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Abstract 

 

A new method to stabilize the rotating neoclassical tearing mode (NTM) by using 

both the rf current drive and the static resonant magnetic perturbation (RMP) is 

investigated. When a non-uniform mode rotation is induced by the RMP, the 

stabilization of NTM by the rf current is found to be enhanced if the RMP phase has 

a half period difference from that of the rf wave deposition along the helical angle. 

The required rf current for mode stabilization is reduced by about one third if an 

appropriate RMP amplitude is applied.  
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1. Introduction   

 

Neoclassical tearing modes (NTMs) can limit the plasma pressure1-6, slow down 

the plasma rotation or even lead to major disruptions of tokamak plasmas7-12. These 

modes therefore have to be stabilized for a fusion reactor. Localized non-inductive rf 

current drive, such as the electron cyclotron current drive (ECCD), at relevant 

rational surfaces is an effective method for stabilizing NTMs13-18. Electron cyclotron 

wave (ECW) was already applied to control NTMs successfully in tokamak  

experiments19-22, and it is also planned to be utilized in ITER for this purpose23, 24. 

It is well known that the non-inductive current drive at the o-point (x-point) of 

magnetic islands along the plasma current direction has a stabilizing (destabilizing) 

effect on NTMs.15, 25, 26Due to the island geometry and the fast parallel electron 

transport, when the radial deposition width of ECW is small, the continuous ECCD 

has about the same stabilizing effect as the modulated ECCD, which drives the 

current only around the island’s o-point region.15, 16 If the radial deposition width 

of ECW is sufficiently large, the modulated ECCD is more effective in stabilizing 

NTMs than the continuous one.16, 27 However, the modulated ECCD are carried out 

only with 50% on-duty ratio, i.e., the rf current is driven only for half the time when 

the island’s o-point passes through the ECW deposition region.21, 27 

If the island rotation is modulated to slow down (speed up) the rotation when 

the island’s o-point (x-point) passes through the ECW deposition region, the 



 

 

stabilizing effect of ECCD on the island will be increased due to a longer time 

period of the rf current drive around the island’s o-point. The resonant magnetic 

perturbation (RMP) is known to be able to affect the island rotation8, 9, 12, 28, 

29,especially for a fusion reactor plasma28. A moderate amplitude of RMP can lead 

to a non-uniform island rotation without causing mode locking, speeding up the 

island rotation in half period but slowing down the rotation in another half one.  

In this paper the effect of applied static RMPs on the NTM stabilization by 

ECCD is investigated numerically. It is found that if the applied RMP has half a 

period phase difference with respect to the ECW deposition region along the helical 

angle, the island rotates more slowly (fast) when the island’s o-point (x-point) passes 

through the ECW deposition region, leading to an enhanced stabilizing effect on 

rotating NTMs by ECCD. On the contrary, the stabilizing effect is degraded when 

the RMP has the same phase as the ECW deposition. The degree of non-uniform 

island rotation is affected by the RMP amplitude. A too large RMP amplitude will 

result in mode locking. It will be shown that, if an appropriated RMP amplitude and 

phase is applied, the required driven current for NTM stabilization is reduced by 

about one third. For a fusion reactor a few tens of MWs of ECW power is expected 

to be required to stabilize a single NTM, depending on the radial ECW deposition 

width and the value of the local bootstrap current density at the resonant surface. 

Utilizing RMPs could significantly reduce the ECW power requirement for the mode 

stabilization. 

The theoretical mode for our numerical calculations is introduced in the second 

section. And numerical results on the stabilization of NTM by the combination 

ECCD and RMPs are reported in Sec. 3. The discussion and summary are given in 

Sec. 4. 

 

2. Theoretical model 

 

The basic equations utilized for our numerical calculations are Ohm’s law, the 

equation of motion and the energy conservation equation. The large aspect-ratio 

tokamak approximation is made. The magnetic field is defined as 𝑩 = 𝐵𝑡𝒆𝑡 −

(𝑘𝑟/𝑚)𝐵𝑡𝒆𝜃 + 𝛻𝜓 × 𝒆𝑡 , where 𝜓 is the helical flux function,𝑚/𝑟 and 𝑘 = 𝑛/𝑅 

are the wave vectors in the 𝒆𝜃(poloidal) and 𝒆𝑡(toroidal) directions, r and R are the 

minor and the major radius, and m and n are the poloidal and toroidal mode numbers. 

Normalizing the length to the minor a, the time to the resistive time 𝜏𝑅 = 𝑎2𝜇0/𝜂, 

the helical flux 𝜓  to 𝑎𝐵𝑡 , the plasma velocity v to 𝑎/𝜏𝑅 , and the electron 

temperature 𝑇𝑒 to its value at the magnetic axis, these equations become 

𝑑𝜓

𝑑𝑡
= 𝐸 − 𝜂(𝑗 − 𝑗𝑏 − 𝑗𝑑)      (1) 

 

𝑑𝑈

𝑑𝑡
= 𝑆2𝛻∥𝑗 + 𝜇⊥𝛻2𝑈 + Sm     (2) 

 

𝑛𝑒
3𝑑𝑇𝑒

2𝑑𝑡
= ∇ ⋅ (𝜒∥∇∥𝑛𝑒𝑇𝑒) + ∇ ⋅ (𝜒⊥∇⊥𝑛𝑒𝑇𝑒) + 𝑆𝑝   (3) 



 

 

where 𝑑/𝑑𝑡 = ∂/ ∂𝑡 + 𝒗⊥ ⋅ ∇, 𝒗⊥ = 𝛻𝛷 × 𝒆𝒕 , 𝑗 = ∇2𝜓 − 2𝑛𝐵0𝑡/(𝑚𝑅)being 

the plasma current density,𝑗𝑏 = −𝑐𝑏(𝜀1/2/𝐵𝑝)𝑛𝑒
𝑑𝑇𝑒

𝑑𝑟
 the bootstrap current, 𝑗𝑑 is the 

non-inductive current density driven by ECW in 𝒆𝒕  direction, and 𝑐𝑏  in the 

expression of 𝑗𝑏 is a constant of the order of unity. 𝜀 = 𝑟/𝑅 is the inverse aspect 

ratio, 𝐵𝑝  the poloidal magnetic field,  ne the electron density, η the normalized 

plasma resistivity, and E the equilibrium electric field. The Lundquist number S =

τR/τA, where 𝜏𝐴 = 𝑎/𝑉𝐴 is the toroidal Alfvén time, 𝜏𝑅 = 𝑎2𝜇0/𝜂 is the resistive 

time, and 𝑎 is the minor radius. 𝑈 = −𝛻⊥
2𝜙 is the plasma vorticity, 𝜇 the plasma 

viscosity, and 𝜒∥ and 𝜒⊥ the parallel and perpendicular heat transport coefficients. 

𝑆𝑝 is the heating power, and 𝑆𝑚 in equation (2) is the poloidal momentum source 

which leads to an equilibrium plasma rotation. The plasma density and ion 

temperature are assumed to be constant here. 

The driven current density 𝑗𝑑 is calculated from the following equation28, 30, 

 

∂𝑗𝑑

∂𝑡
= ∇ ⋅ (𝜒∥𝑓∇∥𝑗𝑑) + ∇ ⋅ (𝜒⊥𝑓∇⊥𝑗𝑑) + 𝜈𝑓(𝑗𝑒𝑐𝑐𝑑 − 𝑗𝑑)(4) 

where 𝜒∥𝑓  and 𝜒⊥𝑓  are the parallel and perpendicular fast electron transport 

coefficients, 𝜈𝑓  the collisional frequency of fast electron, and 𝑗𝑒𝑐𝑐𝑑 is the source 

current density driven by ECW, 

 

𝑗𝑒𝑐𝑐𝑑 = 𝑗𝑒𝑐0exp(−4((𝑟 − 𝑟𝑑𝑠)/𝑤𝑑𝑒𝑝)2)Π(𝜉0, Δ𝜉𝑒𝑐) (5) 

 

In Eq. (5) 𝑗𝑒𝑐0, 𝑤𝑑𝑒𝑝 and 𝑟𝑑𝑠 specify the magnitude, the radial full 1/e width 

and the radial deposition location of the source. Π(𝜉0, Δ𝜉𝑒𝑐) is a square box function 

for taking into account the wave deposition profile along the helical angle 𝜉 = 𝑚𝜃 +
𝑛𝜙 and the island rotation, which is defined as Π(𝜉0, Δ𝜉𝑒𝑐) = 1 for𝜉𝑜𝑛 < 𝜉0 < 𝜉𝑜𝑓𝑓, 

and Π(𝜉0, Δ𝜉𝐸𝐶) = 0 elsewhere, where 𝜉0is the instantaneous helical angle of the 

island’s o-point, and 𝜉𝑜𝑛(𝜉𝑜𝑓𝑓) is the helical angle at which the ECW is turned on 

(off).The ECW deposition region is assumed to be centered at ξ = 0 , with an 

instantaneous deposition widthΔ𝜉𝑒𝑐 = 𝑚𝛥𝜃 + 𝑛𝛥𝜙  along the helical angle. The 

total driven current 𝐼𝑐𝑑 is obtained by integrating jd over the plasma cross section. 

The effect of the applied static RMP is taken into account by the boundary 

condition 

𝜓 𝑚/𝑛(𝑟 = 𝑎) = 𝜓𝑎𝑎𝐵𝑡 𝑐𝑜𝑠(𝑚𝜃 + 𝑛𝜙),     (6) 

Where 𝜓𝑎 is the normalized amplitude of the m/n component of 𝜓at r=a. The 

corresponding radial magnetic field at r=a is given by 𝑏𝑟𝑎 = 𝑚𝜓𝑎𝐵𝑡. 

 

3. Numerical Results 

We only consider the m/n=3/2 mode in our calculations. A monotonic profile 

for the safety factor q is assumed with the q=3/2 surface located at 𝑟𝑠 = 0.575𝑎, and 

the local magnetic shear length 𝐿𝑞 = 𝑞/(𝑎𝑞′) = 0.57. The stability index of 3/2  

mode is 𝛥′𝑟𝑠 ≅ −1.16 at w=0.009a. The Lundquist number is 𝑆 = 1.0 × 107 at 



 

 

𝑞 = 1.5 rational surface. The perpendicular and the parallel transport coefficients of 

thermal electrons are taken to be 𝜒⊥/(𝜏𝑅/𝑎) = 30 and 𝜒∥/(𝜏𝑅/𝑎) = 3 × 109  at 

3/2 rational surface respectively, leading to 𝑤𝑑to be about 0.05a, where 𝑤𝑑 is the 

critical island width above which the electron temperature profile flattens inside the 

magnetic island.18, 31, 32 The viscous time𝜏𝜇 = 𝑎2/𝜇 has been assumed to be ten times 

smaller than the resistive time. The equilibrium stream function profile is given by 

𝜙~ [1 − (
r

a
)

2

]
3

. The momentum source Sm = −𝜇⊥𝛻2𝑈  is calculated from the 

equilibrium stream function, to sustain an equilibrium plasma rotation. The local 

poloidal equilibrium plasma rotation velocity profile can be found in Fig. 10. The 

normalized equilibrium electron temperature profile is given by  𝑇𝑒 = 0.95 [1 −

(
𝑟

𝑎
)

2

]
4

+ 0.05. The power source Sp = −∇ ⋅ (𝜒⊥∇⊥𝑛𝑒𝑇𝑒) is calculated from the 

equilibrium electron temperature. The initial mode frequency is ω𝜏𝑅 = 3.6 × 104. 

The effect of the combined ECCD and RMP on the mode amplitude is presented in 

figure 1, in which the normalized island width w/a is shown as a function of the 

normalized time t/τR  for the local bootstrap current density fraction 0.19 at the 

rational surface. The initial island width is taken to be about 0.1a. Without ECCD, 

the island width saturates at w=0.13a. After a continuous ECCD is applied at ξ = 0 

and r=rs with 𝐼𝑐𝑑 = 0.02 and 𝑤𝑑𝑒𝑝 = 0.08, the island width saturates at 0.09a. The 

following input parameters are taken: the collision frequency of fast electrons 

νfτR = 3 × 103 , χ∥f = 10χ∥ , χ⊥f = χ⊥ , and the instantaneous wave deposition 

width Δ𝜉𝑒𝑐 = 0.23𝜋. After the island width reaches a steady value, RMPs with two 

different helical phases, ψa = 1 × 10−6 and ψa = −1 × 10−6, are further applied. 

The RMP with a positive (negative) amplitude, ψa = 1 × 10−6 （ ψa = −1 ×

10−6）， will generate a magnetic island with its o-point’s at a helical angleξRMP =

0 (ξRMP = π)under the vacuum assumption or tend to lock an existing island’s o-

point at a helical angle ξRMP = 0（ξRMP = π）. Hereafter the parameter ξRMP is 

utilized to describe the phase of the applied RMP along the helical angle. It is seen 

from figure 1 that the island width increases for ξRMP = 0 compared to that without 

RMP but decreases forξRMP = π. This is due to the non-uniform island rotation 

caused by the RMP as shown below. The applied RMP amplitude is quite small, so 

that it has little effect on the island width without ECCD, and the island width is 

determined by the perturbed bootstrap current, the rf current and the equilibrium 

plasma current density profile. 



 

 

 

Figure 1. The normalized island widths w/a are demonstrated as a function of the 

normalized time t/τR, by applying ECCD at t=0 with Icd = 0.02 𝑎𝑛𝑑  𝑤𝑑𝑒𝑝 =

0.08. After the steady state is reached, RMPs with ψa = 1 × 10−6 and ψa =

−1 × 10−6 are further applied. The island width increases for ψa = 1 × 10−6 but 

decreases for ψa = −1 ×  10−6. 

 

Corresponding to figure 1, Fig.2presents the time evolution of the mode 

frequency and the phase of the island’s o-point in the time period between t =

0.0119τR andt = 0.0122τRfor 𝜓𝑎 = 1 × 10−6 (a) and 𝜓𝑎 = −1 × 10−0 (b), i.e., 

𝜉𝑅𝑀𝑃 = 0 (a) and𝜉𝑅𝑀𝑃 = π (b). The non-uniform island rotation can be described 

by the parameter 

uf =
(𝜔𝑚𝑎𝑥−𝜔𝑚𝑖𝑛)

(𝜔𝑚𝑎𝑥+𝜔𝑚𝑖𝑛)/2
 (7) 

where 𝜔𝑚𝑎𝑥and 𝜔𝑚𝑖𝑛 are the maximum and the minimum mode rotation frequency 

in one rotation period. It is seen from Fig. 2 that uf ≈ 0.13 for bothψa = 1 × 10−6 

andψa = −1 × 10−6. For ξRMP = 0 (π), the island’s o-point rotates faster (more 

slowly) at ξ = 0 where the ECW is deposited. This can also be clearly seen from 

the time intervals Δt1 and Δt2 marked in figure 2, where Δt2is the time interval for 

the island’s o-point to rotate from -/2 to /2, while Δt1 is for the island’s o-point to 

rotate from /2 to -/2. Δt2is smaller (larger) than Δt1  for ξRMP = 0 (π). As a 

result, the o-point (x-point) stays for a longer period of time in the ECW deposition 

region for ξRMP = π (0), leading to enhanced (degraded) mode stabilization shown 

in figure 1. 

From Fig. 2b it is seen that ξ𝑠, the helical angle of island’s o-point at which the 

island rotation is the slowest, is −0.10𝜋 rather than zero for ξRMP = 𝜋. When the 

equilibrium plasma rotation direction is reversed in our calculation, it is found that 

ξs = 0.10π as expected, since the phase lag is due to plasma viscous effect, i.e., the 

second term on the right hand side of Eq. 2. 

 



 

 

 
Figure 2 Time evolution of the mode frequency and the phase of the island’s o-

point are shown for ψa = 1 × 10−6(a) and ψa = −1 × 10−6 (b). The time 

interval Δt2 is for the island’s o-point to rotate from -/2 to /2, while Δt1 is for 

the island’s o-point to rotate from /2 to -/2. Δt2 is smaller (larger) than Δt1for 

ψa = 1 × 10−6(ψa = −1 × 10−6), i.e., ξRMP = 0 (π). 𝜔𝑚𝑎𝑥 and 𝜔𝑚𝑖𝑛 are the 

maximum and the minimum mode rotation frequency in one period. ξs is the 

phase of island’s o-point when the island rotation is the slowest. 

  

Corresponding to Fig.1, Fig. 3 shows the saturated island width, 𝑤𝑠𝑎𝑡, as function 

of the RMP phase. Without RMP 𝑤𝑠𝑎𝑡 = 0.0892𝑎 as shown by the horizontal dot-

dashed line. The RMP improves the NTM stabilization by ECCD for 0.6π <

ξRMP < 1.6𝜋. The saturated width is smallest for ξRMP = 1.1𝜋. As the difference in 

the island width between the two cases,ξ𝑅𝑀𝑃 = 𝜋 and ξ𝑅𝑀𝑃 = 1.1𝜋, is small, only 

ξRMP = 𝜋 will be considered in the following results to further look into the enhanced 

stabilizing effect caused by the RMP. 

 

Figure 3. Saturated island widths as a function of RMP phase ξRMP are presented 

for Icd = 0.02, 𝑤𝑑𝑒𝑝 = 0.08 and |ψa| = 1 × 10−6. The horizontal dot-dashed 

line shows the saturated width without RMP. 



 

 

Obviously, the degree of non-uniform island rotation is affected by the RMP 

amplitude. In Fig.4 the island widths are shown as a function of time for different 

RMP amplitude. Other input parameters are the same as those for Fig.1. It is seen 

that the saturated island width first decreases with increasing the RMP amplitude due 

to a more non-uniform island rotation caused by a stronger RMP. For a sufficiently 

large RMP amplitude,𝜓𝑎 = −4 × 10−6, the island width first decreases and then 

increases up to 0.16a, since the island’s x-point is locked by the RMP at ξ = 0 where 

the ECW is deposited. It is known that applied ECCD at island’s x-point is 

destabilizing. 

Corresponding to Fig. 4, Fig. 5 shows the time evolution of the mode frequency and 

the phase of island’s O-point in the time interval from0.011τR to 0.0113τR. The 

island rotation becomes more non-uniform for a larger RMP amplitude, and uf 

increase from 0.12 to 0.58. Fig.6 shows the mode frequency and the o-point phase in 

a later time interval for ψa = −4 × 10−6. The mode frequency eventually decreases 

to zero due to mode locking. The island’s o-point is locked at ξ = π (the x-point is 

locked at ξ = 0 ). It is therefore clear that only the RMP with an appropriate 

amplitude can enhance the stabilization of rotating NTMs by ECCD for ξRMP = 𝜋. 

 

Figure 4. Time evolution of island widths are shown for Icd = 0.02, 𝑤𝑑𝑒𝑝 =

0.08 with different RMP amplitude and ξRMP = 𝜋. The saturated island width 

decreases with increasing RMP amplitude if the amplitude is not too large. For 

ψa = −4 × 10−6 the island’s x-point is locked by the RMP at ξ = 0 where the 

ECW is deposited. 



 

 

 

Figure 5. Corresponding to Fig. 4, the time evolution of the mode frequency and 

the phase of island’s o-point are presented at a time interval before mode locking 

for different RMP amplitude. The mode rotation becomes more non-uniform with 

increasing RMP amplitude. The three vertical solid lines indicate the location of 

island’s o-point. 

 

 

Figure 6. Corresponding to the𝜓𝑎 = −4 × 10−6 case in Fig. 4, time evolution of 

the mode frequency and phase of island’s o-point are shown. The mode frequency 

decreases to zero after mode locking, and the island’s o-point is locked at ξ = π. 

 



 

 

 
Figure 7. Corresponding to Fig.4, the radial profiles of the normalized plasma 

current density 𝑗(𝑟)/𝐵𝑡𝑎 at the helical angle passing through the island’s o-point 

(a) and x-point (b) are shown for different RMP amplitude, when the island o-point 

is at ξ = 0. The black line wihtout RMP is chosen at the time t = 0.007τR. The 

cases with RMP are at t = 0.012τR. 

 

Corresponding to Fig. 4, Fig. 7 shows the radial profiles of the normalized 

plasma current density profile 𝑗(𝑟)/𝐵𝑡𝑎 at the helical angle passing through the 

island’s o-point (a) and x-point (b) for different RMP amplitude, when the o-point is 

at ξ = 0. The black line wihtout RMP is chosen at t = 0.007τR. The cases with RMP 

are at t = 0.012τR . The negative values in the figures represent that the current 

density is along the negative et direction, i.e., the direction for the equilibrium plasma 

current density utilized for the calculations. It is seen from Fig. 7 that the amplitude 

of the plasma current density around island’s o-point (x-point) increase (decreases) 

with the RMP amplitude due to the more non-uniform mode rotation caused by 

stronger RMP. This explains why the island width decreases with increasing the RMP 

amplitude for ξRMP = 𝜋. 

With a larger driven current amplitude, Icd = 0.025 , while keeping other 

parameters unchanged, the normalized island widths are demonstrated as a function 

of the normalized time in figure 8 for different amplitudes of RMP, (a) ψa = −1 ×

10−6 to −5 × 10−6 and (b)−6 × 10−6 to −9 × 10−6. It is seen that the island is 

stabilized to a small island width forψa = −4 × 10−6 to −8 × 10−6. The required 

time for mode stabilization decreases with increasing RMP amplitude. When the 

RMP amplitude is too large, ψa = −9 × 10−6as shown in Fig.8b, the island’s x-

point is locked at the ECW deposition region at  ξ = 0 , and the island width 

significantly increases similar to that shown before. A parameter window of the RMP 

amplitude, fromψa = −4 × 10−6 to −8 × 10−6, exists for the mode stabilization by 

the RMP without causing mode locking. For ψa = −9 × 10−6, the mode can also 

be stabilized if the RMP is turned off before mode locking when the island width is 

decreased to w=0.05a, as also shown in Fig. 8b, since the destabilizing effect of the 

perturbed bootstrap current becomes weaker for a smaller island width due to the 

finite ratio between the parallel and perpendicular transport coefficients. 

Corresponding to Fig. 8, Fig.9 shows the mode frequency and phase of the 



 

 

island’s o-point for ψa = −5 × 10−6. The o-point is finally locked at ξ = −0.54π. 

This is usually the case for a small locked island, being different from that of a large 

locked island.29 

 

 
Figure 8. Similar to Fig. 4 but for Icd = 0.025, the time evolution of the island 

width is shown for different RMP amplitude, (a) from ψa = −1 × 10−6 to−5 ×

10−6 and (b) from ψa = −7 × 10−6 to −9 × 10−6. For ψa = −4 × 10−6to 

−8 × 10−6, the NTM is stabilized. For ψa = −9 × 10−6 mode is locked to the 

RMP. However, in this case the mode can also be stabilized if the RMP is turned off 

when the island width is decreased to w=0.05a. 

 

 
Figure9. Corresponding to the ψa = −5 × 10−6cases in Fig. 8, the time evolution 

of the mode frequency and phase of island’s o-point are shown.  

 

Fig.10 presents the radial profiles of the m/n=0/0 component poloidal plasma 

velocity at different time for ψa = −5 × 10−6 (a) and ψa = −9 × 10−6 (b).The 

dashed lines show the equilibrium velocity profile. In Fig. 10a the dot-dashed curve 

at t=0.025τRis the velocity profile after mode stabilization. The plasma rotation 

velocity is somewhat slowed down by the static RMP due to the small locked island. 

For the large locked island case as shown by the dot-dashed curve in Fig. 10b, the 

plasma rotation velocity around rational surface is slowed down to zero after mode 

locking, as expected. 



 

 

 
Figure 10. Corresponding to Fig. 8, radial profiles of the m/n = 0/0 component 

poloidal plasma velocity at different time for ψa = −5 × 10−6 (a) and ψa = −9 ×

10−6 (b). The dashed curves show the equilibrium velocity profile. The dot-dashed 

lines are after mode stabilization (a) and mode locking (b). 

  

Fig.11shows the island width as a function of time for different amplitude of the 

driven current with and without applying RMP. The RMP amplitude is chosen to be 

slightly below the mode locking threshold. The island is stabilized to a small width 

by continuous current drive for Icd = 0.034 without applying RMP. This value is 

reduced to Icd = 0.022 if a RMP with ψa = −4 × 10−6 is applied. For this case 

there is a fast decrease in island width around t=0.02, since at that time the island 

rotation velocity is reduced to 10% of its initial value when the island’s o-point passes 

through the ECW deposition phase. The required driven current is reduced by about 

35% for mode stabilization when an appropriate RMP amplitude is applied. 

 

Figure 11. Island width as a function of normalized time is given for different 

amplitude of the driven current and RMPs. Without applying RMP, Icd = 0.034is 

required to stabilize the mode. When an appropriate RMP amplitude is applied, 

only Icd = 0.022is required, reducing by about 35%. 



 

 

 

Similar to Fig. 11, calculations with 50%-modulated ECCD have also been carried 

out, and essentially the same results as those shown in figure 11 are obtained due to 

the small ECW deposition width. The required driven current for NTM stabilization 

is also found to be reduced by about 35% when an appropriate RMP is applied.  

With a larger radial ECW deposition width, 𝑤𝑑𝑒𝑝 = 0.12, the time evolution of the 

island width are shown for continuous (a) and 50% modulated (b) ECCD 

respectively in figure 12. Other parameters are kept unchanged. For continuous 

ECCD, Icd = 0.065 is required to stabilize the 3/2 NTM without applying RMP. For 

Icd = 0.042 the saturated island width is w=0.085a without RMP but is stabilized 

when ψa = −5 × 10−6  is applied. The required driven current for mode 

stabilization is also reduced by about35%with applying RMP. For the case with 50% 

modulated ECCD as shown in Fig. 12b, Icd = 0.056  is required for mode 

stabilization without RMP, and this value is reduced by 35% to Icd = 0.038 with 

RMP. It is seen that the combined continuous ECCD and RMP is more efficient in 

stabilizing the NTM than the pure modulated current drive. The combination of 

modulated ECCD and RMP is the most efficient way for mode stabilization, and the 

required driven current is about 42% less than the continuous ECCD alone. 

 

 

Figure 12. Island widths as a function of normalized time are given for (a) 

continuous and (b) 50% modulated ECCD with 𝑤𝑑𝑒𝑝 = 0.12.Without applying 

RMP,Icd = 0.065 is required to stabilize the NTM for continuous ECCD. When 

RMPs are applied,Icd = 0.042is required, reducing by about 35%. For the 50% 

modulated ECCD, Icd = 0.056 is required for mode stabilization without RMP. 

This value is reduced toIcd = 0.038 with the RMP. 

 

It is should be noted that for our results the change of the island rotation comes 

from the change of the poloidal plasma rotation by the poloidal electromagnetic force. 

In tokamaks the plasma rotation is usually in the toroidal direction in the central 

region. In this case a much larger RMP amplitude is required to induce a significant 

non-uniform island rotation, since the electromagnetic force to slow down the island 

rotation in the toroidal direction is smaller by a factor (n/m)(r𝑠/R) compared with 

that in the poloidal direction. In addition, to have the same mode frequency, the 



 

 

toroidal rotation speed should be larger by a factor (m/n)(R/rs)  than the poloidal 

one. These two effects lead to a larger ratio between the viscous and the 

electromagnetic force, by a factor [(m/n)(R/rs)]2for the toroidal rotation case.28 

A smaller Lundquist number S corresponds to a smaller Alfven velocity in our 

calculations, resulting in a smaller electromagnetic force.28 Fig. 13presents the time 

evolution of the island width with a 10 times smaller S, S = 1 × 106,for Icd = 0.03. 

In this case a much larger RMP amplitude is required to cause non-uniform island 

rotation and to improve the stabilization effect, as expected. The enhancement in the 

mode stabilization by the RMP is also seen. For ψa = −3 × 10−4  modelocking 

occurs during the decrease of the island width, but the NTM is still stabilized if the 

RMP is turned off at a small island width before mode locking, similar to that shown 

in figure 8b. A smaller S value corresponds to a larger resistive layer width. Once the 

island width is comparable to or smaller than the resistive layer width, the applied 

RMP will not drive a regularly non-uniform island rotation as that shown in figure 2, 

since the island rotation can decouple from the plasma rotation. For high temperature 

tokamak plasmas, the value of S is in the order of 107-108 or even larger, and the 

resistive layer width is smaller than the marginal island width, below which the island 

is stabilized due to the ion polarization current or the finite ratio between the parallel 

and the perpendicular transport coefficients.33 In our model the ion polarization 

current associated with the diamagnetic drift has not been included. 

 

 

Figure 13.Time evolution of island widths are presented for Icd = 0.03, 𝑤𝑑𝑒𝑝 =

0.08and 𝑆 = 1 × 106. For ψa = −3 × 10−4 the mode is locked to the RMP 

during the island width decrease if the RMP is always turned on, but it is stabilized 

if the RMP is turned off at a small island. 

 

Calculations with a larger plasma viscosity have also been carried out. In this 

case a larger RMP amplitude is required to cause a significant non-uniform island 

rotation, as expected, and similar improvement in the mode stabilization by the RMP 

is found. 

 

4. Discussion and summary 

 



 

 

The stabilization of rotating NTM by the combination of ECCD and RMP is 

studied in this paper. Due to the non-uniform island rotation caused by the RMP, 

the island’s o-point rotates more slowly when passing through the ECW deposition 

region along helical angle, if the RMP phase has a half period difference from that 

of the ECW deposition region. Such a RMP can therefore enhance the mode 

stabilization by ECCD. The enhancement increases with RMP amplitude if it is 

below the mode locking threshold. The required driven current for mode stabilization 

is reduced by about 35% by using an appropriate RMP amplitude. For a too large 

RMP amplitude the island’s x-point is locked at ECW deposition region, and ECCD 

is actually destabilizing after mode locking. Feedback control of the RMP amplitude 

could maximize the enhancement by the applied RMP while avoid mode locking. 

As found earlier, the effect of RMP on island rotation depends on the RMP 

amplitude, the island width, the original island rotation frequency, plasma viscosity, 

and the Alfven velocity.28 Being different from the existing tokamak plasmas, a 

much smaller error field, about bra/B0t = 10−5 or smaller, is predicted to be able 

to lock the magnetic island in a fusion reactor.28 This suggests that applied RMPs 

from the error field correction coils are necessary to correct the intrinsic error field, 

which is usually in the order of bra/B0t = 10−4, to an acceptable level and to a right 

phase with respect to the ECW deposition region in order to reduce the required 

driven current for NTM stabilization. Although our calculations are only for the 

m/n=3/2 mode, same mechanism exists for the 2/1 or other modes. 

In previous numerical simulations28 and experiments34, studies have been 

carried out by using the RMP to directly lock the island’s o-point at the phase of 

ECW deposition. The improvement of mode stabilization by ECCD is also observed 

for a sufficiently high bootstrap current density fraction. However, with this method 

the local plasma rotation is reduced to zero due to mode locking, which might be 

unfavorable since the plasma rotation is known to be important in determining the 

plasma confinement. 

The driven current by ECWis given byIcd = 𝛾𝑒𝑐Pec/neR,35 where 𝛾𝑒𝑐 is the 

current drive efficiency, and Pec is the ECW power. For a fusion reactor like ITER 

with R=6.2m, ne=1020m-3, the plasma current Ip=15MA, and 𝛾𝑒𝑐 = 0.3 ×

1019Am−2W−1,35 one finds that Pec=30MWs if only Icd/Ip=0.01 is required for the 

NTM stabilization. If the required rf current is reduced by one third, then 10MWs 

ECW power is saved. As the island growth time depends on the plasma resistivity 

and will be a quite long time period (about 100s) in a fusion reactor,3 the feedback 

control of slowly changing RMP amplitude is easy from the technical point of view, 

and in this case the required power to drive extra current in the saddle coils is 

estimated to be much less than 10MWs. As mentioned above, the required RMP 

amplitude to cause a non-uniform NTM rotation is smaller than that required to 

correct the intrinsic error field in a fusion reactor.28 This means that neither extra 

coils nor lager current in the saddle coils is required. On the contrary, the error field 

should not be completely corrected such that the remaining parts, having an 

appropriate spectrum and phase, can sever as the required RMP to enhance the NTM 

stabilization. The reduction in cost of the ECCD current should be much larger than 



 

 

the cost of phasing the saddle coil current in an appropriate way, even if neglecting 

the additional cost saved for building more ECW systems and the windows to be 

opened in the vacuum vessel and blanket for more ECW launchers. Obviously, due 

to the requirement of tritium self-sufficiency for a fusion reactor, the windows in a 

reactor should be as less as possible.  

It is well known that RMPs can also be utilized for ELMs control,36-38 which 

often leads to somewhat confinement degradation (density pump out).39, 40 Usually 

only the RMP components with high poloidal numbers generated by the so-called 

ELM coils are required for ELM control, although the low-m components will also 

be generated simultaneously. As both the ELMs coils and the error field correction 

coils will be built in ITER, both coils can be utilized for optimizing the spectrum of 

the low-m components. Once the NTM is stabilized, reducing the island width to be 

below the marginal island width, the low-m component of RMPs for enhancing the 

NTM stabilization can be turned off. Therefore, afterwards it will not degrade 

confinement but improves it due to NTM stabilization. Our results suggest that it is 

better to take into account the requirements from both the ELM and NTM control in 

designing the ELMs coils and the error field correction coils in a fusion reactor, being 

able to generate appropriate spectrum and phase of RMPs for both purposes.  

For the RMP spectrum with a main component, e.g., the m/n=3/2 component, 

other components such as m=2/2 and 4/2 components will also be there. The required 

RMP amplitude for field penetration is usually much higher than that for mode 

locking,8,12 and the mode locking threshold is inversely proportional to the square of 

the island width.28 It is therefore expected that while the amplitude of the main 

component, having the same mode numbers as those of the NTM, is large enough to 

cause a non-uniform NTM rotation, the other sideband with lower amplitude might 

still be too weak to cause field penetration. 

It should be mentioned that the diamagnetic drift effect has not been included 

in our model, which is known to significantly affect the island stability when the 

island width is sufficiently small. The ion polarization current associated the 

diamgnetic drift together with the transport threshold lead to a marginal island width 

above which the NTM can grow.31, 32, 41-44 Although the transport threshold due to 

the finite ratio between the parallel and perpendicular heat transport coefficients has 

been self-consistently included in our calculations, which also leads to a marginal 

island width, the marginal island width would be smaller when further taking into 

account the stabilizing effect of the diamgnetic drift and the associated ion 

polarization current.31, 32, 41-44 For the NTM stabilization by combined ECCD and 

RMP studied here, only the stabilization of a large island, being larger than the 

critical island width to flatten the plasma pressure profile across the island31, is of 

concern. In this case the diamgnetic drift effect and the associated ion polarization 

current are weak, and the island width is approximately determined by the bootstrap 

current density perturbation, the tearing mode stability index and the rf current.18, 32, 

41, 43 Therefore, the single fluid equations utilized in this paper are approximately 

valid for the island width being larger than the critical island width, which is about a 

few percent of the plasma minor radius in existing tokamaks and even smaller in a 



 

 

fusion reactor.31, 32, 41-44 The diamagnetic effect, being important for a smaller island, 

needs to be examined in the future by using two-fluid equations. 

In summary, the stabilization of NTM by ECCD is found to be enhanced by a 

static RMP if the applied RMP phase has a half period difference from that of the 

ECW deposition region along helical angle. About one third rf current can be saved 

for mode stabilization, if an appropriate RMP amplitude is applied. The maximum 

enhancement is obtained for the RMP amplitude slightly below the mode locking 

threshold. If there is a feedback control of the RMP amplitude, then mode locking 

can be avoid. 
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