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Through theoretical analysis, we construct a physical model that includes the influence of counter-external driven
current opposite to the plasma current direction in the neoclassical tearing mode (NTM). The equation is used with this
model to obtain the modified Rutherford equation with co-current and counter-current contributions. Consistent with the
reported experimental results, numerical simulations have shown that the localized counter external current can only par-
tially suppress NTM when it is far from the resonant magnetic surface. Under some circumstances, the Ohkawa mechanism
dominated current drive (OKCD) by electron cyclotron waves can concurrently create both co-current and counter-current.
In this instance, the minimal electron cyclotron wave power that suppresses a particular NTM was calculated by the Ruther-
ford equation. The result is marginally less than when taking co-current alone into consideration. As a result, to suppress
NTM using OKCD, one only needs to align the co-current with a greater OKCD peak well with the resonant magnetic
surface. The effect of its lower counter-current does not need to be considered because the location of the counter-current
deviates greatly from the resonant magnetic surface.

Keywords: driven current, neoclassical tearing mode, modified Rutherford equation, electron cyclotron waves
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1. Introduction

Heating and non-inductive current driven by electron cy-
clotron (EC) waves are of great significance in the physics and
experiments of magnetically confined nuclear fusion plasma.
Electron cyclotron current drive (ECCD) at on-axis, off-axis
and far off-axis (r/a > 0.5) can suppress or actively control
some important magnetohydrodynamic (MHD) instabilities in
these regions by controlling the current profile of tokamak
plasmas.[1]

The far-axis area of tokamak plasma has some signif-
icant MHD instabilities,[2] including edge-localized mode
(ELM), tearing mode (TM) and neoclassical tearing mode
(NTM). The specific pressure, which is the dynamic pres-
sure divided by the magnetic pressure, is severely limited
by NTM instability, which can even cause significant disrup-
tion of tokamak plasmas. TMs or NTMs may be success-
fully controlled by the non-inductive current produced by EC
waves in the far-axis area.[3,4] ECCD has effectively repressed
3/2 or 2/1 NTMs[5–9] in experiments. Low hybrid current
drive (LHCD)[10,11] and applied resonant magnetic perturba-
tion (RMP)[12,13] are two further methods of suppressing TMs
and NTMs in addition to ECCD. ECCD combined with RMP
can also be used to suppress NTMs in tokamak plasma with
negative magnetic shear configuration.[14] However, the most
successful approach is still ECCD. Two ECCDs are applied in
tokamak plasma with negative magnetic shear configuration to

control magnetic islands on two resonant magnetic surfaces to
reduce the coupling strength between the two modes,[15] hence
suppressing NTMs. ECCD will also be used in the future In-
ternational Thermonuclear Fusion Reactor (ITER) to control
these important neoclassical tearing modes.[16]

NTMs are a kind of MHD instability caused by the ab-
sence of bootstrap current on the resonant magnetic surface.
Replacing the missing bootstrap current by local current drive
or heating in the magnetic island can stabilize NTMs.[3] Be-
cause the current driven by EC waves is highly localized, it is
the most effective way to suppress NTMs by using EC wave
to drive non-inductive current in the same direction as plasma
current near the O-point of the magnetic island. However,
when the deposition position of co-ECCD, which is in the
same direction as the plasma current, is significant distance
away from the O-point of the magnetic island or the resonant
magnetic surface, the effect of inhibiting NTMs is not only
very limited,[16–19] but even further promotes the growth of
NTM magnetic island.

Although many theories and experiments have focused on
the use of co-ECCD to suppress NTMs, counter-ECCD with
current direction in the opposite direction to the plasma current
has also been used to suppress NTMs.[20,21] Experiments have
found that counter-ECCD only partially inhibits NTMs.[20]

Of course, suppression or partial suppression of NTMs by
counter-ECCD is also conditional. Under the condition of
good alignment with the resonant magnetic surface, counter-
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ECCD will not have a suppression effect on NTMs, which is
equivalent to the absence of bootstrap current on the target res-
onant magnetic surface, but will trigger the increase of NTM
magnetic island. Therefore, counter-ECCD may have an in-
hibitory effect on NTMs only when it is not aligned with the
resonant magnetic surface. Recent numerical simulation stud-
ies show that on a low-aspect-ratio HL-2M tokamak device,
the Ohkawa-dominated current drive (OKCD) by EC waves
drives co-current and counter-current near the 2/1 magnetic
surface at the normalized radius ρ ∼ 0.6. The contribution of
the co-current to the total driven current is much greater than
that of the counter-current. Good alignment of the co-current
with the resonant magnetic surface can be used to inhibit 2/1
NTM.[22] In the presence of co-current and counter-current,
if the co-current with a higher amplitude is well aligned with
the resonant magnetic surface, the counter-ECCD with a lower
amplitude will deviate greatly from the resonant magnetic sur-
face. Therefore, should the wave power required to suppress
NTM with both co-ECCD and counter-ECCD be lower than
only co-ECCD is considered? How can a suitable model
be used to quantitatively evaluate the co-current and counter-
current inhibition effect on NTM?

In addition to using the Rutherford equation
calculation,[22,23] another method for studying the impact of
driving current on NTM magnetic islands is based on MHD
simulation.[24,25] Recent simulation studies have found that
the conclusions obtained by the two methods are consistent
when studying the same problem.[26–28] Using the modified
Rutherford equation results in a considerable reduction in
computation time. Moreover, the difference in the obtained
results between the two methods is also very small. Con-
sequently, in this paper, we choose the modified Rutherford
equation for calculations.

The contribution of the counter-ECCD to the growth rate
of the NTM magnetic island is added to the original modified
Rutherford equation[29] to study the key physical factors af-
fecting the suppression of NTMs by counter-ECCD. The effect
of co-current and counter-current generated when EC wave
power is deposited at the low-field side on inhibition of 2/1
NTM was quantitatively evaluated.

This paper is divided into four sections. After introducing
the research background and motivation, Section 2 constructs
a theoretical model based on the modified Rutherford equa-
tion. This model includes the contribution terms of co-current
and counter-external driven currents by EC waves for the sup-
pression of NTM. In Section 3, the numerical simulation re-
sults are presented, and the effects of the peak value of the
driven current profile, current profile width, and radial posi-
tion of the driven current of the counter-driven current on the
suppression of NTM are studied. The suppression effect of
the co-current and counter-current on NTM is quantitatively

studied by coupling the modified Rutherford equation newly
constructed in this paper with the ray-tracing program for cal-
culating ECCD. Section 4 summarizes the paper and gives the
conclusion.

2. Modified Rutherford equation
In this section, based on reviewing the modified Ruther-

ford equation, we add the contribution term of the counter-
current to the evolution of the NTM magnetic island over time
and construct a Rutherford equation suitable for the simultane-
ous presence of co-current and counter-current contributions
for our study. The modified Rutherford equation including the
contribution of external heating and current drive to the evolu-
tion of the NTM magnetic island is[29]

0.82
τr

rs

dw
dt

= rs∆
′
0 + rsδ∆

′
0 + rs∆

′
BS + rs∆

′
CD + rs∆

′
H, (1)

where τr ≡ µ0/η is the local resistive time for the resistivity η

at the rational surface rs of the NTM of interest, and µ0 is the
permeability of free space. The terms on the right-hand side
provide the effect of the linear stability index ∆ ′0, the variation
of ∆ ′0 due to the perturbation of the equilibrium current δ∆ ′0,
the perturbation of the bootstrap current ∆ ′BS, the perturbations
of localized non-inductive current drive and the localized heat-
ing by EC waves (∆ ′CD, ∆ ′H). The first term in Eq. (1) on the
right-hand side in this paper is rs∆

′
0 =−m, where m represents

the poloidal modulus.
The disturbance term rs∆

′
BS is greater than zero, indicat-

ing that the lack of bootstrap current causes the width of the
NTM magnetic island to grow. According to Refs. [17,29,30],
the calculation model is

rs∆
′
BS =

16µ0Lqrs

Bθ π

4
3w

f
(
w,Wmarg

)
jBS, (2)

where Wmarg is the critical magnetic island width when the
NTM growth rate reaches maximum. In Eq. (2), f (w,Wmarg)

includes the stabilizing effects of two threshold mecha-
nisms, transport and polarization,[31] where f (w,Wmarg) =

fpol(w,Wmarg)+ ftra(w,Wmarg)−1. Here, fpol(w,Wmarg) = 1−
(W 2

marg/3w2) and ftra(w,Wmarg) = w2/(w2 +W 2
marg) describe

the stabilizing effects of polarization and transport, respec-
tively. According to the measurement of the plasma beta β

(the ratio of plasma kinetic pressure to magnetic pressure)
ramp-down experimental boundary conditions, the value of
Wmarg is approximately equal to twice the ion intersection
width,[32] Wmarg ≈ 2ε1/2ρθ i. Here ε = r/R is the local inverse
aspect ratio, r and R are the local minor radius and major ra-
dius of the tokamak, respectively. ρθ i =

(
2mikBTi/(e2B2

θ
)
)1/2

is the poloidal radius of gyration of the ion (mass mi), kB

is Boltzmann’s constant, Ti is the ion temperature, Bθ is the
poloidal magnetic field size and Lq = q/(dq/dr) is the local
magnetic shear length.
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For the current-driven stability term, ECCD/OKCD
mainly suppresses NTMs through two mechanisms. The first
stabilizing effect is that ECCD/OKCD replaces the missing
bootstrap current in the magnetic island,[17,29]

rs∆
′
CD = −

16µ0Lq

Bθ π

ηCDPtot

w2
dep

×FCD
(
w/wdep,xdep,Dmod,φmod

)
, (3)

where FCD is the effective parameter to replace the missing
bootstrap current, which depends on the ratio of the magnetic
island width w to the full width of the driven current pro-
file wdep, w∗ = w/wdep, the misalignment of co-ECCD/OKCD
from target resonant magnetic surface xdep = rdep− rs, the EC
wave power modulation duty cycle Dmod and the phase de-
viation ϕmod between the power modulation and the O-point
of the rotating magnetic island. Under the condition that
other factors remain unchanged, ϕmod = 0 is the most bene-
ficial for suppressing an NTM with co-external driven current.
Thus, this article only discusses the results under the condi-
tion of ϕmod = 0. Ptot is the total injected EC wave power
given by users, and ηCD is the current drive efficiency of EC
wave, which can be calculated by the raytracing code. Thus,
ηCD×Ptot is the total current ICD driven by EC wave. If the
power deposition and driven current density conform to the
Gaussian distribution ∝ exp[−4/w2

dep], then the total driven

current is ICD =
√

kπ
3/2

rswdep jpeak, where jpeak is the rela-
tive magnitude of the local current peak. For elongated plas-
mas, there is a fitting parameter k that makes ICD approx-
imately equal to the total current calculated by the raytrac-
ing code. If the current density profile driven by electron cy-
clotron waves is close to the Gaussian distribution, the value
of k is approximately equal to the tokamak elongation ratio.
Since the poloidal cross-section of the tokamak plasma can
be approximately regarded as an ellipse, the elliptical area
S = πab = πka2, then k is equal to the tokamak elongation
ratio b/a. When integrating the ECCD current profile with
a Gaussian distribution, the corresponding results can be ob-
tained. Therefore, equation (3) becomes

rs∆
′
CD = −

16µ0Lqrs

Bθ π

π3/2
√

k jpeak

wdep

×FCD
(
w/wdep,xdep,Dmod

)
. (4)

For co-ECCD/OKCD in the same phase as the magnetic is-
land O-point, jpeak > 0, to achieve the best suppression ef-
fect of NTMs, the misalignment xdep should be as close to
zero as possible. This is the so-called well-aligned condition.
This is the most critical factor affecting the effective inhibition
of NTMs by co-ECCD/OKCD. When misalignment deviation
x ≡ |xdep|/wdep ≤∼ 0.5, FCD > 0, rs∆

′
CD < 0, the co-current

has an inhibitory effect on NTMs. Furthermore, when the mis-
alignment deviation is large enough, x ≡ |xdep|/wdep >∼ 0.5,
FCD < 0, rs∆

′
CD > 0, the effect of the co-current will promote

the growth of magnetic islands.
The second stabilizing effect of ECCD/OKCD is to im-

prove the classical linear stability. That is to say, the value of
rsδ∆ ′0 becomes smaller, depending on the relative magnitude
of the local current peak jpeak by ECCD/OKCD. According to
the models in Refs. [29,31], the stability term caused by the
external drive current is

rsδ∆
′
0 ≈−

4µ0Lqrs

Bθ π

π3/2
√

k jpeakDmod

wdep
erfc (w∗)F(x), (5)

where, erfc (x) = 2√
π

∫
∞

x e−t2
dt = 1− erf(x) is the comple-

mentary error function, x ≡ |xdep|/wdep. In the interval [0,1],
the zero point of the function F(x) = 1− 2.92x + 2.02x2 −
0.40x3 is obtained near x =∼ 0.5. The difference from F(x)
in Ref. [30] is the full width wdep of the driven current profile
of 1/e, where e is the nature base number, while the half-
maximum width δec of the radio frequency current profile EC
wave is used in Ref. [32], so that wdep =

√
ln2δec. Similarly,

for jpeak > 0 and x ≤∼ 0.5, rsδ∆ ′0 < 0. In contrast, when
jpeak < 0 and x >∼ 0.5, rsδ∆ ′0 < 0.

In the presence of both co-current and counter-current in
the external-driven current, the modified Rutherford equation
for the time evolution of the magnetic island width of NTMs
is

0.82
τr

rs

dw
dt

= rs∆
′
0 + ∑

i=±
rsδ∆

′
0,i + rs∆

′
BS

+ ∑
i=±

rs∆
′
CD,i + rs∆

′
H, (6)

where i = ± in the second and fourth terms on the right-hand
side of Eq. (6) represent the contributions of co-ECCD (+)
and counter-ECCD (−) to NTM magnetic island suppression.
In the second term on the right-hand side of Eq. (6), i = +

represents the contribution term of the co-ECCD. The driving
current density should be larger than 0, and the peak position
should be well aligned with the resonant rational surface so
that NTM can be effectively suppressed; i = − represents the
contribution term of counter-ECCD. To suppress NTM, the
driving current density should be less than 0, and the peak
position should deviate sufficiently from the resonant ratio-
nal surface. According to the above analysis and discussion,
when only the counter-ECCD is considered to suppress NTM,
the right-hand side of Eq. (6) does not contain the contribu-
tion term of the co-ECCD, and the misalignment deviation
x≡ |xdep|/wdep should be large enough (x >∼ 0.5). In this pa-
per, we use the newly constructed modified Rutherford equa-
tion to conduct research on the suppression of NTM by the
counter-ECCD and quantify the effect of counter-current on
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NTM suppression under the Ohkawa dominated current drive
(OKCD) of EC wave. In Eq. (6), the details of the effective
parameters FCD in rs∆

′
CD and rs∆

′
H are given in Appendix A.

3. Results and analysis
3.1. Results of counter-ECCD to suppress NTM

Co-ECCD that is well aligned with the target resonant
magnetic surface can suppress NTM both theoretically and
experimentally. Conversely, co-ECCD that is not well aligned
with the resonant magnetic surface has less of an inhibitory ef-
fect on NTM and may even encourage the formation of NTM
magnetic islands. The theoretical analysis in Section 2 sug-
gests that counter-ECCD that veers away from the resonant
magnetic surface might hinder NTM. We perform a quantita-
tive investigation into the important elements that determine
the suppression of NTM by utilizing counter-ECCD, and we
explore the inhibitory effect of counter-ECCD on NTM un-
der different settings. This section is based on the theoretical
model presented in Section 2, and it does not address the ef-
fect of co-ECCD on NTM. The driven current density ( jpeak),
the breadth of the driven current profile (wdep) and the relative
location of the driven current to the target resonant magnetic
surface (xdep = rdep− rs) are the primary elements to be con-
sidered. As an illustration, consider the low-aspect-ratio HL-
2M tokamak, which has the following characteristics: elon-
gation ratio k = 1.64, major radius R = 178 cm, minor
radius a = 65.5 cm, central toroidal magnetic field intensity
BT = 2.25 T, R/a ∼ 2.7. Table 1 provides further pertinent
parameters.

Table 1. Other parameters used in numerical simulations.

ρ2/1 Dmod
Lq Bθ ne Te jBS

εq=2(cm) (T) (1019 m−3) (keV) (A/cm2)

0.6025a 0.5 38.40 0.29 4.10 3.25 19.06 0.22

Figure 1 gives the curve of the NTM magnetic island
growth rate as a function of normalized magnetic island width
(island width, w/Wmarg). Wmarg represents the critical magnetic
island width when the NTM growth rate reaches maximum.
The solid black line in Fig. 1 represents the result without
ECCD. In this case, the maximum magnetic island growth rate
is (0.82 τr

rs

dw
dt )

no-cd
max = 3.887. The two dotted lines represent

the results under the influence of two typical counter-ECCDs.
The peak size jpeak of counter-ECCD is −4.2 A/cm2, and its
full width wdep = 0.03a. The deviations xdep between counter-
ECCD and 2/1 resonance magnetic surface are 0.02a and
0.05a, respectively. Figure 1 shows that when the value of xdep

is relatively small, that is, xdep = 0.02a, x≡ |xdep|/wdep = 0.67,
as shown by the red dotted line in Fig. 1, counter-ECCD does
not affect the NTM suppression effect, the maximum growth
rate of the magnetic island is larger than the maximum growth

rate of 3.887 without ECCD, and it also makes the growth rate
larger at different island widths, thus promoting the growth
of NTM magnetic islands. When the deviation increases,
xdep = 0.05a, x ≡ |xdep|/wdep = 1.67, as shown by the ma-
genta dotted line in Fig. 1, counter-ECCD shows a partial sup-
pression effect, the growth rate of the magnetic island is sig-
nificantly reduced in the range of w/Wmarg <∼ 2.6, but when
w/Wmarg >∼ 2.6, the growth rate of the magnetic island in-
creases slightly.

5

0

-5

0
.8

2
d
w d
t

τ
r

τ
s

0 1 2 3 4 5 6

w/Wmarg

)no-cd=3.887max

jpeak=-jpeak=-4.2 A/cm2

No-ECCD

Co-ECCD (xdep=0.01a)Counter-ECCD (xdep=0.05a)

Counter-ECCD (xdep=0.02a)

0.82
dw

dt

τr

τs
(

wdep/.a

Fig. 1. Curves of magnetic island growth rate versus normalized magnetic
island width. The maximum magnetic island growth rate without external
driven current is 3.887. The solid black line is the result without an ex-
ternal driven current. The red and magenta dotted lines are the results of
counter-ECCD under two misalignment deviations. The tan dotted lines
are the results of co-ECCD.

The driving current has an impact on the saturation mag-
netic island width. The formation of NTM magnetic islands
is inhibited by well aligned co-ECCD, as Fig. 1 illustrates, re-
sulting in a reduction in the saturated magnetic island width.
However, when the counter-ECCD deviates from the resonant
magnetic surface, it is injected into the O-point of the magnetic
island. Although it is not particularly obvious, the width of the
NTM saturated magnetic island increases slightly, which is not
the case with no external drive current.

According to the theoretical model in Section 2, when the
misalignment deviation is large enough, x ≡ |xdep|/wdep >∼
0.5, FCD < 0, rs∆

′
CD < 0, counter-ECCD may have an in-

hibitory effect on NTM. From the results in Fig. 1, we find that
counter-ECCD still has no suppression effect when x = 0.67,
which may be related to the size of the counter-ECCD jpeak.
The inhibitory effect of counter-ECCD on NTM will be af-
fected by three factors: jpeak, xdep, wdep, or be affected by two
factors: jpeak, x≡ |xdep|/wdep.

When we take into account the maximum value
of magnetic island growth rate without external ECCD,
(0.82 τr

rs

dw
dt )

no-cd
max = 3.887, different counter-ECCD character-

istic parameters ( jpeak, xdep, wdep) are considered. The range
of jpeak increases from ∼ 1 A/cm2 to ∼ 10 A/cm2, and the
value of jpeak is much less than the bootstrap current density
( jBS = 19.06 A/cm2) on the 2/1 magnetic surface, which is
listed in Table 1, the value of xdep increases uniformly from
0.04a to 0.10a and the value of wdep increases uniformly from
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0.04a to 0.16a. The corresponding maximum magnetic island
growth rate (0.82 τr

rs

dw
dt )

cd
max under these conditions is calcu-

lated, and the results are shown in Fig. 2. Counter-ECCD has
an inhibitory effect on NTM if (0.82 τr

rs

dw
dt )

cd
max < 3.887. It not

only has no inhibitory effect, but promotes the growth of NTM
magnetic islands.

(a) xdep=0.04a

(b) xdep=0.06a

(c) xdep=0.08a

(d) xdep=0.10a

)c
d

m
a
x

(0
.8

2
d
w d
t

τ
r

τ
s

)c
d

m
a
x

(0
.8

2
d
w d
t

τ
r

τ
s

)c
d

m
a
x

(0
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2
d
w d
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τ
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τ
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wdep=0.04a
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wdep=0.13a
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Fig. 2. The influence of counter-ECCD on the maximum magnetic island
growth rate of NTM under different characteristic parameters ( jpeak, xdep,
wdep).

Figure 2 shows the effects of wdep and jpeak on the maxi-
mum growth rate of the magnetic island under the conditions
of xdep = 0.04a, 0.06a, 0.08a and 0.10a, respectively. It can
be seen from Fig. 2(a) that when the counter-ECCD depo-
sition position deviates from the 2/1 resonant magnetic sur-
face by xdep = 0.04a, only wdep = 0.04a has an inhibitory ef-
fect. In this case, xdep > 0.5wdep, but the inhibitory effect of
counter-ECCD is not significant under this condition. When

xdep = 0.04a and wdep ≥ 0.07a, that is, x≡ |xdep|/wdep ≤ 0.57,
counter-ECCD will promote the growth of NTM magnetic
island, and its maximum growth rate increases with the in-
crease in the value of jpeak of counter-ECCD. As xdep in-
creases, the inhibitory effect of counter-ECCD on NTM grad-
ually increases. When xdep = 0.06a, only counter-ECCD with
wdep ≤ 0.10a has an inhibitory effect on NTM, while counter-
ECCDs with a wider width (wdep ≥ 0.13a) have no inhibitory
effect. In this case, the minimum value of x ≡ |xdep|/wdep is
0.6 for the suppression of NTM by counter-ECCDs. When
the misalignment deviation xdep further increases to 0.08a and
0.10a, as shown in Figs. 2(c)–2(d), counter-ECCD can sup-
press NTM under all given values of wdep, but the inhibitory
effect does not increase with the increase in the value of wdep.
There is an optimal value of wdep. For xdep = 0.08a and 0.10a,
the value of wdep with the best inhibitory effect is 0.10a and
0.13a.

It can be found from Fig. 2 that when the value of
(xdep, wdep) makes counter-ECCD have an inhibitory effect on
NTM, its inhibitory effect increases as the value of | jpeak| in-
creases. Of course, the value of (xdep, wdep) can also make
counter-ECCD promote the growth of NTM magnetic islands,
as shown in Figs. 2(a)–2(b) where the higher counter-ECCD
value will further promote the growth of NTM magnetic is-
lands. Therefore, counter-ECCD will promote the growth of
NTM magnetic islands when the value of misalignment de-
viation xdep is small enough. Only when the value of xdep is
large enough, will counter-ECCD have an inhibitory effect on
NTM. According to the results in Fig. 2, when the value of the
misalignment deviation xdep is between 0.08a and 0.10a and
x ≡ |xdep|/wdep ∼ 0.8, counter-ECCD has a better inhibitory
effect on NTM. However, since the maximum value of | jpeak|
in Fig. 2 is∼ 10 A/cm2, which is lower than the bootstrap cur-
rent size jBS = 19.06 A/cm2 of the target resonant magnetic
surface, the counter-ECCD inhibitory effect on NTM is only
partial. This is also consistent with the experimental results of
counter-ECCD inhibiting NTM.[20]

According to the results in Fig. 2, with the suppression
effect, the maximum value of the magnetic island growth rate
is smaller than the maximum value without driving current.
Combined with the results of Figs. 1 and 3, within the par-
tial magnetic island width range, counter-ECCD causes the
growth rate of the magnetic island to drop significantly. When
the width of the magnetic island is large, counter-ECCD does
not make the growth rate of the magnetic island smaller. For
example, for xdep = 0.08a, wdep = 0.10a, x ≡ |xdep/wdep| =
0.8, and | jpeak| = jBS = 19.06 A/cm2, the effect of counter-
ECCD on NTM inhibition is shown in Fig. 3. When the mag-
netic island width w/Wmarg <∼ 3.0, counter-ECCD has an ob-
vious inhibitory effect on NTM. When 3.0<w/Wmarg <∼ 3.8,
the suppression effect will be reduced, while for w/Wmarg >∼
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3.8, there is no suppression effect. In this case, the maximum
growth rate of the magnetic island is reduced to ∼ 1.6, which
shows that under optimized conditions when the peak value of
the counter-ECCD is close to the bootstrap current on the res-
onant magnetic surface, its inhibitory effect on NTM is also
partial. The magnetic island can be interpreted as a current
filament in the counter-current direction. Therefore, driving
co-current in the O-point counterbalances this filament, hence
reducing the island growth. In contrast, driving current on the
X-point enhances the perturbation induced by the filament and
so drives the island growth. In Fig. 2(c), when xdep = 0.08a,
wdep = 0.10a and jpeak =−10.0 A/cm2, the maximum growth
rate of the magnetic island is about 1.75. This shows that
increasing the peak current of counter-ECCD cannot signifi-
cantly enhance its NTM inhibition effect.
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(

Fig. 3. For | jpeak| = jBS, the effect of counter-ECCD on NTM suppres-
sion, the black solid line is the result without external drive current.

3.2. Results of combining co-current and counter-current
to suppress NTM

According to theoretical studies, in the region of normal-
ized radius ρ = r/a > 0.5 in tokamak plasma, the far off-
axis current can be driven by the electron cyclotron wave’s
Ohkawa mechanism. In this region, MHD instabilities such
as NTM and ELM can be suppressed through OKCD.[22,33–35]

It was discovered that when the OKCD deposition position
is close to ρ ∼ 0.6, the OKCD profile will have two driven
current peaks. The counter-OKCD peak position is far from
the target resonant magnetic surface and has a peak value that
is significantly lower than the co-OKCD peak value. In con-
trast, the co-OKCD peak position is perfectly aligned with the
surface.[22] In this section, we use the theoretical model es-
tablished in this paper to quantitatively calculate the impact
of this current distribution characteristic on the suppression of
NTM and analyze the effect of this part of the counter-OKCD.

According to Ref. [22], the characteristic parameters of
OKCD (ρec, jCD, and wdep/a) are calculated by GENRAY
code.[36–38] Their values can be changed by adjusting the ini-
tial incident angle, toroidal incident angle α and poloidal in-
cident angle β . Adjusting (α,β ) so that the co-OKCD peak
of the OKCD profile is well aligned with the position of the
2/1 resonance magnetic surface at ρ2/1 = 0.6025a. As shown
in Fig. 4, the co-OKCD peak is located at 0.6075a and the

counter-OKCD peak is located at 0.6725a. The characteris-
tic physical quantities of the co-OKCD and counter-OKCD of
the OKCD profile are extracted from Fig. 4, as shown in Ta-
ble 2. Other physical quantities needed to calculate the min-
imum power of the EC wave are given in Table 1. Based
on these characteristic physical quantities, using the theoret-
ical model in Section 2, it is calculated that the minimum
power to suppress 2/1 NTM when only considering the co-
OKCD is P+

min = 1.18 MW, while considering both co-OKCD
and counter-OKCD, the minimum power is Pmin = 1.15 MW.
Figure 5 shows the suppression results of the co-current and
counter-current of OKCD on the NTM magnetic island, indi-
cating that both the counter-current far away from the resonant
magnetic surface and the well aligned co-current have a sup-
pressive effect on NTM. In this case, due to the higher ampli-
tude of the co-current of OKCD compared to counter-current,
the main contribution to NTM suppression comes from the co-
current, while the counter-current only has a partial suppres-
sion effect.

Table 2. Main parameters of co-current and counter-current in Fig. 4 and
the minimum EC power to stabilize 2/1 NTM.

ρ2/1 j+peak (A·cm−2·MW−1) j−peak (A·cm−2·MW−1)

0.6025a 8.4065 −0.8253

r+dep/a r−dep/a w+
dep/a

0.6075 0.6725 0.055

w−dep/a Pmin (MW) P+
min (MW)

0.045 1.15 1.18

10
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Fig. 4. OKCD co-current and counter-current peak position and value.
The driven current profile is calculated by the GENRAY program at
1 MW power.
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Table 3. Main parameters of co-current and counter-current of OKCD and minimum EC power for stabilizing 2/1 NTM at different initial incident angles.

α (◦) β (◦) j+peak (A·cm−2·MW−1) j−peak (A·cm−2·MW−1) r+dep/a r−dep/a w+
dep/a w−dep/a Pmin (MW) P+

min (MW)

159 0 8.5252 −0.4198 0.6225 0.7075 0.065 0.05 1.73 1.76
159 3 8.5881 −0.5792 0.6175 0.6925 0.065 0.045 1.45 1.48
159 5 8.4325 −0.6653 0.6125 0.6825 0.055 0.045 1.31 1.33
159 7 8.4065 −0.8253 0.6075 0.6725 0.055 0.045 1.15 1.18
160 0 8.6504 −0.6349 0.6125 0.6875 0.06 0.05 1.25 1.28
160 3 8.426 −0.7314 0.6075 0.6775 0.055 0.04 1.15 1.19
160 5 8.3789 −0.9227 0.6025 0.6675 0.055 0.04 1.18 1.21
160 7 8.3289 −1.0934 0.5975 0.6575 0.05 0.04 1.21 1.24

We changed the OKCD by adjusting the EC wave start-
ing incidence angles but maintained the co-current, which was
well aligned with the target resonant magnetic surface to as-
certain the counter-current inhibitory influence on NTM under
different conditions. Table 3 lists the results of the calculation
of the minimal EC power under the co-current and counter-
current. The results when just the co-current is considered are
also listed. Table 3 shows that for all results, the least power
Pmin needed to stabilize NTM by combining co-current and
counter-current is less than the minimum power P+

min when co-
current alone is used. This is in line with the conclusion of
Subsection 3.1. The counter-current can have some inhibitory
effects on NTM if there is a significant misalignment deviation
between its position and the target resonant magnetic surface.

Figure 6 shows the results of the minimum EC power cal-
culated by the newly constructed theoretical model in this pa-
per with (α,β ). According to the results in Table 3 and Fig. 6,
the optimal minimum wave power is 1.15 MW, and the two
sets of initial incidental angles are (α = 159◦, β = 7◦) and
(α = 160◦, β = 3◦), and the co-current deposition positions
are all at 0.6075a, well aligned with the 2/1 resonant mag-
netic surface (ρ2/1 = 0.6025a). The deposition positions of
counter-current are located at 0.6725a and 0.6775a, respec-
tively, which deviate far away from the 2/1 resonant magnetic
surface.

3.5

3.0

2.5

2.0

1.5

1.0

P
m

in
 (

M
W

)

158 159 160 161 162

α (Ο)
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Fig. 6. The minimum EC power required to stabilize 2/1 NTM versus
initial incident angles. Both the co-current and counter-current of OKCD
are considered in the calculation of the minimum EC power.

All these results indicate that even if OKCD drives co-
current and counter-current under certain conditions, if the co-
current can be well aligned with the target resonant magnetic
surface, while the lower counter-current can maintain a suffi-
cient deviation from this surface, the co-current and counter-

current generated by OKCD can have the maximum inhibitory
effect on NTM.

4. Summary and conclusion

In this paper, we construct a physical model for the
counter-current to suppress the growth rate of the NTM mag-
netic island and obtain the modified Rutherford equation in-
cluding the contributions of co-current and counter-current.
Using the newly constructed modified Rutherford equation,
we investigate the effect of counter-current on NTM suppres-
sion. It is discovered that only when the misalignment devi-
ation from the target resonant magnetic surface is sufficiently
significant can the counter-current partly suppress the NTM
magnetic island. This is consistent with experimental results
that NTM can only be partially suppressed by counter-current.
The most critical factor for counter-current to suppress NTM is
the ratio of counter-current misalignment deviation to current
width x≡ |xdep|/wdep, where the value of x should be between
0.6 and 0.8.

Under specific circumstances, co-current and counter-
current can be produced by the Ohkawa mechanism dominated
current drive (OKCD) of electron cyclotron wave. In this case,
the counter-current with a lower peak value will diverge from
the target resonant magnetic surface if the co-current with a
higher peak value is well aligned with it. The co-current and
counter-current of OKCD will both stabilize the growth of the
NTM magnetic island if the co-current with a larger peak value
is well aligned with the target resonant magnetic surface ac-
cording to the modified Rutherford equation. The co-current
plays a leading role, and the counter-current plays a partial in-
hibitory role.

The minimum EC power when considering both co–
current and counter-current for the suppression of NTM is
marginally lower than when considering only the co-current
according to the results of multiple groups of OKCD. Since
the lower counter-current also has a partially stable effect in
this situation, only the co-current with the higher peak needs
to be perfectly aligned with the target resonance magnetic sur-
face when using OKCD to suppress NTM.
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Appendix A
This appendix details the effective parameters FCD and

rs∆
′
H in Eq. (6). This is done under the following three as-

sumptions. First, the effect of the relative deviation from the
rational surface depends on w∗ = w/wdep. Second, the value
of the modulation duty cycle Dmod will not affect the value of
xdep within a good approximation (∼ 10%). Third, assume that
ϕmod = 0. Then, FCD can be decomposed into[17,29,30]

FCD = NCD(w∗)GCD(w∗,xdep)MCD(w∗,Dmod). (A1)

Among them, NCD describes the effect of magnetic island
width on FCD

NCD (w∗) =
0.25+0.24w∗

1+0.64w∗3 +0.43w∗2+1.5w∗
. (A2)

The GCD(w∗,xdep) describes the impact of misalignment
effects[17,39]

GCD
(
w∗,xdep

)
= 1−2

xdep

g(w∗)
e−
( xdep

g(w∗)

)2 ∫ xdep/g(w∗)

0
dt et2

,

(A3)

wherein

g(w∗) =
0.38w∗2+0.26w∗+0.5

w∗+1
. (A4)

The MCD (w∗,Dm) mainly considers the influence of the mod-
ulation duty cycle

MCD (w∗,Dmod) =
1

w∗3
[
m1 (Dmod)w∗2 +m2(Dmod)

]
+m3(Dmod), (A5)

wherein

m1 = 2.26D4
mod−3.44D3

mod−0.99D2
mod

+2.2Dmod−0.02, (A6)

m2 = 0.01(0.34D5
mod−1.02D4

mod +0.87D3
mod

−0.28D2
mod +0.1Dmod), (A7)

m3 = 1.34D4
mod−3.54D3

mod +1.1D2
mod

+2.09Dmod +0.01. (A8)

The expression of the stabilizing effect[17,30] due to the in-
creased heating effect of electron cyclotron waves is

rs∆
′
H =−

16µ0Lq

Bθ π

ηHPtot

w2
dep

FH
(
w∗,xdep,Dmod,φmod

)
, (A9)

wherein ηH represents the drive efficiency produced by heat-
ing

ηH =
3w2

dep

8πRneχ⊥kB

js
Ts
. (A10)

Here js = j‖− jBS, j‖ is the equilibrium current density, Ts

is the electron temperature on the resonant magnetic surface,
χ⊥ is the vertical thermal diffusion coefficient and kB is Boltz-
mann’s constant (unit: J·keV−1). FH is the effective parameter
under the heating effect

FH = NH(w∗)GH(w∗,xdep)MH(w∗,Dmod), (A11)

NH(w∗) =
0.077w∗2 +0.088w∗

w∗2 +0.8w∗+2.17
, (A12)

GH(w∗,xdep) = exp

[
−
(

xdep

g(w∗)

)2
]
, (A13)

wherein

g(w∗) = 0.00035w∗4−0.008w∗3

+0.07w∗2 +0.02w∗+0.5, (A14)

MH (w∗,Dmod) = 1.2D3
mod−3.5D2

mod

+3.3Dmod−0.06. (A15)
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