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Abstract

It is predicted in a theory that the MHD stability of LHD plasma depends strongly on the profile of rotational
transform, suggesting that the performance of the plasma is improved by controlling it. In order to control the profile,
we have proposed a combline antenna for the ICRF fast wave current drive. The propagation and absorption of the
wave excited by this antenna is studied in this paper by use of ray tracing analysis. It is concluded that the strong elec-
tron heating occurs when the frequency and wave number are adequately chosen. It is also found that up-shift of paral-
lel wave number occurs as the ray travels and the wave absorption is enhanced. The same calculation is carried out in
the tokamak with the similar size and plasma parameters, and it is found that the k||-shift in the helical configuration is
much larger than that in the tokamak. 
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It is an interesting subject to control Magneto-Hydro-
Dynamics (MHD) stability by driving non-inductive current
on the Large Helical Device (LHD) [1]. We have designed
and developed an antenna called “combline antenna” for a
use in current drive and plasma heating (see Fig. 1 (a)) [2,3].
It is known that parallel refractive index (N||) affects the elec-
tron heating strongly. Fig. 2 shows a power deposition profile
obtained from a simple calculation assuming the fixed paral-
lel refractive index and the uniform RF electric field over the
whole plasma radius. The electron heating become substan-
tial for N|| > 6 as the electron temperature on the magnetic
axis, Te0 = 3keV.

The combline antenna has a frequency pass-band, from
which one can choose an adequate frequency and associated
N|| to optimize the current drive. However, if the wave N||-
value changes itself as the wave travels, the prediction of the
deposition profile may become quite different. Therefore, we
employ the ray tracing analysis in this paper and try to give
more accurate assessment of current drive by using the
combline antenna in LHD. This antenna can be used option-
ally in the second harmonic heating regime with higher mag-
netic field (BT = 2.75 T, BT is toroidal magnetic field). Under
such condition, electron heating and ion heating are expected
to be in competition. The ray tracing calculation allows an

1. Introduction assessment on the competition. LHD has loop antennas that
have been used with frequency of 38.47 MHz (see Fig. 1 (b)).
This paper gives also an assessment of this loop antenna on
electron heating in the fundamental- and second harmonic-
cyclotron frequency ranges.

2. Ray tracing method

We adopt the ray tracing method developed by McVEY
[4] to investigate the wave propagation and the wave damp-
ing. The cold plasma dispersion relation was used in tracing
the ray and the hot plasma dispersion relation was used in
calculating the wave damping. With z-axis taken parallel to
the magnetic field and with k taken in x-z plane, the disper-
sion relation is given by Eq. (1).

We use following definitions and approximations:
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to obtain

Here, Sstix, Pstix, Dstix are Stix’s notations [5]. ωpe is an
electron plasma frequency. Z is a plasma dispersion function.
βe is beta value of electron. Re [G] is the cold approximation
of the real part of Eq. (1), Im [Gion], Im [GLandau], and Im
[GTTMP] are the imaginary parts of Eq. (1) associated with ion
cyclotron damping, electron Landau damping, and transit-
time magnetic pumping (TTMP), respectively. The position
and the wave number of the wave is obtained by integrating
the equations

and the wave energy E/E0 is calculated by

Within the parameter range of this paper, we find k-3(∂k2/∂r)
< 0.1 and the validity of WKB is ensured.

3. Parameters used in the calculation

The following parameters were used in the calculation:
the magnetic axis Rax = 3.6 m, the density profile of ne = ne0(1
− ρ8) with ne0 = 2.0 × 1019 m-3, and the temperature profile of
T = T0(1 − ρ2) with T0 = Te0 = Ti0 = 3.0 keV. Here, ρ is the
normalized minor radius. The plasma consists of electrons
and hydrogen ions.

The calculations were made for the four cases with fol-
lowing sets of parameters: (a) f = 75.0 MHz, BT = 1.5 T, k|| =
13.9 m-1 (N|| = 8.8), (b) f = 75.0 MHz, BT = 2.75 T, k|| = 13.9
m-1 (N|| = 8.8), (c) f = 38.47 MHz, BT = 1.5 T, k|| = 5.0 m-1 (N||

= 6.2), and (d) f = 38.47 MHz, BT = 2.75 T, k|| = 5.0 m-1 (N|| =

Fig. 1  Photos of ICRF antennas. (a) combline antenna (b) loop antenna.
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Fig. 2 Power deposition profile with fixed N|| value over the
whole plasma radius under uniform RF electric field
(|Ex|2 + |Ey|2 + |Ez|2 = const), the magnetic axis Rax = 3.6
m, the density profile of ne= ne0(1 − ρ8) with ne0 = 2.0 ×
1019 m-3, the temperature profile of T = T0(1 − ρ2) with
Te0 = Ti0 = 3.0 keV and hydrogen gas.
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6.2), where BT is magnetic field on magnetic axis and k|| is
parallel wave number at the ray tracing start point. Layers of
the fundamental and the harmonics of ion cyclotron reso-
nance and magnetic surfaces are shown with loop antennas in
Fig. 3. In cases (a) and (b), the frequency is 75.0 MHz simu-
lating the experiments using the combline antenna. In the
case (a), ion cyclotron resonance layers of low harmonic
number are excluded in favor of the electron heating and only
the third and fourth harmonic resonance layer remains in the
plasma. In case (b), a higher magnetic field is employed to
locate second harmonic layer inside the plasma so that ion
heating can takes place. In cases (c) and (d), the frequency is
38.47 MHz simulating the experiments using the loop anten-
na. In case (c), the second harmonic layer is located inside
the plasma. Thus, from the point of view of the wave absorp-
tion, cases of (b) and (c) are supposed to have the similar
physical process. In case (d), the fundamental ion cyclotron
resonance layer is located inside the plasma.

4. The results of the tray tracing calcula-

tions

The results of the calculations are shown in Fig. 4(a)-(d)
corresponding to the cases (a)-(d), respectively. The bound-
ary layer shown by thick solid line shows the Last Closed
Flux Surface (LCFS). The fast wave propagates inside the R-
cutoff layer, which has a shape of helically twisted ellipse
locating a little inside the LCFS. The sharp turns of the ray
appearing in these figures occur due to the reflection of the

wave at the cutoff layer with the complex geometry.
The figures consist of the top view of the typical ray tra-

jectory shown in the left column and the partition of the
power shown in the right column, where “s” on the abscissa
is distance along the ray and R is the major radius. In Fig.
4(a), we find that electron damping is stronger than ion
damping.  It is noted that TTMP is a little larger than Landau
damping in the considered plasma range. In Fig. 4(b), where f
= 75 MHz and N|| = 8.8, ion damping dominates over the
electron damping due to the presence of the second harmonic
layer. It is concluded that cyclotron layers of low harmonic
numbers has to be avoided and a large N||( = 8.8) has to be
chosen in order to heat electrons and drive current.

In Fig. 4(c), where f = 38.47 MHz and N|| = 6.2, the
wave energy is absorbed by ions similarly to the case of 4(b);
since the magnetic field was proportionally lowered, the sec-
ond harmonic ion cyclotron resonance stays at the same
place. The discontinuity of the curve in Fig. 4(c) is specifical-
ly large. It occurs due to the strong absorption of the wave as
the ray meets the second harmonic layer by chance with low
number of N||. It may be attributed to the factor 1/k||υth in the
imaginary part of the dispersion relation. The validity of the
approximation separating the real and imaginary part may be
lost there. However, it seldom occurs and if an average is
taken over initial condition of k|| and starting point, the esti-
mation of the power fraction is affected little.

In Fig. 4(d), the ion damping is even stronger due to the
presence of fundamental cyclotron layer.

Fig. 3 Locations of ion cyclotron resonance layers, loop antenna, and contour line of flux surface; (a) f = 75.0 MHz, BT = 1.5 T, 
k = 13.9 m-1, (b) f = 75.0 MHz, BT = 2.75 T, k = 13.9 m-1, (c) f = 38.47 MHz, BT = 1.5 T, k = 5.0 m-1, (d) f = 38.47 MHz, BT = 2.75 T,
k = 5.0 m-1. The notation of “1st”, “2nd”, “3rd” and “4th” show the fundamental ion cyclotron resonance layer, second
harmonic resonance layer, third harmonic resonance layer and fourth harmonic resonance layer, respectively.
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Fig. 4 Top view of the typical ray trajectory (left column) and the partition of the energy (right column), in which (a)-(d) corre-
spond to the cases (a)-(d) in Fig. 3, respectively. The power absorbed by electrons are separated into those of electron
Landau damping and TTMP.

As it was reviewed preliminarily in section-1, the wave
absorption by electrons is higher with larger value of N|| (see
Fig. 2). This feature was confirmed in the ray tracing analy-
ses. However, the N|| is not dependent only on its initial
value. It was found in the calculation that the wave k ||

changed its values as the wave propagated in the torus. As k||

affects the strength of the electron damping strongly, this

aspect is important.
In order to investigate the mechanism of the k|| up-shift,

the ray tracing was examined, for comparison, in the toka-
mak model magnetic field [6]
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where Bp is poloidal magnetic field and B0 is toroidal mag-
netic field. R0 is major radius and “a” is minor radius. θ is
poloidal angle and qa is safety factor at r = a.

Figure 5(a) and 5(b) show the k|| versus the path length
of the ray normalized to 2πR, which is calculated for the heli-
cal configuration with BT = 1.5 T and 2.75 T, respectively.
Figure 5(c) and 5(d) are those calculated for the tokamak
configuration with BT = 1.5 T and 2.75 T, respectively. The
k||-shift of the helical configuration (including up-shift and
down-shift) was found much larger than that of the tokamak
configuration. This may be attributed to the presence of
stronger ripple in the helical system and the loss of conserva-
tion of toroidal mode number, which is ensured in the wave
propagation in tokamaks.

5. Summary

Ray tracing calculations were carried out for the planned
four experimental regimes on LHD. In case (a), (f = 75.0
MHz, k|| = 13.9 m-1, BT = 1.5 T, N|| = 8.8; combline antenna),
the electron damping was stronger than the ion damping. In
case (b), (f = 75.0 MHz, k|| = 13.9 m-1, BT = 2.75 T, N|| = 8.8;
combline antenna) the electron damping was weak with
respect to the ion damping. In case (c), (f = 38.47 MHz, k|| =
5.0 m-1, BT = 1.5 T, N|| = 6.2; loop antenna) the second har-
monic ion heating was dominant over the electron heating. In
case (d), (f = 38.47 MHz, k|| = 5.0 m-1, BT = 2.75 T, N|| = 6.2;
loop antenna), the fundamental ion heating was dominant.

In the ray tracing calculation, a remarkable shift of k||-
value was observed. The similar ray tracing calculation was
made for a tokamak configuration with similar size and plas-
ma parameters. It was found that the k||-shift on the helical
configuration was much larger than that of the tokamak con-
figuration. The mixed presence of helical ripple and tokamak
ripple probably causes the difference of k||-shift. The k||-shift
seems to be inherent in the helical configuration and it may
play an important roll in the field of electron heating and cur-
rent drive.
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Fig. 5 k|| versus the path length of the ray; (a) helical with BT = 1.5 T, (b) helical with BT = 2.75 T, (c) tokamak with BT = 1.5 T and (d)
tokamak with BT = 2.75 T
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