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Abstract Initial results have been obtained from
operation of a helicon plasma source built to
conduct optimization studies for space propulsion
applications. The source features an easily
reconfigurable antenna to test different
geometries. Operating with He as the source gas,
peak densities 3 1.6X10" m™® have been achieved.
Radial and axial plasma profiles have been
obtained using a microwave interferometer that
can be scanned axially and a Langmuir probe.
The source will be used to investigate operation at
high magnetic field, frequency, and input power.

. INTRODUCTION

In this paper we report on initial operation of a
helicon source built at ORNL for optimization studies
geared to space propulsion applications. The specific
application for the helicon source at present is to
produce plasma for the Variable Specific Impulse
Magnetoplasma Rocket (VASIMR)[1], currently
under development at the Johnson Space Center in
Houston, Texas. The specific research areas being
addressed with the ORNL source are: operation with
low mass ions (He® and HY), operation at high
magnetic field (£ 0.4 T), frequency (£ 50 MHz), and
power (£ 3 kW), a comparison of helicon antenna
geometries using a special reconfigurable antenna,
and optimization of the source configuration. The
primary goal is to maximize the fueling efficiency
(ions out / neutrals in).

The VASIMR consists of a helicon source fol-
lowed by an ion heating section in which ion cyclo-

tron resonant heating (ICRH) is used to increase the
energy of the ions in the direction perpendicular to
the confining magnetic field. The ions then pass
through a magnetic nozzle where the perpendicular
energy is converted into parallel energy as the mag-
netic field strength magnitude |B| drops. This
produces an exhaust with a very high exit velocity,
requiring less mass flow to produce a given change in
momentum. Maximizing the fueling efficiency of the
helicon source further minimizes the amount of fuel
required, as well as reducing charge exchange power
losses in the ICRH section.

I1. EXPERIMENTAL SETUP

A schematic of the ORNL helicon test chamber is
shown in Fig. 1. The magnetic field for the source is
generated by a solenoidal magnet which is 48 cm
long and has a 14 cm bore. The plasma is produced in
a 75 cm long quartz tube with a 5 cm inner diameter
which is centered in the magnet bore. Gas is intro-
duced through a metal flange with an o-ring vacuum
seal located at one end of the tube. The other end is
connected to a larger stainless steel vacuum chamber
on which is mounted an additional magnet coil. On
the far end of the chamber, a turbo-pump maintains a
base vacuum pressure of ~ 2.5 10° Pa. Radiofre-
quency (rf) power is coupled into the plasma using an
antenna fabricated from 1cm wide copper strips
which is located directly outside the quartz tube and
fed by a coaxial line. A copper cylinder fitted to the
inside of the magnet bore serves as a ground plane
and current return path. The antenna is presently con-
figured as a half-turn helix, but is designed so that it

*Qak Ridge National Laboratory, managed by Lockheed Martin Energy Research Corp. for the U.S. department of

Energy under contract number DE-AC05-960R22464.



[ ] ~<— turbo-pump

* I

Langmuir probe

/ solenoid coil

antenna

coax rf feed

T

vacuum chamber

Dl

i gas feed
interferometer horn

M quartz tube

mirror coil

Fiaure 1. Helicon source test chambher confiauration

can easily be converted into a Nagoya type 11, or two
phased dual half-turn antennas (fig. 2).

The diagnostics currently in use are a radially
movable Langmuir probe located between the source
and the stainless steel chamber, and a 70 GHz
interferometer which can be scanned axially along
the quartz source tube (fig. 1). The interferometer
features horns parallel to the source tube, with angled
reflectors at the ends to produce a beam with O-mode
polarization passing through the tube. The waveguide
connecting the horns to the measurement leg is
arranged to provide sufficient flexibility to allow ax-
ial scanning over a range of 30 cm. The remainder of
the source tube (except for the region directly under
the antenna) can be scanned by removing two short
waveguide sections. In addition to these diagnostics,
a capacitance manometer is mounted in the gas feed
line before the inlet to the source tube to provide an
indication of the neutral pressure.

1. INITIAL RESULTS

All of the initial data has been obtained using He
gas to produce the plasma, with an rf heating fre-
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Figure 2. Configurable helicon antenna

guency of 13.56 MHz. The device is usually run in a
pulsed mode in which gas is puffed into the source
tube through a piezoelectric valve, and rf power is
then applied to the antenna to form a plasma.

Data from a typical pulse is shown in fig. 3. In
this case, the input power is ~1000 W, the neutral
pressure in the feed line is 25 Pa at the time of maxi-
mum plasma density, and the magnetic field strength
in the source regions is ~ 0.16 T. It can be seen that
an initial period of constant density is followed by a
rapid increase in density. The estimate of ion density
n; was obtained by biasing the probe shown
schematically in fig. 1 at —-80 V to measure ion
saturation current, and using the formula:

I = 0.6 Aney-= (1)

where A is the probe area, e is the charge on an
electron, and M is the ion mass. An electron tem-
perature of T, = 5 eV is assumed. No correction is
made to take into account the effect of the back-
ground magnetic field. The probe measurement could
not be normalized against the interferometer density
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Figure 3. Typical pulse
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Figure 4. Radial n; profile from Langmuir probe

measurement because the two measurements could
not be made at the same axial location. The
“interferometer” curve in fig. 3 is the electron density
on axis, calculated using the interferometer line
density measurement and the ion saturation current
profile from a radial Langmuir probe scan (fig. 4). In
calculating the peak (on-axis) density, it was assumed
that the ion saturation current profile at the axial
location of the probe and interferometer are the same
except for changes in the magnetic flux tube size, and
that the electron temperature profile is flat in the
radial direction.

From fig. 3, it can be seen that the ratio of the
apparent density calculated from the Langmuir probe
to the density calculated with the interferometer is
decreasing throughout the pulse. This is most likely
due to an increase in electron temperature throughout
the pulse, with a jump at t~1s. The T, increase is due
to a decrease in neutral pressure during the pulse.
Dependencies of n, and T, on neutral pressure are
discussed later in the paper.

Figure 5. shows an axial profile of the peak elec-
tron density obtained from an interferometer scan.
The scan shows an increase in density as the distance
to the antenna decreases. The extent of the scan was
limited due to phase errors caused microwaves
reflecting off the copper cylinder surrounding the
antenna. These errors were large close to the antenna,
where presumably the density is higher and
diffraction greater. In the future, a microwave
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Figure 6. Density determined by a) probe and b)
interferometer as a function of I,,, which is indicated
by the numbers under the curves (current in Amps).

absorbing material will be placed on the inside of the
cylinder to reduce these errors.

The dependence of the measured plasma density
on the mirror coil current I, is shown in figs. 6a and
6b. The ratio of the density calculated with the Lang-
muir probe to that calculated with the interferometer
is seen to increase with increasing I,. This result,
along with the overall increase in density with I, seen
on both diagnostics illustrates the importance of tak-
ing into account flux tube mapping in interpreting
source behavior based on results from “downstream”
diagnostics. The reasoning is as follows: Figure 7
shows the effect of the change in I, on a flux tube
referenced to a particular radius (1.08 c¢cm) in the
source, chosen because it just intercepts the quartz
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