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RF Wave Propagation in Bounded Plasma under Divergent and
Convergent Magnetic Field Configurations
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Radio frequency (RF) wave propagation in a bounded plasma (cylindrical shape with a large diameter of 45 cm) produced by
a planar, spiral antenna was investigated under divergent and convergent magnetic field configurations. The measured excited
magnetic field amplitude and the phase were examined based on helicon wave characteristics, and were consistent with the
computed results using the Transport Analyzing System for tokamaK/Wave analysis by Finite element method (TASK/WF)
code. The wave propagation region was broadened (focused) in the radial direction with increasing distance from the antenna
under the divergent (convergent) field.
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The production of high-density plasma is crucial for plasma
processing and confinement devices, and a helicon wave
plasma1–11) and an inductively coupled plasma (ICP)12–14)are
regarded as promising sources. In our previous work,14,15) in
order to produce a high-density plasma with improved uni-
formity in the radial direction by the ICP scheme with a spi-
ral antenna, we tested various external magnetic field con-
figurations under a relatively low field. We found that the
uniformity improved markedly with the cusp field. The re-
sults show that there may be a close relationship between the
density profile and the radio frequency (RF) wave propaga-
tion and absorption regions. Therefore, analysis of the wave
characteristics in various field configurations as a control pa-
rameter is important for the production of the desired plasma
profiles. In addition, the results of the wave analysis would
provide us interesting topics related to helicon wave physics
with a nonuniform magnetic field, which has been scarcely
investigated to date. In previous studies,16–18) the wave phe-
nomena were examined under the cusp field configuration,
while changing the line cusp position as well as the gradi-
ent and magnitude of the magnetic field: The excitedm = 0
mode helicon wave damped strongly near the cusp position,
and this wave could propagate beyond this position when the
magnetic field strength and/or the gradient of the field near
the cusp position was increased. These observations agreed
qualitatively with the computed results that the wave propa-
gated along the magnetic field line while avoiding the neutral
magnetic field point.

The whistler wave characteristic, which is predicted theo-
retically, shows that the maximum angle between the direc-
tion of the wave group velocity and the magnetic field line is
less than 20 degrees in a free space.19) However, for the heli-
con wave known as a bounded whistler wave, the relationship
between the wave propagation region under limited device ge-
ometry and the nonuniform field line was scarcely reported,
and must be examined for the development of a plasma pro-
duction scheme as well as studies of basic wave physics.

In this work, we characterize RF wave propagation un-
der both divergent and convergent magnetic field configura-
tions having a weaker line bending curvature compared to the
cusp field. Two-dimensional spatial profiles of the amplitude

and the phase of excited magnetic fields in a large-diameter
(45 cm) plasma were measured. The results obtained were
compared with the results computed using the Transport An-
alyzing System for tokamaK/Wave analysis by Finite element
method (TASK/WF) code developed by A. Fukuyama.20)

The experimental system is the same as that shown in Fig. 1
of ref. 14. The four-turn, water-cooled, spiral antenna with a
diameter of 18 cm was made of copper. The distance between
the surface of the antenna and the quartz window, which
was 25 cm in diameter and 0.8 cm thick, was 1.7 cm. Here,
z = 0 cm was defined as the point at the window surface
which faces an inner vacuum chamber∼45 cm in diameter
and 170 cm in length. The applied divergent (convergent)
magnetic fields were generated by six (five) coils having 48
turns each. Contour plots of the magnetic flux are shown in
Fig. 1: (a) divergent, and (b) convergent magnetic field con-
figurations.

The continuous RF input power was∼300 W with a fre-
quency of 7 MHz and an Ar filling pressure of 8.5 mTorr in
our experiments. Ar plasma parameters were measured by
the use of movable and rotatable Langmuir (1 mm in diameter
with 3 mm length) and magnetic (one turn coil with 7 mm in
diameter) probes inserted axially into the plasma (main mea-

Fig. 1. Contour plots of the magnetic flux (linear scale) with (a) divergent
and (b) convergent magnetic field configurations.



suring region wasz = 4–50 cm with four radial positions of
r = 0, 5, 10 and 15 cm). Typical electron temperatureTe

was 2–3 eV, and the electron densityne near the antenna was
≤ 1012 cm−3.

Figure 2 shows two-dimensional contour plots of (a) the
amplitude and (b) the phase of axial components of the ex-
cited magnetic fieldBz under the divergent field with the coil
currentIc = 20 A (the magnetic field on the axis atz= 0 cm
was∼23 G). The intervals between contour lines in Figs. 2(a)
and 2(b) were 0.2 in logarithmic scale andπ/2 in linear scale,
respectively. It can be seen that the amplitude ofBz was larger
on the axis, and the phase at fixedz position changed by∼ π
radians in the radial direction from the central axis to the wall.
Although the radial resolution of 5 cm is poor due to the fi-
nite radial measuring positions mentioned above, these char-
acteristics are the same as those of the helicon wave with an
azimuthal mode number ofm = 0 mode. This was also con-
firmed from the dispersion relation (wave number vs density
for a fixed frequency of 7 MHz atz < 30 cm) and radial pro-
files of (azimuthal component)Bθ and Bz at z = 30 cm (not
shown). It is also shown from Fig. 2(b) that the effective ra-
dius of the wave propagation region (related to the position of
phase change of∼ π ) increased with increasingz, which is
in agreement with the enlarged angle between the magnetic
field lines and thez axis (see Fig. 1(a) of divergent magnetic
field configuration).

Figure 3 shows two-dimensional contour plots of (a) the
amplitude and (b) the phase ofBz under the convergent field
with Ic = 200 A (the magnetic field on the axis atz = 0 cm
was∼9 G). Here, the scale and the interval are the same as
those in Fig. 2. Although the WKB approximation19) may
not hold, the excitation of them = 0 mode helicon wave is
expected for this applied field, considering RF frequency, the
dominant antenna current path and the observed radial wave
structures in the same way as the above case (divergent mag-
netic field). Figure 3(a) shows that the region of the excited
wave in the radial direction decreased with increasingz. Al-
though there is relatively poor radial resolution as mentioned
above, the position of the phase change of∼ π in the radial
direction in Fig. 3(b) also supports the decrease in the radial

wave excited region with increasingz.
Next, the experimentally obtained results were compared

with results computed using the TASK/WF code, employing
the finite-element method to solve vector and scalar potentials
of the wave. This code can analyze wave propagation in an in-
homogeneous medium under various external magnetic field
configurations. Here, we use a cold-plasma dielectric tensor
including collisions with neutrals (the mesh interval was 1 cm
in both radial and axial directions). The computation results
obtained by the use of four antenna loops with the axial profile
of the observed electron density showed the same tendency as
the experimental results for the amplitude and phase of the ex-
cited Bz under both divergent and convergent fields (data not
shown).

In order to check the power deposition profile, the radial
profiles of power absorbed by electrons while changing the
axial position are computed and shown in Figs. 4(a) and 5(a)
under the same conditions as those in Fig. 2 (divergent field)
and Fig. 3 (convergent field), respectively. This power ab-
sorption is defined as the scalar product of the electron cur-
rent densityJ multiplied by the wave electric fieldE. Fig-
ure 4(a) (divergent field) shows that asz increased, the peak
position of the power absorption shifted from the central axis
to the outer radial position with decreasing absolute absorbed
power. Although the effect of change in the radial diffu-
sion with increasingz-position, i.e., decreasing magnetic field
strength, must be considered, this result can be considered to
partly reflect the experimentally observed spatial profile of the
ion saturation currentI is: The ratio ofI is atr = 0 cm to that at
r = 15 cm was∼3.2 atz= 4 cm, while this ratio was∼1.6 at
z= 30 cm, i.e., a broader profile withz, as shown in Fig. 4(b).
Figure 4(a) also shows that the trajectory of the peak power
absorption in (r , z) space, which can be used as a measure of
the main wave propagation region, did not deviate from the
direction of the magnetic field line less than 20 degrees (see
also Fig. 1(a)).

From Fig. 5(a) (convergent field), the radial position hav-
ing the half-value of the peak power absorption decreased as
z increased, and did not deviate from the field line direction

Fig. 2. Contour plots of (a) amplitude (logarithmic scale) and (b) phase
(linear scale) ofBz under the divergent field configuration withIc = 20 A.

Fig. 3. Contour plots of (a) amplitude (logarithmic scale) and (b) phase
(linear scale) of Bz under the convergent field configuration with
Ic = 200 A.
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by less than 20 degrees (see also Fig. 1(b)). Nevertheless, the
spatial profile ofI is, as shown in Fig. 5(b), did not exhibit the
peak radial profile expected from the above wave propaga-
tion, especially whenz > 10 cm. The reason for this can be

considered as follows. Since the excited helicon wave prop-
agated in a narrower range ofr and damped more strongly
with z compared with the case of Fig. 4(a), the plasma pro-
duction region was more limited near the center axis and the
antenna, i.e., the sharply peaked density profile (experiment,
Fig. 5(b)) and the sharply peaked RF power deposition profile
(calculation, Fig. 5(a)). However, near the antenna, the ra-
dial diffusion is considered to be large due to the weak field,
which causes the rapid flattening of the density profile with
z < 15 cm; after that, the radial profile could be held almost
constant due to the stronger field withz (convergent field, see
Fig. 5(b)).

In conclusion, in order to investigate the relationship be-
tween the direction of wave propagation and the magnetic
field line with not a free boundary but a limited, finite bound-
ary, the characteristics of RF wave propagation under diver-
gent and convergent magnetic field configurations were exam-
ined. The measured spatial profiles of amplitude and phase of
the excited magnetic field in a large-diameter plasma were
consistent with the computation results obtained from the
TASK/WF code. The excitedm = 0 mode helicon wave
propagation region became broad (narrow) in the radial di-
rection withz under the divergent (convergent) field, and the
wave propagation angle with respect to the magnetic field line
direction was less than 20 degrees.
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Fig. 4. (a) Radial profiles of computed wave power absorption by electron
J ∗ E, changing the axial position and (b) experimentally observed spatial
profile of ion saturation currentI is, under the divergent field configuration
with Ic = 20 A.

Fig. 5. (a) Radial profiles of computed wave power absorption by electron
J ∗ E, changing the axial position and (b) experimentally observed spatial
profile of ion saturation currentI is, under the convergent field configura-
tion with Ic = 200 A.
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