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Abstract

The NASA 0AST Propulsion, Power, and Energy
Division supports electric propulsion for a broad
class of missions. Concepts with potential to sig-
nificantly benefit or enable space exploration and
exploitation are identified and advanced toward
applications in the near to far term. This paper
summarizes recent program progress in mission/system
analyses and in electrothermal, ion, and electro-
magnetic technologies.

Introduction

Prospects now appear high for broad acceptance
and application of electric propulsion systems.
Low power, pulsed ptasma thrusters are in use for
very precise orbit controll on Navy NOVA spacecraft
and 500-W class augmented hydrazine resistojets are
operational on many geosynchronous communication
satellites.? These first applications have pro-
vided users with considerable information on the
integration requirements and potentials of electric
propulsion and are important milestones toward its
full explioitation.

Multipropeliant resistojets3 have been selec-
ted for the Initial Operating Capability (IOC) Space
Station# as their use nearly eliminates the neces-
sity for both launch of drag make-up propellants
and, importantly, the return of waste fluids from
Station subsystems. The use of high power, primary
electric propulsion was strongly endorsed bg the
report of the National Commission on Space.
Applications cited therein included both Earth-
orbit and planetar¥ cargo transfer vehicles. Large
solar® and nuclear space power systems, whose lack
of availability has long prevented the realization
of primary electric propulsion, are now under
development for space demonstration and/or use in
the 1990's. 1In addition_ to these developments,
recent8.9 and planned10,11 space tests give further
evidence of the interest, and will, of various
agencies to develop electric propulsion.

The NASA electric propulsion program supports
both system and mission analyses and research and
technology efforts on several propulsion concepts.
Studies are aimed at defining the requirements for,
and impacts of, advanced propulsion for a broad
range of applications from low power auxiliary
functions to large cargo transfer vehicles. The
requirements of the many applications and missions
are often very disparate. The program, therefore,
addresses a range of technologies in the areas of
electrothermal, ion, and electromagnetic propulsion.
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The following highlights selected accomplishments
in the analysis and technology areas to iilustrate
program content and direction.

Mission and System Analyses

Recent studies have analyzed electric propul-
sion systems and applications ranging from 1 kW
class concepts for stationkeeping to several-
hundred-megawatt Nuclear Electric Propulsion Sys-
tems (NEPS) for Earth-orbit and planetary missions.
For completeness, some studies sponsored by agen-
cies other than NASA will be presented.

Schreib,12 in a review of the INTELSAT spon-
sored xenon ion propulsion program, evaluated the
integration issues and cost benefits of ion systems
on three-axis and spin-stabilized communication
satellites. Table 1, from Ref. 12, shows the cal-
culated net mass and cost benefits for such space-
craft, where direct solar array power was used, if
required, to supplement the 2.0 kW-hr energy sup-
plied by batteries used for equinox operations.
The net benefits are very large and approach the
cost of typical communication satellites in some
cases.

As previously noted, multipropellant resisto-
Jets were baselined for the I0C Space Station.
Interest in these systems arose® from their strong
synergism with other Station subsystems, such as
the Environmental Control and Life Support System
(ECLSS), and other advantages accruing from low
thrust levels and the use of gaseous, benign pro-
pellants. Large 1ife cycle cost savings are pro-
jected13,14 for Space Station by use of resistojet
systems which are described in detatl in Ref. 15.
In the long run, selection of the multipropellant
resistojets may well represent an important step in
the development of integrated on-board propulsion
systems which can provide large potential benefits
to launch, orbit transfer, and space systems.

Palaszewski16 systematically evaluated the
use of various electric propulsion concepts for a
variety of functions on polar and co-orbiting free
flyer spacecraft. Table 2 shows the propellant
masses required for servicing of several
co-orbiting space systems. The mission velocity
increments were extremely sensitive to the alti-
tudes and servicing intervals chosen and values of
those were selected to minimize the propulsion
requirements. The very large potential benefits of
electric propulsion for servicing co-orbiting free
flyers is clearly shown in Table 2 as, dependent on
the technology assumed, up to an order of magnitude
reduction in propellant, relative to the baseline
hydrazine system, can be realized. As discussed in
Ref. 16, low acceleration requirements exist for



several free flyer missions. 1In those cases, low
thrust electric propulsion offers advantages beyond
the propulsion mass reductions discussed above.

Perhaps stimulated by the SP-100 program,’
NASA17.18 and Air Forcel® sponsored efforts were
conducted to evaluate NEPS for several missions.
Sercel and Krauthamer!? conducted a detailed study
of NEPS for LEO-GEO, Lunar Base, and Neptune Orbiter
missions. 1In that study the impacts of power Tevel
and electric propulsion technology (MPD and ion) on
mission performance were obtained and compared with
advanced chemical propulsion. Figures 1(a) and (b)
show the transportation mass per mission and average
trip times,17 assuming MPD propulsion systems, as
a function of NEPS power level for LEO-GEO and Lunar
Base missions, respectively. Below 1.0 MWe, the
power and ion propulsion system specific mass was
assumed to be 25 kG/kW. Above 1.0 MWe, the power
and MPD propulsion system specific mass was assumed
to be 6 kG/kiW. The performance of an advanced
(485 sec specific impulse, space based, aerobraked)
chemical system was also evaluated and the trans-
portation mass per mission was about 30 and
75 metric tons per mission for the LEO-GEO and
Lunar Base missions, respectively. The potential
saving in transportation mass provided by NEPS,
relative to advanced chemical systems, ranged for
both misstons from a factor of two, for high power,
to a factor of six, for the lowest NEPS power level
studied. The high power NEPS systems did, however,
enable significant reduction in trip times which
could be of great importance in overall mission
designs and costs. Figure_2 shows the Neptune
Orbiter mission trip timel7 for the two power
regimes with ion and MPD systems. For comparison,
single Space Shuttle missions us1na hydrogen/oxygen
propulsion systems have been shown 0 to require
from 15 to 20 yr for this mission. It can be seen
that NEPS can save from about 3 to 10 yr trip time,
dependent on power level, and that the ion system
trip times are about 1.5 yr shorter than those with
MPD systems. Reference 17 also evaluated very high
power NEPS for manned missions to several planets.
Trip times for 200 MWe NEPS, minimized by selection
of appropriate specific impulses, of about six
months, two years, and seven years were obtained
for round trips to Mars, Jupiter, and Neptune,
respectively.

Reference 18 presented parametric estimates of
the dry masses of resistojet, arcjet, and ion pro-
pulsion systems and the mission performance (veloc-
ity increments and thrusting times) that could be
obtained with the assumption of a single Shuttle
launch of an SP-100 power system. Ffigure 3 shows
the mass breakouts, for an assumed 300 kWe SP-100
system, for the three electric propulsion systems,
In all cases, the propulsion system dry mass was a
small fraction of the Shuttle Orbiter payload. The
xenon ion system dry mass was heavier than that of
either the resistojet or arcjet system but, due to
higher specific impulse, could deliver signifi-
cantly more velocity increments and thrusting times
(Figs. 4(a) and (b)).

As a final example of mission analyses, an Air
force study]9 evaluated a reusable NEPS for the
delivery of a galaxy of 28 Global Positioning System
(GPS) satellites, to a 20 187 kM orbit. Table 3
shows estimated overall galaxy deployment costs for
several propulsion systems. The cost savings esti-
mated in Ref. 19 are very great, in large part due

to the reusability of the NEPS, which much more
than offset the higher initial cost of the NEPS
with respect to the other, chemical, systems.

In general, the studies cited have affirmed
the great leverage that can be provided by electric
propulsion systems for a very broad class of mis-
sions. Benefits can be realized in a number of
ways including major reductions of: (1) mission
1ife cycle costs, (2) propellant masses, and (3)
orbit transfer times for planetary missions, and/or
large extensions of on-orbit lifetimes.

Electrothermal

Efforts in electrothermal propulsion include
multipropellant resistojets for Space Station, high
performance resistojets for spacecraft, low power
DC arcjets, and research on high power thruster
concepts.

Multipropellant Resistojets

Presently, multipropellant resistojets are
planned for drag make-up propulsion on the I0C
Space Station (Fig. 5). A number of technical
issues were addressed in order to provide the con-
fidence required for that selection. Grain stabi-
1ized platinum was selected3 for the heat exchanger
and nozzle and many tests were performedmr22 in
material test cells to verify the compatibility of
the stabilized platinum with candidate propellants.
Figure 6 shows some details of that test program
which now includes over 20 tests of 1000 hr, or
greater, duration on COp, CHg, Hp, NH3, Np, Hp0
(steam), and NpHs. Sample temperatures were held at
1400 °C except for methane and hydrazine for which
lower temperatures were used, respectively, to avoid
decomposition and simulate the output of a hydrazine
catalyst bed. The calculated lifetimes, based on a
criterion of a 10 percent mass loss and an assump-
tion of linear mass loss with time, were generally
over 1x10% hr (Fig. 6). These 1ifetimes are far
greater than required for the Space Station appli-
cation. Further 1ife verification tests included
the recent completion23 of a 2000 hr/2400 thermal
cycle test of a laboratory model platinum resisto-
Jet operated on COp. This test confirmed many of
the processes planned for the flight thruster, such
as diffusion bonding and welding, and provided
information on phenomena such as grain growth as a
function of temperature and materials treatment.

The potential impacts of plumes were of high
interest to various potential users of the Space
Station. A program was, therefore, initiated24
to characterize the upstream and downstream plumes
of the multipropellant resistojet. Accurate deter-
mination of low level flow fields, especially
upstream of the nozzle, is an extremely difficult
process and was found to require very high pumping
speed vacuum chambers, using large amounts of cryo-
gens, and special test equipment, such as precision
temperature controlled quartz crystal microbalances.
The plume characterization effort is still in prog-
ress but initial results (Fig. 7) are promising in
that reasonable agreement has been obtained between
measurements and simple plume predictﬁons24 of
the downstream plume shapes.

Several engineering model3,15 resistojets have
been fabricated and tests are underway to charac-
terize the performance, thermal properties, and




electrical interfaces as a function of propellant
type and power level. The Space Station power
distribution is now planned to be about 208 V at

20 kHz. Gruber2® has designed and inteqrated a
power processor concept which provides electrical
isolation and 20 kHz to the thruster. The power
processor is extremely simple, consisting of less
than ten parts, and 1imits inrush currents in order
to minimize thermal/mechanical shocks on startup.

High Performance Resistojets

tfforts are underway to increase the specific
impulse of low power, hydrazine resistojets from
the 300 sec level, presently available,< to 335 sec
and greater. Analytical and experimental studies
of fundamental phenomena, of special importance at
low Reynolds number conditions, are in progress,
along with efforts to design and verify the per-
formance and lifetimes of high specific impulse
resistojets.

The Reynolds numbers of resistojet, and arc-
jet, nozzles are very low, typically less than 2000
to 3000. As a consequence, boundary layers are
thick and the flow fields will be very different
from potential flow situations. Calculations have
been initiated2® of the nozzle flows and an exam-
ple, for a Reynolds number and expansion ratio of
103 and 102, respectively, is shown in Fig. 8. The
thick boundary layers are evident and, as has been
typically found, the Mach number peaks near the
throat region. As much of the flow is subsonic,
ambient vacuum facility conditions can potentially
affect observed performance. Tests to determine
ground test effects are underway.2! The thrust
levels of a single resistojet, operated at various
flow rates of heated and unheated nitrogen, were
directly measured and the usual thrust correction
to account for ambient pressure was then applied.
The corrected specific impulses of unheated flows
were unaffected by the facility pressure over the
range evaluated. With heated flows, however, there
was a consistent increase of corrected specific
impulse, up to 7 percent, as the pressure was
reduced to Tess than about 5 ym. At present, it is
felt that the observed behavior is due to heat
transfer effects and work is continuing to estab-
1ish general criteria for correctton of thrust
measurements for very low pressure operation.

Experimental evaluations of low Reynolds num-
ber nozzles are also in progress.28 Unheated
hydrogen and nitrogen are being tested with bell,
conical, and trumpet shaped nozzles over ranges of
expansion ratios, divergence angles, and Reynolds
numbers from 25 to 200, 15° to 25°, and 500 to
6000, respectively. In general, 1ittle variation
of nozzle efficiency with nozzle design was observed
at Reynolds numbers above about 1500. Aithough
preliminary, at lTower Reynolds numbers the trumpet
and conical nozzles appear to show better perform-
ance than the bell nozzles, with the difference
increasing with decreasing Reynolds numbers.

Component tests for high temperature resisto-
Jjets are underway and a design with potential for a
mission average specific impulse above 335 sec has
been completed by the Rocket Research Company.?29
The concept will use: (1) a pressurized heater
cavity to reduce sublimation, (2) rhenium for
improved creep rupture, and (3) high temperature
stable surface texturing to increase heat transfer

efficiency over the 1ife of the resistojet. At
present, plans are to test a precursor design in
mid 1987 to validate design concepts prior to
fabrication and tests of a flight type thruster in
late 1987.

Low Power DC Arcjets

The NASA arcjet program has concentrated to
date on low power DC arcjets which are candidates
for auxiliary propulsion. It should be noted that
the Air Force sponsored arcjet program has concen-
trated on h1gh power, approximately 30 kW, DC
achets.30‘3 A strong interaction in arcjet
technology is maintained between the Air Force and
NASA via a Memorandum of Agreement (MOA) between
the Air Force Rocket Propulsion Laboratory and the
NASA Lewis Research Center. This interaction
fosters rapid interchange of information, which is
of importance due to the generic applicability of
many findings of the Air Force and NASA arcjet
programs.

In initial tests with state-of-the-art, low
power arcjets,33 startup was very erratic and was
often accompanied by significant cathode and anode
erosion. Typically, startup would be accompanied
by sparking during arc ignition and very unstable
volt-ampere arc characteristics subsequent to arc
ignition. The flow fields in the heat exchanger
were changed to include a strong vortex. Addition-
ally, a power processor which used pulsed startup
and very rapid response circuits was designed and
1mp1emented.34 These two changes, along with
minor geometric variations, resulted in reliable,
nondamaging arcjet startups (Fig. 9). Subsequently,
over 300 starts were demonstrated on a 1 kW arc-
jet.35,36 The conditions of the electrodes were
evaluated periodically during the startup test pro-
gram and it was observed that both the cathode shape
and the electrical startup characteristics became
constant after a few starts and did not signifi-
cantly change for the duration of the testing. It
was also found that the flow field and power proc-
essor changes led to decreased cathode erosion
during steady state operation (Fig. 10).

Arcjet performance tests were performed with
hydrazine and hydrogen/nitrogen mixtures over a
wide range of flow rates, power levels, and geome-
tries. It was found that the specific impulse was
nearly specified by the ratio of power to mass flow
rate for many thruster geometries (Fig. 11) and
values of specific impulse between 400 and 730 sec
were demonstrated with hydrazine propellant.37
An attractive feature of arcjet systems is their
potential for use of space qualified subsystems.
This commonality was verified by the successful
integration of an arcjet with the catalyst bed,
propellant management components, and mountin
structure used with operational res1stojets.3

Arcjets used for N-S stationkeeping will be
required to operate between about 200 and 300 hr.
Life tests of 100 hr on hydrogen-nitrogen gas mix-
tures and 40 hr on hydrazine have been performed on
laboratory, 1 kW class arcjets.38 After an inttial
burn in period, wherein the cathode assumed an
equilibrium shape, the thruster run on gas mixture
performed with negligible change in arc character-
istics. The hydrazine arc)et exhibited an increas-
ing arc voltage during the tests. Efforts are
underway to determine the cause of the performance




variation observed during the hydrazine life test

and preliminary indications are that it was due to
the design used, as opposed to any special effects
of hydrazine.

High Power Thrusters

Research was performed on pulsed and microwave
electrothermal thrusters. Interest in these devices
arises from their special characteristics which
promise high performance and long l1ifetimes at very
high levels of power. The Pulsed Electrothermal
Thruster (PET) alone, of present electric propul-
siun concepts, operates at pressures (200 to
1000 atm) high enough to allow recovery of molecu-
lar inelastic energy losses. This feature offers
the promise of uniquely high efficiencies at spe-
c¢ific impulses from 1000 to 1500 sec. Strong prog-
ress was made in PET research by the demonstration
of operation on water at an average power level of
500 to 600 W. Efficiencies in excess of 0.5 were
achieved at a specific impulse of 1400 sec and
indications were that efficiencies as high as 0.75
might be achieved through operation at higher power
and in lower pressure facilities.

Research has continued on the microwave elec-
trothermal thruster.30 This concept offers promise
in that it has been demonstrated that microwave
energy can be very efficiently transferred to a
gas. Additionally, plasmas can be suspended away
from direct contact with electrodes. These two
features may allow very high power densities to be
maintained consistent with wall temperatures appro-
priate for long life. Microwave energy coupling
efficiencies up to 0.98 have been achieved with
nitrogen and helium at powers up to 2 kW and plasma
temperatures and densities have been directly meas-
ured. Additionally, a number of interesting spin-
of f applications of microwave plasma heating have
been identified, including atomic oxygen sources
and material processing.

Ion
Efforts in ion propulsion included work on
thruster R&T, auxiliary propulsion developments,
and system technologies.

Thruster R&T

Strong advances were made in the performance
modeling of multipole jon thrusters. Brophy and
Wilbur, in a series of publ1cat1ons,41‘ have
provided both theoretical analyses and experimental
results to validate and illuminate their models. A
single algebraic equation was deve]oped41 to pre-
dict the beam ion energy cost as a function of
propellant utilization in terms of four parameters
essentially specified by the thruster geometry and
propellant type and the two controllable operating
parameters: propellant flow rate and discharge
voltage. For discharge voltages above propellant
dependent values, this model correctly pred’lcted42
observed variations in beam ion energy production
costs as a function of propellant type, ion beam
extraction area, discharge voltage, transparency of
ion optics to neutral propellant, and discharge
chamber wall temperature.#3 The basic performance
mode141 was then extended in order to allow pre-
diction of primary electron densities and Maxwellian
electron densities and temperatures. Experiments
performed with argon and xenon propellants were in

good agreement?4 with the predicted plasma proper-
ties. These efforts are important in that the gen-
eral impacts of variations in multipole thruster
geometries and operating points can now be esti-
mated with a fidelity not previously available.

Due to the major benefits of high power
thrusters for high power systems'® efforts con-
tinue to extend the operating envelopes of both
divergent field and multipole inert gas thrusters.
Xenon, 30-cm thrusters have been operated45 for
several hundred hours at 10 kW and components, such
as cathodes,45 capable of operating at significantly
increased emission currents, have been demonstrated
(Fig. 12). Designs of 50-cm thrusters have been
completed and the tooling required to fabricate
appropriate ion optics, the highest risk element in
50-cm thruster demonstration, has been completed
and blanks of stainless steel and molybdenum suc-
cessfully dished.

Auxiliary Propulsion Developments

Both 8-cm Ion Auxiliary Propulsion System
(IAPS) mercury ion thruster systems were removed
from the DOD spacecraft, successfully test fired,
and reinstalled on the spacecraft. The space test
now awaits a flight opportunity on the Space Shuttle
Orbiter.

Efforts to determine the wear mechanisms of
the INTELSAT/Hughes Research laboratories (HRL),
25-cm, xenon ion thruster are nearing completion.
In a test co-sponsored by INTELSAT, HRL, and NASA,
the ion thruster has accumulated over 4400 hr and
3700 cycles at nominal power and thrust levels of
1.3 kW and 65 mN, respectively. Electrical power
and propellant are supplied by the simplified power
processor and flight type pressure regulator des-
cribed in Ref. 46. The hours and cycles already
achieved are well in excess of those required for
10 years of N-S stationkeeping, by a single
thruster, of an INTELSAT VI class spacecraft.

Systems_Technology

Work is underway at JPL to address issues
which are important to ion propulsion systems and
to evaluate system considerations which affect sub-
system and component technology requirements.

Simpler, more reliable ion systems result from
both decreasing the number of thruster/power proces-
sor units, by increasing the power per thruster,
and operating on xenon propellant. For those rea-
sons, the 2.7 kW J-Series mercury thruster was mod-
ified to operate at 5 kW on xenon. Modifications
necessary to affect those operating changes
included: (1) removal of all insulating materiails
subject to high temperature degradation including
kapton, teflon, and vespel, (2) development of a
new, high voltage xenon propellant isolator, (3)
use of solid ground screens, and (4) implementation
of very compliant ion optics mounting systems.4?
Further system simplification has been accomplished
through the use of a central neutralizer subsystem. .
This system consists of two neutralizer cathodes.
Only one neutralizer is used at a time to neutralize
the ion beams from both engines. The second cathode
is included for redundancy.

To provide reliable on-command engine and
neutralizer cathode ignition, a gas pulse starting




system was developed. This system uses the simul-
taneous application of 500 V to the keeper electrode
and a short duration gas pressure pulse through the
cathode to assure transition through the Paschen
breakdown criterion. The use of this system also
eliminates the need to precondition the cathode
insert after exposure to air.

To assure an engine lifetime of 15 000 hr,
techniques by which the internal sputter erosion
may be reduced are being 1nvestigated.48 This
includes primarily looking at the effect of the
addition of small amounts of other gases such as
nitrogen to the propellant to inhibit sputtering.
tErosion rates are measured by exposing a section of
material polished to a mirror finish to the engine
discharge chamber plasma for up to 12 hr and then
measuring the etch depth with a profilometer.

An ion propulsion module using two, 5 kW, xenon
ion thrusters has been developed as a test bed for
systems technology49 and is shown in operation in
Fig. 13. A computer control system was developed
to operate the propulsion module autonomously
(Fig. 14). The computer control system can simul-
taneously or sequentially start any combination of
the two engines and two neutralizer cathodes. 1In
addition, the capability to throttle an engine under
computer control between a beam current of 0.75 and
4.0 A has been demonstrated. During normal opera-
tion the computer control algorithms provide pro-
portional control of the discharge current and
cathode flow rate to maintain the beam current and
discharge voltage set points. The main flow rate
is varied along with the cathode flow to maintain
the desired propellant utilization efficiency. Any
of the set points (beam current, discharge voltage,
propellant efficiency and beam voltage) may be
changed from the computer keyboard during engine
operation. This allows flexibility in throttiing
the engine that has never been available before.

In addition, the engine gimbal system 1s also under
computer control and the gimbal angle may be selec-
ted from the keyboard during operation. Finally,
the program can be operated in a mode in which it
will read preprogrammed commands stored on a mag-
netic disk. The computer will then execute these
commands, such as start-up, throttle, etc., as a
function of "mission time."

The implementation of concepts which simplify
and increase the reliability of 1on systems, along
with demonstration of those concepts in multi-
thruster systems with flight type control philoso-
phies, is an important step toward ultimate
acceptance of ion systems for major space missions.

Electromagnetic

In the electromagnetic area, research is
underway to provide understanding of the phenomena
controlling electromagnetic propulsion, and to
explore thruster concepts with potential for opera-
tion at very high power levels.

Major advances in plasma thruster theory have
recently been made at Princeton University. For
the first time, a universal description of pure
electromagnetic (MPD) thruster voltage/current ter-
minal behavior has been obtained.50 7The model has
been verified over a wide range of thruster propel-
lant types, propellant flow rates, and thruster
geometries (Fig. 15).

A characteristic current, Jfpp, at which full
jonization occurs in coaxial plasma thrusters, has
been defined in terms of first principles. At cur-
rents below Jgy, the hybrid regime, the plasmas
are partially ionized and based on extensive reviews
of plasma thruster performance, the ion velocities
appear to be 1imited to Alfvén speeds. At currents
above Jpy, the fully ionized regime, the analyses
indicate that thruster efficiencies, based on elec-
tromagnetic force contribution only, may be 1imited
to values less than achievable in the hybrid regime.
Based on these results, efforts are now underway to
explore the performance potentials of thrusters
operated in the hybrid regime, which represents the
transition operating mode between high pressure
electrothermal and fully ionized plasma thrusters.

Experiments also revealed both the highly non-
equilibrium nature of coaxial plasma thrusters and
the presence of plasma waves which are central to
their operation. A generalized criterion for elec-
tron superthermalization by the observed plasma
waves was identified and shown to be present in
coaxial thrusters. 1In order to better understand
plasma wave phenomena, experiments were implemented
which allow direct evaluation of the wave frequen-
cies as a function of wavelength, or wave disper-
ston relationships (Fig. 16).

Additionally, a steady state coaxial plasma
thruster facility is now operational that allows
steady state thruster operation at power levels up
to 40 kW at propellant flow rates up to 8x10-3 kg/sec
and background pressures less than 5x10-4 torr.

These new experimental capabilities will provide
insights into the importance of plasma instabilities
to thruster behavior and the potential performance
and 1ife levels of hybrid plasma thrusters.

Under Air Force sponsorship, Princeton Univer-
sity has developed®? and refined a nuclear sur-
face layer activation (SLA) measurement for in-situ
measurement of MPD thruster component erosion.
Recent efforts have improved calibration and data
management techniques and resolution of erosion
depths of about 0.25 um are now possible. The SLA
technique has been established and is an excellent
candidate for in-situ erosion rate measurements in
many electric propulsion devices in which there are
hostile env1ronment§)and very low erosion rates.

Efforts are also ongoing®2 at JPL to provide
the technology required for multimegawatt MPD
thrusters for high energy applications such as cargo
vehicles for Earth-orbit transfer and Mars missions.
The approach taken has been to define and test a
progression of subscale MPD thrusters of increasing
power level. Testing is now underway with a
thruster sized to operate at power and arc current
levels up to 100 kW and 3000 A, respectively
(Fig. 17). The thruster has operated for a total
of 8.5 hr during 72 tests of up to 55 min duration.
The highest power level attained to date was 72 kW
at an arc current of 1700 A. No performance data
have been taken as performance is expected to be
poor at these arc current levels which are rela-
tively low for the self field MPD concept. However,
the plasma densities and temperatures demonstrated
are projected to be similar to those of full scale,
megawatt engines.

Lifetime and reliability are key issues in the
subscale MPD test program. In that regard, recent




experimental findings pertaining to: (1) startup
procedures, (2) the cathode-insulator interface,
and (3) cathode temperatures are presented.

The startup process is found to be critical in
that a cold start always entails erosion of the
cathode, and usually the nearby insulator. Once a
significant asymmetry in either the cathode or the
insulator shape develops, a symmetric, stable arc
is almost impossible to obtain. A smooth, non-
destructive starting technique has been devised.
This employs an auxiliary set of gas injection jets
to support a 800 W glow discharge. This discharge
heats the cathode to incandescence at which point
the main power may be applied, without any visible
erosion.

The cathode-insulator interface is a location
of particularly high power density and heat loads
in the MPD thruster. Testing has shown that the
arc on the cathode tends to burn underneath the
insulator causing rapid insulator erosion. An
electrically isolated buffer electrode has been
found to solve the problem. When placed within a
distance estimated to be smaller than the cathode
sheath, the buffer electrode effectively prevents
arc damage to the insulator.

Finally, cathode tip temperatures have been
measured and found to be within a reasonable upper
1imit (1800 to 1900 °C) such that rapid evaporation
is not expected. These temperature measurements
were taken over current densities that range from
100 to 200 A/cm?, which are expected in full sized
MPD thrusters.

Summar

A number of studies have been recently per-
formed which quantify the benefits of electric pro-
pulsion for a very broad set of space missions.
These analyses additionally helped define technolo-
gies of highest relevance to future missions. The
research and technology programs in electrothermal,
ion, and electromagnetic propulsion have resulted
in significant technical advancements in fundamental
understanding and hardware maturity. These advance-
ments, along with the ongoing successful flight
applications, should result in increased confidence
and payoff in application of electric propulsion.
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TABLE 1. - NET MASS AND COST BENEFITS PROVIDED
BY XENON ION PROPULSIONa
Power source Spacecraft stabilization technique
Spin Three axis
Batteries |Batteries | Solar |Batteries
and solar [and solar |{only {and solar
Thrust, mN 35 130 130 130
Net mass
benefit, kg 303 218 216 260
New cost
benefit, M 64 44 41 54
aRef. 12.
TABLE 2. - CO-ORBITING FREE FLYER SERVICING
PROPELLANT REQUIREMENTS, kGa
Mission Propulsion technology
Hydrazine | Resistojet |Arcjet | Ion
chemical
Hubble telescope 1681 1239 614 | 108
AXAF 682 523 257 45
Micro-gravity,
variable-gravity 52 39 19 4
Gamma ray
observatory 3704 2894 1475 | 264
dRef. 16.

TABLE 3. - COST OF DEPLOYMENT OF
GPS GALAXY (28 SATELLITES)
Propulsion system |Deployment cost,

tM
Reusable NEPSa 538
PAM D-II 822
Centaur-G 2491
IUS 3848

470 day delivery time.
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