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High thrust-to-power ratio on Hall-effect thrusters allows for more efficient thrust generation and better overall

performance. It allows Hall-effect thrusters to perform more thrust-intensive maneuvers such as orbit raising, thus

saving the mass of a second engine purely for those maneuvers. This paper presents the initial performance

measurements of aHall-effect thruster using in-channel electrodes to collimate ions in the discharge channel in order

to increase thrust-to-power. The thruster is tested in the range of 100–300 V discharge voltage, at 9 and 20 A

discharge current, and with 0–30 V electrode potential on krypton propellant. Xenon propellant is used briefly. A

null-type, inverted pendulum thrust stand is used to acquire thrust measurements. Improvements of 3 mN=kW,

200 s specific impulse, and 4%anode efficiency are observedwith energized electrode, supporting the ion collimation

hypothesis. Improvements exist primarily at low voltages (<200 V), which indicates a behavior different from the

two-stage Hall-effect thruster. Extending the inner channel wall causes a tilt of the magnetic field and severely

decreases performance. Plume and in-channel measurements to determine ion collimation are forthcoming.

I. Introduction

H ALL-EFFECT thrusters (HETs) are prime candidates for use as
primary propulsion systems for satellites. They provide a

combination of medium thrust levels and high specific impulse (Isp)
that offers weight savings for many near Earth missions. They have
been used on many Russian satellites and by the United States on the
Loral Space and Communications mobile broadcasting satellite in
2004 and five more in 2009 [1]. Current space mission requirements
for propulsion demand a higher thrust-to-power ratio (T=P) for
shorter burn times and quicker orbit changes. System studies show
using HETs for geosynchronous orbit transfers allow for major mass
savings on satellites [2]. Furthermore, a high T=P ratio allows for
significant reduction in insertion times. To achieve high T=P ratio
operation, the HET must operate at low discharge voltage and high
discharge current. In an efficient HET, an increase in the discharge
current increases the ion number density aswell as the number of ions
neutralized by collisions with the discharge channel wall, which
decreases efficiency. Thus, increased efficiency at high T=P ratios
requires a reduction in ion-wall collisions. The goal of this research is
to reduce such collisions through the use of electrodes in the
discharge chamber to repel ions away from the wall and focus them
toward centerline. The electrodes repel ions with trajectories that
intersect the chamber wall, which results in a more collimated ion
exhaust plume and increases the efficiency and T=P ratio.

Current state of the art HETs such as the NASA-173M, BHT-
1000, BPT-4000, and theH6generate highT=P ratios at lowvoltages
[3–6]. To date, the BHT-1000 has achieved 96 mN=kW at the 100 V,
2.5 A operating condition [6]. These demonstrate that optimizing the
in-channel magnetic field topology will increase performance. In
addition to optimizing themagneticfield of theHET, several research
efforts have aimed to improve the performance with use of active
electrodes in the discharge channel. Previous work with in-channel
electrodes or similar additions has focused primarily on creating a

secondary anode for either two-stage operation or control of the
anode temperature. Research efforts in both Russia and the United
States on the D-80 [7] and D-100 [8] used an emissive electrode
between the anode and exit plane for two-stage operation. Raitses
used unshielded electrodes of various materials along the inner and
outer channel walls to localize and control the acceleration field
[9,10]. Kieckhafer studied control of the anode temperature with
unshielded in-channel electrodes. The unshielded in-channel elec-
trodes act as a second anode to pull discharge current away from the
main anode and thus control Ohmic heating [11]. In both works, the
electrodes have various effects on the performance, the most
noticeable is a reduction in plume divergence angle [10,11]. The
plume divergence reduction effect is mainly attributed to the dif-
ference in secondary electron emission coefficient between the
metals and ceramics, which results in different sheath and potential
drops. The modified wall sheath potential reduces the off-axis
velocity component of the ions, which correlates to an increase in
thrust. Furthermore, both Raitses and Kieckhafer observed small
increases in the T=P ratio. Drawing from their research, it may be
possible to enhance the ability of thewall sheath and potential drop to
collimate the ion beam through active control of the wall potential.

In this work, in-channel electrodes are added to the Pratt and
Whitney Rocketdyne T-220HT to actively control the wall potential
at certain locations and thus collimate the ion beam, in order to
increase the T=P ratio. This paper details the design and initial
performancemeasurements of themodified T-220HTwith a patented
in-channel electrode concept. Section II presents the theory and
design of the ion focusing electric field and magnetic field within the
discharge channel. Section III describes the thruster, facilities, and
thrust stand. Section IV presents the results and Sec. V discusses the
results and implications.

II. Ion Repulsion and Magnetic Field Design

To increase theT=P ratio at constant power, themass flow rate and
hence discharge current increases as the discharge voltage decreases.
Thus, more ions are produced and a larger number of ions are created
with large off-axis velocities that eventually impact the discharge
channel before exiting the thruster to generate thrust. A reduction in
the number of ions that impact the discharge channel wall will further
increase the thrust density and T=P ratio of the HET if all other
parameters remain constant. The proposed solution to collimate ions
is to incorporate positively-biased electrodes along a portion of the
discharge channel wall, near the ionization region. The resultant
electric field generated by the electrodes will repel ions from the
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walls and focus their velocity vectors parallel to the thruster axis,
which should increase the T=P ratio. Cusp magnetic fields encap-
sulate the positively-biased electrodes to reduce electron collection,
which should prevent a negative impact on efficiency [12]. Figure 1
shows a notional sketch of this concept.

For the electrodes to perform the repulsion function requires their
electric field to reach into the channel and affect ions. The distance an
electric field penetrates a plasma is determined by the thickness of the
plasma sheath. Using average values of electron number density and
electron temperature, 2 � 1017 m�3 and 25 eV, respectively, mea-
sured 2.5 mm from the wall of the P5 Hall thruster [13], the resultant
Debye length is 83 �m. The plasma sheath can be approximated to
be several times the Debye length, which results in a sheath on the
order of<1 mm in this case [14]. This is a very small fraction of the
channel width, and if the electrodes are Debye shielded, they will
have little to no effect on the ion trajectories. Previous research shows
the ability of magnetic fields to increase sheath thickness when they
are parallel or slightly oblique to the surface [15,16]. To increase the
effectiveness of the electrodes, cusp-shaped magnetic fields are
added surrounding the electrodes.

To generate the ring-cusp magnetic fields, additional electro-
magnets are added, and the magnetic field topology is redesigned.
The effect of the magnetic field topology within the discharge
channel has been studied extensively [5,17,18]. The results of past
research into this area have concluded that a symmetric, flat, concave
plasma lens, as can be seen in Fig. 2, with a low radial magnetic field
at the anode results in higher thrust. In addition to magnetic lens

design, this design also incorporates magnetic shielding. Thus the
requirements for the magnetic field are: symmetric and flat plasma
lens, weak radial field at the anode, and strong cusp fields. All of
these requirements were taken into consideration when redesigning
themagneticfield of theT-220HT.The commercial softwareMagNet
by Infolytica, a static three-dimensional magnetic modeling code, is
used to visualize the fields within the discharge channel.

Figure 2 shows the redesigned magnetic field as well as the
locations of the added inner ring-cusp coil, outer ring-cusp coil, and
the electrodes. The new field has a flat lens near the exit plane, is pre-
dominately symmetric till the anode, and provides ring-cusp mag-
netic field shielding of the electrodes. The radial field does change
direction just downstream of the anode, and forms the beginning of a
magnetic mirror. However, the radial strength at the anode is � �
20 G at the highest current levels through the magnets, which will
only affect the lowest energy electrons. From measurements
provided by Pratt and Whitney of the original magnetic field, the
original radial field at the anode is � � 10 G at the same current
levels, very close to the modified field. Physical measurements of the
centerline radial magnetic field with a mounted Gauss probe match
the simulated centerline radial profile except at the anode and exit.
The simulated anode radial field is 11 G (30%) smaller than the
measured and the exit plane radial field is 46 G (24%) larger than
measured. The discrepancy can be attributed to errors in sizing mea-
surements when building simulation model, machining tolerances,
Gauss probe accuracy, and probe position accuracy.

The strength of the ring-cusp magnetic field around the electrodes
varies with distance from the wall. The minimum necessary strength
of the ring-cusp magnetic fields is determined by the Larmor radius
of the electrons in the crossed electric and magnetic field near the
electrodes. Equation (1) shows that the Larmor radius, r, is deter-
mined by the particle mass (m), particle velocity perpendicular to the
field (v?), particle charge (q), and the strength of the magnetic (B)
field. The electron velocity is assume to be purely thermal. A near-
wall electron temperature of 25 eV is assumed based upon electron
temperature measurements made by Haas [13]:

r�mv?jqjB (1)

To achieve a 1-mm Larmor radius in this configuration requires a
95 G magnetic field. The magnetic field simulation gives a field of
110G at a location 5mm from the electrode, and the field increases in
strength as one approaches thewall. The cusp-field is large enough to
magnetize the majority of the electrons and thereby shield the
electrodes. Note, that high energy electrons will have an electron
gyroradius large enough to reach the biased electrodes.

The effectiveness of the electrodes depends on the energy of the
ions themselves. The electrodes will only affect ions with radial
energies less than or equal to the electrode voltage. Assuming an
acceleration voltage of 200 V, and an ion divergence angle of 30 deg
off centerline, this would give a max radial energy of 100 V. Any
electrode voltage below 100 V would be unable to fully repel these
ions. Another preliminary analysis of electrode effectiveness can be
done by comparing an ideal, fully collimated plume to an actual
plume. Using data from Hofer [5] and Brown [3] for a 5-kW and 6-
kW HET, respectively, one can calculate the difference in the thrust
between the ideal case and actual data. Ideal collimated thrust, i.e., no
plume divergence, is calculated from the exit velocity of ions, Eq. (2),
and the kinetic energy equation, Eq. (3) where T is thrust, _m is mass
flow, ve is exit velocity,m is mass of a xenon atom, q is charge of an
electron,Va is the accelerationvoltage, and� is the plume divergence

Fig. 1 Electric field with electrodes (notional sketch).

Fig. 2 Simulated magnetic field for the redesigned thruster.

Table 1 Thrust loss due to ion divergence

Thruster Discharge voltage, V Discharge current, A Thrust, mN �, deg Thrust, calculated, mN Thrust loss, %

NASA-173Mv2 300 8.9 175 35.75 191.8 8.8
H6 300.3 8.81 188.5 - 205.8 8.2
H6 120 9.9 99 39.6 125.3 21
H6 106.2 10.2 91.9 37.5 117.9 22
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angle. Table 1 presents the data comparing a few data points for the
NASA-173Mv2 and the H6 HET at the University of Michigan:

T � _mve (2)

ve �
������
2E

m

r
�

�����������
2qVa
m

r
(3)

As the data shows, at 300 V the percent of thrust loss is less than
9%, while at low voltages it is more than 20%. While there are
multiple factors that attribute to thrust loss from the ideal case, ion
divergence and large radial energies are a significant portion. This
brief analysis provides an expected range of thrust improvements that
the electrodes in this study could generate. Furthermore, at low
voltages the electrodes will increase the thrust more than at high
voltages purely because there is a larger thrust loss due to divergence
at low voltages.

III. Experimental Setup

A. Hall Thruster

All experiments are performed on a modified Pratt and Whitney
Rocketdyne T-220HT HET. Extensive testing has mapped the
performance of the thruster over a power range of 2–22 kW at
discharge voltages of 200–600 V [19]. The T-220HT has a mean
channel diameter of 188 mm, channel depth of 65 mm, and nominal
power rating of 10 kW.An Electric Propulsion Laboratory 500 series
cathode is located at the three o’clock position of the thruster and
parallel to the localmagneticfield lines. The cathode orifice is located
approximately 30mm downstream from the front face of the thruster
and 178 mm from thruster centerline. The cathode flow rate is set to
1 mg=s for all 9 A cases and 2 mg=s for all 20 A 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 char-
acteristics can be found in [19].

In the redesign of the magnetic field discussed in section II, a new
center magnetic pole was fabricated. The new center pole extends
past the lip of the discharge channel, and is exposed to the discharge
plasma. A pair of boron nitride (BN) caps ismade to cover the pole as
shown schematically in Fig. 3. The first cap is a small cap with a
smaller diameter than the discharge channel inner wall and shielded
only the center pole, leaving a gap between the cap and inner channel
where plasma could enter the thruster. Later a second larger cap was
made with a diameter equal to the channel inner wall to fully protect
the pole and internal components, it, however, also effectively
extends the inner channel wall which could interfere with normal
operation.

The T-220HTanode is powered by an EMHP 60 kWpower supply
and all electrical connections enter the chamber through separate
feedthroughs. The thruster discharge supply is connected to a filter
consisting of a 1:3 � resistance and 95 �F capacitor. The filter acts
as a low pass filter preventing oscillations in the current over 1.4 kHz
from reaching the discharge supply. High purity (99.999%) krypton
and xenon propellant are supplied to the thruster via stainless-steel
lines.MKS1179Amassflow controllersmeter the propellantflow to
the cathode and anode. The flow controllers are calibrated by a

custom fixed-volume apparatus by measuring gas pressure and
temperature as a function of time.

B. Electrodes

Two set of electrodes are used in the work detailed here, both are
stainless-steel bands 0.4 in. (10.16 mm) wide and run the circum-
ference of the inner and outer channels. The first set is 0.015 in.
(0.38 mm) thick and the second set 0.05 in. (1.27 mm) thick. The
thick electrode was created after the thinner ones melted due to too
much current. The electrodes are placed opposite each other 0.715 in.
(1.82 cm) upstream of the radial magnetic field peak. They are placed
upstream of the ionization/acceleration region to avoid any unex-
pected interactions such as shorting the Hall current by collecting
excess electrons. Upstream of the peak, the electrodes will also be
able to affect less energetic ions. The electrodes are electrically
connected via welded threaded rods that feed through the rear of the
discharge channel. Ceramic sleeves cover the length of the rods to
provide electric isolation from the anode and prevent electron
absorption. The electrodes are biased above the anode potential
during testing. Figure 4 shows the electrode electrical schematic. In
this study, both electrodes are connected to the same power supply
and are thus biased to the same potential.

C. Thrust Stand

Thrust is measured with a null-type inverted pendulum thrust
stand based on the NASA Glenn Research Center design by Haag.
The null-type stand holds the thruster at a constant position with use
of PID controlled solenoid coils moving a center magnetic rod.
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. The
resultant linear curve fit of the null-coil current versus weight (thrust)
is used as the conversion for thrust measurements. A water-cooled
copper shroud surrounds the stand and is used to maintain thermal
equilibrium at 20C. The thrust stand has an average error of�0:6%
of full scale. Further details of the thrust stand and its operation can be
found in [20].

D. Measurement Error

The calculated data shown in this paper are composed of T=P, Isp,
and anode efficiency. The measured quantities are thrust, discharge
voltage, discharge current, and anode mass flow. The thrust stand
data has an uncertainly of �1:4 mN, the mass flow, voltage, and
current measurements all have uncertainties of �0:1%. Error prop-
agation analysis was used to estimate the error in calculated terms.
This yields an error of: T=P� 3:5%, Isp � 3:6%, and efficiency
�5%. The accuracy of the electrode current measurement is
�100 mA.

E. Vacuum Facility

All experiments are performed in the vacuum test facility (VTF) at
the Georgia Institute of Technology High-Power Electric Propulsion
Laboratory as shown in Fig. 5 below. The VTF is a stainless-steelFig. 3 Small (left) and large (right) BN cap.

Fig. 4 T-220HT electrode electrical schematic.
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chamber with a diameter of 4 m and length of 7 m. Twin 3800 cubic
feet per minute (CFM) blowers and 495 CFM rotary-vane pumps
rough the chamber and provide backing for six 48 in. diffusion
pumps. The combined nominal pumping speed is 600; 000 l=s on air
and 155; 000 l=s on xenon. The nominal base pressure is in the range
of 9 � 10�6 Torr and the operating pressures for this work is below
3:2 � 10�5 Torr, both corrected for krypton and xenon.

IV. Results

The performance of the thruster was measured over a discharge
voltage range of 100–300 V at discharge currents of 9 and 20 A on
both krypton and xenon propellant. Krypton propellant is used to
allow comparison of ion repulsion between krypton and xenon and
the effect of ionmass. Krypton has a higher ionization cost compared
with xenon, 14 vs 12.1 eV. This causes krypton to have lower energy
ions on average because a larger fraction of the available energy is
needed for ionization. Xenon is a heavier species, and has higher
performance than krypton, in thrust and ISP. Krypton is used for the
majority of the testing due to its lower cost. The effect of ion focusing
is first investigated at 9 A to determine the durability of the elec-
trodes. A discharge current of 20 A results in a current density of
0:105 A=cm2, which results in high HET T=P ratio based on
published data. A higher current should result in greater performance
improvements with biased electrodes due to the increased number of
ions. With more ions, a larger number of them will have large radial
velocities that can be focused toward the centerline.

Two center ceramic caps that cover the center pole of the thruster
are used. The first is a small cap whose diameter is smaller than the
inner channel diameter, and thus should have little to no interaction
with the plume. The second is a larger cap whose diameter is equal to
the inner channel diameter. The large cap tests the effect of an
extended channel wall. Two pairs of electrodes are also used, a thin
versionwith 0.015 in. (0.381mm) thickness, and a thick versionwith
0.05 in. (1.27 mm). The experiment seeks to investigate four areas:
1) electrode effectiveness in ion collimation; 2) electrode thickness;
3) influence of an extended channel wall; and 4) impact of ion mass
and ionization energy. The results are given in terms of combinations
of cap size and electrode thickness.

A. Small Cap, Thin Electrode

The performance of the thruster is measured over a discharge
voltage range of 125–250Vat a discharge current of 9Awith krypton
and 0.015 in. thick electrodes. The thruster does not operate stably at
a discharge voltage of 100 V on krypton and thus this operating
condition is not included. The mass flow is held constant for all
voltage settings. Test data at 20 A is not available as the thin

electrodes collected too much current and subsequently had spots of
severe melting, severely reducing its operational lifetime. The setup
allows the discharge current to change freely when changing
electrode voltage. This generally results in an increase in discharge
current with electrode voltage. Figure 6 shows the measured thrust,
T=P ratio including electrode power, Isp, and anode efficiency of the
thruster in this configuration. The calculations of T=P ratio and
anode efficiency include the additional power required for the elec-
trodes. For clarity, error bars for T=P ratio, Isp, and anode efficiency
are omitted from the figures.

Figure 6 shows an increase in thrust as the electrode voltage
increases. The increase is larger at lower dischargevoltages. TheT=P
ratio, however, shows a continual decrease with applied electrode
power. The increase in thrust is offset by the additional electrode
power, and results in lower T=P ratio than in the case without
electrodes. If electrode power is not considered, the T=P ratio
increases with applied electrodes. The Isp and anode efficiency both
show increases at low voltages and decreases or no change at higher
voltages. The switch over point from improvement to no improve-
ment with respect to ISP and efficiency is around 175 V discharge.

B. Small Cap, Thick Electrode

After the thin electrode suffered significant damage due to high
Ohmic heatingwhen running at 20Adischarge current, a new thicker
set was fabricated and tested. The new 0.05 in. (1.27 mm) thick
electrodes are incorporated to withstand the thermal load generated
by biasing the electrodes. The thruster is again tested at 9 A over the
same range as the thin electrodes, and at 20 A from 125–225 V
discharge and 10 Velectrode bias. Figure 7 shows the results for the
9 A case. There is a similar increase in thrust at low voltages, but the
overall effect is different. Instead of being only effective below175V,
the electrodes continue to increase thrust up to 225 V. The T=P ratio
is also higher with the thick electrodes than thin. The majority of the

Fig. 5 Schematic of the VTF.

Fig. 6 Small cap, thin electrode performance at 9 A on krypton.
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points still show a decrease in T=P ratio with electrode voltage,
however, a few points at 125 and 150V show an increase. The Isp and
efficiency also increase as the electrode voltage increases, but the
increase is not as large compared with the thin electrodes. At 125 V,
the small/thin configuration shows a 213 s in Isp and a 3.5% increase
anode efficiency, whereas the small/thick configuration only shows
an increase of 157 s in Isp and 2.8% in anode efficiency. The increases
in thrust, Isp, and efficiency persists until 225 Vwith thick electrodes
as opposed to 175 V with the thin electrodes.

Figure 8 shows the small/thick configuration at a discharge current
of 20 A. The thrust, T=P ratio, Isp, and efficiency improvement with
electrode is higher for 20 than 9A. This seems to confirm the idea that
biased electrodes generate larger performance improvements at
higher discharge currents. The larger number of ions generated at
high currentsmeansmore ions are repelled from thewall and focused
toward centerline, thus generating more thrust.

C. Large Cap, Thick Electrode

The final configuration tested is the thick electrodes with the large
cap that has the same diameter as the inner channel wall. The cap thus
effectively lengthens the inner channel wall. Changing the channel
length can have improve thruster performance by improving
propellant utilization and efficiency [21]. Test points are run at nine
on both krypton and xenon propellant. Figure 9 shows the per-
formance at 9 A on krypton. The thrust improvement is smaller in
magnitude compared with the tests with the small cap. This causes a
greater decrease in the T=P ratio with electrodes. The Isp also has a
smaller improvement compared with previous configurations. The
cause of this change can be attributed to two changes, the use of the
large cap, and a changed optimal magnetic field which will be
discussed in the next section.

Figure 10 shows the data taken with the large cap and thick
electrode at 9 A on xenon. The xenon no electrode performance is
higher than krypton in all fourmetrics. The increases in thrust, Isp and
efficiencywith electrodes are lower for xenon than krypton, however.

V. Discussion

A. Electrode Effects

In all of the data sets, there is a consistent increase in thrust, Isp, and
anode efficiency at low voltages. The increase in thrust at low
voltages indicates that the electrodes enhance the ability of the
thruster to create a collimated ion plume.Whether this is through ion
focusing or some other effect, such as a two-stage operation, cannot
be determined from the performance data alone. However, the fact
the improvements only exist at low voltages, runs contrary to
previous work on two-stage HETs, which indicates improvements
primarily at high voltages [17,22]. This suggests that the electrodes
do not function as a second stage. Raitses work with unshielded
electrodes shows little to no performance improvement in the voltage
range of 170 to 300 V, which again suggests that the changes seen
here are not the result of two-stage operation [23].

The calculated plasma sheath around the electrodes is on the order
of <1 mm. This would mean the electrodes can only affect a small
portion of ions, and should have little effect on thruster performance
metrics such as thrust. Yet, noticeable changes in thrust aremeasured.
The presence of the ring-cusp magnetic fields that shield the
electrodes complicates the plasma sheath analysis. The ring-cusp
magnetic fields greatly retard the motion of electrons that move
perpendicular to the magnetic field, which prevents a thin electron
sheath from forming around the electrode and extends the distance
the electric field penetrates into the plasma. Ions are depleted in the
sheath due to the electric field from the electrodes and are too heavy
to be affected by the ring-cusp fields. Therefore, the calculated value
of<1 mm sheath thickness is likely incorrect. Anders et al. [15] and

Fig. 7 Small cap, thick electrode performance at 9 A on krypton.
Fig. 8 Small cap, thick electrode performance at 20 A on krypton.
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Keidar and Beilis [24] show that a parallel magnetic field along a
positively-biased wall extends the plasma sheath away from the wall
for field strengths measuring at least a few hundred Gauss. The ring-
cusp magnetic fields around the electrodes in this study are 100–
300 G. Thus, the sheath and the electric field probably extend
significantly farther than 0.8 mm into the discharge plasma. How far
the field penetrates is not known at this time and a subject of interest
and future investigation.

Assume for a moment the electrodes are able to affect the entire
width of the channel, it will then change the local electricfield and the
overall potential profile. Fruchtman modeled a similar setup of an
HET with in-channel electrodes and showed that the addition of a
biased electrode can cause a sonic transition and an increase in
thruster efficiency [25]. That work differs in that his electrode was
biased slightly below anode potential, to create a two step potential
profile. Electrons in the anode-electrode region would have slower
velocities, thus increasing number density and ionization. In this
work, since the electrodes are at a higher potential than the anode, the
potential profile has a peaked shape. The electric potential is highest
at the electrode location and decreases toward both cathode and
anode. Electrons moving toward the anodewill be accelerated by the
potential between cathode and electrode, but then slowed by the
lower potential anode. This can increase the electron number density
in the region between anode and electrode, thus increasing ionization
in that region in the same manner as Fruchtman.

For ions, however, any created between the anode and electrode
region would preferentially move toward the anode due to its lower
potential. This suggests that ions created in this region may be
neutralized by the anode and result in a loss factor. This likely a small
effect, since the electrodes do produce higher thrust. The behavior of
the charged particles to the peaked profile will be examined in the
future.

A phenomenon common to all the data sets is that the beneficial
effects of the electrode decreases as discharge voltage increases. This
is reasonable, because at high voltages a smaller fraction of the
energy is needed for ionization, thus more is available for accel-
eration compared with low voltages where there is much less energy
for acceleration [26]. This results in lower energy ions at lowvoltages
and higher energy ions at high voltages relative to the discharge
voltage. From the simple analysis presented in the beginning of this
study, at high voltages the electrodes at 30 V will not fully repel and
turn ions with a 100 V radial energy perpendicular to the wall. In
contrast, for a low voltage operation, acceleration voltage of 90 V,
with the same divergence angle of 30 deg, the maximum radial
energy is 45 V. Thus, the 30 Velectrodes will repel and turn a much

Fig. 9 Large cap, thick electrode performance at 9 A on krypton.
Fig. 10 Large cap, thick electrode performance at 9 A on xenon.

Fig. 11 Electrode current at 9 A on krypton for small cap, thick

electrode.

XU ANDWALKER 569



larger portion of the ions at this operating condition. Thismay bewhy
there is a larger improvement in thrust at low discharge voltages.

A second explanation would be more ions are lost at high voltages
due to the peaked potential profile in the channel. As stated pre-
viously, ions created in the anode-electrode regionmay preferentially
move toward the lower potential anode and become neutralized. As
discharge potential increase, electron energy increases and the
electron are better able to ionize atoms. The increased energy,
coupled with the increased electron number density in the anode-
electrode region could result in the creation of more ions at high
voltages than at low. The ion-anode neutralization loss factor may
become more significant at higher discharge voltages, thus
explaining the decreased performance with electrodes at those
voltages.

The electrode current during these tests provides an idea of the
electron behavior within the channel relative to the biased electrodes.
Figure 11 shows the electrode current for the small cap with thick
electrode for a 9 A discharge current on krypton. The electrode
current increases as the electrode voltage increases. This is because
as the electrode voltage increases, the electron attraction to the
electrode is stronger, which results in a higher electrode current
despite the same electron trapping field. As discharge voltage
increases, the decreasing electrode current suggests either the anode
is collecting an increasingly large portion of the electron current, or
the ion beam current is a larger fraction of total current. The former is
more likely. As the discharge voltage increases, the additional
voltage on the electrodes, 10–30 V, becomes a smaller fraction of the
anode voltage. For example, 30 Velectrodes at 100 Vanode voltage
results in the electrodes having a 30% higher potential as the elec-
trodes are biased above anode potential, however, if anode potential
is 300 V, the same electrode only has a 10% higher potential. The
additional potential from the electrodes are thus a small fraction, and
electrons are less likely to be attracted to the electrodes.

B. Electrode Thickness Effects

The thick electrodes are more than 3 times the thickness of the thin
electrodes. The thick electrodes reduce the channel cross-sectional
area by 10%. Figure 12 shows thrust measurements for the thin and
thick electrodes. When the thick electrodes are placed into the
channel, the performance improvements are smaller than with the
thin electrodes. Not only does the thick electrode have overall less
thrust, evenwith 0Von the electrode, the thrust increases are smaller.
The one exception is at 175 V where the thin electrodes seemed to
have no effect. One simple theory for the change in performance is
that the thicker electrodes are a larger obstacle than the thin
electrodes, which cause more ions to impact the electrode. The thick
electrodes did generate T=P ratio increases where the thin electrode
did not even though the thin set generated higher thrust. This is due to
increased electron absorption by the thin electrodes; however why
the thin set absorbs more current is unknown at this time.

Figure 13 combines the T=P ratio data from the 9 and 20 A tests
using the thick electrode to allowdirect comparison of the differences
in performance improvements at the two current levels. The T=P
ratio for the 20 A tests is better than the 9 A tests. The improvements
also span awider range of voltages. This gives support to the idea the
electrodes perform better at high currents because of a higher ion
density.

C. Extended Channel Wall

To test howwell the electrodes collimate the plume, a large cap that
extends the inner channel wall is added.With the large cap, therewas
a large drop in the performance gains, 2–10% decrease in thrust
improvement depending on the conditions. The likely sources for
this change are a changedmagnetic field and the interfering presence
of the larger cap. The T-220HT thruster is designedwith a symmetric
field with flat plasma lens, as shown in Fig. 2, generated by the
magnets energized with equal amounts of current, this minimizes the
discharge current. The added ring-cusp magnet coils affect the dis-
charge current minimally, but help reduce the electrode current. This
setting of currents gives the lowest discharge current when using the
small cap. When the large cap is installed, the currents required to
give minimum discharge current changes. Instead of a balanced
current setting resulting in a flat plasma lens, the thruster dictated an
outward tilted plasma lens to give minimal discharge current. A
simulation of the resultant magnet field with these setting is shown in
Fig. 14. As the simulation shows, the magnetic field is pushed
outward, away from the inner wall. The outer electrode becomes
completely unshielded. The plasma lens is also pulled upstream of
the exit plane and titled toward the outer channel (left). All these field
changes would contribute a great deal to the performance degra-
dation. The tilted plasma lens focuses the plume outward, farther
away from centerline, which increases the radial portion of the ion
velocity, and thereby decreases thrust.

This type of behavior points to the plasma wanting to stay away
from the inner wall. Indeed, it has been visually noticed that the inner

Fig. 12 Thrust for thin and thick electrodes.

Fig. 13 Thrust-to-power ratio for 9 and 20 A discharge current on

krypton.

Fig. 14 Tilted magnetic field.
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electrode see high Ohmic heating before the outer electrode,
suggesting the inner electrode is responsible for the majority of the
electrode current. This is seen clearly in Fig. 15 where electrode
current for small cap and large cap data with the thick electrodes at
9 A are shown. The large cap with the extendedwall has both a lower
average current level and a slower increase as discharge voltage
decreases. This points to the inner electrode absorbing a large portion
of the electrode current.

The effect of the outward tilted magnet field could be to keep the
electrons away from the inner electrode. A few test points not shown
here were run at a balanced magnet current setting. Both the dis-
charge and electrode current increased compared with the previous
tests, and the outer edge of the large cap becomes red hot. The
glowing of the cap suggests that large numbers of ion impact the large
cap. Thismeans the electrodes do not collimate the ion beam asmuch
as is desired. The large cap is likely located in or just past the
acceleration region, and any ions moving toward the thruster
centerlinewith large enough angle are impacting the cap. Ion impacts
with the wall due to radial ion velocities cause decreased perfor-
mance with the extended inner wall.

D. Krypton vs Xenon

The baseline performance of the thruster on xenon is higher than
that with krypton. Xenon propellant is expected to have larger
performance increases with the applied electrode because the
ionization energy of xenon is lower than that of krypton, which
results in a larger number of xenon ions for the same energy. The data
shows roughly the same percentage increase in performance with
electrodes over no electrodes for krypton and xenon. On xenon, as
the discharge voltage increases, the performance gains disappear and
instead the electrodes decrease T=P ratio, ISP, and efficiency. Why
the use of xenon resulted in such a large drop in performancewith in-
channel electrodes is not known at this time. A guess can be made in
the vein of the peaked potential profile. Xenon’s lower ionization
energy compared with krypton would result in more ions formed in
the anode-electrode region, thus increasing the significance of the
neutralization loss.

VI. Future Work

Future research will involve plasma measurements to determine
the behavior of ions in response to the electrodes and cusp-shaped
magnetic fields. The diagnostics to be used are a Faraday probe and a
retarding potential analyzer to measure ion current density and ion
energies, respectively, at locations in the plume. The measurements
will allow determination of the plume divergence angle, and ion
energies at known angles. An increase in the total current density
with energized electrodes, obtained by integrating the current density
over the plume, would indicate an increase in ion number density and
decreased ion-wall neutralizations. Ion energy measurements allow

determination of the ion radial velocity. Knowing the energy and
angle from centerline, the portion of the energy in the radial direction
can be determined. A decrease in the net plume anglewith electrodes
while maintaining same ion energies would indicate a decreased ion
radial energy. These two measurements will allow determination of
the effectiveness of the ion repulsion effect of the electrodes.

VII. Conclusions

A study was conducted to investigate the effect of ion focusing in
HETswith in-channel electrodes. A pair of electrodes are laid against
the surface of the inner and outer channel walls and biased slightly
above anode potential. Different center cap sizes and electrode
thicknesses are tested. The results show there is a definite thrust, ISP,
and anode efficiency increase when the electrodes are powered and
evidence suggests this is due to ion focusing exists. Thrust, Isp, and
anode efficiency all increase, especially at lower discharge voltages,
with increasing electrode voltage. T=P however shows minimal
improvement due to the additional power from the electrodes
offsetting any thrust gain. Operating at higher current levels resulted
in larger improvements over a wider range of discharge voltages.
Xenon propellant produced higher baseline performance as
expected, but any improvements generated by the electrodes are
equal to or smaller inmagnitude than that observedwith krypton. The
cause for this is not known at this point and will be a goal of future
investigations. More work, including plume diagnostic and in-
channel plasma measurements, is needed to fully understand the
effects the electrodes are having on the thruster. Future papers will
present more in-depth investigations into the effectiveness of the
electrodes in collimating ions.
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