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Summary

The above numbered grants were funded through the Department of Energy, Office of Fusion Energy
Junior Faculty Development Program. The grants funded the construction and start-up of αlpha, A Large-
area Plasma Helicon Array experimental facility, and initial studies of Alfvén wave propagation in helicon
generated plasmas. The initial three year grant contract with Auburn University was terminated early (after
two years) due to PI’s acceptance of a faculty position at New Mexico Tech. The project continued for two
years at New Mexico Tech.

The project met all of the goals outlined in the original proposal.
1) The αlpha experimental facility was completed
2) Single helicon operation was demonstrated in both argon and helium
3) Multi-helicon operation was demonstrated, operating seven sources simultaneously to created a

homogeneous, large-area plasma
4) Propagation of Alfvén waves in a helicon plasma was demonstrated

The αlpha Facility

The design of αlpha was motivated by several considerations with regards to a wide range of basic
plasma physics studies. The cross sectional area needed to be large enough to insure that ions are
magnetized. The plasma needed to be dense enough and long enough to accommodate several Alfvén
waves along its length. These requirements needed to be met in a modest-sized university facility.

Helicon RF sources were chosen as the plasma generation mechanism for several reasons.
Significantly, with few exceptions all laboratory studies of Alfvén waves to date have been undertaken in
current-carrying plasma discharges. In the remaining studies (in mirror machines and post-current
“afterglow”) the discharge is either spatially non-uniform, or the plasma discharge parameters decay on the
time scale of the experiments. As a consequence, the plasma discharge dynamics influence the wave
dynamics under investigation. We are able to expand on the existing laboratory studies of Alfvén wave
propagation, including interactions with neutral particles, by improving the background plasma discharge.
Using helicon sources we can create a steady state, current-free discharge for Alfvén wave studies.
Moreover, although typically the plasma is ~100% ionized, the sources can be adjusted to create a large
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neutral fraction. This allows for the study of Alfvén wave – neutral particle interaction. Such interactions are
thought significant in neutral-dominated plasmas, such as the solar atmosphere and Earth’s aurora.

Details of the αlpha facility are published in a recent paper [1]. The device consists of a 4.0 m long
cylindrical vacuum chamber 50 cm in diameter (Figure 1). A large number of both large and small ports
allows for easy diagnostic access. The chamber is surrounded by a solenoid of 13 magnet coils, which
create a maximum field on axis of 0.22 T. The field strength and large diameter are sufficient to insure that
the ions are magnetized; at 0.1 T the ion gyroradius is ~2 mm for He in our plasmas. The measured
magnetic field ripple is less than 1% along the machine axis, and the uniformity is better than 3% across the
plasma cross-section. At one end of the chamber is located a 1000 /s turbo/molecular drag pump which
maintains a nominal base pressure of 2x10-7 torr. The gas input is located near the pump to minimize any
potential bulk flow. The helicon plasma sources are located at the opposite end of the chamber.

Current diagnostics include an array of RF-compensated radial Langmuir probes and double probes
and an axial probe that rides along a servomotor driven slide. These measure Te and ne. A single chord
microwave interferometer operating at 94 GHz is used to corroborate probe density measurements.
Magnetic loops are used to measure the fluctuating magnetic field of the Alfvén waves. A 0.5 m Ebert
spectrometer has been used to measure the ion temperature via Doppler broadening. An LIF system has
just been installed, capable of ion velocity distribution, and hence temperature measurements of argon ions
(Ar II), argon neutrals (Ar I) and helium neutrals (He I).

Helicon Plasma Operation

The plasma is produced by a set of seven helicon sources. Helicons have been shown in the past to be
very efficient at producing high density, highly-ionized plasma. However, the large area of αlpha requires
multiple sources, since the efficiency of plasma production drops with increasing source diameter. Work by
other groups indicated that a single RF amplifier system could be used to drive the helicon sources. But,
tests with the larger magnetic field of αlpha, along with the additional power requirements, demonstrated
that multiple RF amplifiers were preferable to a single amp. Thus, αlpha uses seven Henry Radio amplifiers

Figure 1: The αlpha facility. At the left end is the vacuum pump, while at the right are the seven helicon sources.



Alpha Final Report 3

capable of 5kW each continuous.
Both single and multiple source operation in Alpha have been demonstrated, in both argon and helium

[1]. In multi-source configuration we can operate in either of two modes, with multiple distinct sources or all
seven sources acting as a single integrated source. For discharges with multiple sources we operate in
pulsed mode because of the heat load generated by the sources. Operation in this mode is “quasi steady-
state”, in that plasma parameters remain constant over the course of the discharge, and the discharge
duration is much greater than the plasma physics phenomena of interest. We discuss the features of each
operational mode below.

Depicted in Figure 2 are the density and temperature profiles for operation in argon in steady-state
mode with the central helicon source. For this discharge the magnetic field was 0.090 T, with a neutral fill
pressure of 5.0 mtorr and input power of 800 W. The profile was obtained with an RF compensated
Langmuir probe located at one of the 8” ports 90 cm from the chamber end at the sources. The density
profile is peaked, while the electron temperature profile is more typically flat in the core, rising sharply at the
edge where the density decreases. By modifying the fill pressure, magnetic field and input power we can
create broader density profiles with flat temperature profiles that do not peak at the edge. Peak densities in
excess of 2x1019 m-3 have been obtained in argon with 1 kW of input power using a single source, and a
peak density of 1x1019 m-3 is measured in helium with 1.5 kW of input power.

During multiple distinct source operation all seven helicon sources operate simultaneously, however
the plasma profile is not uniform: The seven individual sources are identifiable via multiple peaks in the
density profile. Using this mode we plan studies of the effect of density gradients on wave propagation, as
well as turbulence studies. Integrated source operation is obtained by reducing the overall magnetic field
compared to distinct source mode operation. There is also an additional localized reduction in the magnetic
field just after the sources achieved by shorting several turns of the 4th magnet from the chamber end. This
increases the ion gyro radius and allows the plasma column to expand and recompress, merging the
sources along the chamber axis. Plotted in Figure 3 is the density profile in argon obtained across the 40
cm diameter plasma scanned from the 3 o’clock source to the 9 o’clock source. Data are taken at a port

0

0.5

1

1.5

0

2

4

6

8

10

0 1 2 3 4 5 6 7

ne 1019 /m3

Te

n e
 (

10
19

 /
m

3 )
T

e  (eV
)

radius (cm)
Figure 2. Density and temperature profile of the alpha plasma during single helicon source operation.
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located 1.3 m from the source endplate. Individual sources are no longer distinguishable. The profile is flat
and reasonably uniform at ~3.5x1018 m-3; deviations in the profile are within diagnostic error bars. Also
depicted is the temperature profile, which is slightly peaked.

Alfvén Wave Studies

We have characterized the Alfvén wave dispersion relation in helicon discharges, and studied the
effects of varying neutral fraction on the propagation dynamics. Shear Alfvén waves are produced in this
discharge by means of an inductive coil positioned to oscillate the magnetic field perpendicular to the
background field lines. The waves are detected by means of a second inductive coil positioned down the
plasma column. Initial investigations demonstrated the propagation of shear Alfvén waves within the
plasma through the localization of the oscillations along the magnetic field lines and the expected phase
velocity of the waves [2]. More recent studies detail the propagation of shear waves in the presence of
neutral atoms [3], with relevance to Alfvén wave propagation in the solar chromosphere and Earth’s upper
ionosphere.

Depending on the tuning of the matching circuit several different “modes” of the helicon discharge can
be obtained in helium. These modes can be identified by a visual change in the pink core of the helium
discharge. In previous work we reported Alfvén wave measurements in what appears to be the most
efficient mode, where the gas is nearly completely ionized [2]. Data in this “efficient” low neutral fraction
mode are plotted on the left in Figure 4 for the measured wavenumber vs. frequency. The approach to the
ion cyclotron resonance can be clearly identified, and the data are well fit by the ideal Alfvén wave
dispersion relation:
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The plot on the right shows similar data at two different radii for a plasma discharge with a high neutral
fraction. Near the ion cyclotron frequency in both cases the dispersion relation changes abruptly, as
expected. However, the data are poorly fitted by Eq. (2) due to ion-neutral collision effects.

The basic physics underlying this behavior is well modeled using a theory for Alfvén wave propagation
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Figure 3. Density and temperature profile during mult-source operation.
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by Woods that accounts for neutral damping effects [Woods, J. Fluid Mech., 13, 570 (1962)] Using our
measured plasma parameters, we are able to obtain a good fit to the data with this theory. The only caveat
is that the neutral density is unknown, and is used as a fitting parameter in the theory. However, we can
corroborate this neutral density by independently estimating the natural ratio using a neutral transport
model. The steady-state nature of the helicon discharge allows us to use simple transport equilibrium
models. We examine two models, each applicable in different regimes (collisional and collisionless
plasmas). Details of the models can be found in a recent paper [3]. Both models give values for the neutral
ratio that are in good agreement with the fitted neutral ratio in the Woods Alfvén dispersion relation.

Publications Related to the Project

Construction and initial operation of the αlpha facility has been reported at numerous national and
international meetings throughout the past two years (American Physics Society Division of Plasma
Physics, American Geophysical Union, APS Southeast Conference, APS Undergraduate Research
Conference, IPELS). Alfvén wave studies were published in Physics of Plasmas. Details of the αlpha
facility have been published in Review of Scientific Instruments.

1 Christopher Watts, Alpha: A Large-area Plasma Helicon Array, Rev. Sci. Instrum., 75, 1975 (2004).
2 Jeremy Hanna and Christopher Watts, Alfvén wave propagation in a Helicon Plasma, Phys.
Plasmas, 8, 4251 (2001).
3 Christopher Watts and Jeremy Hanna, Alfvén wave propagation in a partially ionized plasma, Phys.
Plasmas, 11, 1358 (2004).
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Figure 4:  Measured Alfvén wave dispersion curve and fit to theory for (left) “efficient” low neutral fraction helicon
mode and (right) a high neutral fraction mode. Error bars are of the order of the symbol size.


