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Frequency dependent effects of helicon plasmas
near the lower hybrid resonance

Suwon Cho
Department of Physics, Kyonggi University
Suwon, Kyonggi-Do 442-760, Korea

The analytic solution of the wave equation is used to investigate the eigen-
mode characteristics of helicon plasmas near the lower hybrid resonance. It
is shown that there are innumerable or a few isolated eigenmodes depending
on the value of the wave frequency whether it is higher or not than that of
the lower hybrid frequency. The plasma resistance is usually large with a
sharp peak near the lower hybrid frequency, but it depends on the plasma
density. Accordingly, a self-consistent simulation is carried out using the
solutions of the wave equation and the global balance equations. The nu-
merical results reveal that there exists a threshold frequency for a steep
change in the electron density near the lower hybrid resonance.

I. INTRODUCTION

Since its introduction by Boswell [1], helicon plasma has been of considerable interests
because of high ionization efficiency. The typical operating frequency of helicon plasmas
is between the lower hybrid frequency and the electron cyclotron frequency, but there
have been several experimental studies suggesting that the optimal frequency of helicon
discharge is related to the lower hybrid resonance. Zhu and Boswell observed the max-
imum optical gain of the spontaneous emission near the lower hybrid resonance [2]|, and
recently Yun et al. reported that the maximum densities were achieved when the wave
frequencies were close to the lower hybrid frequencies [3,4]. In addition, abrupt density
jumps were found to occur near the lower hybrid frequency when the wave frequency is
varied [5].

Transport of the rf energy to plasmas using the lower hybrid waves has been extensively
studied for heating of fusion plasmas in Tokamaks, but the role of the lower hybrid
resonance in helicon plasmas has not been examined in detail yet. In this work, the
eigenmode characteristics are investigated for the various values of the wave frequency
and the magnetic field to explain the frequency dependence of helicon plasmas near the
lower hybrid resonance. In addition, a self-consistent numerical simulation for the electron
density is carried out as the eigenmode condition depends on the density. The numerical
results are then used to show that there exists a transition or threshold frequency for
efficient ionization near the lower hybrid resonance.

II. LOWER HYBRID AND EIGENMODE RESONANCES

The propagation of electromagnetic waves in helicon plasmas is governed by the
Maxwell equations. Considering the boundary conditions at the end plates, the com-
ponents of the electromagnetic field are expanded in sine or cosine series, €™ sin(k,z)

or €™ sin(k,z), where k, = nm/L and L is the length of the chamber, and m and n
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are integers. For a uniform plasma, the electromagnetic field is expressed in terms of
Bessel functions whose argument is pp; the perpendicular wave number p is the root of
the biquadratic equation p* — (a + 8)p? + af — 76 = 0, where a = ¢, — N? — €3 /ey,
B = e3(1—N?Jer), v = Neses/er, 6 = NeaJer, N = kypc/w, and the €’s are compo-
nents of the cold plasma dielectric tensor [6]. The perpendicular wave number for the
slow TG wave becomes infinite for collisionless plasmas when the condition for ¢; = 0 or
w = wrH, wyy 1S satisfied, where wyy and wyy are the lower and upper hybrid frequencies,
respectively.

When the electromagnetic field is generated by an external source in bounded plasmas,
there is another kind of resonance called the coupling resonance that occurs when the
launched wave matches one of the eigenmodes of bounded plasmas. The condition for an
eigenmode to exist can be given as [6]

Dg(ma n,w,ne,Bo,rp,ra,rb,L) =0 (1)

where w, ne, By, 1p, T4, and 7, are the wave frequency, the electron density, the exter-
nal magnetic field, the plasma boundary radius, the radial antenna location, and the
conducting boundary radius, respectively.

In the presence of collisions the field strength is locally maximum when the eigenmode
condition is satisfied, as the determinant D, appears in the denominator of the coefficients
for the field excited by an external current source. This behavior of the field is reflected
on the plasma resistance R,. In practice, the rf power can be dissipated in the plasma
and the other part of the device so that the net power absorption by the plasma may be
approximated by P = PiR,/(Rp, + R:) where Py is the rf power delivered from the
power supply and R, is the circuit resistance [7].

III. NUMERICAL RESULTS

For illustration, numerical calculation is done for the following parameters unless oth-
erwise specified: L = 80 ¢m, 7, = 5 cm, r, = 6 cm, 7, = 10 cm, and R, = 0.5 2. The
electron collision frequency v, is taken to be 10 MHz and the ion collision frequency is
neglected. The Nagoya type III antenna is used and supposed to be at the center of the
chamber, and the conducting plates are assumed to be located at the ends of the chamber
as in the previous work [6]. Modes with m = —11,---,11 and n = 1,---,50 are taken
into account in calculating the total resistance.

The magnitude of Dy is presented in Fig. 1 where the existence of an eigenmode is
denoted by a sharp depression for a very small but finite value of the collision frequency.
The figure shows that there are innumerable eigenmodes between the mode coupling point
and the lower hybrid resonance, but there are a few isolated eigenmodes for frequencies
lower than the lower hybrid frequency.

The plasma resistance is presented as a function of the frequency at a given magnetic
field in Fig. 2. It is small for frequencies lower than wry and has a peak near wrg for
the densities exceeding a certain value. Therefore, when the resistance approaches the
peaked value near the lower hybrid resonance, as the frequency is increased, the power
absorption efficiency is considerably enhanced to result in a higher value of the electron
density. Since the magnitude as well as the peak location of the resistance depends on
the plasma density itself, however, a self-consistent procedure should be used to obtain a
legitimate conclusion.
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The wave equation is solved self-consistently with the global balance equations for the
electron density and temperature and the neutral density [8]. The results of numerical
simulations are presented in Fig. 3 showing that there exists a transition or threshold
frequency wy, for efficient discharge at a given magnetic field. For w < wyy, the density
is low and varies rapidly as the frequency does. The density abruptly jumps up as the
frequency is increased to approach the threshold frequency, and then it does not change
as much as in the case of w < wy,, thereafter. These threshold frequencies, which are
approximately 3.6, 5.4, 7.2, and 9.0 MHz, are close to the lower hybrid frequencies 3.1,
5.1, 7.1 MHz, and 9.1 MHz for the case of 300, 500, 700G, and 900 G, respectively, at
the density of 2 x 102 cm 3. Figure 4 shows that the density increases overall but the
threshold frequency virtually remains constant as the rf power is increased.
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FIG. 1. The magnitude of Dg is presented FIG. 2. The plasma resistance is plotted as
as a function of the magnetic field for differ- the .function of the wave frequency, which ?'5
ent densities (m=1, n=2, w/2n=8 MHz, and varied up to 20 MHz, at the fized magnetic
Ve/w=10"3). The magnetic field is varied up field of 500 G for different densities.

to 2000 G.
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FIG. 3. The electron density ne is given as FIG. 4. The electron density is given as a
a function of the frequency for the different function of the frequency for the different val-
values of the magnetic field with Py=300 W. ues of the rf power at By=500 G.
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The experimental results of Yun et al. [3] show that there exist optimum frequencies
for high density discharges near the lower hybrid frequencies. Their optimum frequency
appears to be the threshold frequency of this work, but the variation of the density mea-
sured is different from that presented in Fig. 3. On the other hand, the density variations
measured by Kwak et al. are quite similar to the computed ones. This seems to be due to
the fact that Yun et al. measured the densities at a particular radial position while Kwak
et al. did the line-averaged densities by a microwave interferometer. Since the density
profile changes near the lower hybrid frequency [4], the density at a particular position
does not vary in proportion to the average density as the frequency or the magnetic field
is varied across the lower hybrid resonance. The variation of the average density is more
consistent with the global model, which assumes the uniform density profile, than that of
the local density.

IV. CONCLUSIONS

It is shown that there are innumerable or a few isolated eigenmodes depending on the
value of the wave frequency whether it is higher or not than the lower hybrid frequency.
Consequently, the resistance peaks constitute the overall resistance that is quite large in
the wide range of the frequency being higher than the lower hybrid frequency, but there
appear a few isolated small peaks of the resistance for lower frequencies at a given magnetic
field. The resistance is usually large with a sharp peak near the lower hybrid frequency,
but both magnitude and location of the resistance peak depend on the plasma density.
Therefore, numerical simulations are carried out self-consistently using the solutions of
the wave equation and the global balance equations. The results show that there exist
a threshold frequency near the lower hybrid resonance at a given magnetic field. For
frequencies lower than the threshold frequency, the density is low and changes rapidly as
the frequency is varied, and then it abruptly jumps up as the frequency is increased to
approach the threshold frequency.

ACKNOWLEDGMENTS

The author wishes to acknowledge the financial support of the Korea Research Foun-
dation made in the program year of 1998 (1998-015-D00058).

REFERENCES

[1] R. W. Boswell, Physics Lett. 33A, 457 (1970).
[2] P. Zhu and R. W. Boswell, Phys. Rev. Lett. 63, 2805 (1989).

S.-M. Yun, J.-H. Kim, and H.-Y. Chang J. Vac. Sci. Technol. A 15, 673 (1997).
[4] S.-M. Yun and H.-Y. Chang Phys. Lett. A 248, 400 (1998).
[5] J. G. Kwak, H. D. Choi, H. I. Bak, S. Cho, J. G. Bak, and S. K. Kim, Phys. Plasmas 4, 1463

(1997).
[6] S. Cho, Phys. Plasmas 3, 4268 (1996).
[7] T. Shoji, Y. Sakawa, S. Nakazawa, and T. Sato, Plasma Sources Sci. Technol. 2, 5 (1993).
[8] S. Cho, Phys. Plasmas 6, 359 (1999).

924



