
Proceedings of ITC18, 2008

　　　　Effects of Static Magnetic Islands on Interchange mode　
　　　　 in Straight Heliotron Configuration
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The interaction between resistive interchange mode with single helicity and static islands due to an external
perturbed field is numerically studied in a straight heliotron configuration based on the reduced MHD equations.
Especially, the dependence of the island width in the saturation state of the interchange mode on the static island
width or the external field magnitude is focused. The dependence is different between the large and small static
island cases. In the large static island case. the saturated island width increases as the static island width. In
this case, the interchange mode reduces the island width. On the other hand, in the small static island case, the
saturated width has an oscillatory tendency with respect to the static island width.
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1. Introduction
In the magnetic confinement of the fusion plasma, a

configuration with nested surfaces is the most favorable.
However, error magnetic field originated from such as mis-
alignment of the field coils and the terrestrial magnetism
induces static magnetic islands. The static islands have
a possibility to degrade the plasma confinement substan-
tially. Particularly, the heliotron configuration is easily af-
fected by the static islands because all of the confinement
magnetic field is generated by the outer coils. In the Large
Helical Device (LHD), which is a typical heliotron device,
the Local Island Divertor coils are installed in the system
to control the static islands with (m,n) = (1,1) actively and
investigate the effects on the global confinement[1], where
m andn are the poloidal and toroidal mode numbers, re-
spectively.

On the other hand, the interchange mode is a crucial
MHD mode in the heliotron configurations. A lot of
theoretical analyses have been done for the behavior in
the nested surface configurations. However, only a few
works treated the behavior of the interchange mode in the
existence of the static islands. Therefore, comprehensive
study about the direct interaction between the interchange
mode and the static islands has not been carried out. Thus,
the interaction between the static magnetic island and the
dynamics of the interchange mode is numerically analyzed
in the present work. Particularly, the island width in the
saturation state of the interchange mode is focused. To
investigate the basic mechanism, we employ a straight
heliotron configuration corresponding to the LHD.

2. Basic Equations and Incorporation of Static Magnetic
islands

Since the nonlinear treatment is inevitable for the
study of the magnetic islands, we utilize the NORM
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code[2]. This code solves the nonlinear reduced MHD
equations for the poloidal magnetic fluxΨ, the stream
functionΦ and the plasma pressureP. In the straight he-
liotron configurations, the equations in the cylindrical co-
ordinates (r,θ,z) are given by

∂

∂t

(
Ψ̃

R0

)
= − 1

µ0
B · ∇Φ̃ + ηJ̃z (1)

ρ
d
dt

Ũ = −(B ·∇J̃z+ B̃ ·∇Jz eq)+∇Ωeq×∇P̃· ẑ+ν52
⊥ Ũ (2)

and

dP
dt
= κ⊥∇ · ∇⊥P̃+ κ‖

B
B0
· ∇(

B
B0
· ∇P̃), (3)

where the subscript ’eq’ refers to the equilibrium quantity
and the tilde denotes the perturbed quantity. The factors of
ρ andµ0 are the mass density and the vacuum permeability,
respectively. The magnetic differential operator and the
convective time derivative are given by

B · ∇ = B0
∂

∂z
+ ẑ× ∇

{ 1
R0

(Ψeq+ Ψ̃)
}
· ∇ (4)

and

d
dt
=
∂

∂t
+ ṽ⊥ · ∇, (5)

respectively, wherẽv⊥ = ∇Φ̃ × ẑ. The operator∇⊥ is de-
fined as∇⊥ = ∇ − ẑ(∂/∂z) and ẑ is the unit vector in the
z direction. The vorticityŨ and the current densitỹJz are
expressed byŨ = ∇2

⊥Φ̃, J̃z = ∇2
⊥(Ψ̃/R0) , respectively.

The average field line curvatureΩeq is given by

Ωeq =
1

4π2

∫ 2π

0

∫ 2π

0
dθdζ

(
R
R0

)2 1+ |Beq− Beq|2

B2
0

 . (6)

The viscosity and the perpendicular and parallel heat con-
ductivity are introduced with the coefficients ofν, κ⊥ and
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κ//, respectively. The resistivityη is also introduced, which
is measured by the magnetic Reynolds numberS hereafter.

The effects of the static island are incorporated by as-
suming the existence of an external poloidal magnetic flux
perturbation at the plasma boundary[3]. The poloidal flux
corresponding to the (m,n) magnetic islands in vacuum
configuration is given by the solution of the current-free
equation,

∇2
⊥Ψ̃ = 0 (7)

with the boundary condition,

Ψ̃(r=1) = Ψb cos(mθ − n
z

R0
). (8)

The size of the static magnetic islands is controlled by
changing the value ofΨb. Here,Ψb corresponds to the
magnitude of the external perturbed magnetic field. We
use the solution of Eq.(7) as the initial condition ofΨ̃ for
the nonlinear calculation. By following the time evolution
of the interchange mode under the boundary condition (8),
we can investigate the effects of the static island on the
dynamics of the mode. In the present work, the magnetic
island (m,n) = (1,1) is examined.

We study the interaction between the static islands and
the interchange mode with (m,n) = (1,1). For this pur-
pose, we assume that the perturbations have a single helic-
ity of n/m= 1 as follows:

Ψ̃(r, θ, z) =
N∑

n=0,m=n

Ψm,n(r) cos(mθ − n
z

R0
) (9)

Φ̃(r, θ, z) =
N∑

n=0,m=n

Φm,n(r) sin(mθ − n
z

R0
) (10)

P̃(r, θ, z) =
N∑

n=0,m=n

Pm,n(r) cos(mθ − n
z

R0
), (11)

whereN = 30 is employed in the present calculation. The
magnetic energy of the perturbation is defined asEM =

ΣnEn
M andEn

M =
1
2

∫
|∇⊥Ψnn cos(nθ − n z

R0
)|2dV.

3. Equilibrium and Linear Stability
We examine a straight heliotron equilibrium corre-

sponding to the LHD configuration with the vacuum mag-
netic axis located at 3.6m. The equilibrium is obtained by
utilizing the cylindrical part of a three-dimensional equi-
librium, which is calculated with the VMEC code[4] under
the no net current and the free boundary conditions. We as-
sume the pressure profile of theP = P0(1 − r4)2 with the
beta value at the axis ofβ0 = 4%. Figure 1 shows the pro-
files of the pressure and rotational transformι. The rational
surface ofι = 1 is located atr = 0.85 with substantial pres-
sure gradient.

In order to enhance the effect of the interchange
mode, we use a large resistivity ofS = 104. We also
choose the dissipation parameters ofν, κ⊥ andκ// so that
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Fig. 1 Profiles of pressure and rotational transform.
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Fig. 2 Linear growth rates of the interchange mode withΨb = 0
versus toroidal mode numbern.

the n = 1 mode should be dominant. Figure 2 shows the
linear growth rares for these parameters. The growth rate
decreases as the toroidal mode numbern. Only then = 1
andn = 2 modes are linearly unstable. The growth rate of
then = 1 mode is almost twice of that of then = 2 mode.

4.Development of Magnetic Islands due to Nonlinear
Dynamics of Resistive Interchange Mode

We examine the development of the magnetic islands
in the nonlinear evolution of the resistive interchange mode
discussed in Sec.3. Figure 3 shows the dependence of both
widths of the initial static islands att = 0τA(wi) and the
islands in the saturation state att = 14, 000τA(ws) on the
external poloidal fluxΨb. Positive and negative values cor-
respond to the magnetic islands with the X-points located
at θ = 0 andθ = π in thez = 0 poloidal cross section, re-
spectively. The width of initial islandwi is a monotonous
function ofΨb. However, the tendency of the island width
in the saturation statews varies depending onΨb.

At first, we look at the case ofwi = 0 (Ψb = 0) as the
reference of the case without the static islands. In this case,
a typical evolution of the resistive interchange mode is ob-
tained. Figure 4 shows the time evolution of the magnetic
energy. There exists a stationary saturation region after the
linear growth of the mode. The (m,n) = (1,1) mode is
dominant in the whole region as expected in Sec.3. Fig-
ure 5 shows the contour of the helical magnetic flux in the
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Fig. 3 Dependence of island width in the initial state(wi) and
the saturation state(ws) onΨb. The width is normalized
by the minor radius.

saturation state att = 14,000τA, which is defined as

Ψh(r, θ, z) = Ψeq(r) + Ψ̃(r, θ, z) − r2

2
n
m

B0

R0
. (12)

The (m,n) = (1,1) island is generated by the resistive inter-
change mode evenΨb = 0. This is due to the assumption
of the large resistivity ofS = 104 and the cylindrical ge-
ometry. The X-point is generated atθ = π in z= 0 poloidal
cross section in this case. Dashed line shows the position
of the rational surface withι = 1. The vortex flow occurs
so that the plasma insideι = 1 surface moves toward the
X-point.

Next, we consider the cases of the finite initial static
islands. The dependence ofws on wi or Ψb is different
between large and small cases of|wi |.

In the large|wi | case of|wi | ≥ 5.3× 10−2 (|Ψb| ≥ 5.0×
10−4), there exists a tendency that|ws| increases as|wi | as
shown in Fig.3.

Figure 6 shows the time evolution of the magnetic en-
ergy for wi = 0.10 (Ψb = 2.0 × 10−3). As in the case of
wi = 0, there exits a stationary saturation state, however,
the behavior of the mode in the linear region is different.
SinceΨ1,1 has a large and constant amplitude due to static
magnetic islands, the growth rate ofΨ1,1 is almost zero.
The growth rates of other modes are determined by the
convolution withΨ1,1, therefore, each mode has almost the
same growth rate. This property of the linear growth rate
is common for all finitewi , but quite different from that in
the case ofwi = 0 shown in Fig.4.

In the initial state forwi = 0.10 (Ψb = 2.0 × 10−3),
the X-point is located atθ = 0 as shown in Fig.7(a). This
point remains at the same position in the saturation state
as shown in Fig.7(b). That is, the phase of the island in
the saturation state is determined by that in the initial state,
which is independent of the island phase ofwi = 0. In this
case,|ws| is smaller than|wi | and the vortices are gener-
ated so that the plasma inside of theι = 1 surface moves
from the X-point to the O-point as shown in Fig.7. This
result indicates that the interchange mode reduces the is-
land width in the nonlinear evolution. This property is
common for large initial island cases of|wi | ≥ 5.3 × 10−2
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Fig. 4 Time evolution of the magnetic energy forwi = 0.

Fig. 5 Contour of helical magnetic flux inz = 0 poloidal cross
section att = 14, 000τA.

(|Ψb| ≥ 5.0× 10−4).

On the other hand, in the small initial static island case
of |wi | < 5.3 × 10−2 (|Ψb| > 5.0 × 10−4), the dependence
of ws on wi orΨb is not monotonous, rather oscillatory, as
shown in Fig.3. The property of the island development is
different from that in the large initial island case.

Figure 8 shows the change of the magnetic islands for
wi = 4.1× 10−2 (Ψb = 3.0× 10−4). In this case, the phase
of the islands are the same as that for|wi | = 5.3 × 10−2,
however,ws is larger thanwi as shown in Fig,8(a) and (b).
Figure 8(c) shows that the vortices are generated so that
the plasma inside of theι = 1 surface moves from the O-
point to the X-point. This flow is considered to enhance
the reconnection at the X-point. Therefore, the interchange
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Fig. 6 Time evolution of magnetic energy .
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(a) (b) (c)

Fig.7 Contour of helical magnetic flux forwi = 0.10 at (a) t=0τA and (b)t = 14, 000τA, and (c) flow pattern att = 14,000τA

for the samewi .

(a) (b) (c)

Fig.8 Contour of helical magnetic flux forwi = 4.1 × 10−2 at (a) t=0τA and (b)t = 14,000τA, and (c) flow pattern at
t = 14,000τA for the samewi .

(a) (b) (c)

Fig.9 Contour of helical magnetic flux forwi = −4.1 × 10−2 at (a) t=0τA and (b)t = 14,000τA, and (c) flow pattern at
t = 14,000τA for the samewi .
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mode enhances the island width in the case.
In the case ofwi = −4.1 × 10−2 (Ψb = −3.0 × 10−4),

we obtain another behavior of the island. In this case, the
phase of the island changes in the nonlinear evolution of
the interchange mode. The X-point is located atθ = π at
t = 0, while the point is located atθ = 0 at t = 14,000τA

as shown Fig. 9(a) and (b). The vortices are generated so
that the plasma inside theι = 1 surface moves from X-
point to O-point in the initial island as shown in Fig. 9(c).
The direction of the flow is the same as in the large initial
island case, however, it may be strong enough to change
the island phase.

5. Conclusions
We study the interaction between the (m,n) = (1, 1)

static magnetic islands and the nonlinear dynamics of
the resistive interchange mode with the single helicity of
n/m= 1 by following the time evolution of the mode. Par-
ticularly, the dependence of the island development on the
width of the initial static islandwi is focused.

At first, we obtain a common feature in the linear state
of the time evolution of the interchange mode for all finite
wi . The (m,n) = (1,1) component of the magnetic energy
is dominant and almost constant due to the existence of
the initial state islands in the present analysis. Therefore,
other components have almost the same growth rate be-
cause these components are mainly generated by the con-
volution with the dominant mode.

As the interchange mode evolves nonlinearly, the
width and the phase of the magnetic islands can change.
Such change are considered to be attributed to the vortex
flow generated by the interchange mode. A common ten-
dency between the flow and the change of the islands is
also found for all finitewi . When the flow is generated so
that the plasma moves toward the initial O-point, the is-
land width is reduced or the phase of the island is changed.
On the other hand, the flow is generated so that the plasma
moves toward the initial X-point, the island width is en-
hanced.

The dependence of the island width in the satura-
tion state onwi is different between the cases of the large
and small|wi |. In the large initial island case for|wi | ≥
5.3×10−2, the island width in the saturation state increases
monotonously as|wi |. The location of the O-points and
the X-points is determined by the positions in the initial
islands and independent of the island phase forwi = 0. In
this case, the interchange mode has a contribution to re-
duce the island width for eachwi .

On the other hand, in the small island case for|wi | <
5.3 × 10−2, the island development does not have such a
definite tendency as in the large island case. The depen-
dence of the island width in the saturation onwi is not
monotonous. In one case, the width is enhanced by the
interchange mode evolution with the phase fixed. In other
case, the island phase changes so that the positions of the
X-point and the O-point are replaced in the saturation state.

Such behavior in the small island cases may be due to the
existence of a large island forwi = 0, which results from
the choice of the large resistivity ofS = 104 in this analy-
sis.
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