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The performance of a magnetically shielded Hall thruster operating on xenon and krypton is characterized at
discharge current densities up to 10 times greater than its nominal level. A thrust stand and far-field probe suite are
employed to evaluate operation at 300 V discharge voltage and discharge currents from 15 to 125 A (xenon) and from
15 to 150 A (krypton). The thrust, specific impulse, and anode efficiency at the highest currents are found to be
1650 + 30 mN, 2309 + 56 s, and 52.8 &+ 2.0% respectively for xenon, and 1839 + 18 mN, 2567 + 48 s,and 55.0 £+
1.6 % for krypton. The thrust density at the highest conditions are shown to be six (xenon) and eight (krypton) times
higher than the lowest current condition. A maximum in anode efficiency as a function of discharge current is
observed for both gases. This is attributed to a trade between mass utilization, which increases to unity with current,
and beam utilization, which gradually decreases with current. The dependence of these efficiency modes on current is
discussed in the context of a series of first-principles scaling laws. The observation that efficiency only moderately
decreases with current density is examined in the context of high-power electric propulsion development.

Nomenclature
A = discharge channel area
B = magnetic field
E = electric field
e = elementary charge
g0 = gravitational acceleration
1, = ion beam current
1. = characteristic current
1, = discharge current
1, = electron current
I, = current contribution from nth species
Iy = specific impulse
I, = adjusted discharge current
Ji = ion-current density
kg = Boltzmann constant
Ken = electron-neutral rate coefficient
ki, = ionization rate coefficient
L = discharge channel length
m, = electron mass
m; = ion mass
m = total neutral mass-flow rate
m, = anode neutral mass-flow rate
iy, = ion beam mass-flow rate
n, = cathode neutral mass-flow rate
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I. Introduction

HE development of high-power (>100 kW), lightweight, and

high-performance electric propulsion (EP) technologies is
critical for enabling the next generation of deep-space crewed mis-
sions. As outlined by the National Academy of Engineering in a
commissioned study on nuclear-powered missions to Mars, baseline
requirements for future EP systems include input power greater than
2 MW, specific impulse greater than 2000 s, efficiency greater than
50%, and system-specific mass less than 5 kg/kW [1]. Whereas a
number of technologies have been proposed to meet these require-
ments [1,2], the Hall thruster is a particularly promising candidate that
has been featured in a recent trade study on a proposed nuclear electric
propulsion plan for Mars [3]. Indeed, this thruster class has extensive
development and flight heritage at power levels below 12.5 kW [4-7],
and laboratory models have been demonstrated up to 100 kW [8-13].
The performance of Hall thrusters, at least in the ~1-10 kW range, has
also been shown to meet the specific impulse and efficiency require-
ments for near-term nuclear architectures for Mars [1,3].

Despite these attractive capabilities, the achievable thrust density
of Hall thrusters remains a major potential limitation for high-power
applications. Historically, Hall thruster design has largely been gov-
erned by established scaling laws [14—-16], including the general
principle that nominal operation requires a current density of
100-150 mA /cm? [16] in the discharge channel. Modern Hall
thrusters typically operate at thrust densities of ~10 N/m? [17], in
part due to this design guideline. This is approximately an order of
magnitude higher than other mature EP technologies like gridded ion
thrusters, which makes Hall thrusters an attractive candidate for the
power levels currently available on orbit (<10 kW). However, in the
100 kW-1 MW power range envisioned for nuclear architectures,
Hall thruster sizes can become prohibitively large. This limitation has
led to other types of thruster technologies, most notably the magneto-
plasmadynamic thruster (MPD) and the applied-field MPD thruster
(AF-MPD), which have inherently higher thrust densities, to be the
default propulsion option for planned high-power applications [3].

If Hall thruster thrust densities could be increased while maintaining
performance, however, these devices could represent a competitive and
even favorable (given their existing flight heritage) alternative to lower
maturity concepts like MPDs. To this end, multiple strategies have
been employed to date to increase the thrust density in a Hall thruster.
The first of these was to operate at higher discharge voltage while still
maintaining the “optimal” level of current density. The TSNIIMASH
DL-160, a laboratory water-cooled thruster developed in the 1970s
[9,10], followed this approach, demonstrating 140 kW at 8 kV dis-
charge voltage on bismuth with a thruster efficiency greater than 70%.
Withits 160-mm-diameter channel, this yielded a thrust density of over
100 N/m?, an order of magnitude higher than the typical thrust density
of a Hall thruster operating at 300 V [17]. With that said, the high
voltages on this system led to a high specific impulse of ~8000 s,
which corresponds to a thrust-to-power ratio likely too low for a
crewed Mars architecture. As an alternative solution, multiple dis-
charge channels can be nested concentrically to increase thrust density
and reduce specific mass [18,8]. However, even in the ideal limit where
the nesting is sufficiently compact so that the entire thruster surface
generates thrust, the increase in thrust density compared to a single-
channel thruster of the same size is only a factor of 2. To this point, for
the approximate dimensions (Ref. [8]) of the 100-kW X3 nested Hall
thruster tested in 2019, the thrust density was the same as the nominal
~10 N/m? typical of single-channel thrusters. As this result and the
DL-160 work thus show, attempts to increase thrust density to date
have resulted in prohibitively high specific impulse or only marginal
improvements. These limitations ultimately can be traced to the fact
that the proposed solutions were based on raising thrust density while
respecting the design guideline for optimal current density.

There is reason to believe, however, that this restriction on current
density may not be absolute. One common justification for this
guideline is that increasing the current density decreases electron
confinement and therefore leads to a degradation in performance.
However, this argument is based on the assumption that the electron
dynamics in Hall thrusters scale classically [14], whereas in practice,

the electron dynamics in E X B devices are driven by nonclassical
effects [19]. To this point, Simmonds et al. recently performed a
theoretical study of the thrust density in Hall thrusters that allow for
nonclassical transport [17]. These authors ultimately concluded that
the theoretical limit on thrust density is on the order of 1000 N/m?,
two orders of magnitude higher than the current typical value of
10 N/m?. We also recently established that we were able to increase
the current density of a laboratory magnetically shielded Hall thruster
by a factor of 2.7 from nominal without a loss in performance [20]. In
light of these theoretical arguments, previous exploratory studies, and
the major advantages of being able to operate Hall thrusters at higher
current density, the need is apparent to systematically explore Hall-
thruster operation in this high-current-density regime.

In this work, we modify a 9-kW class magnetically shielded Hall
thruster to operate at 45 kW with a 10X increase in nominal current
density. We present performance data and plasma plume properties
for operation on both xenon and krypton and characterize efficiency
trends based on these results. Contributions from this study include
a demonstration of the ability to maintain high performance at
atypically high current densities and a theoretical discussion of
efficiency trends seen for both propellants with increasing current.
With these objectives in mind, this article is organized in the
following way: In Sec. II, we give an overview of the experimental
setup, including the test article, facility, operating conditions, and
diagnostics. In Sec. 111, we describe our methodology for character-
izing the thruster’s performance. In Sec. IV, we present the key
results of our study, including global performance, indications of
thruster health, plasma plume properties, and component efficien-
cies. Finally, in Sec. V, we discuss physical explanations for our
findings, their impacts on our understanding of high-current-
density Hall thruster operation, and their implications in the broader
context of high-power electric propulsion.

II. Experimental Setup

We describe in this section the experimental setup for this test
campaign. We first overview the test article and the modifications made
to adapt it for testing at increased power density. We then describe the
test facility and the operating conditions for the thruster. We conclude
with a discussion of the diagnostics used to evaluate performance.

A. Test Article

We employed a modified version of the H9 Hall-effect thruster for
this study, the “H9 MUSCLE” (Fig. 1). The baseline 9-kW-class H9
thruster [21,22] was built as a common platform for shared research
and investigation into new innovations in Hall thruster technology
and physics. As described in Refs. [21-23], the baseline H9 has a
stainless-steel anode, graphite pole covers protecting the magnetic
circuit, and a centrally mounted LaB¢ cathode with a graphite keeper
designed for operation up to 60 A [24]. The H9 also employs a
magnetically shielded field topology, a method that shapes magnetic
field contours to establish a potential gradient directed away from the
channel walls [25,26]. This serves to reduce ion-induced erosion on
the thruster’s channel walls, which has been shown to improve the
lifetime of Hall thrusters by an order of magnitude compared to
unshielded thrusters [26]. The nominal operating envelope of the
HO operating on xenon includes discharge powers of 4.5-12 kW,
specific impulses of 1800-3000 s, thrusts of 290-700 mN, and
overall efficiencies of 55-70%. The typical operating envelope with
krypton as propellant includes discharge powers of 4.5-9 kW, spe-
cific impulses of 1900-2700 s, thrusts of 260-350 mN, and total
efficiencies of 45-55% [20-23,27].

‘We made two modifications to the H9 to facilitate the investigation
into high-current- density operation, primarily motivated by the need to
accommodate increased thermal loading. First, we replaced the base-
line boron-nitride discharge chamber with a graphite discharge cham-
ber. This modification was previously demonstrated with the H9C, a
graphite-walled version of the H9 [23]. Second, we implemented an
active water-cooling loop inserted adjacent to the magnetic coils in the
thruster to maintain low temperatures for the material of the magnetic
circuit. This water-cooling loop was connected to the city water flow
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and a booster pump thatused ~560 W of power to flow 2.5 GPM. This
cooling system was run in open loop at maximum flow rate and no
attempts were made to actively control temperature. This approach
alleviated excessive thermal loading of the magnetic circuit, which
stems from enhanced plasma flux to the channel walls at high current
densities, for a sufficiently long duration to perform detailed measure-
ments of thruster operation. The use of water cooling allowed us to
focus on the more fundamental question of the role of current density in
thruster performance. A similar modification with water cooling was
applied in previous laboratory experiments of high-power Hall thruster
operation [9,10].
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Fig. 2 Notional top-down schematic of experimental setup in the vac-
uum facility.
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Fig. 1 H9 MUSCLE operating on a) xenon at 300 V and 125 A, and b) krypton at 300 V and 150 A.

B. Facility

Figure 2 shows a top-down schematic of the experimental setup.
We conducted the test in a 6-m-diameter-by-9-m-long steel vacuum
chamber with a nominal pumping capacity of 500 kL/s for xenon and
600 kL/s for krypton [28]. The thruster was mounted in the chamber
on a thrust stand with its exhaust oriented along the chamber center-
line. The plume was directed toward a probe suite located ~14
thruster channel lengths downstream with an E X B diagnostic,
retarding potential analyzer (RPA), and Langmuir probe (LP). This
suite was protected from the beam by a shield of graphite panels, as
seen in Fig. 3. We mounted a Faraday probe (FP) on a rotating arm
and aligned it vertically to the thruster centerline with its pivot
coincident with the thruster exit plane. This arm was capable of
sweeping azimuthally at a constant radius 10.5 thruster channel
lengths downstream of the thruster, yielding a measurement of the
ion-current density as a function of azimuthal position from the FP. A
chevroned graphite beam dump held at facility potential was
mounted behind the downstream probe suite.

A Stabil ion gauge with a stainless-steel neutralizer tube calibrated
for xenon was mounted 1 m from the thruster in the exit plane facing
downstream [29]. We note here that it has been found that this
orientation may, in contrast to a radially directed probe, result in
background-pressure measurements ~20% higher than the actual
values [30]. This would indicate that our estimates of neutral inges-
tion from the ambient environment may be conservative (see Sec. III).
These gauges also have an associated uncertainty of 20% [31]. When
operating the thruster on krypton, we applied a correction of 1.48 to
gauge readings per the manufacturer guidelines. Pressures measured
during this effort ranged from 5 to 32 pTorr (see Table 1). For

Fig.3 Probe setup inside the vacuum facility showing a) front view, and b) side view. The side view shows three probes mounted on the motion stage.
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Table1 Operating conditions for test points characterized. The discharge voltage was 300 V for all
conditions

Current, A Power, kW Xe 1, sccm, mg/s Xe pressure, pTorr-Xe  Kr i1, sccm, mg/s  Kr pressure, pTorr-Kr

15 45 169, 15.2 5.7 199, 11.4 59
50 15 400, 35.9 12.3 537,30.7 14.5
75 22.5 519, 46.7 16.4 726,41.5 19.2
100 30 644, 57.9 20.3 885, 50.6 23.7
125 37.5 757, 68.1 23.6 1040, 59.5 28.3
150 45 —_— —_— 1193, 68.3 31.8
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comparison, these values were slightly higher than pressures previ-
ously reported for similar operating conditions on the H9 in this
facility [20,27], possibly due to changes in thruster configuration. We
employed independently calibrated 3000 and 400 SCCM mass flow
controllers for the anode and cathode respectively, each with a
reported uncertainty +0.1% of full scale or £0.6% of the reading
(taking the higher value). Thruster power was supplied by a 150-kW
power supply rated to 1000 V and 150 A. The supply was protected
from thruster-induced current oscillations by a filter circuit with a
0.3 mH inductor, 47 pF capacitor, and 10 Q resistor. A series of DC
supplies energized the magnets and cathode keeper/heater.

C. Operating Conditions and Configuration

Table 1 shows the operating conditions we experimentally char-
acterized in this campaign. We operated the thruster at a constant
discharge voltage of 300 V for all points and varied the anode flow
rate to achieve the target discharge current. The cathode flow fraction
was held at 7% for all operating conditions, and we employed a
magnetic field strength at 112.5% of its nominal value for this
thruster. We operated at this higher magnitude with the goal of
attempting to maintain high electron confinement, particularly at
higher current densities. We did not attempt to optimize the magnetic
field at each operating condition.

The thruster body was electrically tied to facility ground, a neces-
sary configuration resulting from the cooling system we employed.
As a general approach, we progressively increased thruster power
during the test campaign by increasing the flow and thus discharge
current. At each new operating condition, we waited until the mean
discharge current achieved a constant value before performing a far-
field probe sweep. We then shut down the thruster to take a thrust
measurement. Finally, we restarted the thruster and rapidly increased
power to the next operating condition. This process typically resulted
in a 5-to-15-min dwell time at each operating discharge current
higher than 15 A. Although we attempted to achieve the same
maximum discharge current conditions for both gases, we were
unable to reach the 150-A condition for xenon due to a later-resolved
issue in the electrical harnessing. Throughout testing, we monitored
peak-to-peak strength of the discharge current oscillations and tem-
peratures of key locations in the thruster body.

We note here that previous work has shown changes in plume
properties to be nonlinear with distance from the thruster at high
pressures (>10 pTorr) [32,33]. It is immediately evident from Table 1
thateven at 50 A (15 kW) of testing power, the pressures in our facility
exceed this limit. This underscores the challenges with translating
ground test results of high-power systems to be representative of flight.
We return to this point in our discussion of FP analysis in Sec. IL.D.

D. Diagnostics

We employed two sets of diagnostics to characterize thruster oper-
ation: a thrust stand to measure global performance properties and far-
field probes to assess the downstream plume properties. The thrust
stand was based on an inverted pendulum design (c.f. Refs. [34-36])
operating in null displacement mode. This stand was calibrated with
weights corresponding to an expected thrust range of 10-4800 mN.
The major sources for uncertainty in the thrust stand stemmed from
variations in the null coil current, uncertainty in the fit to the weights,
variance in the displacement drift, and variance in the inclination drift
following the methodology outlined in Ref. [37]. From these sources of

uncertainty, we determined that the error in thrust ranged from 14 to 30
mN across all operating conditions.

In the far-field probe suite, the LP consisted of a 1-mm diameter by
4-mm length of tungsten wire extending past an alumina tube. We
used this diagnostic to infer plasma potential in the far field V, from
its I'V trace following the “Maxwellian” and “knee” methods outlined
in Ref. [38], the former of which requires measurements of electron
temperature T,. Due to noise in the raw Langmuir probe data at low
currents, we were unable to obtain a clean estimate of plasma
potential with the knee method at every condition, and so report only
the plasma potential as calculated by the Maxwellian method. We
took the variance in the two methods from conditions where we were
able to obtain knee values of the plasma potential as the uncertainty
for the values reported in this work.

We employed a four-grid RPA (additional details provided in
Ref. [36]) with an aperture diameter of 6.45 cm? to determine the
ion energy distribution function (IEDF) on the thruster channel. From
this distribution, we inferred the average ion energy per charge with
respect to ground V;_, by averaging the part of the [EDF where the
amplitude was over half of the maximum value [39]. By subtracting
the local plasma potential V, (inferred from the LP), we related this
measurement to the average kinetic energy of ions in the thruster
beam by way of the acceleration voltage, V, = V;_, — V.. To deter-
mine uncertainty in these estimates for ion kinetic energy, we
employed a bootstrapping method [40] with a thousand iterations
on the inferred IEDF. The reported uncertainties represent the 95%
credible intervals, corresponding to twice the standard deviation.

The E x B probe we employed for this study had an entrance
aperture of 1.6 mm in diameter. This diagnostic served as an effective
mass charge spectrometer, allowing us to determine the ratios of
different charge species within the thruster plume. To extract this data
from E X B telemetry, we followed the approach of Refs. [39,41], in
which we fit dual Gaussian distributions to each peak in the processed
current trace. One distinction from the methodology we applied in
our previous work [27,36] is that we adopt here the integration
method detailed in Ref. [41]. We divide the raw current signal by
the voltage signal to the third power. In contrast, our previous method
of fitting to the raw current trace implicitly assumes narrow velocity
distribution functions [41], which are violated at higher current
densities. We accounted for the presence of finite background pres-
sure and its impact on charge exchange (CEX), following the
methodologies outlined in Refs. [27,41,42], with charge exchange
cross-section values taken from Refs. [27,43,44]. The uncertainty in
the resultant current fractions primarily stems from fit uncertainty and
a20% uncertainty on the pressure reading within the chamber, typical
for the type of gauge used [31].

The azimuthally translating FP consisted of a 2.38-cm-diameter
collection disk surrounded by a guard ring. We determined the local
ion flux from the thruster with this probe by measuring the current
when both collector and guard ring were both biased to -30 V relative
to facility ground. We converted this measured current to ion-current
density j;(0) per the procedures given in Ref. [45], where 0 denotes
the angle of the probe arm with respect to the thruster exit plane.
Corrections for geometric and secondary electron emission (SEE)
effects on the current density were calculated following the method-
ology outlined in Refs. [27,45] with values of SEE coefficients taken
from Refs. [46,47].

We used the angular current density profiles from the FP sweeps to
infer two key properties of the thruster: the total ion beam current and
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the divergence angle of the plume. For the beam current, we used the
formulation

/2
Ib = 27[R2/ jilCEX(Q) cos6do (1)
0

where R is the distance from the exit plane of the thruster to the probe
and j;|cpx (@) is a corrected current density profile that accounts for
the presence of charge exchange collisions in the plume. There are a
number of different ways to isolate the contribution of beam ions
from CEX ions in the plume, including a flat subtraction [48], an
exponential fit [39], and Gaussian fit [45]. In our work, we employed
an ensemble modeling approach by averaging the beam current as
calculated by all three methods. We estimated uncertainty in the
calculated beam current by sweeping the probe across the plume
twice, dividing the Faraday sweeps into four 90-degree increments,
and determining the average beam current from Eq. (1) from each
segment based on the three different CEX correction methods. The
reported uncertainty is twice the standard deviation of these four
values divided by the number of samples. We note here that we
assume symmetry along centerline in the thruster plume.

We estimated the divergence angle of the plume from thruster
centerline 6, following Ref. [45]:

7 1l exp(6) cos Bsin 0 d6
/;;[/2 ji |exP (9) cos8dé

cosf,; =

(@)

where we have used only the exponential corrected form of the
current density from the FP data, j;|cx,(6). In this case, we follow
Ref. [39] to correct the current density by fitting an exponential to the
trace at large angles. We adopt this approach as it has been shown to
yield a higher-fidelity estimate for divergence if there is only data
available from an FP sweep performed at one fixed radius. In contrast,
the Gaussian and subtraction fit methods, although reliable for beam-
current estimates, have not been shown to yield accurate estimations
of a divergence angle unless multiple radial sweeps are available
[27,45,48]. As with the beam current, we calculated the divergence
angle over four 90-deg increment segments. We estimated the uncer-
tainty in the angle as twice the standard deviation in the resulting
dataset.

We note here that the best recommended practices for extracting
the divergence angle and beam current from FP measurements
includes performing sweeps at multiple axial distances downstream
of the thruster and extrapolating to the thruster exit [33,45]. In our
case, we used only a singular axial FP sweep due to concerns about
high operating temperatures and flow rates of the thruster. The lack of
axially resolved spatial information likely introduces error in our
beam- current and divergence-angle measurements, particularly at
the elevated background pressures we encountered at discharge
currents above 50 A [33]. Our use of multiple modeling methods is
an attempt to allow for variance stemming from these pressure
effects, which in turn is reflected by the relatively high uncertainty
in the reported measurements.

III. Performance Metrics

We describe in the following section the analytical framework for
converting the telemetry from the diagnostics described in the pre-
ceding section into assessments of thruster performance and effi-
ciency modes.

A. Global Performance Metrics

The thrust T as determined by the thrust stand measures the total
force produced by the thruster. From this measurement, we also can
determine the specific impulse (an indication of propellant effi-
ciency) and total efficiency for the thruster (conversion rate of power
to directed kinetic energy):

T T?

Isp = migo Mot = W’]fac 3)

where m = m, + m, is the total mass flow rate from anode and
cathode; g, is the gravitational acceleration; P = Py + Ppag + Peool
is the total power to the thruster discharge, magnets, and cooling
system; and 7, is a correction factor to account for neutral ingestion
from ambient gas in the facility. We estimated this last term following
the approach outlined in Refs. [49,50] that was adapted to our test
facility [28]. It ultimately contributed less than 0.5%, even at the
highest flow-rate conditions.

To assess the operation exclusively for the discharge channel with-
out the effect of losses from the magnet/cooling-system power and
cathode flow, we also determine in this work the anode efficiency:

T2

=— 4
2Vhan Mfac ( )

Na

The anode and total efficiencies are related by 7, = 7,71, Where
the cathode flow efficiency is 5. = (71, /m) and the power efficiency
is 17, = (P4/P). The discharge power is the product of discharge
voltage and discharge current, P, = V 1,.

B. Efficiency Modes

To provide insight into the physical processes that drive trends in
thruster efficiency, we adopt in this work the representation devel-
oped [16,51,52] for the dominant efficiency modes in a Hall thruster:

Ng = ’7b’7q’7m’7v77d (5)

Here, #,, is the beam-current utilization efficiency, 7, is the charge
utilization efficiency, #,, is the mass utilization efficiency, #, is the
voltage utilization efficiency, and 7, is the plume divergence effi-
ciency. We review in the following section the physical significance
of each of these terms.

1. Beam-Current Utilization Efficiency

This metric represents the ratio of ion current in the thruster
channel to the discharge current:

I, 1;-1,
I,

©)

My

where [, is the ion beam current in the thruster plume inferred from
the FP (Sec. IL.D) and /, is the electron current emitted by the cathode
that is in addition to the current required for beam neutralization. This
efficiency captures the fact that an electron current that does not
contribute to thrust is required to sustain the discharge. Physically,
lower values of beam utilization efficiency correspond to reduced
electron confinement in the thruster channel. Historically, this effi-
ciency has been believed to be a major driver for degraded perfor-
mance at higher current density [14-16].

2. Charge Utilization Efficiency
This efficiency mode is due to the presence of multiply charged ion
species in the beam:

= ™

where Z,, is the charge state of the nth ion species and Q,, = (I,,/1;)
is the current fraction of the nth ion species inferred from the £ x B
probe (Sec. IL.D). This efficiency suffers when the ion beam is not
monoenergetic.

3. Mass Utilization Efficiency

This parameter is the ratio of beam ion mass flux to neutral mass
flux through the anode:
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Q,
le_

Mm =~ =~ fac =

- f’?b Z ”fdc (8)

where 11, is the ion beam mass flow rate, m; is the ion mass, e is the
elementary charge, and & = (I;m;/em,) is a value defined as the
exchange ratio. This efficiency mode is due to the fact that not all
neutrals are ionized and accelerated out of the channel. These un-
ionized particles do not significantly contribute to thrust. We mea-
sured the beam current for this efficiency mode with the Faraday
probe and the current fractions with the E X B probe. We note that
like the anode and total efficiencies, the mass utilization is corrected
by #y, to account for neutral ingestion.

4. Voltage Utilization Efficiency

This metric is the ratio of average acceleration voltage V,, a
measure of the ion energy, to the total discharge voltage:

1%
My v, )

This efficiency mode stems from the fact that not all of the applied
discharge voltage from the power supply is available to accelerate
ions. This efficiency is decreased by ions born downstream of the
peak potential and by the voltage required to extract electrons from
the cathode. We determined the average acceleration voltage from the
far-field RPA and LP.

5. Plume Divergence Efficiency
This efficiency mode relates to the average divergence angle of the
plume 6,:

na = (cos 6,)? (10)

This efficiency physically represents the fact that only axially
directed momentum imparts thrust. We measured this divergence
with the exponential fit method for the ion-current density profile as
inferred from the FP (Sec. IL.D).

2000

400
0
0 50 100 150
Discharge current (A)
a)
0.7
Xenon{
0.6 :
I e
L05 ,,
aq:) . Krypton
o E
8
204
<
0.3
0 50 100 150
Discharge current (A)
©)

In summary, the product of these efficiency modes will in principle
yield the measured anode efficiency. The ability to isolate these
modes provides direct insight into which physical processes domi-
nate the response of thruster performance with changing discharge
current. Armed with these definitions, we present our results in the
next section.

IV. Results

We present in this section the results of our experimental charac-
terization of the thruster operating on both xenon and krypton at
300 V and discharge currents ranging from 15 to 150 A. We first
report on the global performance metrics of thrust, specific impulse,
and efficiency. We then show the current oscillations of the thruster at
all operating conditions. Finally, we present the processed results of
plasma parameters from individual probe measurements, which we
also convert into estimates for the thruster efficiency modes.

A. Global Performance

Figure 4 presents the thrust, specific impulse, anode efficiencies,
and total efficiencies for both propellants at all conditions. The
tabulated values from these plots are available in the Appendix
(Tables Al and A2). As can be seen from Fig. 4a, the thrust trends
approximately linearly across the range of currents for each propel-
lant. The xenon thrust exceeds krypton at all discharge currents; at the
maximum current where we tested both gases, 125 A, xenon reaches
1650+30 mN and krypton 1582+16 mN. Krypton achieves the
maximum overall thrust recorded from this effort with a value of
1839+18 mN at the 150-A condition. We note here that the thrust for
both propellants measured at the 4.5 kW condition are about 10-20
mN (or 4-9%) lower than those previously measured on the H9 [27].
We attribute this discrepancy to differences between the baseline H9
and the modified H9 MUSCLE, such as changes in material and
electrical configuration. Most saliently, this may have been caused in
part by the change from a boron nitride to graphite chamber, which
has been shown to slightly decrease performance on other shielded
thrusters [23,53].

As shown in Fig. 4b, the specific impulse values measured during
krypton performance are all higher than that of xenon at the same
discharge current, although the difference is within uncertainty at the
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Fig. 4 a) Thrust, b) specific impulse, ¢) anode efficiency, and d) total efficiency for xenon and krypton at 300 V with increasing discharge current.
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15-A and 50-A conditions. At 150 A, krypton operation yields a
specific impulse of 2567448 s. At 125 A, krypton has a specific
impulse of 2534448 s and xenon has 2309+56 s. This disparity can
be attributed to the fact that krypton is a lighter atom; becaue the
discharge voltage remains the same at each test point, the approx-
imately constant amount of electrostatic acceleration results in higher
exit velocities and specific impulse for krypton, the lighter gas. This
follows from the relation that the theoretical limit for specific impulse
with only singly charged ions is Iy, 4, = (y/2eV;/m;/go). Similar
comparisons between krypton and xenon specific impulse have been
reported in previous studies [27,54-56].

With that said, we note that for a beam of only singly charged ions
at 300V, the theoretical limit where all efficiencies are unity is 2000 s
for xenon and 2500 s for krypton. However, as shown in Fig. 4b,
xenon surpasses this theoretical limit at the 50-A condition, whereas
krypton does so at 125 A. We attribute this to the high population of
multiply charged species in the beam, particularly for xenon at higher
currents (see Sec. IV.C). We discuss this trend in further detail
in Sec. V.B.

Figure 4c shows the anode efficiency for both propellants. We
remark on four key trends from this data. First, although the effi-
ciency for xenon at its highest discharge current of 125 A is lower
than it is at the 15-A condition, the value at the highest current
(n, ~ 53%) is still competitive with state-of-the-art designs. The lack
of a marked decrease in efficiency with current is direct evidence
supporting our hypothesis that the scaling laws historically limiting
the increase in current density in Hall thrusters are not absolute. This
has direct implications for the achievable thrust density of Hall
thrusters at higher powers, a point we expand upon in Sec. V.D.
Second, we see that the efficiency of krypton at its highest current
condition of 150 A is higher than what is exhibited at 15 A. This trend
with increasing current is in line with previous measurements per-
formed on krypton [27,56] and suggests that, for some propellants,
performance does not suffer with an order of magnitude higher
current density but actually improves. Third, at sufficiently high
current, the efficiency of krypton surpasses that of xenon. The
efficiency gap between xenon and krypton historically exhibited by
Hall thrusters at low currents [27,54—-56] thus not only closes at high
currents but reverses. Fourth, the efficiency exhibits a maximum with
discharge current for both gases. The optimum for xenon occurs at
50 A with an efficiency of 62.1 & 3.1%, whereas the maximum for
krypton is at 100 A with 56.3 &+ 2.1%. We conjecture that the non-
monotonic trend in efficiency is the result of a trade between
improved mass utilization and reduced beam utilization efficiencies.
This justification can also explain why krypton, a gas that is more
difficult to ionize, exhibits an optimum at higher currents than xenon.
We discuss this physical interpretation in further detail in Sec. V.C.

The trends in total efficiency, shown in Fig. 4d, closely mirror the
trends in anode efficiency. The maxima are located at the same
currents (50 A for xenon and 100 A for krypton) and the crossover
point between propellants remains the same at 100 A. The magni-
tudes are ~4-13% lower than anode efficiency because the total
efficiency accounts for the flow through the cathode, and the power
supplied to the magnets and the water-cooling booster pump.

B. Thruster Oscillations

In this section, we present measurements of the discharge current
oscillation strength, a metric of the thruster’s overall stability. We
show in Fig. 5 the magnitude of the peak-to-peak oscillations in the
discharge current relative to the mean value. The uncertainty of these
oscillations was determined by taking twice the standard deviation in
the peak-to-peak oscillation strength over 10 s. For xenon, we see that
the current oscillations monotonically decreased with discharge cur-
rent, starting at 69% at 15 A and ending at 4% at 125 A. This latter
value is exceptionally low for Hall thrusters [57]. For krypton, the
current oscillations generally decreased but exhibited a minor inflec-
tion from 75 and 100 A. The oscillation strengths for this gas ranged
from43% at 15 A to 19% at 150 A. From a practical perspective, these
measured levels of oscillation show that the thruster did not exhibit
unusually high oscillation modes with increasing current density.
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Fig. 5 Ratio of peak-to-peak oscillation to mean value of discharge

current for xenon and Kkrypton at 300 V with increasing discharge
current.

This suggests that, at least for this configuration, a high-current-
density Hall thruster has not only comparatively high performance
but is also stable.

As a possible explanation for this behavior, we note that recent
work has suggested that for a fixed discharge voltage, thruster
stability can improve with higher discharge current; this stems from
the fact that the higher local current densities and corresponding high
ionization rates help dampen the dominant breathing mode in the
thruster [57]. Further, this same work showed that decreasing the
residence time of neutrals in the anode can also improve the stability
margin. Given the high thermal fluxes heating the anode and the
resulting high neutral temperatures, this may also be a contributing
factor to the relatively low oscillation levels. This remains a qualita-
tive observation, however, as the high voltages of the anode pre-
cluded us from directly evaluating its temperature during this effort.

C. Probe Measurements

We present in this section the measurements of plasma parameters
from our far-field probes necessary to evaluate the efficiency modes
of the thruster. We first show in Fig. 6 the plasma potential (measured
with respect to ground) and electron temperature, as determined from
Langmuir probe traces using the methodology outlined in Sec. IL.D.
Both these plasma properties generally decrease after achieving a
maximum value with increasing discharge current.

We show in Fig. 7 the average acceleration voltage inferred from
the RPA for both xenon and krypton. In this case, we have made a
correction to the RPA measurement with respect to ground by sub-
tracting the local plasma potential as determined by the LP (Fig. 6).
The average acceleration voltage V, is on the order of the applied
voltage of 300 V within error bars. Notably, the acceleration voltage
generally increases with xenon whereas generally trending down
with krypton. This may suggest that the acceleration process for each
propellant is impacted in opposing ways by the increasing current
density in the thruster.

In Fig. 8, we present the current fractions as determined from the
E x B measurements. For both propellants, we see that the fraction of
the singly charged state generally decreases while the populations of
multiply charged states increase. Indeed, xenon exhibits a population
inversion (i.e., where the fraction of doubly charged ions surpasses
that of singly) at 50 A. As we see in Fig. 8b, krypton reaches this point
of population inversion at the highest current condition of 150 A. For
both propellants, the triply charged population steadily increases
with current. We discuss possible physical explanations for these
trends with current in Sec. V.A.

Figure 9 shows the plume divergence angles inferred from our FP
measurements. For xenon, the divergence monotonically increases
with current from 22.5° £ 1.6° at 15 A t0 28.2° £ 1.5° at 125 A. In
contrast, for krypton, there is a less well-defined trend as discharge
current increases. The divergence angle stays nearly constant for all
currents, only ranging from a minimum of 26.5° & 1.2°at 50 Ato a
maximum of 27.9° &£ 1.7° at 150 A. We discuss the implications of
these variations in divergence angle in Sec. V.C.
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Fig. 6 Plasma potential and electron temperature of a) xenon, and b) krypton at 300 V with increasing discharge current.
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Fig. 9 Plume divergence angle of a) xenon, and b) krypton at 300 V with increasing discharge current.

D. Efficiency Analysis

Armed with probe measurements from the preceding section, we
present here our calculations for the efficiency modes of the thruster.
Figure 10 shows these compiled results plotted as a function of
discharge current for both propellants. This figure also displays the

anode efficiency as measured directly from thrust, 7, s [Eq. (4)],
compared to the anode efficiency as calculated by the product of
efficiency modes, 7, probe [EQ. (3)]. In all cases, the uncertainties in
the plotted values stem from the propagation of experimental error
from the probe measurements through the governing equations of the



Downloaded by University of Michigan on May 2, 2024 | http://arc.aiaa.org | DOI: 10.2514/1.B39324

Article in Advance / SUETAL.

117
151 Mq Echarge) X 1+
.
1 Ad
09l - 7, (voltage) 0.9
> 08 > 08
o (&}
5} 5}
2 2 | |
& 0.7 & 0.7
L T i
06 | .- e —— i 06} ; T
0.5 - ]- 1 05 T P 1 'T
7ap (@anode, probe) & 7a,p (@node, probe)
0.4 0.4
0 50 100 150 0 50 100 150
Discharge current (A) Discharge current (A)
a) b)

Fig. 10 Efficiency modes for a) xenon, and b) krypton at 300 V with increasing discharge current.

efficiencies (Sec. II.B). The values in these plots, including uncer-
tainty estimates, are tabulated in the Appendix (Tables A3 and A4).

1. Anode Efficiency

The gray lines in Fig. 10 indicate the anode efficiency as deter-
mined from direct thrust measurements [Eq. (4)], whereas the black
lines indicate the anode efficiency as calculated as the product of
efficiency modes [Eq. (3)]. At all conditions, 77, probe @Nd 4 ghrust ar€
within uncertainty of each other and generally follow the same trends
with increasing current. The minor discrepancies between measure-
ments may in part be due to our assumptions for estimating the key
plasma parameters (i.e., charge exchange corrections, only employ-
ing a single Faraday probe sweep at fixed radial position, fitting
methods for divergence angle, etc.). Regardless, the general agree-
ment indicates that the efficiency model outlined in Sec. IILB is an
accurate representation of the performance of the thruster.

2. Beam Current Utilization

Figure 10 shows that the beam current utilization steadily
decreases for xenon with increasing current. With krypton, the
current utilization efficiency increases from 15 to 50 A before
slightly decreasing throughout the higher current conditions. This
downward trend in beam utilization efficiency has been observed in
previous studies of Hall thruster efficiency at high powers, and the
values (~75%) are in line with what is typically observed on Hall
reported measurements for the H9’s baseline condition at 300 Vand
15 A [20,27]. The discrepancy at this condition may in part be
attributed to differences in the thruster configuration as well as how
we performed the beam calculation from the FP traces; in this
previous work (Ref. [27]), we adopted a different method for
estimating beam current that required multiple radial sweeps of
the FP probe.

The trend in beam utilization suggests that electron confinement
suffers at higher currents, leading to a higher relative electron con-
tribution to the total current [Eq. (6)]. This behavior is broadly
consistent with past phenomenological explanations that have been
proposed (c.f. Refs. [14,16]) for the impact of discharge channel
plasma density on Hall thruster operation. Indeed, it has been sug-
gested in these works that the higher plasma density associated with
higher current density leads to enhanced electron collisionality, and
therefore higher degrees of cross-field electron transport. Notably,
however, we see that the decrease in the beam utilization efficiency is
at most ~9% over an order of magnitude increase in current. This
suggests that the loss of electron confinement is not driving the
overall performance to noncompetitive values. Indeed, the relatively
gradual downward trend in beam utilization largely explains why the
thruster performance has not suffered markedly at these high current
conditions, a point further explored in Sec. V.C.

3. Charge Utilization

As can be seen from Fig. 10, the charge utilization is nearly unity
for the range of investigated currents. We see that for xenon, there is a
minor decrease in charge utilization in the range from 15 to 75 A
before increasing again, whereas for krypton, the charge utilization
steadily decreases. This behavior can be explained by the relative
disparity of charge states; charge utilization ultimately reaches 100%
when the beam is monoenergetic, and deviates from this when the
beam is polydispersive, i.e., containing differently charged species
(see Fig. 8). Ultimately, the change in charge utilization is minimal
(<3%) throughout the entire range and therefore not a major con-
tributor to the trends in anode efficiency.

4.  Mass Utilization

The mass utilization efficiencies for xenon and krypton are
88.8+£9.6% and 78.9£8.2%, respectively, at the 15-A discharge
current conditions. For krypton in particular, the mass utilization at
this current is its lowest efficiency mode. These values are in keeping
with previous measurements on this power class of thruster [27,56].
With increasing current, the mass utilization reaches 100% within
uncertainty for both gases. This behavior is physically consistent with
the interpretation that the plasma density at these conditions is suffi-
ciently high such that all inlet neutral gas is ionized. Xenon reaches full
ionization at 50 A, whereas krypton approaches this level at 100 A. The
fact that krypton requires a higher current to reach full ionization is
likely due to its smaller cross-section for ionization (see Sec. V.C).
However, as the current density and therefore plasma density in the
channel increases, the ionization mean free path becomes small
enough so that all the neutrals are ionized, even for krypton.

‘We note here that some of our calculated values for mass utilization
slightly exceed 100%, specifically at 50-75 A for xenon and 100 A
for krypton. These nonphysical results might be explained by limi-
tations in our approach to deconvolving the impact of CEX ions, the
lack of multiple axial distances for our FP sweeps, or discrepancies in
the amount of calculated neutral ingestion (see Sec. IL.D). Indeed, the
flow rates into the facility are exceedingly high compared to most
previous Hall thruster testing performed to date, leading to facility
pressures well above the recommended 10 pTorr level [32,33]. It
thus may not be unexpected that standard convolution methods may
be compromised.

Leaving these arguments aside, because all measurements ulti-
mately are within experimental uncertainty of 100%, we work under
the assumption in our subsequent discussion that the total mass
utilization efficiency is effectively 100% whenever the measured
value exceeds this value.

5. Voltage Utilization

As can be seen from Fig. 10, the voltage utilization for xenon
generally increases with current. This behavior is consistent with the



Downloaded by University of Michigan on May 2, 2024 | http://arc.aiaa.org | DOI: 10.2514/1.B39324

10 Article in Advance / SUETAL.

trends exhibited in Fig. 7, where we see the average ion energy mostly
increase with discharge current. For krypton, all points are within
uncertainty of each other (a minimum of 93.3 + 3.5% and a maxi-
mum of 97.1 £ 3.4%), indicating no evident trend in this efficiency
mode with increasing current.

6. Plume Divergence

Figure 10 shows that trends in plume divergence efficiency mirror
the trends in divergence angle. This efficiency mode decreases
monotonically for xenon with discharge current, whereas it remains
approximately constant with current for krypton. In terms of magni-
tude, this mode is the second-largest detractor to the overall efficiency
next to beam utilization. We discuss the possible physical causes for
this low divergence efficiency in Sec. V.C.3.

7. Summary of Efficiency Trends

In this section, we have presented the efficiency modes for oper-
ation on both xenon and krypton and discussed how they trend with
increasing current. At higher-than-nominal currents (>15 A), the
lowest efficiency mode for all conditions is the beam utilization
efficiency, which generally decreases with increasing current and
ranges between 73% and 78%, (excluding the 15-A condition for
both propellants). The next-lowest efficiency mode at high currents is
the divergence efficiency, which varies from 78% to 82% in the 50—
150-A range. The charge and voltage utilization were both above
90% at all conditions for both propellants. Finally, the mass utiliza-
tion efficiency varied the most with current, generally with a dramatic
increase from low to high currents. In Sec. V.C, we focus on the
physical drivers behind the mass and beam utilization efficiencies
and discuss how they shape the overall trends in thruster performance
with increasing current.

V. Discussion

We discuss in this section the key implications of our results. We
first provide a physical explanation for the increasing populations of
multiply charged species and how this relates to the monotonically
increasing specific impulse. Next, we explore the physical drivers
behind trends in efficiency, particularly for the mass and beam
utilization and briefly for divergence. We conclude with a discussion
regarding how our results impact our fundamental understanding of
the limits of Hall thrusters operating at high powers and their com-
parative advantages to other technologies.

A. Trends in Current Fractions

As seen from Fig. 8, the fraction of multiply charged ions increases
at higher currents for both propellants. This trend likely results from
increasing current densities in the channel, which in turn translates to
mass utilization efficiencies approaching unity (see Sec. IV.D.4).
With a mass utilization of one, all the inlet propellant is effectively
ionized. As the current and therefore plasma density in the channel
continue to increase, the resulting singly charged ions can have
additional ionization events, thereby gaining additional charge. This
could explain the higher densities of multiply charged species.
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B. Trends in Specific Impulse

As shown in Fig. 4b, one of the notable findings from of our study
is the 30-45% increase in specific impulse with current exhibited by
each propellant. To explain this trend, we consider a theoretically
informed expression for the specific impulse:

1 Yo
Ipm = g—mnm VNaly 1n
0

S
n

where we have assumed that thrust contributions from charge species n

isgivenby T, = my+/(2¢Z,V,/m;) cos 0. As this result shows, the
specific impulse depends on the cathode flow fraction, mass utilization
efficiency, divergence efficiency, voltage utilization efficiency, and
relative current fractions for a given propellant and voltage.

In Fig. 11, we show Eq. (11) plotted as a function of current where
we have employed the measured efficiencies and current fractions
from Sec. IV.D (Figs. 8 and 10). We consider the cases of a singly
charged beam (dotted black line), a multiply charged beam (dashed
black line), and the limiting cases where the beam is entirely singly
and doubly charged with 100% efficiency (horizontal gray lines). The
multiply charged beam was determined using the current fractions as
inferred from the E X B probe (Fig. 8).

As this result shows, the trend of increasing specific impulse with
discharge current is largely explained, by the increase in mass uti-
lization. This is made evident by considering the linear dependence of
specific impulse on mass utilization efficiency seen in Eq. (11)
(compared to the weaker dependencies on voltage and divergence
efficiency) and how dramatically the mass utilization increases with
discharge current (Fig. 10). The increase in mass utilization is caused
by enhanced ionization at higher currents leading to more of the inlet
gas being converted to plasma, which in turn can be accelerated to
generate more thrust. We note, however, that the magnitude of the
specific impulse cannot be explained purely by the acceleration of
singly charged ions. In fact, the maximum theoretical specific
impulse for singly charged species at 300 V is exceeded at the higher
current cases for both gases. This result suggests that the polydis-
persive nature of the plasma is responsible for the higher specific
impulse values. Indeed, accounting for the large presence of multiple
charge states brings the magnitude of the theoretical value [Eq. (11)]
in line with measurement.

A notable implication of this result is that in these high-current-
density operating regimes where the plasma is dominated by higher
charge states, the effective specific impulse can receive a boost that
brings it to values greater than the typical level exhibited by lower-
current-density thrusters [42,62,63] without needing to increase the
discharge voltage. This has potential benefits for deep space mis-
sions, in particular where high specific impulse operation is desir-
able [1,16].

C. Trends in Efficiency

We present here physical explanations for the observed variations
in mass utilization, beam utilization, and divergence efficiency. We
frame this discussion in the context of a set of simplified, zero-
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Fig. 11 Experimentally measured values of specific impulse for a) xenon, and b) krypton operating at 300 V compared to theoretical values.
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dimensional (0-D) scaling laws for thruster operation as it depends on
current.

1. Trends in Mass Utilization Efficiency

‘We motivate in this section a 0-D model for the mass utilization as
it relates to discharge current. To this end, we begin with the quasi-
one-dimensional continuity equation (averaged over channel area)
for neutral density in the channel at steady state:

9y
0z

U

= _kiznenn (12)

where v, is the neutral velocity, n,, is the neutral density, z is the axial
direction, k;, is the rate coefficient for ionization averaged over a
Maxwellian electron velocity distribution, and n, is the electron
density. We next make the strong assumption that the plasma proper-
ties are approximately constant axially in the channel so that we can
formulate an analytical expression for the neutral density. Integrating
Eq. (12) over the length of the channel L thus yields

U
where (x) denotes a volumetrically averaged quantity in the
channel, n,(0) is the inlet neutral density at the anode, and v,,(0)
is the neutral velocity at the anode. Physically, this result indicates
that the neutral density decays exponentially in the channel with
a characteristic length on the order of the mean free path for
ionization. Previous numerical work has indeed shown that the
axial neutral density profiles are approximately exponential in
nature [64,65].

Armed with this expression for neutral density, we can write the
mass utilization efficiency in terms of the neutral flow at the end and
at the beginning of the channel as

(kiz)(n)

_qmL) (L) {kiz)(ne)
v (0)

T =m0 T T, 0)

=1 —exp[— L] (14)

where we have used the definition 77 = v,,n,, A where A is the channel
area. We also approximate both the neutral velocity and area as
constant through the channel, although practically, both values
slightly increase through the channel; for velocity, this is due to
expansion from the anode to the channel (which has a larger area),
and for area, this is due to the chamfer at the exit plane of the thruster
that is associated with a larger channel area. Intuitively, however, this
result shows that as the dwell time of neutrals in the channel L /v, or
the probability of ionization (dictated by (k;.)(n,)) increases, the
mass utilization will improve.

We convert our expression for 7, to be in terms of discharge
current and parameters that are gas-dependent (i.e., m; and k;,). In
rewriting the mass utilization, we first find it useful to obtain an
expression for the electron density. We first define the ion velocity for
a singly charged beam as

)= —=/— s)

where we have assumed the velocity to be a factor of /1/2 lower
than the full velocity of a given ion due to averaging over the entire
channel. We now invoke quasi-neutrality and the ion velocity to

obtain
Ib I’]h[d m; Qn
= . = == — 16
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where we have included the superposition of differently charged
beams. We have also made the strong assumption that the beam
current (I, = n,1,), which is measured downstream, is constant
through the channel. We next define the neutral velocity using the

mean value in one dimension, assuming sonic injection conditions at
the anode, giving us

2kpT,

m;

v, (0) = an

where kj is the Boltzmann constant and T, is the gas temperature at
the anode. Leveraging these expressions for density and neutral
velocity, we can simplify Eq. (14) to

7
M = 1 —exp[—,—"} (18)
where we have introduced the variables
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Here, I, is an adjusted current that depends on the mass and ioniza-
tion rate coefficient for each species. This parameter, according to this
simplified theory, should be universal in dictating the mass utilization
for different propellants. The parameter /. is a “characteristic cur-
rent,” where T, is the temperature of the neutral gas at the inlet, m;x,
is the xenon mass, and (k;,(x,) is a constant given by the ionization
rate coefficient for xenon at a reference temperature of 7, = 30 eV.
This characteristic current depends on channel geometry, charge
composition, discharge voltage, and temperature of the neutral gas.
Some of these parameters vary with discharge current. However, our
experimental results have shown that the relative change in discharge
current over the current range is 10 times greater than the variations in
beam utilization efficiency, summation over charge states, and the
acceleration voltage. We therefore approximate in Eq. (18) the char-
acteristic current /.. as weakly varying and thus approximately con-
stant with current.

We plot the experimental measurements of mass utilization as a
function of the adjusted current /, in Fig. 12. To evaluate this current
for each gas, we have made the assumption that the electron temper-
ature in eV scales with the discharge voltage by a factor of 0.1
(Refs. [16,66-69]) so that T, = 30 eV for both gases. For compari-
son, we also plot Eq. (18), where we have empirically calibrated /. =
6 A to achieve a best fit of the data over all measured conditions
shown in Table 1. This result illustrates that the xenon and krypton
data collapse onto the same curve when we use I ;, and the agreement
between the shape of the theoretical curve and the data lends support
to this simplified but physics-motivated description of mass utiliza-
tion efficiency.

1.2
&\E
>
O
c 1 Tj { T % 1 I_
s 'SRRE: 1
= .
©
E 0.8 %
®
N
5
> 0.6
g % Xenon, exp.
= & Krypton, exp.
0.4
0 50 100 150

Adjusted current (A)

Fig. 12 Experimentally measured mass utilization efficiency for
a) xenon, and b) krypton operating at 300 V compared to theoretical
forms calibrated on data from Table 2.
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Table 2 Plasma parameter
values averaged over all operating
conditions and both propellants

Parameter Value

T, 400 K

b const 0.75

Q 0.5

Q, 0.4

Q3 0.1

Va 290 V

(T.) 30eV
{kiz(xe)) 1.079 x 1073 m3 /s
(kizkr)) 6.651x 107* m3 /s

As an additional validation, we use our experimental measure-
ments of the terms in Eq. (19) to calculate a theoretical value of /. and
evaluate if the fit value for our characteristic current is plausible. We
obtained these measured values, shown in Table 2, by averaging the
data shown in Figs. 6, 8, and 10 over all discharge currents for both
propellants. We also assume 400 K for the temperature of the anode as
we have in previous work [70,71], although we note that the actual
temperatures may be higher due to the atypically high current den-
sities we were operating at. With these averaged values, we find a
value of I, = 2.2A. This is within a factor of 3 of the best- fit value.
The discrepancy between the calculated and best-fit parameters can
likely be attributed to the several simplifications and assumptions
made in our analysis. For example, the T, =~ 0.1V ; relation is typi-
cally used to approximate the peak electron temperature in the
channel. Because we are averaging across the channel, we may
therefore expect the effective electron temperature (and therefore
ionization rate coefficient) to be lower than 30 eV. This would
increase our calculated value of characteristic current /.. to be more
in line with our best- fit value of 6 A. We also assumed a form for the
average ion velocity in the channel [Eq. (15)] and for the neutral
velocity at the inlet [Eq. (17)].

There are two key physical insights that emerge from our 0-D
validated description for the mass utilization. The first is that the
increase in mass utilization with current can be attributed to the fact
that the number density of particles in the channel also increases
with current. This higher density of particles facilitates more ioniza-
tion of the inlet neutral gas. With sufficiently high discharge current
for a given gas, all particles are ionized, and the mass utilization
approaches unity. This is reflected by the exponential dependence of
Eq. (18) on current.

The second insight is that the current required to achieve a fixed
level of mass utilization is species dependent. For example, we saw
experimentally that the mass utilization of xenon reaches 95% at
~30 A (Fig. 10). Forkrypton, this occurs at ~70 A, yielding aratio of
(Lackry/Lacxey) = 0.43. This is consistent with the theoretical calcu-
lation for current ratio at 300 V:

Lakrn _ Mikn (Kizkn)

~0.39 (20)
Lixey  Micxe) {Kiz(xe)

The need for higher current to achieve full ionization with krypton is
firstly because it is more difficult to ionize with its smaller cross-
section, and secondly because of its shorter residence time in the
channel due to its smaller mass. As an extension from this result, we
see that the increase in current density appears to be able to compen-
sate for the traditional mass utilization losses associated with gases
with lower ionization cross-sections. This physical phenomenon has
been suggested in previous work [72].

2. Trends in Beam Utilization Efficiency

As noted in the preceding Sec. IV.D.2, the beam utilization
decreases with increasing current, a likely indication of reduced
electron confinement in the channel. We discuss in this section

possible physical explanations for this trend. To this end, we begin
by writing the definition of beam utilization as

1

= ey

We can rewrite this result by adapting Eq. (16) to find an expression
for I, and by using a generalized Ohm’s law averaged over the
channel to find an expression for /,. We first solve for the electron
velocity v, by beginning with Ohm’s law:

0= -en,(E+ v, X B)—m,n,,v, (22)

assuming steady state and no electron pressure gradient but including
a collision term. By solving Ohm’s law in the azimuthal and axial
directions individually, we find the electron velocity in the axial
direction to be

e

= ——te | 23
Ve, @41 (23)

Noting that typically the Hall parameter Q, = w../v, > 1 in Hall
thrusters, this simplifies to

1 E

= = 24

T o) o0

Byinvoking I, = en,v,A and taking an average over the channel, we
find

A (25)

where we have approximated the electric field in the axial direction in
the channel as E ~ V, /L. We note here that this is a calculation of the
total electron current in the channel and therefore a conservative
estimate of /,, but can still provide insight on trends with various
plasma parameters. Together, these expressions for beam current and
electron current yield

1

ey .

Mp

where we have defined the parameter

V. m, Q,
B \/; (BY2L Z JZ @n

Here, v, is the electron collision frequency, @, is the electron cyclo-
tron frequency, B is the magnetic field strength, and (x) again denotes
a plasma property averaged over the channel length. As with our
discussion in the preceding section, we again assume V, and Q,
to be weakly varying with current such that the parameter a =

5.8 x 10*,/(m/N) is approximately constant for our operating con-
ditions (see Table 2).

Physically, Eq. (26) represents the intuitive result that a higher rate
of electron collisions v, reduces beam utilization, whereas a stronger
magnetic field B improves it. Because the magnetic field for our
operating conditions was fixed, the key question for relating beam
utilization to discharge current is how the average electron collision
frequency (v,) depends on this current. With that said, the nature of
this effective electron collision frequency is poorly understood and
still an active area of research [19]. In the absence of a first principles
model for this transport coefficient, we consider in this discussion
two possible scalings that represent limiting cases for the electron
dynamics:

M
Vee = Cea/ miken_ld

Vep = CB (28)
m '
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where k., is the electron-neutral rate coefficient, which is dependent
on species and electron temperature, and we have defined parameters
that are approximately constant with current,

@ cr=a Bee 29)
V2kpT,eA 5778

6

In the first case, v, . represents the anticipated scaling with discharge
current for classical electron-neutral collisions. We neglect electron—
ion collisions, as electron-neutral collisions dominate in the channel
[73]. To arrive at this expression and the expression for c., we have
used the definition of collision frequency as v, = n,k.,, assumed a
constant electron temperature, and expressed the neutral density as
n, = (m,/v,m;A). We also have introduced a tunable scaling factor
a. to account for the fact that the actual collision frequency in the
thruster channel at typical current densities is orders of magnitude
higher than predicted classically [19,74]. This parameter allows us to
capture this effect while still retaining the classical scaling of colli-
sion frequency with current. The second expression in Eq. (28), v, ,
represents a Bohm-like scaling for the effective electron collision
frequency. This type of model is frequently employed in Hall thruster
simulations [19] with a constant scaling parameter a that is tuned to
better match the simulated electron current with experiment. Unlike
the case of classical collision frequency, the Bohm scaling is inde-
pendent of discharge current.

We can substitute both expressions for collision frequency from
Eq. (28) into Eq. (26) to solve for the beam utilization:

,/4accmi%1d+ 1-1 1
“ (30)

e =7 —
2accm,»§ﬂ1d 1+ acg./m;

. =a.

Mpe =

The first expression of classical scaling for beam utilization suggests
that as the discharge current increases, the beam efficiency decreases,
whereas the second expression for Bohm-like scaling would indicate
that the beam utilization should be independent of current. We plot
both of these theoretical results against experimental data in Fig. 13,
where we have used best-fit values of @, = 20, az = 0.09 for xenon
and a, = 20, ag = 0.14 for krypton. For both gases, we ultimately
see that the experimental values fall between the Bohm and classical
scaling. Qualitatively, the classical scaling better captures the
decrease in confinement with discharge current for xenon, indicated
by a decreasing beam utilization efficiency. However, the classical
scaling is too strong, predicting more of a reduction in confinement
than exhibited by the plasma. The beam utilization of krypton, on the
other hand, has a more Bohm-like trend, as it only slightly decreases
and has nearly constant values within uncertainty throughout the
range of currents.

The fact that the change in beam utilization has a weaker depend-
ence on current than the classical expectation is a departure from what
has previously been proposed for conventional scaling laws in
Hall thrusters [14]. This deviation in part explains why the perfor-
mance did not drop as precipitously as these previous studies have
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suggested. Indeed, based on our results, we may expect that operating
at higher currents beyond what was explored during this effort would
only yield moderate decreases in performance. With that said, the
transport is also not entirely Bohm-like, particularly for the case of
xenon, as the beam utilization does exhibit some dependence on
current density. This suggests that the upper bound in performance
for these devices may be lower than the limits suggested in recently
revised scaling-law studies that assumed a Bohm-like form for the
collection frequency [17]. Regardless, from the perspective of
informing next steps, these arguments suggest that future efforts
should be guided by the assumption that the performance decrease
with current density can be bounded by assuming that the electron
dynamics fall between these two limits.

3. Trends in Divergence Efficiency

As seen in Fig. 10, the divergence efficiency is generally the
second-lowest efficiency mode besides beam utilization, although
the values are consistent with other state-of-the-art magnetically
shielded Hall thrusters [23,26,27,33]. We note here that magnetically
shielded thrusters are known to have slightly higher plume diver-
gence angles, and therefore lower divergence efficiencies, compared
to unshielded thrusters. This is because the location of peak magnetic
field is shifted downstream in the shielded topology [26], therefore
increasing the divergence.

The increase in divergence angle (and corresponding decrease in
efficiency) with current for xenon might be attributed to the accel-
eration region (the narrow area in the thruster channel where mostion
acceleration occurs) shifting downstream, thereby increasing plume
divergence. This type of correlation between the location of the
acceleration zone and divergence angle has previously been noted
in Hall thrusters [62,75-77], and a study of the H9 performed with
laser-induced fluorescence showed that the acceleration zone was
displaced downstream at a discharge current of 30 A, compared to
15 A for both xenon and krypton [70,71]. A similar shift with current
density was noted by Reid in an unshielded thruster operating on
xenon [61]. Without measurements of the velocity profile within the
channel at even higher currents, however, we are unable to conclu-
sively attribute the changes in divergence angle to this effect. Notably,
the divergence angle for krypton exhibits a different trend than xenon,
staying within a range of 2° throughout the current range. This would
suggest in this case that the location of the acceleration zone may not
be impacted by the current. With that said, the physical reason for the
different trends between the two propellants and its relation to the
location of the acceleration zone with current is ultimately unknown.

4. Trends in Overall Anode Efficiency

Equipped with the insights from the preceding section into the
processes driving the efficiency modes, we now consider how the
convolution of these trends can explain key features in the anode
efficiencies of both krypton and xenon. First, our results suggest that
the maxima in the efficiencies are the result of a trade between
increasing mass utilization and decreasing beam utilization with
current. Second, the fact that xenon efficiency exhibits a peak at a
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Fig. 13 Experimentally measured beam-current utilization efficiency for a) xenon, and b) krypton operating at 300 V compared to theoretical forms

calibrated on data from Table 2.
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lower current than krypton can be explained by the fact that higher
discharge currents are required for krypton to reach 100% mass
utilization due to its higher difficulty of ionization. Because the
overall efficiency scales with the product of mass and beam utiliza-
tion, this has the effect of shifting the peak efficiency to higher
currents for krypton. Third, once the mass utilization has achieved
100% efficiency, the beam utilization dominates the overall effi-
ciency curve, leading to an eventual decrease in performance. Kryp-
ton’s beam utilization declines at a more gradual rate than xenon’s,
which is responsible for krypton outperforming xenon at sufficiently
high currents. Finally, because the mass utilization reaches 100% for
both gases and the decrease in beam utilization begins to dominate at
higher currents, we anticipate that the performance for both gases will
continue to decrease at higher discharge currents. However, it is
possible that with lighter, more difficult-to-ionize gases such as Ar
or N,, the peak efficiency would occur at an even higher discharge
current than investigated here. These gases may exhibit efficiencies
that overtake krypton’s and xenon’s at sufficiently high current
densities, particularly if these lighter propellants have an even more
gradual decrease in beam utilization with current than xenon and
krypton. This invites new possibilities for the efficient operation of
Hall thrusters on these types of alternative propellants [72].

D. Implications for Hall Thrusters as an Option for High-Power EP

‘We conclude our discussion with acomment on the implications of
our results for Hall thrusters as a candidate technology for high-
power applications. As discussed in the introduction, the traditional
range of Hall thruster thrust density has been a major limitation for
scaling to higher power when contrasted with fully electromagnetic
concepts like MPD thrusters. Our results have demonstrated that
these traditional scaling laws may not be absolute. Indeed, we have
shown that the thruster efficiency does not precipitously drop with an
approximately 10-times increase in current density compared to the
nominal operating condition of the thruster. This corresponds to a six-
to-eight-times increase in thrust density for the Hall thruster.

To put this result in the context of alternative technologies for high-
power electric propulsion, we show in Fig. 14 the normalized thrust
density of the H9 MUSCLE for xenon and krypton compared to
thrust densities extracted from a comprehensive database of perfor-
mance measurements from applied-field MPD thrusters [78]. The
cross-sectional area we used to determine thruster density was
defined by the solenoid radius for the AF-MPDs and the outer
discharge channel radius for the H9 MUSCLE. All results are nor-
malized to the thrust density of the HO MUSCLE operating on xenon
and krypton respectively at 300 V and 15 A. As can be seen from
Fig. 14, the performance of the HO MUSCLE is not only competitive
with, but can actually exceed AF-MPD thrust density in this power
range. Moreover, the H9 MUSCLE was able to achieve this increase
in thrust density while maintaining specific impulses in the range of
2100-2600 s (Fig. 4b) that are desirable for deep space architectures
[1]. This is a marked improvement over previous work that focused

gl H9 on xenon
AF-MPD

Scaled thrust density (Xe at 4.5 kW)

0 10 20 30 40 50
Power (kW)

tJ
-~

on increasing thrust density by increasing Hall thruster voltage
19.10.

We caveat this result with the observation that it is unclear how well
this comparison between thrusters holds as the discharge power
continues to increase. We may ultimately find, as the trends in our
efficiency results suggest (especially the decrease in beam utiliza-
tion), that performance (and by extension, thrust density) eventually
decreases to undesirable limits. However, there may be some margin
before this limit is reached, and design decisions such as increased
magnetic field strength, decreased discharge voltage, and alternative
propellants may help offset these potential losses.

In the context of recent mission studies, the demonstrated perfor-
mance (Fig. 4) of the H9 MUSCLE from 50 to 100 A for xenon and
from 100 to 150 A for krypton satisfy the >50% total efficiency,
~2000-s specific impulse requirements outlined for near-term Mars
missions [1]. Although the demonstrated thruster power (45 kW) is
under the 2 MW required for these missions, it may be possible to
achieve these levels with a single larger unit or by arraying multiple
thrusters of the same size. Indeed, a recent study of nuclear archi-
tectures suggested that the ideal power level for a 2-MW Hall thruster
system may be ~100-200 kW per thruster [3]. For more far-term
applications, we demonstrated a thruster-body specific mass of
0.56 kg/kW (compared to ~2.4 kg/kW typically exhibited by Hall
thrusters [79]). This metric is approaching the 0.5 kg/kW threshold
identified for rapid Mars transit [80], although we note that the mass
of the power supply itself remains the dominant challenge in these
types of rapid- mission architectures. We caveat this comparison also
by commenting that the mass of the cooling system external to the
thruster, i.e., the booster pump and heat exchanger, are not included in
this specific mass calculation. In practice, the added mass of a thermal
management system may nullify the benefits of the reduction in the
thruster body’s specific mass.

As a final comment, we emphasize that this work was fundamental
in nature and performed on a laboratory thruster with a controlled,
actively cooled system. Our goal was to test the validity of the
traditional arguments about electron confinement at higher current.
Practically, transitioning this physics-based experiment to flight has
many major technical engineering challenges related to thermal
limits as well as magnetic field design. Similarly, the design of hollow
cathodes to operate at these enhanced currents may also pose a
challenge due to enhanced erosion of the emitter insert. Although
longer-life cathodes designed for higher currents certainly exist
[81-83], their size may be incompatible with the small form factor
of the H9 MUSCLE or similarly scaled-up thrusters.

VI. Conclusions

The goal of this effort was to investigate the fundamental limits of
current density scaling in a Hall thruster. This work has been moti-
vated by the increasing interest in developing high-power technolo-
gies that may enable nuclear architectures for missions like crewed
explorations of Mars. In this context, although Hall thrusters are
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Fig. 14 Comparison of thrust densities scaled to H9 MUSCLE operating on a) xenon, and b) krypton at 4.5 kW compared to results from AF-MPD

database [78].
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considered a leading candidate technology, one of their primary
historic limitations has been their achievable thrust density.
Motivated by recent experimental findings and theoretical studies,
we made modifications to a 9-kW-class magnetically shielded labo-
ratory thruster to characterize this device’s performance on xenon and
krypton from its nominal discharge current of 15 A to a maximum of
150 A. We assessed the global performance measurements of thrust,
specific impulse, and efficiency, as well as the efficiency modes of the
thruster. Key findings include that (1) the specific impulse increases
monotonically for both gases with current; (2) the efficiency
decreases at the highest current densities but remains competitive
with the performance metrics for conventional Hall thrusters operat-
ing at lower powers; and (3) the overall efficiency exhibits an
optimum with xenon at 50 A and krypton at 100 A. We have
discussed and explained key aspects of these trends with discharge
current qualitatively, in the context of simplified scaling laws for
thruster operation. For example, we have shown that propellants with
lower mass and ionization cross-section, such as krypton in compari-
son to xenon, are still capable of reaching 100% mass utilization
at sufficiently high currents. We also examined the dependence of
beam utilization on current, which historically was believed to be the
major limitation for operation at high current density. Our findings
indicate that the beam utilization does decrease with discharge cur-
rent but not so precipitously as to preclude competitive efficiencies.

Table A1 Xenon performance measurements at 300 V
Current, A Power, kW Thrust, mN Isp, s Ny Y Nots %
15 4.5 280 £ 15 1754 £98 57.0+ 7.0 44.6 8.2
50 15 820+ 19 2174 £61 62.1 £3.1 549 £3.8
75 22.5 1100 £ 19 2244 + 53 579 +£23 52027
100 30 1394 £ 21 2294 +£50 55.8+£2.0 50.7+2.2
125 375 1650 + 30 2309 +56 52.8 £2.0 482 +2.0

Table A2 Krypton performance measurements at 300 V

Current, A Power, kW Thrust, mN Isp, s Na» Y% Nots %

15 4.5 211 £ 14 1765 £ 120 44.1 £ 6.0 344 +6.7
50 15 704+ 19 2184+ 69 538+29 475+34
75 22.5 1016 £ 19 2331 £57 55.14+22 495+£2.6
100 30 1309 £22 2465 £ 57 563 +£2.1 51.1 £23
125 375 1582+ 16 2534 £48 559+ 1.7 51.0+ 1.9
150 45 1839 £ 18 2567 £48 550+ 1.6 50.4 £ 1.7

Indeed, our results suggest that the effective electron collision fre-
quency in the channel falls between the limits of classical and Bohm-
like scaling. We have also shown that the increasing mass utilization
with discharge current combined with the gradual but persistent
decrease in beam utilization is what results in a local peak in effi-
ciency for both propellants. The ratio of masses and ionization-rate
coefficients for these two propellants is responsible for krypton’s
peak efficiency occurring at a higher current than xenon.

From a practical perspective, our findings may have implications
for future developmental efforts on high-power electric propulsion
systems. We have discussed, for example, how operating at a higher
current density may enable efficient operation on propellants that
have lower ionization cross-sections than xenon. We have also shown
that over the power range we investigated, the thrust densities of a
Hall thruster can exceed those of a competing technology, the
applied-field magnetoplasmadynamic thruster, while still maintain-
ing attractive specific impulse and efficiency. We caveat both of these
findings, however, with the remark that it is not certain whether these
advantages remain at even higher current densities. It is not clear if
and by how much performance will decrease as the thruster operating
envelope continues to expand. Indeed, this study was a laboratory
demonstration on a laboratory device, and there remain several
potentially major challenges with a more practical flightlike imple-
mentation. With that said, ultimately, this work represents a critical
step in demonstrating how Hall thrusters may be a key enabler for
new and exciting capabilities of high-power electric propulsion.

Appendix: Tabulated Thrust and Efficiency Data

Tables Al and A2 show the values and uncertainties of thrust,
specific impulse, anode efficiency, and total efficiency for each
condition as inferred from thrust-stand measurements.

Tables A3 and A4 show the values and uncertainties of efficiency
modes as inferred from probe measurements.
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Table A3  Xenon efficiencies from probe measurements at 300 V

Current, A Power, kW Ny, % ng> % N> o Ny, %o Na» % Naprod> %
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50 15 775+39 960+06 101.2+57 953 +35 823+1.6 59.0+5.1
75 22.5 763 +38 959+ 1.1 1034+57 963+35 794+19 578 £5.0
100 30 747 £34 963 +17 995+51 981+45 782+1.6 548 +48
125 375 728 £35 965+21 99.6+54 995+32 777+22 542447

Table A4 Krypton efficiencies from probe measurements at 300 V

Current, A Power, kW Ny, % Ng> % Ny Yo Ny, % ng, % Naprod> %0
15 45 763 +£59 988 +0.1 789+£82 971+34 79.0+20 456+6.2
50 15 774 £35 973+£03 91.7+48 943 +3.7 80.1£1.6 522+43
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100 30 750+3.1 967+ 1.0 1005+46 963 +48 792+20 556=£47
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