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Nomenclature

doc = outer-channel mean diameter, m
g = gravitational constant, m∕s2
Isp;a = anode specific impulse, s
j = current density, mA∕m2

k = Boltzmann’s constant, J∕K
_ma = anode mass flow rate, kg/s
mXe = mass of xenon, kg
Pd = discharge power, W
r = radial location, m
T = thrust, mN
Tgas = gas temperature, K
ue = exhaust velocity, m∕s
vth = thermal velocity, m∕s
z = axial (downstream) location, m
β = divergence half-angle, deg
ηa = anode efficiency

I. Introduction

H IGH-POWER Hall thrusters are an enabling technology for
deep space missions [1–4]. Nested Hall thrusters are a type of

Hall thruster in which multiple discharge channels are nested
concentrically together. These devices are an attractive option for
scaling to high power since they are founded on amature technology,
expand the thruster’s operational envelope, and lower the propulsion
system’s specific mass (kilograms/kilowatts) [5,6] as compared to
single-channel thrusters of the same power level. To further this
technology, the Plasmadynamics and Electric Propulsion Laboratory
developed the X2, a 6 kW proof-of-concept nested Hall thruster
[7–9].
Nested Hall thrusters offer expanded operating envelopes through

their variable discharge area. Each channel of nested Hall thrusters
can be fired independently or in anycombinationwith other channels.
Understanding the performance in these multichannel operational
modes is critical. Previous work done on the X2 [7], a two-channel
nested Hall thruster, has shown that the measured thrust when both
channels are firing simultaneously (dual-channel mode) is greater
than the superposition of each channel operating individually.
Results showed that this anomalous performancewas not simply due
to the higher background pressure during higher power operation, as

the study was done at constant backpressure and thrust still improved
between 2 and 9%.
The goal of this work was to investigate the mechanism behind

this anomalously high performance. Performance and Faraday
probe measurements were taken for the X2 operating at a constant
background pressure in all possible firing configurations. Neutral
gas was injected into the chamber to maintain a constant chamber
pressure during all conditions. Gas was injected either downstream
of the thruster or via the nonoperating channel, which better
simulates the local pressure during dual-channel operation. These
three conditions (dual channel, single channel with downstream
injection, and single channel with channel injection) were used
to determine the source of the anomalous performance. The
mechanism resulting in the higher than anticipated performance is
expected to be either neutral ingestion from the adjacent channel or
divergence angle decreases leading to increased collimation of
the beam.

II. Experimental Setup

A. Thruster

The X2 is a two-channel nested Hall thruster designed for
low-voltage operation [8]. As seen in Fig. 1, the thruster has two
concentric discharge chambers that can be fired together or
independently, leading to three different firing configurations. The
thruster was operated with a single, centrally mountedLaB6 cathode.
The thruster has comparable design properties to state-of-the-art Hall
thrusters and has an operational envelope from 0.5 to 10 kW. The
nominal power for the thruster is 6 kW. A full description of the
thruster design and general performance is provided by Liang [7].
The thruster was operated at 150Vanode potential relative to cathode
for each condition, and each channel received power from an
independent power supply. The cathode keeper and heater, as well as
the electromagnets, were all powered with commercially available
power supplies. The discharge chambers were provided high purity
xenon via commercially available mass flow controllers. The applied
magnetic field for each condition was kept constant. The flow to the
outer channel was 21.8 mg∕s. The flow to the inner channel was
8.7 mg∕s. The cathode flow fraction, the fraction of the anode flow
rate at which the cathode flow ratewas set, was kept at a constant 10%
of all firing channels. Pressure was controlled via neutral gas
injection, which will be addressed later.

B. Thrust Stand

An inverted-pendulum thrust stand, as described by Walker and
Gallimore [10], was used to make thrust measurements. The thrust
stand was run in null mode, meaning electromagnets were provided
sufficient current to hold the thruster at constant axial location.
Known mass plumbobs were used to perform multiple calibrations
after thruster firing was completed. A proportional-integral-
derivative (PID) circuit was used to control the magnitude of
the coil current, which keeps the thrust stand stationary. The PID
had a 1 Hz oscillation, which was filtered out of the data in
postprocessing. An uncertainty analysis was performed as
described by Polk et al. [11]. Efficiencies were then calculated
using thrust data as follows [12]:

ηa � T2

2 _maPd

(1)

Isp;a � T

_mag
(2)
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C. Near-Field Faraday Probe

A planar near-field Faraday probe was used to obtain current

density measurements. The probe has a circular collector with

diameter 3.2 mm andwas biased to−40V during operation to ensure

ion saturation [13]. Current measurements were collected at 60 Hz

using a Keithley 6485 picoammeter. The probe was swept from

0.07dOC to 0.35dOC in 0.035dOC increments. The divergence half-

angle was calculated as

β � arctan

�
r1 − rmax

z

�
(3)

where r1 is the dynamic integration limit as described by Reid and

Gallimore [14]. The dynamic limits were calculated as the position

where the current density was at 37% of themaximum, or the dropoff

point. The dynamic integration limits allowed for evolving limits as a

function of the axial position by being recalculated at each step. The

divergence angle was calculated at two clock angles around the

thruster and averaged for an overall divergence angle. Due to plume

merging, it was not always possible to calculate divergence angle in

far downstream locations of each individual channel. Therefore, the

divergence angle was only calculated at axial positions where the

plumes of the inner channel, outer channel, and cathode could

be differentiated. Once this condition was no longer satisfied, the
divergence angle was no longer calculated.

D. Pressure Control

Hall thrusters are naturally oscillatory [15]. Additionally, the
strength of oscillations is known to affect thruster performance [16].
Since the background pressure in the chamber can affect oscillation
strength [17–19], the facility can thus affect the performance of Hall
thrusters. Furthermore, neutral ingestion changes with varying
background pressure increasing the performance artifically [20,21].
Therefore, it is recommended that all measurements be collectedwith
the same background chamber pressure [22]. To compensate for this,
neutral xenon gas was flowed into the chamber to artificially increase
the background chamber pressure during single-channel operation
(up to the value of pressure that was observed during dual-channel
operation). The chamber pressure during all firing configurationswas
6.7 × 10−6 Xe, measured using a Varian Series UHV-564 ion gauge
located 3 m radially from the thruster and 2 m axially downstream.
Neutral gas was injected in one of two locations during single-

channel operation as seen in Fig. 2: downstream or through the
channel not actively firing (indicated by the black arrows in the
figure). These conditions were used to determine whether neutral
ingestion from adjacent channel(s) was the source of the improved
thrust seen in previous experiments. The total flow into the chamber
for all operating conditions was equal.

III. Results and Discussion

Table 1 contains all test points for the experiment along with the
anode efficiency, anode specific impulse, beam efficiency, and
divergence efficiency results. For each test point, thrust and Faraday
probe data were taken. Uncertainties on the power are 2%. To better
understand performance differences, an effective dual-channel anode
efficiency and specific impulsewere calculated for the injection point
by weighting each value by its mass flow fraction. The results are
seen in Table 2. The results clearly show that dual-channel operation
has higher performance than single-channel operation when
background pressure is controlled with downstream injection.
However, when pressure is controlled with channel injection, the
performance of the thruster matches dual-channel performance. The
matching of performancewithin uncertainty for the channel injection
test point indicates that the increased neutral density near the thruster
during dual-channel operation is resulting in increased performance.
Thrust results can be seen in Fig. 3. For points where flow was

injected via the nonoperating channel, the thrust numbers were
corrected for the thrust due to cold gas flow. The thrust due to cold gas
was

Tcoldgas � _mue (4)

where the exhaust velocity was assumed to be the thermal velocity
defined as

Fig. 1 A picture of the X2, a 6 kW nested Hall thruster [8].

Fig. 2 Location of neutral gas injection for various cases (not to scale).
The downstream injection was approximately 4 thruster diameters
downstream of the thruster.

Table 1 Results matrix for X2 testing

Test point Inner power, kW Outer power, kW Total power, kW Gas injection point Thrust, mN ηa Isp;a, s

1 1.23 3.23 4.46 — — 357.8� 4.6 0.47� 0.01 1196� 15
2 1.26 — — 1.26 Downstream 248.5� 3.3 0.39� 0.02 1086� 32
3 1.25 — — 1.25 Channel 264.0� 2.7 0.42� 0.03 1132� 33
4 — — 3.26 3.26 Downstream 92.7� 2.7 0.44� 0.01 1163� 16
5 — — 3.24 3.24 Channel 95.0� 3.0 0.49� 0.02 1235� 16

Table 2 Effective performance values for
each operating conditions

Operating condition ηa Isp;a, s

Dual channel 0.47� 0.01 1196� 14
Channel injection 0.47� 0.03 1206� 36
Downstream injection 0.42� 0.02 1141� 33
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vth �
��������������
8kTgas

πmXe

s
(5)

The temperature of the gaswas assumed to be 523K as this was the

approximate steady state temperature of the thruster. The cold gas

thrust when flowing through the outer channel was calculated to be

6.8mN and for the inner channel was 2.7mN. Themajor result is that

in the dual-channel mode the thruster had a 4.9% increase in thrust

over the superposition of each channelwhen the background pressure

was controlled via downstream injection. This improvement is

consistentwith improvements seen byLiang [7] at different operating

conditions. This anomalous thrust was recovered when the pressure

local to the thruster was raised to match the background chamber

pressure via channel injection. This result suggests that part of the

anomalous performance seen in nested Hall thrusters was due to

neutral ingestion from the adjacent channel.
Figure 4 shows the evolution of the divergence angle for both the

inner and outer channels. Figure 4a shows the inner channel

divergence angle remained constant for all axial locations for both

neutral injection cases. For the dual-channel mode, the divergence

half-angle started at 14 deg very close to the thruster exit plane and

then quickly evolved to reach the value of the test point 3, the inner

channel with channel injection. The value of divergence is taken as

the final value that was calculated. The divergence angles of the outer

channel, as seen in Fig. 4b, show that when gas was injected

downstream the divergence remained higher than all other cases. This

data indicate that local pressure influenced the divergence angle,

decreasing it for the dual channel and single channel with channel
injection modes as compared to single channel with downstream
injection for the outer channel. The decrease in the divergence angle
seen should theoretically have increased the thrust 3%. This result
indicates that only part of the improved performance was due to a
decrease in the divergence angle.

IV. Conclusions

The performance of a two-channel nestedHall thruster operating at
150 V anode potential was measured. Thrust increased 4.9% in the
dual-channel mode vs the summation of single channels when
pressure was controlled via downstream injection. This difference
was eliminated when the pressure was controlled via injection
through the nonoperating channel, which better simulated the local
pressure of the thruster during operation. The outer-channel
divergence angle decreased in dual-channel operation and single
channel with channel injection leading to an increased thrust, anode
efficiency, and anode specific impulse. The results indicate that part
of the anomalous performance was due to neutral ingestion from the
adjacent channel and the other part was due to a decrease in the
divergence angle leading to more beam collimation. Further work
will investigate nestedHall thruster performance and plume data over
a variety of operating conditions and thrusters. Additionally, a neutral
flow model will be developed to calculate neutral density paths near
the thruster exit plane. Finally, the implications of this result suggest
that channel spacing on nested Hall thrusters is critical for
maximizing this effect. Plasma modeling of this effect is critical to
informing that discussion.

Fig. 3 Thrust results for all operating condtions of the X2.
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Fig. 4 a) Inner-channel divergence angle as a function of downstream position for all test cases. b) Outer-channel divergence angle as a function of
downstream position for all test cases.
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