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The plasma plume properties of a three-channel 100-kW-class nested Hall thruster were measured on xenon
propellant for total powers up to 80 kW. The thruster was throttled through all seven available channel combinations
for conditions spanning 300 to 500 V discharge voltage and three discharge current densities. A plasma diagnostics
array, which included a Wien filter spectrometer, a retarding potential analyzer, and a planar Langmuir probe, was
placed in the far-field plume of the thruster and used to measure the beam ion charge state, the ion energy distribution
function, and the local plasma potential. These data were used to calculate thruster phenomenological efficiencies.
These efficiencies are compared across the discharge voltage and channel combination, and they are compared to
similar results from the NASA-300M single-channel high-power Hall thruster. An estimate of cross-channel ingestion,
which is a phenomenon in the nested configuration that may improve thruster efficiency and that will be present in
space, is calculated, and the results for mass utilization efficiency are corrected for this effect. These plasma diagnostic
results are discussed in the context of the state of the art, as well as in that of the viability and potential benefits of the

nested channel thruster configuration.

Nomenclature

= area, cm?

elementary charge; 1.602 x 1071° C

current, A

current density, mA /cm?

Boltzmann constant; 1.38 x 1072* J/K

mass, kg

mass flow rate, mg/s

density, m~3

power, kW

thrust, N, or temperature, K

velocity, m/s

voltage, V

charge state

= portion of mass utilization efficiency related to
charge state information

= cross-channel ingestion geometry factor

ion species fraction

efficiency

beam divergence angle, deg

particle flux, particles/m?

= ion species current fraction
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Subscripts

a = anode

acc = acceleration

act = actual

avg = average

b = current utilization, beam, or background
bd = divergence-weighted current utilization
cg = cathode to ground

ch = channel

corrected = corrected

d = divergence

e = exhaust

facility = facility

8 = gas

i = species indication
ingest = ingested

k = species indication
lab = laboratory

m = mass utilization

md = divergence-weighted mass utilization
mp = most probable

NHT = nested Hall thruster

P = plasma potential

pc = power corrected
prop = propellant

q = charge utilization

ref = reference value
space = space

v = voltage utilization

Xe = Xenon

300M = NASA-300M thruster

I. Introduction

LECTRIC propulsion (EP) systems in excess of 300 kW system
power enable a wide variety of missions. Modeling has shown
that systems consisting of thrusters in the 100 kW class can be
optimal for both total system mass and cost for missions of at least
up to 1 MW total power [1,2]. Hall thrusters have demonstrated
attractive performance (total thruster efficiency in excess of 0.60)
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in the range of 1500-3000 s specific impulse [3], which is an optimal
range for many cargo and crew transport missions to locations such as
the moon and Mars.

Using established scaling laws for Hall thrusters [4,5], single-
channel thrusters begin to become challengingly large in diameter
beyond the 50 kW class. An alternative geometry for Hall thrusters
consists of nesting multiple discharge channels concentrically. Origi-
nally studied in two-channel 10 kW class thrusters [6,7], the concept
of the nested Hall thruster (NHT) has since been scaled to the 100 kW
class in the three-channel thruster known as the X3.

The X3’s three channels are able to operate separately or together
in any combination to provide a total throttle range on the thruster of
approximately 2 to 200 kW, spanning discharge voltages from 200 to
800 V. Early testing with the thruster operated it to low powers (up to
30 kW). These tests showed lower than expected performance [2]. A
series of checkouts and improvements to the thruster were made, and
the thruster was recently tested up to 102 kW. The performance
results (as measured by a thrust stand), as well as high-speed dis-
charge behavior as measured with a high-speed camera, are presented
by Hall in Ref. [8]. This paper presents the plasma plume characteri-
zation using a far-field array of plasma diagnostics. These measure-
ments were taken for across nearly all of the performance
characterization throttle table in Ref. [8], but damage to the probe
array at the highest-power conditions prevented us from collecting
these plasma plume measurements for total discharge powers
above 80 kW.

First, in Sec. II, we summarize the phenomenological efficiency
analysis method as applied to Hall thrusters. We present a summary of
the experimental apparatus and data analysis techniques used in this
experiment in Sec. III. Results from the plasma diagnostics are
presented in Sec. IV, and a detailed discussion of these results is
presented in Sec. V. We finally present a study of the cross-channel
ingestion unique to NHTSs and the correction to our results necessary
because of this effect in Sec. VI.

II. Hall Thruster Phenomenological Efficiency Analysis

Direct thrust measurements via a thrust stand can be used to
calculate thruster efficiency and specific impulse (both anode and
total quantities of each). Such results for the X3 characterization
campaign are presented in Ref. [§]. However, by using an array of
plasma diagnostics in the plume of the thruster, the thruster efficiency
can be subdivided into relevant quantities related to physical proc-
esses occurring within the thruster discharge. These results can be
used to understand specific loss mechanisms at work within the
thruster.

A significant body of work exists exploring ways to perform such
an analysis [9—13]. Dissecting thruster performance in this manner
provides insight into how the plasma processes change with changes
in thruster operating parameters such as the discharge voltage and
propellant flow rate. This type of analysis can aid with targeted
thruster design improvements, as was the case with the development
of the plasma lens magnetic field topography [11,14].

A. Traditional Phenomenological Efficiency Analysis

A five-component phenomenological efficiency model is often
used in Hall thruster performance analysis [12]. The five compo-
nents of this model are charge utilization efficiency 7,, voltage
utilization efficiency #,, current utilization efficiency #,, mass
utilization efficiency 7,,, and plume divergence utilization effi-
ciency #,. The product of these five efficiency components is the
anode efficiency:

Na = NgMlpmMa (N

and each of the components is calculated as follows:
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where Q; is the current fraction of the ith species, Z; is the charge
state of the ith species, a,, is the portion of mass utilization effi-
ciency related to the charge state information, V. is the acceler-
ation voltage, V, is the discharge voltage, I, is the beam current, /;
is the discharge current, 1, is the ion beam mass flow rate, my, is
the mass of xenon, e is the elementary charge, and @ is the diver-
gence angle of the beam.

These efficiency parameters are typically studied in the laboratory
using an array of plasma diagnostics in the thruster plume
analyzers, Wien filter spectrometers (also called ExB probes), and
Faraday probes. More about these plasma diagnostics and the com-
putations necessary to calculate the efficiency parameters is pre-
sented in the following.

B. Limited-Diagnostics Phenomenological Efficiency Model

Early Hall thruster phenomenological efficiency analysis work
such as that by Hofer and Gallimore [11] did not include 7, as in
Eq. (6). Instead, diagnostics were coupled with thrust-stand-based
performance measurements, which provided anode efficiency 7,;
and the beam current /,, was solved for as the only unknown in the
system. It was only later that 5, was explicitly added as a sepa-
rate term.

The plasma diagnostic arm for the high-power X3 testing was
limited to spatially static (nonmoving) probes; as such, we were
unable to include a Faraday probe for ion beam current measure-
ments. Faraday probes provide /;, and € measurements. To provide
phenomenological efficiency analysis with this setup, we revert to a
model more like that of Hofer’s early work [11] but with the beam
divergence explicitly called out (although not solved for).

If we substitute Egs. (2-6) into Eq. (1) and rearrange for the two
unknowns (I, and 6), we find:

Ma [dema

nqnvam mx,

I, cosf =
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which can be solved for explicitly using probe diagnostic data and
thruster telemetry information. Using I, cos 8, the mass utilization
efficiency #,, and current utilization efficiency 7, can be rewritten
into what we call their divergence-weighted values:

mx.1I;, cos @
Nma = (L) Ay (8)
nge
and
1,cos@
Mpd = U 7 ©)]
d

which are actually identical to those developed by Hofer and Galli-
more in Ref. [11] but which explicitly note that the beam current /;, is
weighted by the beam divergence angle 8. These modified efficiency
values, which we call limited-diagnostic phenomenological efficien-
cies (LDPEs), will be calculated for the X3 using probe data collected
during high-power testing.
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To close this set of equations, we will rely on the anode efficiency
as calculated through direct thrust measurements. Further details of
this calculation are provided by Hall et al. [§].

C. Calculation of LDPEs for NASA-300M Thruster

In this work, we compare the phenomenological efficiency analy-
sis results of the X3 to those of the NASA-300M as reported by
Huang et al. [17]. In that study, the NASA-300M plume was thor-
oughly interrogated using a full suite of plasma diagnostics, includ-
ing a swept Faraday probe. This provided the researchers with
information on the /5 cos @ term of the efficiency analysis, which
was missing from the X3 analysis, and thus they were able to
calculate all five utilization efficiencies separately. To make the
comparison to the X3 data, we took the published data and calculated
values for 7,,; and 7,,; in the following manner:

Nmd,300M = Nm,300M ~/Td,300M (10)
and
Mba,300M = Mb,300M ~/1d,300M (11)

where 1, 3001> Hm.300m- and 714300, are the current utilization, mass
utilization, and divergence utilization reported for the NASA-300M.
We then averaged these values for discharge voltage in a similar
fashion as the X3 data.

III. Experimental Apparatus and Data Analysis

We performed the characterization of the X3 in Vacuum Facility 5
(VF-5) at NASA Glenn Research Center. This section provides a
description of the experimental apparatus and plasma diagnostics
used. Further details of the thruster and experimental apparatus are
provided in Refs. [2,8].

A. X3 NHT

The X3 is a three-channel NHT designed to be capable of operation
from 2 to 200 kW discharge power across a throttling range of
discharge voltages from 200 to 800 V and total discharge currents
up to 250 A. Each of the three channels of the X3 can be operated
separately or together, which provides the wide throttling range of the
device through seven unique operating configurations. Throughout
this paper, we refer to the operating configuration by using / for the
innermost channel, M for the middle channel, and O for the outer-
most channel. Channel combinations are then described using letter
combinations, e.g., IM O for the condition where all three channels

Far-field plasma
diagnosticarm

i

are operating simultaneously. Here, the thruster was operated on
99.9995% pure xenon propellant.

The X3 uses a single lanthanum hexaboride hollow cathode
designed for operation in excess of 300 A. The cathode features
unique external gas injectors that serve to reduce the energetic ion
population in the near plume of the cathode [18]. As described by
Goebel and Chu [19] and by Hall [20], the cathode flow is split
between the cathode center and the external injectors. For the oper-
ation described here, the cathode was operated at a total cathode flow
fraction (combined cathode center flow and injector flow) of 7% of
the total anode flow rate across all operating channels. Elsewhere,
lower cathode flow fractions were demonstrated with the X3 and this
cathode; but, for the testing described here, a more conservative 7%
fraction was selected as a better comparison to state of the art [20].

During this characterization, we operated the X3 through a throttle
table spanning a 300-500 V discharge voltage and three discharge
current densities. Normalized to the middle value, the three current
densities were 0.63, 1.00, and 1.26. Ateach combination of discharge
voltage and current density, all seven channel combinations (I, M, O,
IM, 10, MO, and IMO) were tested. All operating channels were
held at the same discharge voltage and current density for any given
test point. Altogether, the number of unique test conditions was 46:
the same throttle table for which the performance and high-speed
behavior of the thruster were reported on in Ref. [8].

B. Vacuum Facility and Test Equipment

A schematic of the experimental apparatus inside VF-5 is shown in
Fig. 1. The facility is a 4.6-m-diameter 18.3-m-long cylindrical vac-
uum chamber that provides a xenon pumping speed of 700,000 I/s. The
cryogenic vacuum pumps and facility walls are lined with graphite
panels, which minimize backsputter during thruster operation. As
depicted in the figure, the facility pressure was monitored using a
hot-cathode ionization gauge mounted in the exit plane of the thruster,
approximately 1.5 m from the thruster centerline, conforming to
industry best practices [21]. The gauge was calibrated on xenon and
corrected for orientation. Orientation-corrected background pressures
while firing the thruster ranged from 4.3 x 1076 to 4.2 x 10~ torr,
whereas facility base pressures were typically on the order of 1 x 1077
torr. more detailed description of the apparatus used to operate the
thruster and measure telemetry was provided in Refs. [2,8].

C. Thrust Stand

We used an inverted-pendulum thrust stand designed specifically to
accommodate the high thrust and large mass of the X3. This stand,
which was designed to measure up to 8 N of thrust, operated in null
mode and was calibrated in situ with a series of known masses. The
stand had active inclination control and was water cooled to limit

1 7

High-power
\> / thrust stand
Pressure
gauge

Fig.1 Schematic of the experimental apparatus for this characterization. Drawing is not to scale.
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thermal drift during thruster operation. Calibration and thrust calculation
were performed following industry best practices [22—24]. Statistical
uncertainty of the thrust values was calculated to be approximately 2%,
plus a constant offset of 14 mN uncertainty specifically due to the
resolution of the inclination control.

D. Plasma Plume Diagnostics

We used a stationary far-field plasma diagnostics package to
evaluate basic plasma plume properties of the X3. The package
was positioned 8.7 m from the exit plane of the thruster, near the
graphite beam dump mounted to the chamber end cap of VF-5. In an
effort to limit setup complexity and possible failure modes, the
diagnostics package was fixed to the chamber floor instead of
mounted to motion stages. In this following is a description of each
of the probes and the data reduction techniques we used to process the
results. These techniques generally follow those described by Huang
etal. [17], as does the uncertainty analysis.

1. Retarding Potential Analyzer

We used a retarding potential analyzer (RPA) to measure the ion
energy distribution function of the plume ions. The RPA is a plasma
diagnostic that uses a series of biased and swept grids to selectively
collections of a certain energy [25]. The RPA used in this experiment
features four grids and a collector: a floating grid at the entrance, an
electron repelling grid that was biased to 30 V below ground, an ion
selector grid that was swept from 0 V to twice the thruster discharge
voltage, and the secondary electron emission repression grid that was
also biased to 30 V below ground. The RPA was located approx-
imately on thruster centerline. We biased the ion selector grid with a
commercially available source meter and measured the collected
current with a commercially available picoammeter. The RPA had
an opening of 6.45 cm?; but, in an effort to minimize the plasma
entering the probe at higher-power conditions, this opening was
reduced to 0.065 cm? using a GRAFOIL® shield. The acceptance
angle of the RPA in this configuration was still large enough that the
entire thruster was visible to the probe.

We performed data reduction of the RPA traces similar to what
was described by Huang et al. [17]. First, we smoothed the raw
traces using the Savitzky—Golay method [26], and then we took a
numerical derivative of the collected current /. with respect to the
ion selector grid bias V. The negative of this derivative (—dI./dV )
is proportional to the ion energy distribution function if one can
assume a single ion species [25]. For calculation of the thruster
voltage utilization efficiency, the RPA is used to calculate the ion
energy per charge. Following Huang et al. [17], an average voltage
Vavg Was used in place of the traditional most probable voltage V., ,
as a representation of ion energy per charge that is more robust
against noise.

The bias applied to the ion selection grid in the RPA was with
respect to the ground. However, the voltage through which ions are
accelerated out of the thruster is with respect to the far-field plasma
potential. Thus, the V,,, value was corrected by

Vacc = Vavg - Vp (12)

where, as before, V. is the acceleration voltage and V, is the plasma
potential, which was measured using the Langmuir probe described
in the following. We then used acceleration voltage V. to calculate
voltage utilization efficiency as defined in Eq. (3).

We found an average uncertainty on V,,, of +1.04 V for our
analysis technique. The maximum uncertainty, for a particularly
noisy trace, was +5.2 V; and the minimum was 0.4 V. An average
uncertainty of +1.04 V corresponds to an average uncertainty from
the RPA contribution in 7, of £0.003 at a 300 V discharge voltage
and £0.002 at 500 V. These uncertainties combine with those from
the Langmuir probe analysis to provide the full uncertainty of #,,.

2. Langmuir Probe

We used a Langmuir probe (LP) [27] to measure the plasma
potential near the RPA, and thus corrected the RPA measurements.

The LP was a circular planar probe featuring an 18-mm-diameter
molybdenum collector area, which was positioned perpendicular to
the beam direction. The LP was swept at 10 Hz from —20 V to
420 V relative to facility ground in a triangle wave using a function
generator driving a bipolar power supply.

We performed data reduction using the traditional collisionless
thin-sheath LP theory [27]. Typical plasma densities of 10'* m~3 and
electron temperatures of 1-2 eV provided Debye lengths of less than
1 mm and mean free paths on the order of meters, justifying this
approach. The analysis was concerned chiefly with the plasma
potential for RPA correction, although the floating potential and
electron temperature were calculated from the traces as well. Due
to the binning process in the LP data analysis method, the uncertainty
in V,, was £0.5 V at all conditions. This uncertainty contributed an
additional £0.002 ata 300 V discharge voltage and +0.001 at 500 V
to the uncertainty of #,. This brings the total to £0.015 at 300 V and
£0.013 at 500 V.

3. Wien Filter Spectrometer

A Wien filter spectrometer (WFS) or ExB probe was used to
characterize the species fractions of the first four charge states of
xenon in the thruster plume. The WFS features a fixed magnetic field
provided by permanent magnets crossed with a variable electric field
provided by bias plates. By sweeping the voltage applied to the bias
plates, ions can be collected or rejected based on their charge state.
We aligned the WFS with the middle channel of the X3.

WES data were reduced using a technique similar to that described
by Huangetal. [17]. We fita curve to each of the four detectable peaks
in the current versus bias voltage trace (corresponding to singly-
charged xenon (Xe™), doubly-charged xenon (Xe?*), triply-charged
xenon (Xe3*), and quadruply-charged xenon (Xe**), respectively)
and used those curve fits to calculate current and species fractions for
each ion charge state. The X3 WES traces often (but not always)
showed significant peak overlap similar to what Huang et al. found
with the NASA-300 MS thruster. That study found that a skew-
normal distribution provided the best fits and most consistent results
for both conditions with and without strong peak overlap; because of
this, we selected it for the X3 data analysis. The skew-normal dis-
tribution is a Gaussian fit with an additional fit parameter controlling
skewness.

The current fraction was calculated by

I; n, 23"
Q = =" (13)
i 7 372
Xk: k ;l’lk k

where €; is the current fraction for species i, / is the current for a
given species (calculated from the area under the curve fit for the
peak of that species), n is the density of a given species, Z is the
charge of a given species, and the sums over k are summed over
the total number of species present (always equal to four here).
Similarly, the species fraction was calculated as

n; Qi/Z?/z
S TR W (o
k k k k

where (; is the species fraction of species i.

The spectra from the WES are significantly influenced by charge
exchange (CEX) collisions [28] between facility background neutral
particles and the beam ions. We used the correction techniques
detailed by Shastry et al. [13] to account for these effects. To
minimize facility effects in the plume spectra, Shastry et al. recom-
mended maintaining a “pz” factor of less than two, where p is the
facility pressure in units of 1073 torr and z is the distance from the
thruster exit to the WES entrance in units of meters. For chamber
pressures on the order of 10-20 utorr, the recommended probe
distance from the thruster is 1-2 m. High-power operation of the
X3 came with high propellant flow rates, and thus elevated chamber
pressures. The chamber pressure in VF-5 during operation ranged
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from 5 to 50 ptorr, producing arecommended WES distance from the
thruster on the order of 0.5-2 m. However, this range is in the near
field of the 80-cm-diameter X3, and there were significant probe
heating concerns, especially at high-power operation. WES probes
are especially prone to temperature issues due to their permanent
magnets, which can lose their magnetic properties at temperatures
above their Curie temperature. The geometry of the test setup inside
VF-5 was such that the probe could not be removed from the plume
when not in use. Thus, the WES was placed with the other far-field
diagnostics 8.7 m from the exit plane of the X3. Due to the farther-
than-recommended distance between the X3 and the WEFS, we
elected to deploy Shastry et al.’s full correction model in lieu of the
simplified model used in other experiments [17].

Uncertainty in the WFS results is mostly due to the uncertainty in
the pressure reading used for CEX correction. Huang et al. estimates
this to be approximately 3-15% for the pressure gauges in VF-5 when
conductance losses and uncompensated temperature effects are taken
into account [17]. A £15% variation in the facility background
pressure measurement results in average uncertainties of the current
fractions of 40.043, 4-0.037, and 4-0.005 for Xe™*, Xe?*+, and Xe3 ™,
respectively. These, in turn, correspond to an average uncertainty in
1, of 0.004.

IV. Results

The far-field plasma diagnostics described earlier in this paper
were used to calculate the four LDPEs in Eqgs. (2), (3), (8), and (9).
These efficiencies provide insight into the overall efficiency of
the thruster via the plasma processes at work within the discharge.
For the X3, these quantities can also be used to further study the
way the various channel combinations of the thruster differ (or not)
in operation. We present these results in the following: first, as a
function of discharge power; next, averaged together for each
discharge voltage tested; and finally, as functions of channel
combination.

A. Variation with Discharge Power

To study the overall trends of the four LDPEs, we present each as a
function of thruster discharge power. First, the anode efficiency is
presented in Fig. 2. Recall that in this experiment, anode efficiency
was only calculated using thrust measurements. We find that anode
efficiency for all but a single test condition ranges from 0.62 to
0.72 (£0.03, illustrated with one example error bar in the plot for
clarity), and that there is no clear trend present with increasing
discharge power.

Next, the four LDPE components of anode efficiency are plotted in
Fig. 3. Here, error bars represent the measurement uncertainty. Error
bars for charge utilization efficiency are smaller than the markers.

1
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0 20 40 60 80 100

Discharge Power, kW

Fig. 2 Anode efficiency as a function of discharge power. A single
example error bar is shown.

Charge utilization efficiency ranged from 0.97 to 0.99 (£0.005) for
all conditions, without a strong trend with increasing discharge
power. Voltage utilization efficiency ranged between 0.89 and 0.98
(£0.01) for all conditions, with all but five 300 V operating con-
ditions above 0.93, and again with no clear trend with discharge
power. Divergence-weighted mass utilization efficiency ranged from
0.84 to 1.00 (£0.11). Here, a trend of increasing #,,; with discharge
power is observed, however, because of the large uncertainty in this
measurement, this trend falls within the measurement uncertainty.
Finally, the divergence-weighted current utilization ranged from 0.72
to 0.84 (£0.11), which again was within the uncertainty of the
measurement. Here, a trend of decreasing 7, is seen with increasing
discharge power.

B. Average Variation with Discharge Voltage

Next, we study the trends with discharge voltage. To do so, we
average all test points together across all channel combinations for a
given discharge voltage. This averaging will obscure trends across
channel combinations operating at similar conditions, but these
trends will be studied separately in Sec. IV.C below.

Figure 4 presents these averaged values versus discharge voltage.
Here, error bars represent the standard deviation of the averaged data,
which for all cases was smaller than the statistical uncertainty (which
was omitted for clarity). Once again, error bars on 5, are smaller than
the markers. As can be seen, the anode efficiency increases with
increasing discharge voltage. The utilization efficiency with the low-
est magnitude is 7,,;, which matches results seen with other thrusters
[11]; and it trends upward with increasing discharge voltage, con-
tributing to the increase in anode efficiency. Average divergence-
weighted mass utilization efficiency, voltage utilization efficiency,
and charge utilization efficiency are all greater than 0.90 for all
conditions. Voltage utilization efficiency increases with increasing
discharge voltage: an expected result because the loss voltage in a
Hall thruster is typically invariant with discharge voltage, and thus
represents a smaller percentage at higher values of V,;. Charge
utilization efficiency decreases slightly with increasing V ,, indicat-
ing an increase in the population of multiply charged ions at higher
discharge voltages. This is a trend seen with the NASA-400M [29]
and the NASA-173M [11] thrusters. Finally, 7,,, decreases with
increasing discharge voltage; but, overall, the increase in 7, and
Npq 18 greater than this decrease and anode efficiency still increases

C. Comparison of Channel Combinations

Finally, we analyze how the various channel combinations of the
X3 operate with respect to each other. The previous sections demon-
strated that, on average, the X3 is producing the expected trends and
magnitudes of the various utilization efficiencies. However, it is still
possible that there are differences between channels that on average
cancel out to produce the results seen earlier in this paper. For
instance, a certain channel could be operating more efficiently than
average and another less efficiently, such that the average value
appears nominal.

Here, for each channel combination, we averaged the results of a
given LDPE for all 400 V discharge voltage operations. First, Fig. 5
presents the average anode efficiency for the 400 V operation for each
of the seven channel combinations. As can be seen, 7, for each
channel combination is the same to within the uncertainty of the
measurements, and there do not appear to be any systematic trends.
The similarity in #, across channel conditions suggests that the
various utilization efficiencies will be similar as well. To investigate
this further, we next present each of the utilization efficiencies in turn.

First, Fig. 6a shows the variation of 77, between channel combina-
tions. The data indicate small variations between combinations,
although the previous sections have demonstrated that, in general,
g varies little across conditions. Next, we turn to voltage utilization
efficiency, as plotted in Fig. 6b. We find that #, varies approximately
0.03 between conditions. The O, MO, and IMO configurations
appear to produce slightly lower 7, than the other conditions.
Figure 6c presents the divergence-weighted mass utilization as a
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Fig. 4 The average utilization efficiencies versus discharge voltage for
the X3.

function of channel combination. Here, a difference among the
combinations is immediately apparent, although it is within the
uncertainty of the values. It appears that the single-channel condi-
tions (in particular, the I and M conditions) operate at values of 7,,4
nearly 0.10 lower than the multichannel conditions. This is a striking
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Fig.5 Anode efficiency plotted as a function of channel combination for
400 V operation.

result when considering the parity in 7, between conditions and in all
average utilization efficiencies between the X3 and the NASA-300M.
The clustering of the conditions is particularly stark: the I and M
conditions are within 0.006 of each other; and the IM, 10, MO, and
IM O conditions are within 0.03 of each other. Yet, the two groups
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Fig. 6 Limited-diagnostic phenomenological efficiencies as a function of channel combination for 400 V operation of the X3 NHT.

differ on average by more than 0.08. Only the O condition falls
between the two clusters. Finally, the divergence-weighted current
utilization efficiency is presented in Fig. 6d. We find that the values
are nearly identical at 0.79 for the I and M cases before dropping
across the remaining configurations to 0.73 for the IMO condition.

V. Discussion
A. Comparison with State of the Art

We can assess the performance of the X3 by comparing its LDPE
results to those of comparable state-of-the art thrusters. Here, we
compare the X3’s LDPE values and trends to those of the NASA-
300M: a high-power nonmagnetically shielded Hall thruster, which
was subject to a detailed plasma plume study.

First, we present anode efficiency, which indicates how the thrust-
ers are performing relative to each other. As can be seen in Fig. 7, the
anode efficiencies derived from thrust measurements for both thrust-
ers track closely together with increasing discharge voltage. The X3
performed approximately 0.01 higher at 300 and 500 V, whereas the
NASA-300M performed approximately 0.02 higher at 400 V. For
both thrusters, anode efficiency increased for increasing discharge
voltage. Also plotted in Fig. 7 are the probe-derived anode efficien-
cies for the NASA-300M. As can be seen, these values generally
show the same trend and slope with discharge voltage but are on
average 0.03 higher than the thrust-derived values.

Within the uncertainty of the X3 measurements (30.03), the
thrust-derived anode efficiency values for both thrusters are the same.
This can be taken as a confirmation that the X3 is operating as
designed. Based on the scaling laws developed by Manzella in

0.75

o©
3
.
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06 1
X3 NHT (thrust)
NASA-300M (thrust)
% -NASA-300M (probes)
0.55 . . .
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Discharge Voltage, V

Fig. 7 Average anode efficiency as a function of discharge voltage for
the X3 and the NASA-300M. Error bars on the X3 data reflect the
standard deviation of the averaged points.

Ref. [4], we subsequently expect that the various utilization efficien-
cies should also match between the thrusters because those scaling
techniques are intended to ensure that the plasma (and thus its internal
processes) is kept similar as power is increased. Because the anode
efficiency values are very similar, any deviations in the various
utilization efficiencies will have to cancel out.
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Next, we turn to the four LDPEs, which we plot for both thrusters
in Fig. 8. For charge utilization efficiency, shown in Fig. 8a, results
for both thrusters are nearly identical in magnitude and feature a
similar negative slope with increasing discharge voltage. These
values also match historical ones such as those reported by Hofer
and Gallimore on the NASA-173M [11]. The results indicate that the
relative populations of charge states of xenon ions are similar
between the thrusters at a fixed discharge voltage. The negative slope
indicates that higher discharge voltages are producing more multiply
charged xenon ions. Overall, this result indicates that the X3 is not
producing significantly different populations of multiply charged
ions than the NASA-300M.

Voltage utilization efficiency is plotted in Fig. 8b. Here, we find
that the X3 marginally outperformed the NASA-300M by 0.005-
0.01 at each discharge voltage. However, the uncertainty of the X3
values were between +0.01 and £0.02, making the values sta-
tistically the same to the NASA-300M values. The results demon-
strate similar trends with increasing discharge voltage between the
two thrusters. This is to be expected, as discussed earlier in this paper.
The similarity between these data for the two thrusters indicates that
they are accelerating ions (as well as coupling to their respective
cathodes) with similar efficacy.

Figure 8c presents divergence-weighted mass utilization effi-
ciency versus discharge voltage for both thrusters. Here, we find a
more striking difference between the two thrusters. Although the two
thrusters show a similar downward trend in #,,;, with increasing
discharge voltage, the X3’s average efficiencies are consistently
between 0.035 and 0.05 lower than those of the NASA-300M. This
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difference is not technically statistically significant because the #,,;
values for the X3 also carry an uncertainty of +0.11, but the
difference is still significantly larger than those observed on any
other efficiency. This result initially seems at odds with the sim-
ilarity in all other efficiencies between the two thrusters. However,
if we return to the anode efficiencies in Fig. 7, we are reminded that
the probe-calculated anode efficiency for the NASA-300M was
higher than the thrust-calculated value. The NASA-300M’s larger
Nmq 18 counteracted by the X3’s slightly larger 7, to result in probe-
calculated anode efficiencies about 0.03 larger than the thrust-
calculated ones for the NASA-300M. It is worth noting that the
data for the NASA-300M produced surprisingly large values of 7,
at times slightly in excess of unity. The uncertainties on the values
for the NASA-300M were +0.04. Thus, although the difference in
magnitude appears large, the uncertainties of the two measurements
overlap.

Finally, Fig. 8d shows divergence-weighted current utilization
efficiency. Here, we find that once again the X3 and NASA-300M
data track closely. Because of the nature of the calculation for #,,, for
the X3, it features a rather large uncertainty of +0.11, but the mean
values are always within 0.02 between the two thrusters for a given
discharge voltage. Both thrusters show an increase with increasing
discharge voltage as well. This indicates that the thrusters are con-
verting discharge current to beam current equally efficiently.

A final comparison to make to the NASA-300M is that of current
fractions of charged species. The similarity in 7, between the two
thrusters indicates that the relative populations should be similar as well,
but it is still insightful to study trends in relative populations with V ;.
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Fig.8 Limited-diagnostic phenomenological efficiencies as a function of discharge voltage for both the X3 NHT and the NASA-300M. Error bars on the

X3 data reflect the standard deviation of the averaged points.
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These results for the X3 and the NASA-300M are plotted in Fig. 9. Here,
error bars on the X3 data represent the statistical uncertainty in the
current fractions. The NASA-300M results had very similar uncertain-
ties, which are suppressed on the plot for clarity.

We find that the NASA-300M produced magnitudes and trends very
similar to the X3, as shown with the dashed lines and open markers in
Fig. 9. Work such as Hofer and Gallimore’s in Ref. [11] has shown that,
in general, Hall thrusters experience an increase in multiply charged
species populations with increasing V ;. However, for the X3 (solid lines
and markers in the figure), we find that the population of Xe™ actually
increases from 0.755 at 300 V to 0.770 at 400 V before dropping to
0.712 at 500 V. This trend is mirrored in the Xe?* current fraction,
which decreases from 0.218 at 300 V to 0.195 at 400 V before increasing
to 0.238 at 500 V. The Xe** population, which had an average current
fraction less than 0.05 for all V;, rose monotonically with discharge
voltage from 0.021 at 300 V to 0.038 at 500 V. The Xe** current fraction
was typically less than 0.01, and is thus not reported here.

The trends in the current fractions of all three species were very
similar, with a rise in Xe™ at 400 V and a decrease at 500 V,
corresponding to a decrease in Xe?* at 400 V and an increase at
500 V. The X3 and the NASA-300M produced nearly identical
current fractions of Xe™t at 300 and 400 V; although at 500 V, the
X3 decreased farther than the NASA-300M. However, the magni-
tudes of the Xe?>* and Xe3+ populations are different between the two
thrusters: the X3 is producing more Xe>* and less Xe** than the
NASA-300M. The X3’s average current fractions for Xe?* are 0.043
to 0.078 larger in magnitude than the NASA-300M, which corre-
spond to similar differences in the opposite direction for Xe>*. This,
in turn, explains the X3’s slightly higher magnitudes of 7, as shown
in Fig. 8; higher charge states are responsible for more losses, and so
by producing more ions in a lower charge state, the X3 is operating
more efficiently than the NASA-300M. However, as the difference in
11, demonstrates, this is responsible for a very small difference in
performance between the two thrusters.

Aside from some reservations about divergence-weighted mass
utilization, the X3 has been found to have similar magnitudes and
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Fig. 9 Average current fractions of Xe*, Xe?*, and Xe3* for the X3
and the NASA-300M at three different discharge voltages.

trends for all utilization efficiencies. This suggests that the X3 is
performing as it was designed to and that the thruster scaling laws
used in the design of both thrusters serve to keep the plasma proper-
ties and processes similar for power levels from 20 to 100 kW and
sizes ranging from approximately 300 to 800 mm in outside diameter.
This also lends initial credence to the idea that the X3 does not suffer
from any major changes in plasma properties and processes between
single- and multichannel operations since the X3 average values here
contained both types of operation and were not significantly different
than the single-channel NASA-300M.

B. Comparison of Channel Combinations

Next, we compare the channel combinations of the X3. By doing
s0, we can establish whether the various combinations also operate
comparably to state of the art or if there is a difference between
combination(s) that averages out to roughly state-of-the-art values.
We do so here for the 400 V discharge voltage conditions.

The charge utilization efficiencies of each channel combination in
Fig. 6 suggest that the thruster is producing more singly charged
xenon in the MO and IM O configurations. Indeed, if we plot the
average current fractions of Xe*, Xe?*, and Xe** as Fig. 10 shows,
we find that the MO and IM O configurations are producing more
singly charged xenon ions and fewer doubly charged ions. The
populations of triply charged ions remain approximately the same
and are a small portion of the beam population.

As noted earlier in this paper, the O, M O, and /M O configurations
produced values of 7, slightly lower than those of other conditions.
One potential explanation for this is that the outer channel’s lower
efficiency occurs in both single- and multichannel operations, and
thus brings down the average 5, for any condition that channel
operates in. However, this would not explain the high #, for the /0
condition, which is on par with that for the I condition. Therefore, itis
also possible that this is simply a product of magnetic field settings;
further optimization of the field, especially for the multichannel
conditions, may bring these values closer together.

Another possible explanation for the variation in 7, seen here is
variations in either V,, V,, or both. These two potentials are com-
bined in the cathode coupling voltage. The data for these conditions
are plotted in Fig. 11. We find that there is variation of upto4 Vin V.,
among conditions and up to 5 V in V,, among conditions. The
variation in V., is less systematic, but V, for the O, MO, and IMO
conditions is the highest of the set. However, the increase in V, for
these sets is not coupled with similar increases in the magnitude of
Vg, resulting in overall loss parameters that are no more than 1-2 'V
higher than the rest. One notable exception is the IM condition, which
features small values of both V, and V,, although this smaller loss
parameter does not translate to a detectably larger #,. The overall
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Fig. 10 The average current fractions of Xe*, Xe?*, and Xe** at400 V
discharge voltage for each X3 channel combination.
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Fig. 11 The average magnitudes of V., and V, for each channel combi-
nation at 400 V discharge voltage.

variation in the loss parameter is approximately 5 V, which is just over
1% of the discharge voltage. These results indicate that the mecha-
nism by which 7, is lowered for certain conditions is related to the
effectiveness at accelerating ions through the available potential, and
not in a difference in the available potential itself.

It is interesting to note that the channel combinations that included
the outer channel had larger plasma potentials than the combinations
that did not. The differences were relatively small and close to the
measurement uncertainty, meaning that this may not be representative
of a physical trend. However, modeling work done by Mikellides and
Ortega of the X3 in the Jet Propulsion Laboratory’s two-dimensional
axisymmetric Hall thruster simulation code Hall2De suggested that
the outer channel was likely to produce higher plasma potentials
than the other two channels [30]. Although this difference is strong-
est near the thruster, at 3.5 thruster diameters downstream (the
extent of the simulations), the simulations predicted a difference
of over 10 V between the outer channel’s plasma potential and that
of the other two channels. Here, at approximately 10 thruster
diameters downstream, we typically measured plasma potentials a
few volts higher for conditions that included the outer channel.
Mikellides and Ortega’s modeling suggested that this phenomenon
was ultimately due to the magnetic field in the near-plume region of
the outer channel, which is distinctly stronger there than in the other
two channels. This stronger magnetic field imposes a higher plasma
resistivity, which in turn causes increased electron heating and a
higher electron temperature. Through the electron pressure, these
higher electron temperatures correlate with higher plasma poten-
tials. Both the simulation and experimental results are preliminary,
and near-field diagnostics are certainly necessary to verify this
result. Nonetheless, the initial correlation between the simulations
and the laboratory results is encouraging.

Finally, as noted earlier in this paper and shown in Fig. 6d,
divergence-weighted current utilization efficiency decreases when
moving from single- to multichannel conditions. This decrease in
4> coupled with the trends in the other parameters (notably, #,,,),
explains how the anode efficiency could be nearly invariant for all
channel combinations. This result implies that either the divergence is
getting larger for the multichannel conditions or there is an increase in
electron current. However, 7,,,; is also weighted by cos € but trends in
the opposite direction. This implies that this observed change in 77, is
not due to a change in divergence angle but instead is due to changes
in electron current.

VI. Calculation of NHT Effects
A. Theory

The thrust produced by a Hall thruster is a function of the actual or
total mass flow rate being processed by the discharge, which is
summed over all channels:

T= uezmch,act,i (15)

where 1y, ; is the total flow rate being processed by channel i. This
flow rate has two major sources in Hall thruster ground testing:

Mep i = My + Mingest,i (16)

where 711, ; is the prescribed anode flow rate to channel 7, and 7ty geq i
is the flow rate ingested by that channel by separate mechanisms: for
instance, by flux to the channel from a ground-test facility with finite
background pressure. The discharge power of a Hall thruster is
similarly dependent on the total flow rate being processed by the
channel:

P, = Zvd.ild.i = Zvd.im—mchj amn
, , »

where P, is the discharge power, V,; and I,; are the discharge
voltage and current of channel i, e is the elementary charge, and
Mprop 18 the propellant atomic mass. This is due to the fact that the
discharge current is dictated by the total mass being processed by the
discharge from all sources.

Both T and P, are quantities that are measured in the laboratory.
Thus, it is apparent that to properly calculate anode or total efficiency
values, the proper mass flow rate to use is not simply m, but ri,,
which takes into account the “free” propellant not accounted for by
the anode mass flow rates alone. A correction must be made to the
“laboratory” anode efficiency, which only uses the anode mass flow
rates in the calculation, to account for this effect. We can rewrite the
expression of anode efficiency as measured in the laboratory 7,, 1, to
accommodate this updated mass flow rate as

Iy
r/a,correcled = (”a,lab)( . ) (18)
m

ch

We find that this correction factor is less than unity when there is
additional propellant being ingested, which makes sense because the
corrected anode efficiency value is now accounting for all propellant
the thruster is processing.

1. Test Facility Ingestion

Traditionally, 7itipges due to facility ingestion g,y is calculated
as the flux to the discharge channel using kinetic theory [31-33]:

. _ _ | Mprop 9
Miacility = (I)mpropAingesl - 27k T phAingesl (1 )
K}, g

where @ is the particle flux, Aj,cq is the ingestion area (here, this is
the thruster discharge annular exit area), k;, is Boltzmann’s constant,
T, is the gas temperature (typically taken as the anode temperature of
around 500 K), and p,, is the facility background pressure.
However, tests with multiple thrusters in multiple facilities have
demonstrated that Eq. (19) does not fully account for the changes
seen in thruster operation with changing facility background pres-
sure [32,33]. Recent works by Frieman et al. have demonstrated that
the so-called thermal model, as Eq. (19) is referred to, is not accurate
because it fails to account for the presence of bulk motion in the
background gas typical of most EP test facilities [34,35]. In place of
the thermal model, Frieman et al. propose a model called the back-
ground flow model that captures these bulk motion effects. Frieman
etal.’s work generalizes a model originally developed by Cai [36] to
accommodate a variety of facility configurations. The model was
validated against a variety of experimental data and generally
showed significantly improved agreement over the thermal model
results. The background flow model calculates an expected flux at
the plane of the thruster based on facility factors such as the
cryopump temperature, surface area, sticking coefficient, and loca-
tion, as well as the facility cross section. The model also accounts
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for collisional scattering between the neutrals flowing toward the
thruster and those flowing out of the thruster. From this expected
flux, the ingested mass flow rate #itg,jjity is calculated. The math-
ematics of the model are left to the reader in Ref. [35].

We applied the background flow model here to calculate a more
accurate value of ritg,jir,. We used specific coefficients to represent
VE-5 in the model. These values are based on the pump configuration
(pump area, temperature, and location) of the facility [34]. Using this
value of #itgiiiy in Eq. (18), we find an expression for anode effi-
ciency corrected for facility ingestion:

Na facility = Ma,lab L = NalabMfacility (20)
My + Meyeiliy

where we define the mass flow rate fraction as 7p,cjiiry- This new
efficiency term will be unity when no background gas is ingested and
less than unity for cases with ingestion, thus correcting the anode
efficiency to reflect the additional propellant mass.

2. NHT Cross-Channel Ingestion

In addition to facility ingestion, each channel of a nested Hall
thruster can ingest neutral gas from other operating channels of the
thruster. This is a separate effect from facility ingestion because it will
still exist in space and is not a byproduct of testing in a facility with
finite pumping speed. In its most general form, this NHT ingestion
term g7 can be expressed as

1iNHT, = Zyijn.’lu‘j 21
J

Each channel i ingests some amount of neutral flow from the other
firing channels j. This ingestion from each channel is a function of
that channel’s flow rate iz, j and a geometry factory;;, whichitselfis a
function of the relative ingestion areas and proximity of channel j to
channel 7, as well as a weighting factor accounting for whether the
channel is operating or simply flowing cold gas. The summation over
Jj should also include the cathode, which is also a source of neutral
particles. This is of increased importance on thrusters such as the X3
that feature external neutral injection at the cathode.

Thus, following the aforementioned development, we can expect a
similar mass flow rate fraction relating the effect of the ingestion from
other channels on the anode efficiency of the thruster. However,
unlike the 744/, term, which should be removed from 7, ., to
correct for effects not seen on orbit, the effects due to propellant
sharing between channels is an effect that will be seen on orbit, and
thus does not need to be removed from the ground-test thruster
efficiency analysis. However, we can still separate the value and
calculate it as a separate efficiency term in the phenomenological
model. In this manner, we find

_ Do ilita; F Mgty i + HiNgm,;

Na,space = (na,labrlfacility) . .
Zma.i + Mgacitity,i

1

= HalabMfacility INHT (22)

where we find that nyyr, as it is defined, increases the effective in-
space anode efficiency 77, spacc When the channels are ingesting from
each other and is unity when there is no cross-channel neutral sharing.

Determining ryyt in the laboratory can be difficult because a
number of competing phenomena are at work. The ideal way to do so
would be to operate each of the channel combinations at a fixed
facility background pressure and magnetic field, as well as observe
how the ingestion (by way of changes in the discharge current) varies
between cases for a given set of discharge voltages and currents.
Variations could be made in cathode flow and channel flow separately
to make quantitative assessments of y;; for each combination. How-
ever, this manner of highly controlled experiment may be difficult,
especially for large thrusters where the background pressures vary
considerably between conditions. It must be understood that a nyyr

value established for a set of channel combinations at fixed discharge
voltage and current but for varying background pressure and mag-
netic field settings likely contains effects from multiple phenomena,
not all of which are exclusive to NHTs. For instance, work has shown
that the discharge current oscillation level varies with facility pres-
sure [32] and that these levels are correlated with changes in thruster
performance [37]. Changes in background pressure across conditions
may cause a channel to change oscillation modes, and thus change
performance, resulting in an anomalous value of nygr from an
apparent difference in required propellant flow rate that is not a
product of cross-channel ingestion. Background pressure has also
been shown to shift the location of the acceleration region within the
Hall thruster discharge channel, also resulting in a change in perfor-
mance and operation of the thruster [38]. These effects are difficult
enough to uncouple from one another for single-channel thrusters,
and the addition of multiple channels interacting with one another
only increases the complexity. However, a preliminary attempt can
still be made to estimate the value of nygr from thruster perfor-
mance data.

It is expected that 7p,i, Will be roughly constant across all
conditions, and thus represent a linear offset in the data. Indeed, in
calculating 77p,cjjiy using the background flow model, we find that the
average value across all test conditions during the high-power cam-
paign was 0.987 with a standard deviation of 0.001. This slight
variation in values was likely due to the exact facility conditions
for the day. Additionally, because this correction is not typically
undertaken in the literature, comparison with other thrusters will be
more complicated with this facility ingestion correction applied.

The thruster was not operated in the perfectly controlled manner
discussed earlier in this paper, meaning that background pressure-
based effects on thruster oscillation mode and acceleration region
location are likely captured artificially in an gy calculation. Addi-
tionally, because this cross-channel ingestion will be present in space,
and thus is a fundamental component of device operation, it should
not be removed or corrected for. However, it is necessary to at least
extract and study this factor to understand its role in thruster
operation.

B. Procedure

The analysis of NHT cross-channel ingestion effects had three
major steps: power correction, facility ingestion calculation and
removal, and calculation of nyyr. The various operating conditions
of the X3 were not always perfectly power matched across a set (that
is, target discharge currents and voltages were not always perfectly
achieved). To facilitate more accurate calculations of g, we power
corrected the flow rates of the thruster. This process was straightfor-
ward: we used the ratio of the discharge current to the anode mass
flow rate (I;,/m) to predict the required flow rate at the target
discharge current. Maximum corrections were 1.81 mg/s for the inner
channel, 3.35 mg/s for the middle channel, and 2.84 mg/s for the outer
channel, with average corrections much smaller (between 0.29 and
0.50 mg/s for all three channels). These corrections allow us to
compare channel conditions as though they operated at exactly the
same discharge power. Although the value of 7,/m was shown to
change between conditions, these power corrections are small
enough that we assume /,/m is constant for the correction range
for each condition.

Using these power-corrected flow rates 7t,,., we used Frieman et
al.’s background flow model [35] to calculate the neutral ingestion to
the thruster at each condition. These ingestion flow rates #igjir, Were
then subtracted from the 72, values to isolate the “spacelike” flow
rates. Using these flow rates, we calculated the apparent ingestion due
to NHT effects. At a given set of configurations at a given operating
condition (discharge voltage and current density), we compared
multichannel flow rates to the sum of their constituent single-channel
flow rates. Following Eq. (22), we use the difference in these flow
rates to calculate nyyt for each condition.

If ingestion of vacuum facility neutrals was the only mechanism
of ingestion, the two flow rates should match, and syt should be
equal to unity. If the multichannel flow rates are larger than the
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single-channel values, it indicates that there is a loss mechanism at
play during multichannel operation that is requiring more propel-
lant for the same discharge power. This would result in values of
nnut less than unity. Finally, if the predicted result is true (that
propellant is being ingested between channels in multichannel
operation), then 7yt should be greater than unity.

C. Results

Indeed, we find that for all multichannel conditions, 7yt is greater
than unity. Table 1 presents values for all multichannel operating
conditions tested. We found that #yyr varied between a minimum of
1.016 and a maximum of 1.128. We found that the various multi-
channel combinations demonstrated very similar average values of
nnut, With the 10 condition producing slightly smaller values than
the others. Of all the multichannel combinations, IO is the only one
where the firing channels are not directly adjacent to each other. We
expect that gyt and the cross-channel ingestion is a local process,
and the significant increase in distance between the channels in the IO
configuration (over double that of adjacent channels) likely results in
less neutral ingestion. This is reflected in these values, and it provides
ahint at the difference in the y;; geometry factors for the channels that
are farther apart.

The mass flow rates involved in the calculation of nyyr are
significantly larger than those ingested from the facility. For the
400 V, 1.0j,¢ condition, for example, the background flow model
predicts the thruster is ingesting 1.2 mg/s for the IMO condition, yet
the total difference in flow rates between that condition and the sum
of the I, M, and O conditions (with their respective facility ingestion
subtracted) is 7.5 mg/s. Ingestion of the facility neutrals accounts for
only 16% of this flow rate deficit.

These results also have an important effect on the phenomenologi-
cal efficiency analysis performed in the preceding section. Figure 6
showed that the divergence-weighted mass utilization efficiency of
the multichannel configurations was notably higher than for the
single-channel configurations. When we correct these values by
removing #yyr, We find that 7,,,, for these conditions is much more
alike across all channel combinations. These results are presented in
Fig. 12. Whereas the uncorrected values varied by between 0.08 and
0.10 between the single channel and multichannel, with the NHT
correction, variation is between 0.04 and 0.06.

As discussed earlier in this paper, the nyyr effect will be present in
space because it is related to ingestion of neutrals emanating from the
device itself, and not those remaining due to finite facility pumping
speed. However, calculation of 7, here incorporates these gt > 1
values. That is, the 7, values for multichannel operation are inflated
by nnmr- This must be kept in mind when comparing results with
state-of-the-art single-channel thrusters.

Further work is needed to fully characterize this effect on the
performance of the X3 and NHTs in general. Although the X3’s
performance appeared comparable to other high-power Hall thrust-
ers, the present calculation indicates that a portion of the 7, value was
likely due to NHT effects. This implies that the X3 may not be
operating as efficiently as state-of-the-art single-channel thrusters
in multichannel modes once these effects are controlled for. Our
calculated nyyt values indicate that the X3 and other NHTs should

Table 1 Values of nyyt for various X3
operating conditions

VoV IM 10 MO IMO
300 0.63j; 1.016 1.057 1.070 1.095
300 1.0j; 1.060 1.026 1.023 1.030
400 0.63j; —— 1052 1.048 1.062
400 1.0j; 1.051 1.035 1.034 1.040
500 0.63j; 1.070 1.031 1.128 1.056
500 1.0j; 1.057 1.030 1.029 1.041

Average 1.051 1.039 1.055 1.054
Standard 0.020 0.013 0.039 0.023
deviation

—y
iy

-

o
©

o
~N

o
[}

Divergence-Weighted Mass Utilization Efficiency
o
©

o
3

| M (0] IM IO MO IMO
Channel Combination

Fig. 12 Divergence-weighted mass utilization efficiency, corrected for
NHT ingestion effects, plotted as a function of channel combination for
400 V operation.

be capable of operation at anode efficiencies as much as 0.05 above
the state of the art when operating multiple channels. At a minimum,
further magnetic field optimization is needed for multichannel oper-
ation of the X3, and it is entirely likely that a more detailed study of
the fields would increase thruster performance.

D. Analysis Limitations

This experiment was not designed with measuring 7yt as a
primary goal; as such, the calculations done earlier in this paper are
notional at best. As discussed, there are likely a number of thruster
behavior differences being captured in the 7yt term; and it is unclear
from this test how many of those effects will be present in space. A
more detailed experiment, where parameters are properly controlled
with the express purpose of studying this effect, will help differentiate
between ground-test facility effects and those inherent to the NHT
geometry. The values reported here should be taken as maximums
because they likely capture other effects as well. It is also likely that
the plume structure, and thus the ingestion mechanism, may change
with decreasing facility background pressure, further changing how
the effects actually appear in space.

VII. Conclusions

Using a fixed far-field plasma diagnostic array consisting of a
Wien filter spectrometer, a retarding potential analyzer, and a planar
Langmuir probe, the phenomenological efficiency breakdown of the
X3 NHT operating across total powers of 5-102 kW was studied.
Results indicated that, on average, the X3 NHT was operating in a
similar fashion to the NASA-300M, which is a 20-kW-class single-
channel Hall thruster designed using similar scaling principles. The
X3 NHT produced similar quantities and trends with increasing
discharge voltage in charge utilization efficiency, voltage utilization
efficiency, and divergence-weighted current utilization efficiency.
The trend was very similar between the two thrusters for diver-
gence-weighted mass utilization efficiency, but the values for the
X3 NHT were, on average, 0.05 lower than for the NASA-300M.
Additionally, we showed that the average current fractions of Xe™,
Xe2*, and Xe3t were similar between the two thrusters and demon-
strated similar trends with increasing discharge voltage. The results
indicated that the X3 NHT was producing slightly more Xe>t and
less Xe** than the NASA-300M, but these differences in population
were not enough to cause a noticeable difference in charge utilization
efficiency between the two thrusters.

We also compared the phenomenological efficiency results
between the various channel combinations of the X3 NHT for
400 V operation to study the potential differences in operation
between these combinations. The anode efficiency and all four
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LDPEs were within their respective uncertainties for all channel
combinations. However, the two divergence-weighted quantities
(mass and current utilization efficiency) showed variation with chan-
nel combination that was larger than those seen for anode, charge
utilization, and voltage utilization efficiency. (The uncertainty was
larger for the divergence-weighted quantities because of the way they
were calculated). Divergence-weighted current utilization efficiency
appeared to decrease from about 0.8 (£0.11) for the I condition to
0.75 (£0.11) for the IMO condition, and divergence-weighted mass
utilization efficiency increased from 0.86 (£0.11) to 0.95 (£0.11)
between the same.

Finally, the effect that cross-channel ingestion between simulta-
neously firing channels of the X3 NHT was calculated. This is a
phenomenon that will contribute to an increase in efficiency of the
thruster by allowing the discharge channels to use un-ionized pro-
pellant from other channels to create thrust. However, unlike the
ingestion of background gas from ground-test facilities [35], these
NHT effects will be present, in some form, in space. The current
calculations, which offer a preliminary look at the potential impact of
these effects, showed that multichannel operating conditions
appeared to be ingesting enough gas from adjacent channels to
account for approximately a 5% increase in efficiency (correspond-
ing in an increase in total thruster efficiency of approximately 0.03).
For the IO condition, where the channels are separated by the non-
firing middle channel, the effect was, on average, approximately 1%
lower than for the other conditions where channels were directly
adjacent. These calculations were preliminary due to this characteri-
zation effort being primarily focused on other aspects of thruster
operation. However, they indicate that this cross-channel ingestion
has the potential to allow NHTs to operate at higher total efficiencies
than single-channel thrusters. A more detailed study of the phenome-
non is necessary to better understand the physics of the effect and how
to capitalize on it.

Overall, it has been demonstrated that in both single- and multi-
channel operations, the X3 NHT produces thruster efficiencies sim-
ilar to a state-of-the-art single-channel thruster: the NASA-300M.
Furthermore, when the thruster efficiency is broken into phenom-
enological efficiencies based on plasma plume measurements, the
results are also similar in magnitude and trend to those from the
NASA-300M. These results suggest that nesting the channels of Hall
thrusters does not fundamentally alter their operation, providing
promising results for their continued development and eventual
application to high-power space missions.
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