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Onset and Evolution of m/n = 2/1 Neoclassical Tearing
Modes in High-βp Mode Discharges in JT-60U
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The onset and evolution of an m/n = 2/1 neoclassical tearing mode (NTM) in JT-60U under nearly constant
discharge conditions are investigated (m and n are the poloidal and toroidal mode numbers, respectively.). In about
80% of the discharges, the 2/1 NTM appears from a small amplitude without a noticeable triggering event, and
in the rest of the discharges, the 2/1 NTM is triggered by a collapse localized at the mode location. Although the
former grows with regular oscillations of the magnetic perturbations, the latter grows with irregular oscillations
from the beginning. In addition, although a collapse causing a temperature change of ∼20% triggers a 2/1 NTM,
a smaller-amplitude collapse, e.g., a temperature change of ∼7%, does not trigger an NTM. This suggests the
existence of a threshold amplitude that triggers an NTM. The characteristics of the localized collapse are similar
to those of a previously observed barrier localized mode.
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1. Introduction
In a fusion reactor, a high-pressure plasma needs to be

sustained in the steady state. It is known that a neoclassical
tearing mode (NTM), which is one of the magnetohydro-
dynamic (MHD) instabilities, appears in a high-pressure
tokamak plasma with a positive magnetic shear [1]. Be-
cause NTMs degrade the plasma pressure and sometimes
cause a disruption, understanding the physics of NTMs and
establishing methods for controlling them are important.
In particular, NTMs with m/n = 3/2 and 2/1 are impor-
tant because their effect on plasma confinement is large.
Here m and n are the poloidal and toroidal mode numbers,
respectively.

Electron cyclotron current drive (ECCD) is considered
to be the most promising method of controlling NTMs,
and its effectiveness was demonstrated in ASDEX-U [2–4],
DIII-D [5–7], and JT-60U [8–11]. A real-time system for
NTM control was developed to a highly sophisticated
level, and experiments using these systems were also con-
ducted. For example, in JT-60U, real-time optimization
of the injection angle of electron cyclotron (EC) waves [9]
and real-time setting of the pulse duration and injection
timing for modulated ECCD [11] were demonstrated.

On the other hand, regarding NTM physics, although
it was demonstrated that the behavior of NTMs with a
large amplitude is well fitted with the modified Rutherford
equation [12–14], their behavior at a small amplitude, es-
pecially near their onset, is still under investigation because
of their complex mechanism consisting of many competing
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effects [15]. In addition, from the viewpoint of experimen-
tal research, the measurement of magnetic islands in the
very early phase of NTM growth is difficult because of the
limited spatial resolution and signal-to-noise ratio of di-
agnostic systems. It was observed previously that NTMs
are triggered by other instabilities such as sawtooth os-
cillations, fishbone instabilities, and edge localized modes
(ELMs) [16, 17]. It was also observed that, as in JT-60U,
NTMs can appear without such instabilities [18]. Thus, the
clarification of NTM physics, especially at mode onset, is
a profound topic. However, even aside from the details
of the physics of NTM onset, it is important to clarify the
characteristics of the onset and growth of NTMs and pre-
pare a real-time system for NTM control according to their
behavior.

This paper describes the onset and evolution of an
m/n = 2/1 NTM in JT-60U. The analysis used a data set
of experiments on the stabilization of m/n = 2/1 NTMs
[10, 11] in which the plasma parameters were almost the
same to obtain a similar 2/1 NTM for inter-shot compari-
son of ECCD effects. Statistical analysis will make it pos-
sible to reveal how much, if at all, the onset and growth of
the 2/1 NTM varies. In addition, because the high-βp mode
analyzed in this paper is similar to the Hybrid Scenario in
ITER [19], it is expected that the results can contribute to
defining the requirement for NTM stabilization in ITER,
which is now under consideration by the ITER team.

The structure of this paper is as follows. Section 2
describes the conditions of the NTM experiments. The
results of the analysis are presented in Sec. 3. The onset
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regime of the 2/1 mode, types of mode onset and growth,
and effects of profiles on mode onset are described. Fi-
nally, a summary and discussion are presented in Sec. 4.

2. Experimental Setup
In this series of NTM experiments, the discharge con-

ditions such as the plasma shape and heating scheme were
nearly constant, so that an m/n = 2/1 mode was reli-
ably obtained. An example of a high-βp mode discharge
is shown in Fig. 1. The typical plasma parameters are as
follows: the plasma current Ip = 1.5 MA, toroidal mag-
netic field at the plasma geometric center Bt = 3.7 T, ma-
jor radius R = 3.23 m, minor radius a = 0.78 m, and safety
factor at 95% flux surface q95 = 4.0. Neutral beams (NBs)
with a total power of 22 MW were injected at t = 4.8 s
to raise the plasma pressure. Although the NBs were in-
jected with preprogrammed waveforms in most of the dis-
charges, the injection power was controlled by feedback
in some discharges, as shown later in Fig. 12. The values
of the normalized beta, βN = β/(Ip/aBt), and the poloidal
beta, βp, reached ∼2 and ∼1.5, respectively, at t = 5.63 s.

Fig. 1 Typical discharge of an NTM experiment. (a) Neutral
beam power, (b) normalized beta, (c) Dα intensity, and
(d) plasma cross section. The degradation of the stored
energy at t 5.7 s is caused by a 2/1 NTM.

Here β is the ratio of the plasma pressure to magnetic pres-
sure. The line-averaged electron density n̄e and central ion
temperature Ti are typically 3 × 1019 m−3 and 15 keV, re-
spectively. Here the sight line of the line-averaged electron
density is in the vertical direction at R = 3.55 m, which
is close to the magnetic axis location in a high-β phase.
The plasma enters a high-confinement mode with ELMs at
t ≈ 5.25 s. Each ELM is observed as a spike in the Dα in-
tensity signals and magnetic perturbation signals, as shown
later (e.g., Figs. 3 (a) and (b)).

The injection time of NBs was set so as to keep the
central safety factor, q(0), slightly above unity; the value
of q(0) decreases below unity and sawtooth oscillations ap-
pear if the injection time is too late. In fact, no sawtooth
oscillation was observed in this phase. The NB injection
power was adjusted slightly to obtain an m/n = 2/1 mode
reproducibly; an m/n = 3/2 mode appears when the beta
value is lower than that for the onset of a 2/1 NTM, and
no mode appears when the power is even lower. Typical
locations of an m/n = 3/2 and 2/1 mode are ρ = 0.4 and
0.5, respectively, where ρ is the volume-averaged normal-
ized minor radius. Because mode onset is determined by
the pressure and current profiles, the injection power was
adjusted by investigating the mode behavior and the tem-
perature, density, and current density profiles.

After the appearance of an m/n = 2/1 NTM at t =
5.5–6.5 s, the βN value decreased by about 30% (a 2/1
mode appeared at t =5.635 s in shot E49226, shown in
Fig. 1). Soon after the onset and growth of the 2/1 mode,
the mode frequency, which is roughly proportional to the
toroidal rotation velocity [20], slowed down and stayed
at ∼300 Hz owing to the growth of magnetic islands, as
shown in the next section.

3. Analysis
3.1 Characterization of mode onset

The analyzed data set consists of about 40 discharges
in NTM stabilization experiments. The onset and evolution
were first analyzed using magnetic probe signals because
of their high signal-to-noise ratio. The structure of the 2/1
mode was analyzed by using electron cyclotron emission
(ECE) diagnostics, which consists of a 12-channel hetero-
dyne radiometer with a channel separation of ∼2 cm and a
20-channel grating polychromator with a channel separa-
tion of ∼6 cm. The former was used for measurement in
the region around magnetic islands, and the latter was used
to measure the global temperature evolution. The sight
line of the ECE diagnostics is in the horizontal direction at
+0.2 m above the center of the vacuum vessel (Z = 0.2 m
in Fig. 1 (d)).

The value of βN at mode onset is plotted against the
onset time in Fig. 2. If the value of βN exceeds about 2,
the discharge was terminated by a beta collapse. In such
cases, no NTM was observed. When the βN value was
kept at about 2 for, typically, several hundred millisec-
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Fig. 2 Normalized beta at mode onset or beta collapse. The
open circles correspond to mode onset growing from a
small amplitude, and the closed circles correspond to
mode onset triggered by a localized collapse. The cross
symbols correspond to discharges terminated by a beta
collapse, in which no NTM was observed. The time
traces of the normalized beta for typical discharges are
also shown.

onds, an m/n = 2/1 NTM appeared. Among the dis-
charges in which a 2/1 mode appeared, the onset behavior
can be classified into two groups according to the wave-
form of the magnetic perturbations and the electron tem-
perature: (a) mode onset and growth from a small mode
amplitude and (b) mode onset triggered by a localized col-
lapse. Moreover, the former constitutes about 80% of the
analyzed discharges, and the latter accounts for about 20%.
The appearance time of the former covers a wide range:
t = 5.6–6.7 s; in particular, mode onset at t ∼ 5.7 s is
most frequently observed. The latter seems to appear in
a slightly higher-beta region and at a later time.

3.2 Characteristics of mode behavior
3.2.1 Mode onset and growth from a small mode am-

plitude

The temporal evolution of magnetic perturbations that
appear without a large MHD event is shown in Fig. 3. In
this case, the mode amplitude increases from nearly the
noise level and saturates in ∼50 ms. As the mode grows,
the mode frequency decreases starting at t ≈ 5.68 s and
reaches ∼400 s−1. In Fig. 3 (a), the temporal evolution of
the Dα intensity is shown. The spikes at, for example,
t = 5.614, 5.624, and 5.641 s correspond to perturbations
by ELMs. The fact that the mode starts to grow between
ELMs suggests that the 2/1 mode was not triggered by an
ELM. The temporal evolution of the electron temperature
around the mode location measured with a heterodyne ra-
diometer is shown in Fig. 3 (c). Oscillations first appear at
channels 2–4, which correspond to ρ ≈ 0.5. An inversion
of the phase of the oscillations, which is an indication of

Fig. 3 Expanded view of shot E49226 near mode onset. (a) Dα
intensity, (b) magnetic perturbation amplitude, and
(c) electron temperature measured with a heterodyne ra-
diometer. RECE is the measurement point of each channel.

magnetic island formation, can also be seen across chan-
nels 1–4. The full width of the magnetic islands at mode
saturation is typically 10–15 cm. After t = 5.72 s, the oscil-
lations of the magnetic perturbation signal become unclear
because the mode frequency becomes very low. The exis-
tence of a magnetic island can be confirmed from the ECE
signals: the signal of channel 1 stays at the lower level of
the oscillations, whereas the signals of channels 5–7 stay
at the higher level. This feature indicates that the measure-
ment points of the heterodyne radiometer correspond to the
X-point of the magnetic island.

Figure 4 shows a plot of 1/Δtpeak against (dB/dt|t=tpeak )/
(1/Δtpeak). Here tpeak is the time at which dB/dt reaches
a local maximum, Δtpeak is the time difference between
two successive peaks, and dB/dt|t=tpeak is the value of dB/dt
at the local maximum. Thus, 1/Δtpeak corresponds to the
mode frequency, and (dB/dt|t=tpeak )/(1/Δtpeak) corresponds
to the time derivative of the mode amplitude normalized
to the mode frequency, or equivalently, the mode ampli-
tude. The mode frequency decreases from 1300 Hz with
increasing mode amplitude and reaches ∼700 Hz; then, it
decreases rapidly to 400 Hz with increasing mode ampli-
tude. This behavior is similar to that in previous observa-
tions, where the mode frequency suddenly decreased from
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Fig. 4 Relationship between dB/dt|t=tpeak
/(1/Δtpeak)and 1/Δtpeak,

where dB/dt|t=tpeak
and 1/Δtpeak correspond to the peak

value of the magnetic perturbation amplitude and inverse
of time difference between two successive peaks, respec-
tively. The horizontal and vertical axes correspond to the
mode amplitude and mode frequency, respectively.

Fig. 5 Magnetic perturbations at the onset of an m/n = 2/1
mode in shot E49226. (a) Temporal evolution at the
toroidal angle and (b) temporal evolution of toroidal
structure. In (b), dotted lines are added to guide the eye.

∼2.5 kHz to ∼0.5 kHz when the width of the NTM islands
was increased by misaligned ECCD [20].

The temporal evolution of the magnetic perturbations
at mode onset is shown in Fig. 5. The oscillations after
t = 5.635 s having an n = 1 structure correspond to an
m/n = 2/1 mode. Before mode onset, weak oscillations
are observed. The oscillations have an n = 2 structure, as
shown in this figure. The frequency spectrum of the ECE
signals indicates that the amplitude of the n = 2 oscilla-
tions is largest at channels 6 and 7, which correspond to the
inner side (nearer to the plasma center) of the phase inver-

Fig. 6 Typical discharge with an NTM triggered by a localized
collapse. (a) Dα intensity, (b) magnetic perturbation am-
plitude, and (c) electron temperature measured with a het-
erodyne radiometer.

sion location of the n = 1 oscillations (channel 2). In ad-
dition, a phase inversion is observed across channels 8–10.
Thus, the n = 2 oscillations correspond to an m/n = 3/2
mode. Although the mode locations differ (∼14 cm apart),
the toroidal structure appears to connect smoothly owing
to a similar rotational velocity at these locations: the peak
of the magnetic perturbation amplitude in Fig. 5 (b) propa-
gates at a similar speed.

3.2.2 Mode onset triggered by a localized collapse

In around 20% of the analyzed shots, large magnetic
perturbations appeared suddenly with a large amplitude
from the beginning. Analysis using ECE diagnostics re-
vealed that this type of onset is caused by a small collapse
localized at the mode location. The temporal evolution
of the magnetic perturbations and electron temperature are
shown in Fig. 6. A collapse occurs at t = 6.114 s, and irreg-
ular oscillations appear just after the collapse. In fact, such
irregular oscillations, a phase inversion across channels 4–
6, which is the same result as the previous example, can be
recognized. The location where the change in the electron
temperature at the collapse is smallest, which corresponds
to the location of the collapse, is also located at this po-
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Fig. 7 Time evolution of electron temperature measured with a
grating polychromator in shot E49732. Rapid changes
in electron temperature observed only at ρ = 0.85 corre-
spond to ELMs.

Fig. 8 Profiles of temperature differences during a localized col-
lapse. The open and closed circles correspond to profiles
measured with a grating polychromator and heterodyne
radiometer, respectively.

sition. Thus, the collapse is also localized at the q = 2
surface.

Figure 7 shows the evolution of the electron tempera-
ture from the center to edge measured with a grating poly-
chromator. Although the central electron temperature de-
creases after the collapse, the change rate is much slower
than that at the q = 2 surface. In addition, the change in the
edge region is small (rapid decreases observed in the edge
channel correspond to ELM crashes). Figure 8 shows the
profiles of the change rate of the electron temperature at the
collapse evaluated from the signals of a grating polychro-
mator and heterodyne radiometer. Although the profiles

Fig. 9 Magnetic perturbations at the onset of an m/n = 2/1
mode in shot E49732. (a) Temporal evolution at the
toroidal angle and (b) temporal evolution of toroidal
structure.

differ slightly due to the difference in the spatial resolution
of each diagnostic, a similar localization of the change rate
at ρ ≈ 0.5 is found. The change rate reaches approximately
±15% near the mode location, and it decreases to ∼5% at
ρ ≈ 0.3. Near the plasma center, it is almost zero.

The temporal evolution of the magnetic perturbations
at mode onset is shown in Fig. 9. No large structure is seen
before the localized collapse at t = 6.115 s. Just after the
collapse an n = 1 structure is observed. The structure ap-
pears to rotate in the co-direction, i.e., the same direction
as the plasma current, until t ≈ 6.117 s, but then the ro-
tation direction appears to reverse until t ≈ 6.120 s. The
rotation direction then reverses again at t ≈ 6.120 s and the
direction is maintained. This type of evolution is seen in
other discharges with a localized collapse, and a variety of
such apparent changes in the rotation direction is observed.
A possible reason for the rotation change is the change in
the measurement point at the collapse. Because the rota-
tion profile is nearly zero owing to balanced NB injection,
a slight change in the measurement points at a collapse can
cause such an apparent rotation reversal.

An expanded view of the evolution of electron temper-
ature around the localized collapse is shown in Fig. 10 (a).
After the collapse, a fast change in the electron tempera-
ture, whose time scale is less than 1 ms, is seen in chan-
nels 1–10. The first temperature oscillation is seen at
t = 6.123 s, which is about 8 ms after the collapse. The os-
cillation is observed in a wide region, channels 1–11. Fig-
ure 10 (b) shows the profile of the temperature difference
at the oscillation at t = 6.123 s. The local maximum is lo-
cated at ρ ≈ 0.40 and the point crossing the zero amplitude
is located at ρ ≈ 0.54. In Fig. 10 (b), an amplitude profile
at t ≈ 5.70 s in shot E49226, at which time regular oscilla-
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Fig. 10 (a) Electron temperature evolutions before and after a
localized collapse and (b) profiles of the changes in the
electron temperature at the oscillations at t ≈ 6.123 s in
shot E49732 and t ≈ 5.70 s in shot E49226.

tions almost slowed down (see Fig. 3 for the temporal evo-
lution), is also plotted. The profile was obtained from six
periods with similar mode amplitudes. The profile shows
that the location crossing the zero amplitude is located at
ρ ≈ 0.58 and the peak amplitude is located at ρ ≈ 0.48,
which indicates that the width of the inner half of the mag-
netic island is ∼0.1 in ρ. Compared with this result, both
the amplitude and width in shot E49732 are much larger
than those in E49226 despite only ∼10 ms after the local-
ized collapse, which suggests that larger magnetic islands
were formed in shot E49732.

The onset and evolution of the 2/1 mode after a lo-
calized collapse depends on the amplitude of the collapse.
Figure 11 shows an example having a different behavior
than that in shot E49732. In shot E46342, two small col-
lapses appear at t = 6.005 s and 6.054 s, but a 2/1 mode is
not triggered, and no magnetic perturbations owing to the
collapses are observed. The value of ΔTe/Te at channel 9
(ρ ≈ 0.4) is −7% for the collapse at t = 6.054 s. On the
other hand, a 2/1 mode is triggered by a collapse with a

Fig. 11 Typical discharge with successive localized collapses.
Localized collapses at t = 6.005 s and 6.054 s with a
smaller amplitude do not trigger a 2/1 mode, whereas a
collapse at t = 6.112 s triggers a 2/1 mode.

larger amplitude at t = 6.112 s. The value of ΔTe/Te at ρ ≈
0.4 is −18%, which is comparable to that in shot E49732
(Fig. 8). These results indicates that there is a threshold
amplitude for triggering a 2/1 mode, whose value lies at
ΔTe/Te = 7%–18% in this case.

3.3 Effect of profiles on mode behavior
As shown in Fig. 2, the beta value at which a localized

collapse occurs is similar to the one at which a 2/1 NTM
appears without such a collapse. This suggests that param-
eters other than the beta value contribute to the onset of the
collapse. To investigate the difference in profiles, which
is the most possible candidate, two similar discharges are
compared in Fig. 12; a slowly growing NTM appeared at
t = 6.060 s in shot E49736, and a collapse-induced NTM
appeared at t = 6.114 s in shot E49732. As shown in the
previous section, the plasma parameters such as Ip and Bt

are the same in these discharges. In addition, the prepro-
grammed waveforms are the same. The beta value was
controlled by feedback on the NB power, which causes a
difference in the injection power. In fact, the averaged in-
jection power at t = 5.8–6.1 s in shot E49732 is higher than
that in shot E49736 by about ∼15%. In these discharges,
the evolution of the beta value is almost the same because
of the feedback control. The line-averaged electron density
in shot E49732, which was controlled by feedback until the
NB injection, is higher than that in shot E49736 by ∼5%,
and no deuterium gas puff was done during the NB phase
in these discharges. Furthermore, the base level of the Dα
intensity in shot E49732 is higher than that in shot E49736
by ∼30%. The differences during the NB phase are possi-
bly due to some changes in the wall condition; this type of
difference is often observed when the plasma configuration
of the previous discharge, especially the location of the di-
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Fig. 12 Comparison of discharges with and without a localized
collapse. (a) Neutral beam power, (b) normalized beta,
(c) line-averaged electron density, (d) Dα intensity, and
(e) internal inductance from equilibrium calculations as-
suming q(0) = 1 and (f) ion temperature profiles.

vertor legs, is different, which is the case in shot E49732.
The evolution of the internal inductance �i evaluated from
an equilibrium calculation assuming q(0) = 1 is shown in
Fig. 12 (e). Although the value of �i at t = 5.3–6.0 s in shot
E49736 is slightly higher than that in shot E49732, it is
almost the same at mode onset. This suggests that the cur-
rent profiles are similar at mode onset. Ion temperature
profiles just before mode onset are shown in Fig. 12 (f).
The temperature gradient at the mode location, ρ ≈ 0.5,
is steeper for shot E49732 because Ti in the central region
is similar, whereas Ti in the peripheral region is lower in
shot E49732. In addition, as can be seen in Fig. 7, a tem-
perature difference between ρ = 0.37 and 0.57 gradually
increases before the localized collapse. This difference in
the pressure gradient at the mode location is considered to
be the most probable reason for the difference in the onset
behavior.

4. Discussion and Summary
The onset and evolution of an m/n = 2/1 NTM in

high-βp mode discharges in JT-60U were investigated. In
about 80% of the analyzed data set, the mode grows grad-
ually with regular oscillations. In the other 20%, the mode
was triggered by a collapse at the q = 2 surface. In most
such cases, the oscillations were irregular from the begin-
ning. Moreover, no NTM is triggered when the change in
the electron temperature is small (typically ∼7%), and reg-
ular oscillations can also appear. This type of trigger event
has not been reported before although NTMs triggered by a
sawtooth crash or a fishbone instability were reported ear-
lier [16, 17].

A localized collapse in a region of an internal trans-
port barrier in high-βp mode discharges was previously ob-
served and termed the barrier localized mode (BLM) [21].
The behavior of the collapse in this paper is similar to the
BLM: (a) localization at the q = 2 surface where a steep
pressure gradient is formed, (b) appearance at high-beta
values ∼10%–20% lower than the values at which a beta
collapse occurs, (c) time scale in the order of microsec-
onds, and (d) occurrence at a high pressure gradient at the
mode location. In the discharge shown in Ref. [21], no
NTM was triggered. This may be attributed to a smaller
mode amplitude (ΔTe/Te ≈ 10%) or lower bootstrap cur-
rent density at the q = 2 surface located in a more periph-
eral region.

When an NTM is stabilized by modulated ECCD, the
frequency and phase of the NTM need to be identified to
determine the pulse duration and trigger time, respectively,
of the injected EC waves. In JT-60U experiments, the fre-
quency could be identified in real time using a fast Fourier
transform [22] because the mode frequency was quite uni-
form and changed only slowly, with a typical timescale of
several hundred milliseconds. If the mode oscillations are
irregular, such a modulation scheme becomes difficult, and
another scheme may need to be developed. Furthermore,
as shown in Fig. 12, a collapse-induced NTM was triggered
even during feedback control of the beta value (∼pressure).
This indicates that feedback control of profiles is important
to avoid such a collapse when operating close to the mode
onset regime.

This analysis revealed that in around 80% of the ana-
lyzed discharges, a 2/1 mode is triggered without a large
MHD event. In some of the discharges, the NTM onset
time appears to coincide with an ELM crash time, which
suggests that an ELM is one of the candidates for NTM on-
set. Even so, the effect of ELMs on NTM growth is small
(this can also be seen in Fig. 1, where some ELMs appear
during regular oscillations, but the mode amplitude is al-
most unaffected). In some discharges, as shown in Fig. 1,
NTMs do appear and grow between ELMs, which indi-
cates there is another cause for the onset. The reason for
the onset for such cases has not been clarified and remains
as a future study.
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