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Quasi-Steady Magnetoplasmadynamic
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E. Y. Choueiri¤ and J. K. Ziemer†

Princeton University, Princeton, New Jersey 08544

The performance of a coaxial, gas-fed, self-� eld, quasi-steady pulsed magnetoplasmadynamicthruster (MPDT)
was measured using a swinging gate thrust stand equipped with a laser interferometer and an rf proximity
transducer. Careful calibration of the thrust stand and other diagnostics ensured that the measurement errors,
barring the effects of � uctuations in the discharge voltage, are well below 2%. The measurements were carried out
for various mass � ow rates, ranging between 0.5 and 6 g/s and for four propellant gases: argon, xenon, hydrogen,
and deuterium. The data set can be interpreted to describe both the performance of steady-state high-power
(multimegawatt) MPDTs and quasi-steady pulsed MPDTs that can operate at low spacecraft bus power. The
results were curve � t and compiled into a performance database that is intended as a data source for system or
mission analysis as well as for the validation of analytical and numerical models of the MPDT.

Nomenclature
hai = arithmetic average of quantity a over the

quasi-steadyplateau
E = discharge energy
Ib = impulse bit
Icgb = cold gas impulse bit
Ihb = hot impulse bit
Isp = speci� c impulse
J = thruster current
mb = propellant mass bit
mcb = cold gas mass bit
meff = effective mass of thruster–thrust arm assembly
Pm = mass � ow rate
P = power
T = instantaneous thrust
ucge = cold gas exhaust velocity
V = thruster voltage
Vm = voltage of mass pulse waveform at

quasi-steady-stateplateau
x = position of thrust stand arm
1th = effective hot pulse duration
1tm = effective mass pulse duration
1 Px = change in velocity due to impulse
±V = voltage hash � uctuations
´I = impulsive ef� ciency
´T = thrust ef� ciency
³eff = damping constant of thrust arm motion
!n;eff = effective natural frequency of thruster– thrust

arm assembly

I. Introduction
A. Status of MagnetoplasmadynamicThruster Technology

Q UASI-STEADY pulsed operation of self-� eld magnetoplas-
madynamic thrusters (MPDTs) was originally intended1;2 as
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a means of simulating multimegawatt steady-state thrusters in the
laboratory. The need to operate at high instantaneouspower stems
from the early3 recognition that MPDTs operate more ef� ciently
with increasing power. (Note that a major reason for that depen-
dency is the diminution of the anode power loss fraction with in-
creasing power.4 ) Two facts eventually became clear by the late
1980s. First, the prospects of megawatt-level power in space had
considerablyrecededwith the continuouslack of evolution in space
nuclear power programs.Second, the regime in which MPDTs start
to become ef� cient is also that in which cathode erosion rates tend
to be prohibitive.In the past few years, two approachesaround these
two obstacles have been adopted.

The � rst approach, followed presently in the United States and
Russia, is the revivalof interest5 in alkalimetal (speci� cally lithium)
MPDTs with multichannel cathodes. These steady-state thrusters,
sometimes called Lorentz force accelerators (LFAs) to differenti-
ate them from gas-fed solid-cathode MPDTs, have substantially
lower cathode erosion rates6;7 with the added bene� t of better per-
formance attributed to the low ionization losses of lithium pro-
pellant. Although acceptable lifetimes (>5000 h) may be within
reach (with the addition of barium to the propellant6) and 50%
ef� ciencies are accessible at powers as low as 100 kW (Refs. 5
and 8) (using appliedmagnetic � elds), there are still no space-based
power sources at these levels. (Note that applied magnetic � elds
are typically only needed for ef� cient operation below 200 kW.)
Consequently, the lithium LFA is presently of little interest to com-
mercial satellites and more appropriate for more futuristic heavy
cargo and piloted planetary exploration missions being studied at
NASA.5

The second approach, followed presently in Japan and Europe,
is more suited for near-term applications. It considers the pulsed
quasi-steady MPDT as a low-power propulsion option in itself. In
this incarnation, the quasi-steady pulsing (typically a few hundred
microseconds) allows operation at low bus power levels [as low
as 1 kW (Ref. 9)] and may be advantageous for some near-term
missions.10 Although cold cathode erosion still limits the spectrum
of missionsdue to the limit on the total impulse that a single thruster
may deliver, schemes for active cathode heating11 (which may re-
duce spot-induced erosion) may soon expand this spectrum. Ad-
vances in energy storage and valve technologies are essential to
improve the prospects of pulsed MPDTs.12 In 1996 the � rst � ight
test of a 1-kW class gas-fed self-� eld quasi-steadyMPDT occurred
on the Japanese Space Flyer Unit spacecraft.9 Successful imple-
mentation of this approach to MPDT application hinges on � nding
solutions to a number of practical problems such as valve lifetime,
mass utilization ef� ciency, pulse forming network mass, and cath-
ode heater power expenditure.
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B. Motivation for Performance Characterization

System and mission studies in which quasi-steady gas-fed
MPDTs are considered or compared to other options need to rely
on accurate performance databases in which the key operation pa-
rameters arevariedparametrically.Similarly, theoreticalmodels and
numericalsimulationscan bene� t fromsuch experimentaldatabases
for validation and re� nement.

Experimental characterizations of the performance of quasi-
steady gas-fed, self-� eld MPDTs have been published by Japanese
workers in Ref. 13 for H2 , in Ref. 14 for NH3 , CH4 , Ne, and O2,
in Ref. 15 for He, and in Ref. 16 for Ar, He, and NH3 using various
thruster geometries. Similar studies were published by European
workers.17

A compilationof some of the highest thrust ef� cienciesmeasured
in the past with gas-fed quasi-steady megawatt-level coaxial self-
� eld MPDTs is shown in Table 1.

Table 1 Some of the highest measured ef� ciencies for the coaxial
self-� eld MPDT with various gaseous propellants

Measurement H2 N2 NH3 CH4 Ar Ne He O2

´, % 55 38 35 33 30 20 20 18
Is , s 10000 4000 5700 6000 2300 4000 2000 2500
Reference 13 21 14 14 22 14 15 14

Fig. 1 Schematic of the Princeton FSBT used where rc = 0:95 cm,
ra = 5:1 cm, rao = 9:3 cm, rch = 6:4 cm, ta = 0:95 cm, and lc = 10 cm.

Fig. 2 Timing of mass pulse and thruster triggers; also sample thrust
stand arm position history.

In the United States, the Princeton full-scale benchmark MPDT
has been the subjectof numerousdetailedstudies from 1969 to 1996
(see Refs. 18–20) resulting in the most extensive characterization
(species, densities, temperatures, oscillations, erosion, discharge
symmetry, electrode power deposition, etc.) of a single MPDT ge-
ometry. In contrast, measured performance characterizationof that
same thruster is limited to a single database for argon and nitrogen
by Burton et al.21 in 1983. A more limited thrust characterization

Fig. 3 Sample waveforms for thruster current and voltage, argon at
6 g/s.

Fig. 4 Schematic of swinging gate thrust stand.

Fig. 5 Layout of IPS.
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of that thruster was also made in Refs. 22 and 23. The main goal
of this paper is to update and extend this database to include low
atomic mass propellant such as hydrogen and deuterium and high
atomic mass propellant such xenon. Xenon is also interesting for
system and mission analysis where integration with xenon ion or
Hall thrusters may be an option.

This paper describes the measurements and the resulting perfor-
mance database, avoiding any speculation,theoreticalor otherwise,

Fig. 6 Typical voltage traces showing initial transients and the effects
of decreasing mass � ow rate on the shape of the voltage waveform; both
traces for the same current waveform, also shown.

Fig. 7 Performance database for argon; corresponding error bars can be obtained from Fig. 8.

on the nature of the dependencies. Such theoretical interpretations
are published elsewhere.24

II. Apparatus
The MPDT used for the experiments is the Princeton full-scale

benchmarkthruster(FSBT)shownschematicallyin Fig.1,where the
dimensionsare also given. It is the same one used by Burton et al.21

and is described in more detail in that paper. In brief, the cathode
is made of thoriated tungsten, the anode is an annular aluminum
disk, the backplate insulator is boron nitride, and the side insulator
is a PyrexTM tube. The exterior is insulated with a nylon sleeve.
Propellant is injected through a solenoid valve feeding a choked
multiple ori� ce that splits the � ow such that 54% of the mass � ow
rate goes throughan annulus around the cathodebase and 46% goes
through a ring of 12 holes in the backplate located at a radius of
3.8 cm.

The mass � ow rate calibration consisted of calibrating the gas
� ow rate through the choked ori� ce injection system as a function
of the pressure located just upstream of the ori� ces. This was done
by � owinggas, for variousmasspulse lengthsandplenumpressures,
into an enclosure of known volume and monitoring the increase in
the pressure. The calibration of the mass injection system used in
this study is described in detail in the Appendix of Ref. 23.

The triggers to the mass pulse and the nitrogenswitch controlling
the discharge circuit are shown in Fig. 2 along with the waveforms
for the mass pulse, thruster current, and position of thrust stand
arm. Sample thruster current and voltage waveforms are shown on
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an expanded scale in Fig. 3. As seen in Fig. 3, the discharge current
is a quasi-steady � at-top current pulse of about 1 ms. The terminal
voltage during the pulse is on the order of 100 V and acquires
� uctuations,called voltagehash, for operationabove a certain value
of J 2= Pm. The voltage hash is due to oscillations intrinsic to the
dischargeanddoesnot result fromelectromagneticinterferencewith
the diagnostics,which are well shielded insidea large Faraday cage.
It has been shown25 that these � uctuationsare related to a transition
from a diffusive to a spot mode of current attachment at the anode
triggered by a depletion of charge carriers in the anode region.

The current waveform is supplied by a 20-station 12.8-mF pulse
forming network (PFN) with an energy storage capability of 120 kJ
and can produce rectangularcurrent pulses rangingfrom 0.5 to 2 ms
and current levels up to 50 kA. All experiments reported here were
done at the 1-ms pulse length setting. The 40-mÄ PFN is matched
to the 10-mÄ thruster impedance with a series 30-mÄ resistor. A
nitrogengas switch is used to triggerthedischargeas shownin Fig. 2.
The dischargecurrentis measuredwith a currenttransformerand the
voltage with a 1000:1 Tektronix probe. The voltage and current are
measured at the power leads outside the vacuum tank. These leads
connect to the thruster through a low-friction � exural connection
and a coaxial lead inside the thrust stand arm. The coaxial lead
ensures that the current pulse does not interfere with the dynamics
of the thrust arm.

The vacuum vessel is a 2-m-diam, 5-m-long � berglass tank with
eightopticalaccessports.A vacuumlevel on the orderof 10 5 torr is
maintained by two 1.3-m (48-in.) CVC diffusion pumps each with

Fig. 8 Performance database for argon.

a pumping capability of 120,000 l/s of air. The diffusion pumps
are backed by a roots blower (630 l/s) and two mechanical pumps
(155 l/s).

A. Thrust Stand

The thruster assembly weighs about 20 kg and is mounted on a
swinging gate thrust stand, as shown schematically in Fig. 4. The
thrust arm is mountedwith two � exuralpivots.They are Series 6016
Bendix Free-Flex Pivots, each with a torsional spring constant of
0.73 N ¢ m ¢ rad. The vertical axis of rotation of the arm can be ad-
justed to incorporate the force of gravity, which can be added or
subtracted from the restoring force of the � exural pivots to in� u-
ence the natural period of the arm. Typical natural periods of the
arm are 1–10 s. The thrust stand arm is fully described in Ref. 21
and is a modi� ed version of a microthrust stand built by Fairchild
Republic.26 To reduce randommechanicalperturbationsto the thrust
stand system, the entire thrust stand table was mechanicallyisolated
from the tank.This was doneby resting the entire structureon rubber
supports.

B. Thrust Arm Displacement Measurement

The thruster position is measured simultaneouslywith an rf prox-
imity transducer and an optical interferometric proximeter system
(IPS). The two measurements were always in agreement, and the
more sensitive IPS was relied on for small impulses such as during
the cold gas shots.
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The rf proximity transducer is a highly linear 8-V/mm Bently–

Nevada position transducer. The transducer is located 0.61 m from
the hinge axis and measures the displacementof a 4140 steel target
mounted on the thruster.

The laser-based IPS was described in detail in Ref. 27. It is
mounted on an optical table attached to an access window be-
hind the thruster, as shown in Fig. 5. Light emitted from the laser
source is split into two beams at the beam splitter. At the end of
each path is a corner cube. The two beams are re� ected back to
the beam splitter and passed through a lens to the diode sensors.
The diode sensor output signals are recorded on a computer. Mul-
tiple fringes are facilitated by slightly offsetting the two beams
at the diode sensors. When the path lengths traversed by the two
beams differ by a nonintegermultiple of the wavelength of the laser
light, there is a phase angle difference between them when they
are reunited. Superposition of these two waves yields constructive
or destructive interference. Analysis of the electronically recorded
interference pattern yields a position measurement with a 10-nm
accuracy.27

One corner cube is attached to the thrust stand table and the other
to the thruster.A 1-mW helium–neonlaser (wavelengthD 632.8nm)
is used as a light source in the interferometer.Both the beam splitter

Fig. 9 Performance database for xenon; corresponding error bars can be obtained from Fig. 10.

and the right-angle prism are mounted on two adjoined aluminum
blocks with separate pitch angle adjustment. Also the beam splitter
and right-angle prism can each slide sideways to match the hori-
zontal separationof the corner cubes. Both of these adjustments are
made until both beams are nearly coincident at the adjustable mir-
ror. The mirror is then used to direct the beams to the diode sensors.
Between the mirror and the diodes are a lens and a cylindrical � lter
with a 1-cm focal length. Finally, there is a 3-nm bandpass � lter
centered at wavelength 632.8 nm. This prevents virtually all of the
stray light from the surroundings from reaching the diode sensors,
including light from the plasma discharge. The diode sensors are
FDS100 Silicon Photodiodes from Thorlabs, Inc. They have a rise
time of 10 ns, an active area of 13.7 mm2, and a spectral response
of 350–1100 nm.

C. Calibration Pendulum

Deducing the impulse from the position measurement requires
the knowledge of the effective mass meff of the thruster–thrust arm
assembly.This is doneusinga calibrationpendulum.The calibration
impulse is delivered by a 30-cm-long 0.5-kg steel rod that is used
as a pendulum.The rod pivots on a Te� on¨ pin, which was � xed to
an aluminum stand. This stand is mounted inside the vacuum tank
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in front of the thruster and strikes the thruster while the vacuum
tank is exposed to atmosphere. An electromagnet is also mounted
on the pendulumstand so that the pendulumcan be cocked and then
released remotely. The force transducer is a model 208A02 Force
Transducer from Piezotronics and was attached to the end of the
pendulum that strikes the thruster. The operating range is from 0 to
400 N. A quanti� cation of the calibration error is given in Ref. 27.
The calibrationmethod, described in the next subsection, yielded a
value of 15:71 § 0:27 kg for meff.

D. Thrust Measurement Method

The thrust measurement method has been described in Ref. 27 in
detail. We summarize here the essence of the method.

If the motion of the thruster-thruststand assembly during a pulse
is characterized by x , the applied impulse bit Ib will force the
response28

x.t/ D exp. ³eff!n;efft/
Ib=meff

!n;eff

p
1 ³ 2

sin
¡p

1 ³ 2!n;efft
¢

(1)

Fig. 10 Performance database for xenon.

The duration of the impulse must be much less then the natural
period of the thrust stand for Eq. (1) to be valid.

More than 20 calibration trials are made at different cocking an-
gles using the calibrationpendulumdescribedearlier. The resulting
x.t/ traces (obtained with either the IPS or the rf proximity trans-
ducer) are � t using Eq. (1). Because Ib is measured by the force
transducer, this allows inferring !n;eff , ³ , and meff with high accu-
racy (the small � t errors are retained and propagated through the
overall error analysis). Note that x.t/ after an impulse is not a per-
fect straight line but rather a sine wave.

Following a hot pulse, a relatively small portion (<50 ms) of the
measured x.t/ trace, centered at a time t¤ after the mass pulse is
over, is � t with a straight line, and the resulting slope represents
the approximate velocity at that point in time. Because x.t/ after
an impulse is not a perfect straight line but rather a sine wave, this
estimate is re� ned by using the derivative of Eq. (1) analytically,
with the previouslymeasured values of !n;eff, ³ , and meff to arrive at
a re� ned value of the velocity Px at t¤. Because the arm always starts
from rest, this gives the total change in velocity 1 Px . The impulse is
then obtained from



CHOUEIRI AND ZIEMER 973

Ib D meff1 Px (2)

A sample experiment yields a 1 Px of 5.79 mm/s. From
Eq. (2) and meff D 15:71 § 0:27 kg, the delivered impulse is
Ibit D 15:71 kg £ 5:79 mm/s D 0:091 § 0:0016 N-s where the error
estimate containsall of the errors associatedwith the measurements
and � ts.

III. Data Reduction Algorithm
The procedure followed to acquire and reduce the data is as fol-

lows.
First, for a given mass � ow rate, a series of cold gas experiments

are done during which the position of the thrust arm and the mass
pulse are both recorded digitally. The mass pulse is recorded with
a pressure transducer in the plenum and, as shown in Fig. 2, lasts
for about 40 ms. The arithmetic average of the mass pulse plateau
during the 8 ms immediatelyprecedingthe discharge(to avoid elec-
tromagnetic interference contaminated signals) is calculated. Such
quasi-steady plateau averages are denoted by h i. The value of this
averaged plateau, in volts, is hVm i. An effective time 1tm for the
mass pulse is obtained from

Fig. 11 Performance database for hydrogen and deuterium; corresponding error bars can be obtained from Fig. 12.

1tm D
R

Vm .t/ dt

hVmi
(3)

where Vm .t/ is the mass pulse waveform (in volts) shown in Fig. 2.
The cold gas mass bit m cb is then calculated from

m cb D Pm1tm (4)

A line � t is made to a 50-ms portion of the recorded position vs
time signal (of either the IPS or the rf proximity transducer) starting
at a time equal to 1tm C 5 ms from the time the mass pulse was
triggered.This gives the initial estimate of the arm velocity at a time
t¤ centered in that time segment. This value is then re� ned taking
into account the sinusoidalcurvatureof the response representedby
Eq. (1) as described in Sec. II.D. This yields 1 Px.

The cold gas impulse bit is subsequently calculated from

Icgb D m eff1 Px (5)

The cold gas exhaust velocity ucge is then calculated from
ucge D Icgb=mb .

Second, the thruster is � red at the same mass � ow rate used for the
cold gas characterization,and the waveforms for discharge current,
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voltage, and thruster position are recorded as in the samples shown
in Figs. 2 and 3.

A plateau value for the current pulse is obtained by averaging a
200 ¹s portionof the data taken 700 ¹s after breakdown.This delay
is to ensure that the averaging is done in the quasi-steadyportion of
the discharge.As we did for the cold gas case, this average value of
the current plateau hJ i is then used to obtain an effective hot pulse
duration 1th from the following integral:

1th D
R

J 2.t/ dt

hJ i2
(6)

where we have used the square of the current in the averaging due
to the well-known dependence of the thrust on J 2 (Ref. 24). This
time interval, in turn, yields the mass bit for the hot pulse, mb D
Pm1th .

The thruster positionhistory(from the IPS or the proximity trans-
ducer) is analyzed the same way as was done (described earlier) for
the cold gas case. This yields the hot impulse bit Ihb.

The � nal impulse bit is calculated from the followingexpression:

Ib D Ihb .1tm 1th/ Pmucge (7)

Fig. 12 Performance database for hydrogen and deuterium.

which subtracts the impulse due to the cold gas but leaves in the
small contributionof the cold gas, during the discharge.

Third, the voltagehash ±V is calculatedas the standarddeviation
of the averageof a portionof the voltagewaveform that corresponds
to the portion of the � at-top current waveform considered earlier.
Typical voltage traces are shown in Fig. 6.

Fourth, the following expressionsare used to evaluate the perfor-
mance parameters.

Quasi-steady thrust:

T D Ib=1th (8)

Speci� c impulse:

Isp D T=. Pmg0/ (9)

Input power:

P D V J (10)

Discharge energy:

E D
Z

P dt (11)
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Thrust ef� ciency:

´T D T 2=2 Pm P (12)

Impulsive ef� ciency:

´I D I 2
b

¯
2mb E (13)

Last, the performance database is compiled by repeating the de-
scribedproceduresaftervaryingthedischargecurrent, themass � ow
rate, or the type of propellant.

IV. Final Performance Database
When the procedures described in Sec. III were followed, a per-

formance database for argon at Pm D 1, 3, and 6 g/s, xenon at 3 and
6 g/s, hydrogen at 0.5 and 1 g/s, and deuterium at 1 g/s were ob-
tained.The data are shown in Figs. 7–12. Each data point represents
the average of � ve measurements at the same operating conditions.
For each gas, a series of four scatter plots including error bars were
produced for the following dependencies: T – J , V – J , ´T – Isp, and
´I – E .

Fourth-order polynomial curve � ts were carried for each of the
data sets, and four line plots correspondingto each of the four scatter
plots were produced.To keep the line plots clear, the error bars were
not added. The error bars can be easily seen in the corresponding
scatter plots, which retain the same scale as the line plots. To facili-
tate the use of this database by other studies, the coef� cients for the
curve � ts are compiled in Table 2.

The major source for the error bars is the voltage hash, which
can easily exceed 10% above a critical current value of J 2= Pm that
depends on the propellant. The second major source of the error
bars is the scatter in the data taken at the same conditions. The

Table 2 Coef� cients for fourth-order polynomial curve � ts of the measured performance databasea

Dependency Pm a1 a2 a3 a4 a5

Ar
T vs J 1 377.98 0.18079 3.1921e 05 2.4151e 09 6.7129e 14

3 750.21 0.20133 2.0341e 05 8.8935e 10 1.4599e 14
6 273.09 0.057856 4.6962e 06 1.5357e 10 1.98e 15

V vs J 1 3225.4 1.5769 0.0002855 2.2072e 08 6.2345e 13
3 2494.3 0.63077 6.1034e 05 2.6138e 09 4.3146e 14
6 1412 0.38213 3.6094e 05 1.4756e 09 2.155e 14

´T vs Isp 1 0.13432 0.00022441 2.3114e 07 8.4278e 11 1.0756e 14
3 0.36688 0.00098812 6.5927e 07 1.9143e 10 2.0134e 14
6 0.005163 0.00011413 1.5326e 07 1.5329e 10 3.812e 14

´I vs E 1 0.11766 0.00020402 2.5809e 07 1.093e 10 1.5592e 14
3 0.037394 0.00022161 8.0438e 08 1.2476e 11 6.799e 16
6 0.095522 0.00012457 1.505e 07 4.55e 11 4.3276e 15

Xe
T vs J 3 731.65 0.26801 3.5734e 05 2.0942e 09 4.4838e 14

6 133.15 0.046925 5.3777e 06 2.6879e 10 4.5162e 15
V vs J 3 6137.2 2.3141 0.0003155 1.8667e 08 4.0069e 13

6 323.86 0.11658 1.7642e 05 1.0877e 09 2.4557e 14
´T vs Isp 3 0.038003 0.0002198 9.5391e 08 2.2799e 11 1.6098e 14

6 0.033353 1.2505e 05 2.0121e 07 1.4834e 10 2.5677e 14
´I vs E 3 0.048114 0.0001767 8.5315e 08 1.8298e 11 1.4336e 15

6 0.038654 1.7625e 05 3.892e 08 1.062e 11 8.2645e 16

H2
T vs J 0.5 33.736 0.012505 1.0358e 06 4.4643e 11 4.8564e 16

1 53.66 0.021356 2.2907e 06 1.2143e 10 2.0681e 15
V vs J 0.5 498.63 0.15534 2.8127e 05 1.8256e 09 4.1344e 14

1 57.968 0.077804 6.4875e 06 3.2688e 10 5.906e 15
´T vs Isp 0.5 0.11854 0.00013362 2.0091e 08 1.5514e 12 4.0884e 17

1 0.027978 9.6812e 05 1.8296e 08 2.079e 12 7.6783e 17
´I vs E 0.5 0.1579 0.00024051 5.4362e 08 5.5818e 12 1.9217e 16

1 0.04706 0.00011432 2.4302e 08 2.4652e 12 7.9769e 17

D2
T vs J 1 9.0614 0.0036086 8.8895e 09 4.6713e 12 3.3707e 16
V vs J 1 42.9 0.0154 1.94e 06 1.02e 10 1.92e 15
´T vs Isp 1 0.0032142 7.0845e 05 8.2522e 09 9.3289e 13 3.4625e 17
´I vs E 1 0.011218 9.3084e 05 1.7907e 08 2.154e 12 8.2666e 17

aCurve � ts are only valid for the range of parameters shown in the corresponding plot.

repeatabilityof the thruster also suffers with increasingcurrent. All
other sources of error do not contribute more than 2% to the error
bars.

Note from the data, for example, comparing the bottom panels
of Fig. 7, that the impulsive ef� ciency ´I can exceed the thrust
ef� ciency ´T for the same operatingconditions.This happens espe-
cially at low mass � ow rates (or low mass bits). To understand the
reason for this difference we compare the de� nitions of these two
ef� ciencies given in Eqs. (12) and (13) and � nd that ´ I can exceed
´T when the following inequality holds:

Z
J .t/V .t/ dt < P

R
J 2 dt

hJ i2
(14)

Since P ´ hJ ihV i this can be restated as

Z
J .t/V .t/ dt <

R
J 2 dt

hJ i
hV i (15)

We have observed in all of the cases we studied that the voltage
afterbreakdowninitiallydropsto a certainvaluethathasa farweaker
dependence on the total current and mass � ow rate than the J and
Pm dependencies of the quasi-steady average voltage hV i [which,
due to the dominance of the back emf, scales with J 3= Pm at high
enough values of J 2= Pm (see Ref. 29, for instance)]. Consequently,
for the same currentwaveform,thevoltagewill have to rise from that
value to its quasi-steady plateau, which is higher with decreasing
mass � ow rate due to the 1= Pm dependenceof the back emf voltage.
Therefore,with decreasing Pm [and � xed J .t/] an increasingportion
of the voltage trace is below the averagevoltage on the quasi-steady
plateau hV i and the inequality in Eq. (15) becomes increasingly
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satis� ed. This effect is illustrated with the typical traces shown in
Fig. 6, which show the intial transients and the effects of decreasing
Pm on the shape of the voltage waveform.

The two ef� ciencies, ´I and ´T , do not generally differ by more
than 10% in the present database. Because the difference between
these two ef� ciencies is due to a transient effect that occurs at the
beginningof thepulse, it shouldbe expectedthat the two ef� ciencies
converge as the pulse length is increased, that is, the quasi-steady
plateau is extended. Because this effect is intrinsic to the pulsed
operation of the MPDT, it is informative to distinguish between
these two ef� ciencies. Of course, if the voltage and current pulses
are perfectly rectangular this difference would also vanish.

Although there have been many studies and much speculation
on the level of erosion associated with a particular level of voltage
hash, we refrain from speculating,in this experimentalstudy, on the
extent to which the high-current portion of the database is affected
by not taking into account the erodedmass. Althoughthere are some
empirical indications30 32 that exceeding10% voltagehash can lead
to signi� cant mass addition through erosion, it must be cautioned
that these thresholdswere formulated for operationwith argon only
and should not a priori be extended to operation with other gases.

V. Conclusions
In combination with a wide set of previously published exper-

imental data characterizing the plasma inside the FSBT, this per-
formance database provides the most complete picture to date of a
single MPDT con� guration operated with various propellants.The
� nal database is intended to be useful for future mission analysis
studies and numerical or analytical thruster modeling efforts.
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