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Abstract

Plasma major disruption is one of the most critical issues to be solved for a
tokamak fusion reactor. Experiments to prevent mode locking and subsequent
disruptions have been carried out on J-TEXT tokamak using rotating resonant
magnetic perturbations (RMPs). The tearing modes, to be locked and to lead
to disruptions without applying RMPs, can be accelerated by rotating RMPs
to the RMP frequency. As the result, the mode locking and subsequent
disruptions are delayed or prevented. The effects of RMP amplitude and

frequency on disruption prevention have been investigated.
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1. Introduction

During tokamak major disruptions| 1], the rapid and complete loss of the thermal and magnetic energy
generates high thermal and electromagnetic loads on the vessel and internal components, having highly
damaging effect on the machine. Therefore, disruptions have to be prevented or mitigated for a fusion
reactor. In experiments disruptions occur in different cases, e.g. in the discharges with a low edge safety
factor, [2], too high plasma density or fraction of impurities[3], vertical displacement event (VDE)[4],
and others[1]. The locked tearing mode, formed from the mode locking or error field penetration, is one
of the major reasons for disruptions. On DIII-D, it is found that the modes with poloidal/toroidal mode
numbers m/n = 2/1 are the most detrimental to plasma confinement and often lead to disruptions [5, 6].
The main root cause of disruptions on JET is due to the locking of (neoclassical) tearing modes [7, 8].
Active control of the locked mode is an important issue for disruption prevention[9, 10].

One possible way to prevent disruptions as well as to stabilize (neoclassical) tearing modes is using
localized electron cyclotron current drive (ECCD)[11] as shown in experiments on ASDEX-U[12],
FTU[13], DII-D[14], JFT-2M[15] and TEXTOR[16]. To be effective, ECCD should be radially well
aligned with the island[17] and applied before mode locking for preventing disruptions [11, 13]. Recent
simulation result however showed that due to plasma density perturbations, a factor of 2 — 4 broadening
in the wave absorption profile is expected for ITER, indicating a lower driven current density at the
resonant surface and a corresponding higher wave power required for NTM stabilization[18]. On the
TEXTOR tokamak, the disruptive mode locking was prevented by injecting low power NBI in the last
phase of the slowing-down process[19]. Resonant magnetic perturbation (RMP) could steer the O-point
of the magnetic island to the wave deposition region to increase the stabilizing efficiency, and the locked
mode is suppressed as found in numerical modelling and experiments [20, 21].

Another possible way to prevent the locked mode is to drive the mode rotation by apply rotating
RMPs. In the DIII-D high B operations (Bn ~2.5), the neoclassical tearing mode (NTM) was excited and
led to disruptions, and RMPs were used to keep the mode to rotate at 17 Hz to prevent disruption[22].

The effect of RMPs on tearing modes has been studied before in J-TEXT, and the acceleration of

tearing mode rotation has been found when applying high frequency rotating RMP[23, 24]. In addition,
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driving a tearing mode locked to a static RMP to rotate again by rotating RMP has been tested[25, 26],
in which the mode amplitude was relatively small, and the discharges were in the safe operation region,
being far away from the disruption limit.

When the discharge becomes highly unstable with large amplitude tearing mode, however, it is not
clear yet whether rotating RMPs can prevent or delay the mode locking and subsequent disruption. To
learn this, experiments have been carried out on J-TEXT tokamak by using rotating RMPs of a few
kilohertz to prevent the locked modes and disruptions. In this paper, the corresponding experimental
results are reported. The experiments have been carried out in the regime with low edge safety factor gq.
(from 3 to 2.3). In this regime the plasma becomes highly unstable to the tearing mode, and large
amplitude tearing mode and mode locking usually occur, followed by disruption in 5 ~ 20 ms. Triggered
by a mode locking warning system, the rotating RMP is applied before mode locking to maintain the
mode rotation, to prevent mode locking and subsequent disruption. It is found that the RMP with a
higher frequency and a moderate amplitude has the best performance for preventing disruptions.

In the following Section 2 the experimental setup is described, including the target plasma and the
rotating RMP system. The experimental results are presented in Section 3. Finally, Section 4 gives the

discussion and conclusion.

2. Experimental setup

J-TEXT[27] is a circular cross-section tokamak with the major radius Ro = 105 cm (at magnetic axis)
and minor radius a = 25.5 cm in our experiments. The m/n = 2/1 tearing mode usually appears in the
operation regime with a sufficiently large plasma current /,. By ramping up the I, to decrease the edge
safety factor g, the 2/1 tearing mode grows and is then locked when the mode amplitude is large enough,
causing the major disruption.

Fig. 1 displays a typical example of disruptions in this case. The blue line in Fig. 1(c) is the
perturbed poloidal magnetic field generated by the tearing mode, measured by a toroidal magnetic probe
array located at -45° from low field side midplane. The mode frequency is calculated from the time
derivative of the phase of magnetic perturbations. When 7, is ramped up from 180 kA (g. = 3) towards
230 kA (ga = 2.3) within 150 ms (Fig. 1 (a)), the frequency of the tearing mode (frm, blue line in Fig.
1(c)) decreases as the mode amplitude (8B¢"!, red line in Fig. 1 (¢)) increases, where 8B¢"", is the
perturbed magnetic field of n = 1 component. This seems to be caused by the braking torques by the
resistive wall, Tw[28], which is proportional to the mode frequency and the square of the mode

amplitude. When the mode amplitude was larger than a certain value, the mode frequency sharply
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decreases. With the decreasing of tearing mode rotating frequency, the influence of 75, becomes weaker,
while the braking torque caused by the error field could eventually cause mode locking [23, 29]. When
the mode is locked at 0.342 s, a minor thermal quench occurs shown by the electron cyclotron emission
(ECE) signal at (R-Ro) = -17 cm at the midplane (Fig. 1 (d)), where R is the major radius. The major
thermal and current quench, i.e. disruption, occurred shortly afterwards. This discharge is selected as the
target scenario for our study on disruption prevention.
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Fig. 1 A typical locked mode induced disruption during the ramp up of /p. From top to the bottom, the time
evolution of (a) I, (b) Mirnov signal, (c) frequency (blue line) and perturbed poloidal magnetic field of n=1
component (red line). The data around the disruption are displayed in (d) from electron cyclotron emission (ECE)
signal at (R-Ro) = -17 cm (radial distance from the magnetic axis at midplane) and (¢) mode frequency (blue line)
and amplitude (red line). With increasing the /p, the tearing mode amplitude increases, the mode locking and the

disruption follow several millisecond later.

On J-TEXT, rotating RMPs are generated by 12 in-vessel saddle coils (3 rows X 4 columns x 1
turn)[30]. The RMP spectrum is chosen to have a large 2/1 component about 0.5 Gs/kA[30], as shown in
figure 2(a). Two power supplies feed alternating current into the coils[31]. Recently, the AC power
supplies were modified to allow a fast current ramp-up rate, and the AC current can reach its maximum
2.5 kA within 5ms to allow timely application of rotating RMPs. The dependence of RMP amplitude on

its frequency at the plasma edge » = a = 26.5cm, calculated in vacuum condition, is shown in figure 2(b).
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Due to the short distance between RMP coils and vacuum vessel, the eddy current is generated by
rotating RMP in vacuum vessel, which reduces the RMP amplitude at the plasma edge. The RMP
amplitude is decreased by about 2/3 with increasing the RMP frequency from zero to hundreds Hz, and

it only slightly decays from 1 to 5 kHz.
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Fig. 2 (a) The spectrum of rotating RMPs at the plasma edge ( = a = 26.5 cm) for the toroidal mode number
n=1-3 and the poloidal mode number m=1-6. (b) The amplitude of the radial m/n = 2/1 magnetic perturbation as a

function of its frequency at » = a.

A mode locking warning system has been developed, measuring the instantaneous mode frequency
to predict the mode locking [32]. Triggered by the warning system, the rotating RMP is applied around 7

~ 20 ms before mode locking in experiments.

3. Experimental results

An example of preventing the disruption induced by locked mode is shown in Fig. 3. The rotating
RMP of 3 kHz is applied in shot 1056200 before mode locking. The RMP frequency is higher than the
original tearing mode frequency, ~2 kHz, before applying RMPs. With the RMP coil current /rmp = 1.5
kA, the mode frequency is accelerated to the RMP frequency due to the electromagnetic torque applied
from rotating RMPs. The mode amplitude is slightly suppressed around 0.335s and maintained at
relatively lower level by the RMP in the plasma current flattop with /p = 230 kA (ga = 2.3). The

disruption is prevented until the current ramp-down phase. While in the referenced discharge without
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applying RMPs (#1056190), the mode amplitude increases during the ramp up phase of /p, and the mode
locking and disruption occur at a lower value of /p (higher value of ¢.). It is seen that the rotating RMP
can prevent mode locking and the following disruption when applied before mode locking.

Although the rotating RMP is still turned-on during the /p ramp down phase, the tearing mode grows
up and causes disruption in this phase (shown by the red lines in Fig. 3). This is similar to the disruption
observed in the current ramp down phase of the ITER baseline scenario in DIII-D[33]. Theoretical study
proposed that the gradient of plasma current density was increased around the resonant surface during
the Ir ramp down phase, and the tearing mode instability parameter, 4°, was increased[34], causing the
disruption. If so, the disruption during this phase can be prevented by a slower decrease of the plasma

current, which is not the subject of our study presented here.
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Fig. 3 Prevention of disruption by rotating RMP (3 kHz/ 1.5 kA, red), compared to a discharge without RMP
which disrupted during the /, ramp-up phase (black). From top to bottom, the time evolution of /p (a), RMP oil
ccurrent (b), Mirnov signal (c), the frequencies of tearing mode (d) and the perturbed poloidal magnetic field of n

= 1 component (¢). The blue vertical dashed line indicates the triggering time of rotating RMP generated by the
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warning system. The rotating RMP accelerated the tearing mode rotation and prevented the disruption. The

discharge was maintained until the current ramp-down phase.

To learn the optimal parameters of rotating RMP for preventing mode locking, rotating RMPs of

different frequency and amplitude were tested in experiments.

1056000+ #187 #196 #198

240
g230 -
082201

210
3t

2
1
0
2

1(Gs) fryy (kH2) dBfdt (a.u) Ipy, (KA)

n=
0

3B

b @

L)
#1056198 '
N
032 034 036 038 04 042 044
t(s)
~  #1056187
3 .
s 1
= 0
2 af (h)
om
S 4 —
21 -1cm i
o ECE (a.u.) (M)
0.34 0345 035 0355 036 0.365 0.3

t(s)

Fig. 4 Comparison of the impacts of rotating RMPs with 3 different frequencies, 1 kHz (#1056187, red dashed),
2 kHz (#1056192, blue dotted line) and 3 kHz (#1056198, green line). The RMP coil current are all about 2 kA.
The time evolution of /p (a), the amplitude of rotating RMP coil current (b), the signals of magnetic probe (c),
tearing mode frequency (d), perturbed magnet field of #» = 1 component (e) and the spectrogram of 1 kHz case
(#1056187 (f)) and 3 kHz case (#1056198 (g)). For the 1 kHz case right before disruption, the signals of magnetic
probes (h) and the electron cyclotron emission at (R-Ro) = -1 cm (radial distance from the magnetic axis at
midplane) (i) are also shown. The rotating RMP with higher frequency has a better effect on disruption

prevention.



Journal XX (XXXX) XXXXXX Author et al

By applying different frequencies of RMPs, the results are shown in Fig. 4 with about the same RMP
coil current, 2 kA. The original frequency of the tearing mode is around 2 kHz before applying the RMP.
The rotating RMP of 3 kHz accelerates the mode rotation to the RMP frequency (green curves), and the
discharge continues until the edge safety factor reaches g. = 2.3. The lower frequency RMPs (2 kHz and
1 kHz) are not so effective for preventing the disruption. The RMP of 1 kHz decreases the tearing mode
frequency, as shown by the red curve in Fig. 2 (d). After the mode is locked to the rotating RMP, its
amplitude increases, as seen from Fig. 3 (¢). Comparing the ECE signal at (R-Ro) = -1 cm (Fig 4(i)) with
the magnetic probe signal (Fig 4 (h)), it is seen that the disruption occurs even before the mode
frequency drops to zero. By applying the 2 kHz rotating RMP (blue line in Fig. 4), the disruption occurs
soon similar to the 1 kHz case. It is seen from figure 4 that the natural mode frequency depends on the
its radial location, which in turn depends on the g. value. The decreasing g. leads to a slightly higher
natural mode frequency as shown the red curve in figure 4 (d).

Due to the difference in the time evolution of mode frequencies in different discharges, the rotating
RMP is not triggered at the same time in these experiments. However, the applying time of rotating

RMP has little influence on the results when it is applied before mode locking.

To further study the effect of 2 kHz rotating RMP, experiments have been carried out with different
RMP coil current, Irmp = 1.7 kA and 2 kA. With a smaller RMP coil current, Irmp = 1.7 kA, the results
are shown by the blue curve in figure 5. The mode is first locked to the RMP frequency, but the mode
amplitude increases later during the increase of the plasma current. The ECE signal at (R-Ro) = -1 cm
(Fig. 5 (g)) indicates that the mode frequency decreases towards zero before the disruption, and the
electromagnetic torque generated by rotating RMP is not large enough to maintain the mode rotation at
the RMP frequency. The case with a slightly larger RMP coil current, 2 kA (red), is worse than the 1.7
kA case. The mode amplitude increases after the mode is locked to the RMP frequency, and the mode
frequency also decreases towards zero before the disruption. As the torque applied by rotating RMPs,
Ttmp, 1s linearly proportional to the mode amplitude, while 7t is proportional to the square of the mode
amplitude, 7w can be larger than Timp for a sufficiently large mode amplitude and slow down the mode
rotation. It is seen that the mode amplitude is important in preventing the disruption by rotating RMPs.
Only with the 3 kHz rotating RMP, the mode amplitude is maintained at relatively lower level for a long
time period, as shown in figure 4, so that it is better for disruption prevention and is used in the

following investigation.



Journal XX (XXXX) XXXXXX

Author et al

_. [ 1056000+ #194 #196 -
g 220 .
o
210
< 3}
=
a 2
& 1}
0
5 2f
4
§ 0
% . (c).
N
I
=
=
“_I—
N
L
=
=
“_I—
0.3 0.31 0.32 033 034 0.35
_ #1056194 Us)  #1056196
3 3 2
A A
g0 g °
S i %3 -
3 3
) <
W 2 -1cm w [ 4 cm .
o _[(9) w (i)

0.342 0.344 0.346

0
0.336 0.338 0.34 0.342

Fig. 5 Comparison of the impacts of rotating RMPs on mode locking with Irmp = 1.7 kA (#1056194, blue line)

and 2 kA (#1056196, red line). The RMP frequency are 2 kHz for both cases. The time evolution of /p (a), the

amplitude of rotating RMP coil current (b), spectrogram of the signals of magnetic probe for the 1.7 kA case
(#1056194 (d)) and 2 kA case (#1056196 (e)), the Mirnov signal (f) / (h) and the electron cyclotron emission

(ECE) signal at (R-Ro) = -1 c¢m (the radial distance from the magnetic axis at midplane) (g) / (i) for the 1.7 kA

/ 2 kA case right before disruption.

Fig. 6 shows the impact of RMP amplitude on the disruption prevention with the rotating RMPs of 3

kHz. The discharge #1056190 (black line) was the reference case without RMP. The RMP with the coil

current /lrmp = 2 kA was applied in discharge #1056198 (green), which accelerates the mode rotation to

the RMP frequency, and the minimum edge safety factor of 2.3 (/p = 230 kA) is reached, but the mode

amplitude increases later and trigger the disruption

. By applying a moderate RMP (lrmp = 1.5 kA,
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#1056200, red), the mode amplitude is smaller than that of the 2 kA case, and the disruption was
prevented until the /p ramp down phase. For a too weak RMP (/lrmp = 0.6 kA, blue), the mode can’t be

accelerated to the RMP frequency, and the disruption occurred at about the same time as that in the

reference case.
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Fig. 6 Comparison of the impacts of rotating RMPs on mode locking with /rmp =0 kA (#1056190, black), 0.6
kA (#1056233, blue), 1.8 kA (#1056200, red) and 2.2 kA (#1056198, green). The RMP frequency is 3 kHz for all
cases. The time evolution of /p (a), the amplitude of RMP coil current (b), the signals of magnetic probe (c), mode
frequency (d) and perturbed magnet field of » = 1 component (e). The rotating RMP with appropriate amplitude

could prevent the disruption.

The dependence of the minimum ¢, reached in experiments on the RMP amplitude is shown in Fig.
7. For the green points in the red square box, the ga is achieved at the plasma current flattop, although

the disruption occurs later during the current ramp-down phase. For others points, it is the minimum ¢,

10
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at which the discharge disrupts. Slower rotating RMPs of 1 kHz (red triangles) and of 2 kHz (blue stars)
have little effect on the minimum ¢, achieved comparing with the case of no RMP (black circle points).
For the faster rotating RMP of 3 kHz (green squares), a too weak RMP can not change the tearing mode
frequency as seen in figure 6, and the disruption occurs at about the same g. as that without applying
RMP, showing a lower threshold of RMP amplitude required to overcome the braking torques and to
accelerate mode rotation to the RMP frequency. On the other hand, the mode amplitude increases with
the RMP amplitude after the mode is locked to the rotating RMP. Once the rotating RMP amplitude is
large enough to lock the tearing mode, a further increase in RMP amplitude would increase the mode
amplitude as well as the minimum ¢, that can be reached. The optimal RMP amplitude for the disruption
prevention should neither be too small nor too large. With the RMP coil current in the range from 1 kA
to 1.5 kA in our experiments, the discharges are maintained at g. = 2.3 until the ramp down phase of
plasma current. For a constant RMP frequency of 3kHz, the RMP amplitude at » = a inside the vessel is

linearly proportional to the RMP coil current.
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Fig. 7 The dependence of the minimum ¢, reached in experiments on rotating RMPs amplitude, measured by
the RMP coil current. The red triangles, blue stars and green squares are for the rotating RMP of 1 kHz, 2 kHz and
3 kHz, respectively. The error bar is marked on the figure. The slower rotating RMPs of 1 kHz and 2 kHz have
little effect comparing to that without RMP (black circles). The rotating RMPs of 3 kHz prevent the disruption
when the RMP coil current is in the range 1 kA - 1.5 kA. For the green points in the red square box, the ga
was achieved at the plasma current flattop, although the disruption occurs later during the current

ramp-down phase. For other points, it is the minimum g. at which the discharge disrupts.

4. Discussion and conclusion

11
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To prevent or delay disruptions caused by mode locking, rotating RMPs of 3kHz are found to be much
better than the lower frequency RMPs (1 kHz and 2 kHz) in our experiments. Although the mode
frequency can be locked to the RMP frequency for all cases after applying RMPs, the mode amplitude
increases later and causes disruptions for the lower frequency cases. The mode amplitude is at a
relatively lower level for the 3kHz case, so that the disruption is significantly delayed or prevented. This
is possibly due to the higher RMP frequency than the original mode frequency before applying RMPs. A
faster mode rotation could decrease the destabilizing effect from mode coupling to other mode, e.g. the
m/n=1/1 mode. It is not clear yet if the tearing mode amplitude can be further suppressed by RMPs of an
even high frequency (>3kHz). The feedback control of the RMP amplitude would allow to optimize the
disruption prevention by rotating RMPs in the future experiments.

Once the tearing mode is locked by the wall and error field, however, it is not possible to rotate the
locked mode again by our rotating RMPs system. An example is shown in figure 8. After applying the
rotating RMP of 1 kHz, only a small oscillation in the mode phase is observed, but it is much less than
n/2, the predicted threshold for mode unlocking [28,29]. The disruption occurs similar to the case
without applying RMPs. For preventing disruptions in our experiments, the rotating RMP should be
applied before a large drop of mode frequency such that the full locking process has not started, as
expected from existing theoretical and experimental results [10,19,28,29]. When the mode amplitude is
sufficiently large, the braking torque generated by the resistive wall (proportional to the square of the
mode amplitude)[28] could be large than that from rotating RMPs (proportional to the mode amplitude)
[28,29].

12
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Fig. 8 Rotating RMP is applied after mode locking. The time evolution of magnetic probe signal (a), RMP coil
current amplitude (b), contour of perturbed magnetic field generate by tearing mode (c), the phase of locked
mode (d), perturbed magnet field of » = 1 component (red lines in (e)) and frequency (blue lines in (e)), the

electron cyclotron emission (ECE) signal at (R-Ro) = - 13.5 cm at the midplane (black line in (f)) and the Hq

signal at edge (blue line in (f)).

For a fusion reactor like ITER, the plasma rotation velocity is expected to be much lower than that in
existing tokamaks due to low torque input, being more easily subjected to mode locking [20]. The mode
frequency could be in the level of diagmagnetic drift frequency. Rotating RMPs of a sufficiently high
frequency will be able to speed up the mode rotation and to delay or prevent mode locking and
subsequent disruption, similar to the experimental results shown in this paper. \

In summary, preventing and delaying the mode locking and subsequent disruptions by using rotating
RMP have been achieved on J-TEXT for the plasma operation in the low ¢. regime (ga = 2.3). With the
RMP of 3kHz (higher than natural mode frequency) and appropriate amplitude, this g. value is achieved

13
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at the plasma current flattop. Rotating RMPs of sufficiently high frequency and moderate amplitude are
more effective for this purpose, suggesting a possible method for delaying or preventing the disruptions

caused by locked mode in a fusion reactor.
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