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Abstract
The penetration of an edge-localized mode (ELM) into an internal transport barrier (ITB)
plasma has been studied on the EAST tokamak with a flat central safety factor profile q(0) ∼ 1
recently. The experiment indicates that when the ELM inward penetration radius reaches the
ITB foot region, a significant influence on the ITB plasma is manifested, leading to the
shrinking or collapse of the ITB on the EAST tokamak. Observations suggest that the onset of
large ELM penetration, which extremely reduces the pedestal temperature and density, can
trigger the collapse of the ITB, by means of the off-axis sawtooth on the EAST tokamak. The
off-axis sawtooth events contribute to a further decrement in the core stored energy after a larger
ELM crash in the pedestal region. The reversal surface of the off-axis sawtooth is situated
around the ITB foot. The delay time between the ELM penetration reached to the ITB foot and
the followed off-axis sawtooth collapse is about 2–3 ms. It is also found that the expanding of
ITB is related to the net heating power. Mechanism of ITB collapse from ELM penetration to
the off-axis sawtooth triggered is not yet clear. Experimental results for understanding ELM
penetration in ITB plasmas are summarized and discussed.
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1. Introduction

Achieving high confinement performance is a paramount
objective for future fusion reactors. Experimentally, this per-
formance can be enhanced through the formation of transport
barriers in both the plasma edge and core, known as the edge
transport barrier (ETB) [1, 2] and the internal transport bar-
rier (ITB) [3–6], respectively. Typically, the generation of a
high fraction of non-inductive current is associated with the
formation of a steep pressure gradient within the ITB region,
and the fusion power is anticipated to scale with the square
of the pedestal pressure in the ETB. Consequently, advanced
operation scenarios featuring the coexistence of ETB and ITB
have been explored extensively over the past two decades in
various devices, including JET [7–10], JT-60U [11–13], TFTR
[14, 15], Alcator C-Mod [16, 17], ASDEX-U [18–21], DIII-D
[22–27], and EAST [28–31]. The interplay between ITB and
ETB remains an unresolved issue due to the complex, self-
organized interactions among them [32–34]. For instance, in
JT-60U, the pedestal establishment during the L–H transition
may be induced by a degradation of the ITB [35]. Conversely,
the pedestal behavior can also influence the ITB dynamics, and
the strength of the ITB has been observed to increase during
the H-L transition in JT-60U. In the EAST tokamak, an elec-
tron ITB (e-ITB) is detected during the H-L transition, where
the ITB foot moves inward until the L–H transition occurs,
at which point the H-mode pedestal or type-I edge-localized
modes (ELMs) significantly affect the e-ITB intensity [36].
Recent studies have investigated the impact of the pedestal
or ELMs on ITB evolution. In JET, the collapse of the ITB
induced by large-amplitude type I ELMs in ITB plasmas has
been observed [37]. Electron cyclotron emission (ECE) data
indicate that ITB contraction occurs as the ELM penetration
radius reaches the ITB foot. Similarly, in JT-60U, when the
ELM penetration radius extends to the ITB foot, the ITBwidth
ceases to expand outward and ultimately reaches an equilib-
rium state [34].

These observations suggest that ELM penetration may be
a critical factor in regulating ITB dynamics. Furthermore, this
paper aims to investigate the influence of ELM penetration on
ITB in two distinct scenarios on EAST tokamak, one involving
the collapse of ITB and another where the ITB is sustained
during ELMy H-mode without abrupt collapse. The structure
of this paper is as follows: section 2 describes the experi-
mental setup. Section 3 details the phenomena of ELM penet-
ration and ITB collapse in hybrid plasma conditions. Section 4
presents the off-axis sawtooth observed during ITB collapse.
Section 5 discusses the maintenance of a sustained ITB in
ELMy H-mode without sudden collapse. Section 6 analyzes
the impact of heating power on ITB movement and provides a
summary of the findings and conclusions of this work.

2. Experimental setup

The experimental campaign was conducted on the EAST toka-
mak, a medium-sized superconducting tokamak characterized
by a major radius of R0 = 1.85 m and a minor radius a=

0.45 m. The EAST device is equipped with a molybdenum
wall in the main chamber, a graphite bottom divertor, and an
ITER-like tungsten/copper (W/Cu) top divertor. The plasma
current (Ip) of 450 kA is counter-clockwise in the view of
the top, while a toroidal magnetic field (BT) of 1.6 T is
applied in the clockwise direction. The experiments were car-
ried out in hybrid H-mode discharges with low hybrid wave
(LHW) heating at 4.6 GHz and neutral beam injection (NBI)
with a lower single null divertor configuration. As shown in
figure 1(a), the NBI system has two beams (each consist-
ing of two ion sources), one is co-tangential (NBI1) and the
other is counter-tangential (NBI2), they can provide toroidal
momentum injection along/against the direction of the plasma
current respectively [38].

The poloidal arrangement of the diagnostics used in this
work is in this study illustrated in figure 1(b). An 11-channel
POLarimeter-INTerferometer (POINT) was utilized to meas-
ure the line-averaged density across 11 horizontal chords, with
an adjacent vertical spacing of 8.5 cm [39–41]. The ECE chan-
nels located at mid-plane on the low field side are utilized
for the measurement of electron temperature. The soft X-ray
(SXR) diagnostic provides information on MHD properties
such as sawtooth instability in this work.

3. ELM penetration and ITB collapse in the hybrid
plasma

Figure 2 presents the waveform of a typical H-mode discharge.
As shown in figure 2(a), the plasma current ramps up to 450 kA
at 2.2 s. The 4.6 GHz LHW power (1 MW) works as a pre-
heating power throughout the flattop phase. The NBI heating
increases stepwise with about 1.1 MW in the first two NBI1
sources and 0.9 MW in the latter two NBI2 sources, respect-
ively. The L–H transition is initiated at t = 2.45 s with the
input of the first NBI source, followed by the emergence of
ELM spikes approximately 0.1 s later, as observed in the Dα

emission (see figure 2(f )). As shown in figures 2(c)–(e), when
the last NBI source is injected into the plasma, the stored
energy increases from 140 to 190 kJ, which is much higher
than the increment of stored energy caused by the second and
third sources. Meanwhile, the H98,y2 factor increases from 1 to
1.1 with a decreased internal inductance (li), which suggests
an improvement of confinement from the standard ELMy H-
mode. The difference between core and edge density shows
a continuous increase during this period, which indicates the
formation of an ne-ITB. The formation of the ITB in Te, and
T i is also found during this period, the details of which can be
found in [28]. As shown in figure 2(c), the start time of ITB
formation is identified at t = 3.59 s with a black dashed line.
Approximately 0.2 s subsequent to this, a sudden collapse of
the ITB occurs, concomitant with a decrease in stored energy,
the H98,y2 factor, and core density.

Figure 3 shows the evolution of the stored energy, Dα emis-
sion, as well as the ELM penetration radius and the location of
the ITB-foot for the period presented by the blue rectangle in
figure 2. Here, the penetration radius of ELM in figure 3(c)
is evaluated by the drop of the electron temperature within
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Figure 1. (a) Toroidal and (b) poloidal arrangements of the heating and diagnostics, where SXR01-SXR46 (pink line) is the channel 1–46
of soft x-ray, and Nel1–Nel11 (blue dashed line) correspond to channel 1 to channel 11 of POINT, green stars denote the ECE channels.

Figure 2. Evolution of basic parameters in a typical discharge: (a) plasma current Ip, (b) 4.6 GHz LHW power and NBI power, (c)
diamagnetic stored energy Wdia, (d) internal inductance (li) and H98,y2 factor, where H98,y2 is the thermal energy confinement time
normalized to a scaling relation, (e) line-averaged electron density from channel 1 and 6 of POINT, (f ) Dα emission. The dashed lines
indicate the ITB start and collapse time, while the blue rectangle shadow indicates time interval used in figure 3.

600 µs after the ELM crash, i.e. the radius is defined as the
deepest radial location with ∆Te/Te > 1% as referenced in
[34]. The ECE data is firstly filtered with a 2 kHz low-pass
filter to avoid the effect of high frequency perturbation on
the measurement of temperature. Then, the changes in tem-
perature caused by ELMs are calculated by this definition.
Considering the distance between the ECE channels, the pen-
etration depth is calculated by fitting the temperature changes
of these channels. The radius of ITB-foot expands outward
with the increase of stored energy, while the penetration radius
does not show a clear trend in the early phase before 3.72 s.

However, as the ITB foot gradually expands outward, the pen-
etration radius of ELM tends to deepen inward from 3.73 s. In
special, it is seen at t = 3.78 s, when ELM penetration radius
reaches to ITB foot at around ρ ∼ 0.44, ITB starts to collapse
as shown in figure 3(a). During the collapse, the stored energy
decreases from 190 kJ to 167 kJ. In the next section, the evol-
ution of ITB collapse will be shown.

In fact, the ITB collapse caused by the ELM penetration is
not a random event, and the same phenomenon can be seen in
other shots. Here, the statistical result of the ELM crash and
ITB collapse of the shot in #56932 and #56933 are shown in
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Figure 3. (a) Stored energy, (b) Dα emission, (c) contour of
electron density, the location of pressure ITB foot (black solid line)
as well as ELM penetration radius (red circle line). The penetration
depth is defined from the ECE data, the density contour figure and
the location of ITB foot are calculated by the density profile
measured by the POINT diagnostic, which is calibrated by the
Thomson scattering (TS) laser diagnostic.

figure 4. Here, the ∆WELM/W is calculated using stored energy
to represent the size of the ELM crash, the penetration radius
of the ELM is calculated as described, and the position of the
ITB foot before the ITB collapse is shown in dashed lines in
figure 4. In shot #56932, the discharge parameters are the same
as shot #56933 in the manuscript, the location of the ITB foot
is similar to #56933 around ρ∼ 0.44 before ITB collapse. It is
shown that in the blue and red rectangles in figure 4, when the
ELM size is large, the depth of ELM penetration can increase
with ELM size. This result is similar with JT-60U [34], in
which the penetration radius of Te, T i and V t increases with
the ELM size. This result indicates that the ITB collapse is
correlated with the amplitude of the ELM size and penetration
depth.

4. Off-axis sawtooth observed during ITB collapse

Figure 5 shows the evolution of stored energy, Dα emission,
as well as the distribution of SXR radiation. It is shown that
the ITB collapse starts with an ELM burst at approximately
3.783 s. Subsequently, during the collapse, an off-axis saw-
tooth is triggered at t= 3.786 swithin the core plasma, with the
reversal surface at approximately Z = 0.25 m, which corres-
ponds to a normalized radius of ρ = 0.44. When the sawtooth
is triggered, the stored energy further decreases. Such off-
axis sawtooth is also found at 3.826 s when the stored energy

Figure 4. Statistics of ELM size and penetration depth.

Figure 5. (a) Stored energy, (b) Dα emission, (c) SXR radiation
distribution. The collapse time and off-axis sawteeth (ST) are
indicated by vertical dashed lines.

decreases. It is noted that the reversal surface of off-axis saw-
tooth is quite different from the regular one, the reversal sur-
face of off-axis sawtooth is around ρ= 0.44 while the reversal
surface of regular sawtooth is around ρ = 0.3 at q = 1 surface
in this shot, as shown in [28].

During the ITB collapse, an n = 1 precursor is often
observed in the spectrogram of the SXR signal. Figure 6 shows
the evolution of the raw core SXR signal and its spectrogram.
Figure 6(d) shows the amplitude of the precursor with [4 6]
kHz filter and its envelope. As shown in figures 6(c) and (d), a
4 kHz precursor is observed after the ELM crash, and the amp-
litude of the precursor gradually increases and then decreases
before the onset of the next ELM.

ECE is also employed to examine the spatial dynamics of
the sawtooth behavior. Figures 7(a)–(j) present the temporal
evolution of the electron temperature at different normalized
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Figure 6. (a) Dα emission, (b) channel 19 of SXR (SXR19)
radiation at core, (c) spectrogram of SXR19, (d) amplitude of
SXR19 with [4 6] kHz filter and its envelope.

radius from the edge to the core plasma. The blue arrow in
these figures points to a significant drop in the edge temperat-
ure, which is correlated with the occurrence of an ELM crash
as shown in figure 7(k). This rapid decrease in temperature
could even extend to a radial position of ρ = 0.44. Such a
Te change in different positions causes an increase of the Te

gradient in the ITB region after the ELM crash, which could
trigger the 5 kHz precursor and lead to the occurrence of off-
axis sawtooth at t = 3.786 s. It is noticed that the reversal of
the surface of off-axis sawtooth just corresponds to the depth
of ELM penetration in ρ = 0.44, which is also the location of
ITB foot. This implies that when the ELM penetration reaches
the region of the ITB foot, it induces a substantial alteration
in the local gradient or the q profile, thereby triggering an off-
axis sawtooth instability that eventuates in the collapse of the
ITB.

5. Sustained ITB in ELMy H-mode without collapse

As a comparison, a sustained ITB plasma in ELMy H-mode
(#71320) without an abrupt collapse is shown in figure 8. The
plasma enters H-mode with 1.2 MW NBI and 1 MW LHW
power. After the input of the second NBI source (t = 3 s),
a m/n = 1/1 fishbone instability is triggered, as shown in
figure 8(e). The ITB starts from t= 3.53 s and is closely related
to the triggering of the fishbone. The gradient of the elec-
tron density in the ITB region increases with the burst of fish-
bone instability [30]. In our previous study [29], energy trans-
port analysis has shown that the fishbone instabilities have

Figure 7. (a)–(j) Evolution of electron temperature measured by
different ECE channels from edge to core with 2 kHz low-pass filter.
Blue arrow shows the influence of the ELM penetration from edge
to the core. Red arrows show the further collapse in shot #56933. (k)
Dα emission.

a suppression on electron turbulent energy transport. From
t = 3.53 s, the high normalized beta (βN) plasma with ETB
and ITB is maintained for about 3 s. In the flattop (t = 4–6 s)
with NBI power of 4.8 MW and LHW power of 1.2 MW, the
βN achieves a maximum value of 1.9 and is sustained for 2 s.
Figures 8(f )–(h) show the profiles of electron density, electron
temperature and ion temperatures at 4.5 s and 6 s, respectively.
As shown in the figure, the ITB foot locates at ρ = 0.3, which
is also the position where the fishbone instability is triggered.
In shot #71320, the ITB remains in a quasi-steady state until
the termination of the NBI.

The evolution of the stored energy, Dα emission, as well
as the ELM penetration radius and the location of the ITB-
foot during 4.5–5 s (#71320) are presented in figure 9. In this
quasi-steady state, the ELM penetration radius does not reach
the ITB foot, and the ITB foot and stored energy are hardly
affected. As a result, both the ITB and ETB can be sustained
for steady state on the EAST tokamak as shown in figure 9(d).

6. Discussion and summary

In this report, the ELM penetrations in different ITB dis-
charges are discussed, and the results show that the depth of
penetration is a crucial issue in the maintenance of ITB. In
addition to the ELM penetration, the movement of ITB is also
important for maintaining ITB. In JET, the transition from
type-III to large type-I ELM often causes a deeper penetration
reaching to the ITB foot and causing the ITB foot to shrink
inward [37]. This phenomenon could be related to the insuffi-
cient injected power. Here, the power crossing the separatrix
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Figure 8. Quasi-steady state high βN discharge (#71320) with ITB on EAST. (a) Plasma current Ip and the Dα emission signal. (b) 4.6 GHz
LHW power and NBI power, (c) diamagnetic stored energyWdia, (d) internal inductance li and plasma normalized beta βN and (e)
spectrogram of core SXR showing the m/n = 1/1 fishbone instability. (f )–(h) Electron density, electron temperature and ion temperature
profiles for H-mode with ITB phase at t = 4.5 s (blue) and 6 s (red).

Figure 9. (a) Stored energy, (b) Dα emission, (c) contour of electron density, the location of pressure ITB foot (black solid line) as well as
ELM penetration radius (red circle line). (d) Evolution of ne profile.

is defined as Psep = Pin − dW/dt − Prad, the three items on the
right hand side are the injected power, time derivative of the
plasma diamagnetic energy and radiation power, respectively.
In their experiment, the first large type-I ELM occurred during
the slowing down of the ICRF power; this large ELM leads to
an increase in the radiation power and a reduction of the power
crossing the separatrix for entering type-III H-mode. As a res-
ult, the ITB foot performs a continuous shrinking when the
penetration radius of type-I ELM reaches the ITB foot. On the
contrary, in JT-60U it is found that when the additional negat-
ive ion source NB power is turned on, the ITB foot is expand-
ing till the type I ELM penetration reaches to the ITB foot,
finally, it comes to a balance state [33].

In early experiments on EAST, the radiation power is often
underestimated because of the incomplete coverage of viewing
chords on the divertor region and strong low-charge emission
in the edge plasma. Here, we replace the Psep with the loss
power (Ploss = Pin − dW/dt). As depicted in figure 10, dur-
ing the EAST experiment (shot #56933), the injected power
remains nearly constant during 3.55–4 s, while the stored
energy initially rises (dW/dt > 0) before subsequently declin-
ing (dW/dt < 0). The ITB expands until the ELM penetration
reaches the ITB foot, at which point the ITB begins to collapse
at t = 3.77 s. The ITB foot maintains a transient balance state
from 3.77 to 3.85 s, after which it starts to shrink inward at
t = 3.85 s. This expansion of the ITB appears to be correlated
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Figure 10. Evolution of (a) and (d): ITB foot and ELM penetration, (b) and (e): injected power and time derivative (dW/dt) of stored
energy, (c) and (f ): loss power Ploss.

with the trend observed in the loss power (Ploss). This depend-
ence on power is similar to results in JT-60U. However, in the
ITB shrinking phase, where Ploss remains constant, no clear
correlation is found between ITB shrinking and net heating
power variation.

In summary, the ELM penetration and ITB collapse has
been studied in the EAST tokamak. When the ELM penet-
ration radius reaches the ITB foot, a significant impact on
the ITB plasma is observed as the ITB shrinks or collapses.
However, when the ELM penetration radius does not reach the
ITB foot, both ITB and ETB plasmas can be sustained stead-
ily with type-I ELM. When the ITB collapse starts, the off-
axis sawtooth happens to decrease the stored energy further.
The reversal surface of the off-axis sawtooth is around the ITB
foot. The delay time between the ELM penetration reach to the
ITB foot and the off-axis sawtooth collapse is about 2–3 ms.
The mechanism of ITB collapse from ELM penetration to the
off-axis sawtooth triggered is not yet clear. It is also found that
the expanding of ITB is correlated with the net heating power.
Further studies in simulation are needed, and a boundary and
pedestal integration module for the BOUT++ code is under
development.
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