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✓ 2.5 MW/m3 achieved in TFTR! 

✓ Establishes basic “scientific feasibility”, 
but power out ~ power in.   

➡ Fusion self-heating, characteristic of a 
“burning plasma”, to be explored in ITER. 

★ Control instabilities, disruptions & 
transients still T.B.D. 

๏ Steady state, maintainability, high-
availability still T.B.D. 

๏ The technologies needed for net power 
still T.B.D. 

Fusion power development in the D-T campaigns of JET (full and dotted lines) 
and TFTR (dashed lines), in different regimes: 

(Ia) Hot-Ion Mode in limiter plasma; (Ib) Hot-ion H-Mode;

(II) Optimized shear; and (III) Steady-state ELMY-H Modes.

✭

✭
20 Years Ago: Significant Fusion Power Produced in the Lab
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ABSTRACT. The ‘outer mode’ is one of the MHD modes that limits the fusion performance of
the hot ion H mode discharges in JET. It has previously been proposed that the outer mode is a non-
linearly saturated external kink mode. This was based on the localization of the perturbation close to
the edge as observed in soft X ray (SXR), electron temperature and electron density measurements.
In addition, MHD stability calculations showed that the plasma edge is close to the ideal external
kink stability boundary at the time when the outer mode is observed. The SXR data of the outer
mode are compared with predictions based on the mode structure of the ideal n = 1 external kink
mode. Excellent agreement is found, confirming the identification of the outer mode as an external
kink mode.

1. INTRODUCTION

The hot ion H mode is one of the operating regimes
to attain high performance (i.e. high neutron yield) in
JET [1, 2]. In this regime, an initially low density tar-
get plasma is heated with substantial neutral beam
power (>15 MW); the low target density allows good
beam penetration to the plasma core and gives rise
to a long ion–electron equipartition time, so that the
ions become substantially hotter than the electrons
(typically, Ti ⇠ 20–30 keV and Te ⇠ 10–15 keV).
Since the ions are the fusion species, Ti > Te tends to
optimize the neutron yield for a given stored energy.
As the hot ion regime is established in a divertor con-
figuration with significant heating power, the H mode
is accessed and edge localized modes (ELMs) can
occur. The highest performance is achieved by sta-
bilizing the ELM by use of moderately high triangu-
larity plasmas (� ⇠ 0.3–0.4). The ELM-free period is,
however, transient and is almost always terminated
by an MHD event, as discussed in Ref. [ ?]. This MHD
event may originate in the plasma core (sawtooth or
fishbone) or at the plasma edge (giant ELM or ‘outer
mode’). Discussion of the origin of the so-called outer
mode is the subject of this article.

Experimentally, the outer mode is observed in soft
X ray (SXR) data, fast electron cyclotron emission
(ECE) data, reflectometer data and the magnetics
(Mirnov coils). The toroidal mode number is usu-
ally n = 1 but higher n (2, 3 and 4) have also been
observed. The frequency of the mode corresponds to

the plasma rotation frequency near the plasma edge.
For an n = 1 mode, the frequency is typically 10 kHz.
The outer mode is localized in the outer 20% of the
plasma (hence its name). Although the mode is con-
fined to the plasma periphery, the outer modes cause
a global degradation of energy confinement. An exam-
ple of how the outer mode can a↵ect confinement is
shown in Fig. 1. In this particular case the outer mode
which appears at t = 12.8 s, disappears at t = 13.1 s
when an ELM occurs and the plasma recovers. More
commonly, the outer mode is followed by a giant
ELM, which ends the good confinement phase.

2. MHD STABILITY OF THE PLASMA EDGE

The pressure profile during a hot ion H mode
is characterized by a large pressure gradient at the
plasma edge (the edge pedestal). This edge pressure
gradient leads to a significant bootstrap current. The
high edge temperatures also contribute to a signif-
icant ohmic current density near the plasma edge,
which in turn can drive an external kink mode unsta-
ble [ ?]. Here, we analyse the MHD stability of the
JET hot ion H mode discharge 38 675, which is very
similar to discharge 38674 (shown in Fig. 1).

The profiles of the total pressure and the toroidal
current density are obtained from a simulation of
this discharge with the transport code JETTO [ ?].
The equilibrium profiles at the time when the outer
mode is present at t = 13.0 s are shown in Fig. 2.
The plasma shape is obtained from the EFIT [6]
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FIG. 1. (a) DD reaction rate RDD, stored energy W, neutral beam injection (NBI) power, D↵ signal and central electron
temperature Te0, showing the e↵ect of the outer mode between 12.8 and 13.1 s. (b) Expanded time trace, showing the
outer mode growth on an outboard midplane Mirnov coil.

FIG. 2. Pressure profile and current density profile from
the JETTO simulation of discharge 38 675 at the time
when the outer mode is present, t = 13.0 s.

reconstruction of the equilibrium flux surfaces using
the magnetic measurements. The equilibria are recal-
culated using the HELENA [7] equilibrium code,
which provides the input for the MISHKA1 [8] ideal
incompressible MHD stability code. To avoid the sin-
gular behavior of the straight field line co-ordinate
system used in the MISHKA code at the separa-
trix, the plasma boundary is approximated by the
 = 0.99 surface ( is the normalized poloidal flux,
 = 0 on the magnetic axis,  = 1 at the separatrix).

The stability limits of the n = 1 external kink
mode and the ballooning stability limit are plotted
in Fig. 3, as a function of the edge pressure gradient
and the edge current density. The normalized pres-
sure gradient is defined as ↵ = �2(q2R0/aB2

0)dp/ds,
where p is the pressure, q the local value of the safety
factor, s =

p
 , a the minor radius, R0 the major

radius and B0 the vacuum magnetic field in the geo-
metric centre. The stability boundaries are obtained
by calculating the kink and ballooning stability of
a class of equilibria with constant beta poloidal,
�p = 0.52, and constant q at the boundary while
varying the edge pressure gradient and the edge cur-
rent between 0.95 <  < 1.0. Included in the fig-
ure is the time trace of the edge pressure gradient
and current density obtained from the transport code
interpretation based on experimental data. The error
bars on the edge pressure gradient and the related
edge current density are significant. For example, the
pressure at the top of the pedestal is typically repro-
duced within 20%. There is no direct measurement
of the edge current density, it results from the calcu-
lated neoclassical bootstrap and ohmic currents. The
pressure gradient is well below the ballooning limit,
while the edge current density becomes large enough
to drive the n = 1 external kink mode unstable. The
occurrence of the outer mode when the plasma edge
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FIG. 3. Edge stability diagram for discharge 38 675, show-
ing the kink and ballooning stability limits in the edge
pressure gradient, edge current density plane. The pres-
sure gradient and the current density are taken at the
 = 0.97 flux surface. The time trace of the edge plasma
parameters of discharge 38 675 is included.

is close to the kink stability limit, combined with the
localization of the outer mode close to the plasma
boundary, was previously used to identify the outer
mode as an external kink mode [4]. In Section 4, the
mode structure of the n = 1 external kink mode is
compared in detail with the SXR observations of the
outer mode.

3. THE JET SXR SYSTEM

The SXR detector system used in this analysis is
fully described in Ref. [9]. It consists of 197 lines of
sight in 10 arrays at one toroidal location (labelled A
to J and V) as shown in Fig. 4. The plasma is viewed
through beryllium windows that filter out X rays with
energies below 2 keV. The diodes start to become
transparent to X rays at energies above ⇠10 keV.
Another single array of 35 lines of sight identical to
array V but displaced toroidally by 3 octants (i.e.
135� apart) is used for toroidal mode number, n,
determination. The data are sampled at 4 µs inter-
vals with a bandwidth cut-o↵ above 100 kHz. Elec-
tronic noise is generally low and can be neglected
at intensities above 80 W/m2, which applies to the
data discussed here. The SXR data, together with

FIG. 4. JET soft X ray system, showing the 197 lines of
sight for cameras A to J and camera V.

ECE and reflectometer signals, are collected and pro-
cessed through the JET Central Acquisition and Trig-
ger System (CATS) [10].

4. COMPARISON OF SXR DATA WITH
CALCULATED MODE STRUCTURES

In this section, we compare the SXR data of the
outer mode with predictions based on calculated
mode structures. In Sections 4.1 and 4.2, the phase of
the SXR data is compared with the predictions based
on an ideal external kink mode and a tearing mode,
respectively. In Section 4.3, the absolute amplitude of
the outer mode is compared with predictions based
on the ideal external kink mode.

4.1. Ideal external kink mode comparison

To calculate the predictions of the SXR signals
due to the ideal external kink mode, the kink mode
displacements (Fig. 5(a)) are added to the equilib-
rium flux surfaces. This yields perturbed flux surfaces
with an n = 1 perturbation in the toroidal direc-
tion (Fig. 6). It is assumed that a given SXR emissiv-
ity profile ‘moves’ with the perturbed flux surfaces,
allowing the line integrals over the lines of sight of
the SXR cameras to be calculated. Assuming that
the perturbed plasma rotates toroidally with a fixed
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FIG. 5. (a) Mode structure of the n = 1 external kink
mode. The perpendicular component of the displacement
of the perturbation in the poloidal plane is shown. (b) The
Fourier harmonics of the n = 1 external kink mode as
functions of the radius.

frequency (the frequency of the outer mode), the val-
ues of the line integrals at di↵erent toroidal angles
can be translated into a time dependent signal. Thus,
the external kink mode is assumed to be saturated
at a fixed amplitude in time, and the time varia-
tion comes from the toroidal rotation of the n = 1
structure.

For the first comparison, we analyse the JET dis-
charge 37 431, where a large amplitude outer mode
occurs just before a giant ELM. The toroidal mode
number of this outer mode, n = 1, is determined from
an array of 10 magnetic pick-up coils equally spaced

in toroidal angle. The phase di↵erence between the
signals of the two SXR cameras separated by 135�

toroidally is consistent with the n = 1 mode number
obtained from the magnetics. The calculated mode
structure of the n = 1 external kink mode is shown in
Fig. 5, and the SXR channels in which there is a clear
signal due to the outer mode are plotted in Fig. 6. The
value of q at the boundary truncated at  = 0.99
is just below 5, yielding a dominant poloidal mode
number of m = 5. Figure 5 shows the component of
the displacement perpendicular to the flux surfaces in
the poloidal plane and the Fourier harmonics of this
displacement component as a function of the radius.
The large poloidal component of the displacement is
not shown in Fig. 5. This component is parallel to
the flux surfaces and will not contribute to the SXR
perturbations. The external kink mode is character-
ized by convective cells with a large poloidal extent
on the outboard side and poloidally localized struc-
tures around the X point, where the amplitude of the
mode is largest. The emissivity profile was chosen to
be a constant in the range 0 <  < 0.98; detailed
comparisons show that the phase of the SXR signals
does not depend sensitively on the shape of the emis-
sivity profile. The SXR emissivity profile is cut o↵
at  = 0.98 to prevent there being a finite signal
predicted where there is no signal in the SXR data.
(The SXR cameras are sensitive to energies down to
2 keV.) This means that the SXR signals arise from
di↵erent chord integration lengths as the 0.98 surface
moves.

The comparison of the normalized SXR data with
the predicted values for a selection of channels is
shown in Figs 7(a) and (b). Figure 7(a) shows the
SXR data and the predicted signal as a function
of time for a selection of channels. In the compari-
son, one arbitrary constant can still be added to the
phase of the predicted signals. This constant is chosen
such that the phase of the E33 channel matches the
SXR data. Figure 7(b) shows the phase of the pre-
dicted and measured signals for the 43 lines of sight,
which have a relatively clear outer mode signal in
the SXR data. The outer mode perturbation in these
channels is larger than 50 W/m2. The maximum
amplitude of the perturbation is about 300 W/m2,
the relative amplitude varies from 25 to 40% in
the edge channels to about 1% in the more central
channels.

Excellent agreement is found between the phases
of the SXR data and the phase of the predicted sig-
nals. The sharp phase change of 180� between the two
adjacent channels E33 and E31 observed in the SXR
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The plasma rotation necessary for stabilization of resistive-wall modes (RWMs) is investigated by
controlling the toroidal plasma rotation with external momentum input by injection of tangential neutral
beams. The observed threshold is 0.3% of the Alfvén velocity and much smaller than the previous
experimental results obtained with magnetic braking. This low critical rotation has a very weak !
dependence as the ideal wall limit is approached. These results indicate that for large plasmas such as in
future fusion reactors with low rotation, the requirement of the additional feedback control system for
stabilizing RWM is much reduced.
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To realize an economical fusion reactor, stabilization of
the low-n (n is the toroidal mode number) kink-ballooning
mode is necessary: An economical fusion reactor, in its
steady state, relies largely on the spontaneously flowing
bootstrap current for its plasma current that produces the
confining magnetic field, because this can reduce the ex-
ternally driven current. But such plasma has generally a
hollow current profile and is susceptible to the low-n kink-
ballooning mode, which can limit the achievable beta,
where beta is the measure of the efficiency of plasma
confinement by the magnetic field and defined by ! !
2"0hpi=B2

t, with hpi being the volume averaged pressure
and Bt is the toroidal magnetic field. The growth rate of the
external kink-ballooning mode can be reduced with a
close-fitting conducting wall, and the resulting mode, the
so-called resistive-wall mode (RWM), has a growth time
corresponding to the time constant of the relaxation of the
wall current [1]. The RWM was first identified in DIII-D
[2] and observed not only in tokamak devices [3] but also
in reversed field pinches and spherical tori. There are two
different procedures for stabilizing RWM. The first is the
feedback control stabilization using externally applied
nonaxisymmetric magnetic fields with coils in order to
compensate for the diffusion of flux [4]. Feedback stabili-
zation has been demonstrated in DIII-D [5,6], HBT-EP [7],
and HBTX-1C [8]. The second is stabilization of RWM by
toroidal plasma rotation. Bondeson and Ward showed that
RWM could be fully stabilized with resistive walls when
the plasma rotation is sufficiently large [9]. After publica-
tion of the theory of Bondeson and Ward, many theories,
numerical models (i.e., lumped parameter model [10]) and
codes such as MARS [11] and AEOLUS-FT [12] were devel-
oped. The stabilization of RWM by plasma rotation has
been demonstrated in DIII-D [13]. The plasma rotation
necessary for stabilization of RWM, the so-called ‘‘critical
rotation’’, has been predicted by MARS [14] and various
other theories and compared with experimental results
[15]. Both theories and experiments imply that the critical
rotation velocity is around 1%–2% of the Alfvén velocity

VA ! B=
!!!!!!!!!!
"0#
p

, where # is the mass density. This esti-
mated critical rotation is comparable to a predicted toroidal
rotation of "2% of the Alfvén velocity at plasma center
and much larger than "0:3% of that in the peripheral
region including the q ! integer surface for the ITER
advanced scenario [16], where q is the safety factor. The
most significant problem in the previous experiment is that
investigation of the critical rotation is performed with
magnetic braking by adding an asymmetric magnetic field,
the so-called error field. It has been pointed out that the
error field plays a very important role in the destabilization
of RWM and should be substantially reduced near the !
limit for the ideal mode without a wall, the so-called ‘‘no-
wall ! limit’’ [17,18]. The sustainment of high ! plasmas
above the no-wall! limit was for a long time carried out by
correcting the error field with external coils in DIII-D [19].
Since RWM stability itself is affected by the error field,
which is the origin of magnetic braking, we should not use
magnetic braking in the investigation of critical rotation.

A very low rotation threshold was obtained in the JT-
60U in an investigation of the critical rotation for stabiliz-
ing RWM by controlling the toroidal plasma rotation with
changing the combination of tangential neutral beams
(NBs) without magnetic braking. The observed critical
rotation is Vt" 20 km=s and corresponds to 0.3% of the
Alfvén velocity at the q ! 2 surface, much smaller than
the previous prediction with magnetic braking. This low
critical rotation does not increase as ! increases toward
the ideal wall limit. Also an ITER relevant low rotation
("0:4% of the Alfvén velocity) stabilization of RWM is
demonstrated for 50 times the skin time of the first wall.
These results indicate that for large plasmas such as in
future fusion reactors with low rotation, the requirement of
the additional feedback control system for stabilizing
RWM is much reduced.

For the RWM experiment in JT-60U, the plasma volume
needs to be enlarged because the plasma surface in the low-
field side (LFS) must be close to the wall and central
heating with NBs is necessary in order to increase the
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plasma confinement. However, it is difficult to increase !
due to the small power density in the large plasma and
energetic particle loss due to toroidal field ripple.
Therefore, ferritic steel tiles (FSTs) are installed inside
the JT-60U vacuum vessel to reduce the toroidal field
ripple. The FSTs are set on the LFS above the outer baffle
plates under the toroidal field coils in place of graphite tiles
and cover !10% of the inner vacuum vessel surface.
Monte Carlo simulations considering fully 3D magnetic
field structure using the F3D OFMC code [20,21] 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. JT-
60U has two codirection tangential NBs (co NBs), two
counterdirection tangential NBs (counter NBs) and seven
perpendicular NBs. The injection power of each NB is
!2:2 MW. The increment in the net power of !3:5 MW
with FSTs is equivalent to 2 additional tangential NBs.
This means that we have now sufficient power to select the
direction of rotation while keeping the high beta value.

For investigating the critical rotation, we employ a weak
reversed magnetic shear plasma with plasma current Ip "
0:9 MA and toroidal magnetic field Bt" 1:58 T [22].
Internal inductance of this plasma is decreased to li!
0:8 to decrease the no-wall ! limit. The clearance between
the plasma surface and the first wall on the outer midplane
is "0 " 20 cm, which is equivalent to a ratio of the radius
of the first wall to the plasma minor radius of d=a! 1:2 as
shown in Fig. 1. To decrease li and increase minimum
safety factor qmin, we injected preheating NBs during the
Ip ramping-up as shown is Fig. 2(a). The large JT-60U
plasma rotates in the counterdirection during perpendicular
NB injection due to E# B drift induced by ripple loss of
energetic particles [23,24]. Therefore, one of the co NBs
has been terminated in order to rotate the plasma suffi-
ciently in the counterdirection. Keeping enough counter-
rotation, feedback control of stored energy was started

after 5.8 s as shown in Fig. 2(b). The internal inductance
li has been kept almost constant after the stored energy
feedback started and before the collapse at t! 6:7 s as
shown in Fig. 2(a). The safety factor has been checked in a
similar discharge and it was confirmed that the profile has
not significantly changed. The minimum safety factor is
1:1< qmin < 1:2 and q95 ! 3:5, where q95 is the safety
factor at the flux surface with 0.95 of normalized poloidal
flux. Also the pressure profile has been kept almost con-
stant. Therefore, a time-dependent calculation of MHD
stability limit for the kink-ballooning mode is not per-
formed for the discharges of this experiment. The no-
wall ! limit and ideal wall ! limit calculated by the
MARG2D code [25,26] for this plasma are !no-wall

N ! 2:3
and !ideal-wall

N ! 3:1, respectively. Here, !N "
!=$Ip=aBt%. Figure 3 shows the expanded waveforms of
Fig. 2 in comparison with another discharge. The plasma
rotation is measured by the newly installed charge ex-
change recombination spectroscopy system (CXRS) at
2 ms time resolution. In Fig. 3, the red curve and blue
curve show the waveform of shot E46 710 and E46 743,
respectively. In both discharges !N has exceeded !no-wall

N
at t! 5:6 s and has been kept constant at !N ! 2:8 after
feedback start as shown in Fig. 3(a). The calculated !no-wall

N
is shown by the horizontal dotted line. The value of !N !
2:8 corresponds to a normalized ! of C! ! 0:7, where
C! " $!N-!no-wall

N %=$!ideal-wall
N -!no-wall

N %. For E46 710,
one of the counter NBs was terminated and one of the co
NBs was turned on at t" 6:1 s as shown in Figs. 3(d) and
3(e). After switching one NB from counter to co, the
toroidal rotation velocity reached Vt! & 15 km=s at q "
2 and !N decreased due to the emergence of an n " 1
RWM. The n " 1 radial magnetic fluctuation is measured
with eight saddle loop coils on the LFS midplane inside the
vacuum vessel [Fig. 3(b)]. The temporal evolution of the
rotation profile for E46 710 before the disruption is shown
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ment of RWM.
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in Fig. 4. The RWM started at t! 6:13 s. The rotation
velocity at q ! 2 decreased rapidly after changing one NB
from counter to co in contrast to that at r=a < 0:5 which
changed little. The uncertainty in rotation velocity is
"1:5 km=s around q ! 2 and is smaller than open circle
in Fig. 4. The amplitude of the n ! 1 RWM increased with
a growth time of 1=! ! #10 ms and when the counter-
rotation decelerated to#0 km=s, final disruption occurred.
The growth time of 1=! ! #10 ms of the n ! 1 mode was
almost equal to the current diffusion time of the first wall of
"w # 10 ms. For E46 743, counter NB was injected con-
tinuously and was not switched to co NB. The rotation at
q ! 2 remained below $15 km=s and #N stayed above
#no-wall
N for #1 s. One of the perp-NBs stopped due to

stored energy feedback, and then the counterrotation de-
celerated to $15 km=s, and the n ! 1 RWM occurred.
However, the amplitude of RWM was saturated and dis-
ruption did not occur because the counterrotation was kept
#$ 10 km=s and accelerated to #$ 15 km=s. Finally,

the mode amplitude decreased after #N went below
#no-wall
N . For E46 743, C# # 0:7 has been maintained by

suppressing RWM with a low toroidal rotation for 0.5 s
from t# 6:3 to t# 6:8 s. This low plasma rotation Vt#
$20 km=s corresponds to 0.4% of the Alfvén velocity, an
ITER relevant value.

Figure 5(a) shows a plasma displacement of the n ! 1
RWM at t! 6:1 s of E46 710 calculated by the MARG2D
code. The dominant poloidal harmonics is m ! 2; there-
fore, the rotation at the q ! 2 surface is most relevant for
stabilizing RWM. The critical # is also calculated for the
same discharge. Figure 5(b) shows critical # with a wall
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in Fig. 4. The RWM started at t! 6:13 s. The rotation
velocity at q ! 2 decreased rapidly after changing one NB
from counter to co in contrast to that at r=a < 0:5 which
changed little. The uncertainty in rotation velocity is
"1:5 km=s around q ! 2 and is smaller than open circle
in Fig. 4. The amplitude of the n ! 1 RWM increased with
a growth time of 1=! ! #10 ms and when the counter-
rotation decelerated to#0 km=s, final disruption occurred.
The growth time of 1=! ! #10 ms of the n ! 1 mode was
almost equal to the current diffusion time of the first wall of
"w # 10 ms. For E46 743, counter NB was injected con-
tinuously and was not switched to co NB. The rotation at
q ! 2 remained below $15 km=s and #N stayed above
#no-wall
N for #1 s. One of the perp-NBs stopped due to

stored energy feedback, and then the counterrotation de-
celerated to $15 km=s, and the n ! 1 RWM occurred.
However, the amplitude of RWM was saturated and dis-
ruption did not occur because the counterrotation was kept
#$ 10 km=s and accelerated to #$ 15 km=s. Finally,

the mode amplitude decreased after #N went below
#no-wall
N . For E46 743, C# # 0:7 has been maintained by

suppressing RWM with a low toroidal rotation for 0.5 s
from t# 6:3 to t# 6:8 s. This low plasma rotation Vt#
$20 km=s corresponds to 0.4% of the Alfvén velocity, an
ITER relevant value.

Figure 5(a) shows a plasma displacement of the n ! 1
RWM at t! 6:1 s of E46 710 calculated by the MARG2D
code. The dominant poloidal harmonics is m ! 2; there-
fore, the rotation at the q ! 2 surface is most relevant for
stabilizing RWM. The critical # is also calculated for the
same discharge. Figure 5(b) shows critical # with a wall
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Abstract
Recent JT-60U experimental results towards the establishment of advanced tokamak (AT) operation are reviewed.
We focused on the further expansion of the operational regime of AT plasmas towards higher βN regime with wall
stabilization. After the installation of ferritic steel tiles in 2005, the high power heating in a large plasma cross-
section in which the wall stabilization is expected has been possible. In 2007, the modification of power supply of
NBIs improved the flexibility of the heating profile in long-pulse plasmas. The investigation of key physics issues
for the establishment of steady-state AT operation is also in progress using new diagnostics and improved heating
systems. In weak magnetic shear plasma, high βN ∼ 3 exceeding the ideal MHD limit without a conducting wall
(βno-wall

N ) is sustained for ∼5 s (∼3τR) with RWM stabilization by a toroidal rotation at the q = 2 surface. External
current drivers of negative-ion based NB and lower-hybrid waves together with a large bootstrap current fraction
(fBS) of 0.5 can sustain the whole plasma current of 0.8 MA for 2 s (1.5τR). In reversed magnetic shear plasma,
high βN ∼ 2.7 (βp ∼ 2.3) exceeding βno-wall

N with qmin ∼ 2.4 (q95 ∼ 5.3), HH98(y,2) ∼ 1.7 and fBS ∼ 0.9 is obtained
with wall stabilization. These plasma parameters almost satisfy the requirement of ITER steady-state scenario. In
long-pulse plasmas with positive magnetic shear, a high βNHH98(y,2) of 2.6 with βN ∼ 2.6 and HH98(y,2) ∼ 1 is
sustained for 25 s, significantly longer than the current diffusion time (∼14τR) without neoclassical tearing modes
(NTMs). A high G-factor, βNH89P/q

2
95 (a major of fusion gain), of 0.54 and a large fBS > 0.43 are suitable for ITER

hybrid operation scenario. Based on the plasma for ITER hybrid operation scenario, the high βN of 2.1 with good
thermal plasma confinement of HH98(y,2) > 0.85 is sustained for longer than 12 s at n̄e/nGW > 0.7 and frad > 0.79.
Physics studies for the development of AT plasmas, physics studies of H-mode, pedestal and ELM characteristics
and physics studies on impurity transport, SOL/divertor plasmas and plasma–wall interactions are also in progress.
The active NTM stabilization system using modulated ECCD, which is synchronized to rotating island, has been
developed and the efficiency of modulated ECCD in m/n = 2/1 NTM stabilization has been demonstrated. The
intrinsic toroidal rotation driven by the ion pressure gradient and by the ECH is confirmed. The dedicated H-mode
and pedestal experiments indicate two scalings, H-factor evaluated for the core plasma as H89core ∝ l0.77

i and pedestal
width scaling of #ped = 0.315aρ∗0.2

pol β0.5
pol . New fast diagnostics with high spatial and temporal resolutions reveals the

different structures of pedestal pressure between co- and counter-rotating plasma, resulting in different ELM sizes
determined by the radial penetration depth of the ELM crash. The tungsten accumulation becomes more significant
with increasing toroidal rotation in the counter-direction.

PACS numbers: 52.55.Fa, 52.55.Tn, 52.35.Py, 52.25.Fi, 52.25.Vy, 52.35.Ra, 52.55.Wq, 52.55.Rk, 52.40.Hf

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Steady-state advanced tokamak (AT) plasmas have been
developed in JT-60U to realize an economical fusion reactor
[1]. High confinement, high normalized beta (βN), high
bootstrap current fraction (fBS) and heat/particle handling are

important factors in maintaining AT plasmas in the steady state.
In the development of AT plasmas in JT-60U, the current profile
with large fBS is related to a large pressure gradient at the
internal transport barrier (ITB). A large fBS > 0.7 is typically
achieved in reversed magnetic shear (RS) plasmas in which
a strong ITB having a large pressure gradient is formed. In
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Figure 1. (a) Schematic of safety factor profiles in different
operational regimes developed in JT-60U such as positive magnetic
shear regime, weak magnetic shear regime and reversed magnetic
shear regime. (b) Operational regime of advanced tokamak plasmas
in normalized beta and bootstrap current fraction space. Lower βN
region marked by hatched area for PS, WS and RS regimes are
operational region achieved in the 2005–2006 experimental
campaign. The expansion of operational regimes is the main
objective in the 2007–2008 experimental campaign as indicated by
each arrow. No-wall ideal MHD limit varies with the bootstrap
current fraction, because the limit is determined by the pressure
gradient and the current profile.

weak magnetic shear (WS) plasmas, a weak ITB having a
moderate local pressure gradient gives fBS ∼ 0.5. The flat
magnetic shear with the minimum value of the safety factor
(qmin) slightly above 1 is achieved in positive magnetic shear
(PS) plasmas with weak ITB and consequently fBS ∼ 0.4. A
schematic of safety factor profiles in these operational regimes
is illustrated in figure 1(a). Based on these various magnetic
shear profiles developed in JT-60U, we have investigated
preferable current profile (magnetic shear profile) and pressure
profile for steady-state operation. The sustainable current
profile determined by a combination of the bootstrap current
and the externally driven current by the neutral beam current
drive (NBCD) and/or lower-hybrid current drive (LHCD) is
examined. In addition, the current profile and the pressure
profile are also essential for high βN operation in regard to
the ideal MHD limit without a conducting wall (βno-wall

N ) and
the onset of neoclassical tearing modes (NTMs). It is noted
that these AT studies contribute directly to the development
of advanced operational scenarios in ITER such as hybrid and
steady-state scenarios [2].

JT-60U experiments in 2005–2006 focused on the
improvement of the plasma performance and understanding
of the physics of the parameter linkage in AT plasmas by
reducing the toroidal field (TF) ripple. After the installation of

ferritic steel tiles (FSTs) covering ∼10% of the vacuum vessel
surface, fast ion losses due to TF ripple were substantially
reduced. Thus, high βN plasma experiment became possible
even in the large volume plasma configuration, where large
ripple losses were observed without FSTs. The remaining issue
for steady-state AT operation is to establish high βN plasma
operation exceeding βno-wall

N in both WS and RS plasmas. The
sustained duration of high βN plasmas above βno-wall

N should
be extended in WS plasmas and the stability limit should be
expanded using wall stabilization in RS plasmas. Further
increase in sustainable βN in long-pulse PS plasmas is also
attractive for the development of ITER hybrid scenario. Thus,
JT-60U experiments have been focused on further expansion
of the operational regime of AT plasmas towards higher βN

regime, as illustrated in figure 1(b). The modification of the
power supply of neutral beam injections (NBIs) improves the
flexibility of the heating profile in long-pulse AT plasmas. The
physics studies of the important issues for the establishment of
steady-state AT operation and the physics basis for ITER are
also in progress using new diagnostics and improved heating
systems. In this paper, recent JT-60U experimental results after
the 21st IAEA Fusion Energy Conference [3] are reviewed.

2. Machine status of JT-60U

The NBI system and the electron cyclotron heating (ECH)
system have been improved for the 2007–2008 experimental
campaign to provide further flexibility of heating and current
drive to develop AT plasmas and to investigate important
physics for steady-state AT operation. In the NBI system,
the power supply system for three perpendicular- (PERP-)
NBIs for central heating has been modified so as to extend
the maximum pulse duration up to 30 s. In addition to this,
29 s injection of negative-ion based NBI (N-NBI) with heating
power of 3 MW (80 MJ) has been achieved [4]. Thus, the
total input energy from NBIs to the vacuum vessel has been
progressed up to 445 MJ as shown in figure 2(a). In ECH
system, four gyrotrons inject a high electron cyclotron (EC)
wave power of 2.9 MW for 5 s, which corresponds to the
injected energy of 14.5 MJ with the transmission efficiency of
∼0.75. For active NTM stabilization, the power modulation
technique has been developed using anode voltage control
with three major modifications as follows. The capacitance to
stabilize the body voltage was reduced to lower the charging or
discharging current on anode voltage change. The resistance
of the voltage feeder was increased to prevent quick current
change in the body power supply circuit. The photodiode
used in the anode control circuit was replaced with a field-
effect transistor having a shorter response time. Then, the
modulation frequency of 7 kHz has been achieved as shown
in figure 2(b) [5]. The modulation system also has a feature
that it can trace the change in the mode frequency during the
discharge.

3. Extension of the operational regime of advanced
tokamak plasmas

The AT tokamak research in JT-60U is focused on the further
expansion of operational regimes towards a higher βN regime
for the establishment of steady-state AT operation including
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Figure 6. Time evolution of magnetic fluctuations for (a) EWM and
(b) the RWM precursor. Upper figures in (a) and (b) show integrated
mode amplitude of n = 1 fluctuation.

of the plasma current is sustained by off-axis LHCD (0.26)
and NBCD (0.24). In this WS plasma, the full-CD condition
sustained for about 2 s was terminated by the notching of LH
power at t = 8.3 s. Thus, it is expected that the q profile at
t = 8.0 s shown in figure 7(d) can be sustained with off-axis
current drivers together with a large fBS of ∼0.5.

3.3. Expansion of the operational regime in reversed
magnetic shear plasmas with high fBS

The AT tokamak research in RS plasmas with high fBS > 0.7
has been performed at high q95 > 8 in JT-60U so far [12].
However, the lower β limit is still an issue in the RS regime
for steady-state AT operation. In 2008, further progress in
expanding the operational regime of RS plasmas towards lower
q95 and higher βN exceeding βno-wall

N has been performed by
utilizing the wall stabilization with d/a ∼ 1.1–1.3, as shown
in figure 8(a) [13]. Typical waveforms of the RS discharge
(Ip = 0.8 MA, BT = 2.0 T, q95 ∼ 5.3, κ ∼ 1.5, δ ∼ 0.39,
d/a ∼ 1.3) with strong ITB are shown in figure 9. In this
discharge, high βN ∼ 2.7 and βp ∼ 2.3 are achieved, although
the plasma was terminated by the disruption at t ∼ 6.1 s. The
achieved βN is much higher than that obtained in the previous
experiments with βN ∼ 1.7–2.2 in high fBS plasmas. The
disruption occurred at qmin ∼ 2.4 (not at the integer value
of qmin) caused by the RWM (n = 1), of which the growth

time was the order of the resistive wall time (τW ∼ 10 ms).
The stability analysis by the MARG2D code indicates that
the plasma exceeds βno-wall

N ∼ 2.0 (∼3li). Moreover, a high
confinement enhancement factor, HH98(y,2) = 1.66, is obtained
in the high density regime (n̄e/nGW ∼ 0.87), attributed to both
internal and edge transport barriers. The integrated plasma
performance shown in figure 8(c) indicates that this plasma is
almost satisfied with the required values for ITER steady-state
scenario (6) except for the fuel purity.

The reversed q profile shown in figure 10(a) is formed
with qmin ∼ 2.4 and its location is ρqmin ∼ 0.6. As observed
in the total current profile and bootstrap current profile shown
in figure 10(b), a high fBS ∼ 0.9 is achieved at the end of
the discharge. Since tangential NBIs are used as a balanced
injection, beam driven current is negligible. Based on these RS
plasmas, the operational regime of RS plasmas with a high fBS

and a high βN is extended towards the reactor relevant low q95

regime as shown in figure 8. The parameters of RS plasmas
are close to the required values for steady-state scenario in
ITER. However, a plasma control scheme to avoid disruption
(suppress the RWM) should be developed for the establishment
of steady-state RS plasma operation.

3.4. Development of the long-pulse hybrid scenario with high
βN and high confinement

The long-pulse hybrid scenario has been developed in JT-60U
based on high βp ELMy H-mode plasmas (Ip = 0.9 MA,
BT = 1.54 T and q95 = 3.2) with weak ITB. In order to extend
the operational regime of hybrid discharges towards higher βN

and the higher density region for higher neutron fluence, the
importance of central heating in keeping a peaked pressure
profile and in increasing the achievable βN in terms of NTM
avoidance in hybrid discharges has been investigated using
new capability of long-pulse injection from PERP-NBIs for
central heating. As shown in figure 11(a), a long-pulse hybrid
discharge with a high βN > 2.6 is sustained for 28 s [11, 14].
The high thermal confinement of HH98(y,2) > 1 characterized
by the peaked pressure profile shown in figure 11(b) is also
sustained for 25 s (∼14τR) until t = 29 s with central heating
shown in figure 11(c). The peaked profiles appear in both
temperature and density profiles at n̄e/nGW = 0.55. Although
these hybrid discharges have highly peaked pressure profiles,
the pressure gradient at the mode rational surfaces at q = 1.5
and 2 is small enough to avoid the onset of NTMs. This
NTM avoidance scenario is effective up to βN ∼ 3. The
flat q profile in the core region (r/a < 0.5) with a qmin of
about unity as shown in figure 12(a) is sustained throughout
the discharge. Thus, only infrequent sawtooth activities are
observed in these hybrid discharges and their amplitudes are
small enough to sustain peaked pressure profile. Since NBCD
in these plasmas is very small, the flat q profile is mainly
assisted by the bootstrap current, as shown in figure 12(b).
In these hybrid discharges, n = 1 MHD fluctuation with
a frequency of several kilohertz is typically observed. The
temperature fluctuations measured with ECE show that the
mode exists from the core to the pedestal, and its frequency is
the same in the whole plasma. The role of then = 1 mode in the
current diffusion has not been identified so far. Based on these
long-pulse discharges, the sustainable βN has been improved
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Fitzpatrick-Aydemir Model
(Nuc Fusion 36 (1996) pp. 11)

Boozer [4, 5, 6, 7] has developed a general formalism for the resistive wall mode. This includes
the simple “single mode” model for resonant field amplification [6] that is especially easy-to-use
for the interpretation of resistive wall mode experiments near marginal stability. Maslovsky [8]
has used Boozer’s model to reproduce Shilov’s measurements.

In the following, the model of Fitzpatrick and Aydemir is reformulated in terms of Boozer’s
“single mode” model for the resistive wall mode near marginal stability. This reformulation
makes it easier to include stability and wall parameters computed by the VALEN code [9]. In the
high dissipation regime, the model equations of Fitzpatrick-Aydemir and Boozer are equivalent.
The plasma torque parameter is determined to be proportional to the product of the layer
viscosity and toroidal rotation. Finally, the quantitative observations of Shilov [1] are briefly
discussed. As was also noted by Cates [10], many of the HBT-EP discharges produced to
study the resistive wall mode have large and rapidly varying stability properties. Near the
m/n ⇠ qa external kink resonance, HBT-EP plasmas often approach (and exceed) the ideal wall
stability limit, and this puts into question the validity of the simple model for resistive wall
mode dynamics. Nevertheless, the observations of Shilov are shown to be consistent with the
complete Fitzpatrick-Aydemir equations.

2 The Fitzpatrick-Aydemir Model Equations

Fitzpartick and Aydemir [2] developed a set of dynamical equations for the current-driven ex-
ternal kink instability in a “cylindrical tokamak” that aimed to “establish the minimum set of
requirements for the stabilization of the resistive wall mode in a rotating tokamak plasma.” The
model equations described a plasma surrounded by a thin resistive shell and were based on the
reduced MHD equations with anomalous perpendicular viscosity. In the presence of a single,
small-amplitude kink mode, a very thin “skin current” and a thicker “inertial layer” form at
the edge of the plasma. The layer geometry used to estimate the e↵ects of viscous dissipation
were formally valid only for small dissipation; however, both the resistive kink mode and the
wall mode that results from strong viscous dissipation agree with the results of Ref. [12] that
were derived with more appropriate assumptions. Fitzpatrick and Aydemir used this model to
show that viscous dissipation within the inertial layer can lead to rotational stabilization of the
resistive wall mode.

Simplified forms of the dynamical equations for the perturbed flux at the plasma edge,  a,
and the conducting wall,  w, were summarized by Fitzpatrick [3] who also included the perturbed
flux at the wall driven by control coils,  c. The perturbed flux is related to perturbed radial
magnetic field as

br(r, ✓,�, t) = <
⇢

i
m

r
 (r)ei(m✓��)+�t

�
. (1)

The three model equations describe an external kink mode coupled to a surrounding wall, the
resistive dissipation of wall eddy currents, and toroidal torque balance. These equations are:
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where c is a coupling coe�cient between the wall and the plasma, s̄ ⌘ s/scrit = s(1 � c)/c
is the normalized Boozer stability parameter, ⌦� is the plasma rotation at the edge, ⌫⇤ is the
(anomalous) viscosity, �Ma is the e↵ective mass of the inertial layer, and Lp is the e↵ective
inductance of the perturbed plasma skin current. For a complete cylindrical wall, c ⇡ (a/b)2m.
VALEN [9] can be used to calculate c and �w for an incomplete wall, since c is related to the ideal
wall stability limit through the definition scrit = c/(1 � c) and since the resistive wall mode
growth rate is proportional to �w when 0 < s̄⌧ 1.

2.1 Stationary Plasma

For a stationary, ideal plasma, ⌫⇤ ⇠ ⌦� ⇠ 0, producing two simple limits. For an ideal wall,
�w ! 0,  w ! 0, and the kink mode growth rate is given by �2 = �2

MHD
(s̄� 1). For a resistive

wall and for a plasma with 0 ⇡ s̄ < 1, �2
MHD

� d2/dt2, and the wall flux is related to flux at
the plasma’s edge by

 a

 w

=
1p
c

1
1� s̄

(5)

The dynamics of the (very slow) resistive wall mode is fully described just by Eq. 3,

d w

dt
� �0 w = �w c , (6)

where
�0 = � �w

1� c

✓
1� 1

1� s̄

◆

is the natural growth (or damping) rate of the resistive wall mode. Without plasma, s̄ =
�1/scrit = �(1� c)/c, and �0 = ��w. The vacuum flux at the wall induced by the control coils
is  (vac)

w =  c.
When the plasma is stable to the resistive wall mode (s̄ < 0), the wall flux is amplified by

the factor

ARWM =
 w �  (vac)

w

 (vac)
w

=
�w

(��0)
� 1 =

1� c(1� s̄)
(�s̄)

= c
1 + s

(�s)
. (7)

When external control coils are switched on with a unit step response ( c(t) = 1 for t > 0+),
then the perturbed flux at the wall is

 w(t) =
�w

(��0)

⇣
1� e�0t

⌘
. (8)

The natural growth rate of the resistive wall mode can be determined either by the decay rate
of the step response or by the amplitude of the response.
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