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Abstract. The dynamics and stability of the resistive wall mode (RWM) are investigated in the JT-60U
high-8 plasmas, and the sustainment of higjiplasmas above the ideal no-wgHimit L°*@" has been
demonstrated using a plasma rotation. To suppress anl RWM that limits the achievablgy in

the regimegy > ARl the plasma rotation is kept larger than the critical rotation. Therefore, we
have successfully sustaingy >~ 3.0 for ~ 1s orgy ~ 2.8 for ~ 5s. In this highgy regime, the

MHD instabilities relating the RWM, that is, am = 1 bursting mode and a slowly growing mode,
have been observed. These modes sometimes induce the plasmas rotation damping and triggering the
RWM. Especially, the slowly growing mode can reduce the rotational shear arougctizsurface and

finally trigger the RWM. These results shows the rotational shear at the rational surface is also important
to determine the RWM stability as well as the plasma rotation speed. Moreover, the plasma rotation
braking owing to the RWM have been observed. It is found that the RWM distortion can clearly induce
the plasma rotation braking inside the= 2 surface.

1. Introduction

For a future fusion reactor with an economical attractiveness, the operation on théyhigh-
region is desirable because the fusion output is proportional to the squéxeldére,By is the
so-called normalized beta definedfsg o< (p) /(Brlp), where(p), Br andl, are the volume-
averaged pressure, plasma current and the toroidal magnetic field, respectively. However, the
pn-value is limited at the regimgRo"a! < gy < pgideawall ue to the resistive wall mode
(RWM), whereglo-"all and gidealwall gre the ideap-limits with no-wall and with an ideal wall
thatis a perfectly conducting wall. The RWM is an MHD instability that grows with the resistive
wall time 7, which is about several millisecond on JT-60U vacuum vessel. Therefore, the
stabilization of resistive wall mode (RWM) is one of the key issues for future fusion reactors.
The MHD theories taking into account the plasma rotation and the wall resistivity predicted
that the RWM is stabilized by the plasma rotation [1]. Moreover, recent experiments [2, 3]
have shown the plasma rotation required for the RWM stabilizing is less than about 1% of
Alfvén speed at the rational surface. However, the mechanism for the RWM stabilizing and
the detailed dynamics, in particular, just before and during the RWM, are still not unclear.
Therefore, we have carried out the experiments so as to clarify these points in the JT-60U high-
B plasmas. In this paper, firstly, the result of demonstration of the Bighistainment with
suppressing the RWM by the plasma rotation is shown. Secondly, we have described the other
MHD instabilities relating the RWM, that are time= 1 bursting mode and the slowly growing
mode. Additionally, the observed plasma rotation braking due to the RWM is shown.

2. Sustainment of highgn plasma above the no-wall idea-limit

A sustainment of thegy is required for fusion reactor with an economical attractiveness.
In the highgn abovepRo"al, the achievablegy is limited by a lown instability such as a
RWM. On JT-60U, we have previously achieved to the hiighplasma up t@8n ~ 4, but it
was not stationary but transiently. Figure 1(a) shows the achigyaersus the sustained time
duration on JT-60U. In this experimental campaign, we have tried to sustairgRigtasma
with suppressing the RWM by the plasma rotation. In the consequgnce, 3.0 for ~ 1s or
Bn =~ 2.8 for ~ 5s have been successfully sustained. However, at almost all discharges on the
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Fig. 1: (a) Achieved regime for time duration amg for high-gy operation on JT-60U. Waveforms of example
discharge sustained for a few seconds: (a) Plasma current and NB injection powers, (b) power spectrum for
magnetic fluctuation by saddle loop (c) temporal evolutiopaf3.01; ~ gRe-"al 3.81; ~ pldealwallgng (d) G;.

high-8n regime, some MHD instabilities that can induce the disruption have been observed. The
details regarding these are shown and discussed at the below sections. An example discharge
where the highgy value was stationary sustained is shown in Fig. 1(a). We have successfully
sustaine@y = 2.8 abovepl>"a!. The duration is about 2's that is the order of plasma current
diffusion timetr ~ 1s in this plasma. The waveforms of this discharge is shown in Fig. 1(b)-
(e). In this discharge, in order to suppress the RWM that could limigtdimit in this Bn-
region, the plasma rotation was kept above the critical rotatioRO km/s by the tangential

NB injection. Particularly, a further rotation in the co-direction was kept by the tangential co-
NBs. To estimatey-profile, one of the ctr-NBs was injected from0&, in turn, the toroidal
rotation decreased. From the MARG2D which is the ideal MHD stability code [43ithkmit

with no-wall ﬁ,(‘,"""’a” is ~ 2.6, which can be roughly indicated a€08. While the ideal wall

limit gigea-wallis 3.2, which is roughly described as83. Therefore, theCs ~ 0.3 > 0 was
sustained for about 2 s until an appearanceph = 4/2 island, which may be a neoclassical
tearing mode (NTM). HereCy is an indicator that show how much ti#8°"a! is exceeding
proval defined ay = (Bn—pRO A / (pifeawall growall The ideal MHD stability analysis

only makes sense without any resistive instability such asthe= 4/2 NTM.

3. Observation of disruptive MHD instabilities on gy > pRo"a!

As mentioned above, almost discharge on these AigipMasmas, disruptive MHD insta-
bilities appeared and then the discharge was terminated. Figure 2 shows an example discharge
where several MHD instabilities continued to appear. Note that on this dischaggeias
achieved about 0.8. At highy > A4, ann = 1 bursts frequently appeared. The= 1
bursts have the frequency chirping down and sometimes triggered the ELMs. After those, an
instability was slowly glowing, of which growth time igy >~ 50 ms. This slowly glowing mode
gradually changed the plasma rotation profile, in particular, the rotational shgeat & sur-
face. It should be noted that these can been only observed in th@higlesmas abovglo-Val,
After that, then = 1 RWM was growing with the wall time scalg,, finally, the discharge was
disrupted.
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Fig. 2: Waveforms of example discharge with some MHD instabilities before the RWM onset. (a) Power spectrum
for magnetic fluctuation by saddle loop (b) temporal evolutiofgf3.01; ~ gi°"a and3.81; ~ pidea-wall Ang
expanded waveforms, temporal evolutions of () b magnetic deviation and (d) Pemission.

3-1. Features of n= 1 bursting mode

On these highBn plasmas, a bursting mode that has a very large amplitude up to 1 Gauss
has been frequently observed. This mode has been only observed on th kigbvesea.
The bursting mode sometimes directly induces the RWM onset despite the plasma rotation
larger than a critical rotation for RWM stabilization. Also, this bursting mode can change to the
slowly growing mode as is mentioned below. The growth and decay time of the bursting mode
are a few milliseconds that is very similar to the RWM growth time Figure 3(a) and (b)
show the typical waveform of the bursting mode with the time evolution of the mode frequency
andD, emission, andj-profile att = 5.90s. The toroidal mode number of this bursting mode
is clearlyn = 1, while the poloidal one seems to be= 3 ~ 4. It should be noted that the
amplitude of this mode at the low-field side (LFS) is much larger than one at the high-field side
(HFS), thus, it is a ballooning structure. This mode is sometimes, but not always, synchronized
with the D,, spikes probably due to the ELMs. Figure 4 shows a contour plot of the electron
temperaturdl, in the range (L < p < 0.8 by the ECE measurement and the- 1 magnetic
field deviation by the saddle loops. Also, tigfluctuation due to the bursting mode has been
observed. The dashed line indicates ¢he- 2 surface by the MSE measurement. As shown
in Figure 4(a), thel, fluctuation due to the bursting mode does not behave like a tearing mode
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Fig. 3: (a) Amplitude of n= 1 bursting mode with the mode frequency angd dission. Vertical linens describe
the ELM timings. (b) q-profile at+ 5.90s
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with a magnetic island. Rather, it is a global structure and spreads with the peak greuid
surface.

The initial mode frequency of
this bursting mode igpyrst >~ 4 kHz.
The mode frequency repeats to chirp 034
down as the amplitude was mcreaSJ\ 0.41
ing. The bursting mode rotates in the‘- 018
co-direction toroidally and in the ion
diamagneti(mik direction poloidally.
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and in the ion diamagnetie, di- Time[sec]

rection poloidally. This means thahg 4: (a) Contour plot of T by ECE measurement. Dashed line
the mode frequency can be indepeBnows the g= 2 surface by MSE measurement. (b)=n1 mag-
dent of the toroidal rotation. At thenetic derivation by saddle loops. Different colors correspond to the

present, it is not clear but the rotatiopaddle loops at the different toroidal locations.

frequency is also similar to the precession frequengyof the trapped particle from the per-
pendicular neutral beams with the beam endfgy~ 90keV, thus,fpr = wpr/(27) >~ 4kHz

at theq = 2 surface. While the toroidal rotation and the ion diamagnetic drift frequency at the
q = 2 surface arefior ~ 1 kHz andf] = ! /(27) ~ 1kHz, respectively

This mode is similar to waveform of the so-called fishbone mode associated withraa:
1/1 internal kink. However, as shown in Fig. 3(b), the center of safety fapt® not close to
unity. This means that this bursting mode is obviously different froomgn = 1/1 fishbone
instability because am/n = 1/1 internal kink is fairly stable at this equilibrium. On the
other hand, since the higBy is exceedinggl® 3", the RWM is thought to be marginal. We
speculate that this bursting mode is the mode that is destabilized by a resonance between a
marginal RWM and a precession motion of energetic particles. To investigate the dependence
of the beam pressure of the trapped energetic particles on the bursting mode stability, the NB
power of the perpendicular units was scanned with keepingn consequence, the amplitude
of the bursting mode is tend to reduce as the perpendicular NB power is reducing. Moreover,
the growth time of the bursting mode is of order of the resistive wall time sgal&hus, this
suggests that the bursting mode is one of the energetic particle driven modes (EPMs) and the
results of a kinetic contribution of energetic particles to the RWM, that is, this can be called as
"kinetic-RWM”.

3-2. Observation of slowly growing mode

We have sometimes observedraa: 1 slowly growing mode just before the RWM onset as
a RWM precursor in the rangéy > ﬁ,r\‘lo""’a”. This mode independently appears or is triggered
by the bursting mode. As shown in Fig. 5, tBg was not degraded during the slowly growing
mode. This means that this mode does not directory affect the plasma confinement. Finally,
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Fig. 5: Waveforms of example discharge with a slowly growing mode: (a) temporal evolutiignasfd dgy /dt,

(b) n = 1 magnetic deviation by saddle loops and (g)&mission. (d) q and (e) toroidal rotation profiles with the
precursor frequency.

this mode can induce the RWM onset, in turn, it leads to disruption. This mode has a growth
time 7y = 10 ~ 50 ms that is longer than these of the RWH\ (the resistive wall time) and

the ideal modea (the Alfvéntime), and the real frequency corresponds to the plasma rotation
at theq = 2 surface. Meanwhile, this growth time is similar to the growth time of the tearing
mode vy ~ r§/5f,§/5 ~ 50ms. However, the poloidal mode structure is similar to those
of the above-mentioned = 1 bursting mode, that is, a kink-ballooning mode-like structure,
of which dominant poloidal componentm = 3 ~ 4 by the magnetic probes at the wall.

By the ECE measurement, the precursor

does not have any island structures at the 100 ——
q = 2 surface. And rather, the ampli- 80 [
tude atqg = 2 surface seems to be dom- _
inant. These means that the radial struc-
ture is globally spread. For these reasonsg’ 40 [
the precursor is identified as neither NTM £
nor TM. The reason why this mode can=
induce the RWM onset is that this mode 0L
can reduce the rotation spe&g and the
rotational shear 4 /dr around theg = 2 -
surface as shown in Fig.5(e). The plasma 40 [ N .
rotation inside they = 2 surface was de- 100 0  -100 -200 -300 -400
creasing as the mode was growing, while dVt/dr [x1 03/3]

those outside thg = 2 surface was al- _ o _

most kept. Figure 6 shows the trajectorit?@' 6: Trajectories in the rotation speef{ \"/ersus the rota-
) ) ional sheardV;/drat the q= 2 surface. "X"s stand for the
in the rotation speed/; versus the rota- gywm onsets.

tional shear ¥;/dr at theq = 2 surface

60 |
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during the slowly growing mode. The mark "X"s stand for the RWM onsets. The shadowed
region indicates plasma rotation required for the RWM stabilization [2, 3]. Thus, it is predicted
that the RWM becomes unstable if trajectory comes into this region. The line with full cir-
cles represents the trajectory of the above-mentioned discharge (E048052). On this trajectory,
although the rotation speed was almost maintained, the rotational shear was monotonically de-
creasing. When the rotational shear was close to zero, the RWM was destabilized despite the
enough rotation speed for the RWM stabilization. Note that, on some discharges, the above
trajectories are getting across the shadowed region. This result suggests that the rotational shear
around the rational surface is important to determine the RWM stability as well as the rotation
speed. At the present, this precursor is thought to be essentially the same mode as the RWM
and appears at the RWM stability boundary. The possible explanation for this slow growth time
is that the kinetic effect of the trapped particle [5]. This effect is expected under the condi-
tion where the toroidal rotation is less than the ion diamagnetic frequency, fthus; fj<. As
mentioned above, on these plasma, the plasma rotation is comparable to the ion diamagnetic
frequency.

4. Plasma rotation braking due to RWM

The dynamics of the RWM in the growing phase is important because plasma rotation brak-
ing by the RWM itself could produce positive feedback for the RWM destabilizing. We have
successfully measured the time evolution of plasma rotation profile in the RWM growing phase
by using the fast CXRS that has the time resolution up to 2ms. Figure7 shows an example
discharge where the magnetic braking due to the RWM occurred. On this discharge, the RWM
was triggered by an ELM and then the RWM was growing with the resistive walltjnélote
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Fig. 7: Waveforms of example discharge where the RWM magnetic braking was observed: Temporal evolutions
of (a) ion temperatures, (b) toroidal rotations, (c)=a 1 magnetic deviation and (d) Pemission. Profiles during
magnetic braking: (e) toroidal rotation and (f) toroidal acceleration.
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that the growth time on this discharge is a factor 2 larger tharFinally, the radial magnetic
amplitude was reached to 10 Gauss at the wall. Figure 7(a) and (b) show the time evolution
of the ion temperature and the toroidal rotation. The rotation was gradually decreasing as the
RWM growing for 30 ms, while the ion temperature was almost constant.

Figure 7(e) and (f) show the changes
of the rotation and the acceleratioN;ddt 2
profiles during the RWM growing. The
plasma rotation began to be globally de- T e | 4
celerated due to the RWM. In particular,
the plasma rotation insidg = 2 surface ?
was mainly reduced as the RWM ampli- % 1T,
tude increases. As shown in Fig. 7(f), the
acceleration profiles, where the minus sign
means deceleration, initially have a peak
justinside they = 2 surface. As the RWM
was growing, the deceleration peak moved — Ql—m==s
from there to further inside region. Note 00 02 04 06 08 10
that since the torque input by NBs was r/<a>
kept constant during the RWM growing',:ig- 8: n = 1 radial displacements as eigen-function with
the drag estimated from the time derivati\}éo'wa” by MARG2D and g-profile by MSE measurement.
of the rotation profile §;/dt is valid. Ac-
cording to the MARG2D code, on this discharge the- 1 kink-ballooning mode is unstable
with no-wall. Figure 8 shows the radial displacements as eigen-function of this unstable mode.
This eigen-function has the dominant= 2 component, of which amplitude peak is just inside
theq = 2 surface. It should be noted that the qualitative estimation by using the ideal MHD
stability analysis is valid despite the observed mode is the RWM. The observed results show
that the radial mode structure can decide the location where the drag force affect.

5. Summary

The dynamics and stability of the RWM are investigated in the JT-60U Righasmas,
and the sustainment of higby plasmas abové,QO'Wa” has been demonstrated using a plasma
rotation. We have successfully sustainggd ~ 3.0 for ~ 1s orpy ~ 2.8 for ~ 5s by the
plasma rotation. In the higfix plasmas, some MHD instabilities that can induce the disruption
have been observed. In particular= 1 bursting mode and slowly growing mode as a RWM
precursor have been observeBgt > ,8,(‘,0""’6‘". The bursting mode, which has the growth and
decay time with similar,,, can sometimes trigger the RWM or change to the slowly growing
mode. The observed results show that the bursting mode is thought to be the results the results
of a kinetic contribution of energetic particles to the RWM. The slowly growing mode, which
has a longer growth time thar, and but does not has any islands around rational surfaces,
can induce the rotational shear damping. The trajectories betwWeand dv;/dr shows that
both the rotational shear is also important as well as the rotation 3he®dhen the rotational
shear was close to zero, the RWM was destabilized despite the enough rotation speed for the
RWM stabilization. This result suggests that the rotational shear around the rational surface is
important to determine the RWM stability as well as the rotation speed. Moreover, the plasma
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rotation braking owing to the RWM have been observed. It is found that the RWM distortion
can clearly induce the plasma rotation braking insideghe 2 surface. These results show
that the dynamics relating the RWM has a large variety and the RWM stability thought to be
determined by not only the plasma rotation but also the kinetic effect and rotational shear.
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