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Introduction

In tokamaks, magnetic islands driven by the neoclassical tearing mode rearrange equilibrium

profiles which reduce the achievable β value, and the locking of the magnetic island rotation

by resistive wall or error field occasionally triggers the so-called disruptions of plasma dis-

charges. The neoclassical tearing mode is a nonlinear instability destabilized by the perturbed

bootstrap current[1]. In order to trigger the neoclassical tearing mode, finite-amplitude pertur-

bations called seed islands are necessary. The error fields are caused by positioning errors of the

main coil system. The error field induces the forced magnetic reconnection[2], even when the

classical/neoclassical tearing mode is stable. The forced magnetic reconnection is prevented by

the plasma flows, i.e., the error field is screened by plasma flows[3]. The formation of magnetic

islands due to error fields is called the error field penetration. In experiments in JET and DIII-

D, born-locked modes, which are the neoclassical tearing mode locked at its onset, have been

observed. In JET experiments, it is demonstrated that the error field penetration can trigger the

born-locked neoclassical tearing mode[4].

Using a modified Rutherford equation, possibility of excitation of the born-locked neoclassi-

cal tearing mode in ITER is pointed out[1]. However, the seed island formation by error field

penetration and the consequent evolution of the neoclassical tearing mode have not been fully

investigated. In preceding works on the error field penetration, the penetration of the error field

in the presence of diamagnetic drift is numerically investigated. It is found that the error field

penetration occurs, when the plasma flows and the electron diamagnetic drift mostly cancel out

each other[5]. In those works, effects of the perturbed bootstrap current are not taken into ac-

count, but the stability of the neoclassical tearing mode becomes a problem in high β regime.

In this paper, we consider the error field as the seeding mechanism of the neoclassical tearing

mode. We also check the effect of the perturbed bootstrap current on the error field penetration.

Simulation model

We introduce a reduced set of two-fluid equations. We assume that the quasi-neutral density is

constant in time and space, and the pressure is proportional to the temperature. The normalized
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reduced two-fluid equations are

∂U
∂ t

+[ϕ +δτ p,U ] = δτ [∇⊥ϕ ;∇⊥p]+∇∥ j∥+µ∇2
⊥U, (1)

∂ψ
∂ t

=−∇∥ (ϕ −δ p)−η∥
(

j̃∥− j̃bs
)
, (2)

∂ p
∂ t

+[ϕ , p] = ε2χ∥∇2
∥p+χ⊥∇2

⊥p, (3)

with U =∇2
⊥ϕ , j∥ =−∇2

⊥ψ, j̃bs =− fbs
2

qs√
ε

∂ p̃
∂x , where U is the vorticity, j∥ is the parallel current

density, ϕ is the electrostatic potential, ψ is the magnetic flux, p is the electron pressure, j̃bs is

the bootstrap current perturbation, µ is the perpendicular viscosity coefficient, η∥ is the parallel

resistivity, χ∥ is the parallel thermal diffusivity, χ∥ is the perpendicular thermal diffusivity, δ

is the ion skin depth normalized by 2a, τ = Ti/Te, Ti is the ion temperature, Te is the electron

temperature, and qs is the safety factor at the rational surface.

Our simulation set up is shown as follows. We only consider spacial profile of variables in the

two-dimensional coordinates (x,y). The box size in the x−y space is Lx×Ly = 1×π , where the

radial and poloidal boundaries are located at x = 0,1 and y = 0,π , respectively. The equilibrium

quantities are given by U0 = 0, ϕ0 = −u0x, ψ0 = ln [cosh(x− xs)], p0 =
β
ε

(
1− x−xs

1−xs

)
, where

xs is a radial position of the rational surface, and u0 is the equilibrium poloidal flow velocity

constant in space. The boundary conditions of perturbation in the y direction are periodic, and

those in the x directions are shown as follows. At x= 0, all perturbations are set to zero. At x= 1,

an error field is applied in terms of the magnetic flux as ψ̃(t,x,y)|x=1 = ψerr cos
(

2πm0y
Ly

)
, where

ψerr is the amplitude, m0 is the poloidal mode number of the error field. In simulations, the

following parameters are fixed: β = 0.02, δ = 0.02, ε = 0.3, qs = 2, m0 = 2, τ = 1, η∥ = 10−5,

χ⊥ = 10−5, µ = χ⊥/4, and ε2χ∥ = 1. The tearing mode stability parameter is ∆′ = −7.86. In

addition, the electron diamagnetic drift velocity is given by v∗e = −δ p′0 = 2δβ/ε = 2.67×

10−3. In simulations, ψerr and u0 are used as control parameters.

Simulation results

Figure 1 shows the time evolution of magnetic island widths for various seed island widths

w0. In simulations, we set u0 = 0 and ψerr = 0. In addition, magnetic islands are rotated by the

electron diamagnetic drifts. In Fig. 1, it is shown that magnetic islands are damped for small

seed islands, while, those grow to large sizes when seed island widths exceed a critical value.

The critical seed island width is found to be about wcrit
0 = 0.08. Thus, the neoclassical tearing

mode is nonlinearly unstable.

Next, we consider the case where the neoclassical tearing mode and the error field coexist. In

the following part of this paper, the seed island width is sufficiently small, i.e., w0 ≈ 0. Figure
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Figure 1: Time evolution of magnetic island widths

for various seed island widths.

Figure 2: Error field amplitude dependence of sat-

urated widths of magnetic islands.

2 shows the error field amplitude dependence of saturated widths of magnetic islands, where

the vacuum island width is shown by a dashed line. As pointed out in previous works[5], the

penetration may occur when the poloidal flow and the diamagnetic drift cancel out each other.

For this reason, in Fig. 2, u0 = −2.67× 10−3 is chosen, so that u0 + v∗e = 0 is satisfied. It is

shown that saturated widths overwhelm the vacuum island widths. In Fig. 2, sudden transition

occurs around ψerr = 1.75× 10−4, and the neoclassical tearing mode is triggered by vacuum

islands in the large ψerr regime. Note that the critical vacuum island width for triggering the

neoclassical tearing mode is about wcrit
v = 0.02, which is much smaller than wcrit

0 .

Next, we consider shielding effects of plasma flows in the presence of the electron diamag-

netic drift. Figure 3 shows the time evolution of magnetic island widths for ψerr = 4×10−4. In

Fig. 3, two cases with u0 =−6×10−3 and u0 =−3×10−3 are plotted, and the vacuum island

width is shown by a dashed line. In the former case, since an offset of u0 + v∗e is large, the

error field is shielded and the magnetic island width is smaller than the vacuum island width. In

contrast, in the latter case, the error field penetration occurs, then the neoclassical tearing mode

is triggered, and the magnetic island continues to grow and finally saturates.

Figure 4 shows the dependence of saturated magnetic island widths on the value of u0 for

ψerr = 4×10−4. Cases with the bootstrap current perturbation are shown by filled circles, and

cases without the perturbed bootstrap current are shown by filled squares, where the vacuum

island width is shown by a dashed line. For the case without the bootstrap current perturbation,

the error field penetration occurs around u0 =−v∗e =−2.67×10−3, where the saturated mag-

netic island width is close to the vacuum island width, and the shielding occurs in other regime.

On the other hand, for the case with the bootstrap current perturbation, the neoclassical tearing

mode is triggered around u0 = −2.67× 10−3. Compared with the case without the bootstrap

45th EPS Conference on Plasma Physics P1.1038



Figure 3: Time evolution of magnetic island widths. Figure 4: Dependence of saturated magnetic island

widths on u0.

current perturbation, it is observed that the excitation of the neoclassical tearing mode occurs

even in regions where the error field does not fully penetrate. This indicates that the error field

penetration is weakly enhanced by the bootstrap current perturbation.

Summary

In simulations, the born-locked neoclassical tearing mode is triggered by the error field pene-

tration. It is found that the vacuum island width necessary to trigger the born-locked neoclassical

tearing mode is smaller than the seed island width required to trigger the original neoclassical

tearing mode. The error field penetration threshold is not significantly affected by the perturbed

bootstrap current. However, after the error field penetration, the perturbed bootstrap current in-

creases the saturated island width, which enhances the born-locked neoclassical tearing mode

excitation.
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