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Abstract between 2000 and 5000 seconds in hydrogen or
deuterium. Nozzle-based coaxial plasma

The Coaxial Thruster Experiment at the Los thrusters offer the potential to achieve these
Alamos National Laboratory has demonstrated demanding performance requirements. The
10 ms quasi-steady operation and ideal MHD- coaxial plasma thruster can be viewed as an
like performance. Previous experiments utilized evolutionary variation of the MPD thruster,
an unoptimized applied magnetic configuration where an annular magnetic nozzle is used to
in which field lines intercepted both thruster optimize thruster performance. The annular
electrodes. These experiments demonstrated the nozzle is unconventional with respect to
ability of magnetic connection between the canonical applied-field MPD thrusters, in that
plasma and the electrodes to control the anode the nozzle shape is carefully controlled and the
fall. In this work we report on the effect of an applied-field magnitude is of order the self
evolved applied magnetic nozzle which field. A proper nozzle configuration can enhance
provides magnetic connection of the electrodes to thruster performance by controlling the
the bulk of the plasma without direct magnetic "magnetic connection" across the electrode
connection of the electrodes. This magnetic sheaths and concomitantly minimizing anode
nozzle configuration significantly reduces the fall and electrode arcing. Furthermore, the use
anode fall fraction and thus may provide a of a proper nozzle-field shape can produce
promising means of improving MPD thruster smooth, efficient acceleration and detachment of
efficiency. the plasma propellant.2

Introduction Previous work qualitatively showed the
beneficial effects of an applied magnetic nozzle

Magnetoplasmadynamic thrusters constitute on coaxial plasma thruster performance. 3 -5 In
potentially attractive, high specific impulse these experiments, an unconventional and
propulsion engines that are compact and unoptimized magnetic geometry was able to
mechanically robust. Recent analysis by Myers, markedly effect control over the anode sheath
et al.1 has shown that pulsed MPD thruster potential drop. Moreover, this was
systems could have a dramatic near-term impact accomplished without significantly modifying
on orbit raising missions. For payloads of the annular magnetic nozzle, as inferred from
between 1000 and 2000 kg, Myers concluded that the simultaneous observation that the plasma
pulsed MPD thrusters, using present generation exhaust velocity remained in excellent
power conditioning components and envisaged agreement with the predictions of MHD nozzle
solar electric space power systems, could flow theory.
substantially reduce launch vehicle mass and
associated launch cost for LEO to GEO orbit In this paper, we present follow-on coaxial
transfers. plasma thruster research on magnetic nozzle

optimization. The research utilized the Los

Central to the efficacy of MPD propulsion is Alamos CTX facility which is capable of

thruster performance. The Myers study assumed sustaining 10 ms, 1 to 40 MW quasi-steady-state
a thruster efficiency of 50%, lifetimes between discharges. An improved magnetic nozzle was
2500 to 6000 hours, and specific impulses constructed to allow control over both nozzle

shape and field magnitude. Measurements made

Department of Aeronautics and Astronautics, by a quadruple Langmuir probe and an array of

University of Washington magnetic fluctuation probes were used to
University of Washington



1077 IEPC-93-118

SApplied Nozzle Field

Gas Feed t- - F._
AAp ied Field Coils Applied magnetic field configurations which

s allow electrons to flow to the anode along field
lines have been shown to reduce anode heating
in MPD-arcs. 6  In addition, previous CTX
results 5 have demonstrated a control of the

-Cathode anode fall potential by the application of a
SVacuum unique applied magnetic field. The solenoidal

0 50 1 Anode /Tank magnetic field coil used in previous
0 00 - investigations was contained within the center

Scale-cm f fl electrode (cathode). This field configuration
S U was used to confirm the hypothesis that

"shorting" the anode sheath by magnetic
Figure 1. Schematic of CTX thruster. connection of the anode to the plasma would

lead to a reduction of the anode fall. This
characterize the effects of the nozzle field on reduction of the anode fall is desirable from an
the anode fall fraction and the distribution of efficiency standpoint. 1 However, using this
current in the thruster. efficiency standpoint. However, using this

unoptimized applied magnetic field, the total
thruster voltage also decreased with increasing

CTX Facility field. This "shorting out" of the thruster
voltage is undesirable since it reduces the

The CTX facility includes a 1.1 m long, 0.56 m electric field available for plasma acceleration.
diameter coaxial plasma thruster (Fig. 1), a Therefore, the magnetic field configuration
1.5 m diameter, 5 m long stainless steel vacuum developed for this work was chosen to be one in
tank, and a PC/workstation based process which magnetic field lines connect the bulk of
control, data acquisition and data analysis the plasma to the electrodes (reducing the fall
system. A 2 MJ pulse forming network is capable potentials) without directly connecting the
of providing a flat-top, 10 ms discharge electrodes (eliminating the "shorting out"
delivering from 1 to 40 MW to the thruster. The effect).
working gas is supplied to the coaxial thruster
throughout the discharge at a controlled rate. The applied magnetic field configuration
This work reports results obtained with a mass investigated in this work (Fig. 2) was produced
flow of 5.75 g/s of helium. The thruster has using field coils external to the outer electrode
twelve gas inlet ports located approximately in (anode), in combination with coils contained
the mid plane of the barrel. Six of these are within the center electrode (cathode). This
used to inject the working gas at a controlled annular magnetic nozzle is formed by driving
rate over the 10 ms discharge. Six "fast" valves the coils with opposing polarities so that their
are also used to provide a 1 ms burst of gas. The axial fields point in the same direction inside
outer thruster electrode is isolated from the the acceleration channel. The field coils are
vacuum vessel by an insulating, glass flange. located at the end of the thruster, producing a
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Figure 2: Vacuum-field configuration of the magnetic nozzle field.
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converging-diverging magnetic topology with a turn area of each coil is roughly 20 cm 2 . The
"throat" located at the exit plane of the exact area of each pickup coil was calibrated
thruster. The coil power supplies are energized using a Helmholtz coil. The ends of the coils
3 seconds before the discharge, allowing the are brought out as twisted pairs to prevent
nozzle field to fully diffuse into the electrodes unwanted magnetic pickup. A 0.003 cm thick
and achieve its vacuum configuration. stainless steel foil was wrapped around the

probe to provide electrostatic shielding. The
Diagnostics shielding is sufficiently thin to allow the probe

to respond to magnetic oscillations at frequencies
The performance of the CTX thruster with the up to 200 kHz. A 1.5 m long ceramic jacket acts
applied magnetic nozzle was characterized both to protect the probe from the plasma and
using a quadruple Langmuir probe and a to provide a vacuum boundary. The signals are
magnetic fluctuation probe to measure the digitized at the rate of 250 kHz using a LeCroy
plasma properties and magnetic fields inside 8210 Waveform Recorder. The jacket containing
the thruster. the probe is mounted to a junction box on a

movable platform inside the vacuum vessel.

Langmuir Probe The coil leads are brought out of the back of the
junction box through a flexible bellows assembly

A moveable quadruple probe was used to to a side access port. The platform on which

measure electron temperature, ion density, the probes are mounted can be moved both

floating potential and flow velocity. The axially and radially inside and outside of the

quadruple probe is a combination of the triple thruster.

probe and crossed probe techniques 7 . The probe
consists of four tungsten wire electrodes (0.02 cm Results and Discussion

diam., 0.35 cm exposed length, 0.2 cm apart), fed
through a four bore alumina tube. A constant Current and voltage waveforms are shown in

bias voltage was applied using a Kepco BOP Fig. 3 for a 2.25 MW discharge with a

100-4M power supply. The fourth electrode was propellant flow of 5.75 g/s helium. As in

allowed to float. Typical bias voltages used previous work, the discharge is maintained in a

were in the range of 45-75 V. The voltage quasi-steady-state for approximately 10 ms.
between the floating probe and one of the biased The current and voltage waveforms are

probes provided a measurement of the electron
temperature, and the currents flowing through 35
the biased probes, determined using a 5 Q shunt I I
resistor, provided a measurement of the ion 30 (a)
density and an estimation of the flow velocity.8  E 25
All voltages were measured using Tektronix 20
AM501 operational amplifiers and digitized at 15
the rate of 200 kHz using a LeCroy 6810 0
Waveform Recorder. The probe and electronics 2 10
were allowed to float relative to system ground ( 5
by using an air-core isolation transformer to 0 I I
provide power to the electronics and by using 0 5 10 15
fiber optic cable to transmit the measured Time (ms)

voltages to the data acquisition equipment. 200 I

Concurrently, the potential of the floating probe > (b)
relative to the vacuum tank was measured to 0 150
provide an estimate of the plasma potential.

> 100
Magnetic Fluctuation Probe

2 50
An array of probes to measure magnetic field
fluctuations consists of 30 coils wrapped on a 45 0 I I
cm long, 0.635 cm diameter form. At 10 0 5 10 15
positions, 5 cm apart, three mutually Time (ms)
perpendicular coils are wound to measure Figure 3. (a) Thruster current and (b) voltage for
magnetic field in the r, 0, and z directions. The a 2.25 MW discharge with a mass flow of

5.75 g/s of helium.
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unaffected by the magnitude of the applied
field over the range studied.

100
Fig. 4 shows the radial potential profile for two
different applied field strengths for 2.25 MW, F 80 -
discharges in helium propellant; this radial
scan was taken at an axial position 1 cm - 60
upstream of the thruster exit plane. This power
level was chosen so that the ratio of the _
maximum applied field to the self field would _ 40 -
be approximately unity. The radial profile is 4

obtained by taking data at each radial position c 20 -
on successive shots. These data are taken for <

two shots at each position, averaged over the
quasi-steady portion of the discharge, and the 0
values of the two shots are averaged before 0 0.2 0.4 0.6 0.8 1 1.2
plotting; shot-to-shot reproducibility is good, Brz/B0
with typical variations of less than three volts. Figure 5. Anode fall fraction as a function of
At full field strength, the magnetic nozzle has a applied magnetic nozzle field strength
field strength of approximately 300 Gauss at normalized to the maximum self-field. Fall
the nozzle "throat". The maximum strength of voltage is measured 1 cm upstream of thruster
the self-field for these discharges was exit plane, and the error bars reflect theapproximately 333 Gauss. The low fieldapproximately 333 Gauss. The low field amplitude of the high frequency oscillations.
configuration had a strength 1/8 of the full
field strength; this low field case was intended
to reflect near-self-field operation (some magnitude of the anode fall is decreased while
applied field is necessary for breakdown at the total thruster voltage drop remains constant.
these operating conditions). The decrease in the anode fall voltage results in

an increase in the voltage drop across the
The difference between the anode potential and acceleration channel. The additional electric
the plasma potential measured at the closest field is presumably available for acceleration of
probe position to the anode (5 mm away) is plasma and should result in increased thruster
defined as the anode fall potential. The radial efficiency.
profile for the low field case shows a
substantial anode fall potential. As the
strength of the magnetic nozzle is increased, the

--| | - --- Full Field .'

0 0 25 . . . ...... .................. .............................. .
...... ... . .o -.

a I I°- - --.- 1/8th of Full Field

-50 i, ,i_

0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3
Radius (m)

Figure 4. Radial profiles of plasma potential with high and low applied magnetic nozzle
fields. The profiles were measured at an axial position 1 cm upstream of the exit plane. The
points on the anode and cathode are electrode potentials measured relative to the vacuum tank.
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Fig. 5 shows the variation of the anode fall
fraction (Vfall/Vthruster) with the strength of 50 I I
the applied nozzle field. The fall fraction is (a)
plotted as a function of the strength of the
vacuum applied field at the "throat" of the 40- *
nozzle, normalized by the maximum self-field in - *
the thruster. The figure shows a marked 30-
decrease in the anode fall as the strength of the W *U-
applied field is increased. In addition, the
amplitude of the high frequency oscillations on u 20-
the voltage signals, shown by the error bars, is -
reduced by the applied field. 10- -

1
Fig. 6a shows the axial profile of the anode anode
fall fraction with the magnetic nozzle. Far 0
upstream of the exit plane, the anode fall is 0.8 0.9 1 1.1 1.2
roughly 40% of the total thruster voltage, Axial Position (m)
essentially the same as in self-field operation. 12_
However, near the end of the thruster the fall 12 (b)
fraction drops, reaching a minimum of b
approximately 5% at the exit plane. Fig. 6b 10
shows the vacuum field strength of the radial
magnetic field along the anode surface. The 80-
anode fall appears to decrease as the strength "D
of the radial field increases, providing 60-
confirmation of the hypothesis that the anode E
fall can be reduced by strong magnetic connection 40 -
of the anode to the plasma.6  Moreover,
comparison of the anode fall profile in Fig. 6a 20-
with the radial current density profile shown in anode
Fig. 6c reveals that the majority of the thruster 0
current flows through the area of reduced anode 0.8 0.9 1 1.1 1.2
fall. The reduced anode fall should therefore Axial Position (m)
lead to an increase in thruster efficiency. Future
work will be directed toward confirming this 1 I
hypothesis. 8 (C)

S0.8-
Conclusions 0

0.6-
A unique applied magnetic "nozzle" field has )
been developed for the CTX coaxial thruster 0.4-
which provides strong magnetic coupling of the o
accelerated plasma with the anode and cathode - 0.2-
while avoiding direct magnetic connection of the
electrodes. The nozzle field has been -
demonstrated to reduce the fraction of the total Z an
thruster voltage consumed by the anode fall -0.2 anode
relative to near-self-field operation. The 0.8 0.9 1 1.1 1.2
reduced anode fall occurs near the exit plane of Axial Position (m)
the thruster in a region where the radial
component of the applied field strength is large.. Axial profiles of (a) anode fall
Measurements of current density reveal that Figure 6.(b) radial magnetic field strength
most of the thruster current flows though the along anode surface (vacuum field), and
region of low anode fall, indicating a reduction (c) current desi at ae calculated from
of the input power lost to the anode fall ( urre ent t no al ed
voltage. Application of axisymmetric, annular B measurements, normalized by peak
magnetic nozzle fields therefore appears to be a current density.
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promising means of improving the thrust
efficiency of MPD-type thrusters. Future work 6. Schall, W., 1972, "Influence of Magnetic
on the CTX thruster will focus on the estimate Fields on Anode Losses in MPD-Arcs",
of thruster efficiency using flow calorimetry. Technical Report AIAA 72-502.
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