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We study the resistive instabilities typically observed in the Large Helical Device (LHD) in order to sys-
tematically investigate thefliects of the resistive magnetohydrodynamics (MHD) instabilities on the plasma
confinement. The resistive instabilities with the low toroidal mode number are investigated by using the three-
dimensional linear resistive MHD code FAR3D. It is confirmed that both the growth rate and the mode width
obey the theoretical formula of the gravitational interchange mode independent of the toroidal mode number.
The range of the magnetic Reynolds number, in which the growth rateraheé mode width obey the theoretical
formula, is clarified. It is found that the growth rate is proportional to the mode width when beta is constant.
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1 Introduction

It is important to understand the magnetohydrodynamic
(MHD) equilibrium and stability properties for the real-
ization of the nuclear fusion reactor. In a helical device,
such as the Large Helical Device (LHD)[1] in Japan, the
complex three-dimensional (3D) MHD study is needed for
the successful operation. The MHD instability modes typi-
cally observed in the LHD experiments are summarized as
follows. Some modes, of which the dependence property
on the magnetic Reynolds number is similar to the resis-
tive gravitational interchange mode[2], are obtained in the
peripheral region of the high beta plasma with the strong
magnetic shear. Others are frequently monitored in the
core region of the high aspect ratio plasma with the rel-
atively weak magnetic shear.

It is the purpose of this study to systematically inves-
tigate the &ects of the resistive MHD instability on the
plasma confinement in the LHD. Consequently, the typi-
cal MHD instability modes are numerically analyzed by
using the 3D resistive MHD code FAR3D[3]. We espe-
cially focus on the mode width, i.e., the resistive layer
thickness and systematically investigate the relationships
between mode widthW), beta (8)), growth rate {) and
magnetic Reynolds numbes).

In this paper, the resistive MHD instability modes in

the high beta plasma with the strong magnetic shear are de-

scribed. The outline of the FAR3D code and the numerical
conditions are given in Section 2. The results of the calcu-
lations are summarized in Section 3. Section 4 is devoted
to a brief summary.
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2 Numerical Model

As mentioned in the preceding section, the FAR3D code
is a 3D resistive MHD code[3]. In this code, a set of
resistive MHD equations is time-advanced in the Boozer
coordinates[4]. And the perturbed quantities are expanded
in Fourier series in the generalized poloidal and toroidal
angles by using the poloidal mode numbe) &nd the
toroidal mode numberm(). FAR3D appears in élierent
forms depending on the approximation and the treatment
for the MHD equations. We adopt one of the some ver-
sions of FAR3D, in which the reduced equations[3]:
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are linearly calculated, where the velocity and the magnetic
field are described as= gV x VD andB = RyV{x VY,
respectively.

The used MHD equilibria, i.e., the high beta plasma
with the strong magnetic shear, is generated by using the
3D equilibrium code VMECI5]. The equilibrium is de-
scribed by using 1,000 radial grid points, and 20 helical
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Fig. 1 Radial profiles of/27r andP in the equilibrium using in
this study.

(n # 0) and 3 toroidal § = 0) Fourier modes. Figure

1 shows the rotational transforny2r) and the pressure
(P) of the used equilibrium, in which the volume-averaged
beta (g)) are 0.87, 1.51, 1.99 2.56, and 3.05 %, respec-
tively.

In this paper, the resistive instabilities with the low
toroidal mode numberan(= 1,2,3) are described. It is
seen from Fig. 1 that there are the rational surfaces of
m/n=1/1, 2/1, 2/2, 3/2,4/2, 3/3, 4/3, 5/3, 6/3.

As mentioned in Section 1, we pay attention to the
mode width, i.e., the resistive layer thickness. The mode
width (W) is defined as the region that the growing speed
of the instability to the radial directior\Vf) is larger than
70 % of the peak value. Itis noted th#t/ot = V,, where
& is the perturbation to the radial direction. A example of
the radial profiles o¥/,, i.e., the mode structure, is shown
in Fig.2.

Fig. 2 Radial profiles oV, of m/n = 1/1 modes in the case of

(B) = 1.99 %.

3 Results

3.1 n=1mode

In the cases ofB) < 1.51 %, bothm/n = 1/1 and 21
modes are unstable and their peak valueg,sfare almost
the same. When the calculation without ttmn = 2/1
mode is done to determine the primary unstable mgde,
remains the same as the results of the calculations includ-
ing them/n = 2/1 mode. Bottim/n = 1/1 and 21 modes
also appear in the cases @ > 1.99 %. In these cases,
the peak value o, of m/n = 1/1 mode is larger than that
of m/n = 2/1 mode ands remains the same as the results
of the calculation withoutn/n = 2/1 mode. Therefore, the
m/n = 1/1 mode is the primary unstable mode. There exist
the rational surfaces of/n = 1/1 aroundo ~ 0.89.

The relationships betweé&handy are shown in Fig. 3,
and the relationships betwe8randW are shown in Fig. 4.
It can be seen from Figs. 3 and 4 that betindW are pro-
portional toS~Y3. This dependency is similar to the resis-
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Fig. 3 Relationships betweeéhandy in the case ofm/n = 1/1
mode.
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Fig. 4 Relationships betweéhandW in the case ofn/n=1/1
mode.
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Fig. 5 Relationships betwe&l andy in the case ofn/n=1/1
mode.

tive gravitational interchange mode[2]. Such dependency
of y andW onS, however, becomes small whés) = 3.05
% and log,S > 6.

Figure 5 shows the relationships betwé&grandy. In
each(B) casesy is proportional toN. The slopes become
steep withB) increasing.

3.2 n=2mode

In the case oh = 2, only them/n = 3/2 mode is observed
as the unstable mode. The rational surfaces/of = 3/2
exist aroung ~ 0.63.

The relationships betweé&handy are shown in Fig. 6,
and the relationships betwe8randW are shown in Fig. 7.
Bothy andW are proportional t&~/2 in the case of8) =
0.87 %. When(g) > 1.51 % and log, S > 5, howevery
andW are almost independent 8f Bothy andW of the
m/n = 3/2 mode hardly increase wit{8) in the cases of
B) = 1.99 %y of them/n = 3/2 mode as well ay of
them/n = 1/1 mode is proportional t8V. The slopes also
become steep with the increase(gf (Fig. 8).

Compared these results of thgn = 3/2 mode with
those of than/n = 1/1 mode,y of them/n = 3/2 mode is
larger than that of then/n = 1/1 mode. On the other hand,
W of them/n = 3/2 mode is slightly smaller than that in
them/n = 1/1 mode. The range @&, in whichy andW
o« S713 inn = 2 case is narrower than thatiin= 1 case.
In the cases of8) > 2.56 %, the dependency gfandW
on{B) in n = 2 case is smaller than thattin= 1.

3.3 n=3mode

In the case ofB) = 0.87 %, only them/n = 5/3 mode
is unstable. Then/n = 4/3 unstable mode, however, ap-
pears in the calculations without tihe'n = 5/3 mode. In
this case,y is larger than that in the calculation includ-
ing them/n = 5/3 mode. Although bothm/n = 4/3
andm/n = 5/3 modes are unstable in thg) = 1.51 %

Fig. 6 Relationships betweeéhandy in the case ofm/n = 3/2
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Fig. 7 Relationships betwe&handW in the case ofn/n = 3/2
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Fig. 8 Relationships betweél andy in the case ofn/n = 3/2
mode.
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caseV, of them/n = 5/3 mode is larger than that of the
m/n = 4/3 mode. In the calculations withouat/n = 5/3
mode, however, then/n = 4/3 mode becomes unstable
and itsy is larger than that in the calculation including the
m/n = 5/3 mode. WhenB) > 1.99 %, bothm/n = 4/3
andm/n = 5/3 modes are unstable. Howevsf, of the

m/n 4/3 mode is larger than that of tha/n 5/3
mode. These results indicate timtn = 4/3 mode is the
primary unstable mode. There are the rational surfaces of
m/n = 4/3 aroundo = 0.72.
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Fig. 9 Relationships betweeéhandy in the case ofn/n = 4/3
mode.
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Fig. 10 Relationships betweé&handW in the case ofn/n = 4/3
mode.

The relationships betwe&handy are shown in Fig. 9,
and the relationships betwe&andW are shown in Fig.
10. y is proportional toS~¥3 when(g) < 1.51 %. On the
other handW is proportional toS=Y/2 only if (8) = 0.87
%. In high beta and logS > 6 cases, the dependency
of y andW on S become small. Such changes of the de-
pendency ofV occur in lower beta cases than thoseyof
The dependencies gf and W of the m/n = 4/3 mode
on (B) is as small as that of thes/n = 3/2 mode in the
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Fig. 11 Relationships betweéM andy in the case ofn/n = 4/3
mode.

case of(8) > 2.56 %. As shown in Fig. 11y of the
m/n = 4/3 mode is also proportional %/ and the slopes
become steep with the increase(gf.

Compared these results of= 1, n = 2 andn = 3
modes;y of n = 3 mode is the largest in threecases. On
the contraryW of n = 3 mode is the smallest. The range
of S, in whichy andW o« S7/3,in n = 3 case is narrower
than that im = 2 case.

4  Summary

In this paper, the lown resistive instability modes in the
typical LHD high beta plasma with the strong magnetic
shear are analyzed by using the FAR3D code.

It is found that the primary unstable modes avg =
1/1, 3/2, 4/3. The rational surfaces of these modes ex-
ist in the plasma periphery (> 0.6). It is confirmed that
bothy andW obey the theoretical formula of the gravita-
tional interchange mode(S~1/3) independent oh. Their
dependencies 08 become small wheKs) andor S are
high. The range o8, in which y andor W are propor-
tional to S~V/3, becomes narrow as decreasing. When
(B) = const, y is proportional toW. The slope becomes
steep withB) increasing.

In near future, the resistive instabilities wf> 4 will
be studied. In addition, the resistive instabilities in the dif-
ferent equilibrium of the LHD will also be investigated.
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