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Introduction

E XPANSION of an electron-cyclotron-resonance- (ECR)
heated plasma in a magnetic nozzle offers several poten-

tial advantages over other plasma thrusters for generating high
specific impulse 7sp. The use of microwaves eliminates elec-
trodes, a primary life-limiting component for most plasma de-
vices; space charge ion acceleration eliminates the acceleration
grid problems of ion thrusters; and wall interactions are less
than other plasma thrusters, reducing energy and particle losses
and the sputtering of wall material. In addition, an ECR
thruster can deliver very high-power density and offers the
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Fig. 1 Magnetic field (dashed line) and floating potentials along
the plasma. Shown are potential measurements on axis (solid
points) and edge (open points). Gas propellant is injected through
the slot into a nine-section gas box.

possibility of variable 7sp through control of the plasma poten-
tial. In this Note we summarize for the propulsion community
the experimental status of an approach1'3 proposed to over-
come limitations of previous ECR thrusters,4"7 especially
plasma density limited by microwave cutoff at frequencies be-
low the plasma frequency, significant power losses to atomic
radiation, and plasma recycling at an interior rear wall in con-
tact along the magnetic field.

In our experiment several new features are used. First, whis-
tler waves are excited in the plasma at a magnetic field strength
B higher than resonance given by #res = (mele)2Trf, where/is
the microwave frequency, and me and e are the electron mass
and charge, respectively. The wave frequency satisfies f < f^
/pe, where f^ = eB/2iTme is the local electron cyclotron fre-
quency (typically ~5 GHz), /^ = (l/27f)^/e2ne/e0me is the
plasma frequency (typically ~6 GHz), ne is the electron density,
and e0 is the free space permittivity. The whistler wave is the
only electron wave that propagates at arbitrarily high densi-
ties.8 Second, the resonance is located on the side of a mag-
netic hill below the peak field, as shown in Fig. 1. This reduces
power flow up the hill to the rear boundary because the mag-
netic flux tube area decreases as the field increases. Third,
hydrogen is injected in a gas box at a field below the reso-
nance, where it is ionized by the heated electrons. Calculations
predict that the magnetic forces caused by the anisotropic ECR
electron distribution can greatly reduce energy losses up the
hill.3'9 Fourth, the use of hydrogen or deuterium minimizes
energy losses from atomic line radiation.

Floating potentials ^100 V are generated in the plasma as
predicted9 and an ion flux down the magnetic field is generated
with energy characteristic of these potentials. We have also
measured the excited whistler waves and their propagation and
absorption in overdense plasma at the resonance. Observed
discharge particle and energy efficiencies are lower than ex-
pected, probably because the injected gas is not fully ionized
and losses to the rear wall are greater than predicted. Modifi-
cations to achieve high efficiencies are suggested.

Description of the Experiment
The apparatus is shown in Fig. 2. Microwaves at/= 915

MHz (£res = 0.0327 T) and power up to 20 kW (30-100 ms
pulse length) are coupled from a bihelical antenna to a plasma
column at a magnetic field strength typically near 0.21 T. The
antenna is in air, outside a 4.9-cm-i.d.-fused silica tube vacuum
envelope to prevent electrical breakdown problems.3 The axial
magnetic field profile, shown in Fig. 1, is generated by two
solenoidal magnets located at z = —4.3 and 34.4 cm, with
mean conductor radii of 27.9 cm.3 The magnitude, axial pro-
file, and resonance location are varied by changing magnet
currents. The resonance is between the wave-launching col-
umn and the gas box, slightly upfield of the gas box slot, as
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Fig. 2 Sketch of thruster geometry showing magnets, helix if coupler, and propellant feed region, as described in the text.

in the computations.3'9 To minimize bombardment of the silica,
an electrically isolated stainless-steel limiter at the low field
end of the tube limits the plasma diameter to 4.4 cm. A second
isolated limiter, bounding the same magnetic flux tube, is
placed at the low field end of the gas box. An isolated stain-
less-steel disk at the high field end terminates the discharge.

Hydrogen is injected into a gas box using pulsed, piezoelec-
tric valves. The gas box is segmented, to reduce gas loss before
plasma ionization, and it is also isolated, so that there are no
electrically grounded surfaces contacting the plasma in the dis-
charge region. Ground is determined where the magnetic field
lines intersect the downstream vacuum pumping vessel.

Diagnostics include langmuir probes at the end wall (z = 0),
between the antenna and gas box (z = 59 cm), and in the gas
box (z = 77 cm). These probes also measure the microwave
electric field or are replaced by rf loop probes to measure the
microwave magnetic field. The electric potentials of the vari-
ous surfaces and limiters, biased to draw zero current (floating
potential) are also measured. Exterior to the thruster, 35 cm
downstream from the end of the gas box, is a gridded ion
detector (plume probe) to measure the ion flux as a function
of energy, allowing us to characterize the ion beam.

Results and Discussion
Measured plasma densities and ion fluxes for pulsed oper-

ation demonstrate that the plasma reaches equilibrium in 30-
40 ms. Detailed discharge characteristics depend on the oper-
ating point. At low propellant flow rates, ^0.47 mg/s (<4 Torr-
1/s), and high power, >15 kW, the electron density ne and
temperature Te are about 2-3 X 1011 cm~3 and 10-20 eV,
respectively. The gas is not fully ionized, with the conse-
quences discussed later. Figure 1 shows a typical time-aver-
aged, floating potential axial profile, measured using langmuir
probes on the axis, the floating limiters, and the end wall. The
on-axis probes and edge limiters have similar potentials.

The ion flux measured by the plume probe is shown in Fig.
3. When it is moved transversely, we find that the ion beam
is confined to the flux tube that passes through the final gas
box limiter. The magnetic field curvature between the limiter
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Fig. 3 Ion current to the plume probe, showing increase with
reduced gas injection and increased microwave power.

and probe is small because large coils are used in the experi-
ment. This experiment was not designed for significant plasma
plume separation from the magnetic field. With concentration
of the beam near the magnetic axis, theory predicts that a care-
ful magnetic field design is required.10

As the gas injection rate decreases and microwave power
increases, ne and Te increase. Thus, Fig. 3 shows the on-axis
plume probe ion current IpQ increasing by about a factor of 4
as the gas flow decreased from 3.5 to <0.6 mg/s: effective
ionization increases as the gas injection decreases. The beam
ions measured by the probe are accelerated by large space
potentials (Fig. 1) so that IpQ ~ «, (V^X where (\/Et) is the
mean ion velocity. From the measured ion energies shown in
Fig. 4, it appears that the increase in beam current as the gas
flow decreases results from a modest increase in ion density
and a larger increase in (V^/). Ion beam energy spectra, found
by sweeping the plume probe repeller voltage, are shown in
Fig. 4 for low and high gas flow. The case corresponding to
Fig. 1 at low gas flow has an average energy of 85 eV (7sp «
9 X 103 s), with a peak of at least 150 eV. The energy spread
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Fig. 4 Ion energy spectrum at the plume probe for low- and
high-gas flows.

is probably because of charge-exchange of the expanding
plasma on background gas. The peak energy is larger than the
difference in average voltage from Fig. 1, as expected, because
plasma potentials in Maxwellian plasmas exceed floating po-
tentials by ~0.5re €n(m,/mc), where m, is the ion mass. The
highest potentials are characteristic of the peak voltage fluc-
tuations in the plasma, as discussed next.

During high-density operation (ne ~ 3 X 1011 cm"3), the
plasma density and temperature at fields above the resonance
are comparable to those below. This differs from the compu-
tational results,9 which assume a gas ionization particle source
confined to the gas box. In addition, the computations find that
gas recycling from plasma striking the wall at high field is
insufficient to account for similar densities above resonance
and at the gas box. We conclude that neutral gas ionization
occurs along the plasma column at high field; this conclusion
is reasonable for our present parameters because the ionization
mean-free-path is about 35 cm for neutral hydrogen molecules
at room temperature. Even though this will be reduced by the
energetic tail from the ECR heating, it is still too long for the
gas to be fully ionized, and more energetic hydrogen atoms,
characteristic of Franck-Condon neutrals or of charge-ex-
change neutrals, will have even longer mean-free-paths.11

At low gas flow the discharge exhibits large potential and
density fluctuations, suggesting a bimodal operation or switch-
ing behavior that may indicate high- and low-density modes
in the high field region. These fluctuations limit the lowest
usable gas flow, at which the energy and particle utilization
efficiencies, as estimated from gas flow rates, measured tem-
peratures, and ion fluxes, are 1-5%.

To conclude, we hypothesize the following operational
model and suggest experimental approaches to validate it with
the goal of improving thruster efficiency.

1) The bimodal characteristic suggests a microwave coupling
variation with density and the following scenario: At high-den-
sity wave coupling is efficient and plasma potentials develop
that reduce up-field plasma flow, subsequently reducing up-field
density, lowering antenna coupling and ionization in the gas
box. This is supported by the computational analysis that pre-
dicts a high field density of at least a factor 3 less than in the
gas box, because ECR increases the energy perpendicular to the
magnetic field, thus generating a force down the field gradient.9
The potential and density then fall. Density .recovers by ioni-
zation of gas under the antenna. Efficient coupling, gas box
fueling, and potentials now rise and the cycle repeats. Improve-
ment of this coupling can best be achieved using a new antenna

design that injects the power closer to, but still upfield from,
the resonance. This would also minimize any nonresonant heat-
ing of plasma, further increasing the efficiency.

2) Because the plasma density in the gas box is too low to
ensure full ionization of injected gas, neutral atoms can travel
up the column resulting in volume ionization along the entire
length. Also, gas escaping downstream from the gas box will
charge exchange with the ions, broadening the energy spec-
trum as shown in Fig. 4. Improved ionization rate can be
achieved by a weak magnetic mirror at the gas box, yielding
a longer plasma residence time and higher density. The cor-
responding increased ionization rate will further increase the
density; the goal is a large enough increase for full ionization.
Achievement of full ionization and the reduction of ionization
in the high field column should substantially improve both
energy and particle efficiencies for this thruster concept and
improve prospects for rf-powered thrusters.
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