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ABSTRACT

In the last two years, we have made great progress in
understanding how helicon discharges work. Major results are:

1. We have solved the dispersion relation for nonuniform plasma
densities. The measured density profiles are used henceforth.

2. The wave magnetic field has been measured radially for
various antennas. The m = +1 azimutha! mode is preferentially
excited and agrees well with theory.

3. The density, temperature, potential, and Ar Il light have been
measured axially for helical and straight antennas. The density
peaks downstream. These data have been explained by a
diffusion model of the discharge.

4. The wave magnetic field has been measured axially. The
wavelength varies as expected with density. A standing wave
pattern is seen which is explained by the beating of two radial
modes. Antenna calculations support these observations.

5. The ANTENA code has been understood and simplified so that
antenna coupling calculations can be made on a PC.

6. No Landau-accelerated fast electrons have been observed; our
ionization can be explained by collisional damping alone.

7. Diagnostics have been developed and theoretically analyzed
for the above measurements. A new theory shows that fast
electrons which occur in pulses in phase with the RF cannot be
seen with our RF-compensated Langmuir probes.

8. The helicon discharge appears to be an ideal remote source,
with high density and low Te downstream from the antenna.
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The traveling wavelength of the helicon wave was
measured with magnetic probe interferometry. The
wavelengths measured vary inversely with the plasma
density as predicted by the dispersion relation of helicon
waves in uniform plasmas.
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SUMMARY

1. The data clearly show the onset of the helicon (H) mode as B
is increased. The B = 0 (ICP) mode is confined to the antenna
region, whereas the helicon mode develops downstream.

2. The previously reported dominance of the m = +1, right-hand
polarized mode is confirmed. The RH helical antenna generates
a dense plasma downstream only when B is in the right direction.
The Nagoya Il antenna generates the m = +1 mode
symmetrically in both directions.

3. Once the T variation is taken as given, all else makes sense.
The density peaks downstream as required by pressure balance
as the temperature decays. The measured n and V; profiles give
quantitative agreement on pressure balance, especially for the
ICP mode; the H mode agrees not as well, because of the
difficulty in measuring Vs in a strong B.

4. The Ar' light profile agrees well with that computed from the
measured n and T, profiles.

5. With measured n, Te, and Vs, the computed diffusion loss rate
agrees with the computed ionization rate, assuming no Landau
damping effects. For the H mode, neutral depletion must occur.

6. The helicon wave field shows beats whose spacing agrees
with the simultaneous launching of two radial m = +1 modes,
each satisfying the nonuniform-plasma dispersion relation. The
local wavelength of the main mode varies with n as expected.

The remaining problems are:

1. Can we explain the T, falloff rate?
2. Can we explain the wave damping length?
3. Can we design a probe that can detect phased fast electrons?
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The magnetic probe measurements of the helicon wave
reveal a standing wave pattern that develops as the
axial dc magnetic field increases. The decreasing wave
amplitude suggests that the pattern is not due to
reflections at the end of the discharge.
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As was the case for the plasma emission and plasma
density measurements, the standing wave pattern
measured depends on the direction of the axial
magnetic field. These patterns confirm that at these
power levels helical antennas efficiently excite the m=+1
azimuthal helicon mode but fail to couple to the m=-1
mode.
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The steady state equation of continuity for either species
is: :

Nn(r,z)on(z) =—V ¢ (D,Vn)

N = neutral density
o, = ionization cross section
D, = ambipolar diffusion coefficient

This equation can be integrated over the volume of the
plasma:

an(r,z)
ar

r=a

L a L
NJ oiv(z)J n(r,z)2rrdr dz=27raJ D.(a,z)
0 0 0

The left hand side of the equation corresponds to the
volume-integrated particle production rate while the right
hand side corresponds to the surface-integrated radial
loss rate.

The measured plasma parameters can be used to
calculate both production and radial loss rates.

The ambipolar diffusion coefficient is defined as:

A=
He+ He
forB =0  Dgr,z)=D,y= KTe(z)/mve(r,z)

for B=800G  Dy(r2) =D, =Letfy, o2, 2)
c e

The effective collision frequency is defined as:

ve(r,z) = Vei('raz) + Ven(z)

Vei(12) = 2x107°n(r,2)In AT,(z)
Vor(2) = No, V(2)

Both the ionization rate and the radial loss rate can be
used to estimate the power lost. The average energy ¢;

consumed in creating each electron-ion pair (including

inelastic excitations) is a calculable function of electron
temperature. The total energy ¢, effectively carried out

by each electron-ion pair lost is equal to:

ed2) = 2K T,(2) + TKTo(2)+ LK T(2)in (27Ar/’m) +e(2)

The neutral pressure during the helicon discharge
operation is lowered by the high degree of ionization
and by the fact that the fraction of neutral gas that is
ionized is pumped out at the ion acoustic velocity.



101

Plasma Density (10" cm™)
°

The plasma densities for various configurations have been
compared. The peak density for standard ICP conditions is
about an order of magnitude smaller than for helicon
discharges. For different antenna geometries and magnetic
field directions, the helicon plasma density is basically the
same under the antenna but differs downstream. The
highest density is achieved with the right helical antenna with
parallel field, conditions conductive to the excitation of the
m=+1 mode. A short plasma column is obtained when the
field direction is reversed, indicating the failure to excite the
m=-1 mode efficiently. The Nagoya lll antenna plasma
column falls in between these two cases.
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The axial density variation can be shown to follow from
pressure balance. In steady state, the z component of
the electron equation of motion is:

d(NK Tg)
a9z
E, = zcomponent of the electric field

v = momentum transfer collision frequency

u, = z component of the electron fluid velocity
Measured electron temperature and density and plasma
potential can be used to calculate the electric force and
the3 gressure gradient force.
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The 488 nm Ar* emission line corresponds to the
transition 4p 2D%, ----> 4s 2Pg/5 . At the high-density,
low-temperature plasma conditions we work with, the
upper level is populated by electron emission impact
excitation of the ground state of the Ar* ion. The
emission intensity /gy, is proportional to :

lom o N°(2) T (2) V(2)

n = plasma density
o, = cross section for impact excitation (Imre et al.)

v = electron speed
= averaged over a Maxwellian electron velocity

distribution with temperature T¢(z2).

Probe data has been used to predict the optical
emission profiles.
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The dependence of plasma production on the magnetic
field's direction was investigated. When two opposite
field directions were used, the plasma emission peaks
away from the antenna, in the direction of the magnetic

field.
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The axial profiles of the 488 nm Ar* line for a Nagoya Il
antenna with zero magnetic field and two directions of
magnetic field are presented. In contrast to the rigth
helical antenna, all the profiles ar fairly symmetric, with
one central peak within the antenna region, and two
peaks 16 cm from the center of the antenna. Plasma
production seems to be insensitive to field direction.
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Plasma Density (10" cm™)

The electron temperature and plasma density as a
function of distance from the center of the antenna for
the standard ICP (no axial field) mode of the helicon
discharge were measured. The density is symmetric
about the center of the antenna, peaking there. This
location has also the highest electron temperature. As
the plasma diffuses out of the antenna region, it cools
down.
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In the helicon mode with B / k the electron temperature
peaks 16 cm from the center of the antenna and cools
downstream; the electron density is uniform within the
antenna region and increases by a factor of two several
antenna lengths (50 cm) downstream.
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The axial dependence of the 488 nm Ar* plasma
emission line at low magnetic fields is shown bellow for
B / k . For zero field, there is a fairly symmetric
emission profile within the antenna region. As the field
is increased, however, two distinct peaks appear. The
closest to the antenna is under the front ring while the
second peak is located about 16 cm from the center of

the antenna.
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The profiles for magnetic fields from 0 to 900 G, at
intervals of 100 G, reveal that the second (helicon) peak
increases in magnitude but remains fixed in position.
The emission profiles are very asymmetric with respect
to the center of the antenna, suggesting preferential
plasma production in the direction of the magnetic field
for this antenna helicity.
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ABSTRACT

In the last two years, we have made great progress in
understanding how helicon discharges work. Major results are:

1. We have solved the dispersion relation for nonuniform plasma
densities. The measured density profiles are used henceforth.

2. The wave magnetic field has been measured radially for
various antennas. The m = +1 azimuthal mode is preferentially
excited and agrees well with theory.

3. The density, temperature, potential, and Ar Il light have been
measured axially for helical and straight antennas. The density
peaks downstream. These data have been explained by a
diffusion model of the discharge.

4. The wave magnetic field has been measured axially. The
wavelength varies as expected with density. A standing wave
pattern is seen which is explained by the beating of two radial
modes. Antenna calculations support these observations.

5. The ANTENA code has been understood and simplified so that
antenna coupling calculations can be made on a PC.

6. No Landau-accelerated fast electrons have been observed; our
ionization can be explained by collisional damping alone.

7. Diagnostics have been developed and theoretically analyzed
for the above measurements. A new theory shows that fast
electrons which occur in pulses in phase with the RF cannot be
seen with our RF-compensated Langmuir probes.

8. The helicon discharge appears to be an ideal remote source,
with high density and low T, downstream from the antenna.
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