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Nomenclature
B = magnetic field, Tesla
E, = pulse energy
F = pulse frequency
Tic = impulse bit, mN - s
1 = current, A
j = current density, A/m?
MPDT = magnetoplasmadynamic thruster
i = mass flow rate, kg/s
PEN = pulse forming network
QS = quasi-steady
T = thrust, N
TAPS = thermospheric airbreathing propulsion system
U = exhaust velocity, m/s and km/s
VLEO = very low earth orbit
v, = PFN charging voltage, volts
7y = thruster efficiency

I. Introduction

ATELLITES orbiting in Very Low Earth Orbit (VLEO) at alti-
tudes of 150-250 km require continuous drag maintenance thrust
from a solar electric propulsion system. Airbreathing versions of
these satellites collect air at widely varying species compositions
and densities that can vary by a factor of 30. The orbital velocity is
nearly constant at 7800 m/s. Development of VLEO propulsion
technology would enable the creation of small Earth imaging and
atmospheric science satellites. Recent studies of airbreathing satellites
include Allasio et al. [1], Herdrich et al. [2], and Giannetti et al. [3].
The coaxial pulsed self-field magnetoplasmadynamic thruster
(MPDT) is being investigated for the VLEO satellite application. A
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pulsed system is inherently throttleable by varying the pulse fre-
quency, allowing “drag-free”” operations [1] during the wide density
and drag excursions expected even in circular orbits. The MPDT
discussed herein employs a >10 kA, 370 pus flat-top current pulse
and a ms-long gas pulse. By using pulse energy in the kilojoule range,
a megawatt arc discharge is created to generate the electron temper-
ature, magnetic field and axial electric field required to rapidly dis-
sociate, ionize, and accelerate ions to velocities exceeding 30 km/s
[4]. The high pulse power level provides complete dissociation and
ionization at relatively low ion cost, as opposed to the partial ionization
achieved by lower power propulsion systems with a steady-state
discharge. Additionally, because accelerated ions are imbedded in a
charge-neutral plasma, a gas-fed charge neutralizer is not required.
The quasi-steady (QS) current is provided by a capacitive pulse
forming network [5], and the air propellant is provided by fast
pulsed solenoid valves synchronized with the current pulse. The
pulsed self-field MPDT has a long history [6] and was flown on-
orbit in 1995-1996 [7]. The compact air-fed pulsed MPDT system
discussed herein is referred to as the Thermosphere Airbreathing
Propulsion System (TAPS). The developmental brassboard thruster
head of TAPS is shown in Fig. 1. TAPS pulse energy operated as
high as 688 J, delivered in 370 us at a QS pulse power of 1.8 MW.
TAPS is designed to be fueled on-orbit by a free molecular flow
inlet that collects and feeds ram air into a flow compression system.
An air pulse and simultaneous current pulse are fired every few
seconds, ionizing and accelerating several 100 micrograms of air to
a velocity of 25-50 km/s. Typically, the QS pulse thrust is 10-20 N
for a sub-millisecond pulse. By discharging the bank energy E, at a
controllable pulse frequency f < 1 Hz, the average power is fE,
and the mean thrust can be throttled over the millinewton range as
required by a small satellite at altitudes of 150-250 km. This thrust
control method was first proved with a Teflon pulsed plasma
thruster by the TIP/NOVA navigational satellite [8]. The TAPS
MPD thrust acceleration mechanism has been amply demonstrated
by extensive research on self-field electromagnetic discharges since
the 1960s [6,9—14] along with in-space thruster operations [7].
This note briefly summarizes the compact, pulse forming network
(PEN)-driven reverse polarity TAPS MPDT that was operated on
two thrust stands for verification and validation using 0.5-1.8 MW
pulses to generate exhaust velocities of 25-50 km/s. Hundreds
of pulsed thruster tests (V, = 165 to331 V) were performed in
vacuum. Current and voltage waveforms were typical of expected
stable MPDT behavior and were virtually identical for 100% N, and
a 50:50 N, :0, simulation of thermospheric orbital operations at
~200 km altitude. Measurements of impulse bit I,; ranged from 3.3
to 7.7 mN - s for voltages between 165-331 V. It is anticipated that
geometry modifications, higher energy and extended pulse length
will improve the impulse bit. Experiments showed no evidence of
voltage “Onset” instability [15] for operating conditions of 331 V,
11 kA, and a quasi-steady mass flow rate of 0.5 g/s. Unique to this
work are 1) the use of a reverse polarity MPDT and 2) test data with
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Fig.1 (Left) TAPS MPDT brassboard thruster head and (right) TAPS
thruster plasma pulse.
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a 50:50 N, :0, gas mixture applicable to an ingested and recom-
bined air mixture in VLEO.

II. TAPS MPDT Description

TAPS is a reverse polarity configuration with central anode and
coaxial outer cathode, in contrast to the standard electrode polarity
in previous MPDTs. Reverse polarity simplifies discharge ignition
and was found to extend the exhaust velocity range, avoiding a
plasma instability called Onset [14]. Electrode insulation is pro-
vided by a cylindrical Macor® anode insulator and a Macor® coaxial
backplate insulator with gas injection ports. The radial distribution
of injected mass flow varies as 1/ r? [15], matching the radial
distribution in magnetic pressure [4]. Current is generated by a
multisection, 14.8 mQ pulse forming network (PFN) with capaci-
tors and inductors and is directly connected to the electrodes by a
coaxial line. Air is delivered by four fast-acting valves (FAVs)
positioned around the circumference of the coaxial line, fed by a
small volume plenum that is calibrated by measuring plenum pres-
sure drop. A flow distribution plate distributes gas through nozzles
during each thrust pulse. Four spark igniters located in the outer
electrode are fired at low energy to initiate the current pulse just after
the air pulse after charging the PEN to full energy. The PFN current
pulse length is matched to the air pulse length, with the latter
restricted by the minimum opening-closing time of the FAVs.
TINA-TI circuit software (version 9.3) was applied to model the
pulse waveforms of candidate PFN designs, and the simulated
current and voltage waveforms generated were found to agree with
measured waveforms at a capacitor charging voltage V, of 320 V.

III. TAPS MPDT Testing

Thruster impulse performance was first tested in a 0.8 m3 vacuum
chamber using a compact Watts Pendulum thrust stand [16] to
measure impulse bit at 0.5 g/s mass flow rate for a 370 us current
pulse. The anode diameter was 9 or 12 mm with a 30 mm exposed
length, centered in a 72 mm diameter cathode of equal length.
Nonrefractory electrode materials were employed to facilitate low-
cost changes in electrode geometry. Figure 2 shows voltage and
current waveforms for a 639 J MPDT pulse with 50:50 N, : O, flow
at a PFN charging voltage of 320 V. Thrust was initially computed
from the measured /y;; divided by the QS pulse length of 0.370 us.
The thrust was cross-checked using the Maecker formula, Eq. (1)
[17,18], and a QS current determined from the relatively stable QS
voltage and the constant PFN impedance as determined by pulse
length. The thrust values were found to be within 5% of each
other, with the Maecker formula generally slightly higher than the
I,;; measurement:
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Fig. 2 TAPS 639 J (charging voltage 320 V) quasi-steady pulse wave-

forms for 50:50 N, : O, mixture at 0.5 g/s with 9 mm anode and 72 mm
cathode.
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Fig. 3 Superimposed voltage waveforms comparing pure N, (blue)
and 50:50 N, : O, (red) mixtures at 684 J (charging voltage 331 V).
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Figure 3 shows superimposed voltage waveforms for MPDT
pulses with N, and 50:50 N,:0, flow at a PEN charging voltage
of 331 V. The pulse length and pulse voltage were consistent with
design modeling using TINA-TT circuit software (version 9.3). The
similarity of the waveforms demonstrate that the pulses are insensi-
tive to variations in N, : O, mixture ratio. This result is not surprising
based on the similarities in atomic weight and ionization potential of
the two diatomic species. The QS terminal voltage waveform is
approximately half of the PFN charging voltage, as expected based
on a PFN impedance of 14.8 mQ and mean thruster impedance of
17.4 mQ. The voltage waveforms display initial breakdown noise
followed by low amplitude oscillations due to variations in imped-
ance between 50-350 ps. The 50:50 N, : O, mixture is representa-
tive of the expected plenum mixture at thermospheric altitudes,
taking into consideration the recombination of atomic oxygen in a
TAPS compression system. MPDT measurements for the two tested
propellants at constant QS mass flow rate are listed in Table 1.
Impulse bit varies from 3.0 to 7.7 mN - s, increasing with PFN
charging voltage over a range of 165 to 331 V.

Waveform and impulse bit measurements were validated on a
duplicate TAPS PFEN and thruster system with N, propellant on a
swinging gate thrust stand [19] in a much larger 20 m? dielectric
vacuum chamber. The anode configuration for these tests was 9 mm
diameter with a 30 mm exposed length, coaxial in a 72 mm diameter
cathode of the same length. As with the first thrust test data set,
refractory electrode materials were not employed. The character of
the data measurements was similar between both test units in both
the smaller and larger vacuum tanks. A significant transient voltage
and current oscillation occurs at the initiation of the pulse. After an
initial peak, the pulse current falls to 10 kA during the remainder of
the pulse, then falls toward zero at 370 us along with the voltage.
After the initial transient, QS voltage is 170 V and impedance is
14.8 mQ. Thrust stand impulse data were measured over a range of
PFN charging voltages, holding the air pulse QS mass flow constant

Table1 Averaged 50:50 N, :0, and N, MPDT test cases taken in a
0.8 m® vacuum chamber

PEN charge QS mass Impulse blt, mN - s Impulse bit, mN - s
voltage, V flow, g/s 1:1 N,:0, N,
165 0.52 3.0 32
248 0.52 44 43
331 0.52 7.7 7.6

Data repeatability is £3%.
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(0.5 £ 2% g/s). The measured impulse bits, corrected by sub-
tracting pre-pulse and post-pulse cold flow impulse, increase lin-
early from 4.7 mN -sat244 V,to 7.5 mN - s at 318 V,,. The scatter
in the data is 0.5 mN - s as expected based on the shot-to-shot
repeatability of the current pulse. TAPS operated over a range of
exhaust velocity U in the range of 23 to 52 km/s.

Calculations were performed to determine efficiency of the TAPS
MPDT. The QS pulse length is constant as expected over a range of
pulse current value of 7.5 to 10 kA corresponding to V,, from 165 to
331 V. The corresponding QS thrust efficiency is determined from the
measured QS thrust, QS mass flow (0.51 g/s), voltage, and current:
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This efficiency was also examined using the thrust from the Maecker
formula, Eq. (1). In this case the values of the thruster efficiency
were found to be within +10%, compared to the predicted error of
+11% (dominated by the error in 5% error in the thrust), again with
the Maecker formula generally higher than the /y;, measurement. The
values presented in Fig. 4 are the more conservative values from the
I measurement. TAPS reached a thrust efficiency as high as 30%
and operated over a range of exhaust velocity U in the range of 23
to 52 km/s.

The first set of impulse bit measurements with N, :O, and N, in
the 0.8 m?® vacuum chamber at three PFN charging voltages with a
12 mm anode, were compared to the N, data in the 20 m* vacuum
chamber at similar voltages with a 9 mm anode. The measured
impulse bits from both facilities are in good agreement. The data
from the small vacuum chamber for pure N, and the 1:1 N,:0,
mixture indicate that impulse performance is relatively independent
of N, :0, composition. Figure 4 shows QS thruster efficiency as a
function of exhaust velocity U from both facilities compared to
previous N, data taken with a classic central cathode MPDT [9] at
current levels up to 30 kA, which enhanced thruster efficiency.
Exhaust velocity in Fig. 4 is calculated from

U = Iy /mt, [N-s/(kg/s - s)]

We note that no Onset voltage instabilities were observed with the
TAPS reverse polarity design in the range of exhaust velocities
above 40 km/s, whereas classic polarity MPDT N, measurements
with a central cathode were limited by observed Onset limits at
40 km/s [9], Fig. 4. Comparing the QS Onset parameter /2 /1 for
the two-test series shows Onset beginning at 225 kA?/g/s for
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Fig. 4 TAPS reverse polarity MPDT thruster test results for N, and
N, :0, compared to test results from classic polarity MPDT for N, [9].
Note that onset limit for the classic polarity MPDT was 40 km /s, while
the reverse polarity MPDT observed no Onset above 40 km /s.

classic polarity [9] for nitrogen while no Onset is observed at
200 kA?/g/s for TAPS data with reverse polarity [15].

IV. Conclusions

Thruster operation was verified and validated on two thrust stands
using 0.5-1.8 MW pulses to generate high exhaust velocities of
25-50 km/s in N, : O, and N,. Waveforms typical of MPDTs with
near flat top quasi-steady I(t) and V(t) traces were measured. Tests
demonstrated j X B plasma acceleration (T ~12) and a calculated
pulsed thrust of >20 N. High QS exhaust velocity (~50 km/s)
operation up to 10 kA of current was demonstrated. QS thrust
efficiency was 23% at U = 40 km/s and exceeded 30% above
50 km/s. Measured Impulse-to-Energy ratio was 12 mN-s/kJ
(12 mN/kW), very typical of MPDTs with low atomic mass propel-
lants. No Onset instabilities were observed in the range of operation
parameters that exceeded exhaust velocities observed in previous
Onset limits [9]. Critical issues to be addressed in future TAPS MPDT
work to increase thruster efficiency and lifetime include decreasing
thruster impedance by scaling to higher and longer current levels by
increasing PFN capacitance, introduction of optimized geometry
refractory electrodes supported by detailed plasma magnetic and
Langmuir probe measurements to address electrode erosion, para-
metric studies of injection and plasma flow conditions, improved
matching of FAV and PFN discharge pulses, and repetitive life cycle
vacuum testing of capacitors, inductors, FAVs, and igniters.
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