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Investigation of Channel Interactions in a Nested Hall Thruster
Part II: Probes and Performance

Sarah E. Cusson,* Ethan T. Dale,! and Alec D. Gallimore?
University of Michigan, Ann Arbor, MI, 48109, USA

Divergence angle and thrust measurements for a nested Hall thruster in different oper-
ating modes are presented. The X2 thruster, a two-channel nested Hall thruster, was run
in both single channel and dual-channel modes. The divergence angle for each channel was
measured in both modes using a near-field Faraday probe. In single channel mode, pressure
was controlled via downstream injection as well as by flowing through the non-operating
channel. Results show that thrust increases 5% and 11% in dual channel mode versus the
summation of single-channels for high and low power operation respectively. When pres-
sure is controlled via channel injection, thrust numbers for dual channel operation and the
summation of single channel operation match. Beam current for the inner channel increases
in dual channel mode and divergence angle decreases in dual channel mode. These results
indicate that this increase in thrust is due to neutral ingestion from the adjacent channel
and beam divergence decreases during dual channel mode.

Nomenclature
Oa = anode
Oinner = inner channel
Oouter = outer channel
doc = outer channel diameter

Fih coldgas = Cold gas thrust
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g = acceleration due to gravity
I = beam current

Isp = specific impulse

k = Boltzmann’s constant
m = mass flow rate

mxe = mass of xenon

P, = discharge power

r = radial distance

T = thrust

Tyas = Gas temperature

Vih = thermal velocity

z = axial distance

n = efficiency

0 = divergence angle

10} = azimuthal angle

X = mass flow fraction
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I. Introduction

IGH-power electric propulsion is an enabling technology for human exploration and deep space missions.!

However, there are many hurdles for the technology before it can be utilized on such missions. In partic-
ular, the main challenges to be solved are increasing the performance of low-power thrusters and advancing
nested Hall thrusters to higher powers.! Nested Hall thrusters concentrically nest multiple discharge chan-
nels to increase power while maintaining a small footprint. Nested Hall thrusters offer many advantages
over single-channel thrusters, including an increased power-to-mass ratio and a larger performance range.
Because these devices can be run in any combination of channels, it would allow a spacecraft to run a
single-channel at low power for high efficiency or all channels at high power for high thrust. The X3, a
three-channel nested Hall thruster, has a theoretical operational envelope from 2 to 200 kW, a far greater
range than any single-channel Hall thruster.? Additionally, nested Hall thrusters are founded on a mature
technology and thus are promising for near-term use on high-power electric propulsion missions.

In order to develop this technology such that it can be applied to critical space missions, the fundamental
physics behind these devices must be well understood. Although there are still gaps in the understanding
of single-channel thrusters, the increased complexity and novelty of nested Hall thrusters makes these gaps
much more prevalent. For instance, multi-channel operation is one of the defining features of nested Hall
thrusters but it is unclear how the plasma from multiple discharge channels interacts when they are in such
proximity. The interaction between channels and the effect this has on the plume and performance remains
one of the biggest questions left unanswered regarding nested Hall thrusters.
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Figure 1: Comparison of thrust for single-channel mode versus dual channel operation shown by Liang3

Previous work done on nested Hall thrusters®# has revealed discrepancies in thrust measurements. Specifi-
cally, the thrust measured in multi-channel mode does not always equal the sum of the thrust of each channel
operating alone. As seen in Figure 1, an increase in thrust was observed on the X2, a 6-kW two-channel
thruster, in dual-channel mode versus the superposition of single-channel modes. The experiments were done
with all operating conditions at the same chamber background pressure. Therefore, the increase is thrust was
not deemed to be due to facility effects.> However, the source of this increase in thrust was not investigated.
The goal of the present work is to determine the mechanism behind the anomalous performance seen in
nested Hall thrusters. The most likely source of this increased performance is neutral ingestion from the
adjacent channel or a decrease in divergence angle leading to less cosine losses. A divergence angle decrease
would suggest the acceleration region of the thruster has moved. This is discussed in the companion paper.?
To do this, performance and plume data for a nested Hall thruster was taken. Neutral gas was injected
into the chamber to maintain a constant background pressure during all conditions. Gas was injected ei-
ther downstream of the thruster or via the non-operating channel, which better simulates the local pressure
during dual-channel operation. These conditions were used to determine whether neutral ingestion from the
adjacent channel was the source of improved performance in dual-channel operation for the X2 nested Hall
thrusters. Additionally, a pressure map near the thruster exit plane during cold gas flow was taken to see
determine the local pressure near the thruster during operation.
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II. Experimental Apparatus

A. Thruster

The X2 is a two-channel nested Hall thruster jointly developed by the University of Michigan and the Air
Force Research Laboratory.® %7 It was a proof-of-concept thruster and was the first nested Hall thruster
developed in open literature. A picture of the thruster after fabrication and firing during this campaign can
be seen in Figure 2. The thruster features two channels with similar designs and magnetic field topologies.”

Figure 2: A picture of the X2, a 6-kW nested Hall thruster”

Due to shared magnetic components, the inner channel magnetic field points radially inward while the
outer channel field points radially outward. Each channel was operated with a separate power supply but
the thruster was also designed to be able to use a single power supply. Power for the electromagnets, cathode
heater, and cathode keeper were supplied via six commercially available power supplies. The thruster was
supplied with research grade (99.995%) xenon during operation via commercially available flow controllers.
The thruster has a nominal operating power of 6-kW and uses a single centrally-mounted LaBg cathode.
During these experiments the anodes were biased to 150 V and the thruster body was grounded during
operation.

B. Thrust Stand

An inverted-pendulum thrust stand, as described by Walker,® was used to make thrust measurements. The
thrust stand was run in null mode and multiple calibrations were done after thrust measurements to reduce
uncertainty. Error analysis is performed as described by Polk.? Efficiencies were then calculated using thrust
data according to the following formulas:

T2
a — s 1
e = Y Py ()
T
Igp o = — 2
e = )
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Here 7, is the anode efficiency, T is the thrust in Newtons, 1, is the anode mass flow rate in kilograms
per second, Py is the discharge power in Watts, I, , is the anode specific impulse in seconds and g is the
gravitational constant. Once thrust data was obtained, the thruster was moved onto a single-axis motion
stage such that Faraday probe and laser-induced fluorescence studies could occur.

C. Near-Field Faraday Probe

In order to obtain divergence angle and beam current, a planar near-field Faraday probe was used. A picture
of the probe can be seen in Figure 3. The design features a 3.2 mm tungsten collecting surface with a tungsten

Figure 3: Near-field Faraday probe featuring a tungsten collector plate and guard ring

guard ring similar to that described by Hofer.!? The probe was biased to -40 V during experiments to ensure
ion saturation. Scans were taken at several axial locations by placing the probe on a two-dimensional motion
stage system. During operation, the probe was constantly moving on a high-speed motion stage and data
were collected using a Keithley 6485 Picoammeter at 60 Hz. Divergence angle was calculated as described
by Liang:3
T2 — "max

6(z) = arctan (T) (3)
Here 0 is the divergence angle in degrees, r is the radius integration limits in meters, and z is the axial
location in meters. Care must be taken when considering the integration limits. The method described by
Reid,!! which uses a dynamic integration limit, is implemented. The two integration limits change with
axial position and are defined as the location where the current density falls to 1/e of the maximum. Due to
plume merging in nested-channel thrusters, divergence angle measurements must be taken near-field while
the plumes are still distinguishable from each other. After this point, only the outer channel divergence angle
is obtainable. It is necessary to sample multiple axial locations until the axial position versus divergence
angle trend has flattened. Once divergence angle becomes independent of location, this value can be used as
the divergence angle of the thruster in that particular operating condition. The beam current is calculated

as:
27 To
I, = /0 / " yraras (4)

where j is the current density and ¢ is the azimuthal angle around the thruster. The integration limits in
equation 4 are chosen as the radial location where the current density fell to 10% of the maximum.

D. Laser-Induced Fluorescence

Time-averaged laser-induced fluorescence can be used to measure the acceleration zone location. A particular
electronic transition in xenon is excited with a diode laser. Because ions are moving, they observe a Doppler
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Figure 4: Example trace of the devel-
opment of an LIF signal taken from
the X2 thruster’s outer channel in high
power operation

shifted wavelength from the laser. Each wavelength corresponds to a par-
ticular velocity and by sweeping over a wide range of laser wavelengths,
a velocity distribution can be inferred.!?> By performing laser-induced
fluorescence at regular intervals inside and outside the channel, the peak
velocity can be found for each location. Figure 4 shows the velocity distri-
bution at several axial positions inside the X2.'2 Thus, the peak velocity
can be plotted versus position to find the location of the acceleration re-
gion. More detail on both the technique and results can be found in this
work’s companion paper.®

E. Facility

All testing occurred in the Large Vacuum Test Facility (LVTF') at the Uni-
versity of Michigan. LVTF is a 9-meter long, 6-meter diameter vacuum
chamber with a pumping speed of 240,000 L/s on xenon using seven cry-
opumps. The thruster was run at two power levels, 4.5 kW and 2 kW. The
operational pressure during testing at high power was 6.8 - 1076 Torr-Xe
and during testing at low power was 3.7 - 1076 Torr-Xe. Pressure mea-
surements were taken with a Varian Series UHV-564 Ion Gauge located
approximately three meters radially from the thruster and two meters
downstream of the thruster. The background pressure was controlled via
xenon gas injection. Xenon was injected downstream and away from the
thruster during single-channel operation to match the background pres-
sure seen during dual-channel operation. This ensures that background
pressure was not a contributing factor to performance differences as per
industry standards.'® !¢ Additionally, xenon was injected via the non-
operating channel during single-channel mode for the high-power case as

seen in figure 5. This allowed for investigating the effect of local thruster pressure on channel interaction.

Plasma
Downstream Injector
Xenon Gas
(Case II)
Xenon Gas

(Case I)

Centerline

Figure 5: Neutral gas injection set-up for matching background pressure and investigating neutral ingestion

During these cases, the cathode flow fraction was kept constant for the operating channel at 10%. The flow
injected via the other channel was the nominal flow rate for that channel, and a small amount of gas was
injected downstream to keep the total mass flow rate into the chamber constant.
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F. Pressure Mapping

In order to quantify the local pressure at
the exit of the thruster, a Stabil Ion Gauge
370 was swept in front of the thruster
while xenon was injected at nominal rates
through the discharge channels and cath-
ode. The setup for the test is seen in Fig- Grounded Envelope
ure 6. The gauge was mounted with a gauge
envelope similar to that recommended by
Dankanich.!” Pressure measurements

were taken at various radial locations by Stabil Ion Gauge

moving the thruster on a single-axis mo- l< Hall Thruster
tion stage. The entrance of the gauge en- | ]
velop was location 10 cm downstream of the r motion stage

l+ 2z motion stage

thruster exit plane. The mass flow rate dur- | |

ing testing was the nominal mass flow rate
for high-power operation which is 21.8 mg/s
for the outer channel, 8.7 mg/s for the inner
channel, and 3.0 mg/s for the cathode.

G. Test Matrix

The thruster was operated at eight differ-
ent test points detailed in Table 1. The
discharge voltage for the thruster was 150
V for all conditions, and each channel used
a separate power supply. Both channels of Figure 6: Experimental setup for pressure mapping of the near-field of the
the thruster were run for 3 hours each (to— thruster using a Stabil Ion Gauge Series 370

gether or separately) after pumpdown and

prior to any measurements being taken in order to ensure operating current was steady and unchanging.
Additionally, this allowed the system to reach an equilibrium point as temperatures are rapidly changing
during initial start-up and may affect any diagnostic measurements. Operating the thruster in all possible

Table 1: Summary of Test Points for the Experiment

Test Point | Inner Channel | Outer Channel Total Gas Injection
Power [kW] Power [kW] Power kW] Point
1 0.5 1.5 2 N/A
2 0.5 - 0.5 Downstream
3 - 1.5 1.5 Downstream
4 1.25 3.25 4.5 N/A
5 1.25 - 1.25 Downstream
6 1.25 - 1.25 Channel
7 - 3.25 3.25 Downstream
8 - 3.25 3.25 Channel

configurations at the same test point allows direct comparisons to be made between single-channel operation
and nested-channel operation. For test points 1-3, the applied magnetic field to the thruster was identical
for each case and the background pressure in the chamber was controlled to the same value for each point.
The same is true for test points 4-8, but the values are different than for points 1-3. Testing at two different
power levels (2 kW and 5 kW) allowed for comparison between operating conditions to evaluate whether
trends are case-specific or apply in general to the thruster.
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ITII. Results and Discusson

A. Pressure Mapping
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e Quter Channel Downstream Injection| |
Inner Channel Downstream Injection

— Base Pressure

| |
134/\—_:

+ | Torr-Xe

Pressure [Torr-Xe

M \_//_

100 200 300 400 500 GO0 TO0O 800 900 1000 100 200 300 400 500 600 OO BOD 900 1000
Pasition [au. Pogition [an

Figure 7: Neutral pressure as a function of radial location for the X2 at 0.35 doc.-

Results from the radial sweeping of a Stabil Ion Gauge in front of the thruster can be seen in Figure
7. The results show that with a base pressure of 5.1 - 107 Torr-Xe, the maximum pressure in dual-channel
mode at 0.35 doc from the exit plane is 1.4 - 1072 Torr-Xe while the maximum pressure with downstream
injection is 8.7 - 10~ Torr-Xe for both the inner and outer channels. The pressure profile for dual-channel
mode matches that for single-channel with channel injection because the same flow is being injected into the
chamber in the same locations. While not explicitly shown on the graph, adding the outer channel and the
inner channel profiles produces the same profile as dual-channel mode. However, because the total flow into
the chamber when summing the two profiles is higher, the magnitude is higher. This data shows that neutral
density near the thruster is much higher in dual channel mode than in single channel mode even when the
background pressure is the same.

B. Thrust

The thrust measurements for the channel injection cases were corrected for cold gas thrust since simply
flowing gas through the other channel produces some non-negligible thrust. The cold gas thrust was approx-
imated and subtracted out from the total thrust numbers. The velocity of the particles exiting the channel
were approximated as their thermal velocity [m/s],

8kT,
Vth — — 948 (5)
TTMXe
where k is Boltzmann’s constant, Tgq, is the gas temperature in Kelvin, and my. is the mass of a xenon
atom in kilograms. The temperature of the gas was assumed to be room temperature, or 300 K. The cold
gas thrust was then calculated as:

Fth,coldgas = 7;nlvth (6)

where 7 is the mass flow through the channel that is not operating. The thrust due to cold gas flow for
the inner channel was calculated to be 2 mN while the cold gas thrust for the outer channel was calculated
to be 5 mN. The thrust would increase with the square root of temperature however because the order of
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Table 2: Thrust Results for the Various Test Points and Injection Location for Reference

Test Point | Thrust | Uncertainty Power Injection Location
[mN] [mN] kW]

1 141.090 4.919 1.90 + 0.06 N/A

2 31.701 3.176 0.47 £ 0.02 Downstream

3 95.706 2.752 1.39 £+ 0.08 Downstream

4 357.753 4.552 4.46 £+ 0.08 N/A

5 92.736 2.718 1.26 £+ 0.05 Downstream

6 96.619 2.993 1.27 + 0.05 Outer Channel
7 248.073 3.324 3.26 + 0.08 Downstream

8 265.336 3.604 3.24 + 0.07 Inner Channel

magnitude is much lower than the actual thrust, the thrust due to cold gas flow is almost negligible even if
gas heating occurs within the channel before expulsion.
The results shows that dual-channel mode produces more thrust than the superposition of single-channel

400

|

350 - | 1

300 |

(mN)

[ |Dnal Channel
200 | + [ Inner Channel
[ ]Outer Channel

Thrust

Dual Channel Downstream Injection Channel Injection

Figure 8: Comparison of dual channel thrust with summation of single channel thrusts for both injection cases.

modes when controlling pressure via downstream injection. The increase during high-power operation is 5%
and the increase during low-power operation is 11%. These results are consistent with what was seen by
Liang.3

The thrust numbers indicate that the X2 does indeed have anomalously high performance in dual-channel
mode. Interestingly, when the background pressure is controlled to the same value via channel injection the
thrust is the same as in dual-channel mode as seen in Figure 8. This suggests that the presence of more
neutrals near the discharge is leading to the increase in thrust. In other words, the increase in thrust is likely
due to neutral ingestion caused by the increased local pressure during dual-channel mode.

Table 3 shows the I, and n, for all test points. An important result comes from a comparison of
cases 7 and 8, which shows that the efficiency and specific impulse for the outer channel increase when the
pressure is matched via channel injection versus downstream injection. To further compare these results,
it is necessary to get an effective dual-channel efficiency and specific impulse for the single-channel modes.
This is because the inner and outer channels do not perform equally, and it is thus difficult to compare these
cases to dual-channel mode. Therefore, each of the values for single-channel modes are weighted by their
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Table 3: Anode Efficiency and Specific Impulse for the Various Test Points

Test Point | Anode Efficiency ‘ Io,sp [8] ‘ Injection Location

1 0.34 + 0.02 940 + 31 N/A

2 0.24 £ 0.05 735 + 69 Downstream

3 0.30 + 0.02 894 + 24 Downstream

4 0.47 + 0.01 1196 + 14 N/A

5 0.39 £ 0.02 1086 + 29 Downstream

6 0.42 4+ 0.03 1132 + 32 Outer Channel
7 0.44 + 0.01 1163 + 14 Downstream

8 0.50 + 0.02 1239 + 15 Inner Channel

mass flow fraction to calculate the effective efficiency, as follows:

Nef fective = XinnerTlinner + XouterNouter (7)
Isp,effective = Xinner-[sp,inner + Xouter-[sp,outer (8)
_ Minner _ Mouter
Xinner = . Xouter = — - (9)
Mg, Mg

where 7)cf fective is the effective anode efficiency, x is the mass flow fraction, ()inner refers to the inner channel,
(Jouter refers to the outer channel, and Igp cffective is the effective anode specific impulse. Calculating
these quantities yields the results in table 4. These results show that when pressure is controlled via

Table 4: Effective anode Efficiency and Specific Impulse for the Single Channel Modes versus Dual Channel Mode

Test Point ‘ (Effective) Anode Efficiency ‘ (Effective) Iy 4 [5]
4 0.47 £ 0.01 1196 £+ 14
5 4+ 7 (Downstream) 0.42 £+ 0.02 1141 + 33
6 + 8 (Channel) 0.47 + 0.03 1208 £ 36

channel injection, the effective anode efficiency and specific impulse match that of dual-channel mode, while
controlling via downstream injection yields effective an anode efficiency and specific impulse lower than the
dual-channel values. This again indicates that the increased neutral density due to the adjacent discharge
channel is producing an increase in performance.
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C. Faraday Probe Measurements
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Figure 9: Example current density traces for all operating conditions taken at 0.17 dpc.

Near-field Faraday probe measurements were used to calculate the beam current and divergence angle. The
divergence angle for each point was taken at two locations azimuthally around the thruster and then averaged
together. Divergence angle as a function of axial location downstream of the thruster can be seen in Figure
11 and 10. Figures 10b, 11a, and 11b show that for all axial locations except one, the divergence angle in
dual-channel mode is lower than the divergence angle in single-channel mode. This is because, as seen in
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Figure 10: Divergence angle as a function of downstream position for each high power test point.

normalized by the outer channel diameter (doc¢).
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Figure 9, the radial location of the cutoff point for dual-channel mode is closer to the channel than in single-
channel mode. The peak for dual-channel mode is higher than the peak for a single channel, however the
profiles follow each other closely far from the peak. It is important to note that the divergence angle when
gas is injected via the other channel during the high-power case causes the outer channel divergence angle to
decrease as seen in Figure 10b. This again indicates that raising the neutral density near the thruster exit

plane leads to proper performance simulation of dual-channel mode.
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Figure 11: Divergence angle as a function of downstream position for each low power test point. All axial positions are
normalized by the outer channel diameter (do¢).

In addition to divergence angle measurements, beam current was calculated. While a change in diver-
gence angle suggests a change in acceleration region location, a change in beam current is more suggestive
of neutral ingestion from the adjacent channel. Table 5 shows the results of beam current calculations. The

Table 5: Beam Current Values for High Power Operation

Test Condition Beam Current [A]

Inner Channel in Dual Channel 7.90 + 0.10
Inner Channel w/ Channel Injection 7.74 + 0.04
Inner Channel w/ Downstream Injection 7.54 + 0.02
Outer Channel in Dual Channel 20.45 £+ 0.30
Outer Channel w/ Channel Injection 20.77 £ 0.01
Outer Channel w/ Downstream Injection 20.24 £ 0.10

results for the inner channel show that dual-channel mode results in the highest beam current. Additionally,
while not quite as high as dual channel mode, the beam current when gas is injection via the outer channel
is higher than when gas is injected downstream. This suggests the inner channel is ingesting neutrals from
the outer channel. Outer channel results are less clear as the uncertainty in dual channel mode is very high.
However, it is clear that test point 8 yields higher beam currents than test point 7 suggesting that the outer
channel will also ingest neutrals from the inner channel. The reason beam current in dual channel and single
channel with channel injection modes do not match is reasonably explained via neutral flow path differences.
When the channel is simply flowing cold gas, the neutrals exit the chamber in a diffuse pattern. However,
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the neutral flow path when there is plasma present is known to be quite different.'®'? This difference in
flow pattern is the most likely cause for beam current differences.

IV. Conclusion

Performance of a two-channel nested Hall thruster operating at 150 V anode-to-cathode potential was mea-
sured for two discharge power conditions. Thrust increased 5 and 11%, for high power and low power
respectively, in dual-channel mode versus the superposition of single channels when pressure was controlled
via downstream injection. This difference was recovered when the pressure was controlled via injection
through the non-operating channel for the high-power case. Channel injection was not used in the low
power case, therefore it is unknown at this time, whether the effect holds across operating conditions. Pres-
sure mapping shows that local thruster pressure in dual-channel mode is 1.6 times that of single-channel
mode when chamber pressure is controlled with downstream injection. An effective anode efficiency and
specific impulse show that the decreased divergence angle and increased beam current corresponds to an
increase in thrust, anode efficiency, and anode specific impulse. The results indicate that at least part of
the ”anomalous” performance is due to neutral ingestion from the adjacent channel and the other part is
due to divergence angle decreases. Further work will investigate this phenomena over a variety of operating
conditions and thrusters. Additionally, a neutral flow model will be developed to calculate neutral density
profiles near the thruster exit plane. Finally, it would be advantageous to be able to fire single channels on
nested Hall thrusters and reproduce multi-channel operation performance and plasma properties. Therefore,
further work will be done to determine whether both performance and plasma properties can be matched as
only performance was matched in this study.
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