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Abstract

Three electromagnetic propulsion technologies, solid propellant pulsed - plasma -thrusters (PPT),
magnetoplasmadynamic (MPD) thrusters, and pulsed inductive thrusters (PIT), have been developed for application
to auxiliary and primary spacecraft propulsion. Both the PPT and MPD thrusters have been flown in space, though
* only PPTs have been used on operational satellites.  The performance of operational PPTs is quite poor, providing
only ~ 8% efficiency at ~ 1000 s specific impulse. However, laboratory PPTs yielding 34% efficiency at 2000 s
specific impulse have been extensively tested, and peak performance levels of 53% efficiency at 5170 s specific
- impulse have been demonstrated. MPD thrusters have been flown as experiments on the Japanese MS-T4
spacecraft and the Space Shuttle and have been qualified for a flight in 1994. The flight MPD thrusters were pulsed,
with a peak performance of 22% efficiency at 2500 s specific impulse using ammonia propellant. Laboratory MPD
thrusters have been demonstrated with up to 70% efficiency and 7000 s specific impulse using lithium propellant.
While the PIT thruster has never been flown, recent performance measurements using ammonia and hydrazine
propeliants are extremely encouraging, reaching 50% efficiency for specific impulses between 4000 to 8000 s. This
paper reviews the fundamental operating principals, performance measurements, and system level design for the three
types of electromagnetic thrusters, and availabl¢ data on flight tests are discussed for the PPT and MPD thrusters.

Introduction

Electromagnetic plasma thruster applications range from currently operational 30 W pulsed plasma thrusters
(PPTs) used for satellite positioning and drag make-up to proposed 100 kW class magnetoplasmadynamic (MPD) and
pulsed inductive thrusters (PIT) for robotic and piloted planetary exploration. The benefits of using electromagnetic
thrusters include their ability to provide small impulse bits for satellite positioning, high specific impulse,
robustness, high power processing capability, and system simplicity. While all electromagnetic thrusters rely on
the interaction between a discharge current and the self-induced and/or an externally-applied magnetic field to generate
thrust, the different thruster types achieve their performance goals in very different ways. In addition, their capability
for pulsed operation offers the opportunity to achieve the higher performance associated with high power operation at
low average power levels, permitting application of these technologies to nearer term missions. Pulsed thrusters
- also permit relatively simple system level scaling with available spacecraft power via changes in the thruster pulse

frequency.

Like most electric propulsion systems, electromagnetic thrusters underwent an intense period of development
during the 1960’s and early 1970’s. These efforts culminated in first flights of solid propellant pulsed plasma
thrusters in the Soviet Union in 19641 and in the United States in 1968.2 The Soviet PPT flight, in which the’
thruster provided attitude control for the Zond-2 spacecraft on its way to Mars, was the first use of electric propulsion
on a planetary spacecraft. The U.S. has launched several satellites using PPTs for attitude control and drag make-up,
and currently has 3 operational satellites (the NOVA series) using PPTs for high accuracy satellite positioning.2-5
China launched its first PPT in 1981.6 While an attempt has been made to increase the PPT power level to several
hundred watts, several design problems discussed below have so far prevented this advance.” Other electromagnetic
thrusters, however, are better suited to higher power applications. After the late 1960’s, work on higher power
thrusters in the United States was continued at a much reduced level, though there has recently been a resurgence of
interest in the high power propulsion technologies.89 '



This paper is divided into three main sections, the first describing work on pulsed plasma thrusters, the second
focussing on magnetoplasmadynamic thrusters, and the last addressing the status of pulsed mducuve thrusters. For
each thruster type the principles of operation and typical performance data are discussed first, followed by a‘review of
flight experience and technology development requirements. Finally, a summary of tbe status of electromagnetic
propulsion technology for spacecraft propulsion is provided. i

Ised Plasma Th

Princi f ion and Typical P Level ;

'I'he only plasma propulsion concept currently used on U.S. satellites are solid propellant pulsed plasma
thrusters. In these devices, shown schematically in Figure 1, a solid fluorinated polymer bar is inserted between
two planar electrodes and an arc discharge is initiated across its face using a small ignitor electrode The high arc
current ablates a small amount of fluorinated polymer, which is then accelerated toward the exit plane by the Lorentz
body force arising from the interaction of the discharge current and the induced perpendxcular magnetic field.
Depending on the thruster design and operating conditions, a substantial fraction of- the ablated ﬂuormated polymer
may consist of neutral atoms, and these are accelerated gas dynamically.10’

The fluorinated polyiner plasma thrusters evolved from earlier devices which utilized gaseous propellants, with
high speed valves providing short bursts of propellant for acceleration.11-13 Some of these thrusters reached a rather
advanced state of system development,14 though none ever approached flight status. A majof limitation with
gaseous pulsed plasma thrusters is the requirement for extremely fast, highly reliable valves. ThlS requirement was
eliminated by replacing the gaseous propellant with a solid dielectric bar, and studies in the late 1960’s led to the
selection of fluorinated polymer as the most appropnate propellant.

Models of PP'I‘ plasma acceleration are usually based on circuit analysis in which the rapidly moving arc is
included as a variable inductance.14.15 As shown in Figure 2, the thruster is basically a one turn mductor with the
arc forming a moving conductor. The equivalent circuit for the thruster is shown in Figure 2, where L,andRpare

the variable inductance and resistance arising from the moving arc. Standard circuit analysis techmques are used 0
predict the arc position as a function of time or arc velocity. The rapid change in inductance as the arc traverses
downstream gives rise to an induced voltage drop, and a key feature of the devices is that a significant fraction of
their voltage drop results from the dynamic nature of the discharge. The major difficulty of modeling the acceleration
process arises during the calculation of the plasma parameters needed to predict R, and L, .15

A typical time history of a fluorinated polymer PPT discharge is shown in Figure 3. The‘capacitor is first
charged to over 1000 V and the discharge is initiated using a small spark plug. Following a rapid rise of discharge
current to several thousand amperes, the discharge then rings as a damped oscillator, with a characteristic that depends
on the circuit inductance and impedance. The peak power for the case shown exceeds 3 megawatts, These data were

obtained from an early laboratory device. Flight qualified thrusters for the LES-8/9 satellites operated at a peak
current of 18 kA with a total discharge duration of about 12 ps.16

Data obtained with a large variety of PPT geometries and circuits have been used to establish empirical
performance trends.15,17-24 Typical results are shown in Figures 4 and 5. . In Figure 4 the impulse bit and specific
impulse obtained using the rear-fed geometry shown in Figure 1 are plotted as a function of the energy stored in the
capacitor. While both the impulse bit, defined as the total impulse delivered per thruster dxscharge and specific
- impulse generally increase with capacitor energy, the degree of scatter in the specific impulse is qune large. Peak
specific impulse for the discharge energy range shown in Figure 4 is 400 s. Figure 5 shows data for a side-feed PPT
with flared electrodes. The energy was increased to 20 J/shot, and the specific impulse increased to a peak of 1400 s. -
Thruster performance was varied by changing the spacing between two fluorinated polymer propellant faces in the
discharge chamber.? The increased propellant surface area exposed to the arc with a side-feed configuration was




found to significantly increase the ablated propellant mass per discharge over that obtained with the rear feed
configuration, resulting in a higher impulse bit, but reducing the specific impulse for a given discharge energy. This
effect was dramatically shown by Palumbo and Guman, 2! who showed that simply changing from a side-feed to a
rear-feed geometry at a constant discharge energy of 450 J increased the specific impulse from 1280 to 5170 s, and
raised the efficiency from 23% to 53%. '

Other fluorinated polymer PPT studies examined the influence of electrode length, width, shape, propellant
geometry, the use of external magnetic fields, and choice of electrode material. Of particular importance, increasing
the electrode lengths from 7 cm to 17 cm increased the thruster efficiency from 26 to 35% for a side-feed thruster
with a discharge energy of 750 J.22 PPT models have been used to establish performance trends for simple parallel
rail electrode geometries, !5 but no first-principles analysis of PPTs has been performed. For instance, the
proportionality between impulse bit magnitude and the stored energy is well predicted, but the quantitative
relationship is very sensitive to the effects of field-fringing at the accelerator side-walls and the initial plasma
conditions.15 Neither of the latter are easily accounted for in the models. The models also correctly predict the
behavior of mass ablated/shot, specific impulse, and efficiency with circuit parameters for the simple rear-fed designs
with parallel electrodes. -

The introduction of applied magnetic fields was also found to significantly improve PPT performance. 19,24
Figure 6 shows a schematic of an applied-field PPT, and Figure 7 shows that increasing the applied-field strength
from 0 to 0.3 T resulted in a specific impulse increase of almost a factor of three and a half and an efficiency
increase from 20% to 34% for this thruster design. However, a corresponding decrease in the ablated mass/shot
decreased the impulse bit. The increased accelerating magnetic field appears to have decreased the arc residence time
near the fluorinated polymer surface, which decreased the heat flux to the propellant and resulted in the observed
decrease in mass/shot. No predictive model exists which includes the effects of the applied magnetic fields.19

PPT lifetime has been studied via a series of lifetests. Thruster system demonstrations have exceeded 107 pulses
for flight qualification.3,16,25-27 No thruster life limitations were reported for the early flight systems with
discharge energies of a few joules, but when an attempt was made to scale up to, several hundred joules per discharge
the copper anode was found to erode severely near the thruster exit plane.22 Surface analysis indicated the problem
was local melting of the anode material. Extensive materials testing resulted in the data listed in Table 1, which
show that graphite and copper have the lowest erosion rates for a given configuration, though the difference between
them was not large enough to solve the problem.22 The problem was ultimately resolved by increasing the electrode
length by over a factor of two, leading to-a reduction of the arc residence time at the exit plane. It appears that
increasing the discharge energy, with the resultant increase in arc velocity, caused the arc to reach the end of the
electrodes before the capacitors had fully discharged. This increased the arc residence time at the thruster exit plane.
For the short electrode configuration the arc should have traversed the electrodes in approximately 5 s, so that it is
not surprising that the 30 ps discharge28 caused significant erosion. A similar phenomenon has been carefully
documented for gaseous pulsed accelerators when the current pulse duration exceeded the time required for the arc to
traverse the electrode length.29 : :

Pulsed Plasma Thruster Flight Experience ,

There is an extensive data base of flight and flight-qualification experience for solid propellant pulsed plasma
thrusters.2-5,16,25-27,30,31 Shown in Figure 8 is a plot of impulse bit vs. discharge energy for some of the major
space test programs. Of those shown, L-4SC-3 and ETS-IV were Japanese flights, MDT-2A was Chinese, LES-9
and SMS (Synchronous Meteorological Satellite) were U.S. satellites which were flight qualified but not flown, and
the side-feed PPTs, developed principally in the U.S., never reached full flight-qualification. The LES-6 mission,
. launched in 1968, lasted for 5 years during which the four PPT thrusters on the spacecraft delivered a total of 6.8x107
pulses with impulse bits of 26.8 uN-s. The three NOVA spacecraft, launched between 1981 and 1985, are currently
in use as part of the U.S. Navy’s TRANSIT navigation satellite series.5

A typical PPT flight system schematic is shown in Figure 9. The particular casé shown is that for the Chinese



MDT-2A flight. The power conditioner controls the charging of both the ignitor and energy storage capacitors, and
once charging is complete the controller sends a firing signal to the ignitor. The energy storage mpacuor discharges
as soon as the conductivity between the thruster electrodes increases to a high enough value. As shown in Figure 1,
a negator spring forces the fluorinated polymer propellant up against a step on one of the thruster eléctrodes.

Figures 10 and 11 show a component level breakdown and an assembled PPT used on the NOVA spacecraft
series.4 The fluorinated polymer propellant bar had a V-groove cut in the exposed face (90 degree mcluded angle) to
* _increase the propellant surface area subject to the accelerating arc. In addition to satisfying the thruster performance
requirements, the thruster housing and nozzle exit designs were constrained by electromagnetic interference (EMI)
and spacecraft contamination considerations. These issues are further discussed below. The NOVA spacecraft
provides approximately 30 W of power to the PPT system, and each thruster discharge uses approxxmately 45 pg of
fluorinated polymer to provide a 0.374 mN-s impulse bit. The fluorinated polymer propellant bar i 1s sized to provide
approximately 1.3 x 107 discharges, yielding a total impulse of about 4.5 x 103 N-s over the 10 year design lifetime.
A flight PPT system with a total.impulse capability of 7320 N-s per thruster was developed | \for the LES-8/9
spacecraft.!6 The LES-8/9 thrusters were fully flight qualified but were never flown.16 |

Electromagnetic interference (EMI) induced by the high voltage and current transients during the thruster
discharge was the most serious problem encountered during PPT qualification testing.5,30,32,33 ‘While considerable
effort was expended to eliminate EMI on the early LES-6 flight, even the first NOVA satellite, launched 13 years
later, experienced a gradual onset of EMI induced problems. The investigation leading to a soluuon for the NOVA
spacecraft is described in detail by Ebert et al.,> where it was found that simple modifications of the grounding

circuitry resulted in large reductions in radiated EMI. Other EMI experiences with all types of electnc propulsion
systems are reviewed by Sovey et al.33

The second major integration issue was spacecraft contamination by the thruster exhaust. thle this was not
considered a significant issue with the early low energy discharges,34 considerable effort went mto quantifying the
plume characteristics for the higher energy thrusters.31,34-36 Using a variety of diagnostics, ranging from high
speed photography to mass spectroscopy, it was found that the PPT plume consisted predominantly of neutral
atoms, with ionization fractions below 10%. Plume species include atomic carbon, fluorine, hydrogen, oxygen, and
a variety of molecular species.31 Deposition measurements made using quartz-crystal microbalances in the Molecular
Sink Facility at JPL showed that the original thruster nozzle design yielded considerable deposition of exbaust
products on surfaces upstream of the thruster exhaust.34 Increasing the nozzle expansion half-angle from the

original 15° to 30° to expand the neutral plume constituents to a lower pressure resulted in up to a factor of two
reduction in backflow.34

Pulsed Plasma Thruster Technology Requirements

With the advent of new low-power, low-mass satellite constellations there is potential for apphcauon of PPTs
to drag make-up, attitude control, and even primary propulsion functions in low-Earth orbit.37 Their capability of
providing a wide range of thruster performance by simply changing the geometry of the propellant surface exposed to
the arc discharge is apparently unique. In addition, recent developments in plastics technologies may further expand
the performance capabilities of PPTs and permit system simplifications for higher total impulse missions.
However, for higher power PPTs to become competitive with other propulsion technologies, improvements must
be demonstrated in capacitor technology, system reliability, and high performance thruster lifetime.? The major
problems experienced during the course of higher power PPT development were capacitor failur]e, propellant feed
jamming, uneven erosion of the propellant, and insulator breakdown between the capacitor and thruster assembly.”?
While many of these problems have been resolved,”.38 the application of PPTs to low-power spacecraft requires
demonstration of a long life, high performance thruster. Substantial performance improvements have been
demonstrated in the laboratory by changing the propellant geometry,2! increasing the electrode length,22 or applying
external magnetic fields.19 However, the system level implications of these changes have not been studied. Thus,
while improvements have been demonstrated, no consistent performance and lifetime data base exists at higher
discharge energies, and ultimate performance limits have not been established.




In addition to PPTs, MPD thrusters are the only other electromagnetic propulsion device which bas flown in
space. These thrusters operate on the same general principles as pulsed plasma thrusters, though the discharge
duration is sufficiently long for the current and plasma flow to reach a steady-state distribution, which usually
occurs within 200 ps. MPD thrusters are operated either steady-state for several hours at a time or quasi-steady, in
which the discharge is pulsed for 1 to 10 ms at a frequency determined by the peak instantaneous power and the
available spacecraft power. Only quasi-steady MPD thrusters bave flown. Two recent reviews have been written
about MPD thruster technology. The first, by Sovey and Mantenicks,8 covers experimental performance and

lifetime studies until 1987. The second, by Myers, Mantenieks, and LaPointe® covers both experimental and.
modeling efforts through 1991.

A typical apphed-ﬁeld MPD thruster is shown i in Figure 12. Self-field thrusters are similar in design, but do
not include the external magnet coil. Gaseous propellant is injected through an insulator at the rear of the chamber,
and an arc is struck between the anode and cathode using a high voltage ignitor supply. The Lorentz force resulting
from the interaction between the stationary discharge current and the self-induced Bg and externally applied B; and B,

magnetic fields accelerates the resulting plasma. Two force components arise from-the self-induced field, an axial
force due to the j By interaction, and a compressive force due to the j,Bg interaction.” Use of an applied magnetic
field gives rise to additional accelerating terms, including azimuthal acceleration which spins the plasma, and both
radial and axial force terms involving the azimuthal current induced by the presence of pressure and magnetic field
gradients. The azimuthal momentum is partially converted to thrust in the diverging magnetm field downstream of
the exit plane.

Only self-field MPD thruster acceleration has been successfully modeled analytically. Performing a volume
integral of the J x B force terms yieldsl4
. 2 :
r=Fol (R ]
4 R

C

M

where ] is the discharge current, R, and R, are the anode and cathode radii, and X is a constant between 0.5 and 0.75
which depends on the current distribution on the electrode surfaces. This equation does not include contributions
from gas dynamic expansion. More sophisticated numerical MHD codes have shown that gas dynamic expansion is
* important at low currents or high propellant flow rates in self-field thrusters,39-42 though these regimes are usually
associated with specific impulses below 1500 s. The sclf-field thruster discharge voltage has yet to be accurately
modeled. This in large part reflects neglect of the electrode region, 394344 though anomalous resistivity arising
from plasma instabilities appears to play a role.45.46 Recent numerical studies have also evaluated the impact of
thruster lifetime requirements resulting from cathode current emission constraints on thruster performance limits.47

Models for applied-field MPD thrusters have not been nearly as successful as those for self-field devices.. Very
few have been published,#8-5! and all have relied on severe assumptions about the plasma ionization state and
transport properties. Comparisons with experimental thrust measurements have shown substantial disagreement
between measured values and predictions.51,52  An effort is currently underway to develop an improved numerical
MHD code incorporating applied-field effects,53 and initial results are encouraging.

A great deal of experimental data has been collected with both self-field and applied-field MPD thrusters. Major
results include performance scaling with thruster geometry, discharge current level, applied magnetic field strength,
and propellant type and flow rate.54-58 A summary of recent MPD thruster performance measurements is given in
Figures 13 through 16. Data obtained at power levels over 600 kW came from quasi-steady tests. Thruster
efficiency is shown as a function of specific impulse and power level in Figures 13 and 14, respectively. The.
highest performance was obtained with lithium propellant at 70% efficiency and 5000 s specific impulse.8,59 While



extensive testing with lithium was done in the 1960’s and early 1970’s, the work was terminated due to budgetary
cutbacks. It is clear that the applied-field thrusters have consistently shown higher efficiency and specific impulse
than the self-field thrusters.57.58,60 There is also a trend toward increasing efficiency as a function of discharge
power, though this is not true for the specific impulse (Figure 15). Figure 16 shows a comparison of performance
levels for argon and hydrogen propellants with a steady-state applied-field thruster operated at power levels between
20 and 85 kW. While the shape of the curves is the same, using hydrogen greatly extended the operating range and
performance.

In addition to the performance measurements, considerable success has been achieved in the identification of
major efficiency loss mechanisms and the causes of unstable thruster operation. For both self-field and applied-field
MPD thrusters the dominant loss mechanism is power deposition to the anode.57:61.62 For current thruster designs
it varies between 30% and 90% of the thruster input power. The anode power fraction has been shown to decrease
with both increasing power and applied magnetic field strength. Recent work has also established that the applied-
magnetic field shape has a large impact on anode power deposition.63:64 Other major losses include propellant
dissociation and ionization, cathode heating, and plume divergence.43 i

~ MPD thruster lifetime limiters have been examined for both quasi-steady and steady-state thrus\;ters. The longest
quasi-steady thruster lifetests have lasted over 3 x 106 pulses for a total impulse of approximately 7.3 x 104 N-s.65
'The major life limiter for quasi-steady thrusters is cathode erosion, which can be as high as 20 pg per coulomb of
charge transferred through the cathode.66 Testing in Japan has revealed that use of low work function cathode
materials reduces this to approximately 0.6 11g/C.65 Steady-state thrusters have been tested at 30 kW for 500 hours
using ammonia propellant, yielding a total impulse of 1 x 106 N-5,67 and at 100 kW for. 50 h using hydrogen
propellant, yielding a total impulse of 5 x 104 N-5.68  Steady-state MPD thruster lifetests have revealed that
cathode erosion is very sensitive to propellant purity and the ambient pressure at the cathode surface,? and recent tests
have examined the possibility of using hollow cathodes.69 A recent 60 kW lifetest using argon propellant failed
after 30 hours as a result of copper anode sputtering by the high speed propellant atoms.’0 For specific impulses
over approximately 1500 s the energy of argon ions or atoms exceeds the sputter threshold energy of the copper
anode. This problem can be solved by restricting the choice of propellants to light gases such as hydrogen,
deuterium, or lithium. The lower atomic mass for these propellants reduces the particle energy to| values below the
anode sputtering threshold for specific impulses of interest. . o ‘

Magnetoplasmadynamic Thruster Flights : ' L

The first major MPD thruster flight test occurred in 1980 on the Japanese MS-T4 spacecraft.71,72  The
thrusters were mounted so as to generate torque on the spacecraft and permit measurement of the thruster impulse bit
via changes in the satellite spin rate. The thruster, shown schematically in Figure 17, included an applied-magnetic
field and the anode was segmented to permit rapid diffusion of the applied-field into the discharge region. The
thruster cathode was a hollow tungsten tube through which the ammonia propellant was injected. The discharge was
ignited using a small trigger circuit consisting of a 2 pF capacitor charged to 3 kV, which was connected to an
electrode inserted between the main thruster electrodes. The peak discharge current and voltage were 700 A and 150
V, respectively, yielding a peak power of approximately 100 kW. Each thruster discharge lasted 1.5 ms, consumed a
total energy of about 200 J, and generated an impulse bit of approximately 0.7 mN-s. The instantaneous thruster
performance was 22% efficiency at 2500 s specific impulse, though the system level performance was degraded by
having a propellant pulse which was 4 times as long as the discharge. The MPD thruster system configuration is
shown in Figure 18. The power conditioning unit contains elements for the trigger circuit, the main capacitor bank
charging unit, the fast acting valve (FAV), and heaters for the ammonia propeliant and valves. The FAV controls
the propellant flow to the thruster. The ammonia propellant feed system contains a filter, orifice block, and shut-off
valve, where the first two items were required to ensure that only gaseous ammonia reaches the FAV. During the
flight the MPD thruster system was successfully operated for over 5 hours and accumulated over 400 discharges.
While some problems were experienced during the flight experiment with thruster misfirings, it did successfully
demonstrate operation of quasi-steady MPD thrusters in space. -



The second MPD thruster flight test involved using a thruster as a plasma source to study charging of the Space
Shuttle.73-77 This experiment, part of the Space Experiment with Particle Accelerator (SEPAC) series, was
launched in 1983 into a 245 km orbit as part of Spacelab 1. While the system elements were the same as for the
earlier flight, their configuration and qualification testing were changed significantly to accommodate the
requirements for mounting on a manned spacecraft. The MPD thruster system and operating conditions were selected
on the basis of the spacecraft charging experiment requirements, and not on the system’s potential propulsion
applications.’8 For the SEPAC test, the external magnetic field was eliminated from the thruster design and the
propellant was changed to argon gas. The placement of ‘the SEPAC assembly on the Shuttle Spacelab pallet is
shown in Figure 19, and the internal configuration is shown in Figure 20. The Neutral Gas Plume experiment
(NGP) shown in Figure 20 was not part of the MPD thruster test, but was mounted on the same structure for
convenience. System testing, including thermal, structural, electronic, and EMI, is described in detail by jichi et
al.77 and Kuriki.”3 Because the goals of the flight test were to study orbiter charging as a function of electron beam
. current and MPD thruster plasma injection, no attempt was made to accumulate thruster firings or measure the in-
space impulse bit.78 A total of only 20 MPD thruster firings were accumulated, each discharging a total of 2kJ at a
peak power of almost 2 MW (8000 A and 240 V). Nevertheless, the SEPAC test successfully demonstrated the
operation of a high peak power MPD thruster system on the Space Shuttle.

Another Japanese flight test of an MPD thruster system for propulsion application is planned for launch on the -
new H-II launch vehicle in 1994.79 Known as the Electric Propulsion Experiment (EPEX) on the Space Flyer Unit
(SFU), the MPD thruster will utilize hydrazine propellant in a self-field thruster operated at peak power levels of 2
MW. The effort is part of the ongoing Japanese effort to develop a propulsion system which can be easily scaled to
a variety of spacecraft power levels and mission requirements.’® The primary experiment goals are to demonstrate
operation of an MPD thruster propulsion system which comes close to matching operational requirements, and to
verify ground based performance data. While the original propulsion system power was quoted as 1.25 kW, launch
vehicle constraints have since reduced this to 430 W, with commensurate decreases in propulsion system
performance. At present, the system specific impulse is only 600 s due to the decrease in discharge duration from
1 ms to 150 s, which decreased the fraction of the injected propellant accelerated by the discharge to about 50% of
the total injected propellant.’8 When more power becomes available for propulsion, the system performance will be
improved by increasing the discharge duration. To date the complete system has been tested to 3 million pulses, and
- thermal, structural, and EMI compatibility has been verified.65,80-86 :

MPD Thruster Technology Requircments .

The major issues currently preventing the application of MPD thrusters to primary propulsion applications are
low thruster efficiency, available spacecraft power, and spacecraft integration. While adequate thruster efficiency has
been demonstrated with lithium, use of condensable propellants is likely precluded on near-term, low-power
spacecraft due to the potential for spacecraft contamination. The highest non-condensable propellant performance for
current thruster designs is below 40%, though high power pulsed devices are showing evidence of significantly
improved performance when operated using hydrogen and deuterium propellants.65.87 :

Many analyses have been done for MPD thruster propulsion systems. These range from steady-state multi-
megawatt propulsion systems for manned Mars missions88 to quasi-steady 100 kW class systems for planetary
exploration.89 Near-term applications will likely be on spacecraft with between 10 and 50 kW power levels for
propulsion, for which demonstrated steady-state thruster efficiency to date is below 25%. This limitation can be
overcome by either identifying improved thruster designs or by adopting the quasi-steady thruster approach used by
the Japanese. If the latter approach is taken, significant improvements in capacitor and valve technologies are needed
for MPD thrusters to successfully compete with alternative electric propulsion technologies.



Pulsed Inductive Thrusters

Pulsed inductive thrusters (PITs) have been developed in the hope of clunmaung thruster hfeume concerns by
relying on induction of plasma currents rather than current conduction through electrode surfaces. A photograph of
a current PIT design is shown in Figure 21, and schematic diagrams of the thruster operation are shown in Figures
22aand 22b. The thruster consists of a flat spiral drive coil covered by a thin insulator with a propellant distribution
nozzle extending out from the center of the coil. As shown in Figure 22, a propellant pulse generated from a high
speed valve is injected from the nozzle onto the drive coil surface and a high current pulse, generated by a smail
capacitor bank, is passed through the coil. The current transient induces a rapidly changing magnetic field in the
propellant, which results in a high azimuthal electric field. The propellant breaks down and a high azimuthal current
is generated in the resulting plasma. The Lorentz force between the azimuthal current and the magnetic field
accelerates the plasma axially away from the coil. It is proposed that using PIT thrusters will permit use of any gas

as propellant, since issues of material oxidation and chemical attack are eliminated by the mductJve nature of the
discharge 90

While PITs have never flown in space, recent experimental and theoretical results have been v@w encouraging.
Work began on these thrusters in the late 1960°s with small, 20 cm diameter coils,91 and over the next decade
increased in size to the current 1 m diameter thruster,92 During this period a simple circuit model was developed
which predicted the scaling of thruster performance with coil size and circuit parameters. 92 The PI"I‘ circuit and the
modeled equivalent circuit, are shown in Figure 23. The model incorporates the effects of plasma formation and
resistivity via the input parameters, which include the initial gas density distribution on the coil surface, the plasma
resistivity, and the initial plasma current sheet thickness. The thruster has been extensively studied experimentally
over a wide range of operating conditions, and model input parameters reflect the results of these measurements.90-95

Direct performance measurements made over the last year using a PIT with an improved drive circuit have
shown dramatic improvements in efficiency.90.95 Some of the results are shown in Figures 24 and 25, which show
the efficiency - specific impulse characteristics for the PIT thruster operated on ammonia and hydrazine. These data
were obtained by charging the PIT capacitor bank to a constant voltage and varying the propellant pulse mass via
changes in the pressure on the high speed valve. Scatter in the data is the result of seismic pick-up in the thrust
balance. For each case the efficiency is approximately constant for the entire range of specific impulse shown, with
results for ammonia near 50% efficiency for both charging voltages (Figure 24a and 24b), and shghtly over 40% for

hydrazine (Figure 25). This is the only thruster type for Wthh a nearly constant efﬁcxency has been obtained over
more than a factor of two change in spec1fic impulse..

Ised Inductive Thruster Technology Ri men

With the demonstration of high efficiency and specific impulse, the pulsed inductive thruster has overcome a
major obstacle to its application to primary spacecraft propulsion. While preliminary lifetime and system level
analysis has been done,95 considerably more detail is required in these studies for an appropriate trade study to be
performed. It is likely that the large thruster size required to provide high efficiency will limit application of the
PIT to power levels over several kilowatts, though uncertainties in the system weight preclude identification of a
minimum power level. Approximately 105 discharges have been accumulated on the 1 m diameter thruster,95
whereas missions will probably require between 109 and 101! discharges. Spectral studies have revealed the presence
of silica in the plume,95 indicating that the coil insulator may be eroding at a low level. Such results must be
quantified to establish thruster lifetime. In addition, the magnitude and severity of electromagnetic interference
arising from the thruster has not been addressed. EMI could be particularly severe with the PIT due to the extremely
large current and voltage transients during the discharge. While adequate high-voltage capacitor technology appears

to have been demonstrated, the high speed propellant valve recently failed after 106 pulses, and des1gn modifications
have been proposed 95




Summary
The operation and status of electromagnetic pulsed plasma, magnetoplasmadynamic, and pulsed inductive
thrusters were reviewed. Pulsed plasma thrusters, which provide high specific impulse and a small impulse bit, are
currently used on several U.S. and intemational spacecraft for drag make-up and attitude control, and are the only
electric propulsion technology to have been used on an interplanetary spacecraft. Pulsed plasma thrusters have
undergone extensive development and flight qualification testing, and PPTs yielding 34% efficiency at 2000 s
specific impulse have reached a high state of system development. Peak demonstrated laboratory model PPT
performance is 53% efficiency at 5170 s specific impulse. MPD thrusters yielding 70% efficiency at 7000 s
specific impulse using lithium propellant, and 40% efficiency at 3500 s specific impulse using hydrogen propellant,
have been demonstrated in laboratory tests. Quasi-steady magnetoplasmadynamic thrusters have been flown once on
a Japanese spacecraft and once on the Space Shutte. Quasi-steady MPD thruster system performance is currently
limited by the available spacecraft power. A wide variety of steady-state MPD thrusters, in both self- and applied
magnetic field configurations, have been tested at power levels up to several hundred kilowatts. Direct performance
and lifetime measurements indicate that the best MPD thruster propellants are hydrogen, deuterium, and lithium.
Pulsed inductive thrusters have recently. been demonstrated with 50% efficiency for specific impulses between 4000
and 8000 s, levels which may make them an attractive alternative for primary propulsion applications. Technology
requirements for all pulsed propulsion technologies include improved capacitors, high speed reliable prOpellant
valves, and improved component designs yielding longer thruster lifetimes.
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Anode Number of Ly Igps 8 Anode " Cathode’ Anode

Material discharges mN-s erosion erosion erosion per
: per dischg, per dischg, total impulse,
ug ug mg/N-s

Copper 103,508 241 1660 11.99 4.36 2214
Graphite 101452 202 2180 459 3.17 1012
Thoriated .

tungsten 98,148 233 .1820 40.25 4.10 7.694
Tantalum 101,800 239 1800 27.72 176 5.171
Tungsten coated _ ' '
copper (025 cm) 101,489 240 1810 15.16 ‘ 1.55 2.812
Arc' cast X :
molybdenum 100,207 239 1780 16.93 3.48 3.158
25% copper ‘

75% tungsten 100,953 240 1750 27.81 3.86 5.155

Platinum ' 95,222 23.9 1500 22.79 1.18 ' 4.252

Table 1 Results of side-feed pulsed plasma thruster anode materials tests
done at Fairchild. Adapted from Palumbo.22



Tetion
Solid Propeliont

Igniter
,Pluq
;— ‘ /Cothode
‘ = Plasma
ne => Exhaust
JL Ir — —— Anode
= .
RN
i Fuel-Retaining Shoulder
4
alm
- \Z-pF Capacitor

Fig.1 Pulsed plasma thruster schémaﬁc showing teflon "feed, spring,

discharge region, and current path through the capacitor. Adaptéd
from Vondra et al.10

=
=t

I 1 \ . — Discharge Current (1)
It
i
|

——=> Mcgnetic Flux |
1 Turn Incuctor. gnefic Fiux Induced by

\ Discharge Current (B)

2-uF Capocitor
9)

2-pF Capacitor
b

Fig. 2 Schematic of PPT with rectangular electrodes showing‘ the current path,
magnetic field, and the plasma arc, and the PPT equivalent circuit. Ljis the
capacitor inductance, R, is the capacitor resistance, Ly, is the time-varying
inductance from the moving arc, and R;, is the time-varying plasma resistance.
Adapted from Vondra et al.10

16



114A)

8000 1600
6000}~ —11200
4000}~ B 800
2000 / i 400
. o3,
2000k Val? U Jeno
. .

m

V_{thv)

a) Measured PPT voltége, V. and current, I, waveforms.

WATTS (x10%)

30

20

Bamxig'a

b) Total power, 'R‘Iz, and accelerating magnetic .pressure (proportional to 12) waveforms.

ENERGY J

2.00

| Totol Energy of System {1.69 J)\

1.50

1.00

0.50

Capacitor Energy

Resistive Loss

(dissipoted energy)

Inductor Energy

Kinetic Energy ~,

! 1 ! 1 i

| ]

12 20
t{pus)

2.8

¢) Total power distribution.

Fig. 3 Measured PPT discharge characteristics. Adapted from Vondra et al,!°

17



s . —a00
10k : a a .
7Y
a ‘&
T 2l e
24T a 300 =
ES . a K]
- a
w
= 2o}~ e b
a -3
Y : g
3 O IMPULSE BIT o 200 E
a & SPECIFIC IMPULSE ]
= ™
o
&
R (o] ot o
~100
Ll d
1 ) 1 [+]
) 1 2 3 D

CAPACITOR ENERGY {J)

Fig. 4 PPT specific impulse and impulse bit per dlscharge vs. stored
capacitor energy. Adapted from Vondra etal.l0

a0

e ) —25
Specific Impulse 200

Slope »2600m/sec

= 2, =
é 100 1000 w 20 .E.
2 3 <
a o
g 80 800 X -
T — ls 5=
w e 2
b7 2
3 w w
>
2 6o 600 & “:’
£ e (™
- @ =10
40 400 i
—262 -
tot
20 I,p Asymiote 200
ot 0 1 -t 1+ 1 e o

MASS/SHOT (u9)

Fig. 5 Performance of 20-joule side-feed PPT with flared electrodes as a function
of mass ablated per discharge. Adapted from Vondra and Thomassen.17

18



CATHODE ~IGNITOR

ANODE-—} = [[

PLASMA

INSULATOR

YOKE

POLE PIECE ..

MAGNET (SAMARIUM COBALT)

Fig. 6 Applied-field pulsed plasma thruster schematic. Note propellant shape -
around ignitor. Adapted from Takegahara etal.l?

50 - ' — 5000
a0t 14000
X ]
. 30f 13000 =
> 5
: : =
5 g0 ' 12000 ¢,
< T
LLt O G‘
Ly L
10r o EFFICIENCY 11000 & .
' o SPECIFIC IMPULSE
0

0 0.5 0.3
APPLIED MAGNETIC FIELD.TESLA

Fig. 7 Efficiency and specific impulse vs. applied magnetic field strength for
teflon PPT. Adapted from Takegahara et al.!9

19



Impulse bit, uN-s

100000 3 _
3 Side-feed
4 PPTs
] \o
10000 3
1000 3 TIP-I
. NOVA 1-3\\
] NLES-819
- o,
10091 4sc o SMS
1 % “~wmoroa
1 oo*Ersrlv
1 ‘LES-6 :
10 Tty ——Trrrr r ...r’m_
1 10 100 1000

Discharge energy,J

Flg 8 PPT impulse bit per dxscharge VS. d1scharge energy for a variety of
space tests. .

+6VOR O
QUTPUTS TO
voutage  TELEMETRY
DETECTION
CIRCUIT CURRENT
DETECTION
arcuir
to ——f POWER
BATTERY ————! COMDITIONER

[} ]

Fig.9 Schematic of ﬂlght PPT system used on Chinese MDT-2A spacecraft
Adapted from An.6

20



Fig. 10 Component breakdown of the flourinated polymer PPTs used on
the NOVA spacecraft. Adapted from Brill et al 4

‘ Fig. 11 Flight PPT assembly used on NOVA spacecraft. Adapted from Brill et al.4
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Adapted from Sovey and Mantenieks8 and Myers, et al.9
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Fig. 16 Comparison of MPD performance levels with argon and hydrogen propellants.

Propellant flow rate of 25 mg/s, thruster geometry shown in Fig. 12.
Adapted from Myers.57
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Fig. 19 SEPAC self-field MPD thruster flight experiment mounted
on Space Sh
Spacelab 1 pallet. Adapted from Kuriki et al.74 P bitie
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Fig. 20 MPD thruster system mechanical structure: MPD-HD = MPD thruster head,
MPD-FAV = MPD fast acting valve, MPD-GS = MPD gas system,
MPD-IU = MPD interface unit, MPD-CAP = MPD capacitor bank.

NGP was not part of thé¢ MPD thruster system. Adapted from Kuriki et al. 74
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Fig. 21 Mark Va 1 meter diameter pulsed inductive thruster on work stand.
Adapted from Dailey and Lovberg.93
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Fig. 22 PIT thruster schematic and operation. Adapted from Dailey and Lovberg.95

Equivalent Circult

Fig. 23 PIT electrical circuit and its equivalent circuit.

Adapted from Dailey and Lovberg 95
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Fig. 24 Efficiency vs. specific impulse for PIT Mark Va operating on ammonia
propellant. Points are measured data, dashed line is simulation. Specific
impulse varied by changing injected propellantmass per pulse. Adapted
from Dailey and Lovberg.95
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Fig. 25 Efficiency vs. specific impulse for PIT Mark Va operating on simulated hydrazine
propellant with a capacitor charging voltage of 14 kV. Points are measured data,
dashed line is simulation. Specific impulse varied by changmg injected propellant
mass per pulse. Adapted from Dailey and Lovberg.95
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