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Nomenclature
e = elementary charge, C
fi = ionization mass fraction of the propellant
1; = discharge current, A
I; = exhausted ion current, A
I, = specific impulse, s
j(6) = ion current density, A/m?
M = spacecraft mass, kg
m = mass of a xenon atom/ion, kg
m flow rate of propellant as determined by the
mass-flow controller, kg/s

P = kinetic power delivered to the spacecraft, W
P, = supply output power /,V,, W
0 = average charge state of the ionized propellant
q = charge number
T = thrust, N
U, = ion velocity, m/s>
Vaeel = acceleration potential for a given ion, V
Vy = discharge voltage (anode potential), V
B = average offaxis ion trajectory angle
At = trip time, s
AV = velocity increment, m/s?
€ion = 1ion kinetic energy
Ng = beam divergence as an efficiency
e = current efficiency
Ne = energy efficiency
n, = propellant efficiency
Nprobe = the product of all probe-measured efficiencies
nr = thrust efficiency
My = voltage utilization efficiency
Nvar = velocity distribution efficiency
0 = angle from thruster axis
Do = cathode to ground potential, V

plasma = plasma to ground potential, V

I. Introduction

HE Hall thruster belongs to a class of electric propulsion that
uses electric and magnetic fields to ionize and accelerate
propellant. Electric spacecraft thrusters, such as the Hall thruster, can
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greatly decrease the propellant mass required to perform a desired
mission AV because of their high exhaust velocities [1]. However,
because the power available on spacecraft is limited to, at present,
tens of kilowatts, electric propulsion devices are limited in thrust to
hundreds of millinewtons. This implies that although electric
propulsion can save propellant mass, it is sometimes accompanied by
increased trip time for near-Earth missions. The trip time is related to
the required velocity change, spacecraft mass, and thrust by
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The spacecraft mass M and mission AV are fixed quantities; hence,
when the trip time is of greatest concern, a high-thrust device is
required.

For an electric thruster, the relation between thrust, power, and
specific impulse can be expressed as
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While greater thrust can be obtained by increasing P, spacecraft
power is limited by the on-board energy source and greater spacecraft
power comes at the price of increased vehicle mass. To increase the
thrust at fixed power, U, must be decreased while maintaining a high
level of ny. The exit velocity of the ionized propellant relates to the
accelerating potential according to

%ng = qvaccel (3)
The acceleration potential, through which the ions fall, is approxi-
mately the discharge potential (V.. ~ V). Therefore, the discharge
voltage (nominally 300-500 V for a Hall thruster) must be reduced to
reduce the exit velocity.

The difficulty of high-thrust-to-power operation is maintaining
high levels of thrust efficiency when the propellant mass-flow rate
increases and the discharge voltage decreases. Under high-thrust-to-
power operation, desired power levels are in excess of 1 kW. Most of
the research in the field of low-voltage Hall thrusters, however,
focuses on reduced-power operation (low voltage and low current).
For example, space qualified Hall thrusters, such as the Busek BHT-
200, operate at relatively low voltages (250 V) but nominally at
200 W.£ Alta created the XHT-100 Hall thruster by scaling their 1 kW
thruster to design the main propulsion system for a micro- or
minisatellite that operates nominally at 180 V and 100 W but with
only 22% efficiency [2]. The Mitsubishi Electric Corporation
reported performance results on their 200-mN-class Hall thruster of
~30% total thrust efficiency at ~200 V and ~1 kW [3]. In 2005
TsNIIMASH (Central Scientific Research Institute for Machine
Building in Kaliningrad) reported ~45% efficiency for a thruster
with anode layer operating at 200 V and 3.5 mg/s flow of xenon.
They further demonstrated that the power and thrust can be linearly
scaled with thruster arrays or clusters [4]. Clusters, however, add
mass and complexity to the system that could be alleviated by a single
thruster with identical capabilities. Literature is sparse for high
powered Hall thrusters operating at low anode voltages (voltages less
than 200 V and currents greater than 3 A). It is known that Hall
thrusters do not perform well in this regime; however, the physics of
the inefficiency and instability are unknown. In 2003, Manzella and
Jacobson [5] experimented on the NASA-120M and NASA-457M
Hall thrusters and identified voltage utilization efficiency as the
leading loss mechanism of low-voltage operation. The devices in the

Data available online at http:/busek.com/halleffect.html#low [retrieved
23 August 2010].
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aforementioned study were operated as low as 100 V on the anode at
less than 25% efficiency. Ashkenazy et al.’s [6] work found limited
improvements by extending the discharge-chamber channel length.
These improvements were only reported at low-power operation,
however. Research in alternative propellants such as bismuth has
been shown to lower the cost of ionization, a power loss aggravated at
low discharge voltages [7,8]. Additionally, as a heavier atom than
xenon, bismuth would also decrease the exit velocity for a given
discharge voltage according to Eq. (3). Performance data for bismuth
Hall thrusters are not yet available, however.

Using alternative propellants will benefit high-thrust-to-power
operation but it does not address the physics inhibiting high
efficiency. This is a parametric study of an Aerojet BPT-2000 Hall
thruster operated at low voltages. By implementing a variety of thrust
stand and probe studies the goal of this work was to better understand
the underlying physics and diagnose as many loss mechanisms as
possible. The probe study includes Faraday, emissive and retarding
potential analyzer (RPA) probes to diagnose beam divergence,
current efficiency, and voltage utilization efficiency.

II. Apparatus

All measurements were taken on an Aerojet BPT-2000 Hall
thruster designed to operate nominally between 300 and 500 V [9].
The xenon testing facility is a 2-m-diam and 4-m-long vacuum
chamber, where the thruster is mounted at the radial center 1 m from
the end of the tank (see Fig. 1). Rough vacuum is reached by a
400 cfm two-stage rotary oil-sealed pump. High vacuum is reached
and maintained by two 48 in. cryopumps that operate at
120, 000 liter/s (N,). Chamber base pressure was 1 x 107° torr
and the pressure did not exceed 4 x 10~ torr (corrected for xenon)
during thruster operation. Thrust measurements were taken by the
use of an inverted-pendulum thrust stand [10]. The thrust stand is
water-cooled to alleviate thermal drifts and its level is monitored by a
tilt sensor accurate to one-half of an arcsecond. Anode and cathode
propellant lines are controlled by thermal mass-flow controllers. The
thrust stand was calibrated before each change in mass-flow rate. At
each operating condition the magnets were adjusted to obtain the
maximum thrust efficiency as calculated by thrust stand diagnostics.
A laboratory-grade LaBg cathode was used for testing at a constant
flow of 0.3 mg/s xenon. All efficiency values, both referenced and
presented, exclude cathode flow and heater power.

Plume diagnostics were taken by three probes mounted on a three-
axis motion table (rotational stage mounted upon two perpendicular
linear slides. The Hall thruster was rigidly mounted in the tank (not
on the thrust stand) for this portion of the tests and the probes were
swept through the plume by the motion table.

Voltage utilization efficiencies were obtained by a four-grid RPA
probe placed 0.55 m downstream from the thruster faceplate at 0, 15,
and 30° to the thruster centerline. The RPA probe uses a series of
biased grids to repel ions of low energy. Sweeping the retarding
potential on the grids yields an ion-energy-per-charge distribution of
the plume of the Hall thruster. The RPA grid wires are 0.114 mm in
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Fig. 1 Top-down view of the inside of the xenon Hall thruster testing
facility.

diameter with 0.140 mm spacing resulting in a 30% open area. Each
grid is 0.254 cm from each other with the exception of the front
floating grid which is 0.508 cm from the first electron repeller. The
outer diameter of the grids is 1.235 cm and the outer diameter of the
body of the probe is 3.170 cm. The electron repellers were biased
15 V below cathode. The ion repeller grid was swept from 0 V to
450 V for each trace. The current collected by the probe was then
passed through a current amplifier and recorded by an oscilloscope.
The anode and RPA were both referenced to cathode during data
acquisition. In calculating the voltage utilization efficiency the
repelling voltages were adjusted to be relative to ground potential and
to account for the plasma potential.

Faraday probe sweeps yield ion current density measurements.
Current density as a function of offaxis angle can then be used to
compute beam divergence. The Faraday probe is enclosed in an
alumina sheath with an outer diameter of 4.75 mm. A steel guard ring
with a diameter of 10 mm was included to reduce edge effects on the
potential structure in front of the probe face. The gap between the
guard ring and collector face is 1.25 mm. Probe data were taken at
25 cm radius from the front plate of the thruster through a half-angle
of 53° with an angular resolution of 2°.

Plasma potentials were recorded by an emissive probe constructed
from a (1.27 x 10~* mm diameter) thoriated tungsten wire encased
in an alumina sheath and referenced to cathode potential. The
potentials were recorded at 0, 15, and 30° 0.55 m downstream from
thruster centerline (same as the RPA probe). Plasma potentials were
extracted from the emissive probe traces using the intersection
method discussed by Kemp and Sellen [11] in 1965 and first
introduced by Langmuir [12] in 1923.

III. Efficiency Analysis
There are various loss mechanisms that degrade Hall thruster
operation. As we will show, reducing the discharge voltage further
aggravates many of these inefficiencies. Measurements from the
thrust stand, mass-flow controllers, and discharge power supplies can
be combined in real-time to produce thrust efficiency:

T2
~2mP,

Nr 4)

Thrust efficiency is a measure of the discharge power conversion into
net thrust of the system. A recast of the thrust efficiency equation
breaks it into the product of energy efficiency, the measure of total
energy in the ion beam, and propellant efficiency, the measure of the
velocity distribution function and beam divergence efficiency [13]:

LVt (V)P lm(v?)
=TTV P,

=N,NE (©)

Energy efficiency can further be separated into voltage utilization
efficiency and current efficiency, where the voltage utilization
efficiency is the percentage of the anode—cathode potential that the
ions are accelerated through and the current efficiency is the ratio of
exhausted current to discharge current. Voltage utilization efficiency
is expressed as

1 2
_im(V ) 1 6
= evVy [0 ©

where £ m(V?) = (e;,,) and current efficiency is
me I;
n.=— Q) =+ @)
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The variable f; is the ionization mass fraction of the propellant:

fi=Hitft/fs.. fotfi=1

where £y, f1, f, and f5 are the exit mass fractions of Xe, Xe*t, Xe>*,
and Xe3*. Thus, thrust efficiency is the product of propellant, voltage
utilization, and current efficiencies:

Ny = NNy (3)

Voltage utilization efficiency can be measured with an RPA probe
and the current efficiency can be obtained with Faraday probe data.
An in-depth derivation of Egs. (6) and (7) can be found in Larson
et al.’s work [13].

The propellant efficiency is the product of the velocity distribution
efficiency and the beam divergence efficiency [14]:

Vi)
VI

—

n,= (cos ) = Nyusp ©
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where f is the current-weighted average offaxis ion trajectory angle
as determined by the Faraday probe, defined later in Eq. (11). The
velocity distribution function can be measured with an ExB probe.

Finally, we can recast the thrust efficiency equation as the product
of all four loss mechanisms:

nr = nvncnvd/nB (10)

The term thrust efficiency has been used by Kim [1] but also appears
under the name anode efficiency [15] and discharge efficiency [5]
and refers to a benchmark for anode performance that excludes the
magnets and cathode operation.

IV. Results
A. Thrust Stand

Figure 2 shows the thruster operated at above 50% thrust
efficiency for all three mass-flow rates at 300 V. The data here are
comparable with the data from [9] after accounting for the cathode
operation for the 300 V data.¥ The discharge supply was current-
limited to 6.6 A, eliminating the possibility of testing data for4 mg/s
discharge voltages below 140 V and below 180 V for 5 mg/s. At
V, =100 V, maximum thrust efficiency was 15% for 3 mg/s.

The discharge current is the current that accumulates at the anode
from ionization, secondary electron emission, and “recycled” elec-
trons originating from the cathode. The discharge current is plotted
against the discharge voltage in Fig. 3. The current levels were nearly
constant for each mass-flow rate until the discharge voltage dropped
below 200 V, where the current increased rapidly; again, this increase
in current is the result of the magnetic field being optimized for
maximum 7).

B. Raw Probe Data

Figure 4 shows the current density as a function of angle for a flow
rate of 3 mg/s. The measurements reflect the raw data as collected by
the Faraday probe. As the discharge voltage is decreased the beam
magnitude decreased at the center peak and increased in the higher
offaxis angles. Facility limitations prohibited sweeps past 53°.

C. Derived Efficiencies

Current efficiency 7, is shown in Fig. 5, where 1, is measured
directly from the discharge supply. The beam current /; is obtained
from an integration of j(f) as measured by the Faraday probe.
Current in the beam outside the probe’s maximum offaxis angle of
53¢ was not collected, and therefore /; is a lower bound. By using a
linear extrapolation of the probe sweeps from 53 to 90° (assuming
0 A/m? at 90°) we estimate the amount of current that is omitted
from our integration. This technique indicates our 7, calculations to
have a maximum underestimation error of 12% due to the

SData for discharge voltage lower than 300 V was not available for
comparison.
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Fig. 2 Thrust efficiency as determined by thrust measurements. Error
bars are calculated based on the reproducibility of calibration measure-
ments both during operation and when the thruster is turned off.

uncollected portions of the beam. Previous studies have shown,
however, that the beam dies off much faster than linearly, and
therefore our error is a conservative estimate. The efficiency decays
linearly from 300-160 V and then begins to decline more rapidly.

The beam divergence efficiency, n in Fig. 6, was calculated using
Faraday probe data and with the assumption that the plume was
axisymmetric. The current values, j(6), obtained by each trace create
a weighted distribution function of the ion trajectory offaxis angles
used to calculated the beam divergence efficiency:

cos Bj(0)r°sinfd
0j(0)r? sin HdH\2
Ji(@®r*sin6de

Ts = (cos B)? = ( an

Beam divergence efficiency is subject to underestimation based
on the positioning of the Faraday probe and the assumption of

6.5

A —6— 5mg/s
6.0 A~ 4mg/s
5.5 —X— 3 mg/s
< 5
o 5.0 4 9\6\6‘\9\9_9
o N
5 4.5 X A
4.0 N L S S WY\
3.5 X
- X <
3.0 X=X — e —X— X

T T T T 1
100 150 200 250 300
Discharge Voltage (V)
Fig. 3 Discharge current at maximum 7. Uncertainty is £0.05 A
based on manufacturer’s specified uncertainty for the discharge power
supply.
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Fig. 4 Faraday probe sweeps 250 mm downstream for 3 mg/s flow
rate at five different discharge voltages.



J. PROPULSION, VOL. 26, NO. 6: TECHNICAL NOTES 1315

1.00
0.90
0.80
0.70
:O 4
0.60 /
] /i
)P —6— 5mg/s
0.50 ,'

] J</ 5 |- A--- 4 mg/s
0.404 — X —3mg/s
0.30

T T T T 1

100 150 200 250 300

Discharge Voltage (V)
Fig. 5 Current efficiency as a function of discharge voltage.
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Fig. 6 Beam divergence efficiency as calculated by Eq. (11) from
Faraday probe sweeps 250 mm downstream.
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Fig. 7 €/eV, as calculated from RPA data 0° offaxis and 550 mm
downstream.
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Fig. 8 ¢€/eV, as calculated from RPA data 15° offaxis and 550 mm
downstream.

axisymmetry in the integral of Eq. (11). An accurate sweep would be
positioned directly over the apex of the beam profile. If the probe is
positioned off apex center it will result in a sweep that displays an
artificially low beam current. By assuming a maximum vertical probe
misalignment of dx = 3 cm, the maximum error in the calculation of
ng was estimated to be 3.5%. There is an unaccounted error due to the
hemispherical integration of charge exchange ions at high angles,
common to Faraday probe results [13].

Figures 7-9 display the integrated ion-energy-per-charge distri-
butions for three offaxis angles. The greatest change in efficiency
occurred in the 3 mg/s experiments where the voltage utilization
efficiency dropped from 76% at 300 V to 54% at 100 V when the
probe was positioned 30° offaxis. As seen with other Hall thrusters,
the voltage utilization efficiency decreases with increasing offaxis
angle [16]. The traces in Figs. 7-9 are referenced to cathode
potential. Overall voltage utilization efficiency requires a reference
correction with respect to ground and plasma potentials. Addi-
tionally, since the ion energy is function of offaxis angle, the
calculation of a total voltage utilization efficiency must be properly
weighted according to the current distribution function as obtained
with the Faraday probe. These adjustments are outlined in Sec. Vand
are visible in Figs. 10—12. The dominant error in Figs. 7-9 came from
the uncertainty in the integrated ion-energy-per-charge distributions
due to noise in the recorded §1/8V trace.

The ion-energy-per-charge distribution is dependent on the local
plasma potential at the position of the probe. Even though the
retarding grid is referenced to cathode, the energy the ions have
acquired is equal to the potential drop between the discharge poten-
tial and the local plasma potential. In the absence of the probe, the
ions will continue to accelerate until they reach their terminal poten-
tial, which, in the case of ground testing, is the tank wall (ground)
potential. Hence, RPA measurements are sensitive to the location of
the probe. Thus, to remove the positional dependence of the RPA,
knowledge of both the local plasma potential and cathode to ground
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0754 |- A 4mg/s X
— % — 3mg/s /
0.70 RPA 30° off axis //
= 0.65+ A /
0.60 G/e\//\@
P e
0.55% _ T X
~g - - - 5
0.50
T T T T 1
100 150 200 250 300

Discharge Voltage (V)

Fig. 9 ¢€/eV, as calculated from RPA data 30° offaxis and 550 mm
downstream.
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Fig. 10 5 values for 3 mg/s.
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Fig. 11 7 values for 4 mg/s.

0.90+

0.80

0.70+
= ]
0.60+

0.50+

0.40 :
100

5 mg/s

T T T 1
150 200 250 300
Discharge Voltage (V)

Fig. 12 7 values for 5 mg/s.

potential is necessary. Assuming that the RPA grids are referenced to
ground the energy values can be corrected by

<61ﬂ> = <6Ri> - q>ctg + q)plasma
q q

(12)

where the charge number is assumed to be unity and the left-hand
side is the ion energy to be used in the correct calculation of Eq. (6).

RPA traces were taken at 0, 15, and 30° and average ion-energy
values were linearly interpolated for angles in between 0 and 15° and
in between 15 and 30°. The energy values from 30° out to 53° were
assumed to be constant. While the validity of this extrapolation is
admittedly unknown, past studies indicate the approach is reason-
able. King’s RPA results on a 1.5-kW-class Hall thruster showed that
measured probe values varied less than 5% from 30 to 60° [16]. An
assumption of 5% error in our high-angle extrapolated probe values
propagates through the integral as 2% uncertainty in the calculation
of Eq. (13). Finally, the traces are weighted against the current
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Fig. 13 Thrust efficiency from the thrust stand and probe efficiency
from the probe studies for 3 mg/s.
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Fig. 14 Thrust efficiency from the thrust stand and probe efficiency

from the probe studies for 4 mg/s.

distribution function from the Faraday data and integrated to obtain
the overall voltage utilization efficiency. Thus, by Eq. (13) the final
values for 7y are obtained and are shown in Figs. 10-12:

[ €on(0)j(0)r* sin0.dO
" qeV, [j(0)r*sin0do

13)

V. Discussion

Figures 10-12 depict the various efficiency terms for each mass-
flow rate as measured using probe techniques. The current efficiency
becomes the dominant loss mechanism for all operation below 200 V.
The voltage utilization efficiency increases with increasing mass-
flow rate and with decreasing discharge potentials. Current and beam
divergence efficiency, however, monotonically decay with decreas-
ing discharge voltage. Experimentally, it is well known that 7, can be
increased by adjusting the magnets to minimize the discharge current

Table 1 Comprehensive summary of all 5 values

Anode to  Current, A Mass flow, Thrust, mN Cathodeto Plasmato 17y N Ne Mprobe N7

cathode, V mg/s ground, V  cathode, V
300 2.85 3 65.63 —27.00 46.10 0.78 0.80 0.78 049 0.50
250 2.84 3 57.12 —26.30 41.85 0.74 0.78 0.78 045 0.46
200 2.89 3 45.62 —22.50 35.07 072 0.77 077 043 0.36
140 3.59 3 31.96 —13.90 18.53 0.70 0.73 0.62 031 0.20
100 4.81 3 26.717 —9.70 12.61 072 0.69 046 023 0.15
300 3.92 4 73.60 —28.10 49.88 0.79 0.81 0.76 0.48 0.58
250 3.90 4 63.82 —25.90 44.29 076 0.80 0.76 046 0.52
200 3.99 4 51.40 —24.60 37.65 071 0.77 074 041 041
140 6.26 4 43.44 —11.10 17.88 0.80 0.71 047 027 0.27
300 4.96 5 72.63 —28.70 54.32 0.80 0.82 0.75 049 0.59
250 5.01 5 64.71 —24.40 45.39 079 0.81 074 047 0.56
200 5.15 5 53.21 —23.90 41.28 0.74 0.78 0.72 042 0.46
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Fig. 15 Thrust efficiency from the thrust stand and probe efficiency
from the probe studies for 5 mg/s.

[13]. Indoing so, however, the thrust efficiency as a whole declined in
spite of reduced discharge current. This implies that one of the
remaining losses begins to penalize efficiency at a faster rate than the
reduced anode current increased efficiency. Most unusual is the fact
that the voltage utilization efficiency begins to increase at the lowest
of discharge potentials. It may be that maximum thrust efficiency is
obtained by maximizing voltage utilization and not current efficiency
during operation at low discharge voltages.

Table 1 displays the final values for all calculated and experi-
mentally determined loss mechanisms. Plasma-to-cathode values are
displayed as determined by the emissive probe at 0.55 m downstream
0° offaxis. The probe studies measured three of the four loss
mechanisms comprising thrust efficiency. The velocity distribution
was not obtained, and therefore the probe efficiency is an upper
bound on the thrust efficiency. Probe efficiency is defined as

n
Nprobe = Myllcllp = d (14)
Mvdf

Figures 13—15 plot thrust and probe efficiencies as determined by
the thrust stand and probe studies. The discrepancy between the
probe and thrust stand values can be attributed to several things:
overestimation of the beam divergence, inflated thrust measurements
due to background neutrals, inflated thrust measurements due to
cathode propellant ingestion, and underestimation of the current
efficiency. The last of which is because the current fraction at high
angles was not recorded. At low discharge voltages, where the beam
divergence is greater this omission has a larger effect on the
calculation of current efficiency. The two benchmarks are in closest
alignment at low discharge voltages for the 4 and 5 mg/s trials, and
in the highest of discharge voltages for the 3 mg/s trial.

VI. Conclusions

Probe studies and thrust stand measurements were performed on
an Aerojet BPT-2000 Hall thruster at discharge voltage from 100 to
300V for 3 to 5 mg/s flow of xenon. The Hall thruster was unable to
run stably at discharge voltages below 180 V at 5 mg/s. Thrust
efficiencies determined by the thrust stand measurements reached as
low as 15% and the probe studies recorded as low as 23%. The
dominant loss mechanism at the lowest discharge potentials was the
current efficiency, whereas the voltage utilization efficiency
increased in value; the only loss mechanism to do so across all
operating conditions. While the current efficiency can be increased
by adjusting the magnet current, overall thrust efficiency suffers,
indicating a coupled effect with one of the other loss mechanisms.
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