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Using a hybrid simulation code, we studied the application of low-frequency wave to a field-reversed config-
uration plasma. The wave application antenna was arranged to sandwich the separatrix, and the antenna current
was varied sinusoidally with a maximum of 30 kA and a frequency of 80 kHz. The simulation revealed that when
the ion pressure is regarded as a tensor, the parallel ion temperature estimated from the axial velocity distribution
near the midplane exceeds the perpendicular temperature. That is, the plasma ions respond anisotropically to a
low-frequency wave.

c© 2019 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: field-reversed configuration, low-frequency wave, ion heating, hybrid simulation, anisotropic ion
temperature

DOI: 10.1585/pfr.14.1203064

A field-reversed configuration (FRC) plasma [1] ex-
ists in an extremely high-beta state and has a field-null
point inside the separatrix. This suggests that some real
phenomena cannot be clarified by magnetohydrodynamic
simulations [2–5]. For this reason, many recent studies
have applied the ion-particle model [6–8] to reproduce the
particle effects of ions with Larmor radii as large as the
major radius of the FRC plasma. In recent years, TAE
Technologies in the USA has extended the FRC lifetime
by various control techniques [9]. Effective nuclear fu-
sion reactions also require an ion heating technique. How-
ever, conventional heating techniques such as ion cyclotron
range of frequencies heating is supposed to be inapplica-
ble in this case, because of the narrow resonance region in
a high-beta FRC plasma with strong non-uniformity. In-
stead, low-frequency waves have been anticipated for ion
heating of FRC, and experiments have been conducted on
the FIX machine [10,11]. Ion heating effects were demon-
strated in these experiments. In addition, magnetic pump-
ing by a low-frequency wave was recently proposed to heat
plasma ions [12]. Therefore, to elucidate the ion heating
mechanisms and the feasibility of ion heating, the plasma
response to a low-frequency wave should be investigated
by a non-linear simulation method. In this brief report,
we present the results of initial 3-dimensional (3-d) hybrid
simulations (regarding the ions in plasma as particles and
the electrons as fluid) of an FRC plasma subjected to low-
frequency wave heating. The anisotropic responses of the
ions are revealed in their velocity distribution.

The simulations were performed in a 3-d Cartesian
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coordinate system. The calculation region was sized
(x, y, z) = (±0.4 m,±0.4 m,±1.0 m). The initial equilib-
rium was obtained from the Grad–Shafranov equation, and
the external magnetic field was set to 0.05 T. The initial
ion temperature and the electron temperature were set to
60 eV and 30 eV, respectively. Both parameters were con-
stant in the separatrix, and decreased exponentially outside
the separatrix. In the equilibrium calculation, the radius
and length of the separatrix were determined as rs = 0.2 m
and ls = 1.36 m, respectively, and the maximum density
was 6.96 × 1019 m−3. The ions to be tracked were evenly
distributed as super-particles within the calculation region,
and were weighted such that their number followed the
equilibrium density. By solving the equations of motion,
we can determine the trajectory of the ions. Coulomb col-
lisions were handled by the models in Refs. [13] and [14].
The results of the trajectory calculation were converted to
fluid information by the particle-in-cell method. The spa-
tial distribution of the ion temperature can be obtained by
dividing the ion pressure tensor

Pi j =

∫
m(vi − ui)(v j − u j) f dv, (1)

by the ion density. Here, Pi j is the ion pressure tensor, m
is the ion mass, vi is the subscript notation for the ion ve-
locity, f is the distribution function, and ui is the subscript
notation for the ion flow velocity. The subscripts i and j
represent each component of x, y, and z. A low-frequency
wave was generated from the antenna as described later.
The equations employed in the hybrid simulation code are
shown in Ref. [15]. The wave application antenna was a
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Fig. 1 Ion temperature tensors in the r−z plane. Top: Initial Ti⊥
and Ti||, bottom: Ti⊥ and Ti|| at 27.7 µs (10 µs after the
wave application). The black lines indicate the iso-flux
surfaces.

loop antenna with a radius of 0.30 m, and two loop anten-
nas were arranged at z = ±0.59 m. The applied antenna
current was sinusoidal with a maximum of 30 kA and a
frequency of 80 kHz. Its resonance point with the ion cy-
clotron frequency was inside the separatrix. This 30 kA
antenna current created a magnetic field of approximately
0.001 - 0.04 T in the separatrix.

In this simulation, the low-frequency wave was ap-
plied at 17.7 µs after the beginning. During this time, the
ions located at the midplane (z = 0 m) move to the axial
end of the device and can be lost if their speed matches the
thermal speed in the z direction. Figure 1 shows the 2-d
distributions of the ion temperature and isomagnetic flux
lines. During the simulation, the FRC remained largely
axisymmetric, so we defined the separatrix by a poloidal
flux function and displayed the half cross-section of its in-
terior. Figure 1 separately shows the ion temperatures in
the directions parallel and perpendicular to the magnetic
field. As the FRC is elongated and the main component
of the magnetic field is the z component, the ion tempera-
tures in the perpendicular and parallel directions were sim-
ply computed as Ti⊥ ≈ (Pxx + Pyy)/2ni and Ti|| ≈ Pzz/ni

respectively, where we have used the pressure obtained
by Eq. (1), and ni is the ion density. It can be said that
these expressions hold because the magnetic field has only
a z component near the midplane. Observing the vicin-
ity of the midplane in Fig. 1, we find that Ti⊥ ≈ Ti|| at
0.0 µs, but Ti⊥ � Ti|| at 27.7 µs (10 µs after the wave ap-
plication). For this reason, the ion velocity distribution ap-
pears anisotropic in Fig. 1. In particular, Ti|| rises in the
region near the midplane and the device axis. This result
clarifies that the low-frequency wave application generates
anisotropy in the ion motion.

To clarify the anisotropy of the ion motion, we cal-

Fig. 2 Velocity distributions of the particles in the region −0.2 ≤
z ≤ 0.2, 0 ≤ r ≤ 0.1 at 27.7 µs.

culated the velocity distribution of the ions (see Fig. 2).
Because a sufficient number of super-particles cannot be
secured in one calculation cell to draw the velocity distri-
bution, we prepared a dedicated ion group separate from
the super-particles in the hybrid simulation. The detailed
velocity distribution of these ions was obtained by solving
their particle trajectories in the electromagnetic field ob-
tained by the hybrid simulation. Figure 2 shows the veloc-
ity distribution of the particles in the range −0.2 ≤ z ≤ 0.2,
0 ≤ r ≤ 0.1 at 27.7 µs. Note that the distribution widths
of the x and y velocity components generally correspond
to the Ti⊥ distribution, and that of the z component corre-
sponds to the Ti|| distribution. Although the velocity dis-
tributions of the x and y components are not significantly
different, the z component shows an increase in the number
of high speed particles. This result indicates an anisotropic
response of the ions to the wave application.
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