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RF wave propagation, in the large-diameter (45 cm) plasma produced by a planar, spiral antenna, was investigated with the
cusp magnetic field configurations. Measurements of the excited magnetic field amplitude and the phase were examined by
a helicon wave dispersion relation, and the obtained results were consistent with the calculated ones by Transport Analyzing
System for tokamaK/Wave analysis by Finite element method (TASK/WF) code. The wave characteristics depended on the
gradient and the magnitude of the magnetic field near the line cusp position, and in the neighborhood of this position, this wave
showed different behavior from the helicon wave observed in a uniform field.
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diameter plasma. The obtained results were examined by the
helicon wave dispersion relation, and were compared to the
High-density plasma sources are becoming increasingbpmputation results by the use of Transport Analyzing Sys-
important for plasma processing and confinement déem for tokamaK/Wave analysis by Finite element method
vices. One promising souce is a helicon wave pldstha (TASK/WF) code developed by one of our authors (A.F.).
or inductively coupled plasma/transformer coupled plasma .
(ICP/ITCP)? Both of them are produced by RF waves with? EXperimental Setup
and without the external magnetic field, respectively, and have The experimental system is shown in Fig. 1 The four-turn,
been actively investigated theoretically and experimentallyater-cooled, spiral antenna of 18 cm diameter was made of
In addition, a planar spiral c8iP’ has been used in ICP be- copper. The distance between the surface of the antenna and
cause of the advantage of the relatively simple geometry. the quartz window, which was 25cm in diameter and 0.8cm
In previous works=®) in order to easily produce a plasmathick, was 1.7 cm. Herez = 0cm was defined as being at
with better uniformity in the radial direction and high plasmahe window surface which faces an inner vacuum chamber,
density by ICP with the spiral antenna, we used various ex- 45 cm in diameter and 170 cm in length. The applied cusp
ternal magnetic field configurations under the relatively loumagnetic field was generated by only two coils: currents with
field. With the uniform field, we could control the plasmathe same magnitude had opposite directions. In this study,
density smoothly from low to high values, and the axial prothe line cusp position was fixed at= 30 cm and the central
file appeared flatter, but the radial profile of the electron demlistanced between the two coils (48 turns each), which re-
sity became more peaked. In addition, excitation of the hdlected the gradient scale lendthof the cusp magnetic field,
licon wave with an azimuthal mode numbermof = 0 was was varied. Herel. was defined as the distance between the
demonstrated in large-diameter RF plasma using this type ofisp position and the cross point of two tangents, taken at the
antennd: ” With the cusp field € 50 G), the uniformity im- cusp position and at the position having the maximum magni-
proved significantl§ (effective diameter of 27 cm, which de- tude value of the magnetic field. Axial profiles of the absolute
fines a region where ion saturation current was withB%, value of the magnetic fielB for three typical cases are shown
with the plasma density of 10'2cm~3) compared to the ICP in Fig. 2: (a)d = 88.cm and the coil currerit = 60 A, (b)
case. d=42cmand.=60Aand (c)d = 16cmand. = 120A.
From these results, there may be a close relation betweenn our experiments, RF input power was 300 W with
the density profile and regions of the wave propagation and
damping. Therefore, analyzing the wave characteristics in the
various field configurations as a control parameter is impor-

1. Introduction

tant for producing the desired plasma profiles, and can alsc Zgysp ©M ;3mp
provide interesting helicon wave physics, not with the uni-
form magnetic field configuration but with a nonuniform one, N X | ’ |
which has been scarcely investigated. Under limited condi- %525~ ‘== r—a—a—a—
tions, the wave phenomena were investigated, changing thez wrz, -soow || -0 oo [ §
line cusp position as well as the gradient and magnitude of  Spiral _ 5 -
. ) Antenna <+ .
the magnetic field: ' Four-tum 4 - ;2’;?1’:&’;:@23
In this work, we characterize the RF wave propagation un- _ * "’y I

. . ) i Q
der the various cusp magnetic field configurations by mea- window

suring the two-dimensional spatial profiles of the amplitude
and the phase of the excited magnetic fields in the large- L—J

dem
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Fig. 2. Axial profiles of the magnitude of the external magnetic field with
(a) d (central distance between two coils) 88 cm andl (coil current) (a)
=60A, (b)d =42cmand. = 60A and (c)d = 16cm andl; = 120 A. 15 .
. = 10§ ]
a frequency ¢/2r) of 7MHz and Ar filling pressure of g
8.5mTorr. Ar plasma parameters were measured by the use = 5 ]
of movable and rotatable Langmuir (1 mm in diameter with N |
3 mm length) and magnetic (one-turn coil with 7 mm in diam- 0* ' ' '
eter) probes inserted axially into the plasma (main measuring (b)
region wasz = 3-50 cm with four radial positions of = 0, 15F : . : . -
5,10 and 15 cm). Typical electron temperatlgavas 2—-3 eV,
and the electron density, near the antenna was 102 cm~3, = 10 1
3. Experimental Results % 5t 1
Figure 3 (4) shows two-dimensional contour plots of the 0
amplitude (phase) of the radial, azimuthal and axial compo-
nents of the excited magnetic field, (8), (b) By and (c) (c)
B,, respectively, in logarithmic (linear) scale, for the case of 15
d = 88cm andl. = 60A. The intervals between the con-
tour lines in Figs. 3 and 4 were 0.2 and2, respectively. It g 107
can be seen that the amplitudesBfand B, was larger at off e 5|
axis, while that ofB, was larger on axis, and these phases at *
a fixedz position changed- 7 radians in the radial direction 0 .
from the central axis to the wall. Although the radial resolu- 3 10 20 30 40 50

tion of 5cm was not good, these characteristics are the same

as that of the helicon wave with an azimuthal mode number

of m = 0 mode. It is also shown from Fig. 3 that the excitedrig. 4. Contour plots (linear scale) of phase of Ba) (b) By and (c) B,

wave damped strongly near the cusp positioz ef 30cm.  withd =88cmand. = 60A.

For the case of the weaker currentlgf= 30A, the wave

damped more strongly before the cusp position. radial mod@ for the case ofl = 88cm withl. = 30A and
Figures 5(a) and 5(b) show the check of the dispersion ré0 A, respectively ¢,e: electron plasma angular frequency,

lation for them = 0 mode helicon wave with a fundamentakoc.: electron cyclotron angular frequency, velocity of

z (cm)
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Fig. 5. Dispersion relation as a function pffor the case ofi = 88cm
with (@) Ic = 30 A and (b)l; = 60 A. Left vertical axis ok (k2 4+ T2)%5
is estimated withl = 0.19 cnT? (closed lozenges) and 0.38 tin(open
circles). Right vertical axis O&)Sea)/wcecz is derived using magnitude of
the magnetic field and electron densitye (solid lines).

lis (MA/cm?)

light). Here, the parallel wave numbky (along thez axis,
irrespective of the direction of the magnetic field line) was (=0 (b) I.=60A
determined by the axial profile of the excited magnetic field
on axis with an assumption of the perpendicular wave num-
ber T = 3.83/a to derivek,(k? + T?2)%5 (left vertical axis).
Here, the effective radii were taken as= 10 cm and 20cm
for T = 0.38 and 0.19 cm!, respectively. The measured
and calculated® were used to derive the curve (right vertical
axis), sincene/ B is proportional tdk,(k? + T2)%5, It is found ]
that with increasind., the region of agreement between the o S0 20 30 a0 50
two estimations approaced the line cusp position, and near the z (cm)
cusp position aB ~ 8 G, thek,(k? + T?2)%5 term decreased _ _ . _
and deviated from the>2 w/wcecz curve due to the bending of F|g.. 7. Axial profiles of ion saturation current for the casedo& 88 cm
. pe . with (a) I = 30A and (b)l = 60 A.

the magnetic field. This shows that the excited= 0 mode
helicon wave with a fundamental perpendicular wave number
could propagate closer to the cusp position with increasirfgund in ref. 7, in whichB, was 10-20 G for the wave prop-
the magnetic field. agation from the antenna = 30 cm with the uniform field

Figure 6 shows the axial component of the group veloand RF power of~ 1.7 kW. We must consider the rapidly
ity Vg, on axis, which was estimated from the formula invarying propagation medium (external magnetic field) over a
ref. 11, for the same case as of Fig. 5 with= 88 cm. This wavelength.
shows that the/y, value was larger with the highég value, Figure 7 shows the axial profiles of ion saturation current
and thez-position withVy, = vy (electron thermal velocity ;s for the above case of = 88 cm with (a)l = 30 A and (b)
with Te = 3eV) approaced the cusp position. This tendencl, = 60 A, respectively. The position of the peak value shifted
is consistent with the region of disagreement of the dispete the right (more positive-position) with increasind, i.e.,
sion curve in Fig. 5. For the helicon wave with the uniformincreasingB. This result can be considered to be a reflection
plasma density and magnetic field & wce), Whenk, ~ T,  from the above results that the wave propagated more deeply
which satisfied the present cadg; is nearly proportional to to thez-position with increasing.
B1®/n2®. Note that this formula is the same as that for the The above results show that for the casd ef 88cm (L =
case ofk, > T, while whenk, <« T, Vg, is proportional to 38 cm), them = 0 mode helicon wave propagated closer to
B/ T. ThereforeVy, is strongly dependent on the magnitudehe line cusp position with the larger field strength, but as it
of the magnetic field compared to the electron density. Theapproached this position, the wave damped steeply.
above results from Figs. 5 and 6 can be considered as followsNext, the wave characteristics were investigated with
For the helicon wave to propagate, it was necessary that ttleangingd, i.e., L. The two-dimensional contour plots of
B value was above the critical vallBg ~ 8 G. This was also the amplitude ofB, are shown in Fig. 8 (see also Fig. 3 for

lis (MA/cm?)
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Fig. 8. Contour plots (logarithmic scale) of amplitude Bf with (a)

d=88cmand; = 60A, (b)d =42cmand; = 60Aand (cd = 16 cm —_
andl; = 120 A, 5§

the case of Fig. 8(a) witd = 88cm andl, = 60 A). Fig-
ures 8(b) and 8(c) are shown for the casedof= 42cm
(L =175cm) withl; = 60A andd = 16cm L = 13cm) z (cm)
with I, = 120A, respectively (the interval between con-_ o _
tour lines was 0.2, which was the same as that in Fig. 3'5% g':i%”é;“;vﬁlfiz )(:Sg:rggr:c(ﬁ;’i'e):oéoazp’('g)“iefggxgi;a(‘j)e
Here, the maximum field strength for each field configura- | — 1204,
tion was adjusted to be almost the same by choosind ¢he
value (the maximunmB was~ 30G from Fig. 2). The ex-
cited wave damped strongly near the cusp position for all tha |5 reflected these wave phenomena in the neighborhood of
three cases, but as for the case of shattfr), the wave field the cusp position, i.e., nonmonotonic profile change at the off
could penetrate through the cusp position. For the case afis when the wave could propagate beyond the posifion.
Fig. 8(c), the wave amplitude decayed at the cusp and th&his is consistent with the characteristics of the axial profile
increased beyond the cusp, which is clearly seen in the inngfr Vy, (not shown) derived by the above-mentioned method.
plasma region. For both casesibf 42 cm (not shown) and In addition, for the case af = 42 cm, similar results were
d = 16 cm [see Fig. 10(d)], changes in the phase had the saaiso obtained, and at~ 45 cm, the effective diameter, where
tendency as that fat = 88 cm [Fig. 4(c)] before reaching the the ion saturation current was withitb%, was~ 30 cm with
line cusp position, and beyond this position, the phase held= 60 A9 Examining the dispersion relation for both cases
almost constant for the caseaf= 42 cm, while it increased of d = 42 cm andd = 16 cm by the same method as that used
slowly with z for the case ofl = 16 cm. These results meanin Fig. 5, there was a slight discrepancy before the line cusp
that the excited wave could propagate further beyond the cugpsition?) However, the phase change in the axial direction,
position when the gradient at the line cusp position becantepending on the magnitude of the magnetic field)( see
steeper with constant magnetic field strength, i.e., in the caBgy. 10 for the case ofi = 16.cm), and the phase change
of shorterL. in the radial direction, were consistent with the helicon wave
Figure 9 (10) shows two-dimensional contour plots of thdispersion relation with a fundamental radial mode. The large
amplitude (phase) dB, for the case ofl = 16 cm, changing deviation from the helicon wave dispersion was roughly at the
the coil current: (a); = 30A, (b) I = 60A, (c)lc = 90A position of the critical fieldB. ~ 8 G.
and (d)I; = 120 A. The scale and interval between contour In summary, with the cusp magnetic field configuration,
lines in Figs. 9 and 10 were the same as those in Figs.tl3e excited wave damped strongly near the line cusp posi-
and 4, respectively. This shows that the excited wave coutibn (in the neighborhood of the critical value), and this wave
propagate beyond the line cusp position easier ak.th@lue, could propagate further beyond this position when the mag-
i.e., the magnitude of the fielB, was larger. Axial profiles netic field strength and/or the gradient of the field near the
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| L[ By and B, are shown in Figs. 11(a), 11(b) and 11(c), re-

T 10 spectively, in logarithmic scale (the interval between contour
% 5 1 lines in Figs. 11(a)-11(c) was again the same as that in Fig 3).
Here, the spiral antenna position is represented by filled cir-

0 3 10 20 30 20 50 ples in thg Ieft.side_ of figures.. Note that the spatial resplution

in the radial direction (5cm) is not good for the experiment,
z (cm) compared to the computation (1 cm), and thick shaded regions

Fig. 10. Contour plots (linear scale) of phase Bf for the case of contain man_y contour lines in Figs. 11(a) a”d 1:."(b) because
d = 16cm with (a)lc = 30A, (b) Ic = 60A, (c) I = 90A and (d) Of approaching the zero value near the axis. It is found that
le = 120A. the computation results, also including the phase plot (not

shown), demonstrate the characteristic of the= 0 mode
helicon wave before the cusp position, whose characteristics

cusp position was larger. The dominant wave can be considere similar to the experimental ones in Figs. 3 and 4.

ered as then = 0 mode helicon wave with a fundamental ra- 1l) The axial profiles ofB, on axis for the case of =

dial mode for the case of the longer For the shorted case, 16 cm withl, = 120 A obtained from the experiment and the

the excited wave was not the conventional helicon wave, esemputation using the experimentally obtained density pro-

pecially beyond the cusp position. This will be discussed vifile, are shown in Figs. 12(a) and 12(b), respectively. Here,

a comparison with the computation results in the next sectiothe real component, the imaginary component and the abso-

) , ) , lute value of theB, are presented simultaneously. Both results

4. Discussion with Computation Results agree well and show that the wavelength of the excited wave
The TASK/WF codé? was developed by Fukuyama, us-becomes longer by a factor of 2 after passing through the

ing the finite element method to solve vector and scalar ptine cusp position.

tentials of the wave. This code analyzes wave propagation inFrom both cases I) and Il), in addition to the case of a uni-

an inhomogeneous medium (two and three dimensions) underm magnetic configuration, the computation results support

various external magnetic field configurations, plasma dethe experimental ones. Therefore, it was confirmed that the
sity profiles, antenna geometries and boundary shapes. Thave did not interfere with the reflected wave but damped
response of a plasma is described by a cold-plasma dielectniear the line cusp position, and could propagate beyond the
tensor including collisions with neutrals. By use of this coddine cusp position, depending on the magnetic field strength
the helicon wave characteristics under the cusp field configand/or the gradient of the field near the cusp position. We also
rations obtained in the experiment can be understood in mdi@ind that the dominant mechanism of the steep wave damp-
detail. ing near the position was not due to the effect of the electron
First, the reliability of this code (here, the mesh intervathermal motion, because of the adopting the cold plasma ap-
was 1cm in both the radial and axial directions) was corproximation in the computation. Note that in ICP without any
firmed by comparing with the following experimental resultsexternal magnetic field, the phase changed suddenly and the
1) Using the axial profile of the electron density observed fowave amplitude decayed neg, (phase velocity) vy, sug-
the case ofl = 88cm withl, = 60 A, the results, i.e., two- gesting the effect of the finite electron temperattite.
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yond the cusp converged towards the central axis along the
field lines. In order to check the power deposition profile, the
radial profiles of power absorbed by the electrons under the
same condition as in Fig. 13 were computed in Fig. 14, by
_ o _ changing the axial position: (& = 10cm, (b)z = 20cm,
Fig. 13. Contour plots (logarithmic scale) of ampl|§ude of &) (b) By (C) z = 30cm, (d)Z — 40cm, (e)z — 50cm. This power
and (c)B; with d = 16 cm and . = 120 A (computation). L. .
absorption is defined as the scalar product of the electron cur-
rent densityJ by the wave electric fieldE. Here, the main
Here, we will consider the wave behavior in the neighbordamping mechanism is considered to be collisional damping
hood of the line cusp position. From Fig. 11 (computation}y electron-neutral particle collision; the ratio of the collision
while approaching the line cusp position, the wave amplfrequency to the wave frequenay,w, of ~ 0.5 was used in
tude having a peaked profile broadened, because the wale computation. It can be seen from Fig. 14{@} 10cm)
at the off-axis region could penetrate beyond the cusp poshat the power absorption close to the antenna was mainly
tion compared to the one at the center axis, owing to the relimited within the region of the antenna radius € 9 cm),
tively higher magnetic field (absolute value is low). Figure 12nd the peak position was located along the central axis. As
shows similar computation results of the three components nfvas larger, this position shifted to the outeposition with
the excited magnetic fields for the casedbf= 16 cm with decreasing the absolute value, and at the line cusp position
lc = 120 A. From this figure, the excited wave region broad{z = 30 cm), the peak power was located in the intermediate
ened before the cusp position and damped near this positioagion ofr ~ 9 cm [seen from Figs. 14(b) and 14(c)]. Beyond
and after that, the amplitude of which the wave penetrated bigre cusp position, the peak position shifted back towards the




3722 Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 6A BKECHI et al.

center with further decreasing the absolute value [seen frofield line and the reflection from the wall region. Note that, to
Figs. 14(d) and 14(e)]. be exact, the ray tracing pictdfécannot be adopted.

For these behaviours of the amplitude and the phad® of In any case, the excited wave could propagate through the
near the cusp, two qualitative, phenomenological interpretausp position regarded as an obstacle (effective cutoff region
tions may be considered as follows. One is that there existags wider on axis than that at off axis, whose nature depends
helicon waves with more than one perpendicular wave nunon |, andd), with the diffraction just before and the conver-
ber¥ a fundamental radial mode, as well as a higher-ordegence just after the cusp (see Fig. 14), including a possibility
one. Due to interference between the two modes, the calder direct tunneling.
lated dispersion with only the fundamental mode was not in )
exact agreement with the experimental one. The wave with Conclusion
the higher radial mode (having smallerfrom the dispersion ~ Characteristics of the RF wave propagation under the cusp
relation) can penetrate easily across the cutoff layer, coragnetic field configurations by changing the coil currignt
pared to the wave with the fundamental radial mode (largend the central distancebetween the two cails, i.e., the mag-
k;): The transmission coefficients are inversely proportionalitude and the gradient of the field, were investigated. The
to the length of the effective cutoff length 2long the ax- spatial profiles of amplitude and phase of the excited mag-
ial direction (we did not take into account resonance becausetic fields in large-diameter plasma were examined by a he-
of the relatively long wavelength- 20cm just before the licon wave dispersion relation, and were consistent with the
cusp), depending on the magnetic field strength and/or tikemputation results obtained from TASK/WF code.
gradient of the field near the cusp position, while proportional The strong outward damping near the line cusp position
to the wavelength® Assuming that the fundamental radialis considered to be due to the wave diffraction avoiding the
modeT = 0.38cnT?! and the second on€ = 0.7cnt! region in the weaker magnetic field, in addition to the wave
(a = 10cm), and the distandewas~ 5cm, which corre- absorption by the effect of the collisional damping; this wave
sponded to the axial distance between the position of the crieuld propagate further beyond this position when the mag-
ical valueB; ~ 8 G and the line cusp position, the coefficiennetic field strengtiB and/or the gradient of the field near the
ratio of the second mode to the fundamental one waS. cusp position was largeil(was shorter). The propagating
If the amplitude ratio of the second mode to the fundamentalave before the cusp position was considered asrthe 0
one cannot be neglected before the cusp positan, such mode helicon wave with a fundamental radial mode. For the
as in ref. 14, where this ratio was 0.4, the wave with the case of the shortat, the wave could propagate beyond the
second radial mode having largerand smallek; values can cusp position without having the dominant fundamental ra-
be the dominant wave after passing through the cusp positiatial mode of the helicon wave.

This can partly explain the discrepancy of the helicon wave
dispersion with a fundamental radial mode number after tHeCknowledgment
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