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Abstract
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This paper reviews the effects of resonant magnetic perturbation (RMP) on classical tearing

modes (TMs) and neoclassical tearing modes (NTMs) from the theory, experimental discovery
and numerical results with a focus on four major aspects: (i) mode mitigation, where the TM/
NTM is totally suppressed or partly mitigated by the use of RMP; (ii) mode penetration, which
means a linearly stable TM/NTM triggered by the externally applied RMP; (iii) mode locking,
namely an existing rotating magnetic island braked and finally stopped by the RMP; (iv) mode

unlocking, as the name suggests, it is the reverse of the mode locking process. The key
mechanism and physical picture of above phenomena are revealed and summarized.
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1. Introduction

For decades, the neoclassical tearing mode (NTM) instability
in tokamak has attracted extensive research interests [1-7].
The NTM has been found to result in a great degradation of
confinement, by generating large magnetic islands at the
resonant surfaces [8—11]. It generally originates in a small
magnetic island seeded by other types of instabilities or
residual error field due to the asymmetry of the tokamak
device [12-15]. As the size of the seed island is large enough
to lead to the flattening of the pressure inside the separatrix of
the island, the local reduction of the bootstrap current, which
is proportional to the pressure gradient, can further destabilize
and trigger the NTM [16, 17]. Thus, the NTM is linearly
stable, but can be nonlinearly destabilized by the change of
pressure gradient, which is different from the classical tearing
mode (TM) driven by the equilibrium radial current density
gradient. To describe the physics of NTM more specifically, it
is best to use the modified Rutherford equation, including the
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influence of bootstrap current, the Glasser effect (GGJ), the
ion polarization current and other current drive effects [18]

dw
RAW =7 A,(W) + rsﬁp(AgS - A/GGJ -

A D+ rArp.
r dr pol) s—=CD

1)

Considering the 3, poloidal plasma beta, effect in the mod-
ified Rutherford equation, there is a critical 3, value con-
ventionally written as (3, marg, below which the NTM is
always stable. Above this value, two characteristic island
widths exist, i.e. W,y and wy,. The former is the critical island
width to trigger the NTM, and the latter is the saturated island
width. On this regard, a higher 3, could result in a smaller
seed island width for the NTM growth. Since the bootstrap
current fraction—critical for the long-time self-sustaining
operation of tokamak—is proportional to (3, maintaining a
high 3, is particularly significant to achieve the controlled
nuclear fusion. However, the excitation of NTM is nearly
inevitable. Actually, experimental evidence shows that NTM
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is still the leading root cause responsible for tokamak major
disruption [19-21]. The mitigation or suppression of NTM in
high 3, plasmas, therefore, is of vital importance in the way
of realizing magnetically confined fusion.

To control the TM/NTM, externally applied resonant
magnetic perturbation (RMP) is a widely-used tool [22-25].
RMPs were first used to study their effects on TMs and dis-
ruptions [26-28]. Later on, RMP was found to bring about
additional effects on magnetic islands in tokamak plasmas.
For example, with a sufficiently large static RMP, the existing
rotating magnetic islands could be decelerated and then
stopped by the electromagnetic torque imposed by the RMP.
This process is called locked mode (LM) [29-32]. As the
magnetic island is in phase with the RMP, the magnetic
islands could be continuously driven unstable by the external
magnetic perturbation, leading to the rapid growth of the
magnetic island. For a rotating RMP, the LM could be uti-
lized to modify the rotation frequency of the magnetic island
and maintain a stable toroidal and poloidal rotation [33]. Even
if the plasma is originally stable to the TM/NTM, the RMP
can drive the magnetic reconnection and generate the magn-
etic island at the resonant surface, called mode penetration
[34-39]. Typically, a very small magnetic perturbation at the
order of 6B,/B; ~ 1075 — 10~* is adequate to trigger the
mode penetration [40]. In addition to the destabilizing effects,
the moderate m/n = 2/1 static RMP has been found to
mitigate the 2/1 TM [41-45]. Moreover, the mode penetra-
tion at the pedestal region can contribute to the density pump-
out, which is pivotal in the suppression of edge localized
modes [46-48].

In order to get a comprehensive view of the TM/NTM
and RMP interaction, this paper reviews the effects of RMP
on TM and NTM with a focus on four major aspects, i.e.
mode mitigation, mode locking, mode unlocking, and mode
penetration. Among them, the corresponding physical mech-
anism and some mainstream numerical method/codes are
introduced as well. Finally, open questions about the current
situation and future prospects in this area are presented, fol-
lowed by a brief summary of this paper.

2. Mode mitigation

It is well received that the RMP can drive stabilizing effects
on magnetic islands through the electromagnetic interaction.
The static RMP is applied in the experiments to study the
interaction between RMP and TM first. Later on, considerable
investigations on the rotating RMP are carried out in the early
20th century. Recently, the modulated RMP and synergetic
effects of RMP and ECCD are explored as emerging and
promising ways of NTM control. In this section, the mitiga-
tion effects of RMP on NTM are reviewed from the per-
spective of four above scenarios.

2.1. Static RMP

The first observation of TM mitigation by static RMP dates
back to the 1970s [26-28]. In 1992, Hender et al conducted a
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Figure 1. (a) Reduction of the m = 2 coherent mode amplitude
(329), and (b) mode frequency shift (relative to that before the RMP
is applied), with increasing (2,1) saddle current, illustrating typical
‘low density” RMP mode stabilization. Reproduced from [49]. ©
IOP Publishing Ltd. All rights reserved.

series of RMP experiments on COMPASS-C tokamak with
the main concentration on the m/n = 2/1 harmonics [49].
The COMPASS-C is a medium-sized tokamak with the major
radius R = 0.557 m, minor radius ¢ = 0.2m and toroidal
field B, = 1.75T. It is found that, in low density discharges
shots, upon the static RMP turning on, the natural rotating
TM with mode number m/n = 2/1 decays into noise level
quickly. As illustrated in figure 1, the mode amplitudes and
the frequencies of TM for different flat-top current values are
shown. Interestingly, this mode stabilization always happens
accompanied by the downward shift of mode frequency. Two
major effects of the static RMP on the natural rotating
magnetic islands should be considered. First, the rotation
frequency of the island is reduced by the RMP, which can
directly affect the velocity shear, leading to the mode stabi-
lizing. Second, the non-uniformity of the island rotation can
cause that the magnetic island spends slightly more time
staying in the regime where the static RMP is stabilizing, than
where it is destabilizing. The mode stabilizing by the static
RMP could be explained by the following MHD model [49].
The RMP induced frequency difference Af contributes to an
additional term in the Rutherford equation as

i(E) AjWa — 121047— I
a

dr (ns)>(W/r)*’ @)

where W is the island width, a is the minor radius,

Ta = R/ pgp () /By is the local hydromagnetic time-scale, 7
is the radial location of the resonant surface, s = (rq’/q),, is
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the magnetic shear at resonant surface and

for poloidal rotation

1
I= . 3
{(qR /1)y, for toroidal rotation )

According to equation (2), it can be easily obtained that there
is a critical frequency shift Af, beyond which TM is stabilized

/ 1/2
> Af ~ [ )] [ZAc(W)al ([)
AT A (TH)[ 1210.4T al ®

where W, is the saturated island width. Considering Af being
unlikely to beyond the natural mode frequency f;, the TM can
be stabilized on condition that the saturated island width
bellows a threshold as

(%) [ 121047 I/Z(ng) 5
a Jeit [—A)(W)al ns )

To conclude, if the saturated island width is smaller than the
threshold, the TM is firstly stabilized and eventually locked
by the applied static RMP as the RMP amplitude increasing.
As for a large magnetic island above the threshold, the
externally applied RMP can no longer be stabilizing. This
mechanism is verified by many numerical and experimental
results later on.

As for the static RMPs with high harmonics, they were
found to change the local current density by nonlinear mode
coupling and then to drive stabilizing or destabilizing effects
on NTMs, even at small amplitudes below the penetration
threshold [50]. In the visco-resistive regime, the modification
to the local current density gradient by RMPs is approxi-
mately

Aj()//o ~ kp|7/11|ZWTR1/ZS(a2/M)1/2. (6)

In the inertia dominated regime, the change of local current
density gradient can be estimated by

Njg o ~ kpltnP (wr) /4832 (k)1 /2. )

k, and kj are respectively the wave vectors in the poloidal and
parallel direction. w is the angular frequency of plasma
rotation, 7R is the resistive diffusion time, and S is the
Lundquist number. In addition to the change of the local
current density, the total equilibrium magnetic field bec-
omes a weakly three-dimensional one, in the presence of
static high harmonics RMPs. For instance, after applying a
small 4/2 RMP, the linear growth of the 2/1 plasma vorticity
is given by

VW1 = iS?kyjoyy + 2/M)%21Ug s + 0.54),)
+ Q2/N iy ;)] + ViU (8)

«y is the linear growth rate and g is the plasma viscosity.
Then the effect of the 4/2 RMP on the 2/1 mode stability can
be estimated by the ratio of 0.5j; 1/ o Jo- One can easily find

that
0.5]; 15 /iy s ~ 0.5iwein (WS 2/ ad)aq'/ (169), ©)

where w. | N = (Wgg + Wxep)Tr 18 the normalized bi-normal
fluid rotation frequency. ¢ is the width of the linear tearing
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Figure 2. Stability of 2/1 NTM obtained from the four-field
equations for low resistivity. The black circles (red squares) mark the
cases in which the 2/1 island growth is (not) stabilized by the 4/2
RMP. Reproduced courtesy of IAEA. Figure from [50]. Copyright
(2021) TAEA.

layer. Numerical results show a good consistency with the
theory introduced above. As shown in figure 2, the 2/1 NTM
can be suppressed by the 4/2 RMPs with moderate ampli-
tudes, if the bi-normal fluid rotation frequency is in the ion
diamagnetic drift direction or sufficiently large.

2.2. Rotating RMP

Up until the early 2000s, considerable experiments concern-
ing the dynamic rotating RMP are conducted on the TEXTOR
tokamak [51, 52]. The TEXTOR is upgraded and equipped
with the dynamic ergodic divertor (DED) consisting of two
tangential neutral beam injectors and a set of helical pertur-
bation coils, which allows the production of the static or
rotating RMP up to 10 kHz. In experiments [52], the equili-
brium toroidal plasma rotation €2, is maintained by the
carefully tuning NBI system. The static or rotating RMP is
applied depending on the DC (direct current) or AC (alter-
nating current) in DED coils. Experimental results show that,
there is a threshold of current in DED coils Ipgp for the
excitation of m/n = 2/1 TM, illustrated in figure 3. More-
over, the value of this threshold depends strongly on the €2, ¢
at the resonant surface. There is a minimum of the threshold
when Q¢ = 27 (fppp + £7), where f;ypp corresponds to the
frequency of the helical filed and f* is the electron dia-
magnetic drift frequency. This result can be easily understood
as follows. Since the magnetic field is frozen in the electron
fluid, the rotation frequency of the TM in the lab frame can be
expressed by the sum of the toroidal rotation and the electron
diamagnetic drift frequency as

n

Jvmp = _QG‘),O _fe*- (10)
27

Therefore, when fyup = fopp . there is a minimum excitation
threshold. Another interesting result is discovered [52].
Keeping the fypp = —1 kHz, evolution of €, with the
increasing Ipgp is shown in figure 4 for different €24 . It is
observed that, no matter what the direction and magnitude



Plasma Sci. Technol. 24 (2022) 033001

Topical Review

270,
i,
< 15
<,
o
8
& i
©
()
=
ul :
05} ' "
: ' ~4 '
:046 10 rad/sI'
1 2 1
! 1kHz
O 1 1 1 1 I 1 1

C[) 0.5 1 1.5 2
Q¢v0(q=2) (rad/s)

Figure 3. Threshold for mode excitation is plotted against the
rotation at g = 2 before the DED is applied. The density

(1.5 x 10 m™>) and the power input (1.5 MW) were kept constant.
The data for DC DED operation (solid line, diamonds and squares) is
shifted 1 kHz with respect to the data for AC + DED (dashed line
and red triangles). Also, the slope of the threshold curve left and
right of the minimum differs. For an initial rotation velocity right of
the minimum (at the co-side) a higher DED current is needed to
excite the mode than for an initial rotation velocity at an equal
distance left of the minimum (at the counter-side). Reproduced
courtesy of IAEA. Figure from [52]. Copyright (2008) IAEA.
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Figure 4. ), up to the moment of mode excitation, is given as a
function of Ipgp, for a set of discharges with a different €24 and
AC + DED operation. One observes that for low Ipgp the change
in € is positive, i.e. in the co-direction. For plasmas with

Qpo <3 x 10%rad s~ ! indicated by the dashed line—the change
in Q; remains positive until Q, = 3 x 10%rad s~ is reached. For
plasmas with Q9 > 3 x 10° rad s, the initial increase in Qy is
followed by a decrease towards 3y = 3 x 10°rads™', so

the final change in ), is negative or in the counter-direction.
Reproduced courtesy of IAEA. Figure from [52]. Copyright
(2008) IAEA.
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Figure 5. The island width versus Q for wy = —2.2 x 10 (solid)
and w¢ = 0 (dotted), with ¢, = 10-%aBy. The two vertical arrows

show the Qg value at which w = wy. Reproduced courtesy of IAEA.
Figure from [54]. Copyright (2008) IAEA.

4,0 1, the initial change of €, is always in the co-direction.
Up until a sufficiently large Ipgp is reached, the TM is locked
to the DED field. This phenomenon can be understood by the
following model. Assume the perturbed magnetic flux 1, ~
expli(—wt + mb + n¢)], where w is the frequency of RMP, m
and n are the poloidal and toroidal mode number, respectively. In
the generalized Ohm’s law, one can find the perturbed current
density in the lowest order at the resonant surface is [53]

an

The wg is the frequency due to electric drift flow, wy, is the
frequency due to the diamagnetic drift flow and 7 is the resis-
tivity. The perturbed current density and the radial magnetic
field will contribute to a poloidal electromagnetic torque with
m/n=0/0

Ji(r) = i(w — wg — wke)W1/1.

Toso(r) = m(w — wg — we) [1* /7. 12)

If the externally applied helical field is a static one, then we have
w = 0. One can find

Tojo(r) = —mwe(l + wse/wp) |1 /1.

In the MHD frame, wy. is zero. Thus, this torque is always
opposite to the direction of the plasma rotation, dragging down
the plasma. On the other hand, if the diamagnetic drift is taken
into consideration, the term (1 + wy./wg) will determine the
direction of the torque. For (1 + wye/wg) < 0, ie. the plasma
rotates in the ion diamagnetic drift direction with a frequency
smaller than the electron diamagnetic frequency, the torque is in
the rotation direction. For (1 + wye/wg) > 0, the torque is
against the rotation direction.

These experimental results are then verified by numerical
simulation conducted by Yu ez al in 2008, using the two-fluid
model [54]. In figure 5, it is clearly observed that for the same
RMP amplitude, the TM can be excited when the rotation
frequency is close to the frequency of RMP, but screened for
other rotation value, indicating that there is a minimum of the
mode excitation for w = wy.

13)
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Figure 6. (a) Diagram of the effects of RMP on TM. RMP is applied in phase region of (b) Case 1: 7 < & < 1.57, and (c) Case 2:
m < ® < 2m. T is the island rotation period. Reproduced courtesy of IAEA. Figure from [33]. Copyright (2016) IAEA.

2.3. Modulated RMP

According to the theory, it is known that the phase difference
between the RMP and the magnetic island plays an important
role in affecting the mode amplitude and frequency. The RMP
has a stabilizing effect in the regime where the phase differ-
ence is 0.5m1.57, but has a driving effect when the phase
difference is 0-0.57 or 1.572m, as illustrated in figure 6(a)
[33]. The effects on the mode frequency are similar. If the
phase difference is in the regime of O—m, the RMP will
decelerate the magnetic island. On the contrary, it accelerates
the magnetic island while out of this regime.

Referring to this rationale, if the RMP is turned on only
in the stabilizing regime, then the magnetic island can be
always stabilized by this modulated RMP configuration.
Based on this principle, numerical investigation is carried out
by Hu et al. By applying the RMP with configuration of
figure 6(b) after the saturation of NTM, the magnetic island
can be almost totally suppressed. In figure 7 [33], the sup-
pression process is plotted. In each single period, when the
RMP is turned on in the stabilizing regime, the island width
reduces. Even though the island width recovers a bit after the
RMP is switched off, a net stabilizing effect is still maintained
in one period. Period by period adding up, the magnetic island
is suppressed. It should be pointed out that, this feedback
control method needs a very high definition of diagnostic and
control system in the experimental set-up, as it needs to know
the real-time phase information of the island and the response
of the modulated RMP should be very fast. Thus, the feasi-
bility in experiments should be further verified.

2.4. Synergetic effects of RMP and ECCD

In very recent investigation, the utilization of RMP and
electron cyclotron current drive (ECCD) simultaneously has
been found to be an effective and promising method for NTM
control. One desirable method is applying a static RMP to
lock the magnetic island first, and then launching an ECCD
deposited at the O-point of the island. This approach is
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Figure 7. Case 1: time evolution of (a) RMP amplitude v,, (b) island
width w/a, and (c) mode frequency f>/;. Detailed evolution of (d)
phase difference ® (blue curve) and 1, (red curve) and (e) w/a (blue
curve) and f5/; (red curve) in the time interval of 1.19 X 1072

R <1< 1.2 x 1072 1. The maximum strength of RMP is

1y = 3 x 107* aB,. Reproduced courtesy of IAEA. Figure from
[33]. Copyright (2016) IAEA.

numerically modelled in [55], and then proven to be feasible
for the first time by experiments in 2015 [56]. Figure 8 shows
the capability of stabilization of the large LM. The black
curves indicate the shot with ECCD, and the red curves are
for shot without ECCD. Applying a continuous ECCD after
the mode is locked can effectively suppress the NTM to noise
level. At the same time, the density of electron recovers and
the disruption is avoided. However, there are still some side
effects of this method to further prolong the energy confine-
ment time. One main reason is that the static RMP stops the
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rotation of the plasma, and hinders the achievement of
H-mode and better confinement.

A possible solution to this problem is utilizing the rotating
RMP. The rotating RMP could be launched first to keep a stable
rotation. After the mode is locked to the rotating RMP, it is
capable to use a modulated ECCD to suppress the NTM, as the
real-time phase of the RMP is already known, as well as the
magnetic island. This method is numerically studied by Tang et al
for the NTM control in the reversed magnetic shear configuration
[23]. It is found that, for a relatively low frequency of the rotating
RMP applied, the stabilizing effect is better. The mechanism can
be understood through figure 9. In figure 9, the effectiveness for
different frequencies of rotating RMP is compared. The blue,
yellow and green traces are for the rotation frequency of RMP
equal to —2 x 107>, —6 x 10> and —8 x 107, respectively.
The negative sign indicates the direction of the rotation only, so
only the absolute value counts. The lower panel shows the
evolution of the driven current fraction /I, versus time after the
modulated ECCD is turned on. The on-duty ratio of the modu-
lated ECCD is set to be 50%, which means the ECCD is turned on
at 50% of time in a rotation period. One can find that, for a
relatively low rotation frequency, /.4/1, has adequate time to raise
or fall, in response to the magnetic island approaching and going
away from the deposit location of ECCD. As a result, a better
stabilizing effect is gained. Another advantage for a slow rotating
RMP is that, it can lower the required modulated frequency of
ECCD, since achieving a very high frequency modulated ECCD
can face the technical bottleneck.

3. Mode penetration

For an intrinsic tearing stable plasma, the external RMP can
penetrate through and induce magnetic islands at the resonant
surface, known as the mode penetration. Mode penetration is
different from mode locking by that the latter needs an
already existing rotating magnetic island. Mode locking is
termed to describe the process that a rotating magnetic island

is stopped by the RMP and turned into a locked state.
However, mode penetration is the transition from a sup-
pressed (but locked) island state to a fully reconnected (but
locked) state accompanied by the locking of the tearing frame.
The frequency of the tearing frame is the frequency where the
response of the tearing layer to the external RMP is maximal,
called tearing frequency. For a nonlinear magnetic island, the
rotation frequency of the magnetic island is identical to the
tearing frequency, known as the ‘no-slip’ condition. On the
other hand, in the linear state, the tearing frequency is to some
extent different from the rotation frequency, allowing a sup-
pressed island with the order smaller than the linear tearing
layer. This frequency difference is called the slipping fre-
quency. In the presence of the external helical magnetic
structure, the slowing down of the plasma rotation can be
described by the following equation

, 471/2
ﬂ21+11(h)

14
wo 2 2 Wpenl ( )

where wy is the natural frequency, wy is the tearing frequency,
Woae 1s the vacuum island width and W, is a critical island
width. As the external RMP amplitude increases, the slip fre-
quency gradually decreases. Once it decreases to half of its
original value, the linear system quickly transits into the non-
linear island state with the abrupt growth of the island width.

The threshold of mode penetration is pivotal in experi-
ments, since it is used to measure the maximum endurance of
the error filed. Considerable scaling on error field penetration
is carried out in EAST tokamak, concerning the dependency
on density, toroidal field, gy, etc. Density scaling on n = 1
error field penetration of TM on EAST tokamak is investi-
gated by Wang et al [57]. During the Ohmic heating dis-
charges, it is found that the scaling of penetration threshold on
the vacuum resonant RMP is b, < n. %, where b, and 7, are
the radial perturbed magnetic field and the line averaged
electron density, respectively. For the vacuum non-resonant
RMP, the scaling law is b, o< n. %>, as shown in figure 10. On
more realistic regards, it is impossible to vary the electron
density while keeping other parameters unchanged. A more
accurate way of obtaining the scaling law on penetration
threshold is to estimate all the parameters based on the
experiment data [58], e.g. the viscosity diffusion time can be
estimated by the energy confinement time, as 7, < 7z. By
analyzing, the results agree well with the previous analytical
prediction (b, o n.%>* in low density regime and b, o< n %4
in higher density regime), providing a robust method for the
scaling on error field penetration in tokamak experiments.

Later, the density scaling of n = 1 error field penetration
of TM in the RF-dominate heated tokamak plasmas is studied
by Ye et al [58]. It is found that the scaling law (b, o< n. %) is
slightly weaker than that in the Ohmic heating tokamak, as
shown in figure 11. It can be understood by that the heating
efficiency of the low hybrid current drive (LHCD) is closely
related to the electron density. Due to the strong negative
correlation between the electron density and temperature, the
lower penetration threshold dependency on the electron
density is obtained. These results are further verified by the
MHD code MDC [58].
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4. Mode locking

The earliest mode locking theory is established by Nave et al
in 1990 [59], considering the interaction of the magnetic
island with a resistive conducting wall. The rotating magnetic
islands induce a perturbed magnetic field outside the plasma.
To the conductor, this magnetic perturbation rotates with a
high frequency in the order of kHz. As a result, an electric
field is formed inside the conducting wall to produce a fluc-
tuating current. The perturbed magnetic field and fluctuating
current exert an electromagnetic torque j x B on the resistive
wall. In the same vein, a j x B torque exists in the plasma,
causing the transfer of momentum from the plasma to the
resistive wall. Eventually, the magnetic island is locked to the
wall. The geometry of this problem is given in figure 12 [59].
In the large-aspect ratio approximate, the magnetic perturba-
tion caused the TM can be expressed as

podi/dr

1d &y e, mdi/dr
By(1 — ng/m)

rdr dr r2

Y =0, 15)

VACUUM VESSEL VACUUM

PLASMA

ALMARRRRRNSD

+0 r

o

= e i

o

Figure 12. Geometry of the problem. Reproduced from [59]. © IOP
Publishing Ltd. All rights reserved.

where r is the radial location, m and n are the poloidal and
toroidal mode number, 1) is the magnetic flux, j is the toroidal
plasma current density and By is the poloidal magnetic field.

The boundary condition of this equation is obtained by
solving the magnetic flux in vacuum and in the vessel. For the
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case in the vacuum, the governing equation is

1d dyp m?
—— = 16
rdr dr r? (16)
and in the vessel, the equation becomes
1d dy m?
——r— = | — — iwpyo |V, 17
rdr dr [ r2 Fo ]w 17

where w is the rotation frequency and o is the conductivity.
Through rigorous mathematical derivation, one can find
dw 1 W w)*
— = _C_zziv(_) , (18)
dr A wTe + m?\a

where 7, is the characteristic resistive time, 75 is the Alfvén
time and c is a constant. The solution to this equation is

5
@ — W)l —2mn L = o DT (19)
wo TATs
where
2 4
a= gc(ws/a) . (20)

This is the equation showing the basic feature for mode
locking. Numerical results based on this equation are given in
figure 13 [59]. A relatively low frequency is set to be 2000
rad s~', with b = a and q, = 4. As the magnetic island
grows, the frequency starts to decrease and finally goes to
zero. In 1998, Fitzpatrick established a general theory on the
interaction of the magnetic island with the applied error field
including linear and nonlinear response [40]. The response is
determined by three key parameters, the normalized plasma
viscosity, P, the normalized plasma rotation, Q, and the
normalized resistivity, R. The theory describes the plasma as
two bifurcated states, i.e. the ‘unreconnected state’, where the
plasma rotates and the RMP is screened, and the ‘fully
reconnected’ state, where the plasma is locked by the error
field and driven more unstable. The transition from the
‘unreconnected state’ to the ‘fully reconnected’ is called
downward bifurcation, whereas the inverse of this process is
called upward bifurcation. In the linear analysis, only the
downward bifurcation exists, corresponding to the mode
penetration. The bifurcation process is distinguished for four
regimes, as shown in figure 14 [40]. The four regimes are the
visco-resistive regime (VR), the resistive inertial regime (RI),
the visco-inertial regime (VI), and the inertial regime (I). On
the other hand, for nonlinear analysis the situation is more
complicated. The nonlinear response can be divided into
seven regimes, i.e. the visco-resistive regime (VR), the
Rutherford regime (R), the transition regime (T), the Wael-
broeck regime (W), the inertial regime (I), the high-resistivity
visco-inertial regime (VI1), and the low-resistivity visco-
inertial regime (VI2), see figures 3 and 4 in [52]. Take the
visco-resistive regime, where the present day’s conventional
tokamak parameters lie in, for example, the critical RMP
amplitude to trigger the downward bifurcation is given by

&, ~ P'3QyRY2, 1)

where é“c is the critical plasma displacement.
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Figure 13. General behavior during mode locking. The graphs show

the time development of the island width w, the magnetic signal B
and the frequency w. Reproduced from [59]. © IOP Publishing Ltd.
All rights reserved.

Experimental and numerical investigations on mode
locking of TM are carried out on J-TEXT tokamak by Hu
et al in recent years [29, 60]. The results show a good con-
sistence with the previous theory.

In addition to the conventional mode locking, a small
locked island (SLI) regime is discovered. In figure 15, it can
be seen that there is a regime where the mode frequency is
locked to zero but the island width keeps in a very low
magnitude, which is different from the conventional under-
standing on mode locking [29]. It is found that two factors
contribute to this SLI phenomenon. First, there exists a strong
shielding current near the resonant surface cancelling the
effects of external RMP. Second, the magnetic island is
locked in the regime where the phase difference between the
RMP and the magnetic island is 1.5727, leading to a sta-
bilizing effect on the magnetic island.

Taking the bootstrap current into account, Tang et al [25]
extend this result including the neoclassical effects. It is dis-
covered that the threshold for the SLI has the contrary ten-
dency with the threshold for the conventional LM, as shown
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in figure 16. In the simulation, the SLI tends to appear in the
regime where the TM is more stable, e.g. the ratio of parallel
transport coefficient to perpendicular transport coefficient
X| /x, and bootstrap current fraction f; are smaller. Moreover,
the island width for the SLI is almost the same. Therefore, if
there is a critical island width assumed below which the SLI
can be induced, the contrary tendency can be explained.
According to the theory, as the amplitude of static RMP
increases, the magnetic island is first slightly stabilized and
then locked. For a larger bootstrap current fraction f, and
parallel to perpendicular transport coefficient X| /X, the
saturated magnetic island is larger. To enter in the SLI
regime, a larger amplitude of the static RMP is needed to
suppress the island to a lower magnitude. However, if the
RMP amplitude is sufficiently strong to trigger the downward
bifurcation before the island is small enough for entering the
SLI regime, the LM onsets and a fully reconnected magnetic
island forms. In Fitzpatrick’s linear theory, the transition from
the linear suppressed island to the nonlinear island state is
irreversible. However, the SLI is a phenomenon that a non-
linear magnetic island returns to the linear state where the
island is suppressed. Thus, perhaps the branch of this kind of
solution is missed in the previous theory.

5. Mode unlocking

The mode locking of TM can lead to great degradation of
plasma confinement and even major disruptions. Thus, the
understanding of the unlocking process can be very sig-
nificant for improving the plasma performance. From a
theoretical point of view, the error field model shows a
locking-unlocking mechanism [61, 62]. According to the
error field model developed by Fitzpatrick including the tor-
que balance equation, island evolution equation and no-slip
condition, the locking threshold can be obtained as follows
[63]

182 Z Y o
W = ( COS) W + WHA + Anl)z(E_s) , (22)

where W, is the amplitude of the external RMP, W is the width
of the magnetic island and 2 is the natural island rotation
frequency. A; and A, are linear driving and nonlinear
saturation effects, respectively. r,/E, represents the RMP
effect.

Assuming the amplitude of the RMP W, being a function
of the island width W, then the critical RMP amplitude W, is
the minimum value of W, and satisfies dW./dW = 0. Sub-
stituting it into equation (22), one can get the unlocking
threshold

¢ c J wy "\ Ee

(23)
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and
(1805 /G C)?
(WhH?
(WH*
2

= [(WH*(A| + Ap)?
Ts

=)

SC

_|_

(A1 + A (G W' + Anl)]( (24)

Above equations give the relationship of the unlocking
threshold W} with the corresponding island width of LM W*.

If ignoring the evolution of the magnetic island, and the
island width W is assumed to be equal to the saturated island
width without applied RMP W, the unlocking threshold can
be simplified as follows [64]

— A/J’QOS .

2
We W2

(25)

It should be noted that the scaling law in simplified mode
is only suitable for lower plasma parameter P, where
P = (ufs(Ro/1)*(m/n)*) / (Va W, /a)?. For a broader P, the
scaling law in equations (23) and (24) is accurate, since the
island evolution plays a significant role [63].

Some simulation results can show the unlocking solution
more directly [63]. By scanning the initial toroidal rotation
frequency and the external RMP amplitude, the interaction of
the RMP and the magnetic island can be classified as three
regimes, namely, the locking regime, the intermediate regime
and the unlocking regime. It is divided by two thresholds,
locking and unlocking thresholds, as shown in figure 17. It
can be seen that the unlocking threshold is lower than the
locking threshold. When the RMP amplitude is larger than the
locking threshold, LM would occur with arbitrary initial
conditions. Lower than the unlocking threshold, the magnetic
island would always enter into an oscillated state [63].
However, when the RMP amplitude is between the two
thresholds, the final state depends on the initial perturbed
velocity, i.e. static island (6€)|,—o = —£s) evolves into a
locked state, the rotating island (6€)|,—o = 0) would develop
into an oscillated state. More interestingly, when the RMP
amplitude increases from below the unlocking threshold, the

11

natural rotating island (6€2s],—o = 0) always keeps oscillation
state until the amplitude is greater than the locking threshold.
When the amplitude of the RMP decreases from above the
locking threshold, the static island (6€2|;—9 = —$2¢s) remains
locked state unless lower than the unlocking threshold.

The above mentioned two kinds of behaviors in the
intermediate regime can give a good explanation for the
observed hysteresis phenomenon in experiments [38, 64—66].
For example, in figure 18, a typical shot 25089 in EXTRAP
T2R [66], magnetic island starts braking at r &~ 15.2 ms with
RMP amplitude 5*MF ~ 0.4 mT and LM happens at r~
16.0 ms (erMP ~ 0.6 mT). Thereafter, the RMP amplitude
ramps down to a very lower amplitude »*MF ~ 0.05 mT,
until 7 =~ 18.0 ms, the mode unlocking just occurs. In the
process, when the RMP amplitude is ramped up, the
electromagnetic and the viscous torque increase until locking
mode occurs, where the plasma velocity reduction peaks at
the resonant surface and then leads a drop of viscous torque in
the core plasma, which is responsible for the hysteresis in the
locking and unlocking process.

6. Summary and discussion

In summary, this paper reviews the effects of RMP on TM
and NTM from the theory, experimental discovery and
numerical results with a focus on four major aspects, i.e.
mode mitigation, mode penetration, mode locking and mode
unlocking. The main points can be summarized as follows.
For the first time mode mitigation found in experiments
is by the static RMP. The externally applied static RMP is
found to drive stabilizing effects on the TMs with the
downward shift of mode frequency. The velocity shear and
non-uniform rotation are the two main causes of the stabi-
lizing effects. By applying a simple analytical model, it is
found that the effect of a relatively small static RMP is always
stabilizing, before it exceeds the threshold for mode locking.
The static RMPs with high harmonics are also found to drive
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stabilizing effects on NTM by affecting the local current
density gradient.

During the early 2000s, considerable research efforts
have been dedicated to the rotating RMP. It is found that there
is a minimum RMP threshold for the excitation of TM, when
the frequency difference between the RMP and the plasma is
zero, which means for a high frequency rotating RMP, it can
be utilized to prevent the mode excitation and keep the sus-
tainable rotation. Considering two-fluid effects, this plasma
frequency should additionally include the electron diamag-
netic frequency.

In recent years, some emerging RMP related methods are
explored to stabilize the NTM, e.g. modulated RMP and
synergetic effects of RMP and ECCD. According to the
theory, The RMP has a stabilizing effect in the regime where
the phase difference is 0.57—1.57, but has a driving effect
when the phase difference is 0-0.5m or 1.572m. The
modulated RMP is came up based on this rationale. If the
RMP is only applied in the stabilizing regime, the destabi-
lizing effects of RMP would be eliminated and the mode
locking could be prevented. However, this method needs a
very high definition and fast feedback control system to locate
the real-time phase of the magnetic island. Therefore, further
experiments need to be carried out to verify the feasibility of
this method.

Experiments of another approach, synergetic effects of
RMP and ECCD, are conducted on DIIID tokamak very
recently. RMP can work as an auxiliary method to lock the
island. Once the island is locked to the static RMP, the ECCD
can deposit at the O-point of the island continuously. The
experiments have been a great success, but the energy con-
finement time is still hard to be further prolonged. The main
reason is that the utilization of a static RMP hinders the
natural rotation of the plasma, while the plasma rotation is
crucial for achieving a steady-state H mode confinement.
Modification of this method could be made, by replacing the
static RMP by a rotating RMP. When the plasma is locked to
the rotating RMP, the modulated ECCD can be launched to
eliminate the magnetic island, as the phase of the RMP and
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the island have been already known. In this way, the NTM is
controlled and the H-mode recovers.

Mode penetration is distinguished from mode locking by
the absence of any rotating island before the formation of the
nonlinear locked island. Mode penetration is actually a linear
response of a suppressed island to the external RMP,
accompanied with the transition from the linearly stable island
to a nonlinear locked island and the locking of the tearing
frame. However, mode locking is exactly a nonlinear
response of the nonlinear rotating magnetic island to the
RMP, accompanied with the locking of the already existing
magnetic island.

The mode locking theory is initially established by
considering the interaction between the magnetic island and a
resistive conducting wall. Later on, Fitzpatrick summed up all
the previous theories turning into a more general one. In the
presence of a static RMP, the plasma in the vicinity of the
resonant surface has two bifurcated states, i.e. the ‘unrecon-
nected’ state, where the plasma rotates and RMP is screened,
and the ‘fully reconnected’ state, where the plasma is locked
by the RMP and large magnetic islands are formed. The
transition from the ‘unreconnected’ state to the ‘fully recon-
nected’ state is called downward bifurcation. On the contrary,
the transition from the ‘fully reconnected’ state to the
‘unreconnected’ state is called upward bifurcation. In the
linear response, the downward bifurcation refers to the mode
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penetration. For the non-inear response, the downward bifurca-
tion corresponds to the mode locking, while the upward bifur-
cation corresponds to the mode unlocking. The critical
amplitude of RMP to trigger these bifurcations is given analy-
tically, by dividing the response into different regimes. The later
numerical and experimental results show a good consistency
with the theory established by Fitzpatrick, except that a small
locked island (SLI) regime is discovered. SLI is a phenomenon
that a nonlinear magnetic island returns to the linear state where
the island is suppressed. Therefore, perhaps the branch of this
kind of solution is missed in the previous theory. It should be
pointed out that, almost all the previous theories and simulation
results are based on the cylindrical geometry. The toroidal
effects and the shaping effects could, to what extent, modify the
results, remaining to be further addressed.
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