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ABSTRACT
The influence of modulated-ECCD on m/n=2/1 resistive tearing mode is investigated by a three-dimensional toroidal and non-
reduced MHD code CLT. It is found that, after applying a modulated-ECCD, tearing mode instabilities are suppressed and
magnetic islands are gradually reduced to a low level, then the width of the magnetic islands exhibit periodic oscillation with
the time scale of ECCD modulation frequency. The minimum width of magnetic islands decreases with the decrease of ECCD
modulation frequency and increases with the increase of the buildup time of the driven current.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5080379

I. INTRODUCTION

Tearing mode instabilities are often observed in toka-
mak experiments.1–6 They are deleterious to tokamak per-
formance as they can reduce core electron temperature,7,8
degrade plasma energy confinement9,10 or even cause disrup-
tions.11–14 Classical tearing modes are driven by unfavorable
plasma current density gradient, which gives ∆' > 0 (where
∆' indicates the discontinuity of radial derivative of magnetic
perturbation across singular layer).15–17 Neo-classical tearing
modes (NTMs)18,19 can be triggered by seed islands which
lead to reduction of the bootstrap current inside magnetic
islands, thus resulting in modification of the current profile
and reinforcement of initial magnetic perturbations.

Classical and Neo-classical tearing modes are both dan-
gerous for tokamak operation as they lead to large magnetic
islands. When islands become so large that islands on differ-
ent rational surfaces overlap, catastrophic plasma disruptions
happen.10,20,21 Much effort22–35 has been made to control
tearing modes and reduce the size of magnetic islands. One
of the most successful methods is Electron Cyclotron Cur-
rent Drive (ECCD). ECCD has localized energy and momentum
deposition, which enables driven current to localize in mag-
netic islands.36,37 This method has been widely used to control

tearing modes in tokamaks, such as ASDEX upgrade,8,27 JT-
60U,24,38 D-IIID,25,26 and EAST.39

For stabilization of tearing mode using ECCD, the driven
current should reduce the free energy of initial equilibrium
(for classical tearing modes) or to replace the missing boot-
strap current caused by the flattened pressure in the mag-
netic islands (for Neo-classical tearing modes). A continuous
driven current can stabilize tearing mode as it can modify cur-
rent profile and decrease ∆'.40 From theoretical analysis,36,41
we know that the driven current deposition around the O-
point of magnetic island leads to a stabilizing effect while
the driven current deposition around the X-point results in
a destabilizing effect. It is found42,43 that the efficiency of a
continuous driven current is lower than a modulated one (a
modulated ECCD means that the driven current deposits only
around the O-point of the island), as the driven current around
the X-point has a negative effect on suppressing the tearing
modes.

To improve the efficiency of control of tearing modes
by ECCD, it is wise to keep Electron Cyclotron Wave (ECW)
locking on the O-point of magnetic islands.43 The modulated-
ECCD (i. e. the ECW keeps locking on the O-point) applied to
control tearing modes in JT60U24 and ASDEX Upgrade27 had
been reported, in which the O-point of the magnetic island

AIP Advances 9, 015020 (2019); doi: 10.1063/1.5080379 9, 015020-1

© Author(s) 2019

https://scitation.org/journal/adv
https://doi.org/10.1063/1.5080379
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5080379
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5080379&domain=aip.scitation.org&date_stamp=2019-January-22
https://doi.org/10.1063/1.5080379
https://orcid.org/0000-0001-5859-6298
https://orcid.org/0000-0001-6199-9389
mailto:zwma@zju.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5080379


AIP Advances ARTICLE scitation.org/journal/adv

is detected from electron temperature perturbation profile.24
There is no similar study of the modulated-ECCD about EAST.
Hence, we carry out a numerical simulation to investigate
the influence of modulated-ECCD on tearing modes in EAST
by the three-dimensional toroidal non-reduced MHD code
CLT.44–47

II. MODULATED-ECCD MODEL
As we know, ECW interacts with electrons and almost has

no influence on ions. Since the electron mass is assumed to
be zero in the single-fluid MHD description, the driven cur-
rent Jcd only appears in the Ohm’s law.48 As in large Tokamaks,
the influence of current driven on tearing mode stabilization
is much larger than that of heating.49 Thus, the Resistive-MHD
equations including driven current in CLT are given as follows:

∂ρ

∂t
= −∇ · (ρv) + ∇ · [D∇(ρ − ρ0)] (1)

∂p
∂t
= −v · ∇p − Γp∇ · v (2)

∂v
∂t
= −v · ∇v + (J × B − ∇p)/ρ + ∇ · [υ∇(v − v0)] (3)

∂B
∂t
= −∇ × E (4)

E = −v × B + η(J − J0 − Jcd) (5)

J = ∇ × B (6)

where ρ, p, v, B, E, and J denote the density, the pressure,
the velocity, the magnetic field, the electric field, and the cur-
rent density, respectively. The subscript “0” denotes the initial
quantities. Γ(=5/3) is the ratio of specific heat of plasma. The
variables are normalized as follows: B/B0 → B, x/a→ x, ρ/ρ0
→ ρ, t/tA → t, v/vA → v, p/(B2

0/µ0) → p, J/(B0/µ0a) → J,
E/(vAB0)→ E and η/(µ0a2/tA)→ η where a is the minor radius,
tA = a/vA is the Alfvén time, and vA = B/

√
µ0ρ is the Alfvén

speed. B0 and ρ0 are the initial magnetic field and the plasma
density at magnetic axis, respectively.

To solve the closure problem,42,50,51 the following equa-
tion for the driven current should be used to compute Jcd

∂Jcd
∂t
= ∇ · (κ‖∇‖Jcd) + ∇ · (κ⊥∇⊥Jcd) + (Js − Jcd)/τf (7)

where κ ‖ and κ⊥ are the parallel and perpendicular thermal
conductivity, respectively. τf is the buildup time of the driven
current and Js is the current source. As shown in previous
studies,42,48,52–55 the driven current distribution determined
by Equation (7) is always helical if all of the ECW is injected
inside magnetic islands. In most experiments, the ECCD cur-
rent deposition width is about 1∼2cm that is much less than
half of the magnetic island width.25,27 Then we can assume
the distribution of current source Js due to electron cyclotron
wave to be

Js = Js0 exp[−(ψ − ψcd)2/δ2][1 + cos(mθ + nφ)]
∏

(h0,∆h) (8)

and
∂Jcd
∂t
= (Js − Jcd)/τf (9)

where m and n are the poloidal and toroidal numbers
of magnetic islands, respectively. ψcd = ψO + 1

2 (ψO − ψX)
(1 + cos(mθ + nφ)) determines the location of the driven cur-
rent, where ψO and ψX are the fluxes of the O-point and the
X-point of the island, respectively. δ is the width of the driven
current. The strengths of the current source and the driven
current are defined as

fs = Js0[
∫
Oexp(−(ψ − ψ0)2/δ2)[1 + cos(mθ + nφ)]dS]/I0 (10)

fcd = Jcd[
∫
Oexp(−(ψ − ψ0)2/δ2)[1 + cos(mθ + nφ)]dS]/I0 (11)

where I0 is the total plasma current in the φ direction. The
function

∏
(h0, ∆h) is defined as∏

(h0,∆h) =



1, for |h − h0 | < ∆h

0, elsewhere
(12)

where h = mθ + nφ is the helical angle and ∆h is the wave depo-
sition width along the helical angle. In tokamak experiments,
the plasma rotates in both the toroidal and poloidal directions,
but mainly in the toroidal direction. To compare with exter-
nal driven current, effects of the plasma rotation on tearing
mode dynamics can be neglected. For the sake of simplicity,
we assume that there is no plasma rotation and the electron
cyclotron wave rotates with the frequency Ω and its phase
h0 = Ωt. This method is widely used.42,53,54 In our future work,
we will discuss the effects of plasma rotations on tearing mode
control.

III. SIMULATION RESULTS
The geometry of EAST is chosen, i.e. the major radius

R0 = 1.85m, the minor radius a = 0.45m, the elongation E=1.9
and the triangularity σ = 0.5. The initial q profile is shown in
Figure 1 and the most unstable mode is the m/n=2/1 tearing
mode. B0 and J0 are obtained from the code NOVA.56 Since
the plasma pressure is not crucial in the dynamic evolution
of tearing modes, we simply assume β ∼ 0. Other normalized

FIG. 1. Initial q profile.
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FIG. 2. Poincaré plots of the magnetic field at the φ = 0 cross-section in the
saturation stage of the tearing mode.

parameters are chosen to be the resistivity η = 1.0 × 10−5, the
viscosity ν = 1.0 × 10−5 and the diffusion coefficient D = 1.0
× 10−4. The grids used in the simulations are 256 × 32 × 256
(R, φ, Z). In the simulations, the width of driven current is given
as δ = 0.03.

The system can self-consistently evolve into its satura-
tion after the m/n=2/1 resistive tearing mode is triggered. The
Poincaré plots of the magnetic field for the saturation stage of
the tearing mode are shown in Figure 2. It is evident that the
m/n=2/1 magnetic island is large and the width is ∼10cm. Due
to mode-mode coupling, there exist many magnetic islands
with high m on other resonant surfaces.

After the tearing mode saturates, we start to turn on the
modulated-ECCD with ∆h = π

2 . It means that the ECW only

turns on when its phase locates in − π
2 < h − h0 < π

2 . Thus,
the amplitude of the driven current will oscillate periodically,
instead of reaching a steady value. The evolution of the driven
current is determined by three parameters, i. e. the rotation
frequency of the plasma Ω (or the rotation frequency of ECW),
the buildup time of driven current τf , and the strength of
source fs. The relationship of Ω and τf can be quite different
in different tokamaks. Although in ASDEX-U42 or EAST57 Ωτf
> 1, Ωτf < 1 could be satisfied in future fusion reactors.52

Figure 3 shows the evolution of driven current strengths
with τf = 500, fs = 0.012, and different rotation frequencies Ω
(Ω = 0.005, Ω = 0.002, Ω = 0.001, and Ω = 0.0005). It indicates
that for different Ω, the average driven current strengths in
the late stage are almost the same value, that is about half of
the strength of fs. The minimum (maximum) strength of the
driven current decreases (increases) with the decrease of Ω.

Spatial distributions of the driven current and Poincaré
plots of magnetic field in the φ = 0 and φ = π cross sec-
tions are shown in Figure 4(a) and (b). It is evident that the
driven current closely matches with the magnetic islands and
is similar to that derived from the auxiliary frag/diffusion
equation.48

The q profiles before and after applying modulated-ECCD
with Ω = 0.005, τf = 500 and fs = 0.012 are shown in Figure 5.
Since the safety factor becomes flattened inside the magnetic
islands, the width of the flattened q profile can be regarded
as the width of the magnetic islands. Before applying the
modulated-ECCD, the width of the m/n=2/1 magnetic islands
is w0 = 8.5cm (t=5441tA). After the modulated-ECCD turns on
at t=5500tA, the magnetic island gradually shrinks and is finally
reduced to w1 = 5.7cm at t=8027tA, which means that the width
of the m/n=2/1 magnetic islands can be reduced about 30% by
the modulated-ECCD. Due to mode-mode coupling, the mag-
netic islands on other resonant surfaces are also reduced as
shown in Figure 5.

Figure 6 shows the evolutions of the perturbed radial
magnetic field δBr for τf = 500, fs = 0.012, and different
Ω (Ω = 0.005, Ω = 0.002, Ω = 0.001, and Ω = 0.0005). For the
m/n=2/1 resistive tearing mode, the width of the magnetic
island can be estimated by the radial perturbation of the mag-
netic field with w ∼ (δBr)1/2. Thus, the evolution of δBr is a
good representation for the evolution of the magnetic island.

FIG. 3. Evolution of driven current strengths with τ f
= 500, f s = 0.012, and different Ω (Ω = 0.005, Ω = 0.002,
Ω = 0.001, and Ω = 0.0005).
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FIG. 4. Spatial distributions of the driven
current and Poincaré plots of magnetic
field in the (a) φ = 0 and (b) φ = π cross
sections.

FIG. 5. Safety factor profile before (t=5441tA) and after
(t=8027tA) applying ECCD. The safety factor q is derived
from a trace-field line code. q is defined as q = ∆φ

∆θ , where
∆φ and ∆θ are the changes of the toroidal angle and the
poloidal angle of a tracing filed line, respectively.

Figure 6 shows that ECWs with different frequencies all well
suppress tearing mode instabilities and reduce the width of
the m/n=2/1 magnetic islands.

As an ECW with small Ω can drive a current with a
large maximum density (shown in Figure 3), which can fur-
ther reduce the magnetic islands. The minimum δBr decreases

FIG. 6. Evolutions of the radial perturbation of the magnetic
field δBr for τ f = 500, f s = 0.012, and different rotation
frequencies Ω (Ω = 0.005, Ω = 0.002, Ω = 0.001, and
Ω = 0.0005).
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FIG. 7. Evolutions of the driven current with Ω = 0.002,
f s = 0.012, and different buildup times τ f = 500 (τ f = 1000,
τ f = 500, and τ f = 100).

FIG. 8. Evolutions of the radial perturbation of the magnetic
field δBr for Ω = 0.002, f s = 0.012, and different buildup
times τ f (τ f = 1000, τ f = 500, and τ f = 100).

with decrease of Ω as shown in Figure 6. Since neoclassical
tearing mode is linearly stable and nonlinearly unstable, the
neoclassical tearing mode could be completely suppressed if
the width of the magnetic islands is reduced to a critical value.
Therefore, ECW with a small Ω could be helpful to control
neoclassical tearing modes.43

The evolutions of the driven current with Ω = 0.002, fs
= 0.012, and different buildup times τf (τf = 1000, τf = 500,
and τf = 100) are shown in Figure 7. The minimum (maximum)
strength of the driven current decreases (increases) with the
decrease of τf .

The evolutions of the radial perturbation of the magnetic
field δBr for Ω = 0.002, fs = 0.012, and different buildup times
τf (τf = 1000, τf = 500, and τf = 100) is shown in Figure 8.
With a shorter buildup time, the strength of the driven cur-
rent increases faster. Then the magnetic islands can be quickly
reduced. If the simulations run long enough to reach a steady
state, the sizes of magnetic islands for all cases will be the
same.

IV. SUMMARY
The influence of modulated-ECCD on m/n=2/1 resistive

tearing mode in EAST is investigated by a three-dimensional

toroidal MHD code CLT. In the present paper, we sys-
tematically studied roles of modulated-ECCD with different
rotation frequencies and current buildup times on m/n=2/1
resistive tearing mode. It is found that after applying
modulated-ECCD, the tearing mode is reduced and the mag-
netic island gradually reduces to a low level, then the size of
the magnetic island exhibits a periodic oscillation with the
time scale of the plasma rotation frequency. The minimum
width of the magnetic island decreases with the decrease
of the plasma rotation frequency. For controlling neoclas-
sical tearing modes, this effect can be more important as
neoclassical tearing modes are stable when the widths of
the magnetic islands are reduced to a critical value. For a
shorter buildup time τf , the tearing mode is quickly con-
trolled as the strength of the driven current increases more
quickly.
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