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Abstract.  The high beta plasma of βN~4.2 (>4li) exceeding no wall limit has been obtained with wall 
stabilizing effect and reached to ideal wall limit.  The critical rotation for stabilizing resistive wall 
mode (RWM) was investigated by controling toroidal plasma rotation by changing the combination of 
tangential NBs without magnetic braking.  The observed critical rotation is Vt/VA~0.2% and was much 
smaller than previous experimental results with magnetic braking.  After ferritic steel tiles installation 
as first wall, the net NB power increased by ~30% for the large plasma placed enough close to the first 
wall to stabilize the RWM.  We can raise the beta and control of toroidal plasma rotation for large 
volume plasma due to increase of the net NB power.  Wall stabilization effects were observed by 
changing the clearance between plasma surface and the first wall.

 

1. Introduction 

To realize the economical fusion reactor the stabilization of the low n kink-ballooning mode is 
necessary because the critical beta of the mode is low for the steady state plasma with high 
bootstrap current fraction.  Kink-ballooning mode can be stabilized by conducting wall [1].  
However the stabilized mode, so called RWM, has the slow growth time equivalent to the 
time constant of the wall.  The RWM can be suppressed by the plasma rotation and the 
active magnetic feedback control.  The suppression of RWM by the active feedback control 
was successfully performed in DIII-D plasmas 
with large plasma rotation [2].  However, it is 
considered that the reactor such as ITER rotates 
hardly at all. Therefore, it is very important to 
know the characteristics of RWM in the plasma 
with fairly small rotation.  The experiments for 
RWM physics has been performed in the several 
initial rotation.  

1. Installation of Ferritic Steel Tiles and Its 
Effects on RWM experiment.

Ferritic steel tiles (FSTs) are installed inside the 
JT-60U vacuum vessel to reduce the toroidal
field ripple. The FSTs are set in the low-field-side 
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Fig. 1 Achieved βN as a function of li red 
circle and blue diamonds show the data 
with and without FSTs
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(LFS) above the outer baffle plates under the TF coils in place of graphite tiles and cover 
~10% of the vacuum vessel surface. Before installing ferritic steel tiles, a few large plasmas 
reached to ideal beta limit, however it is difficult to exceed it due to lack of NB power.  
Monte-Carlo simulations considering fully 3-D magnetic field structure using the F3D OFMC 
code  indicate that total absorbed power increases by ~ 30% at BT < 2 T for the large volume 
configuration close to the wall, which had so far suffered from the large toroidal field ripple.  
Thanks to increase of NBs deposition power, We successfully achieved high βN~4.2 exceeding 
ideal limit at li<1.2 and Vp>70m3 (βN~3.4 w/o FST)  Increase net power of ~3.5 MW 
corresponding to 2 tangential beams.  It means we can change rotation by one-way tangential 
NB injection for high beta plasmas.

2. Hicg Beta RWM Experiment and MHD stability

Previous RWM experiment was performed on 
reversed shear plasmas [2].  To increase the 
achieved beta, we employed the weak shear 
plasmas.  The experiment for RWM has been 
mainly performed on the plasma with the 
clearance between plasma surface and first wall 
at low field mid-plane of 20 cm, which is 
equivalent to the ratio of diameter of first wall to 
plasma of ~1.2 (fig. 2).  The PNB of ~20 MW 
and the NNB of ~3MW were injected 
simultaneously into the plasma of Ip=0.9MA/ 
and Bt= 1.58T.  The plasma had ITB at r/a<~0.4 
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Fig. 2 Poloidal cross-section of the plasma 
for RWM experiment.
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Fig. 4 Toroidal rotation scan for RWM 
experiment by changing combination of 
tangential NBIs.
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Fig. 3 Profile of safety factor (a), ion 
temperature, electron temperature and 
electron density (b) at maximum βN~3.8.    
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and good pedestal after H mode transition as 
shown in Fig 3 (b). The q-profile was week shear 
and qmin~1.1 and q95~3.5 as shown in Fig. 3 (a).  
JT-60U has the NBIs with various directions, 
such as two co tangential, two counter tangential 
and seven perpendicular positive NBIs (PNBI).  
In JT-60U, the net NBI power increases for the 
large volume plasma due to reduction of ripple 
loss of energetic particles after installation of 
ferric steel tiles as the first wall.  Therefore, we 
can perform the high beta (βN>3.5) experiment 
without some tangential PNBs in order to change 
the plasma rotation as shown in Fig. 3. Achieved 
beta was highest for co-rotation plasma and 
lower for counter rotation plasma as shown in 
Fig. 5.  The injected NBs were  2 units of co-
NBs, 2 co + 0.5 ctr NBs and 1 co + 2 ctr NBs 
for E45480, E45481 and E45475, respectively.  
Injected perpendicular NBs were almost same, 
therefore injection NB power is smallest for co-
rotation plasma (E45480) and largest for ctr-
rotation plasma (E45474).  However increasing 
rate of beta is highest for co-rotation and lowest 
for ctr-rotation.  It means the confinement is 
best for co-rotation and worst for ctr-rotation.  
Achieved beta is restricted by the m=1 MHD 
instability as shown in Fig .6.  The main 
poloidal mode number from magnetic probes 
was m=3.  The mode has a ballooning structure. 
The mode amplitude increases with growth time 
of 1/γ~1 ms (Fig. 6 (a,b)).  The frequency of the 
mode of f~5 kHz is corresponding to 100 km/s. 
This mode frequency is suit to the rotation of 
inner region. The MHD instability has been 
investigated by MARG2D code.  The kink-
balooning mode is unstable without first wall for 
the discharge of which profile is shown in Fig. 3.  
The dominate poloidal component was m=1 due 
to low qmin~1.1 and internal transport barrier as 
shown in Fig. 7.   This mode structure is 
consistent with the observed mode frequency of 
f~5 kHz and toroidal rotation Vt~100 kHz.  The 
no-wall beta limit is βN~3.1 and ideal wall limit is 
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Fig. 7 Displacement of the MHD 
instability calculated by MARG2D code 

Fig. 5 Temporal evolution of βN and B. for 
co-direction of E45480 (a), no-rotation of 
E45481 and no-rotation of E45475.  
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Fig. 6 (a) Temporal evolution of  βN and B 
(b) Expanded plot from t=6.64s to 6.66 of B 
sown in (a). The frequency of the mode is 5 
kHz and growth time is 1/γ~1 ms. 
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βN~3.9 for the plasma with d/a=1.2 as shown 
in Figure 8.  Therefore the beta of the plasma 
has reached to ideal wall as shown in Fig. 6.  
The growth time of the n=1 mode 1/γ~1 ms is 
much faster than the skin time of the first wall 
of ~10 ms.  This also indicate that the plasma  
reaches to the ideal wall limit.  The acheivable 
beta is decrease as confinement decrease as 
shown in Fig. 5.  This dominate fourier 
component of the mode is m=1 and critical 
beta decrease in the region qmin<1.1 as shown in 
Fig.9.  The bootstrap current fraction of these 
plasma was ~0.5 and was large at inner region 
of r/a~0.2-0.5 and peripheral region due to ITB 
and ETB.  It is seemed that better confinement 
raise the ideal wall limit by increasing qmin 
because the large inner bootstrap current raise 
the qmin. The experimental minimum q for high 
beta case was qmin~1.08.  The critical beta is 
also affected by the peripheral plasma current.  
We have performed the small current rump 
down before NB injection to scrape the 
peripheral current.  By this procedure, we 
achieved highest beta βN~4.2.

3. RWM Experiment for critical rotation

For investigating the minimum toroidal plasma rotation to stabilize RWM, so-called "critical 
rotation", we have employed the weak reversed magnetic shear plasmas with Ip=0.9MA and 
Bt= 1.58T.  Internal inductance of this plasma 
was decreased to li~0.8 to decrease the no wall 
limit. To know the plasma rotation, the  
perpendicular NB #2 cannot be injected.  In 
Addition to this, to change the plasma rotation 
one or two tangential NBs of either direction 
should be terminated.  Therefore, acheivable 
beta is relatively lower than full NB injection 
case.  The clearance between plasma surface 
and first wall at low field mid-plane is δ0=20 
cm, which is equivalent to the ratio of diameter 
of first wall to plasma of ~1.2.  To decrease li 
and increase qmin, we injected preheating NBs 
during Ip ramping up as shown in Fig . 10(a).  

4 Topic: EX7-1Rb

2.2

2.4

2.6

2.8

3

3.2

1 1.05 1.1 1.15 1.2

β c

qmin
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Fig. 8 Critical beta as a function of d/a. 
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Fig. 10 The temporal evolution of plasma 
current and internal inductance (a) and 
stored energy and injection power of NBIs 
(b) of the plasma for the critical rotation 
experiment of RWM.
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After Ip ramping up, NBs without #2 and #10 were injected.  The large JT-60U plasma  
rotates counter direction during balance NB injection, because ExB drift is induced by ripple 
loss of energetic particles.   Therefore we terminated NB #8, which is one of the co-direction 
NBs, to rotate the plasma in the ctr-direction more. We kept enough counter rotation and 
started feed back control of stored energy from 5.8s as shown in Fig.10 (b).  The internal 
inductance li was kept constant after stored energy feed back had started and before collapse 
at t~6.7s as shown in Fig. 10 (a).  The safety factor is checked at similar discharge and is 
confirmed that the profile does not change as shown in Fig. 11.  The minimum safety factor is 
1.1<qmin<1.2 and q95~3.5.  Figure 12 (a) and (b) show the ion temperature and electron 
density,respectively.  Blue and red show those  at t=6.0s and t=6.7s, respectively.  The ion 
temperature decreased and electron density increased, however the pressure profile keeped 
constant around q=2, where the MHD stability is affect most, as shown in Fig. 12 (c). No 
change of both current profile and pressure profile means no change of MHD stability limit of 
Kink Ballooning mode.  The no wall beta limit and ideal wall beta limit have been calculated 
by MARG2D for this plasma are βN no-wall ~2.3 and βN ideal-wall ~3.05, respectively.  Figure 13 
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Fig. 11 Temporal evolution of q-profile. 

Fig. 12 Profiles of (a) Ion temperature, 
(b) electron temperature and the 
products of them at t=6.1s and 6.7s. 
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Fig. 13 Waveforms for critical rotation 
experiment.  (a) βN, (b) toroidal rotation at 
q=2, (c) n=1 magnetic fluctuation. Power 
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perpendicular NBs (f).
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shows the expanded wave form of Fig. 10. The 
plasma rotation is measured by newly installed 
charge exchange recombination spectroscopy 
CXRS.  The new CXRS can measure ion 
temperature and plasma rotation at 2 ms time 
resolution, while previous system can measure 
every 16.7ms.  In Fig, 13, red curve and blue 
curve show the wave form of shot E46710 and 
E46743, respectively.  1.5 unit of counter NB and 
1 unit of co NB were injected before t=6.1s.  βN of 
both discharge exceeded no wall limit at t~5.6s 
and was kept constant βN ~2.8 after feed back 
start as shown in Fig. 13 (a).  The value of βN ~2.8 
is corresponding to Cβ ~0.7, where Cβ =(βN - βN no-

wall) / (βN ideal-wall - βN no-wall).  For E46710, the counter 
NB #8 was stopped and co NB #10 started 
injection at t=6.1s as shown in Fig 13 (d) and (e).  
After NB #10 injection, toroidal velocity reached 
to Vt ~-15 km/s at q=2 and βN decreased and n=1 
RWM appeared. Temporal evolution of rotation 
profile for E46710 before disruption is shown in 
Fig. 14.  The rotation velocity at q=2 decreased 
rapidly after changing ctr NB to co NB in contrast 
to that at r/a<0.5 did not so change.  The error of 
rotation veracity is +-1.5 kHz around q=2 and is 
smaller than open circle.  The amplitude of n=1 
RWM increased with growth time 1/γ~10 ms and 
the ctr-rotation decreased to ~-15 kHz, finally 
disruption occured.  The growth time 1/γ~10 ms 
of the  n=1 mode is almost equal to the skin time of the first wall of ~10 ms.  For E46743, NB 
#8 was injected continuously.  The rotation at q=2 kept below -15 km/s and βN kept above no 
wall limit for ~1s.  After perp-NB stopped for stored energy feedback, the ctr-rotation 
decreased to ~-15 kHz.  and n=1 RWM occurred.  The amplitude of RWM was saturated and 
disruption did not occur because the ctr-rotation was kept ~-10 kHz and increased to ~-15 
kHz.  Finally the mode amplitude decreased after βN had gone below no wall beta limit and 
disruption did not occur. 

To investigate the effect of beta on critical rotation, we changed the constant βN.  
Figure 15 shows the trajectories of the Cβ versus toroidal rotation at q=2.  The trajectories 
start bottom center and go to upper left, because the beta and counter rotation were increased 
together.  After that, trajectories go to the right because after Cβ reached target value, NB was 
changed from counter NB to co NB.  Plasmas disrupted or collapsed at a certain rotation due 
to RWM destabilization.  The crosses denote the disruption/collapse points.  The lowest 
rotations to stabilize the RWM, that is critical rotation, are 5~20 kHz and it is corresponding 
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Fig. 14 Temporal evolution of rotation 
profile for E46710 before disruption. The 
error of rotation veracity is +-1.5 kHz at 
q=2 and is smaller than open circle. 
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to Vt/VA~0.1-0.4%.  This value is much smaller than the previous results of DIII-D and JET.  
It is important that the critical rotation does not increase as Cβ increase.

4. The effect of first wall on RWM stability.

To clarify the wall effect on RWM, we have employed the OH plasmas with Ip = 2.2 MA and 
Bt =  1.58 T with ramp rate of 0.5 MA/s [5].  To avoid the effect of pressure on MHD 
stability, the fairly low beta plasma without additional heating was used for this experiment.  
The n=1 modes were observed before collapse when the edge safety qeff is just below 3, where 
qeff was nearly equal to the safety factor of 97% of minor radius.  The modes are identified as 
RWM induced from m/n=3/1 kink mode because the growth time of 1/γ~10 ms of the n=1 
mode is almost equal to the current diffusion time of the first wall of ~10 ms and the poloidal 
mode number from Mirnov coils is 3.  The wall-plasma clearance has been changed as shown 
in Fig. 16.  The growth rate increase as the plasma is shifted far from first wall.  The 
experimentally obtained growth rate suits qualitatively to the value calculated with AEOLUS-
FT calculation as shown in Fig. 17.    

5. Conclusion and Summary

The high beta plasma of βN~4.2 (>5li) exceeding no wall limit was obtained with wall 
stabilizing effect and reached to ideal wall limit.  The critical rotation for stabilizing RWM has 
been investigated changing toroidal plasma rotation by changing the combination of tangential 
NBs without magnetic braking.  The observed critical rotation is Vt/VA~0.2% and is much 
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Fig. 16. Separatrixes of plasma-wall 
separation scan experiments. δH and δL are 
the separation at the high and low field 
side, respectively.

Fig. 17. Dependence of growth rates on wall 
position. Thick lines show a dispersion relation 
with τw = 5, 10, 20, 50, 100 and 200 ms. Dash 
lines are ones with an ideal wall and without a 
wall, respectively. The circles and diamonds are 
the growth rates of kink and tearing branches 
calculated by the AEOLUS-FT code in the τw = 10 
ms and qa ~ 2.9 case. The squares indicate the 
experimentally obtained growth rates.



smallest than previous report.  After ferritic steel tiles installation as first wall, the net NB 
power increased by ~30% for the large plasma of Vp~70m-3.  We can raise the beta and control 
of toroidal plasma rotation for large volume plasma due to increase of the net NB power. 
Experimentally obtained growth rates are consistent with RWM, wall stabilization effects 
were observed.
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