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1. Introduction

On the Large Helical Device (LHD), a plasma produc-
tion experiment using a folded waveguide (FWG) antenna
was carried out. The FWG antenna is a waveguide antenna
folded many times to lower the cutoff frequency to the ion
cyclotron range of frequency (ICRF) [1]. The FWG antenna
was installed in the LHD. A plasma with an electron density
of 3 ¥ 1018 m–3 was produced using the antenna, which was
being applied to the torus device for the first time [2]. The
achieved electron density was increased placing the FWG
antenna nearer the plasma. These phenomena were explained
in terms of the propagation area of shear Alfvén wave (SAW).
In this paper, the plasma production process of this ex-
periment is reported. Employing a ray tracing method, ray
trajectories of waves in ICRF and the power absorption
process were investigated.

2. Ray tracing calculation

The plasma production process was investigated with the
ray tracing method. It is a simple calculation method for
investigating wave propagation and the damping process [3].
Time derivatives for a position vector Ær and a wave number
vector

Æ
k are expressed in the following equations:

(1)

(2)

where Dr, t, and w are a real part of a dispersion relation of
wave, time, and an angular frequency of the wave, respec-
tively. Here, the following dispersion relation D in hot plasma
with elements of a dielectric tensor [4], Kxx, Kxy, º , Kzz, was
used:
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where N is a refractive index. Subscripts “ ||” and “^” denote
parallel and perpendicular components to the magnetic field
line, respectively. A damping of the wave power is calculated
integrating an inner product of the imaginary part of wave
number vector 

Æ
ki and the position vector along the ray

trajectory. If the imaginary part of the dispersion relation Di
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is much smaller than the real part, the integration is changed
over time as shown in the following equation:

(4)

In this calculation, the right hand side of the above equation
is used.

3. Calculated ray trajectory

A result of ray tracing calculation of the shear Alfvén
wave is shown in Fig. 1. In this calculation the following
parameters, which are ones obtained in the plasma production
experiment, are used: Bax = 2.6 T, f = 25.33 MHz, ne0 = 2.0 ¥
1018 m–3, and Te0 =20 eV. Profiles of the plasma temperature
and the density are Te = Ti = Te0 (1 – r2) and ne = ni = ne0 (1 –
r8), respectively, where r is the normalized minor radius. A
ray of SAW with k|| = 6 m–1, which is deduced from the width
of the FWG antenna, was started at (x, y, z) = (0.0 m, 4.3 m,
0.0 m) (r = 0.96). The ray travels along the magnetic lines of
force and gradually penetrates into the plasma core region.
Figure 2(a) shows propagation areas of SAW in the cold
plasma. The parallel wave number is kept constant. Here, the
propagation area is defined calculating the square of the
perpendicular refractive index to be positive, i.e., N^

2 > 0. The
wave propagates in the area between L cutoff layer and
Alfvén resonance layer, which is a hatched area. In this
condition, the ray travels within the propagation region.

In the case of a little lower density, ne0 = 1.5 ¥ 1018 m–3,
a ray trajectory calculated with the same parameters in Fig. 1
except for the electron density is shown in Fig. 3. The pro-
pagation area of SAW is shown in Fig. 2(b). In this case as
well, the ray, which has started at the points between L cutoff
layer and Alfvén resonance layer, proceeds along the magnetic
field. However, the ray travels to the central region beyond
the L cutoff layer, which is the region denoted by “SEW” in
Fig. 2(b). It is noted that SAW converts into surface elec-

trostatic wave (SEW) near the L cutoff layer. It is confirmed
that the calculated wave number and frequency satisfies a
dispersion relation of SEW [5]:
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where S and P are the Stix dielectric tensor elements in cold
plasma and wpi, wci, vti, and c are the plasma frequency, the
cyclotron frequency, the thermal velocity of ions, and the light
velocity, respectively.

In the lower density plasma in which no SAW propaga-
tion region exists, it is deduced that SEW directly excited by
the FWG antenna propagates. In this experimental condition,
not the kinetic Alfvén wave, but the SEW propagates in the
lower plasma temperature. Thus, it is assumed that SEW
propagation and the power absorption play an important role
in the plasma production phase.

Fig. 1 Calculated ray trajectory. In this calculation, Bax = 2.6 T,
ne0 = 2.0 ¥ 1018 m–3, and Te0 = 20 eV were used. A ray
with k|| = 6 m–1 started at (x, y, z) = (0.0 m, 4.3 m, 0.25
m). The calculation was carried out for 20,000 steps.

Fig. 2 Propagation areas of SAW on the horizontal elongated
plane of LHD. In this calculation, a dispersion relation of
cold plasma was used. SAW propagates between the L
cutoff layer and the Alfvén resonance layer (hatched
area). The following parameters were used: Bax = 2.6T,
k|| = 6 m–1, f = 25.33 MHz, and ne = ni = ne0(1 – r8). Central
densities are (a) ne0 = 2.0 ¥ 1018 m–3 and (b) ne0 = 1.5 ¥
1018 m–3, respectively. Region denoted by “SEW” are
propagation areas of surface electrostatic wave.

Fig. 3 Calculated ray trajectory. In this calculation, Bax = 2.6 T,
ne0 = 1.5 ¥ 1018 m–3, and Te0 = 20 eV were used. A ray
with k|| = 6 m–1 started at (x, y, z) = (0.0 m, 4.3 m, 0.25
m). The calculation was carried out for 20,000 steps. At
the point “Mode conversion”, SAW changes into SEW.

(a) (b)
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4. Absorption process of wave energy

4.1 Collisionless plasma:

Varying the temperature Te0 and the electron density ne0

on the axis, the ratio of the absorbed power after traveling
around the torus to the injected power was assessed and
shown in Fig. 4. In the range of density, 7.0 ¥ 1016 m–3 ne0

7.0 ¥ 1017 m–3, power absorption does not occur in the lower
temperature, below 50 eV. As the temperature exceeds 100
eV, the electron Landau damping (ELD) comes to play an
important role for the power absorption. When the tempera-
ture is about 500 eV, almost all the wave power is absorbed
while the ray travels around the torus. In the phase of plasma
production in which the temperature is less than 50 eV it is
concluded that the plasma heating through the ELD does not
occur. In this calculation, the plasma is assumed to be col-
lisionless, so that collisional heating processes seem to be
important in the plasma production.

4.2 e-H+ collision plasma:

Power absorption in the collisional plasma was estimated
in the following way: A dielectric tensor K consists of a unit
tensor I and a conductivity tensor s. Moreover, s is the sum
of an electron conductivity tensor se and an ion conductivity
tensor si,

K I I= + = + +1 1 1

i i ie iw
s w

w
s w

w
s w( ) ( ) ( ) (6)

In this calculation, it is assumed that only electron collision,
with collision frequency n, occurs. The effect of collision is
considered by replacing w by w + in in the electron conduc-
tivity tensor se,

K I= + + +1 1

i
i

ie iw
s w n

w
s w( ) ( ) (7)

Assuming a process in which electrons collide with field
ions, an absorbed power of the wave is calculated. In the
range of density, 7.0 ¥1016 m–3 ne0 7.0 ¥ 1017 m–3, the
power absorption due to the collisional damping process
increased with a decrease in the temperature to lower than
100 eV. In the case of the temperature near 1 eV, almost all
the wave power is absorbed while the ray proceeds around
the torus. Besides, in the case of the higher density, absorption
occurs at a higher temperature.

4.3 e-H0 collision plasma:

At a lower electron density, one less than ne0 = 1017 m–3,
the e-H+ collisional damping becomes less effective.
Therefore in the phase of the plasma production, a collision
process between electrons and neutral atoms of hydrogen, H0

should be considered. Absorbed power through e-H0

collisional damping was calculated and is shown in Fig. 5. In
this calculation, the collision frequency was determined from
the cross-section of the collision [6]. The calculation is carried
out in the range of 10 eV  Te0 1 keV  and 7 ¥ 1016 m–3

ne0  7 ¥ 1017 m–3. The density of hydrogen atoms is assumed
to be nH0 = n0H0 – ne = n0H0 – ni. The density of hydrogen
atoms when no atoms are ionized, n0H0, is 4.0 ¥ 1018 m–3,
which is deduced from the gas-puffing amount, the gas tem-
perature, and the LHD vacuum vessel volume. In case of Te0

< 50 eV where no Landau damping occurs, 10 – 20 percent
of the wave power is absorbed over a wide range of density.
On the other hand, at temperatures above 200 eV almost all
wave power is absorbed through the ELD while the ray goes
around the torus.

4.4 e-H2 collision plasma:

In the initial phase of plasma production, collisions
between electrons and hydrogen molecules may occur. In a
way similar to that discussed in the previous paragraph, the
absorbed power through e-H2 collisional damping is cal-
culated and shown in Fig. 6 in the range of 1 eV  Te0  100
eV and 7 ¥ 1015 m–3 ne0  7 ¥ 1017 m–3. In this calculation,
the cross-section of the collision described in Ref. [7] is used.
The density of hydrogen molecules is represented by nH2 =
n0H2 – 2ne = n0H2 – 2ni and n0H2 is 2.0 ¥ 1018 m–3. Approxi-
mately 10 percent of wave power is damped in the case of
temperatures and densities where no Landau damping occurs,
while the ray travels around the torus. However the dissocia-
tion process is higher in electron temperatures higher than 5
eV, so this absorption process may be important at lower
electron temperatures.

5. Changes of the plasma production

process

In previous sections, wave propagation and four power
absorption processes were investigated. These results are
summarized as follows:

Fig. 4 The dependence of power absorption ratio on central
plasma temperature T0 and central density ne0. The
ratio of absorbed power after the ray travels around
torus to initial wave power is shown. A contour map of
it is shown on the T0–ne0 plane. A collisionless plasma
is assumed. Here, electron Landau damping occurs.

Fig. 5 The dependence of power absorption ratio on central
plasma temperature T0 and central density ne0. The
ratio of absorbed power through e-H0 collisional damp-
ing after the ray travels around torus to initial wave
power is shown. A contour map of it is shown on the
T0–ne0 plane.
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● The SEW propagates in regions where the SAW can
not propagate; it propagates between the L cutoff layer
and the Alfvén resonance layer.

● In the collisionless plasma, ELD is strong when the
temperature is higher than 200 eV in the parallel
refractive index, |N|| | ~ 10. In the case of temperatures
lower than 50 eV, no absorption occurs.

● In the case of densities lower than 7 ¥ 1017 m–3 and
temperatures lower than 10 eV, e-H+ collisional damp-
ing becomes strong. In the case of temperatures higher
than 100 eV, the damping does not occur.

● e-H0 and e-H2 collisional damping occurs where the
plasma density is lower than 7 ¥ 1017 m–3 and the
temperature is lower than 100 eV.

The ranges of temperature and density where absorption
through each process occurs are summarized in Fig. 7.

Therefore, the following process of the wave propagation
and the energy damping in the plasma production phase is
deduced:

1. A few electrons in atoms are accelerated and the
atoms are ionized by RF electric field near the
antenna. A very low density plasma is produced and
SEW propagates.

2. The energy of SEW is absorbed through collisions
between electrons and hydrogen molecules. Then, the
temperature rises and molecules dissociate in neutral
atoms.

3. Electrons also collide with the dissociated atoms and
the wave energy is absorbed. Atoms are ionized, and
then electron and ion densities rise.

4. In high density plasma, shear Alfvén wave propa-
gates.

5. At a high enough temperature, ELD dominates.
In this experiment, in which plasma temperature was not
measured, it is difficult to investigate the detailed process;
however, it is noted that propagation of SEW and collisional
damping of the wave energy seem to play important roles in
the plasma production phase.

In this research, Krook’s collisional model, where a col-
lisional term has no differentials in velocity space, was used

and a collision of electrons only was assumed. For a
quantitative estimation, a collisional term which has first and
second order differentials and the effects of the collision of
ions may be needed.

6. Summary

Using a folded waveguide antenna installed in LHD,
plasma was produced. Achieved electron density was 3 ¥ 1018

m–3. Properties of the produced plasma were explained in
terms of propagation of shear Alfvén wave. In order to
investigate mechanisms in the plasma production phase, wave
propagations and power absorption were examined by the ray
tracing method. In this calculation, the hot dispersion relation
was used.

The calculated ray trajectory shows that surface electro-
static wave propagates in low density plasma while shear
Alfvén wave propagates in relatively high density plasma.
Dependences of power deposition by different damping
processes on temperature and density were calculated. ELD
does not occur in low temperature plasma while collisional
damping does. Plasma production mechanisms were deduced
as follows: Electrons in atoms are accelerated and ionized by
RF electric field near the antenna. Surface electrostatic wave
propagates and the plasma is heated to high temperature and
high density through collisional damping. In high density
plasma, shear Alfvén wave propagates. ELD occurs at high
enough temperature.
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Fig. 7 The ranges of temperature and density where absorp-
tion through each process occurs.

Fig. 6 The dependence of power absorption ratio on central
plasma temperature T0 and central density ne0. The
ratio of absorbed power through e-H2 collisional damp-
ing after the ray travels around torus to initial wave
power is shown. A contour map of it is shown on the
T0–ne0 plane.

650




