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The Ballistic Missile Defense Organization's (BMDO) Innovative Science and Technology
Directorate sponsors an aggressive program to prepare electric propulsion technology for
applications that include orbit positioning, stationkeeping, and evasive maneuvering. On-board
power for these applications is typically between 1 and 5 kW. One specific class of thrusters, known
as Hall-effect thrusters, was developed extensively in Russia. The most highly developed, the 0.6 kWclass Stationary Plasma Thruster (SPT-70), has been flown over fifty times The current focus is on
the next higher power device, the 1.35 kWSPT-100. These thrusters operating on xenon propellant
are capable of providing 1600 s specific impulse at an efficiency of 50 percent. The operating
characteristics and performance of the SPT-100 are being documented and life tests are in progress.
Tests to assess integration issues such as electromagnetic interference, plume contamination, and
communications impacts are being performed. Other Hall-type devices that promise longer life are
being acquired and assessments are undervay. The FY94 program will address the technology
necessary for placing a prototype 1.5 kW Hall thruster system "on a pallet" ready for flight
opportunities. In addition, the program includes continuing efforts on high temperature materials,
efficient plasma generation and high performance, low power arcjets.
Introduction
The Ballistic Missile Defense Organization's (BMDO)
Innovative Science and Technology Directorate (IST) has
sponsored electric propulsion program for the past six years.
This programmatic paper, the third 1993 progress report, 1
includes results since July 1993 and projections for 1994.
At the outset, the program emphasized the development of
30 kW-class ammonia arcjets to be used in the SP-100
space nuclear reactor validation flight. 2 Following the
slow down of the SP-100 program, the effort3 was switched
to high power hydrogen arcjets for orbit transfer in
anticipation of mission applications with on-board hydrogen
for the main mission and power in excess of 30 kW. Over
the past two years, changing mission architectures are
reducing available power levels and stressing the
performance limits of state-of-art propulsion systems.
The Russians are making available a class of thrusters,
np as H . Te
known as Hall-type
devices. The BMDO program is
currently focusing on the evaluation of these devices for
applications that include orbit transfer, orbit repositioning,
stationkeeping, and evasive maneuvering. Figure 1 is a
concise summary of this activity. The high performance

values (e. g., Isp ~ 1600 s at efficiencies near 0.50 for life
times approaching 4000 hr) provided by these thrusters
make them attractive for a broad range of commercial and
government
government missions
missions if
if integration
integration issues
issues can
can be
be resolved
resolved
and life requirements can be met. Typically, 1 to 5 kW are
available for propulsion functions. A majority of the
current program is aimed at the demonstration of 1.3 to
1.5 kW-class devices. Growth versions of the Hall thrusters
are also being considered, however, for eventual application
with space nuclear power systems such as the 40 kW Topaz
3 being pursued by Rocketdyne and Space Power Inc.
In addition to the Hall thruster development effort, the
BMDO program is also stimulating collaborations with
Russia in areas such as materials science, high power
plasma generation, and moderate power lithium
magnetoplasmadynamic thruster development. Efforts to
develop low power arcjet technology are ongoing in the U.S.
and abroad. Table describes of the current program
and abroad. Table 1 describes of the current program
elements.
The research and technology program is managed
through both the Jet Propulsion Laboratory (JPL) and the
Lewis Research Center (LeRC) and, as shown in the table,
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include efforts in industry, academe, and government
laboratories. Because NASA supports a substantial electric
propulsion program at JPL and LeRC, the teaming of these
Centers with BMDO provides significant program leverage
to the mutual benefit of BMDO and NASA.

Naval Research Laboratory and a conceptual design was
completed in 1993 will be updated in 1994.
A,
propsion proram resores are osed on te elution
propulsion program resources are focused on the evaluation
of Russian xenon thrusters. While this class of devices have
demonstrated high performance levels and have a flight
history, they have yet to be meet qualification requirements
typical of modern U.S. spacecraft. It is the intent of the
BMDO program to provide a comprehensive evaluation of
Hall-type xenon thrusters in to provide information critical
to the assessment of the Russian systems for all potential
users in the aerospace community. Another program focus
is the development of a 1.3 kW prototype Hall thruster "on
a pallet"ready for use in near term flight opportunities.

Table 1. Program Elements.
Institution
Space Power Inc.
NIITP
Jet Propulsion Lab.
NIITP
Jet Propulsion Lab.
NIITP
Jet Propulsion Lab.t
NASA
Lewis Research Ctr.

Naval Research Lab.
Ohio State University
IPEP *
Stanford University
Universitit Stuttgart,
Inst. for Space Flight
Systems

FY93 Program Element
-T-100 & T-160 thrusters
-PPU, 1.5 kW
-Alkali metal evaluation
-T-100 life evaluation
-Alkali metal evaluation
-TAL D-55 and D-100 thruster
Evaluation at 1.5 and 5 kW
- SPT-100 endurance evaluation
-SPT-100 evaluation
-Optical diagnostics development
-High temperature materials
evaluation
-Integration issues
EMI & u-, down-link)
(EMI & up-, down-link)
-High pressure arc discharges

This paper provides an update on the status of all
elements of the BMDO electric propulsion program.
Hall Thruster Background
As noted in the introduction, the performance of low
power Hall thrusters gives rise to a high level of interest in
the spacecraft community. These thrusters were the subject
Russian development effort over the past four
of a massive
decades 5, 6, 7 and the lower power devices (e.g., SPT-70)
have an extensive flight history (> 50 flights). Higher
power systems (- 1.35 kW) are currently being considered
for stationkeeping on commercial communications satellites
and are of interest for other applications such as on-orbit
repositioning and evasive maneuvering.

-Optical diagnostics
-Low power arcjets

There are two basic types of Hall devices, the
Stationary Plasma Thruster (hereafter referred to as SPT
and also known as the Thruster with Magnetic Layer) and
the Thruster with Anode Layer (TAL). Cutaway schematics
of these devices are shown in Fig. 2. In each, magnet coils
are used to create a radial magnetic field in the discharge
chamber region of the thruster. The cathode is external to
the device and the anode is toroidal in shape and contains
flow passages through which a majority of the propellant is
introduced. Electrons emitted from the cathode are retarded
by the magnetic field and the ions, formed via electron-atom
collisions in the chamber, are accelerated by the axial
electric field. The approximate electric and magnetic field
strengths with respect to position in each of the devices are
also shown in Fig. 2. As can be seen from the diagram, the
SPT has a longer acceleration zone and an internal
insulator that is subject to sputter erosion by the ions. The
TAL is designed so that the acceleration zone is shorter and
positioned near the exit plane. This eliminates the need for
the central insulator. In each thruster system, an external
cathode also provides the electrons required to neutralize
the beam.

University of Illinois
-Pulsed electrothermal systems
-High temperature materials
Texas Tech Univ.
-TAL thruster evaluation
TsNIIMASH*
*
Principalsubcontractor,
tCooperativeprogram with Space Systems /Loral.
BMDO is also planning several demonstration flights
including the Nuclear Electric Propulsion Space Test
Program 4 (NEPSTP). This program offers an excellent
opportunity to flight test and qualify a number of xenon
thruster technologies including both ion engines and Hall
devices. The power source to be used in this flight is a U.S.
adapted version of the 6 kW Topaz 2 that will provide
4.5 kW for the various thruster systems. NEPSTP is run by
the John Hopkins University Applied Physics Laboratory
and the primary goals include: (1) an on-orbit
demonstration/evaluation of the Topaz 2 Space Nuclear
Power System; (2) demonstration of NEP technologies; (3)
characterization of NEP self-induced environments,
Prominent among the other flight opportunities being
developed is the Xenon Propulsion ORbit Transfer
(XPORT) satellite flight. The objective of this program is
to demonstrate both high efficiency concentrator
photovoltaic array technology and high performance
propulsion systems. XPORT is being managed by the

Fakel Enterprises in Kaliningrad manufactures the
SPT. The sub-kW SPT-70 (number designation refers to
the discharge chamber diameter in mm) has been flown
over 50 times on Russian spacecraft. 8 The SPT-100 has
been extensively ground tested by Fakel, and is of current
-2-
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interest to the U.S. spacecraft community. In 1990, the U.S.
entered into discussions 9 that resulted in high level
government approval for U.S. scientists to use U.S.
instruments in Russian laboratories. The initial tests of the
SPT-100
in 1991 when
when the BMDO-sponsored
SPT-100 occurred in
team traveled to Scientific Research Institute of Thermal
10
Processes in Moscow and Fakel in Kaliningrad. h i gThe
findings
the potential
potential for
findings of
of the
the team
team confirmed
confirmed the
for highh
efficiency at relatively low specific impulse as shown in
Fig.
is now
now marketed
marketed through
Fig. 3.
3. The
The Fakel
Fakel SPT-100
SPT-100 is
through
International Space Technology, Inc. (ISTI) which includes

of these thrusters through programs run by both JPL and
LeRC.

participation by Space Systems/Loral (SS/L) and the

electromagnetic interference (EMI) measurements. The

Research Institute of Applied Mechanics and
Electrodynamics (RIAME). RIAME is part of the Moscow
Aviation Institute. BMDO acquired 11 an SPT-100 thruster
from ISTI in September 1992 and is currently involved in
an extensive evaluation of these devices,

tank is configured to allow testing both on the center line of
the tank and in a 1 m side port. The chamber is pumped by
a high capacity gaseous helium cryopanel. Ambient
pressures of approximately 3x10-6 and 1.3x10-5 torr are
maintained at the SPT-100 operating point in the main tank
and side port configurations, respectively. At flow rates
associated with 4.5 kW operation, an ambient pressure in
the mid 10-5 torr range is anticipated.

en
t est
Bo
n Fake SPTruth L an d LeRC a re
effort focuses
LeRC
The
ISTI.
from
acquired
thrusters
100
on evaluation of thruster performance and
integration
ev a l ua o n
ance and integration
t
ofthruster perfon
impacts. Program elements and approaches are shown in
Table
2. Most by
of the
beingsimulation
performed chamber.
in a large
(5 m diameter
20 mtesting
long),isspace
(5 m diameter by 20 m long), space simulation chamber.
This
testthe
bedthruster
allows and
plume
diagnostics
to be
up for
to 4
m from
includes
an array
of placed
antennas
a n d c l d es an
the thr us
m f
ara o atennas for
i
ter
rom

BMDO is also funding an assessment of advanced SPT
thrusters that promise up to 8000 hours of life and
mitigation of some integration issues. This effort is ongoing at the Scientific Research Institute of Thermal
Processes (NIITP) in Moscow through a joint venture with
International Scientific Products (ISP) of San Jose, CA.
Both 1.5 and 4.5 kW devices are under development,
designated the T-100 and T-160, respectively. Figure 4
shows a Hall thruster configuration (in this case a new
NIITP T-160) with a 160 mm discharge passage and the
ports for two center-mounted heaterless cathodes. The T160 is manifested on NEPSTP to demonstrate primary
propulsive functions as part of the Topaz flight.

T a bl e 2 T h

st e r a nd

Spacecraft Interaction
Evaluation Program Elements and Approaches.
Issue
Approach:
Thruster Performance
Direct Thrust Measurements
Intrusive Probes
Optic Dianostics
Optical Diagnostics
Power Processing
Bread Board PPU Development
_
and Integration
Spacecraft
Direct Characterization of
Deposition
Contamination
Plume Signature
Intrusive probes
Radiated EMI
Direct signal level
measurement
for DC to 42 GHz

The Central Institute of Machine Building
(TsNIIMASH) in Kaliningrad, Moscow Region, has
developed the TAL series of thrusters. The TAL has both
single and dual accelerating stage variants that cover a wide
range of powers. The single stage TAL is similar to the
SPT but, as noted above, does not have an insulator-lined
discharge chamber and operates at a higher thrust density
than the TAL. The design also is reported to reduce beam
divergence and so may mitigate some of the issues of beam
divergence and particle deposition associated with the SPT.
Early tests at TsNIIMASH suggest that TAL life may
exceed those of the SPT but this remains to be
demonstrated. Negotiations to acquire both 1.5 and 4.5 kW
versions of the TAL were recently concluded and the
1.5 kW thruster is now in the U.S. Testing is expected to
begin in the last quarter of 1993.

Power Processing Units
To operate the Hall thrusters in vacuum chambers
under research conditions, a breadboard power processing
unit (PPU) was developed and this has been recently
described in detail. 12 A topology developed for 5-10 kW
arcjets was the basis for the main discharge supply. 13 For
simplicity, a 120 VDC input was selected. Designs of both
cathode heater and igniter supplies were based on prior
experience with ion thruster hollow cathodes. 14 The
breadboard unit is rated at 1.5 kW with an efficiency greater
than 90 percent. The present configuration can be upgraded
to 5 kW without major changes in the topology. In initial
tests, stable, reliable starting and steady state operations
were demonstrated over a wide range of experimental
conditions and the PPU is now in routine use in the
laboratory. Sensitivity to output filter design was also
observed in testing and an in depth assessment of filter
configurations is now in progress.

Hall Thruster Evaluations
I to 2 kW-class Hall-type devices are now being
considered for stationkeeping of commercial
communications satellites, and may be of interest for other
applications such as on-orbit repositioning. Higher power
(4 kW-class) devices may be suitable for orbit transfer. A
primary objective of IST's program is to provide an
assessment of the performance, life, and integration impacts
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Flight-type PPUs are being developed independently
by Space Systems/Loral (SS/L) and by Space Power Inc.
The SPI program is funded through a BMDO-sponsored
SBIR. SS/L flight-type PPUs, developed for use in
commercial systems, are being used in current life test
programs at JPL and Fakel and one has recently been tested
with the SPT-100 at LeRC under an ongoing cooperative
program (Space Act). This unit will shortly be used in an
extended test to characterize the SPT-100 plume.

provide a preliminary characterization of the electrical
properties of the plume and plume contamination. In
previous electric propulsion development efforts,
particularly the recent effort that inserted arcjet technology
into the commercial market, information on transmission
through the thruster plume was found to be required.
NEPSTP (i.e., Topaz) mission planners also needed this
information.
To understand the effects of the plume on transmission

SPT-100 Initial Results
For performance measurements, flexure-type thrust
stands 15 designed to accommodate the 1:400 thrust-toweight ratio of the SPT-100 were installed at both JPL and
LeRC. Figure 3 shows SPT-100 performance data taken at
Fakel, JPL, and LeRC. The data agree within experimental
uncertainty and show the potential of the SPT-100 for high
performance operation. Early tests at LeRC concentrated
on the performance and behavior of the thruster over a wide
range of operating points. These tests are described in
detail by Sankovic, et al. 16 Performance at very low
background pressure was measured as were the effects of
increasing background pressure.
Over the course of testing, significant current
oscillations were observed. While the extent of these
oscillations was somewhat variable with time, the general
trend was that they increased in magnitude and frequency of
occurrence with time. This trend has been confirmed in the

of up- and down-link signals the electrical properties,
specifically the electron number density and temperature, of
the plume must be known. Both near- and far-field
electrostatic (Langmuir) probes were employed. 17 Figure 5
shows typical data from the near field experiments taken at
cathode flow fractions of 0.05 and 0.10. The 0.10 flow
fraction is the thruster design point condition. As can be
seen from the figure, the flow fraction has little effect on the
electron number density but it does effect the electron
temperature. At the design point, the electron number
densities measured are approximately the same as those
observed in kW-class arcjet testing.18,19 The measured
electron temperature is on the order of 2 eV. This is
approximately a factor of ten higher than the arcjet. A
19
plume model developed under the arcjet program has
been used to show that the arcjet plume should not have a
significant impact on communication links. The impact of
the nc a
i re sed el ectro n temperature needs to be strictly

life test currently in progress at JPL. Another general

addressed but a preliminary assessment indicates the same

conclusion will be reached for the SPT.

observation was that the oscillatory behavior led to lower
performance. However, the magnitude of the drop in
performance may be related to the thruster/PPU interface
and efforts to determine the impacts of PPU output filter
design are in progress,
The condition of the thruster insulators also changed
visibly with time. Sputter erosion was observed on the
downstream insulator surfaces (discussed in a following

To further evaluate plume characteristics a retarding
potential analyzer (RPA) and both Faraday cups and planar
probes were used to provide spatially resolved
measurements of ion energy and ion current, respectively.17
A photograph of these devices in the mid-tank configuration
at LeRC is shown in Fig. 6 The ion current density was
found to be on te order of 2xlO A/cm2 near the plume

description of the JPL life test) and a dark coating was

centerline at a distance of two meters from the thruster as

observed upstream of the exit plane. Recent analyses
indicate that the coating is non-conductive and appears to
be composed of material from the insulator.

shown in Fig. 7. The profile was found to be highly peaked,
dropping by a factor of approximately 3 within 220 of the
axis of the thruster. RPA measurements showed that at a
distance of 4 meters at an angle of 150 to the thruster
centerline, the ion energy was approximately 270 V. This
indicates that the majority of the ions were formed in a
region in which the potential is within 30 V of the anode.
As shown in the figure, increasing the background pressure
made the profile slightly mere peaked. While integration
issues are typically highly spacecraft specific, these data
provide a starting point for analyses of plume impingement
and its effects on spacecraft systems.

The impact of thruster condition has not been
thoroughly assessed and further tests are planned. In the
most recent performance testing at LeRC, using both
independent flow control and the Fakel-supplied flow
splitter, elevated performance levels were observed during
steady state operation at the lowest background pressure
level attainable in the side port configuration. One
observation that demonstrated the extensive Russian
development program was the starting reliability of the
thruster. Throughout the testing, the thruster ignited on the
first starting pulse virtually every time.

Optical grade quartz plates were used in an attempt to
examine contamination on the far-field plume. Both these
samples were placed in the vacuum facility at various
locations 2 m from the thruster exit plane and the thruster
was operated continuously for 50 hr. Both front and back
exposed samples were used. Some samples were also
placed in collimators. Post-test examination of the samples

Plume and Electromagnetic Interactions
Many of the issues regarding application of the SPT
are related to spacecraft integration. To quantify potential
integration impacts, a suite of diagnostics was developed to
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provided quantification of erosion and deposition as well as
changes in optical properties. Changes in optical properties
were observed on exposed witness plates near the plume
centerline. No statistically significant changes were
measured in any of the samples taken from the collimators.
An extended duration test to provide conclusive data on the
impacts of the plume on the critical spacecraft surfaces is
planned for the near future under a pending Space Act
Agreement between LeRC and Space Systems/Loral.

provide a quick assessment of plume properties and a plume
signature analysis 2 1 requested by NEPSTP project
personnel. A series of low resolution scans showed over
200 identifiable transitions. The dominant species was
singly ionized xenon. A schematic of the experimental
arrangement and a typical SPT plume emission spectrum
are shown in Fig. 8. The detection system was calibrated
and the total power emitted in the visible region of the
spectrum was estimated to be on the order of 0.25 watts.
Thee detection
se
n s i t iv i t was 10-9 W/A-sr and a
st e
sensitivity
ee
ion ssystem
as inconclusive.
r
ffor eerosion
ea
ssearch
products w
was
I is
ve. It
improvement
magnitude
of
estimated that at least an order
would be required to use an emission system as a diagnostic
thruster erosion. Boltzman lots for
ttool ffor
individual
fr the
te individual
ool o t h ruste ero si o n B o l tz m a n plots
across
equilibrium
in
not
is
species indicate that the plasma
the line of sight.

The radiated EMI characteristics of electric thruster
systems are a primary concern to satellite manufacturers.
For the SPT-100, a large scale EMI test was recently
performed. A large antenna table with antenna mounted in
an arc behind the thruster one meter from the thruster exit
plane was installed in the space simulation chamber.
Antenna types covering the range from 14.5 kHz to 40 GHz
were used (see Table 3). Also, a large tent made of
insulating material (Kapton) constructed around the
antenna table was used to examine the effects of ambient
plasma on the measurements. The tests were run with and
without this covering to provide a direct assessment of the
effects of ambient plasma on the EMI measurements,
EMI Testing - Antenna
3 SPT-100
Radiated
Table
a
aa
a
Arrayprovide
Antenna Type
Frequency Range
14 kHz - 60 MHz active
2 Monopoles
14 kHz - 32 MHz passive
Biconil20 - 300
Biconical
20 - 300 MHz

In an earlier program, BMDO sponsored development
of advanced diagnostics such as laser induced fluorescence
(LIF) at Stanford University for characterization of exit
velocities and electron number densities and temperatures
in hydrogen arcjet plumes. 2 2, 23 This effort has now been
redirected to focus on the SPT. In these studies, low cost,
low power, tunable, continuous wave laser diodes will be
used to probe both neutral and singly ionized xenon to
velocity and temperature from the measurement of
Doppler shift and Doppler broadening, respectively.
Measurement of electric field strengths from Stark shifts
and mixing will also be attempted. This would provide a
non-intrusive, in-situ measurement of field strength during
thruster operation.
thruster operation.

Broad band Dipole
160 - 500 MHz
Large 300MHz
LogMHz
Periodic
- 1.8 GHz
300
Large Log Periodic
Small Log Periodic
2 Horns
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Endurance Testing
Because typical mission applications for the SPT-100
thruster will require several thousand hours of cyclic
operation, evaluation of the long term operating
characteristics of the device is a critical aspect of the
BMDO program. To address this issue, a cyclic life test is
being performed under a cooperative program 2 4 between
SS/L, BMDO, and JPL. The test goal is to demonstrate
5,000 hours of operation over 6,000 cycles at an input
power level of 1.35 kW. The nominal cycle is 50 minutes
on and 23 minutes off. The on-time is thought to be
representative of many applications and off-time ensures
proper thermal cycling of the cathode.

1 GHz - 18 GHz
18 GHz - 26.5 GHz
26.5 GHz - 40 GHz

Data were taken across the frequency range (1 to 18
GHz) with the thruster running in a stable mode (i.e., no
major current oscillations) at its design point. This is the
frequency range of highest interest to communications
satellite users and manufacturers. The data show that EMI
above the noise background of the analyzer was observed at
frequencies up to about 6 GHz. The levels measured in this
frequency range are below generic specifications applied
across the industry but may be of concern to specific
satellite users if more stringent notch limits are applied
because of specific amplifier sensitivities. Finally, it was
found that the noise increased when the thruster went into
is also
also funding
funding an
an effort
effort at
at
the oscillatory mode. BMDO is
the Naval Research Laboratory to determine physical
phenomena responsible for noise generation.

pr l t y a t P L s 3 m i n diameter an d 5 m
1.2 m diameter
long. Pumping is provided by te
cryopumps with a collective pumping speed of
approximately 55,000 /s under the conditions of the test.
Graphite panels arranged in a chevron pattern are used as a
beam
targetgraphite
to minimize
deposition
Similarly,
panelssputter
ere also
used to on
linethethethruster.
Similarly, graphite panels were also used to line the
walls. The target panels were baked out at high
chamber
temperatures
prior to installation to minimize
contamination.
T h e v a cu u m fac

Optical Diagnostics
Optical diagnostic techniques for the characterization
of the SPT plume are under development both at LeRC and
at Stanford University. Emission spectroscopy was used toessing
-5-
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the Russian flow control unit to provide propellant to the
thruster. Experimental control is provided by a PC-based
control and data acquisition system. As noted previously,
thrust is monitored with a pendulum-type thrust stand. A
Faraday probe rake was installed in the chamber to provide
current density profiles. This rake has 25 separate Faraday
cups fixed to a 2.4 m diameter semicircular support and can
be swept through a 1800 arc 1.2 m from the thruster exit
plane.

thruster tested (Fig. 12) has a thin-walled tungsten anode
and a multichannel cathode. The cathode also serves as the
propellant injector. An advanced insulator material
separates the electrodes and the magnetic field is generated
by a solenoid made up of molybdenum rings. Lithium
vapor is injected into the discharge region through the
multichannel cathode.
Thruster performance was mapped during a visit by
U.S. technical monitors in May of 1993. In the tests, a
nominal peak efficiency of 0.30 at a specific impulse of
2900 s was measured at a power level of 27 kW and a flow
rate of 20 mg/s. The efficiency is significantly higher
(-0.75) than that measured recently at NASA LeRC at a
similar power level and Isp using hydrogen propellant. 2 5

Endurance testing was initiated on July 1, 1993 and
over 850 hours of operation and 1000 cycles had been
accumulated as of the beginning of September. To date,
cyclic operations have been nominal with very few
exceptions. Thruster performance as a function of
operating time through the first 640 hours of operation
(shown in Fig. 9). experienced efficiency drifts requiring
field current adjustments. As testing progresses, increasing
current oscillations are being observed. Following
discussions with the Fakel and SS/L, it was decided to
augment the magnet current to reduce these oscillations and
impve
thrster eficientc.
improve thruster
efficiency. Some
Some experimentation
experimentation wa
was
performed and the different symbols plotted represent the
performance obtained at various augmentation currents.
After 300 hours of operation, the nominal operating
parameters were changed to include 1.5 A of augmentation
current.

o n e c at h o d e fo r 2
IT P h as
00 h r n 20 0
rrent
ee
cy
cycles) at current levels between 500and 1000 A and
m e as u re d an er o s i on r at e of on 10 -7 g/ A n od e
temperatures during operation range from 1800 to 2300 K
and anode spot formation has never been observed; so very
little anode wear occurs. The insulator material has shown
good chemical compatibility with lithium vapor and
good chemical compatibility with lithium vapor and
ex c e e n t t h er m al sh o ck re si st a n ce . T h u, the lithium
th
thuster displays potential for long life operation.

Arcjet Thrusters
Research on both continuous and pulsed low power
arcjet systems for on-orbit propulsion requirements is being
performed at the Institute for Spaceflight Systems (IRS) at
the University of Stuttgart and at the University of Illinois,
respectively.

Over the course of the life test the erosion of the
thruster insulator surfaces is being monitored remotely via
photographic records taken through a chamber window. A
photograph of the thruster taken after 600 hours of
operation is shown in Fig. 10. The lighting conditions used
to obtain the photograph in the figure were chosen to
accentuate the "grooved" erosion pattern characteristic of
long-term SPT operation. Preliminary erosion estimates
derived from the photographic evidence indicates that it is
slightly less than that measured in previous life testing
performed in Russia.

The IRS program is focused on improving
performance characteristics of 1.5 to 5 kW-class hydrogen,
ammonia, and hydrazine thrusters. 2 6, 27 Radiation-cooled
thrusters scaled for each end of the noted power range were
fabricated and tested in the past year. Experience gained in
this preliminary testing has led to regeneratively-cooled
arcjet designs that will be tested and optimized over the
next year. Figure 13 shows a cross-sectional schematic
diagram of the regenerative nozzle design.

Figure 11 shows current density profiles in the plume
obtained with the Faraday probe rake after about 600 hours
of operation (757 cycles). In addition, two horizontal slices,
taken at cycles 37 (-30 hours) and 757 (-600 hours), show
that there was no significant change in the gross plume
characteristics over this time. Further details of the
endurance test to date can be found in Ref 24.

To maintain acceptable performance levels at the low
average power levels available in some applications, pulsed
thruster systems may be required. Because of this, BMDO
recently initiated an effort at University of the Illinois aimed
at the development of pulsed systems. In this type of
system, a pulse forming network is charged until a
breakdown occurs between the thrusters electrodes.
Breakthroughs in capacitor technology that have recently
occurred in under BMDO-sponsorship are directly
applicable to pulsed systems. Current research centers on
operation using gaseous propellant at relatively high pulse
rates (1000-4000 pulse/s) and a kW-class thruster supplied
by NASA and modified for pulsed operation at the
University of Illinois will be performance tested at very low
average power levels over the next year. The program, if
successful, should both demonstrate reliable, extended

Alkali Metal Thrusters
The unique properties of alkali metals such as lithium
may be essential to achieving high efficiency, moderate
power magnetoplasmadynamic (MPD) thrusters: BMDO
recently completed a small effort to examine a lithium
propellant MPD thruster at NIITP. NIITP was chosen for
this effort both because of their resident expertise in the
area and because no U.S. propulsion laboratory is equipped
to handle lithium in a cost effective manner. The effort was
a subcontract from Space Power, Inc. of San Jose, CA. The
-6-
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operation and provide accurate performance estimates for
future systems studies. In another facet of the effort, a heat
transfer model developed in a prior program will be
modified to provide a predictive capability for comparison,

18

propulsion system. Also, the fuel savings achieved by
SPT-100 class thrusters are sufficient to make a few extra
kilograms in prototype power conditioners, thermal
management, fuel control systems, etc. are of secondary
importance. The thruster performance is not the issue; the
issue is the lack of U.S. flight experience. With respect to
thrusters, investing in increment improvements can
become the enemy of aieing fli experience. BMDO
uster
s the
systes
nvestg n pp
Thus,
the immediate
94
s to pursue using 1994
medate goal is
Thusthe
components to develop a prototype 1.3 kW SPT-100 type
propulsion system "on-a-pallet"ready to seize flight
opportunities. Toward this goal, we welcome the
participation of industrial and U.S. government partners.

Besides the above mentioned efforts, the BMDO
program s also exploring the potential of Russian hgh

program is also exploring the potential of Russian high

temperature materials for application to arcjet systems. At
present, kW-class arcjet performance is limited by the high
temperature strength capabilities of the arcjet anode
material. Tungsten-based single crystal refractory metal
samples (monocrystaline tungsten and monocrystaline
tungsten three percent niobium alloys) developed in Russia
were recently acquired by Texas Technical University. It is
anticipated that these materials will be characterized and
tested as arcjet electrodes in the near future. Under a
Phase 1 SBIR contract with Space Exploration Associates
of Ohio, other high temperature materials will be examined
for use in applications where low density, high thermal and
electrical conductivity characteristics at high temperatures
are required.

The BMDO electric propulsion program supports a
broad range of activities to achieve advanced propulsion
technologies for Department of Defense, NASA, and
commercial applications. Inquiries concerning research
proposals should be directed to the second and third
authors.
Nomenclature

High Pressure Plasma Sources
Arc discharges are useful as sources of high
temperature gas for a wide variety of applications including
electric rockets, commercial plasma processing (specifically
for the cleaning and coating of large surfaces), and particle
acceleration. The Institute of Problems of Electrophysics,
Russian Academy of Sciences (IPEP) in St. Petersburg,
Russia has long been involved in the research and
development of very high power (P > 100 MW). high
pressure (10 - 1000 atm) plasma generators. IPEP designed
generators utilize diffuse mode arcs to transfer energy
efficiently to the gas. To explore the potential of the IPEP
design, BMDO is funding a collaborative research program
between the Ohio State University and IPEP. A high
power, high pressure arc-plasma source from IPEP (Fig. 14)
is scheduled to be delivered to the Aeronautical and
Astronautical Research Laboratory (AARL) at OSU. The
plasma source will be supplied by AARL's gigawatt-level
pulse line available in the AARL at OSU. 2 8 This
collaborative program should provide insight into both the
mechanisms of energy deposition in high pressure
discharges and energy transfer to a projectile in a long,
narrow channel. The effort should also demonstrate the
potential of IPEP arc-plasma source for large scale
commercial processing applications.

Fakel

Experimental Design Bureau "Fakel",
Kaliningrad (OKB"IaKen")

IPEP

Institute of Problems of Electrophysics,
Russian Academy of Sciences, St.
Petersburg. (H1130)

NEPSTP

Nuclear Electric Propulsion Space Test
Program, i.e., the Topaz 2 flight.

NIITP

Scientific Research Institute of Thermal
Processes, Moscow. (H

RIAME

Research Institute of Applied Mechanics
and Electrodynamics, part of the
Moscow Aviation Institute. (MAH)
Stationary (i.e., steady state) Plasma
Stationary (i.e., steady state) Plasma
Thruster (CII)

SPT
SPT
TAL
TsNIIMASH

Thruster with Anode Layer. (,AC)
Central Research Institute of Machine
Kaliningrad Moscow Region.
(IHNIIMAIII)
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Summary of Hall Thruster Activity
Russian Source

Thruster

Attributes

NIITP through
Space Power Inc.

- T-100, 1.35 kW
- T-160*, 4.5 kW

- Life 8000 hr. (goal),
- Control over EMI
- Heaterless cathodes

Fakel through

- SPT-100, 1.35 kW

- Proven performance:

Space Systems/Loral*
TsNIIMASH through
- JPL
- Texas Tech. Univ.

1600 s, 48 to 50 % eff.,
3000 to 4000 hr
- TAL D-55, 1.5 kW
- TAL D-100, 5 kW

- Life >8000 hr, (goal)
- Beam control,
- Increased power density

For NEPSTP as part of subcontract from Applied Physics Lab.
Test Status September 1993:
T-100:
Life test at NIITP
T-160:
Performance and control test at NIITP
SPT-100:
Life tests at JPL >800 hr.
Performance, PCU, & EMI experiments at NASA LeRC
TAL D-55:
Performance testing at NASA LeRC then TTU
Thruster for JPL will be delivered in September.
TAL D-100:
Performance testing at JPL
Thruster for JPL will be delivered in September.
Fig. 1 Hall type thrusters acquired by BMDO. The SPT-100 represent state-of-the-art proven technology.
The TAL and T- series offer important lifetime, power density, and control growth options.
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0.6

Cathode Neutralizer

So - Oct 91 at Fokel by U.S. Team
* - Jun 93 LeRC
S-

Jun 93 JPL

External Coils

Insulator

Coil
ntel

50.5

-------------------------------

S0.4

1000
S'

1500
Specific Impulse, s

2000

Fig. 3 Data taken by U.S. researchers at Fakel, LeRC and
JPL confirm SPT-100 performance.

*

Br

a) The thruster with magnetic layer.
Cbhode Neutralizcr

Exernal Coils
.- Anode
Internal Coil

-------------

*

-

-

*

-

U

Z
b) The
with
anode
thruster
laerextended

Fig. 2 Thruster configurations showing the radial
magnetic (Br) and the voltage (U) fields.

Fig. 4 NIITP T-160 Hall thruster designed for BMDO for
lifetime. The smaller, heaterless cathodes will be
positioned in the center ports. (Photograph from
International Scientific Products)

International Scientific Products)
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Fig. 6 The 20 m long tank at LeRC permits far-field
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Fig. 5 Temperature and electron density measurements
(at 0.3 m downstream) revealing that the electron number
densities for the SPT-100 are approximately the same as
for the 1.5 kW N2 H4 arcjet, whereas electron
temperatures are approximately a factor of 10 higher.
(From Ref. 17)
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Fig. 7 Ion current density measured 2 m downstream,
showing a highly peaked profile. Back pressure has
secondary effect. (From Rcf. 17)
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Fig. 8 Xe emission from SPT-100 revealing no erosion
Ref.24)
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Fig. 9 SPT-100 under life test at JPL experiences
efficiency drifts requiring field current (Bext)adjustments.
(From Ref. 24)
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Fig. 12 The Li thruster designed by NIITP for BMDO for
demonstration of performance in the 30 kW range. Exit
diameter is approximately 7 cm.

Fig. 13 Regeneratively-cooled nozzle design to reduce
erosion. (Space Flight Systems of the Universitit
Stuttgart).

Fig. 14 High pressure arc-heated plasma source at the
Institute of Problems of Electrophysics, in St. Petersburg,
Russia. A similar apparatus will be used at Ohio State
University for collaborative research on diffuse arcs.
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