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Three-Dimensional Calculation Analysis of ICRF Heating in LHD
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Abstract

Ion cyclotron range of frequencies (ICRF) heating is one of the heating methods for the fusion plasma experi-
ments and also effective for the helical plasmas. For the purpose of analysis of the ICRF heating in the helical plasmas,
the three-dimensional full-wave code has been developed. The feature of the helical system compared with the toka-
mak device is the strong coupling of the toroidal harmonic modes. They cannot be treated independently. Dependence
of the power absorption on the position of the ion cyclotron resonance layer is calculated including all toroidal modes.
Strong power absorption was obtained when the position of the resonance layer is slightly different from the experi-
mental results. Difference of the position of the resonance layer in different toroidal angle is thought to be important to
achieve the good heating efficiency in the ICRF heating for the helical plasmas.
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The radio-frequency waves in the ion cyclotron range of
frequencies (ICRF) have been used for the plasma heating in
the magnetically confined plasmas for many years. In the hel-
ical device, it was theoretically predicted that the high-energy
ions generated by the ICRF heating would escape from the
plasma and the ICRF heating was not effective method for
the ion heating. However, in the LHD experiments, they were
shown that the ICRF heating was effective in the helical
device and the plasma is sustained by the ICRF heating alone
more than two minutes [1-4]. To understand the ICRF-heated
plasmas and the wave behavior, theoretical analysis using the
calculation code is important. In the tokamak plasma, the
ICRF heating is well described and understood by using sev-
eral two-dimensional full-wave codes. In the helical system,
the toroidal harmonic modes couple and cannot be treated
independently. Displacement of the magnetic field configura-
tion to the magnetic surface in proceeding to the toroidal
direction is also very important. Then, the two-dimensional
full-wave toroidal codes such as used for the tokamak plas-
mas are not applicable to the helical plasmas. Therefore, the
three-dimensional full-wave code is needed to develop.
TASK/WM code is one of the global codes, which calculate
three-dimensionally in the helical magnetic configuration.

1. Introduction 2. TASK/WM Code

To solve the wave excitation, propagation and absorp-
tion in the three-dimensional helical plasmas in the ICRF,
TASK/WM code has been developed [5]. Modeling of the
code was carried out by V.L. Vdovin et al. [6] and it was
developed to the calculation code by A. Fukuyama [7]. In a
full-wave calculation, the toroidal and the poloidal harmonic
expansions are used to solve the wave equation, ∇ × ∇ × E =

ε↔ · E + iωµ0 jext, where E, ω, c, ε↔, µ0, jext are wave elec-

tric field, wave frequency, light speed, dielectric tensor, mag-
netic permeability and external antenna current, respectively.
Response of the plasma to the electromagnetic wave field is
determined by the plasma current and the plasma conductivi-
ty tensor. It is expressed as jp = σ↔ · E. This is included
through the plasma dielectric tensor. To solve the equation,
the finite Larmor radius expansion that assumes k⊥ρ << 1,
where k⊥ is the perpendicular wave number and r is the ion
Larmor radius, is used. Thus, effect of finite temperature is
partially included and the cyclotron damping and the Landau
damping are described. However, inclusion of the mode-con-
verted ion Bernstein wave is incomplete. The plasma config-
uration is given by VMEC MHD equilibrium code [8]. The
calculation was carried out in the non-orthogonal flux coordi-
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nates (ψ, θ, ϕ), where ψ is minor radius direction, q is
poloidal direction, and j is toroidal direction. The antenna has
a single loop in the poloidal direction for exciting the fast
wave. The power absorption is expressed as P = E · Jp.

Spatial variations of the electric field and the plasma
medium are expanded in Fourier series in the toroidal and
poloidal directions. Different from the axial symmetric plas-
mas such as the tokamaks, the toroidal harmonic modes are
tightly coupled with each other due to inhomogenity of the
helical magnetic configuration in the toroidal direction. The
toroidal harmonics are described the condition, n’ = n + kNh,
where n is the toroidal mode number of the wave electric
field, k is harmonic number and Nh is the periodicity of the
helical coils. Nh is 10 in LHD. Thus, if the one toroidal mode
of the wave electric field is excited by the antenna, the higher
toroidal modes will also be excited by coupling simultane-
ously with it. To include all the toroidal modes of the anten-
na, one must calculate for the each antenna mode and sum-up
the results. Figure 1 shows the radial profiles of the absorbed
power in each toroidal mode number n. The magnetic axis
position is 3.6 m and the strength of the magnetic field is
2.75 T. The value of the magnetic field is evaluated with the
magnetic axis. The central electron density is 1 × 1019 m-3.
The central temperature of ion and electron is 2 keV. The
assumed density and the temperature profiles are n (ψ) = (n0

− ns) * (1 − (ψ/ψs)8) + ns and T(ψ) = (T0 − Ts) * (1 − (ψ/ψs)2)
+ Ts, respectively. The subscripts 0 and s indicate the values
at the plasma center and the edge, respectively. The helium
plasma with the 10 % of hydrogen is assumed. The wave fre-
quency is 38.47 MHz and the ion cyclotron resonance layers
are located at the saddle-point of the magnetic field. In spite
of the same plasma parameter and the same position of the
resonance layer, the power absorption profile changes with
number of the toroidal mode. Appearance of the large electric
field that is generated resonantly also differs in mode num-
bers. All of these modes should be included to realize the
actual wave behavior.

3. Calculation results

The position of the power deposition is thought to be

important for attainment of the good heating results. The
relation of the position of the ion cyclotron resonance layers
and the power absorption was investigated. Figure 2 shows
the absorbed power as a function of the magnetic field
strength. The central electron density and temperature are 1 ×
1019 m-3 and 2 keV, respectively. Helium plasma with 10 %
of hydrogen ion is assumed. The absorption by hydrogen ion
is very strong as shown in broken-dotted line. If the ion
cyclotron resonance layer of hydrogen exists in the plasma,
most of the radio-frequency power is absorbed by the hydro-
gen ions. The wave frequency is 38.47 MHz. When the mag-
netic field is 2.75 T, the ion cyclotron resonance layers are
located around the saddle-point of the magnetic configura-
tion. In this case, the heating efficiency by the ICRF heating
was best in the LHD experiments [1-4]. The resonance layer
lies on the magnetic axis in ϕ = 0° when the magnetic field is
2.5 T. Different from the experiments, the strong power
absorption occurs when the resonance layers are located
between the saddle-point and the magnetic axis. This tenden-
cy is the same as the case that the calculation is carried out
by using one toroidal mode.

Fig. 1 Radial profile of absorbed power. n is toroidal mode number of wave electric field. Solid, broken, and broken-dotted lines
are the power absorption by electron, helium, and hydrogen, respectively.

Fig. 2 Power absorption dependence on magnetic field.
Solid, broken, and broken-dotted lines are the power
absorption by electron, helium, and hydrogen,
respectively.
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Figures 3, 4 and 5 show the power deposition profiles on
the poloidal plasma cross-section in the case of 2.75, 2.5 and
2.61 T, respectively. The ion cyclotron resonance layers are
also plotted. The antenna is installed at the toroidal angle of
ϕ = 0°. In figure3, the gap between the resonance layers is
relatively small at ϕ = 0° and effective heating is expected in
this saddle-point heating configuration. However, at other
toroidal angles the resonance layers are located relatively
outer region of the plasma and the gap is wider. In 2.5 T, the
resonance layers are located near the saddle-point only at ϕ =
18° as shown in figure 4. One resonance layer lies on the
magnetic axis at ϕ = 0, 9 and 27°. The power deposits in the
relatively narrow region in the radial power deposition pro-
file. In the region between 2.5 T and 2.75 T, the resonance
layers are located near the saddle-point in the wider toroidal
angle as shown in figure 5. The wave power is absorbed not
only at the vicinity of the antenna but also at ϕ = 9 and 27°.
Importance of the saddle-point heating is predicted by the

broadening of the resonant region caused by the gentle gradi-
ent of the magnetic field [2]. Though we have cared the con-
figuration of the ion cyclotron resonance layers at the
poloidal cross-section where the antenna is installed (ϕ = 0°)
mainly, we should pay more attention to the other toroidal
angles.

4. Summary

The ICRF heating in the helical device is investigated
using the three-dimensional full-wave code, TASK/WM.
Dependence of the power absorption on the position of the
ion cyclotron resonance layer is studied in detail and strong
ion absorption is obtained when the resonance layer is situat-
ed between the saddle-point and the magnetic axis. The posi-
tion of the ion cyclotron resonance layer differs in the differ-
ent toroidal angles even in the same magnetic field and the
wave frequency. The position of the resonance layer not only
at the toroidal angle which antenna is installed but also at
other toroidal angles is important for the effective ICRF heat-
ing for the helical plasmas.
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Fig. 3 Absorbed power in poloidal cross-section. Magnetic
field is 2.75 T. ϕ is toroidal angle. Antenna is located
at ϕ = 0°. Ion cyclotron resonance layer, vacuum ves-
sel and plasma surface are also plotted.

Fig. 4 Absorbed power in poloidal cross-section. Magnetic
field is 2.5 T.

Fig. 5 Absorbed power in poloidal cross-section. Magnetic
field is 2.61 T.
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