rating this signal. In practice, the measured signal has contri-
butions from both the quantity of interest, the driven azimuthal
current, and the RMF itself. This poses a measurement diffi-
culty because the latter is often 10—100 times stronger than the
former. Therefore because the time scale for changes in the
induced azimuthal current is an order of magnitude lower than
the fundamental RMF frequency, we reduce the RMF signal
by employing a fourth-order RC low-pass filter with a cutoff
frequency of 100 kHz. This filtering also eliminates electro-
static coupling which could stem from the ~10 kV voltage
oscillation on the RMF antennas. This coupling would occur
at the same frequency as the RMF itself.

The filter and the necessary length of BNC cabling
introduced non-ideal circuit effects, requiring a frequency-
dependent calibration for these probes to account for both
amplitude and phase offset as a function of signal frequency.
We followed [20] to accomplish this calibration by generating
a transfer function determined by applying a current of known
frequency and amplitude into a Helmholtz pair placed over the
probe in-situ. Figure 3(a) displays a representative signal out-
put for a Bdot probe over the course of a thruster pulse. We note
that the signal begins and ends close to zero voltage, consistent
with no changing magnetic fields between pulses. The initial
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Figure 2. (a) Photograph of the PEPL RMFv2 on a thrust stand in the Large Vacuum Test Facility at the University of Michigan. (b)

Top-down schematic of chamber configuration.
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Figure 3. (a) Uncalibrated Bdot signal trace at the z = 33 cm, r = 0 cm location, averaged over 100 pulses. (b) Calibrated and integrated

signal from (a).

negative swing corresponds to current spinup and plasmoid
formation generating magnetic flux in the negative direction,
and the positive feature proceeding corresponds to the plasma
ejection and relaxation of the plasma current. Additionally,
the integral of the initial downward trend appears to be equal
to that of the positive swing, a key feature of a correct Bdot
probe trace. Despite this, it is common for integration error
to become significant when integrating the pulse to generate
the actual field measurement as figure 3(b) shows. While this
error is relatively small at this location, its relative magnitude
can vary across the device and contribute more significantly to
uncertainty in total aziumthal current and Lorentz force as we
show in greater detail in section 5.

3.3. Test facility

We conducted our tests in the Large Vacuum Test Facility,
shown in schematic form in figure 2(b), at the University
of Michigan. This is a 6 m wide by 9 m long cham-
ber capable of xenon cryopumping speeds up to 6X
10° Ls™! [21], although we did not utilize the full pump-
ing capacity of the chamber for this campaign. The facility
base pressure was ~2 x 10~7 Torr and operating pressures
were ~5 x 107° Torr as measured by a Stabil ion gauge
positioned in the plane of the thruster according to electric
propulsion community best practices [22]. The thruster was
situated approximately 3 meters from a graphite beam dump.
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Feedthroughs provided high power connections to conduct
current to the RMF antennas as well as device diagnostics. We
used Pearson 110 current monitors to measure injected RMF
current.

3.4. Operating conditions

The RMF thruster has several operational variables which can
be adjusted parametrically to change thruster behavior without
any physical reconfiguration. For the measurements presented
in this work, we operated the thruster at a steady flow rate of
45 sccm Xe, while the RMF was pulsed at 700 A RMS (2000 A
peak-to-peak) for 125 us pulses at a repetition rate of 155 Hz.
This operating point corresponded to the highest total effi-
ciencies from a recent performance study [23]. The pre-pulse
neutral density is estimated to be in the n =~ 1 x 10'° range,
and at its peak plasma density has been measured at n ~ 1x
10" 1m=3 with electron temperature peaking at T, ~
9eV [13].

4. Analysis methodology

In this section, we detail the methodology we used to convert
the measurements of magnetic field into estimates for current
and force density in the thruster. We also describe the proced-
ure for isolating the sources of the measured magnetic fields
present in the device.

4.1. Current and force

We calculate the current density in the thruster as a function
of time and location using Ampere’s Law:

j= iﬁ x B 7)
Ho

.1 (0B, 0B

.]9_#0<az_8r)) (8)

where we have made the assumption that the induced plasma
current runs only in the azimuthal direction. We assume in
equation (7) that displacement currents are negligible in our
device per [19]. This stems from the fact that displacement
fluctuations are only expected at frequencies greater than the
plasma frequency. The characteristic time scale for the RMF
is orders of magnitude lower than this frequency (100 GHz).
After interpolating the magnetic field measurements inside the
thruster cone to allow for smoother derivatives, we calculate
the spatially-resolved current density at each time step.

We then compute total current by integrating the current
density over the interior of the thruster:

Iy (1) :/jngdZ. 9)
A

Finally, we arrive at the total force at any given time by volu-
metrically integrating the Lorentz force:

F,= / B,jod’r (10)
\%4

Fr:/BZj9d3r7 (11
Vv

where F, and F, denote the total Lorentz force on the plasma
in the radial and axial directions respectively. Once the force
is known, we calculate the impulse per shot by integrating
equation (10) with respect to time for the duration of the pulse:

Ir= / F.dr,

where I* is the impulse per shot.

12)

4.2. Identifying magnetic field sources

As discussed in section 2, we identify three sources for mag-
netic field in this thruster: the bias field, which is due to the
DC electromagnets surrounding the thruster; the self-field,
which is due to the induced plasma currents; and the structure
field, which is due to secondary induced currents in conductive
structural elements due to the rapid rise of plasma currents.

Differentiating between the bias magnetic field and the
other two sources is trivial as the bias field is not detected
by the Bdot probes due to its steady nature. To separate the
self-field and the structure field, we first calculate the cur-
rent density in the plasma from the Bdot measurements using
equation (2). Because the self-field is directly caused by the
plasma current, it can be determined from the current dens-
ity measurements via Biot-Savart’s Law (equation (14) in the
appendix). Any magnetic fields not captured by applying Biot-
Savart’s law to the plasma current must be due to currents out-
side the plasma. We therefore arrive at the structure field by
subtracting the self-field from the measurement:

— - —

Bstruct = Bmeas - Bself- (13)
Once Ebias, Eself, and Estruct have been identified, they can
each be separately substituted into equations (10) and (11) to
determine individual contributions to impulse.

5. Results

In this section, we present the results from our experimental
campaign. We first show the RMF current drive for the pulse.
We follow this with plots of the magnetic field streamlines pro-
duced by overlaying the measured induced magnetic field onto
the bias magnetic field. Then we show plots of both current
density and total induced current over time, calculated directly
from the magnetic field measurements. Finally, we present the
thrust values calculated by allowing these currents and mag-
netic fields to interact via the Lorentz force.

5.1 RMF current waveform

Figure 4(a) displays an image taken from high speed video of
the RMF thruster firing. This image was taken at a slightly
different thruster configuration than the data presented in
section 5, but shows qualitative features of the plume which
are conserved between these configurations. In particular, we



Plasma Sources Sci. Technol. 32 (2023) 105017

C L Sercel et al

(a)

=l

| M} |‘} ‘ NN

0 100
Tlrno (s)

(b)

§

Current (A)
(]

’U{W |

150

-1000

Figure 4. (a) Long exposure photograph of the RMF thruster 120 us into a pulse for the 45 sccm Xe, 120 G peak centerline bias field
condition. Thruster body outlined in blue. (b) Representative RMF antenna current waveform as a function of time. The vertical bars
correspond to time indices for which probe data is presented in this work.

note the sharp contrast in illumination between the expand-
ing plasmoid and the surrounding space which suggests a high
density of radiating propellant species, contained by magnetic
fields.

Figure 4(b) shows an example of a waveform for the cur-
rent flowing through the RMF antennas during a representative
shot. We observe the current rising over ~60 ps to a maximum
value as energy is built up in the resonant circuit. As time
progresses, enhanced ionization occurs, allowing for mutual
inductance to couple the antennas to the plasma. This changes
the effective inductance and resistance of the antenna circuit,
reducing the RMF amplitude. This lowered amplitude contin-
ues until the pulse ends at the 125 us point. To provide addi-
tional context, we also show on this plot vertical lines which
correspond to the time indices that we reference in our fol-
lowing discussion regarding the magnetic fields and currents
induced in the thruster.

5.2. Field measurements

Figure 5 shows the magnetic field streamlines and intensity in
the thruster at 35 us intervals. These field lines result from the
superposition of the transient induced fields as measured by
the two-axis Bdot probe with the steady bias magnetic field.
Before approximately 70 us, no measurable magnetic field
is induced. This stems physically from the time required for
the RMF current to first reach peak amplitude, then ionize the
propellant. At the 70 us point, the magnetic field is rapidly
induced and is strong enough to overcome the bias field near
centerline. This results because the direction of RMF rotation
was chosen to produce a downstream force when the azimuthal
current interacts with the positive radial bias magnetic field.
Because the magnitude of the induced field is strong enough to
reverse the bias field at centerline but not at the thruster’s edge,
a separatrix forms. This provides evidence that a field-reversed
configuration (FRC) plasmoid has been generated. Peak field
strength for the induced magnetic field reaches ~110 G at this
70 ws point. The FRC then translates downstream at a speed

of ~2000 m s~! before exiting the cone and dispersing. We
estimated this speed by tracking the center of the toroidal field
structure where the field magnitude approaches zero.

5.3. Currents

Figure 6 shows the RMF current and the evolution of the
current density in the thruster over time, displayed at 35 us
intervals. Similar to the induced magnetic fields shown in
figure 5, no current is induced until roughly the 70 ps mark,
at which point the current rapidly rises and peaks at a value of
~30 A cm—2. After this time, the distribution in current dens-
ity spreads axially and propagates downstream. We note that
current is primarily driven at larger radial locations, which is
consistent with our analysis from equation (2) suggesting that
RMF electron entrainment should yield current linearly pro-
portional to radius.

We show the total azimuthal current in figure 7 where we
generated these plots by integrating over the current density
in the volume following equation (9). For comparison, we
also show the envelope of the RMF current extracted from
figure 4(b). The uncertainty in the azimuthal current stems
primarily from integration error from the Bdot measurement.
In keeping with the technique discussed in [19], we estimated
this uncertainty by assuming linear growth of integration error
up to the maximum value at the end of the pulse.

As can be seen, the induced current peaks at 2.5 kA at the
70 ps mark before decreasing to and remaining at 1.1 kA until
the pulse ends at 125 us. Comparing to the RMF antenna cur-
rent envelope shown in the same plot, we see that the induced
current does not begin to rise until the RMF has ramped in
amplitude for 70 ps. We believe this can be attributed to
the fact that induced azimuthal current only onsets when the
RMF has reached sufficient strength to cause a rapid ioniza-
tion of the propellant. We note that both the RMF amplitude
and induced current trend down after the peak in induced
current. For the RMF, we attribute this trend to the presence of
plasma altering the effective inductance and resistance of the
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Figure 5. Magnetic field streamlines (left column) and magnitude (right column) at (a), (b) 35 us, (c), (d) 70 us, 105 (e), (f) us, and (g), (h)

140 pis.

antenna (section 5.1). For the azimuthal current, we explain
this decrease by the reduction in plasma density in the thruster
([14]). We ascribe this loss of density to a combination of ini-
tial plasma ejection and recombination at the thruster walls.

We note here the total current decreases below zero at the
end of the shot as well as just before the initial ionization
event. We believe these events are caused by measurement
error owing to the signal processing, interpolation, and integra-
tion involved in producing these plots rather than the existence
of actual negative currents.

5.4. Forces

Figures 8(a) and (b) display the forces resulting from the
Lorentz interactions in the thruster. We estimate these from
equations (10) and (11) where we considered the different

sources of magnetic field (self, bias, and structure) and the
measured current densities (figure 6). Uncertainty in these
plots stems from the integration error in both the current dens-
ity and magnetic field measurements.

We first consider the individual contributions to force. For
the self-field, Fir, we see the axial contribution is effectively
zero at all times. This agrees with the physical intuition laid
out in section 2 that we expect that a system cannot accel-
erate its own center of mass. On the other hand, conserva-
tion of momentum does allow for the nonzero radial compon-
ent observed. The positive sign indicates a tendency for the
plasmoid to expand radially due to this interaction. The tem-
poral profile of the bias force, Fy;,s, follows a qualitatively
similar trend as the magnetic fields and currents (figures 5
and 7) in both axial and radial components. This force has
near-zero magnitude until roughly 70 us. At this point, which
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is coincident with enhanced ionization, current spin-up occurs,
leading to enhanced bias force followed by a plateau until the
pulse ends. As can be seen in figure 8(a), the bias force is the
primary acceleration mechanism in the first half of the pulse
before its magnitude drops below that of the structure force.
Meanwhile, figure 8(b) shows that the radial bias field causes
the primary radial force throughout the duration of the pulse,
providing strong compression.

The structure force, Fyyyct, €xhibits its highest axial value
after the bias force peaks at ~125 ps when it then domin-
ates the acceleration. We consider two possible explanations
for the delay in the axial structure force as compared to the
bias force. First, nonzero resistivity in the structural elements
could serve to add a time delay to the secondary induced cur-
rents and therefore the onset of the structure field. This time
delay would be determined by the inductive time constant for
each structure. Second, we note that the transient magnetic
fields generated by coupled circuit elements are self-repelling.

e RMF thruster as a function of time.

Thus, the force due to the structure field interaction would
serve to push the plasma away from any coupled structure.
In the case that the plasma current centroid initially forms
upstream of a coupled structure, the resulting force would
be directed upstream. The structure force subsequently would
be balanced or even reversed by the summation of upstream
and downstream interactions until the plasmoid could trans-
late sufficiently downstream for the force to become net posit-
ive. Indeed, this latter explanation may account for the initial
negative structure force exhibited in figure 8(a).

The highest radial value for structure acceleration peaks at
~85 ps. Unlike the axial structure force, the radial compon-
ent is primarily in the opposite direction of the radial force
resulting from the interaction with the bias field. This is unex-
pected because the currents which induce the structure field
should be in the same direction as those responsible for the
bias field. This discrepancy may ultimately be a consequence
of our limited experimental measurement domain. Because
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Figure 8. Lorentz force present throughout the RMF pulse broken down to (a) axial contributions by magnetic field source, (b) radial
contributions by magnetic field source, and (c) net axial versus net radial force.

the structure field is calculated by subtracting the self field—
itself calculated directly from measured plasma current—from
the total field measurement, any currents in the plume outside
the region of interrogation would be attributed to the struc-
ture rather than self field. We ultimately expect that if current
measurements further downstream were taken, the radial self
force would be greater, and the radial structure force would be
primarily negative.

Figure 8(c) shows the total radial and axial contributions
to the force on the plasma in the thruster as a function of
time. Because the two contributors to axial Lorentz force, the
bias and structure forces, peak at different times, the total
axial force remains relatively constant throughout the pulse.
Meanwhile, the radial inward force is significantly stronger
than the total axial thrust force, indicating high levels of com-
pression in the plasma. This type of radial compression is anti-
cipated in any FRC plasmoid and is a hallmark of this plasma
structure [S]. Indeed, electron temperature and density meas-
urements taken at the same operating conditions from [14]
indicate electron thermal pressure to be of similar order of
magnitude to the magnetic pressure. At the 100 us timestep,
for example, peak magnetic pressure, given by Pp,, = ﬁ,
reaches ~18 Pa, while thermal pressure at the same time and

location is calculated to be n.kgT. = 12.8 Pa. We note here
that the various contributions to force do not return exactly
to zero at the pulse end. This is a non-physical phenomenon
which we ascribe to integration error brought about by the dis-
crete nature of our measurements, both temporal and spatial.
In reality, these forces will return to zero at pulse-end, and
thus we use the discrepancy at the 200 us point to determine
the error owing to this effect.

Finally, we relate these Lorentz force thrust calcula-
tions to direct measurement. We calculated the total axial
impulse per shot by time-integrating the force. This yielded
16.1 £ .22uN-s, approximately 42% of which is due to the
structure force. Notably, this result underpredicts the 64.3
1N-s measured reported at the same operating conditions from
thrust stand measurements. A key implication of this result
is that the Lorentz force measured may not fully explain the
thrust generation, indicating other acceleration mechanisms
may be at play. Indeed, our recent modelling study suggests
that a significant portion of thrust may be due to electron pres-
sure at the thruster walls [24].

While electron pressure at the thrust walls approximately
explains the difference between calculated Lorentz force
thrust and measured thrust, we expect that the estimates of
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Lorentz force thrust are likely underpredictions. Because our
device—in particular the shape of the bias magnetic field—is
qualitatively similar to a magnetic nozzle thruster, the bias
field might produce additional thrust owing to the high elec-
tron densities (n. > 1 x 10'”) and temperatures (T, > 8 eV)
measured. However, as the diamagnetic drift and associated
Lorentz force which cause magnetic nozzle thrust typically
take place further downstream than what is interrogated by
our probing techniques in this work [25], we do not expect
to resolve these effects.

In summary, in this section we have experimentally char-
acterized in detail the induced currents and magnetic fields in
the RMF test article. We have found that the device does in
fact lead to FRC formation. Moreover, we have also shown
that forces experienced by the plasma are primarily radial, and
that the axial forces which do exist are driven by the bias field
and the structure field in roughly equal proportion. However,
this total force does not fully explain that which we measured
via thrust stand, suggesting that non-Lorentz forces may also
be key drivers for performance.

6. Discussion

In the following section, we discuss the results from section 5
in the context of the key questions that motivated this study.
Specifically, we comment on the efficacy of RMF current
drive, the role of Lorentz force in generating thrust, and pos-
sible strategies for improving performance.

6.1. Efficacy of RMF current drive

As discussed in section 2, a major benefit from the RMF
thruster is its ability to divorce the magnitude of current driven
in the plasma from the amplitude of the current in the driv-
ing circuit. This contrasts with a more traditional theta-pinch
inductive current drive, where large driver current (and there-
fore voltage) transients are required to drive the internal cur-
rents. This poses major challenges to design and robust con-
struction. Our data shows that the RMF current drive as imple-
mented here is successful at producing high plasma currents—
driving currents of 2500 A while only requiring RMF current
of ~700 A RMS (2000 A peak-to-peak). Leaving aside the
poor thrust efficiency measured in this device, it is an encour-
aging result that the current drive mechanism, which forms the
basis of this technology, is effective.

As a direct result of these high levels of driven current,
we observed the formation of an FRC plasmoid (figure 5).
This was not unexpected given the RMF current drive mech-
anism was first implemented to drive field reversal for fusion
containment applications [5]. From the perspective of thruster
performance, the existence of this self-contained structure in
principle offers key benefits including increased plasma dens-
ity [26], reduction in wall losses, and benefits for thrust gen-
eration [8]. With this being said, we see the outer separatrix
intersects the outer wall of the thruster cone in our thruster
configuration, which may ultimately have negated key benefits
arising from the FRC’s containment. This may have been a

chief contributing factor to the high degree of wall losses
previously reported for this device [14]. In practice, adjust-
ing the applied field or reducing the driven current may help
to pull the separatrix inside the thruster walls, reducing these
wall losses.

6.2. Contributions of Lorentz force to RMF plasmoid
acceleration

As motivated in section 2, one of the key goals of this study
was to assess the degree to which the Lorentz force contrib-
uted to thrust in the RMF device. In practice, when compar-
ing the Lorentz force impulse to performance measurements
at the same operating conditions, we found that the Lorentz
force only accounts for ~25% of the total impulse generated
per shot [23]. This is notable because it undermines a con-
ventional understanding of this device as an electromagnetic
accelerator.

This invites the question as to what drives most of the
acceleration in the thruster. As briefly discussed in section 5,
thermal contributions arising from compression of the plasma
explain the difference. Inspecting the relative magnitudes of
the axial versus radial forces in figure 8(c), it is clear that the
majority of the Lorentz forces point inwards in this device,
with the inward radial force over five times greater in mag-
nitude than the axial. Given the relative lack of plasmoid radial
acceleration over the course of the pulse, as evidenced by
figure 5, we can conclude that there is approximate radial pres-
sure balance in the plasmoid. It is possible then that a high elec-
tron thermal pressure, driven primarily by high electron dens-
ities in the 10" 1 m~3 range, is in turn driven by this strong
radial compression. This pressure would result in a force equal
to [ [, (nT,ysinf.) dA where A refers to the internal area of the
thruster and 6. is the thruster cone half-angle. Indeed, cal-
culations using electron temperature and density measured
with a triple Langmuir probe from [14] suggest that this elec-
tron pressure force approximately explains the discrepancy
between measured impulse and calculated Lorentz force [24].
We remark here that previous interpretations have also sug-
gested that thermal contributions could be major drivers for
thruster operation [8].

In practice, however, we suspect the ideal thrust mechan-
ism for the RMF thruster is the Lorentz force. The thermal
force is correlated with high electron temperatures and dens-
ities. The high densities carry with them enhanced radiation
losses, while both density and temperature increase electron
wall losses. A detailed analysis of the scaling of these losses
with plasma properties is beyond the scope of this paper—
please see [27] for an in-depth discussion. In light of this inter-
pretation, as we discussed in the preceding section in the con-
text of FRC formation, a different bias field that reduces radial
force may lead to lower compression, trading thermal heating
for improved Lorentz acceleration.

6.3. Strategies for improving performance

One of the major conclusions of our previous work [12] is
that performance for the RMF thruster is not competitive
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compared to state of the art electric propulsion devices. Indeed,
efficiencies are over an order of magnitude lower than other
inductive devices such as RF magnetic nozzles [15]. Ohmic
losses in the RMF antennas and power conditioning circuity,
radiation losses, and thermal flux to the walls all have been
identified as major loss processes [14]. Section 5 shows that
the FRC separatrix intersects the thruster walls, providing a
direct thermal short to the thruster boundaries. Moreover, as
discussed in the previous section, we have found that thrust
generation by Lorentz acceleration is not as dominant as the-
oretically anticipated.

Given this poor performance, a key question is whether
there are paths to improving the performance of RMF thruster.
The motivation for this when drawing a contrast to steady-state
inductive devices (which already have exhibited higher levels
of efficiency than our device) is the potential for improved
flexibility in throttling and power density. Leaving aside
adjustments to the power conditioning—which may afford
marked improvements in performance—our findings about the
internal dynamics of the device suggest two possible strategies
for improving thruster operation. The first is to amplify the
Lorentz acceleration. For the applied field force, we could
improve this contribution by adjusting the shape to increase
the radial components of the applied field while also increasing
magnetic field strength. With that said, while we may be able
to optimize geometry by adjusting solenoid position, increas-
ing magnetic field requires more power and stronger magnetics
which can be become prohibitive in mass and power.

As a second strategy, we could attempt to enhance the struc-
ture field by introducing additional flux conserving elements
and optimizing their placement and inductances. This has the
additional benefit that the self-field interaction scales quadrat-
ically with the RMF driven current, providing nonlinear gains
in thrust generation for only moderate adjustments in design
and geometry. This would also have the benefit of moving the
separatrix radius inward, potentially solving the problem of
the separatrix intersecting the thruster walls. FRC compres-
sion using flux conservers is a standard practice in the fusion
community, and indeed flux conserver conductivity is a key
figure of merit in that field [28]. With this being said, we anti-
cipate structure field amplification to be a suboptimal method
of increasing performance. Idealized circuit analysis suggests
that it could be difficult to fully utilize the inductive energy
coupled into the flux conservers as part of this process [29].

7. Conclusions

In this work, we have investigated the current drive mech-
anism and Lorentz forces present in a RMF thruster via dir-
ect inductive probing. We have used the results of a two-axis
Bdot probe sweep throughout the thruster interior to calculate
induced magnetic fields and current densities. We in turn have
related these measurements to effective forces induced on the
plasma during RMF operation.

Key amongst our findings is that while the RMF current
drive mechanism is successful at generating high levels of
azimuthal plasma current and forming a FRC, the magnetic
field shape is not effective at leveraging this current to

produce thrust. In particular, the Lorentz forces resulting
from interactions with the RMF in the axial direction make
up less than one third of the total measured force, indic-
ating instead that other factors—likely related to electron
pressure—accelerate the flow. This interpretation is consist-
ent with the observation that radial compression induced from
the Lorentz acceleration is the largest force in the system,
likely giving rise to enhanced electron density and temperat-
ure. Notably, however, while thermal acceleration is not inher-
ently undesirable in this device, our results in combination
with previously reported studies on our test article indicate that
thermally-induced losses to the walls are a major detriment to
performance. This can in part be attributed to the fact that the
separatrix for our observed FRC actually intersects the thruster
walls.

We have discussed these results in the context of strategies
for improving thruster performance. For example, we expect
that adjustments to the bias magnetic field and thruster shape
will be necessary to shift the FRC separatrix inside the thruster
walls, which will reduce thermal losses at the walls and
shift the thruster toward a Lorentz force dominated mode.
Ultimately, because the electron pressure thrust component is
so high—which is tied to high thermal losses—the RMF in its
present iteration is not an effective thrust generation mechan-
ism. Additional improvement could be achieved by optimizing
the placement of flux conserving surfaces around the thruster.
In summary, although the RMF performance in this unoptim-
ized test article remains comparatively low, these results ulti-
mately provide new insights for how these devices may be
tailored to achieve their full, theoretical potential.
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Appendix. Thrust scaling

In this section we establish how the three sources of Lorentz
force present in the RMF thruster scale with driven plasma cur-
rent. As the purpose of this discussion is to rigorously demon-
strate that these scaling arguments are physically valid rather
than to arrive at any numerical result, we leave the equations
in the most general vector form possible.

To examine how the Lorentz force scales in an RMF
thruster, we seek a functional form for the magnetic field.
In the following, we assume cylindrical symmetry in which
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thruster centerline is aligned with the z-axis and current is only
driven azimuthally (see figure 1). We identify three sources of
magnetic field. First, the bias magnetic field By (7) is gener-
ated by the DC currents passing through the bias electromag-
nets surrounding the thruster. This field is constant with time.
Second, the self-field Eself results directly from currents in the

plasma:
J

where we have employed the Biot-Savart Law, #/ is a dummy
variable integrated over all space, j is the plasma current,
and the volume of integration V extends to all of space with
nonzero plasma current. We re-write this relation by introdu-
cing the variable g(7,r) = g(F,1)0 which relates the volume
integrated magnitude of the induced plasma current /4 to its
distribution: jy = Iyg. Upon making this substitution, we note
that the Biot-Savart Law implies that the magnitude of a mag-
netic field generated by a current is linearly dependent with
the magnitude of the current. This allows us to define some
B(7,1) such that B = I3(7,1). Performing both these substitu-
tions, equation (14) yields
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where the subscript p denotes that this /3 refers to the plasma
itself. Physically, this result shows that the magnitude of the
plasma’s self-field can be related to the product of the mag-
nitude of the driven current and a geometric factor.

As a final contribution to the magnetic field in the plasma,
we consider the structure field, Estruct. This term results from
transient currents induced in nearby conductive structural ele-
ments by the rapid rise in plasma current when the RMF is
pulsed. The bias magnets are an example of a dominant con-
tributor to this effect. To describe this field, we consider that
the azimuthal plasma current can be modelled by a collection
of discrete, differential current loops, each of which has an
area dA (7). Therefore, each structural element will have some
mutual inductance with each of these differential plasma cur-
rent loops. Taking the limit of infinitesimally small current ele-
ments, the induced EMF or voltage, on the ith structural ele-

A !

€ (1) (M (7)jo (7,1)) dA, (17

where M; is the mutual inductance between the ith structure
and the differential current element in the plasma located at 7,
and the area of integration A extends to all of space in the r-z
plane with nonzero plasma current. Assuming that each struc-
tural element has zero resistance, the induced current on the
ith structure is

I, = Ll, €; (¢)dt
1
=T (M; (7)jo (V,1))dA,
1 JA
=1 [ 105 e, as)
A L;

where L; is the structural element’s self inductance and L(7) is
the self inductance is the infinitesimally thin loop of plasma
current at location 7. We also have represented the mutual
inductance between a plasma current loop and the ith struc-
ture loop, as M;(¥)=k;(¥)/L(¥)L; where k;(7) is a spatially-
dependent proportionality constant.

As with the plasma, we can introduce a geometric
factor/3;(¥) which relates the magnitude of the current through
structure i to the shape of the magnetic field it produces.

Estmct(?at) :IGZ gl(?vt)/kl(F)
; A

(19)

Finally, we perform the same j=1Ig substitution on

equation (4) and substitute the derived values of the various
magnetic field components to arrive at the total force
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