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The T-220HT Hall-effect thruster is modified to include in-channel electrodes and additional magnetic coils to

study ion focusing. The goal of this work is to decrease energy losses from ion-wall neutralization and plume

divergence to increase the thrust-to-power ratio. In this paper, thrust and plume measurements on xenon are

presented. The thruster was tested from 125 to 300 V at 9 A discharge, with the electrodes either floating or biased to

10 or 30 V above anode potential. The mass flow rate was varied from 9.8 to 10:4 mg=s to maintain constant

discharge current. The maximum operating chamber pressure was 7:7 � 10�6 Torr-Xe. Performance

measurements on xenon show the best overall increase in performance at 150 V discharge and 10 V electrodes

with an increase of 7.69 mN of thrust, 4:6 mN=kW thrust-to-power ratio, 123 s ISP, and 5.3% anode efficiency.

The plume ion energy distribution function indicates an ion energy increase up to 25 V. The ion number density

and propellant efficiency both show increases. The different electrode currents and ion energy distribution

functions at 10 V compared with 30 V electrodes suggest different electrode-plasma interaction at the two electrode

biases.

Nomenclature

g = Earth’s gravitational acceleration, 9:81 m=s2

Id = discharge current, A
Ie = electrode current, A
ISP = specific impulse, s
_mtot = total mass flow rate (includes anode and cathode), mg=s
Pc = vacuum chamber background pressure, Torr
Pd = discharge power, W
Pe = electrode power, W
Ptot = total power (includes discharge power and electrode

power), W
T = thrust, N
VCG = cathode to ground voltage, V
Vd = discharge voltage, V
Ve = electrode voltage above the discharge voltage, V
�A = anode efficiency (includes electrode power)

I. Introduction

H ALL-effect thrusters (HETs) are one of the prime candidates
for use as primary propulsion systems for satellites. They

provide a combination of thrust and specific impulse (ISP) that offers
advantages for many near-Earth missions. They have been studied in
Russia, the United States, and elsewhere. Their performance has
been demonstrated in laboratory tests and in orbit. Some satellite
missions desire short, high-thrust burns for quick orbit changes. This
requires a high thrust-to-power (T=P) ratio. This work looks to
reduce loss sources within the thruster as a means to increase T=P
ratio, specifically ion losses caused by ion-wall neutralization. A
HET typically achieves maximum T=P at low discharge voltage. At
low discharge voltages, the ionization rate decreases because of
weaker electric fields and a reduction in the energy of the electrons.
With a lower ion number density, any ions lost towall neutralizations

greatly reduces the performance of the thruster. Thus a reduction in
ion-wall collisions could increase T=P and thruster efficiency. This
research attempts to reduce such collisions through the use of
electrodes embedded in the discharge channel wall to focus ions.

Ion focusing is performed with the addition of inner and outer
wall electrodes inside the discharge channel and a second pair of
electromagnets to generate cusp magnetic fields to shield the
electrodes. The electrode guides ions with trajectories intersecting
the chamber wall towards the centerline of the chamber focusing the
ions, which results in an increase in efficiency and T=P. AT-220HT
thruster is modified for this work and named the embedded electrode
Hall-effect thruster (EEHET). The study of ion focusing dates back to
the early 1970 s. Morozov et al. [1]. noted the constant potential
along magnetic field lines and the ability to focus the ion beam with
proper design of the magnetic field. To a great extend, the history of
the HET has been about optimizing the magnetic field. Current
thrusters such as the Busek BHT-1000, Aerojet BPT-4000, and the
6 kW Hall thruster at Michigan all generate high T=P levels at low
voltages [2–5]. The BHT-1000 has a similar dual electrode design
inside the discharge channel. The differences between that thruster
and the EEHET are the thin ring electrodes used in the EEHET and
the addition of the shielding ring-cusp fields around the electrodes to
reduce electron collection.

In this work, performance and plume measurements are taken for
the EEHET on xenon. The goal is to determine the effect of the
in-channel electrodes on the thruster. The electrodes generate an
electric field near the channel surface that should repel ions that come
in contact with the field. This should divert ions to a more axial path.
This reduces ion-wall neutralization, which increases ion density and
decreases the plume divergence angle. Section II discusses the
experimental setup. Section III presents the results of thrust and
plume measurements. Section IV presents an analysis of the results
and discussion of the implications.

II. Experimental Setup

A. Hall Thruster

All of the experiments were performed on a modified Pratt &
Whitney T-220HT Hall thruster. Extensive testing has mapped the
performance of the base thruster over a power range of 2–22 kW at
discharge voltages of 200–600 V [6]. The T-220HT has a mean
channel diameter of 188 mm, a channel depth of 65 mm, and a
nominal power rating of 10 kW. An Electric Propulsion Laboratory
375 series cathode is located at the 12 o’clock position of the thruster
and declined approximately 40 deg to the horizontal to be aligned
with the local magnetic field. The cathode orifice is located
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approximately 1.5 cm downstream from the thruster exit plane. The
cathodeflow rate is set to a constant 1 mg=s for all cases investigated.
The discharge channel of the thruster is made of M26 grade boron
nitride. A more detailed description of the T-220HT and its
characteristics can be found in [7].

The T-220HT HET discharge supply is a 45 kW Magna-Power
TSA800-54 power supply, and all other thruster components are
powered with TDK-Lambda 1 or 3.3 kW Genesys power supplies.
All electrical connections enter the chamber through separate
feedthroughs. The thruster discharge supply is connected to a
remote-control filter consisting of a 1:3 � resistance and 95 �F
capacitor. The filter acts as a low pass filter preventing oscillations in
the discharge current over 1.4 kHz from reaching the discharge
supply. High-purity (99.9995%) xenon propellant is supplied with
MKS 1179Amass flow controllers to the cathode and anode with an
uncertainty of �0:03 and �0:2 mg=s, respectively. The flow
controllers are calibrated bymeasuring gas pressure and temperature
as a function of time in a known control volume.

B. Ion Focusing

Ion focusing is achieved with the application of positively biased
electrodes embedded in the inner and outer channel surfaces. The
electrode power supply negative is electrical connected to the anode
power line and thus biased above anode potential. The resultant
electric fields should repel off-axis ions and reduce wall collisions.
To reduce electron collection by the positively biased electrodes,
cusp-shapedmagnetic fields are placed over the electrodes. The cusp
fields magnetize electrons moving toward the electrodes, which
reduces electron mobility and collected current. The static magnetic
fields in the thruster are analyzed with the software MagNet by
Infolytica and modified to generate the cusp magnetic fields along
specific sections of the channel wall. The resultant cusp field
magnetizes 25 eVelectrons, resulting in a 2 mm electron gyroradius
at a distance 5 mm from the electrode and 0.7 mm gyroradius at a
distance 2 mm from the electrodes. Figure 1 shows the final 2-D
magnetic field with components and field strengths indicated.
The field shape and strength is confirmed with physical Gauss probe
measurements to within 5%. Figure 2 shows a schematic of the
electrode electrical connections. The discharge voltage, Vd, and
electrode voltage, Ve, are measured between their respective power
supply leads. The discharge current, Id, and electrode current, Ie, are
measured from the cathode and electrode lines, respectively.

C. Thrust Stand

Thrust is measured with a null-type inverted pendulum thrust
stand based on the NASA John H. Glenn Research Center at Lewis
Field design by Haag [7]. The null-type stand holds the thruster at a
constant position with the use of proportional-, integral-, and
derivative-controlled solenoid coils that move a center magnetic rod.
A linear variable differential transformer measures the thrust stand

position and provides feedback for power amplifiers in the control
loop. Thrust is correlated to the amount of current on the null coil
required to hold the thrust stand at the zero position. Thrust stand
calibration is performed by loading and off-loading a set of known
weights over the range of expected thrust. The resultant linear curve
of null-coil current versus weight is used as the conversion for thrust
measurements. A copper shroud surrounds the stand, and coolant is
passed through to maintain thermal equilibrium. Further details of
the thrust stand and its operation can be found in [8].

The thrust stand has a measurement noise error of�0:8 mN. The
thruster is shut down every 40–60 min after each firing to recalibrate
and determine the zero position. This procedure minimizes thermal
drift in the null coil, which reduces uncertainty. The thrust
uncertainty is thus primarily due to the measurement noise and is
estimated at�1:5%. T=P, ISP, and anode efficiency error are based
on measurement device uncertainly and are all less than�3%.

D. Faraday Probe

The Faraday probe is a simple plasma diagnostic used to measure
ion current density in the HET plume. Its use has been well
documented [8–12]. Figure 3 shows an electrical schematic of the
Faraday probe used in this work. The probe is based on the Jet
Propulsion Laboratory nude Faraday probe design [9]. It consists of a
2.31-cm-diameter tungsten-coated stainless-steel collection elec-
trode with a stainless-steel guard ring surrounding it. A gap of
0.12 cm exists between the electrode and guard ring between. A
LambdaGENH60-12.5 power supply biases the collector and shield
to 20 V below ground. Biasing the collector and guard ring to the
same potential reduces edge effects by creating a uniform sheath
potential around the collector. Voltage measurements across a
1:417 k�, 0.5 W resistor placed in series with the collector line is
read by an Agilent 34980A data acquisition unit.

Fig. 1 Simulated magnetic field for the redesigned thruster.
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Fig. 2 EEHET electrical schematic.
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Fig. 3 Faraday probe electrical schematic.
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The probe arm is centered over the thruster exit plane. The
collector surface is placed 1 m downstream of the thruster exit plane.
Sweeps are taken from�100 to�100 deg from thruster centerline in
1 deg increments. Measurements are taken at 80 Hz sample rate for
1 s at each position and averaged to produce the recorded current
density at that location. Themeasurements are taken at a single radial
distance. Background pressure effects are not studied, although the
operating pressure is always below 7:7 � 10�6, which minimized
the pressure effects on the data. The uncertain in Faraday probe
measurements caused by charge-exchange collisions is estimated at
�10% for the beam current and divergence angle through analysis of
variance.

E. Retarding Potential Analyzer

A retarding potential analyzer (RPA) measures ion energy per
charge with a series of biased grids to selectively filter ions [13,14].
The RPA cannot discriminate between singly- and multiply-charged
ions. The RPA acts as a high-pass filter that only allows ions with
energy higher than the ion repulsion grid to pass through to the
collector. By increasing the voltage on the ion retarding grid, ions
with equal or less energy are repelled, and the collected current drops.
The negative derivative of the resulting current-voltage data,
�dI=dV, is proportional to the ion energy distribution function [13].

The RPA used in this work consists of four grids and a collector
based on the design used in [1]. In order from plasma to collector,
they are the floating, electron repulsion, ion repulsion, and electron
suppression grids. The floating grid floats to the plasma potential to
reduce perturbations caused by the probe presence. The electron
repulsion grid is negatively biased with respect to ground to repel
plasma electrons, and the ion repulsion grid is positively biased with
respect to ground to retard ions. The electron suppression grid is
biased negative with respect to ground to repel any secondary
electrons emitted from the collector because of ion collisions. The
electron repulsion and suppression grids are both biased to�30 V by
a pair of GENH 60-12.5 power supplies. The ion repulsion grid is
powered by a Keithley 2410 Sourcemeter. The collector current is
measured with a Keithley 6487 Picoammeter. Both the sourcemeter
and picoammeter are controlled with LabVIEW. RPA data are
collected at 10 angles from centerline through the plume: 0, 5, 10, 15,
20, 25, 30, 40, 50, and 60 deg. The uncertainty in the most probable
ion potential is estimated as 50% of the half width at half-maximum
value of the potential peak [5]. This uncertainty varies depending on
discharge voltage and has a maximum value of�6:5 V.

F. Vacuum Facility

All of the experiments are performed in the vacuum test facility 2
(VTF-2) at Georgia Tech shown in Fig. 4. VTF-2 is a stainless steel
chamber 9.2 m long and 4.9 m in diameter. It is pumped to rough
vacuum with one 3800 CFM blower and one 495 CFM rotary-vane
pump. Ten liquid nitrogen cooled CVI TMI re-entrant cryopumps
with a combined pumping speed of 350; 000 l=s on xenon bring the
chamber to a base pressure of 5 � 10�9 Torr. A Stirling Cryogenics
SPC-8 RL special closed-looped nitrogen liquefaction system
supplies liquid nitrogen to the cryopump shrouds. Two ionization
gauges, Varian 571 and UHV-24, are mounted on either side of the
chamber.

III. Results

The thruster is operated over 125–300 V discharge voltage at a
discharge current of 9� 0:1 A. The electrodes are operated at three
conditions: electrically floating, biased to 10 V above anode
potential, and biased to 30 V above anode potential. These three
conditions are noted as floating, 10 Ve, and 30 Ve, respectively.
Figure 5 shows the current collected by the electrodes. The electrode
current is quite different between the two bias levels. Because the
electrodes are connected to the anode power line, they share current
with the main anode. This means at 30 Ve, when the electrodes draw
over 9 A of current, the anode has little to no current. This causes the
electrodes to act as the primary anode. Some current recycling occurs

between the electrode and anode within the circuit as the discharge
power supply current is held at 9 A.

Magnet settings remained constant through all tests to provide the
field structure shown in Fig. 1. The choice of constant magnetic field
is made to limit the variables in the system and maintain the field
structure. Optimizing the magnetic field for minimum discharge
current during testing causes the field to become asymmetric and
unshields one electrode. The electrode current can be pushed from
one electrode to the other in this fashion. However, a varying
magnetic field would introduce complications to the analysis
because the shielded and unshielded electrodes would behave
differently.

The thruster is run through a 1 h conditioning cycle before data is
taken. The cathode flow rate is kept constant at 1 mg=s for all tests.
All three plume probes are placed 1mdownstreamof the thruster exit
plane on a radial motion arm centered above the exit plane. The
probes are spaced 5 deg apart on the probe arm and individually
aligned to thruster center with a laser tool.

Fig. 4 Schematic of VTF-2 (not to scale).
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Fig. 5 Electrode current at 9 A for 10 and 30 Ve electrode bias.
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A. Thrust Stand Results

Figures 6–9 show the performance (thrust, T=P ratio, ISP, and
anode efficiency) of the EEHET running on xenon at 9 A.
Additionally, data for a no electrode configuration are shown. In this
case, the graphite electrodes are replaced with boron nitride (BN)
rings to approximate the original discharge channel. The data set is
labeled as BN in the results. The T=P ratio, anode efficiency, and

specific impulse calculations use the total mass flow rate and the total
discharge power, which includes both anode and electrode powers as
seen in Eqs. (1–3).

T

P
� T

Pd � Pe
� T

Ptot

(1)

nA �
1

2

T2

_mtotPtot

(2)

ISP �
T

_mtotg
(3)

The thruster performance with BN rings on average is lower than
the floating condition. The addition of the electrodes does appear to
affect the thruster performance. This is attributed to the change in
material from BN to graphite. Graphite has a lower secondary
electron emission (SEE) that BN and thus contributes fewer cold
electrons to the plasma. This can create a local zone of hot plasma that
can provide increase ionization or acceleration potential.

The thruster performance increased along all four metrics with
biased electrodes. T=P and efficiency are higher at 10 Ve than at
30 Ve. The 30 Ve case has larger increases in thrust than 10 Ve;
however, there is a large increase in electrode power at 30 Ve, which
reduces the T=P ratio and efficiency. At 30 Ve, the electrodes collect
over 9 A of current. The current on the main anode is reduced to less
than 1 A. The overall currently supplied by the discharge power
supply is still kept at 9 A, however. This means there is some amount
of current circulation between the electrodes and anode. The
maximum total T=P ratio increase occurs at 150 Vd, resulting in a
gain of 7.69 mN of thrust, 4:6 mN=kW thrust-to-power, 123 s ISP,
and 5.3% anode efficiency. Chamber operation pressure is between
5 � 10�6 and 7:7 � 10�6 Torr-Xe for all tests. The uncertainties
estimated at �1:5% for thrust and �3% for all other metrics are
included in the figure. The performance of the EEHET is lower or on
par compared with the available data for the original T-220HT. A
direct comparison between the two is not strictly valid because the
EEHET has modified thruster magnetic field, magnetic flux pieces,
and discharge channel.

B. Faraday Probe Results

Plumemeasurements are taken at the same operation conditions as
Figs. 6–9minus the BN case, namely 125–300 Vd and 9A discharge
with floating, 10 Ve, and 30 Ve. Figure 10 shows the measured ion
current density for the floating case from �100 to 100 deg at a few
discharge settings to allow readability. The current density increases
as the discharge voltage is increased as expected. Higher discharge
voltage results in stronger electric fields and greater ionization and
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thus larger ion current densities. The anode mass flow rate varies
from 10.02 to 10:36 mg=s to maintain current as shown in Table A1
in the Appendix. The profile is not perfectly symmetrical. At large
angles the left side exhibits lower current than the right. This is most
likely due to some asymmetry in the thruster or alignment.

The EEHET exhibits a double peak structure that signifies that the
focal length is longer than 1m. The peaks rest between 6 and 9 deg on
either side of the centerline. The current densities decrease with
discharge voltage, and thus acceleration and ionization capability
decreases, resulting in fewer ions. Thus lower voltages see an increase
in electron current. All of the data are taken at nearly constant
discharge currents as shown in Table A1 in the Appendix. Figure 11
shows the change in the current density with biased electrodes for
125 Vd. The 10 Ve case shows aminor change from the floating case,
but 30 Ve creates a noticeable change in the current density. The
current density increases at small angles resulting in larger peaks and
decreases at large angles. The increase at small angles without a net
upward shift of the entire plot is commonly attributed to collimated or

focused ion beam and reduced plume divergence. This is further
supported by the decrease at large angles. The graph in Fig. 11b
shows a magnified view of the same data at large angles. The effect is
similar but smaller on the right side of the profile.

Figure 12 shows the current fractions for 10 and 30 Ve at different
discharge voltages. The current fraction is the ion current density
with biased electrodes normalized by their respectivefloating current
densities. The graphs showmore clearly the change in current density
near centerline and at large angles. This effect is more evident at low
Vd, which matches the observed performance improvements.
At 300 Vd, the ion current density with electrodes actually drops
below the floating data. The chamber pressure generally decreased or
stayed constant with increased electrode bias; thus background
charge-exchange collisions are not the cause of the changes.

At any given voltage, the discharge current is kept approximately
constant about 9 A, and the magnet settings are also kept constant
throughout the test. The only difference is the electrode power. As
electrode bias increased, so did the current seen by the electrodes.
The average electrode currents at 10 and 30 Ve are 1.5 and 9.2 A,
respectively. The increase in the ion current density around centerline
and decreases in thewings is attributed to a narrowing of the ion beam
and decreased plume divergence angle. Figure 13 shows the plume
divergence angle for all three cases (floating, 10 Ve, and 30 Ve). The
ion current density is adjusted by using the linear extrapolation
method to account for charge-exchange collisions at large angles [6].
A linear fit of the 10–30 deg data on a semi-log plot is extended to
90 deg. This method can underpredict the ion current density. The
mathematical analysis to determine plume angle and beam current is
performed with the method developed by Brown [12,15] to correct
for the probe gap and the discrepancy between the discharge
geometry and the point source measurement geometry. Faraday
probe measurements have historically been marred by high degrees
of uncertainty. Even recent work has claimed uncertainties up to
�50% [16]. Brown [5] recommended a thorough set of procedures
for far-field Faraday probe measurements that can reduce the
uncertainty to 5%. However, the full procedure was not performed
for the data presented here. In an effort to provide a more consistent
measurement of the uncertainty for plume angle, the two-way
analysis of variance (ANOVA) was used [17]. The standard error
from ANOVA is given by Eq. (4) for a 95% confidence interval. X
and Xm are the actual and measured values, t:95;dof is the value of the
two-tailed t distribution,MSE is the mean squares error, and r is the
number of data repetitions. The resultant 95% confidence for the
plume angle has awidth of 4.8 deg,which gives a�10% uncertainty.

X� Xm � t:95;dof
����������
MSE
r

r
(4)

The large uncertainty makes definite statements and conclusions
about the plume divergence difficult; however, the trends suggest that
the electrodes do decrease the plume divergence angle to a degree,
primarily at low discharge voltages. The decrease is only noticeable
below 150 Vd. Above that, the three cases have nearly identical
plume angles, especially considering the uncertainty. Along with the
increase in thrust observed, a decreased plume angle suggests either
increased axial ion velocities or increased ion density.

C. RPA Results

Ion energy measurements are taken with the RPA at 10 angular
positions around the plume. From 0 to 30 deg measurements are
taken in 5 deg increments, and from 40 to 60 deg measurements are
taken in 10 deg increments. OneRPA sweep at each location is taken;
however, three measurements at each ion repulsion grid potential are
taken and averaged to produce the recorded value. A fourth order
Savitzky–Golay smoothing filter is applied to the raw data prior to
taking the derivative. Figure 14 shows the ion energy distribution
function on thruster centerline for a few discharge settings with
floating electrodes. The profile shows that the ion energy distribution
function increases and broadens as the discharge voltage increases.
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This is expected, because high voltages result in increased energy
distribution and thus a larger spread in possible ion energies.

Figure 15 shows the computed ion energy distribution function
when the thruster is operating at 175 Vd and 9 A for all three
electrode cases at four angular locations. The biased electrodes cause
a rightward shift in the ion energy distribution function, which results
in increased ion energy. Similar trends are observed for other
discharge voltages. At 10 Ve, there is a slight rightward shift of
the ion energy distribution, on the order of a few volts. At 30 Ve, the
shift is an average of 20 V. Figure 16 shows the centerline ion energy
for all the conditions tested. The same trend in ion energy is observed
at all discharge levels. Figure 17 plots the most probable ion energy
for the 175 Vd operating conditions at all measured angles showing
the effect occurs throughout the plume as well. There is a definite
change in behavior from 10 Ve to 30 Ve that will be discussed later.

IV. Discussion

The goal of this work is to reduced ion-wall neutralization, thereby
increasing the ion number density and decreasing plume divergence.

Evidence that this has occurred would present as an increased ion
current density for the same propellant and a more collimated ion
beam. Evidence of a more collimated ion beam is a decrease in the
plume divergence angle, an increase in ion density at small angles
from thruster centerline, and a decrease in ion current density at
large angles. AsFig. 13 shows, there is indeed a decrease in the plume
divergence angle when the electrodes are biased above anode
potential. This divergence angle decrease with electrodes is not
unexpected. Previous work done with secondary electrodes in the
discharge channel also showed a decreased plume divergence angle
[18,19]. Although in those works the electrodes were placed near
the channel exit, downstream of the radial magnetic field peak, no
cusp fields were used. At 10 Ve, the plume divergence angle
reduction is veryminor. At 30 Ve, the angle decreases by up to 5 deg.
The current density profiles increases around the centerline of the
thruster and decreases at large angles as electrode bias is increased.
The change is small at 10 Ve and larger at 30 Ve.

One important question is where the additional power from the
electrodes is going. At 10 Ve, the electrodes increase total T=P, but
at 30 Ve, the electrode decrease total T=P even though the thrust
increase is higher at 30 Ve. These results suggest different power
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sinks for the electrodes at the two bias levels. The electrode power is
likely coupled to the plasma to either accelerated ions, increases ion
number, or is directly lost to Joule heating. Joule losses cannot be the
sole energy sink because beneficial changes in thruster behavior are
observed at 10 Ve. Figure 18 shows the change in most probable ion
energy from floating to 10 V, and floating to 30 Ve at thruster
centerline. At 10 Ve, there is very little contribution to ion
acceleration from the electrodes except at low discharge voltages.
Comparatively, at 30 Ve the electrodes provide over two-thirds of
their added potential as acceleration. Again this increase in ion
energy is greater at lower discharge voltages. In both electrode
conditions, an increase in the propellant efficiency is observed. This
translates to increased ion number density, which can be caused by
increased ionization or ion focusing.

A. Ionization vs Ion Focusing

At this point, a discussion about ionization versus focusing is
necessary. Figure 19 plots the propellant efficiency, which is defined
simply as the measure beam current from the Faraday probe divided
by the total mass flow rate. The thruster exhibits increased propellant
efficiency with electrodes. The two ways to increase the ion number
density are increased ionization, either by ionizing more neutrals or
by increased ionization fraction, or reducing ion losses through
focusing. The first method, increased neutral density resulting in
increase ion density, is ruled out by virtue of constant or decreasing
total mass flow with increased electrode bias. Figure 20 shows the
total mass flow, anode plus cathode, for the floating, 10 Ve, and
30 Ve conditions tested. TableA1 in theAppendix lists the individual
anode flow rates without the constant 1 mg=s cathode flow. With a
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few exceptions, tomaintain constant discharge current, themassflow
rate decreased or remained constant with increased electrode
bias. This means the ion number density increased without a
corresponding increase in propellant neutrals. This rules out
increased neutral density as a cause for the increased ion density.

The secondmethod to increase ion density is increased ionization.
Normally this effect is studied using an ExB probe to determine the
ionization states and the ionization costs [20]. Unfortunately such
data are not available. A rough analysis of the effect of ionization
fraction can be done by comparing the change in propellant
efficiency for floating versus the electrode cases. Figure 21 compares
the change in propellant efficiency for the 25Vincreases in discharge
voltage in the floating case to the 10 and 30 V increases in electrode
voltage for the electrode cases. For example, in the floating case, the
change in propellant efficiency going from 125 to 150 Vd is 0.019,
and the change from 150 to 175 Vd is 0.04. This graph shows that a
10 or 30 V increase in electrode potential caused a larger increase in
propellant efficiency than a 25 V increase in anode potential. This
result suggests that increasing the electrode potential by 10 or 30 V
over the anode potential has effects other than increase ionization
potential. There is a secondary effect causing the increased ion
number density with biased electrode, which is suggested to be an
ion-wall repulsion, or ion focusing, that increases ion number density
by reducing the amount lost to neutralizations. This is more likely to
be true for 10 Ve because improvements are seen in performance and
propellant efficiency without large changes in ion energy. For the
30 Ve case, the electrodes collect almost all of the discharge current
and become the dominant anode. This makes increased ionization
rate a possible cause for the improvements and is discussed more in
the next section.

B. Behavioral Differences with Electrodes

The ion energy distribution functions increases as the electrode
bias increases. Figure 16 showed themost probable ion energy for the
various test conditions. At 10 Ve, the increase in ion energy is small,
a maximum of 6.3 V for the 125 Vd case. At 30 Ve, the increase
ranges from19 to 25V.Although the increase in ion energy is small at
10 Ve, there is a significant increase in thrust and T=P ratio over the
floating case (up to 7.69 mN and 4:6 mN=kW improvement).
At 30 Ve, the thrust increases even more (up to 13.7 mN); however,
the electrodes also see a marked increase in collected current, which
leads to a reduction in the T=P ratio (loss of 1–3 mN=kW).

Looking back at Fig. 18, the different level of ion energy increase
between 10 and 30 Ve suggests that the electrodes function
differently at the two bias levels. At 30 Ve, the majority of their
power goes into ion acceleration, increasing the potential fall
experienced by the ions. At 10 Ve, the power of the electrode is
channeled into another aspect of the plasma, presumably ion-wall
repulsion. Additionally, the increase in ion energy is larger at low
discharge voltages. The differences between low and high discharge
voltages can simply be due to the electrode potential relative to
discharge potential. At 125 Vd, 10 V is a larger fraction of the
total potential than at 300 Vd. So a 10 or 30 Ve increase will
have a greater effect lower energy ions. At lower discharge voltages,
a larger fraction of the discharge energy is applied to ionization
with less Joule losses than at high voltages [20]. This means the s
mall voltage addition of the electrodes will likely have a more
visible effect at lower discharge voltages where it is less likely to be
lost to heating.

The behavioral difference between 10 and 30 Ve is most likely
cause by the changing electrode currents. Figure 5 showed the
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collected current as a function of the discharge voltage. At 10 Ve, the
electrodes collect less than 2.17 A of current. The electrodes
are electrically connected to the main anode; thus there is current
sharing. The main discharge power supply is kept at 9 A, and it
supplies both the electrode and anode currents. Thus any current to
the electrodes reduces current to the anode. At 30 Ve, the electrodes
collect over 9 A of current, surpassing the discharge power supply.
The extra collected current must come from a recycled current
between the electrodes and anode. At 30 Ve, the electrodes become
the primary anode and dictate the plasma behavior. This is seen in the
ion energy measured by the RPA. Figure 16 showed that at a given
discharge voltage, the 30 Ve measurement approximately matches
the floating measurement for the next higher discharge voltage
(200 V, 30 Ve � 225 V). Kieckhafer [19] showed in a similar
experiment that the thruster responds to the highest voltage in the
circuit. In that work, when the electrodes collect all of the current and
are above the anode voltage, the ion energy increased in response.
A similar ion energy increase is seen at 30 Ve. This in turn causes an
increase in the maximum “discharge” potential in the channel. The
increase of maximum potential could explain some of the observed
changes at 30 Ve such as increased thrust.

The comparison of propellant efficiency in the previous section
seems to indicate a 30 Ve increase does not have the same effect as a
similar increase in discharge voltage. A second possible cause
of the increased propellant efficiency is increased ionization caused
by increased neutral residence time. By pulling current from the
anode, the anode temperature decreases. In turn, the lower
temperature reduces the propellant thermal velocity and can cause
increased ionization and beam current [21]. Massey et al. [22]
showed that a 50�C decrease in anode temperature is possible with a
�4:5 A decrease in anode temperature. At 30 Ve, there is a shift of
�9 A of current from the anode, which can result in a large
temperature drop. However, in all previous experiments with anode
cooling, small increases in performance or negative performance
changes were seen [19,21,23]. The results of this work show
noticeable performance gains beyond the error at both electrode bias
levels. An increased neutral residence time may play some small
part in the increase in propellant efficiency but is likely not the
direct cause.

The primary difference between the electrode and propellant
distributor acting as the main anode is the location. Material
considerations likely play a small part because both graphite and
molybdenum are conducting materials with low SEE values. The
electrodes are located further downstream and closer to the channel
exit. This may cause the potential field within the thruster to change
when the dominant high voltage source location is changed. Ions and
electrons may also be collected downstream of the anode by the
electrodes and thus create a dearth near the anode.

A possible explanation of the difference fromfloating to 10 Ve and
then to 30 Ve is expansion of the plasma sheath. At 10 Ve, the plasma
sheath surrounding the electrode shields out the electric field from
the majority of the plasma. The electrode thus only affects a

small fraction of the plasma. Once the electrodes increase to 30 Ve,
the near-wall plasma sheath may grow to compensate for the
increased potential. This allows the electric field to reach out
further and affect a larger portion of the bulk plasma. Anders [24]
shows with a DC-biased flat substrate that the sheath thickness does
increases with surface bias. In that work, however, the substrate is
biased to many kilovolts of potential, and the sheath thickness
increase is on a few millimeters, but the relation is likely still valid at
lower voltages.

Another contribution to sheath thickness could be the near-wall
magnetic fields. The static magnetic field in Fig. 1 shows cusp fields
surrounding the two electrodes. The intent of these fields is to reduce
electron collection. A secondary effect of oblique or parallel fields
near a surface is the extension and enlargement of the near-wall
sheath. Research shows that magnetic fields next towall surfaces can
increase the thickness of the plasma sheath [25–28]. In the probe
data presented, the magnets are kept constant and thus the magnetic
field effects on the sheath can be assumed the same between 10 and
30 Ve. A preliminary test of the thruster with different ring cusp
magnet settings does show a change in electrode current withmagnet
settings. Figure 22 shows the electrode current measured at 10 Ve as
the shielding ring-cusp magnet currents are increased. The electrode
current decreases at first in response to increased field strength
around the electrodes that decrease electron transport; however, it
rises slightly when themagnets are brought up to 15A. This behavior
indicates a secondary phenomenon occurring at a some magnetic
field strength threshold in addition to trapping of electrons on field
lines. The two effects of a biased surface and near-wall cuspmagnetic
field could in part explain the changes seen in ion energy. In-channel
measurements of the near-wall plasma are necessary to further
pursue this line of analysis.

V. Conclusions

This work showed that the addition of focusing electrodes in the
discharge channel has positive effects on Hall thruster performance.
A modified T-220HT Hall thruster, dubbed the embedded electrode
Hall-effect thruster, is tested on xenon at 9 A at several combinations
of discharge voltage and electrode bias voltage. The electrodes cause
a definite increase in thruster performance across all four metrics of
thrust, total T=P ratio, anode efficiency, and specific impulse at 10 V
electrode bias. The 30 Velectrode setting increased thrust but causes
the T=P ratio to decrease because of a jump in electrode current.
Plume measurements show an increased current density near the
centerline and a decrease at large angles. Along with increased ion
beam current, this points to increased ion number density,
specifically near the centerline of the thruster. The goal of this work is
to reduce ion-wall neutralizations with wall electrodes to collimate
ions. This seems to have been accomplished.

TheRetarding Potential Analyzer data show increased average ion
energy. The increase is small at 10 Ve and much larger at 30 Ve.
Because the discharge conditions did not change, this means the
electrodes provided an additional acceleration to the ions in addition
to any ion focusing. The increased ion number density with constant
or decreasing mass flow means an increased propellant efficiency
with electrode bias. The increase in propellant efficiency cannot
solely be explained with increased ionization rate, thus giving
evidence of ion focusing. The difference in level of ion energy change
between the two electrode conditions suggests that the thruster is
operating in two different modes, dependent on electrode bias. The
biased electrodemay extend the near-wall plasma sheath thickness as
seen by other researchers. An increased plasma sheath caused by
near-wall cusp magnetic fields may also have a part in the observed
differences, but the plume plasma response to a changing magnetic
field data was not taken here. The physics in a Hall-effect thruster are
complex, and more may be occurring here than can be inferred from
the data presented here. Further study of the plume and in-channel
discharge plasma and numerical modeling is required to better
understand the observed behaviors.
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Appendix: Operating Conditions
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