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Excitation and absorption of electromagnetic waves in
helicon discharges by plasma immersed antennas
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Excitation and absorption of electromagnetic waves are numerically studied for
helicon discharges driven by antennas immersed in the plasma. The Maxwell equa-
tions are reduced to a set of ordinary differential equations, which are solved for
radially inhomogeneous plasmas by using the shooting method. Numerical results
show that the plasma resistance is much larger and its peaks due to eigenmode res-
onance appear at higher densities for the immersed antenna case than for the case
of the antenna located outside the plasma under otherwise same conditions. It is
also found that the 771 = —1 mode can be excited in the nonuniform plasma with an
inner antenna, while it can be hardly excited when the plasma is driven by an outer
antenna. In addition, the fast wave approximation neglecting the electron inertia is
discussed.

I. INTRODUCTION

Helicon plasmas have been of interest primarily because the high plasma density can be attained
with a modest rf power [13]. It has been known that the density of a helicon plasma is linearly
proportional to the magnetic field and there can be step-like increase in the density as the external
parameters such as the input power, the rf frequency, and the magnetic field vary. Recently, the
dependence of the plasma density on these parameters was explained in terms of the power balance
[4-6].

There exist two kinds of wave in helicon plasmas; one is the fast electromagnetic wave called
the helicon wave and the other is the Trivelpiece-Gould (TG) mode which is quasi-electrostatic.
The rf frequency is quite smaller than the electron cyclotron frequency and the electron plasma
frequency under the typical condition of helicon plasmas so that the electron inertia has been
usually neglected, which is equivalent to assume that the wave electric field is transverse. This
assumption utterly misses the existence of the TG mode and has been widely used in interpreting
experimental results. But it has been recently found that eigenmode resonance is due to the TG
mode which is heavily damped near the plasma boundary [7], the TG mode plays a major role
in determining the plasma density [8], and, the fast wave approximation or the TE (transverse
electric) approximation is not valid to describe the wave field in helicon plasmas [8].

However, these results are only applicable to the device where the antenna is located outside
the plasma and there is a vacuum gap between the plasma and the conducting wall. When the
antenna is inside the plasma, the helicon wave is the dominant mode for eigenmode resonance and
it penetrates deeply into the plasma across the magnetic field. The plasma resistance is very large
to be order of 101 ft in the helicon discharge by an immersed antenna [9], while it is order of 10°
Q for the case of the outer antenna discharge [8]. Therefore, it is worthwhile to study in detail
characteristics of helicon plasmas driven by immersed antennas along with the validity of the fast
wave approximation and, consequently, to investigate the effect of the large plasma resistance on
the plasma density.

In this work, the fast wave approximation is examined by comparing its results to those of the full
wave analysis. The shooting method is used to obtain numerical solutions for the electromagnetic
field and the power absorption in helicon plasmas with nonuniform density profiles. The plasma
resistance is then obtained as a function of the density and its characteristics are compared for
plasmas driven by inner and outer antennas.

II. MODEL EQUATIONS

The model of the helicon plasma device used in this study is depicted in Fig. 1. The plasma is
confined in the region 0 < r < rp, and there is a single loop antenna at ra, and the length of the
antenna is a. Conducting plates are assumed to be located at z = 0, L. With the Fourier series
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expansion for the current density and the electromagnetic fields [9], the Maxwell equations are
combined to yield

^ B * + ( l - — )B

E'z = 8E4

(1)

(2)

(3)

(4)

where E$ = —iEe, B$ = iBg, p = rto/c, N = fcjc/w, fc( = /TT/L, a = ei - A''2 - e?,/ei, /3 =
e3 (l - N'2/ei), 7 = Ne2e3/ei, 6 = Ne2/ei, and e's are elements of the cold plasma dielectric
tensor.
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FIG. 1. The model of the helicon plasma device with an single loop antenna immersed in the plasma.

For a uniform plasma, Eqs. (l)-(4) can be reduced into [8]

If the electron inertia is ignored to take Ez = 0, then Bz is described by [8]

where p satisfies the relation p2 = t\ - N2 - t\/{t\ - N2).
The power absorbed by the plasma is given by

Pabs = 8 > [ E . e * . E i

where c is the dielectric tensor, and it can be expressed as

1

(5)

(6)

(7)

(8)

(9)

where Rp is the plasma resistance and Ia is the antenna current.
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III. COMPUTATIONAL METHOD

For a uniform plasma, the solution of the wave equation can be expressed in terms of Bessel
functions and the expansion coefficients can be determined analytically from the jump condition
at the antenna and the zero electric field condition at the chamber wall [9].

The electromagnetic field in a nonuniform plasma can be obtained numerically by using the
shooting method [10]. The set of differential equations given by Eqs. (l)-(4) is integrated from the
antenna at ra to the wall at rp with the jump condition and with zero fields for 0 < r < ra. Next,
it is also integrated from the origin with trial boundary values, which are then to be corrected
iteratively by the shooting method to satisfy the boundary condition at the wall. The linear
combination of these solutions satisfy both conditions at the antenna and at the wall.

IV. RESULTS

The fast wave approximation is examined for a uniform plasma and its results are presented
in Figs. 2 and 3, for which the following parameters are taken: L = 50 cm, U/2TT — 13.56 MHz,
ve/u) = 0.2, rp = 10 cm, ra = 5 cm, a = L/2, and /„ = 1 A. Figure 2 shows that there is difference
between the results of the full analysis and the fast wave approximation in both values of the
plasma resistance and the densities giving the peaks of the resistance. At np — 3.69 x 1011 cm"3

where the resistance is the same for both methods, the power deposition profiles are presented in
Fig. 3 where the heavy and thin solid lines represent the result of the full wave analysis and the
fast wave approximation, respectively. The approximation gives a profile which is quite different
from that of the full analysis. The discontinuity near the antenna location (r = 5 cm) is due to
the fact that the jump condition is not exactly satisfied with the approximation [8]. Comparing
the absorption only by the fast wave component (in the full analysis) with the total absorption,
it is seen that the oscillatory part comes from the contribution of the TG mode having a short
wavelength. The TG contribution is not substantial so that the absorption only by the fast helicon
wave can reasonably represent the total amount of absorption. For the case of nonuniform plasmas,
the fast wave component is no longer separable with the shooting method, and the discrepancy
between the results of the full wave analysis and the fast wave approximation is found to be larger
from numerical studies.
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FIG. 2. The plasma resistance as a function of the plasma density at, BQ = 300 G for the uniform density
profile. The dashed line represents the result of the fast wave approximation. The included modes are
m = ±1,±3 and Z = 1,3.
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FIG. 3. The radial power absorption profile J JQ
 n P^^dOdz is given for the unit antenna current at

n = 3.69 x 1011 cm"3, where the full analysis and the fast wave approximation yield the same amount of
the total power absorption. The heavy and thin solid lines represent the result of the full wave analysis
and the fast wave approximation, respectively, and the dashed line represents the absorption only by the
fast wave component in the full wave analysis.

To investigate the effect of the antenna location, a numerical example for the plasma with an
outer antenna is taken in such a way that the plasma volume is the same as that of the previous
example for the immersed antenna. Then the power loss is identical for both plasmas under
otherwise same conditions. The plasma is confined in the region 0 < r < rp (rp = 10 cm),
an antenna and a conducting wall are assumed to be located at ra = 11 cm and rj = 15 cm,
respectively. The density is assumed to have the profile of the zeroth order Bessel function in both
models. In Fig. 4(a), the plasma resistance is presented as a function of the average density for
both inner and outer antenna configurations. The first and second main peaks are due to the first
radial eigenmodes with m = 1 and / = 1, and m = 1 and 1 = 3, respectively, for both cases.

As shown in Fig. 4(a), the resistance is generally larger and its peak values are much larger for
the case of the immersed antenna. This can lead to the higher efficiency of the rf power absorption,
which is defined as

Pnet — -Prf = (10)

where Rc is the equivalent conduction resistance of the device, and Pnet and Pr{ are the net power
absorbed by the plasma and the rf power from the power supply, respectively [11]. Rc consists of
the resistance from components such as the antenna, the matching box,and the transmission line.
Rc is assumed to be 0.5 fi to obtain the power coupling efficiency rj presented in Fig. 4(b) for the
case of Fig. 4(a). The plasma density is determined from the intersection point of the resistance
curve and the power loss line in the region of dPaet/dn < 0 or drj/dn < 0 for a fixed rf power [4].
Fig. 4 indicates that the coupling efficiency and the density may be slightly higher for the case of
the immersed antenna.

As seen from Fig. 5(a), the inhomogeneity of the plasma density results in strong suppression of
the m = — 1 mode when the antenna is outside the plasma. But, there is non-trivial contribution
of the m = - 1 mode to the resistance for the inhomogeneous plasma driven by the immersed
antenna, and this contribution appear in the higher density region than that of the m = 1 mode.
The different values of Rp between the two modes is not significant in the coupling efficiency, since
Rc is much smaller than Rp. This implies that a high density discharge may be sustained by
exciting the m = — 1 mode in the plasma with an immersed antenna.
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FIG. 4. The plasma resistance (a) and the power coupling efficiency (b) are given as a function of the
average density at Bo = 300 G for the inner (solid) and outer (dashed) antennas (Rc — 0.5 Q). The
included modes are m = ±1, ±3 and I = 1,3.
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FIG. 5. The plasma resistance of the I = 1 mode as a function of the average density for (a) the outer
and (b) inner antenna cases at Bo = 600 G.

V. SUMMARY

When the antenna is immersed in the plasma, the contribution of the TG component to the power
absorption is not substantial so that the absorption only by the helicon component can represent
the total amount. However, it does not mean that the fast wave approximation is valid. In other
words, if the existence of the TG mode is not taken into account from the beginning of the analysis,
the result is not good in estimating neither the loading resistance nor the power deposition profile,
although resonance is due to the fast helicon wave. It has been also found that the plasma resistance
is much larger and its peaks appear in a higher density range for the case of an inner antenna than
for the outer antenna case under otherwise same conditions. These results suggest that there is a
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possibility to attain a higher density discharge operating at a higher coupling efficiency by using
the inner antenna. The inhomogeneity of the plasma density influences the azimuthal structure of
the electromagnetic field, and its effect depends on the antenna configuration. The m = — 1 mode
can be excited in the nonuniform plasma with an immersed antenna, while it can be hardly excited
when the plasma is driven by an outer antenna.
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