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Abstract. Nonlinear behavior of the resistive wall modes (RWMs) has been stud-
ied using nonlinear three-dimensional simulation code based on the reduced mag-
netohydrodynamic equations in a cylindrical tokamak. The vacuum is replaced
by a highly resistive plasma using the pseudo-vacuum model. For the case that
the RWM with (m,n)=(3,1) mode and the internal (m,n)=(5,2) mode are un-
stable, the RWM with (m,n) = (3, 1) mode enhances the growth rate of the internal
(m,n)=(5,2) mode in the nonlinear phase. The magnetic field line stochastization
is obtained around the plasma edge due to the overlapping of the magnetic islands
of the (m,n)=(3,1) mode and the (m,n)=(5,2) mode.

1. Introduction

For obtaining high beta plasma in tokamaks, stabilization of external kink modes is
required. The external kink modes can be stabilized perfectly by locating a perfect
conducting wall sufficiently close to the plasma surface. However, when the wall
has a finite conductivity, the mode cannot be stabilized perfectly and the slowly
growing resistive wall modes (RWMs) appear [1]. Experimentally, it is found that
plasmas exceeding no-wall § limit are obtained for time periods much longer than
the diffusion time of the resistive wall [2,3]. In these experiments, there is a rapid
toroidal rotation due to unbalanced neutral beam injection. Theoretically, it is
shown that the combination of plasma rotation and some dissipation model can
stabilize RWMs [4-7]. When the RWMs are destabilized, the RWM results in major
collapse. For the nonlinear phenomena, the effect of mode coupling is important,
such as the toroidal coupling and the nonlinear mode coupling with other unstable
modes. In this paper, we study the effect of nonlinear mode coupling of the RWM
and other unstable modes by means of nonlinear three-dimensional simulation for
a low beta cylindrical tokamak.

2. Numerical model
For studying the RWDMs, the following reduced magnetohydrodynamic (MHD)

equations [8,9] are solved numerically in the cylindrical coordinates (r, 0, ():
0
—w:—B'Vqﬂ—nJ—E, (2.1)
ot
ou 1
E:v~VU+§[p,v2}—B~VJ—eZ~V><V~7r+Sm, (2.2)
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Figure 1. (a) Radial profiles of safety factor g, plasma current density J, and resistivity n at
equilibrium state. (b) The (m,n) modes chosen for ¢, ¢, J and U marked by ‘@ and those
for n marked by ‘@ and ‘O’.

or
7:VL‘VT,

0
o L —v Vo, el =V3Y, U=V-(V.id),

ot
where

_10fdg 10f0dg

[ﬁg] _;E% - ;@E’

1) is the poloidal magnetic flux defined by B= —Vi) xe.+ Bge,, ¢ is the stream func-
tion defined by v, =V¢ X e,, T is temperature, p is density and Spitzer resitivity
is assumed, i.e., g oc T3/2. In (2.2), the shear viscosity is assumed and 7 is defined
by w=vp(Vv + Vv'). We assumed that there is not equilibrium flow so that the
momentum source term Sy, is set to be S, =0. For treating external MHD modes,
a highly resistive plasma is introduced in the vacuum region to use the pseudo-
vacuum model [10,11]. The ratio of the resistivity in the highly resistive plasma
7, to one at the center 7y is chosen as 7, /1o =107 for nonlinear simulation. The
magnetic Reynolds number S =17,/7, is set to be S = 107, where 7, = R\//Tpo/Bo,
TT:u0a2/n0, po is density at =0, R is major radius of the plasma and a is
minor radius of the core plasma. The highly resistive plasma is surrounded by
a resistive wall located at 7 =r,,. Another highly resistive plasma is located outside
the resistive wall. For the resistive wall and the outer highly resistive plasma out-
side the resistive wall, the resistivity does not change and the velocity is zero. There-
fore, the diffusion equation of the perturbed poloidal magnetic flux ), 01/;/875 =nJ,
is solved in the resistive wall and the outer highly resistive plasma. It is assumed
that the outer highly resistive plasma is covered by a perfect conducting wall at
rq = 2a for simplicity.

In this paper, we use the following current profile to study the RWMs of the
(m,n)=(3,1) mode:

Joq(r) = (Jo — Ju)(0.48(1 — (r/a)?)? + 0.52)(1 — (r/a)*)** +J,  (2.3)
for 0 <r < a, and Jeq(r) =J, < Jp for a < r. The profiles of safety factor g, current

Jeq and resistivity ne, at equilibrium state are shown in Fig. 1(a). The resistivity
profile is assumed to be proportional to 1/J.(r) for r < ry. The density profile for
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Figure 2. (a) Dependence of linear growth rate on resistive wall position 7, for 1, /no =107.
(b) Dependence of linear growth rate on the resistivity of the external highly resistive plasma
for ry, = 1.2a.

7 < r,=0.95 is determined from the equilibrium equation
p(v-V)v=—VP+J xB, (2.4)

where P oc pT'. The density profile is chosen as monotonically decreasing function
for r, < r < a and pey(r) = p, for r>a, where p, is density of the highly resistive
plasma. Thus, the equilibrium equation (2.4) is not satisfied near the plasma surface.
However, since the initial profile depends on only minor radius r, it is maintained
unless a perturbation is added.

For solving (2.1) and (2.2) in our numerical code, the radial derivatives are re-
placed with standard difference approximations and the derivatives with respect to
the angle is treated with Fourier—expansions. The time advancement is made with a
predictor—corrector method. The diffusion term in the (2.1) is treated implicitly. For
solving equations of T" and p, we use the RCIP (Rational Constrained Interpolation
Profile or Rational Cubic Interpolated Pseudo-particle) method [12]. In the CIP
(Constrained Interpolation Profile) of Cubic Interpolated Pseudo-particle) method
[13], not only the variable (T') but also the first-order derivatives of the variables
(0T /Or, ete.) are solved. The standard CTP method uses a cubic polynomial function
and the RCIP method uses a rational function to construct the interpolating
function. The RCIP method is attractive in suppressing the numerical oscillation
near a discontinuity. For nonlinear multi-simulation in this paper, the radial mesh
number is 500 and 55 fourier modes are used for ¢, J, ¢ and U, and 210 fourier modes
for n as shown in Fig. 1(b). For the RCIP method, the poloidal mesh number and
the toroidal mesh number are 160 and 60, respectively.

3. Numerical results

Figure 2(a) shows the dependence of the linear growth rate on the resistive wall
position 7, for various densities of the highly resistive plasma, where 1, /g = 107 is
assumed. The linear growth rate of the RWMs (ry, < 1.3a) does not depend on the
density of the highly resistive plasma, since the inertia term can be neglected for the
slowly growing RWMs. Figure 2(b) shows the dependence of the linear growth rate
on the resistivity of the highly resistive plasma, where the resistive wall is located
at 7y =1.2a and the density profile is constant, i.e. p, = pg. For n,/n9 > 10°, the
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Figure 3. (a) Time evolution of magnetic energies of (m,n)=(3,1) and (5,2) components.
The solid, the dotted and broken lines correspond to results for the multi-helicity case with
a resistive wall, multi-helicity case without a resistive wall, and the single helicity case with
the resistive wall, respectively. (b) Field line plots at ¢ =3307, for multi heliciy case for
rv = 1.2a.

linear growth rate does not depend on 7,. Therefore, the value of 1, /n9 =107 is
sufficiently large for analyzing the external mode.

For the equilibrium profile as shown in Fig. 1(a), the rational surface with ¢ = %
is located at r =0.96a and the internal (m,n)=(5,2) mode is also unstable. Fig-
ure 3(a) shows time evolution of magnetic energies of the (m,n)=(3,1) mode
and the (m,n)=(5,2) mode. The solid, the dotted and broken curves correspond
to results for the multi-helicity case with the resistive wall located at r, =1.2a,
multi-helicity case without a resistive wall, and the single helicity case with the
resistive wall located at ry, = 1.2a, respectively. The (m,n) = (5, 2) mode is strongly
destabilized in the nonlinear phase for all cases. For the single helicity case, the same
phenomenon was obtained for (m,n) = (2,1) mode in [11]. However, the enhanced
growth rate of the (m,n) = (5,2) mode for the multi-heiclity case is larger than that
for the single helicity case. When the magnetic energy of the (m,n) = (5,2) mode is
comparable to that of the (m,n) = (3, 1) mode, the edge plasma region becomes the
magnetic field stochastic region as shown in Fig. 3(b). We also carried out nonlinear
simulation for r, =1.2a using 105 Fourier modes for ¥, J, ¢ and U, and 405 Fourier
modes for n. We obtained the same result about destabilizing the (m,n)=(5,2)
mode.

4. Conclusions

Nonlinear simulation of the RWMs has been carried out using the reduced MHD
equations in a low beta cylindrical tokamak. The core plasma with low resistivity
is surrounded by the highly resistive plasma. In this paper, we use the equilibrium
profile where the RWM with (m,n) = (3, 1) and the internal (m,n) = (5,2) mode are
linearly unstable. The internal (m,n)=(5,2) mode is strongly destabilized in the
nonlinear phase. The enhanced growth rate for the multi-helicity case is larger than
that for the single helicity case. The overlapping of the islands of the (m,n)=(3,1)
mode and (m,n)=(5,2) mode results in magnetic field line stochastic behavior. It
may cause to destabilize other internal modes such as (m,n)=(2,1) mode and a
disruption due to changing of the current profile near the edge of the plasma. The
study of the long time simulation is our future work.
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