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  The two-fluid effects can cause the rotation of MHD 
instabilities. From linear analysis, the resistive interchange 
modes rotate in the direction of the electron diamagnetic 
drift and the rotation velocity is smaller than the electron 
fluid velocity1). On the other hand, it is observed that 
resistive interchange modes rotate with the electron fluid 
velocity in LHD experiments2). Thus, the mode rotation 
observed in the experiments can not be explained by the 
linear analysis. From three-field model simulation without 
two-fluid effects, it is found that the resistive interchange 
modes nonlinearly generate magnetic islands3). It implies 
that the formation of the magnetic islands can affect the 
mode rotation in the nonlinear phase. In this study, the 
propagation of the resistive interchange modes has been 
investigated by nonlinear simulation in order to clarify the 
mechanism of the mode rotation observed in the LHD 
experiments. 
  The simulation code used in this study is based on the 
four-field model including the diamagnetic drift effects4) in 
a slab plasma. In the equilibrium profile, resistive 
interchange modes are unstable but tearing modes are stable 
by adding effective gravity and assuming that equilibrium 
current gradient is zero. From the linear simulation analysis, 
higher modes are stabilized due to two-fluid effects and 
dissipation effects. The resistive interchange modes 
propagate in the direction of the electron diamagnetic drift. 
The propagation velocity of the mode is about 60% of the 
electron fluid velocity. Magnetic islands are not formed 
since the magnetic flux is zero at the magnetic neutral 
surface.  
   From the nonlinear simulation, it is found that magnetic 
islands of low wave number are formed by nonlinear mode 
coupling as shown in Fig.1. In the nonlinear phase, the 
electron diamagnetic drift velocity decreases since the 
pressure profile becomes flattened within the magnetic 
islands. The ExB flow is generated in the direction of the 
ion diamagnetic drift at the magnetic neutral surface. The 
width of the magnetic islands depends on the two-fluid 
parameter that is ratio of the ion-skin depth to the device 
length. The relation between width of the magnetic island 
and the propagation velocity is shown in Fig.2 where the 
two-fluid parameter is artificially changed. When the 
saturated island’s width is small, the propagation velocity 
remains smaller than the electron fluid velocity. However, 
as the saturated island’s width increases, the propagation 
velocity becomes close to the electron fluid velocity. When 
the propagation velocity is smaller than the electron fluid 
velocity (small island case), the mode structure of the 
magnetic flux for the lowest wave number has interchange 
parity (Fig.1(a)). On the other hand, when the propagation 
velocity is close to the electron fluid velocity (large island 
case), the mode structure has tearing parity (Fig.1(b)). Thus, 

the propagation velocity may depend on the parity of the 
mode structure as well as the width of the magnetic island. 
 
  
  
  
  
  
  
  
 
 
 
 

Fig. 1. Magnetic surfaces at the saturated stated are 
shown by black curves for (a) δ=0.08 and (b)δ=0.02 
where δ is the ratio of the ion-skin depth to the 
device length. The red region (blue region) 
corresponds to higher (lower) pressure region. 

  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Dependence of the propagation velocity of the 
magnetic island on the width of the magnetic island. 
The electron fluid velocity and ExB flow velocity are 
also platted. The positive (negative) velocity 
corresponds to the electron (ion) diamagnetic drift 
direction. The propagation velocity is normalized by 
the diamagnetic drift velocity at equilibrium state. As 
the magnetic island’s width increases, the zonal flow is 
formed in the ion diamagnetic drift direction so that the 
magnetic islands propagate in the ion diamagnetic drift 
direction. However, the propagation velocity agrees 
well with the electron fluid velocity which is the sum 
of the ExB flow velocity and the electron diamagnetic 
drift velocity. 
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For large δ case (δ=0.08), the propagation velocity of the mode 
remains smaller than the electron ßuid velocity in the nonlinear phase.

For large δ case (δ=0.08), the propagation velocity of  
the mode remains smaller than the electron ßuid velocity.

1.0e-22

1.0e-20

1.0e-18

1.0e-16

1.0e-14

1.0e-12

1.0e-10

1.0e-08

1.0e-06

 0  5000  10000  15000  20000  25000  30000  35000  40000

ki
ne

tic
 e

ne
rg

y

time

-1

-0.5

 0

 0.5

 1

10000 20000 30000 40000

v 
/ v

*

time

v0_ExB
v0_De

v0_ExB + v0_De
saturated island’s velocity

Time evolution of kinetic energy

Time evolution of magnetic ßux at the rational surface

Time evolution of ßow velocity at the rational surface

Time evolution of magnetic surfaces and pressure proÞle

m=1

m=2

¥ The magnetic islands of m=2 are formed in the nonlinear phase. 
¥ The magnetic islands propagate in the direction of the electron 

diamagnetic drift. 
¥ The propagation velocity is smaller than the electron ßuid velocity.

For small δ case (δ=0.02), the propagation velocity of the mode 
agrees well with the electron ßuid velocity in the nonlinear phase.

For small δ case (δ=0.02), the propagation velocity of 
the mode agrees well with the electron ßuid velocity.
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¥ The magnetic island of m=1 is formed in the nonlinear phase. 
¥ The ExB ßow of m=0 is generated in the direction of the ion 

diamagnetic drift at the rational surface (x=0.5). 
¥ The electron diamagnetic drift velocity decreases due to the 

ßattening of the pressure inside the magnetic island.  
¥ As a result, the magnetic island propagates in the direction of the 

ion diamagnetic drift. 
¥ The propagation velocity of the magnetic island is close to the 

electron ßuid velocity (= ExB ßow velocity + electron diamagnetic 
drift velocity).
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Injecting small pellets of frozen hydrogen into torus
plasmas is a proven method of fueling 1). Since a high-
density low-temperature plasmoid induced by pellet ab-
lation drifts to the low-field side, pellet fueling to make
the plasmoid approach the core plasma in a tokamak is
successful when a pellet is injected from the high-field
side. However, such good performance has not yet been
obtained in experiments in the planar axis heliotron, the
Large Helical Device (LHD), even when a pellet was in-
jected from the high-field side 2). To clarify the difference
in plasmoid motions in a tokamak and in the LHD, a
three-dimensional (3D) magnetohydrodynamics (MHD)
code including ablation processes has been developed by
extending the pellet ablation code (CAP) 3).

The distribution of the equilibrium magnetic pres-
sure in the LHD is determined by the toroidicity and
helicity. The inboard sides of the midplane in the hori-
zontally and vertically elongated poloidal cross sections
are the lower and higher field sides due to the helic-
ity, respectively. In order to investigate the plasmoid
motion induced by the helicity, MHD simulations have
been carried out in the straight helical plasmas. Fig-
ures 1(a) and (b) show the temporal evolutions of the
pressure perturbations of the plasmoids 1 and 2, respec-
tively, which are shown by the solid lines. The plasmoids
1 and 2 are located in the horizontally and vertically
elongated poloidal cross sections, respectively. Dashed
lines show the equilibrium magnetic pressures of the mid-
planes. The plasmoids 1 and 2 drift to the left hand sides
in the figure. This fact means that the plasmoids 1 and
2 drift to the lower and higher field sides, respectively.
These drift motions are induced by the magnetic ten-
sion. The drift direction by the magnetic tension is de-
termined by two features, which are the direction to the
lower field side and the magnetic pressure distribution
along the field line. At the location of the plasmoid 1,
the direction to the lower field side is the negative direc-
tion of the minor radius and the magnetic pressure is a
local minimum along the field line as shown in Fig. 1(a).
The motion of the plasmoid elongated along the field
line due to the ablation pressure is disturbed because
the magnetic pressure becomes large along the field line.
In result, the plasmoid drifts to the negative direction
of the minor radius. On the other hand, at the location
of the plasmoid 2, the direction to the lower field side is
the minor radius direction and the magnetic pressure is a
local maximum along the field line as shown in Fig. 1(b).
In other words, the above two features of the magnetic
field to dominate the drift direction are exactly oppo-
site to those of the plasmoid 1. If one of the features is
opposite, the plasmoid 2 drifts in the opposite direction
to the plasmoid 1, namely in the minor radius direction.

However, since both features are opposite, the plasmoid
2 drifts in the negative direction of the minor radius. In
addition, the fast back and forth induced by the mag-
netic sound wave and the slow one determined induced
by the connection length are created. The frequency of
the slow back and forth is determined by the toroidal
pitch. We will investigate the condition for the plasmoid
to drift to the core in the future work.
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Fig. 1: (a) The pressure perturbation of the plasmoid 1 as
functions of the minor radius a at the midplane of the hori-
zontally elongated poloidal cross section in the straight helical
plasma. (b) The pressure perturbation of the plasmoid 2 as
functions of the minor radius a at the midplane of the ver-
tically elongated poloidal cross section in the straight helical
plasama. Those temporal evolutions are shown by the color
solid lines. The dashed line shows the equilibrium magnetic
pressure.
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