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In order to clarify the mass effect and the atomic number effect on the rotation of the interchange MHD
mode, the relationship between the mode rotation and the plasma rotation in hydrogen-rich plasmas is compared
with that in helium-rich plasmas and deuterium-rich plasmas. In all cases, the frequency of the m/n = 1/1
resistive interchange mode is almost the same as the sum of the E × B rotational frequency and the electron
diamagnetic rotational frequency at the ι/2π = 1 resonant surface. This result indicates that the rotation of the
resistive interchange mode does not depend on the ion species of which the plasma consists.

c© 2018 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: MHD instability, interchange mode, mode frequency, plasma rotation, LHD

DOI: 10.1585/pfr.13.3402037

1. Introduction
The physical basis for the rotation of the resistive in-

terchange mode, which is one of the key instabilities in he-
lical plasmas, has been experimentally investigated in the
Large Helical Device (LHD) [1]. In the previous study,
the rotation of the peripheral mode, which is considered to
be the resistive interchange mode [2], was compared with
the plasma rotation. The mode frequency in the laboratory
frame is almost consistent with the sum of the E × B ro-
tational frequency and the electron diamagnetic rotational
frequency at the resonant surface [3]. In order to compare
these frequencies in the wide frequency region, m/n = 1/1
and 3/4 modes are analyzed as peripheral modes because
the frequency of the m/n = 1/1 mode is fairly different
from that of the m/n = 3/4 mode. Here, m and n are
poloidal mode number and toroidal mode number, respec-
tively. In addition, the rotation of the m/n = 2/3 resistive
interchange mode in the edge region across the L-H tran-
sition has also been investigated [4]. In the L-phase and
the H-phase, the mode frequency is almost consistent with
the sum of the E × B rotational frequency and the elec-
tron diamagnetic rotational frequency at the resonant sur-
face. After the transition to H-phase, the mode frequency
rapidly decreases with a rapid reduction of the electron dia-
magnetic rotational frequency at the resonant surface be-
cause the electron density profile is changed considerably.
These results suggest that the rotation of the resistive in-
terchange mode might be decided by the E × B rotation
and the electron diamagnetic rotation in hydrogen-rich (H-
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rich) plasmas produced by H gas puffing and the neutral
beam injection (NBI) with a H beam. However, it is un-
clear whether the resistive interchange mode in the plas-
mas, where the dominant ion species is different from H,
has the above characteristics. Therefore, in order to con-
firm that the characteristics are always observed, we inves-
tigate the relationships between the mode rotation and the
combination of the E × B rotation with the electron dia-
magnetic rotation in plasmas, where the dominant ion
species can vary.

In this study, the effect of the mass and the atomic
number on the mode frequency of the resistive interchange
mode are observed as the effects of the ion species. In the
LHD, H, helium (He), and deuterium (D) gas can be used
as the working gas. The mass of D is two times more than
that of H, but the atomic number of D is the same as that
of H. In the case of He, the mass is four times greater than
that of H, and the atomic number is two times greater than
that of H.

2. Experimental Setup
The resistive interchange modes are often observed at

some resonant surfaces in the LHD. In this study, only the
m/n = 1/1 mode is analyzed because the m/n = 1/1 mode
is observed in various experimental conditions. The ampli-
tude and the frequency of the m/n = 1/1 mode is evaluated
from the poloidal magnetic fluctuation, which is measured
by a magnetic probe [5]. The E×B rotational frequency is
obtained by Charge eXchange Spectroscopy (CXS) mea-
surement [6], which requires the perpendicular NBI. The
electron and the ion diamagnetic rotational frequencies are
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Table 1 Experimental conditions of each plasma discharge.

obtained by the CXS measurement system and the YAG
laser Thomson scattering system [7]. The m/n = 1/1
resistive interchange mode is localized at the ι/2π = 1
resonant surface. The resonant surface is obtained from
an equilibrium decided by the equilibrium mapping tech-
nique [8]. The magnetic configuration and plasma param-
eters are similar to those in previous work for H-rich plas-
mas [3]. The magnetic configuration is set such that the
absolute value of the toroidal magnetic field |Bt| = 1.375 T,
vacuum magnetic axis position Rax = 3.60 m, and aspect
ratio Ap = 5.7. The volume-averaged beta value is ∼1 %
and the plasma current is less than 25 kA/T. The effect of
the above beta value and plasma current on the stability
of the resistive interchange mode is small. Each plasma is
produced by electron cyclotron heating (ECH) and is then
maintained by the tangential and the perpendicular NBI. H
is the beam species of the tangential NBI in each plasma.
In case of the perpendicular NBI, the beam species is H in
H-rich and He-rich plasmas, but is D in D-rich plasmas.
The power of the perpendicular NBI is modulated for CXS
measurement during discharges. In D-rich plasmas, mod-
ulated ECH is also applied during a discharge. In H-rich,
He-rich, and D-rich plasmas, H, He, and D gas puffing is
used, respectively. The experimental conditions of these
discharges are summarized in Table 1.

3. Experimental Results
Figure 1 shows a waveform of typical discharges

where the resistive interchange mode appears in H-rich,
He-rich, and D-rich plasmas. Figures 1 (a), 1 (h), and 1 (o)
show the tangential NBI power. The perpendicular NBs are
also injected for CXS measurement, and their total power
is ∼4 MW. The volume-averaged beta value is almost the
same [Figs. 1 (b), 1 (i), and 1 (p)], but the line-averaged
electron density of the D-rich plasma is larger than that of
H-rich and He-rich plasmas, as shown in Figs. 1 (c), 1 (j),
and 1 (q). The density ratio of H to He, nH/(nH + nHe), is
∼0.9 in the H-rich and the D-rich plasma, and ∼0.5 in the
He-rich plasma as shown in Figs. 1 (d), 1 (k), and 1 (r). The
density ratio of D to H, nD/(nH +nD), of the H-rich and the
He-rich plasma is zero. On the other hand, nD/(nH+nD) of
the D-rich plasma is estimated to be greater than 0.65 be-
cause this ratio is ∼0.65 in other D-rich plasma discharges
with the same magnetic configuration but the lower elec-
tron density (∼0.5× 1019 m−3) than that of the discharge in

Figs. 1 (h) - (n). In Figs. 1 (f), 1 (g), 1 (m), 1 (n), 1 (t), and
1 (u), the positive (negative) sign in the vertical axis cor-
responds to the ion (electron) diamagnetic direction. The
amplitude of the m/n = 1/1 mode in the H-rich and the
He-rich plasma is larger than that in the D-rich plasma as
shown in Figs. 1 (e), 1 (l), and 1 (s). This is because, in
the case of the H-rich and the He-rich plasma, the pressure
gradient at the ι/2π = 1 resonant surface, which is pro-
portional to the electron diamagnetic rotation frequency as
shown in Figs. 1 (g), 1 (n), and 1 (u), is larger than that in
the D-rich plasma. In all cases, the m/n = 1/1 mode ro-
tates in the electron diamagnetic direction in the labora-
tory frame as shown in Figs. 1 (f), 1 (m), and 1 (t). When
the mode rotation is compared with the plasma rotation,
the mode frequency is close to the sum of the E × B ro-
tational frequency and the electron diamagnetic rotational
frequency, fE×B+ fedia, rather than the sum of the E × B ro-
tational frequency and the ion diamagnetic rotational fre-
quency, fE×B + fidia. In addition, the mode frequency is
almost constant even if fE×B + fedia is varied quickly. On
the other hand, the moving-averaged fE×B + fedia is almost
the same as the mode frequency. This result shows that
the mode frequency is decided by the averaged fE×B + fedia

rather than fE×B+ fedia itself. These relationships are a com-
mon characteristic in H-rich, He-rich, and D-rich plasmas,
which suggests that the rotation of the resistive interchange
mode does not depend on the ion species. Moreover, at the
ι/2π = 1 resonant surface, the electron diamagnetic fre-
quency is larger than the E × B rotational frequency in all
cases. This result suggests that the pressure profile plays a
significant role in the rotation of the m/n = 1/1 resistive
interchange mode.

Figure 2 shows radial profiles of some rotational fre-
quencies in the H-rich plasma corresponding to Figs. 1 (a) -
(g). In the core region including the ι/2π = 1 resonant sur-
face, the E × B rotational frequency is almost zero. There-
fore, the electron diamagnetic rotational frequency is dom-
inant at the resonant surface of the m/n = 1/1 mode. How-
ever, in case of edge modes such as m/n = 3/4 and 2/3, not
only the electron diamagnetic rotational frequency but also
the E×B rotational frequency might be important because
the E × B rotational frequencies at the m/n = 3/4 and 2/3
resonant surface are larger.

In this study, the relationship between the rotation of
the m/n = 1/1 mode and the plasma rotation in H-rich
plasmas is compared with that in He-rich and D-rich plas-
mas, in order to clarify the physical mechanism for the
resulting rotation of the resistive interchange mode in the
plasmas where the dominant ion species is different. In
all cases, the m/n = 1/1 mode rotates in the electron dia-
magnetic direction in the laboratory frame, and the mode
frequency is almost the same as the E × B rotational fre-
quency adding to the electron diamagnetic rotational fre-
quency at the ι/2π = 1 resonant surface. This result sug-
gests that the rotation of the resistive interchange mode
does not depend on the ion species.
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Fig. 1 Time evolution of (a) tangential NBI power; (b) volume-averaged beta value; (c) line-averaged electron density; (d) density ratio
of H to He; (e) amplitude of the m/n = 1/1 mode; (f) frequency of the m/n = 1/1 mode, fm/n=1/1 (closed circles), E × B rotational
frequency adding to ion diamagnetic frequency, fE×B + fidia (crosses), adding to electron diamagnetic frequency, fE×B + fedia (open
circles), and moving-averaged fE×B + fedia (line); and (g) E × B rotational frequency (closed circles), ion diamagnetic rotational
frequency (crosses), and electron diamagnetic rotational frequency (open circles) in the H-rich plasma. (h) - (n) Same parameters as
(a) - (g) in the D-rich plasma. (o) - (u) Same parameters as (a) - (g) in the He-rich plasma. The positive (negative) sign corresponds
to the ion (electron) diamagnetic direction in (f), (g), (m), (n), (t), and (u).

Fig. 2 Radial profiles of the E × B rotational frequency (closed
circles), the ion diamagnetic rotational frequency (blue),
and the electron diamagnetic rotational frequency (red) in
the H-rich plasma as shown in Figs. 1 (a) - (g). The verti-
cal dashed line indicates the ι/2π = 1 resonant surface.

In this paper, the radial location of the m/n = 1/1
mode is decided by the equilibrium mapping technique [8].
On the other hand, the radial location of the resonant sur-
face can be directly measured using ECE measurement,
which is radially local fluctuation measurement, installed
in the LHD. However, in discharges with the low absolute
value of the toroidal magnetic field (low |Bt|), such as these
discharges with |Bt| of 1.375 T as shown in Fig. 1, the sen-
sitive region of ECE measurement is outside the resonant
surface. |Bt| should be larger (e.g., 1.5 T) so that ECE mea-
surement can directly identify the resonant surface.

In recent years, theoretical studies on the effect of
plasma flow on MHD instabilities are also actively con-
ducted, but in order to study the physical mechanism of
this effect, it is necessary to construct an MHD model in-
cluding the two fluid effect. It is expected that the simula-
tion of experiment results about ion species dependence of
MHD modes like this study is useful to confirm the validity
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of MHD instability codes including the two fluid effect.
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