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Rotational Stabilization of Resistive Wall Mode on JT-60U∗)
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We have carried out experiments to clarify the stabilizing effect of a plasma rotation on the resistive wall
mode (RWM) that could limit the achievable-βN in high-βN plasmas above the no-wall ideal βN-limit. On JT-60U
plasma rotations are controlled using neutral beams with varying combinations of net torque input while keeping
βN constant. The RWM is destabilized as the plasma rotation is being reduced. Detailed measurements of the
mode structure revealed that the RWM has a global structure that rotates with the order of the resistive wall time.
In these experiments, it is found that the critical toroidal rotation speed for the RWM stabilization is less than
1% of the Alfvén speed. Moreover, the critical rotation does not strongly depend on βN. The results suggest that
high-βN operation up to the ideal wall βN-limit could be possible by suppressing the RWM with a slow plasma
rotation in fusion reactors.
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1. Introduction
For a future fusion reactor, a steady-state high-β

plasma is necessary for it to be economical because the
high-β means the high fusion output Pfus, which is defined
as [1] Pfus ∝ 〈p〉2 ∝ β2

NI2
p B2

t ; where βN is the plasma
pressure normalized by the device parameters of Ip and
Bt; βN = βt/(Ip/aBt) ∝ 〈p〉 /(IpBt). Here, 〈p〉, βt, Ip, Bt

and a are the volume-averaged plasma pressure, toroidal-β,
plasma current, toroidal magnetic field and plasma minor
radius, respectively. From the definition of βN operation in
the high-βN region means high fusion output even with a
compact device, that is, the device could be said to be eco-
nomically efficient. However, the achievable-βN is limited
by ideal MHD instabilities. In such high-βN plasmas ideal
kink-ballooning modes that are driven by both the pressure
gradient ∇p(r) and the plasma current j(r) can limit the
achievable-βN. The ideal MHD theory provides for two
limits that are determined by the boundary conditions in
the vacuum region surrounded the plasma. The lower limit
is the no-wall ideal β-limit (βfree

N ) that corresponds to the
case with a free boundary. The upper limit is the ideal-wall
ideal β-limit (βideal

N ) that corresponds to the case with the
conducting wall close to the plasma, and the conducting
wall has perfect conductivity. In general βideal

N is larger than
βfree

N , and hence the ideal-wall can improve the MHD sta-
bility. Namely, the region between βfree

N and βideal
N becomes

available with an ideal-wall, which can be called the “wall-
stabilized high-βN region.” Meanwhile, because on real-
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istic devices the conducting wall has finite resistivity the
stabilizing effect is lost due to the wall resistivity [2]. This
results in additional instability originating from the wall
resistivity, that is, the resistive wall mode (RWM). The
RWM is destabilized in the region βfree

N ≤ βN ≤ βideal
N with

a characteristic growth time that corresponds to the skin
time of the resistive wall τw (resistive wall time). Namely,
the growth rate and the mode rotation frequency slow down
to the order of τ−1

w . The RWM is predicted to have a global
eigen-function similar to that of the ideal mode. The fact
that the RWM could limit achievable-βN in realistic de-
vices makes RWM stabilization a critical issue in achieving
steady-state high-βN operations in ITER and fusion reac-
tors.

Bondeson and Ward predicted that the plasma rotation
could stabilize the RWM [3]. In their numerical results the
plasma dissipation could couple with the RWM stability
via the plasma rotation, and the rotation larger than sev-
eral percent of the Alfvén speed is required for the RWM
stabilization. Several models have been proposed for the
rotational stabilization of the RWM [4–7]. If the plasma
rotation is to be effective in stabilizing the RWM the re-
quired plasma rotation, hereafter referred to as the critical
rotation, should be quantitatively validated and experimen-
tally identified because the plasma rotation in ITER and fu-
sion reactors is predicted to be less than 1% of the Alfvén
speed [8].

For this reason we have carried out the high-βN ex-
periments on JT-60U in order to investigate the critical ro-
tation required for the RWM stabilization [11, 12]. Previ-
ously, the RWMs were observed in the reversed shear plas-
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mas where βfree
N was lower than that in the positive shear

plasmas on JT-60U [9]. The resistive wall location effect
has also been investigated in the ohmic discharges where
the current-driven RWMs are destabilized by decreasing
the surface-q below a low integer value [10]. In studying
the plasma rotation effect JT-60U has the advantage that
the plasma toroidal rotation can be widely controlled us-
ing neutral beams (NBs) with varying combination of net
torque input. The NBs in JT-60U are composed of co-
and counter-tangential and perpendicular injections (See
Sec. 2.1). Utilizing the NB system the plasma rotation was
changed at a constant βN in order to evaluate the plasma
rotation effect only. Hereafter plasma rotation will be used
to denote “toroidal” plasma rotation. This paper provides
detailed results of high-βN experiments that focused on the
rotational stabilization of RWM.

2. High-βN Experiments on JT-60U
2.1 Neutral beam injection system

In order to investigate the critical rotation needed for
RWM stabilization the plasma rotation was controlled us-
ing neutral beam (NB) injections in JT-60U. As shown in
Fig. 1, the JT-60U has various types of NBs [13,14]. There
are 11 positive ion based NBs (P-NBs) with an energy
of ∼85 keV. The P-NBs consist of 4 tangential (TANG-
NBs) and 7 perpendicular NBs (PERP-NBs). The TANG-
NBs contain 2 co-tangential (in the direction of Ip) and 2
counter-tangential (in the opposite direction of Ip) injec-
tions. The power of all the P-NBs is ∼2 MW. In addition,
there are 2 negative ion based NBs (N-NBs) with an en-
ergy of ∼350 keV. Note that the momentum input from the

Fig. 1 Top view of the JT-60U torus with NB heating system.
PERP and TANG stand for perpendicular and tangential-
NBs; N-NB is negative ion based NB.

N-NBs is less than that from the P-NBs because the N-NB
beam current is less instead of the high beam energy. These
NBs enables both the direction and profile of a plasma ro-
tation to be controlled while keeping βN by stored energy
feedback control.

2.2 Ferritic steel tiles and resistive wall
Before the 2006 experimental campaign, ferritic steel

tiles were installed inside the JT-60U vacuum vessel to re-
duce a toroidal magnetic field ripple that could enhance
fast ion ripple loss [15]. For example, the toroidal mag-
netic field ripple can be reduced from 1.5% to 1.0% at
Bt = 1.6 T. That reduction improves the absorbed NB
power by about 35% with large volume plasmas close to
the wall. High-βN experiments can take place with the
plasma close to the wall for wall stabilization with suffi-
cient heating power. Figure 2 gives the poloidal cross sec-
tion of JT-60U with a plasma and the ferritic steel tiles.
The ferritic steel tiles cover the inside of the outboard vac-
uum vessel where the toroidal ripple is large. In the ex-
periments the plasma was moved close to the outer wall
by up to d/a 
 1.2, where d is the wall radius. As men-
tioned above, a RWM is characterized by the resistive wall
time τw defined as τw = μ0dδ/ηw, where ηw and δ are the
wall resistivity and thickness of the resistive wall. The JT-
60U vacuum vessel consists of double layers of Inconel
625 whose thickness is 6.1 mm [16]. The resistivity of In-
conel is about 1 × 10−6Ωm, which corresponds to a resis-
tive wall time of τw ∼ 10 ms. The eddy current on the fer-
ritic steel tiles is thought to be negligible compared with

Fig. 2 Poloidal cross section of JT-60U with a plasma and the
ferritic steel tiles. The ferritic steel tiles cover the inside
of the outboard vacuum vessel. The red line indicates the
separatrix.
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Inconel vessel because the clearance between the tiles is
about 1 cm and each tile has several 2 mm slits to avoid
any large eddy currents, and hence with regard to low-n
MHD stability it is reasonable to expect that the Inconel
vessel only determines the wall effect.

2.3 Experimental results
For the purpose of identifying of the critical rota-

tion needed for RWM stabilization high-βN experiments
were carried out with the plasma close to the outer wall
at d/a 
 1.2. As mentioned above, since the ferritic steel
tiles improve the NB absorption power, it is possible to
access the high-βN region above βfree

N where the wall sta-
bilization is expected. Figure 3 gives the waveforms of
a high-βN discharge where Ip and Bt were 0.9 MA and
1.57 T, respectively. In this discharge, in order to access
the high-βN above βfree

N , sufficient momentum input from
the TANG-NBs was used to rotate the plasma. The plasma
rotations measured using charge exchange recombination

Fig. 3 Waveforms of high-βN experiment: (a) Plasma current,
PERP-NB and N-NB injection power, (b) counter- and
(c) co-TANG-NB power, (d) plasma rotation frequency
at q = 2 and 3, (e) βN with 3 li ∼ βfree

N , (f) n = 1 integrated
magnetic perturbation.

spectroscopy (CXRS) [17], described here as the angular
frequency fφ, were larger than 2 kHz at both the q = 2
and q = 3 surfaces (Fig. 3 (d)). Continuous NB injection
was used to achieve βN reaching about 2.8 (Fig. 3 (e)). At
t = 6.0 s one of the counter-NBs was switched to co-NB
in order to change only the plasma rotation but not βN

(Figs. 3 (b) and (c)). In addition, in order to keep βN con-
stant, a stored energy feedback control, which is used to
control a number of the PERP-NBs, was applied after t =
5.9 s. The plasma rotation then slowly decelerated, and fi-
nally a strong β-collapse occurred at t = 6.23 s (Fig. 3 (e)).
Before the NB switching took place at t = 6.0 s, the plasma
rotation already began to decelerate. The deceleration is
due to the reduced number of PERP-NBs by the stored en-
ergy feedback control because the PERP-NBs can drive a
contour plasma rotation due to fast ion ripple loss. Ideal
MHD stability analysis using MARG2D [18] revealed βfree

N
to be estimated to be 2.3, that is, ∼ 3 li [19]. The achieved-
βN 
 2.8 exceeded βfree

N (Fig. 3 (e)). High-βN above βfree
N

was therefore achieved for the time duration of 0.5 s. At
t = 6.21 s the n = 1 instability was growing (Fig. 3 (f)).
That instability then finally induced a strong β-collapse.

Figure 4 shows enlarged waveforms in Fig. 3. Just be-

Fig. 4 Expanded waveforms of high-βN (Fig. 3) and high-βp dis-
charges just before collapse (disruption): (a) time evolu-
tion of βN and Dα emission, (b) n = 1 integrated magnetic
perturbation with the poloidal cross section. cf. (c) and
(d) give the high-βp discharge with d/a 
 1.7.
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fore the β-collapse an n = 1 magnetic perturbation was
gradually growing. The growth time of the instability was
about 10 ms, which is comparable with the resistive wall
time τw of JT-60U. During that growth phase the confine-
ment degraded with the same time scale as the instabil-
ity shown in Fig. 4 (a). Since this instability directly af-
fects the energy confinement it suggests that the instability
has a global mode structure. The results indicate that the
observed instability is an n = 1 RWM. For the sake of
comparison, the instability observed in the high poloidal-β
(βp) discharge with Ip/Bt = 1.5 MA/3.57 T is provided in
Figs. 4 (c) and (d). The time ranges with both the plots is
150 ms. Note that a high-βp discharge is associated with
a large internal transport barrier (ITB), and thus a fairly
steep pressure gradient exits. In this discharge the plasma
was positioned far from the wall with d/a 
 1.7. The dis-
charge was terminated by a disruption that occurred due to
an n = 1 instability. The growth time of the observed in-
stability was less than 1 ms, which is much shorter than the
RWM growth time. It is considered that wall stabilization
with d/a 
 1.7 is less effective than with d/a 
 1.2. The
instability is thought to be an ideal kink-ballooning mode
that becomes unstable as βN reaches βfree

N [20]. However,
it is difficult to clearly identify the instability with a large
plasma-wall separation because a RWM root continuously
connects to the ideal kink-ballooning mode [6].

In the βN constant phase, ion temperature Ti around
the q = 2 and q = 3 surfaces basically remained un-

Fig. 5 Comparison of poloidal and toroidal mode structures between n = 1 RWM (left) and m/n = 3/1 tearing mode (right). Upper
plots give the toroidal distributions of perturbed radial magnetic fields δBr; lower plots give the poloidal distribution of perturbed
poloidal magnetic fields δBθ. Arrows indicates the direction of the mode rotation. Toroidal angle is defined as the same direction
as Ip; poloidal angle is defined from the midplane at the LFS.

changed within an accuracy of |ΔTi/Ti| < 5%. Internal
inductance li slightly increased with Δ li/ li ≤ 5%, which
is due to j(r) penetration. These measurements indicate
that ∇p(r) and j(r) basically remained unchanged. It is
considered therefore that the RWM became unstable due
to the deceleration of the plasma rotation only. As shown
in Fig. 4, edge localized modes (ELMs) were continuously
observed. While the RWM was growing a final ELM was
observed at t = 6.22 s without any change in ELM fre-
quency. This then means that the RWM did not seem to
have affected the pedestal structure at first. Namely, the
RWM began to grow from the core region, thus suggesting
the eigen-function to be a large structure inside the plasma.

2.4 Mode structure of RWM
Figures 5 (a) and (b) give the contour plots of the per-

turbed magnetic field with the high-βN discharge where
the RWM was observed. These were measured using the
toroidally-distributed eight saddle loops and poloidally-
distributed magnetic probes. The upper plots provide the
toroidal distribution of the radial magnetic components
δBr. The lower plots provide the poloidal distribution
of the poloidal magnetic components δBθ. Both signals
are integrated, and the toroidal axisymmetric component
(n = 0) is removed from the upper one.

As seen in Fig. 5 (a) the RWM has a clear n = 1
toroidal mode structure. Meanwhile, Fig. 5 (b) reveals that
the poloidal structure is not uniform. Namely, the ampli-
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tude at the low field side (LFS: bad curvature) is larger
than that at the high field side (HFS: good curvature).
Here, the poloidal angle is defined from the midplane at
the LFS; the divertor region corresponds to around −π/2.
In Fig. 5 (b), although the poloidal structure seems to have
two periods (m = 2), the wave length (angle) is not π, and
is rather shorter. The dominant poloidal mode number is
therefore considered to be m ≥ 3, and the poloidally non-
uniform structure is attributed to the multi poloidal com-
ponents. This is consistent with the result calculated us-
ing MARG2D (See Sec. 2.5). In addition, the RWM was
slowly rotating in the co-direction with a mode frequency
of ∼20 Hz. Since the RWM is a wall-trapped mode, a fre-
quency of zero could be predicted if there was no plasma
rotation. With a plasma rotation, the RWM is theoreti-
cally predicted to have a slow rotation comparable to an
order of τ−1

w [3]. Actually, the observed RWM rotated in
the co-direction to Ip. The direction was thought to be fol-
lowed by the direction of the plasma rotation at the q = 2
surface. For comparison, the magnetic structures of an
m/n = 3/1 tearing mode observed in the ohmic discharge
are provided on the right-hand side of Fig. 5. In this dis-
charge the m/n = 3/1 tearing mode was destabilized only
by the plasma current. Since the tearing mode was com-
posed of a single poloidal component the poloidal structure
is almost uniform. The mode frequency was about 300 Hz
in the counter-direction of Ip. In this discharge, since no
NB was injected, the mode frequency was considered to
be followed by a spontaneous plasma rotation at the q = 3
surface that was determined by the transport.

Figure 6 gives the time evolution of the ion temper-
ature Ti profiles during the growth of the RWM. As the

Fig. 6 Time evolution of ion temperature profiles during n = 1
RWM growth measured using CXRS.

RWM grew, Ti inside the q = 2 surface was gradually
dropping, and finally the Ti profile globally lost. This
then means that the RWM has a radially extended eigen-
function that is also consistent with the MARG2D results
(See Sec. 2.5).

2.5 MHD stability analysis
MARG2D code [18], which is the liner MHD stability

analysis code, was used to estimate the MHD stability with
and without a conducting wall near the plasma. Note that
MARG2D is based on ideal MHD analysis, not including
the effect of the resistive wall and the plasma rotation. Fig-
ure 7 (a) provides a stability diagram of critical-βN versus
the wall location d/a. Here, d/a = ∞ corresponds to the
case of no-wall. Decreasing d/a improves the ideal-wall
limit, thus, expanding the region between βfree

N and βideal
N .

In the region βfree
N ≤ βN ≤ βideal

N the ideal kink-ballooning
mode is stabilized by an ideal-wall, and thus is a wall-

Fig. 7 MARG2D results: (a) Stability diagram of βN vs wall
location d/a, (b) eigen-function of ideal kink-ballooning
mode with an ideal-wall.
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stabilized high-βN region. The open circle in Fig. 7 (a) de-
scribes the corresponding point in this experiment where
the RWM was observed. In the experiment the plasma was
stable with an ideal-wall but unstable without a wall. As
mentioned above, since RWM was predicted to be unstable
in the region βfree

N ≤ βN ≤ βideal
N , that observation is consis-

tent with the prediction. The eigen-function of the ideal
mode with an ideal-wall is provided in Fig. 7 (b) as the ra-
dial displacement. Note that the eigen-function is shown
as rξr, allowing the 2D effect to be understood, thus, the
mode expanse in the poloidal direction. From the calcu-
lated eigen-function, it is predicted that the driving at the
q = 2 surface is dominant. In such a high-βN plasma, both
∇p(r) and j(r) determine the MHD stability. The internal
components m = 1, 2, 3 are driven by ∇p(r) and the exter-
nal components m ≥ 4 are driven by j(r). Since the overall
structure is localized at the low field side (LFS), this mode
can induce an eddy current at the outer wall, suggesting
that the stabilizing effect of the outer wall is larger than the
inner one. At the moment, it is thought that the estimated
eigen-function qualitatively agrees with that of the resistive
wall, except near the wall region, and although the analysis
does not take into account wall resistivity.

2.6 Plasma rotation profiles
In this experiment the RWM was observed as the

plasma rotation was being reduced while keeping βN con-
stant by the stored energy feedback control. This means
that the plasma rotation is considered to be capable of
changing the stability of RWM from stable to unstable.
Figure 8 gives the time evolution of the plasma rotation
profiles measured using CXRS and with the q-profile mea-
sured using motional stark effect (MSE) spectroscopy [21].
After switching from counter-NB to co-NB the rotation
profiles decelerated around the q = 2 surface. In partic-
ular, since the eigen-function estimated using MARG2D
has a dominant component for m = 2 compared with the
other poloidal components, the plasma rotation at q = 2
surface was thought to be effective in the stabilizing of the
RWM. At the RWM onset the plasma rotation at q = 2 was
around 0.5 kHz. This plasma rotation is considered to be
the critical plasma rotation for RWM stabilization.

2.7 Cβ vs plasma rotation diagram
It is found that the critical plasma rotation for RWM

stabilization is much less than 1% of the Alfvén speed at
the q = 2 surface. To clarify the dependence of the critical
rotation on βN, the target value used in the stored energy
feedback control was systematically changed from shot to
shot. Figure 9 provides the results obtained from the βN-
target scan as a Cβ versus fφ diagram, where Cβ is de-
fined as Cβ = (βN − βfree

N )/(βideal
N − βfree

N ). Namely Cβ = 0
and 1 correspond to the no-wall (βN = β

free
N ) and ideal-

wall (βN = β
ideal
N ) limits, respectively. The axes gives the

plasma rotation frequency fφ and its corresponding nor-

Fig. 8 (a) Time evolution of plasma rotation profiles after
switching counter- to co-TANG-NBs until RWM onset
and (b) q-profile at t = 6.2 s.

Fig. 9 Dependence of critical plasma rotation with RWM stabi-
lization on Cβ. Circles indicate the RWM onsets. The
axes plot plasma rotation frequency fφ and that normal-
ized using the Alfvén time fφτA at the q = 2 surface. The
red curve corresponds to the discharge in Fig. 3.
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malized value over the Alfvén time τA defined as 2πR/VA,
where R and VA are the major radius and the Alfvén speed,
respectively.

Each trajectory corresponds to the time evolution of a
single discharge, with the open circles revealing the onset
of the RWM. In these discharges the plasma rotation was
first accelerated in order to raise βN. When βN reached
the target value of βN the plasma rotation was reduced
by switching the TANG-NBs as mentioned above. The
RWMs were triggered when the plasma rotation became
the critical value. The boundary in the diagram reveals the
dependence of the critical rotation. The dependence on Cβ
is not strong, indicating that accessing βideal

N could be pos-
sible even with the slow plasma rotation ∼ 0.3% of VA.
The results indicate that high-βN operation up to βideal

N will
be possible in ITER and a fusion reactor where the plasma
rotation is predicted to be slower than 1% of the Alfvén
speed.

3. Summary
We have carried out the experiments in order to in-

vestigate the rotational stabilization of the RWM in the JT-
60U tokamak. The plasma rotation was controlled using
a combination of TANG-NBs while keeping βN constant
using the stored energy feedback control. During the βN

constant phase the plasma rotation was only decelerated,
and then an instability whose growth time was about 10 ms
appeared. The slow growth time was equivalent to the re-
sistive wall time of JT-60U. Compared with the instability
observed in a high-βp plasma with d/a 
 1.7 the growth
time in a high-βN plasma with d/a 
 1.2 was clearly
slower. MARG2D analysis revealed that the achieved-
βN where the instability was observed would exceed βfree

N .
From these results, the instability is identified as the RWM.
Detailed measurement of the mode structure revealed that
the RWM to have a clear n = 1 toroidal mode structure.
Meanwhile, the poloidal mode structure was non-uniform,
and thus the amplitude at the LFS was much larger than
that at HFS. Namely, the RWM has a ballooning struc-
ture poloidally. This point completely differs from that of
an instability such as the tearing mode, which only has a
single poloidal component. The Ti-profiles measured us-
ing CXRS during the growth of the RWM reveal that the
RWM to have a radially global mode structure. In addi-
tion, the RWM was slowly rotating with about τ−1

w . The
direction of the mode rotation was found to follow the di-
rection of the plasma rotation at the q = 2 surface, which is
also consistent with the MARG2D analysis and theoretical
predictions. At the onset of the RWM the plasma rotation

at the q = 2 surface was less than 1 kHz, corresponding
to about 0.3% of the Alfvén speed. Moreover, the depen-
dence of the critical rotation on βN was investigated by
changing the target value of the stored energy feedback
control. This resulted in the obtained dependence not being
strong against Cβ, which then means that a high-βN oper-
ation up to βideal

N is possible in ITER and fusion reactors
where a fast rotation can no longer be expected. It should
be noted that experimental results obtained on DIII-D also
suggest the slow critical rotation for the RWM stabiliza-
tion [22–24]. On DIII-D high-βN experiments took place
by using balanced-NB injections based on a co-plasma ro-
tation. Theoretically the kinetic effect would be considered
to play an important role in a slow critical rotation [25,26].
Based on the experimental results, the further research on
the rotational stabilization of the RWM is required from
both the theoretical and experimental points of view.
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