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The effects of cluster cathode sharing on the performance of a 2 x 1 cluster of 5-kW Hall effect thrusters are
investigated. The cluster is operated from 1.5-6 kW over a range of backpressures from 4.7 x 10~ Pa Xe
(3.5 x 107 torr Xe) to 1.2 x 10~3 Pa Xe (8.9 x 10~° torr Xe). The cluster thruster elements can share a single
cathode without coupling their ionization and acceleration processes over a range of centerline separation distances
from 0.3 m to greater than 2 m. The discharge current of both thrusters remains constant, with the shared cathode
mounted above one thruster and with the shared cathode centrally located for all thruster-to-thruster centerline
separation distances. These results show that the gas flow of one thruster does not directly affect the performance of
the adjacent thruster. In addition, the effects of cathode displacement from the thruster centerline on the
performance of a 5-kW Hall effect thruster are investigated. The data show that the cathode-to-ground voltage
remains nearly constant for thruster-centerline-to-cathode-centerline spacing greater than 0.4 m. A thruster-
centerline-to-cathode separation distance up to 1.3 m does not negatively affect the performance of the thruster, and
reliable restarts are possible at the maximum displacement distance.

I. Introduction

HE combination of high specific impulse, high thrust efficiency,

and high thrust density makes the closed-drift Hall thruster
(CDT) appealing for a number of Earth-orbit space missions. CDTs
can satisfy many of the spacecraft propulsion needs of the U.S. Air
Force (USAF) and industrial satellite producers for the next several
decades. The USAF has identified the high-power 50-150 kW CDT
propulsion system as the baseline approach for a variety of missions
[1]. Next-generation communication satellites are becoming both
larger and more powerful. Recent satellite designs suggest that
electric propulsion (EP) systems will have to double or triple in
power from the current 3—-5 kW systems within the next decade to
satisfy commercial spacecraft needs. This means that vacuum
systems will have to be modified to handle the added propellant flow
rates demanded by these higher-power thrusters.

Many national electric propulsion test facilities, although
physically large enough to test 50-kW thrusters, possess pumping
speeds that are at least an order of magnitude too low to ameliorate
facility pressure effects for plume/contamination and life testing. If
the tank pressure is too high, the background gas can artificially
modify the exhaust plume and alter the operation of the CDT itself
[2-4]. The U.S. Air Force Research Laboratory (AFRL), NASA
John H. Glenn Research Center (GRC), and laboratories in Europe
have recently upgraded their pumping systems in anticipation of
higher-powered thrusters. Nevertheless, very few vacuum facilities
capable of testing CDTs greater than 100 kW are expected to be
available in the foreseeable future. Thus, modular, high-power CDT
propulsion systems will undoubtedly be required for both USAF and
NASA missions in the future, to make ground testing feasible.

To address this issue, the USAF has embarked on the concept of
clustering to reach its high-power goal (i.e., the use of smaller Hall
thrusters in a propulsion array [5]). Clustering allows a single smaller
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Hall thruster that can be analyzed with ground-based testing in a
number of test facilities to be used in the cluster. A cluster of thrusters
will have a lower total efficiency and higher dry mass than a
monolithic device of equal power. Yet, a cluster provides propulsion
system redundancy and the ability to vary the system power while
allowing the thrusters in use to operate at their peak efficiency.
Clusters also provide the ability to generate torques about the center
of mass by simply turning off one or more of the thrusters. Moreover,
a cluster is more likely to provide higher performance over a wider
range of power than a monolithic engine, given the modular nature of
the former.

A limited number of studies have addressed the concept of CDT
clustering. Beal [5-9] characterized the basic plume properties,
“cross talk” among cluster elements, and cluster sensitivity to
cathode placement with a2 x 2 cluster of Busek model BHT-200-X3
Hall thrusters. The European Office of Aerospace Research and
Development conducted tests at the Russian Central Research
Institute of Machine Building (TSNIIMASH) with a cluster of three
D-55 anode-layer Hall thrusters to demonstrate that multiple
thrusters can share a single cathode and operate from one common
power supply with no noticeable increase in discharge current
oscillations and no sign of cross talk between the thrusters for a fixed
separation distance [10,11].

The work presented here is directed at the development of a Hall
thruster cluster test facility centered around the University of
Michigan (UM) Large Vacuum Test Facility (LVTF) [7,8,12]. A
2 x 1 cluster of AFRL/UM P5, 5-kW Hall thrusters has been
constructed at the UM to facilitate the investigation of high-power
Hall thruster operation. This work aims to further understand the
feasibility of operating clusters of Hall thrusters on spacecraft. The
study investigates the effects of cathode sharing and cathode-to-
thruster separation over a wide range of separation distances on the
operation of a Hall thruster cluster at operating conditions of 300 and
500 V at 5.25 and 10.46 mg/s. In addition, the effect of cathode
displacement on single-thruster performance is measured with a
thrust stand.

II.
A. Vacuum Facility

Experimental Apparatus

All experiments are conducted in the LVTF, shown schemati-
cally in Fig. 1. The cluster is mounted at thruster station 2. The
LVTEF is a stainless-steel-clad vacuum chamber that has a diameter
of 6 m and a length of 9 m. The LVTF pumping speed is varied by
changing the number of cryopumps in operation [13,14]. The
combined pumping speed of the facility is 500,000 1/s on air and
240,000 1/s on xenon, with a base pressure of 2x 107> Pa
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Fig. 1 Diagram of the LVTF (AFRL/UM 2 x 1 5-kW PS5 Hall thruster cluster).

(1.5 x 1077 torr). At the average anode flow rates investigated
(5.25 and 10.46 mg/s, both with a 0.92 mg/s cathode flow) and at a
nominal xenon pumping speed of 240 kl/s, the operating pressures
of the LVTF range from 4.7 x 10~ Pa Xe (3.5 x 107 torr Xe) to
1.2 x 1073 Pa Xe (8.9 x 107 torr Xe). The change in facility
pressure caused by turning off one cathode in the cluster cathode-
sharing experiments is negligible.

Table 1 shows the LVTF operating pressure for each flow rate at
the nominal xenon pumping speeds of 240 kl/s. The operating
pressures are adequate for plume and performance measurements
[3]. The chamber pressures listed in Table 1 are the indicated
pressures from the nude gauge, corrected for xenon using the known
base pressure on air and a correction factor of 2.87 for xenon [15]. A
previous study shows that the nude gauge reading is the best estimate
of the true chamber pressure [16].

Chamber pressure is monitored by a nude ionization gauge, as
indicated in [14]. The gauge is a Varian model UHV-24 nude gauge
with a Varian UHV SenTorr vacuum gauge controller. The UHV-24
nude gauge is calibrated for air by the manufacturer. Pressure
measurements are corrected for xenon using the known base pressure
on air and a correction factor of 2.87 for xenon, according to the
following equation [15]:

_ P

.=

i— Py
2.87

+ P, )
where P, is the corrected pressure on xenon, P,, is the base pressure,
and P; is the indicated pressure when xenon is flowing into the
vacuum chamber. The ionization gauge measures pressure over the
range of 1072 Pa (107* torr) to 107'° Pa (10~'? torr) with an
accuracy of +20%, as reported in [17].

B. Hall Thruster

All experiments are performed on the AFRL/UM P5 2 x 1 cluster
of laboratory-model Hall thrusters. The P5 has a mean diameter of
148 mm, a channel width of 25 mm, a channel depth of 38 mm, and a
nominal power rating of 5 kW. Laboratory-model cathodes are
located at the 12 o’clock position on each of the thrusters. The
cathode orifice is located approximately 30 mm downstream of the

Table 1 LVTEF background pressure for the investigated flow rates ata
nominal pumping speed of 240 kl/s (anode and cathode flow rates have an
uncertainty of £0.2 and +0.02 mg/s, respectively).

Thruster Anode, mg/s Cathode, mg/s Pressure, Pressure,
torr Xe Pa Xe
Single 5.25 0.92 3.5E—06 47E — 04
Single 10.46 0.92 5.3E — 06 7.1E — 04
Cluster 10.5 1.84 5.4E — 06 7.2E—04
Cluster 20.92 1.84 8.9E — 06 1.2E - 03

outer front pole piece. The cathode flow rate is set at 0.92 mg/s for all
cases investigated. Although the original PS5 discharge channel is
machined from M-grade boron nitride, the discharge channels of the
cluster elements use the less expensive HP-grade boron nitride. No
appreciable change in thruster operating characteristics or
performance was observed due to the change in discharge channel
material. The P5 thrusters used in this study are dedicated to cluster
research and have nearly identical numbers of operational hours. A
more detailed description of the P5 can be found in [18].

Each of the P5 Hall thrusters is powered by a separate set of power
supplies and operates from its own cathode, as shown in Fig. 2. The
thruster electrical connections enter the chamber through two
separate feedthrough ports. Each thruster discharge supply is
connected to a filter consisting of a 1.3-$2 resistance in series with the
discharge current and a 95-uF capacitor in parallel. The filter
provides isolation of the discharge power supply from the discharge
oscillations of the plasma and insures that any oscillations are not a
product of feedback between the power supplies and plasma.
Discharge current oscillations are measured with a F.W. Bell IHA-25
Hall effect current sensor connected to a Tektronix TDS 3034B
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Fig. 2 Electrical schematic of power electronics used to run the P5 Hall
thruster.
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oscilloscope. A more detailed description of the discharge current
oscillations can be found in [19]. High-purity (99.9995% pure)
xenon propellant is supplied to the Hall thrusters from compressed
gas bottles through stainless-steel feed lines. MKS 1179JA mass
flow controllers meter the anode and cathode propellant flows. The
flow controllers are calibrated with a custom apparatus that measures
gas pressure and temperature as a function of time in an evacuated
chamber of known volume. The mass flow controllers have an
accuracy of £1% full scale. The thrusters use independent mass flow
controllers for all experiments.

C. Thrust Stand

Thrust is measured with a null-type, inverted-pendulum thrust
stand of NASA GRC design [1]. The springs of the stand are made
with extra stiffness to accommodate the weight of high-power
thrusters. The null-type thrust stand holds the thruster at a set position
at all thrust levels, which reduces error in the thrust by eliminating
changes in the elevation of the thrust vector. The designer reports the
error of the thrust stand to be 1% of the full-scale calibration. The
uncertainty of the thrust measurements in this experiment,
determined by examination of the hysteresis and drift of the zero
offset and calibration slope variation, is &1 mN.

In situ thruster/thrust-stand leveling is performed with a remotely
controlled, geared dc motor coupled to a jackscrew. A remotely
controlled, geared-dc-motor-driven pulley system is employed to
provide in situ thrust-stand calibration by loading and offloading
small weights to simulate thrust before and after each test point. A
linear curve fit of null-coil voltage versus calibrated weight (thrust) is
then obtained and used for performance measurements. Soon after
the thruster is turned off, a posttest calibration is performed.
Magnetic tares are measured by passing current through each set of
thruster magnet coils and are found to be negligible. Cold flow tares
due to cathode-only flow without a discharge are also found to be
negligible. This last result is expected, because the cathode
centerlines are inclined approximately 45 deg below the horizontal.
Anode flow tares are not required, because the anode flow is closed
throughout the calibration.

The thrust stand is actively cooled with a VWR International 1172
refrigerated recirculating chiller to maintain thermal equilibrium at
high-power Hall thruster operating conditions. The thrust-stand
cooling consists of two and one-half parallel cooling circuits that
travel through the structure and outer radiation shroud. The shroud
cooling water temperature is monitored by the chiller and never
increases by more than 5°C over the thruster-off condition.

D. Cluster Spacing

One of the most important criteria for Hall thruster clustering is the
spacing of the array elements. To minimize structural mass and the
physical envelope of the cluster, elements of the cluster should be as
close as possible without adversely affecting their performance. In
large part, the magnetic field inside the Hall thruster channel governs
the performance of the Hall thruster [20]. A previous study uses
cluster elements spaced 40 cm apart (centerline to centerline), to
ensure that the magnetic field within the discharge chamber and the
external radial field are unaffected by the adjacent element of the
cluster array at the maximum magnetic field strength operating
condition of the monolithic thruster [21]. This paper investigates
cluster operation for spacing (centerline to centerline) both less than
and greater than 40 cm.

The electric fields within the plume plasma may also affect the
performance of clustered thrusters. The magnitude of the plasma
potential in the plume is not large enough to create an electric field
sufficient to cause a substantial deviation in the trajectory of high-
speed ions created in the discharge channel. Therefore, plume
interaction should not be large enough to affect the performance of
the individual elements. However, weak electric fields in the plume
may alter the plume by changing the trajectories of the slow charge-
exchange (CEX) ions [7]. The study in [7] is performed at a pressure
of 48x107* Pa Xe (3.6 x 107 torr Xe). This effect is not

investigated in this study, because it is expected to have a very minor
influence on cluster performance.

III. Results and Discussion

Thruster discharge current 1, and cathode-to-ground voltage V.,
are monitored as a function of separation distance (centerline to
centerline) for each configuration. The magnetic field remains
constant for each operating condition at all separation distances.
These measurements are performed for thruster operating conditions
of 300 and 500 V atanode flow rates of 5.25 and 10.46 mg/s. The data
show two distinct characteristics that are not a direct result of
clustering. First, discontinuities in the steady-state operation of the
thrusters are caused by elevated facility backpressure due to the
cluster propellant flow rates. The discontinuities are characterized by
abrupt changes in the flow operating mode. The discontinuities are
most evident at the 500 V, 10.46 mg/s operating condition. The
10.46 mg/s anode flow rate results in elevated backpressure, which
increases the number of electron-neutral collisions in the discharge
channel. The collisions enhance the electron mobility to the anode,
which leads to changes in the discharge current. The discontinuities
cause disruptions in the discharge current and the cathode-to-ground
potential trends. Second, when operating at equivalent discharge
voltage and anode flow rate, the cluster elements have different
discharge currents and cathode-to-ground potentials. The differences
in the magnitude of the discharge current and cathode-to-ground
voltage between the thruster elements are due primarily to
manufacturing and assembly tolerances.

The data show several important features of clustering that are
critical for spacecraft design considerations. The next four
subsections present the results of the cluster cathode-sharing and
cluster displacement investigations. Each subsection presents the
physical configuration, results of the data analysis, and discussion of
their significance.

A. Separate Cathodes

The P5-A and P5-B are operated through electrically independent
circuits in which each has its own cathode and power supply.
Figure 3a shows a schematic of this configuration, which serves as a
baseline for the cluster operation from a shared cathode. The cluster
elements are operated with their cathodes mounted at the 12 o’clock
position. The initial thruster centerline separation is 30.5 cm, which
results in a minimum separation distance of 1 cm between the Hall
thruster magnet poles. The poles are not allowed to touch, to avoid
any unforeseen complications with the electrical circuits. The initial
thruster separation distance (centerline to centerline) is 30.5 cm and
the measurements are taken in 4-cm increments, out to a maximum
separation distance of 140.5 cm.

Figures 4 and 5 present the discharge current as a function of
separation distance for the 5.25 and 10.46 mg/s operation conditions,
respectively. The figures show that the discharge current remains
nearly constant, with increasing distance between the cluster element
centerlines. Figure 6 shows that the discharge current is not steady at
the 500 V, 46 mg/s operation condition. As mentioned earlier, the
variation in the discharge current is a result of the elevated facility
backpressure, not the separation distance.

Figures 6 and 7 present the cathode-to-ground voltage for the 5.25
and 10.46 mg/s operating conditions, respectively. Figure 6 shows
that the cathode-to-ground voltage is constant, with separation for all
5.25 mg/s anode flow rate conditions. Figure 7 shows that at the
300 V, 10.46 mg/s operating condition, the cathode-to-ground
voltage is nearly constant. However, the cathode-to-ground voltage
varies with the unsteady discharge current at 500 V, 10.46 mg/s. As
the separation distance changes, the adjacent magnetic field strength
decreases and the local plasma density decreases, but data from the
separate-cathode configuration show that these changes have no
effect on cathode-to-ground voltage or on discharge current. This
means that the actual changes in magnetic field and plasma density
caused by an adjacent thruster are negligible.
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Fig. 3 Cluster diagrams of a) separate cathodes, b) sharing a single
cathode, and c) cathode displacement setup (cathode is initially 20 cm
from the thruster centerline).
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thruster centerline distance for an anode flow rate of 5.25 mg/s at a
backpressure of 7.2 x 10~* Pa Xe (5.4 x 107 torr Xe).

Prior cluster work suggests that neutral gas from one thruster
element can be ingested by the adjacent thruster, thus affecting its
performance [21]. The separate-cathode configuration allows
investigation of this phenomenon. Although P5-A and P5-B operate
from independent cathodes, one of the thrusters and its cathode are
turned off, but the anode and cathode flow remain constant. The
discharge current and cathode-to-ground voltage of the adjacent
thruster is monitored over the range of centerline-to-centerline
separation distances. Both the discharge current and cathode-to-
ground voltage remain constant for all separation distances
investigated (30.5-140.5 cm), with cold and hot flow exhausted from
the adjacent thruster. The measurements show that the discharge
current is not a function of the distance between the thruster
centerlines. Thus, there is no measurable change in performance due
to ingestion, as previous work suggests [21]. Instead, the increase in
thrust reported in [7] with a low-power Hall cluster may be caused by
plume electric fields focusing the CEX ions downstream.
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B. Sharing the Cathode of an Adjacent Thruster

For this portion of the investigation, the P5-A and P5-B are
operated from the cathode of a single thruster. Figure 3a shows a
schematic of this configuration, with the cathodes mounted at the 12
o’clock position. Figure 8 shows a diagram of the electrical circuit
used to operate the cluster elements from the shared cathode. The
centerline-to-centerline separation distances are identical to the
separate cathode experiment described earlier. No gas flows through
the nonoperating cathode. Sharing cathode A or cathode B does not
change the characteristics of the discharge current or the cathode-to-
ground voltage curves. Thus, only the results for sharing cathode A
are presented.

Figures 9 and 10 present the discharge current as a function of
separation distance, sharing cathode A for the 5.25 and 10.46 mg/s
operation conditions, respectively. Figure 9 shows that the discharge
current remains nearly constant at the 5.25 mg/s anode flow rate for
all separation distances. Figure 10 shows discontinuities in the
discharge current at the 10.46 mg/s anode flow rate, which are due to
backpressure effects.

Figure 11 presents the cathode-to-ground voltage as a function of
separation distance when sharing cathode A for the 5.25 mg/s
operation conditions. The 10.46 mg/s operating condition showed an
identical trend, and so the results are not presented here. Figure 11
shows that the cathode-to-ground voltage decreases by less than 1 V
for a centerline-to-centerline separation distance up to 1.785 m at the
5.25 mg/s operating condition. This behavior is expected, because
the plasma density and magnetic field topology near the cathode,
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Fig. 8 Diagram of the shared-cathode circuit.
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(5.4 x 107° torr Xe).
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Fig. 10 Sharing cathode A; discharge current as a function of thruster

centerline distance 10.46 mg/s at a backpressure of 1.2 x 10~ Pa Xe
(8.9 x 10~ torr Xe).

which govern charged-particle transport to and from the cathode,
remain constant as the centerline-to-centerline distances varies.
Overall, the results show that no deleterious effects result from the
cluster sharing the cathode of one of the thrusters.

C. Sharing a Centered Cathode

For this portion of the investigation, the P5-A and P5-B are
operated from the centered cathode B. Figure 3b shows a diagram of
the physical configuration, and Fig. 8 shows the electrical circuit
through which the thrusters share the cathode. The effect of cluster
centerline-to-centerline separation distance is investigated by
varying the distance between the thrusters and monitoring the
discharge current and cathode-to-ground voltage. The initial
centerline-to-centerline separation distance is 0.39 m and the
measurements are taken in 5-cm increments, out to a maximum
separation distance of 1.97 m.
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backpressure of 7.2 x 10~* Pa Xe (5.4 x 10~ torr Xe).

Figures 12 and 13 show that the discharge current of each cluster
element is nearly constant as a function of centerline separation
distance for the 5.25 and 10.46 mg/s operation conditions,
respectively. There is a slight variation in the discharge current at the
10.46 mg/s anode flow rate, due to the elevated facility backpressure,
which is discussed in a previous section.

Figures 14 and 15 show that as the distance between the centered
cathode and the thruster centerline increases, the magnitude of the
cathode-to-ground voltage also increases for the 5.25 and 10.46 mg/s
operation conditions, respectively. This trend persists until the
cathode-to-thruster centerline distance reaches 0.7 m. Because the
setup is bilaterally symmetric, the thruster centerline-to-centerline
spacing is thus 1.4 m. The magnitude of the cathode-to-ground
voltage increases by approximately 8 V and plateaus between 24 and
28 V below ground. Analyses of the data show that this behavior is
not characterized by a simple power law, but is well-approximated by
a fourth-order polynomial. Unfortunately, this fit does not shed light
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thruster centerline distance at an anode flow rate of 10.46 mg/s at a
backpressure of 1.2 x 103 Pa Xe (8.9 x 10~ torr Xe).
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Fig. 14 Sharing a centered cathode; cathode-to-ground voltage as a
function of thruster centerline distance at an anode flow rate of 5.25 mg/s
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on the physical processes that govern the change in cathode-to-
ground voltage with cathode-to-thruster centerline distance.

The cathode coupling voltage may change with separation
distance, because the plasma density and magnetic field strength near
the cathode decrease as the centerline-to-centerline distance
increases. A previous study shows that the magnetic field is
negligible 20 cm from the thruster centerline, yet the cathode-to-
ground voltage does not asymptote until the cathode is 70 cm from
thruster centerline [21]. Thus, the magnetic field should not affect the
cathode-to-ground voltage. To understand the change in cathode-to-
ground voltage with cathode-to-thruster centerline distance, we must
characterize the plasma between the thruster and the cathode.

The thruster operation parameters do not appear to affect the
change in cathode-to-ground voltage with separation distance. The
data show that the anode flow rate has little effect on the cathode-to-
ground trend. The 300- and 500-V discharge voltages result in no
more than a 2-V difference in cathode-to-ground voltage. The in-
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Fig. 16 Discharge current versus front pole-to-cathode centerline
separation distance for a nominal pumping speed of 240 Kkl/s.

crease in the magnitude of the cathode-to-ground voltage reduces the
exit velocity of the beam ions, but the difference is negligible in com-
parison to the discharge voltage (4% for 300 V and 2.4% for 500 V).

D. Operation from a Displaced Cathode

For this experiment, the P5-B is operated from its own cathode.
However, the effect of cathode separation distance is investigated by
varying the distance between the cathode and thruster centerline
distance. Figure 3 shows a diagram of the cathode displacement from
the thruster setup. The cathode centerline is initially 20 cm from the
thruster centerline. The axial table moves the cathode to a distance of
1.3 m from the thruster centerline. The thrust, discharge current, and
cathode-to-ground voltage are measured in 10-cm increments at each
of the four operating conditions investigated.

Figures 1619 present the results of the cathode displacement in-
vestigation. Figure 16 shows traces of the thruster discharge current
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Fig. 17 Cathode-to-ground floating voltage versus front pole-to-
cathode centerline separation distance for a nominal pumping speed of

240 kl/s.
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distance for the 5.25 mg/s anode flow rate at a nominal pumping speed of
240 kU/s.

and the cathode-to-ground voltage as a function of the separation
distance between the thruster and cathode centerlines. Figure 16
shows that the discharge current remains constant as a function of
cathode displacement distance for all operating conditions. Figure 17
shows traces of the cathode-to-ground voltage as a function of the
separation distance between the thruster and cathode centerlines.
Figure 17 shows that the cathode-to-ground voltage increases in
magnitude as the cathode is displaced from the thruster. The
magnitude of the cathode-to-ground voltage for each operating
condition asymptotes to its maximum value at a cathode
separation distance of approximately 70 cm. As with the cluster
sharing the centered cathode, we must characterize the plasma
between the thruster and the cathode to understand this behavior.

Figures 18 and 19 show traces of the thrust as a function of the
separation distance between the thruster and cathode centerlines. In
addition, Figs. 18 and 19 show that the thrust for each condition
does not change as the cathode is displaced from the thruster
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of 240 kl/s.

centerline. There is some drift in the thrust measurements over the
range of cathode displacement. This drift is because the translating
axial table causes a deflection in the chamber floor grating to which
the thrust stand is attached. The resulting thrust-stand tilt, along
with the vibration caused by the stepper motor rotation, creates an
error in the thrust measurements. Nonetheless, the drift in the thrust
measurements is nearly within typical error bounds for the thrust
stand. Thus, cathode displacement from the thruster does not
appear to cause a change in the thrust produced by the Hall
thruster.

It is clear that a Hall thruster operates efficiently from a cathode
that is displaced from its usual position on the thruster. However, to
position cathodes on spacecraft that are significantly displaced from
the thruster centerline, the thruster must be able to start with the
cathode in the displaced position. This study verifies that the PS5 Hall
thruster can be reliably restarted at the 300 V, 5.25 mg/s operating
condition, at an operating pressure of 3.5 x 107 torr Xe, with a
cathode displaced up to 1.3 m away from the thruster centerline.

The only difference between the displaced cathode start procedure
and a standard Hall thruster configuration start procedure is when the
magnets are turned on. The first step in the displaced cathode starting
procedure is to run the cathode on the keeper. Next, one sets the
anode mass flow rate to the amount required for the operating
condition. Then one sets the anode discharge voltage to that of the
operating condition. The plasma breaks down in less than 2 s from the
time that the anode voltage is reached. Finally, one increases the
magnetic coil current to the level required for the given operating
condition.

The size of the axial positioning table limits the cathode centerline
to thruster centerline separation distance to 1.3 m. It may be possible
to start and operate the thruster at greater cathode separation
distances, because the data show no trends that would prevent further
separation.

IV. Conclusions

The study characterizes the operation of clustered thrusters for
various separation distances and cathode-sharing configurations.
This investigation establishes that the gas of one thruster element is
not ingested into the adjacent thruster at station 2 of the LVTF. It also
shows that varying the separation distance between the thruster
centerlines from 0.3 m (with the poles nearly touching) to 1.405 m
causes no negative effect on the performance of the individual
thrusters. The cathode-sharing study shows that the cluster elements

can operate in several cathode-sharing configurations at thruster
centerline separation distances up to 1.97 m. The only change in
thruster performance occurs when the cathode is not immersed in the
magnetic field of one of the thrusters. As the cathode leaves the
magnet field, the magnitude of the cathode-to-ground voltage
increases by approximately 8 V; the cathode-to-ground voltage
stabilizes for cathode-to-thruster centerline distances of 70 cm and
greater. In addition, reliable restarts for cathode-to-thruster
centerline distances of 1.3 m are verified. This knowledge opens
the design envelope of EP-propelled spacecraft and allows
propulsion system redundancy by placing cathodes in convenient
locations. This knowledge is of great importance to spacecraft
designers implementing electric propulsion systems.
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