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ABSTRACT: The edge localized mode (ELM) instability based on peeling-ballooning models in fusion plasma is studied
based on the bifurcation concept. Three field transport equations including thermal, particle, and toroidal momentum
transport are numerically solved simultaneously. The transport includes both neoclassical and anomalous effects with
the shearing suppression effect acting on only the anomalous channel. The total plasma current is contributed by the
given driven plasma current and bootstrap current driven by local pressure gradient. An ELM is violated in the form of
thermal and particle loss once either the critical pressure gradient or edge total plasma current has been reached. The
ELM repetition frequency is analyzed by fast Fourier transform (FFT). The result of ELM instability exhibits a periodic
fluctuation of plasma profiles as found in experiments. The energy and particle loss can be observed by the percentage
drop in plasma profiles. The ELM mechanism affected by the heat source and plasma transport coefficients is examined
to impose appropriate plasma conditions for avoiding deleterious ELM (type-I ELM) and creating benign ELM (type-III
ELM) for tokamak devices. In addition, the percentage drop of plasma profiles is investigated by the ELM cycle.
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INTRODUCTION

In many tokamak experiments, a high confinement
mode (H-mode) is a success mode for plasma con-
finement. This mode is highly desirable because, as
opposed to a low confinement mode (L-mode), the
plasma yields high density, high temperature, and long
energy confinement time. Experimentally, H-mode
in many tokamak devices were reproduced such as
ASDEX, DIII-D, and JET and on stellarators such as W7-
AS [1, 2]. When the H-mode occurs, plasmas exhibit
significant improvement on pressure, particle density,
and temperature values. This is because in the H-
mode, the plasma is more stable and better confined.
Its characteristic is a sharp gradient at the plasma
edge with a structure called an edge transport barrier
(ETB). Top pedestal pressure is the pressure value at
the top of an ETB. It is believed that the formation
of ETB causes an abrupt transition from L-mode to H-
mode. This transition is called an L-H transition, where
anomalous transport is suppressed. The description
of its mechanism is based somewhat on the shear of
the radial electric field (Er), at the onset of anomalous
transport suppression and magnetic field (B), resulting
in the flow shear or Er × B in the poloidal direction
[3]. The form of flow shear suppression resembles the
analysis conducted by Malkov et al [4].

Experimentally, when external heating power is

given to tokamak plasma. As heat flux increases, the
anomalous effect gradually dominates the transport
over the neoclassical, and the plasma reaches the L-
mode regime. Once the heat flux surpasses a criti-
cal threshold, the plasma makes a sudden transition
from L-mode to H-mode where anomalous transport
is quenched in the transport barrier region. The oc-
currence of the L-H transition has a characteristic of a
hysteresis, which can be explained using a bifurcation
approach. In other words, the plasma mode can
bifurcate from one regime to the other once certain
criteria are satisfied [5].

In many experiments, it was found that when
the plasma pressure is beyond a certain point, some
instability of the plasma can be induced, which can
only be detected in a short time and small length scales
such as edge localized mode (ELM). ELM is a repetitive
MHD instability occurring in the pedestal region in
tokamak plasmas, located near the edge of the plasma
inside the last closed magnetic flux surface (also known
as the separatrix) in the cross-section, as shown in
Fig. 1 of the previous report [6]. This instability results
in energy and particle losses synchronizing with the
quasi-periodic relaxation of a transport barrier previ-
ously formed during an L-H transition. This instability
was first observed in the ASDEX tokamak in 1981 [7].
Experimentally, ELM instability is detected using the
Visible Charged-Coupled Device Camera Diagnostic
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System (Visible CCD camera). ELM can be analyzed
by using the linear Magneto Hydro Dynamic (MHD)
stability from the pedestal pressure and edge plasma
current constraints based on the peeling-ballooning
model, which has been quantitatively studied in many
observations in tokamak devices [8]. There are several
types of ELM instabilities observed in present tokamak
devices around the world such as EAST [9], JT-60U
[10], DIII-D [11], JET [12], and ASDEX Upgrade [13].
The many types of ELM that depend on the ELM viola-
tion regimes have been classified, such as type-I ELM,
type-II ELM, type-III ELM, and so on [14]. Type-I ELM
is a burst with a large amplitude and low repetition
frequency, which appears to increase with additional
heating power [9]. Type-II ELM has no clear relation
on the power dependence of repetition frequency [15].
Type-III ELM is a burst with a low amplitude and high
frequency, with repetition frequency decreases with
increase additional heating power. Type-I ELM is one
of the serious problems for tokamak devices because it
releases a large power flux and can cause damage to
the plasma-facing components and divertor. Type-III
ELM is preferably acceptable because it has a benign
power flux, which can help to expel the impurities
without significantly compromising the overall energy
confinement. However, type-III ELM accompanying
the stationary operation in H-mode is generally found
that the upper limit on the plasma pedestal is lower
than that from type-I ELM, consequently reducing en-
ergy confinement. Although there is some drawback
to type-III ELM, it can be neglected when considering
the advantages of getting more sustainable plasma
performance by clearing plasma impurities [16]. The
fraction of type-I ELM energy loss to the pedestal
energy (∆WELM/Wped) is about 5%–20% and the type-
III ELM has ∆WELM/Wped < 5% [9, 17]. Therefore, in
order to avoid the large power flux from Type-I ELM,
creating the acceptably transient heat loads from type-
III ELM is important for tokamak devices. At present,
there are several techniques based on the pedestal
pressure and current control that are used to avoid the
deleterious ELM and trigger the benign ELM such as
pellet injection [15], resonant magnetic perturbations
(RMPs) [18], plasma shaping (triangularity) control
[8], and edge current density control [19]. The results
of these techniques lead to the change of the ELM
violation threshold based on the peeling-ballooning
model, which is the key to triggering the benign ELM.
Therefore, the understanding of plasma configurations
to direct the appropriate ELM violation threshold for
creating a benign ELM is important to tokamak devices.

This research aims to understand the ELM inter-
action and ELM violation regime based on peeling-
ballooning models against plasma parameters using
a three-field transport bifurcation model, which in-
cludes the conservation of energy, mass, and momen-
tum. These transport equations solved in this work

are based on the fluid approach model. The con-
servation of energy and mass has been analyzed by
Chatthong et al [20] in their work to study informa-
tion of both ETB and internal transport barrier (ITB).
Furthermore, Gürcan et al [20–23] have extensively
studied the three-field transport equations to investi-
gate intrinsic rotation and electric field shear, among
other works.

THREE-FIELD BIFURCATION MODELS

Plasma in magnetic confinement devices can be en-
hanced by the mechanism known as the edge of trans-
port barrier (ETB), which occurs at the edge region
of the device. ETB is formed by the suppression of
plasma turbulence or anomalous transport due to the
flow shear velocity. However, the existence of ETB in
H-mode may bring to the occurrence of ELM instability.
This research focuses on ELM instabilities that occur
after the high confinement (H-mode) mode of plasma
transport in magnetic confinement fusion is reached.

Three field transport equation

Effects of plasma transport on L-H transition, transport
barriers formation, diffusion transport, and turbulence
can be investigated using the bifurcation model. The
simulations in many previous works used the bifur-
cation model to study and explain the dynamics or
phenomena of plasma. The results from the bifurcation
model are supported by theoretical understanding and
data from experiments, which was confirmed by data
from JET tokamak [24]. In this work, three main
models of energy, mass, and toroidal momentum con-
servations are simultaneously solved by the calculation
of transport coefficients in diffusion terms such as the
critical model based on the stiffness model, which are
coupled via the suppression function term [21]. Three
field transport equations are shown:
Thermal transport:
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Toroidal momentum transport:
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where p, n and vφ are plasma pressure, plasma density,
and toroidal velocity, respectively; χ0, D0 and v0 are
the thermal, particle, and toroidal momentum neoclas-
sical transport coefficients, respectively; χ1, D1 and
v1 are the thermal, particle, and toroidal momentum
turbulence transport coefficients, respectively; πres is
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residual stress representing intrinsic torque; and ϵ
represent the suppression function. External sources,
H(r), S(r) and τφ(r) are heat, particle and external
toroidal torque sources, respectively; r is normalized
radius. Gaussian’s function is used to assume external
sources, which includes heating, particle, and driven
torque distributions into the plasma. All transport
coefficients were set to be constant similar to what had
been proposed [22]: χ0 = 2, χ1 = 20, D0 = 0.7, D1 = 7,
v0 = 2, v1 = 20.

Critical model

The stiffness model describes the onset point of tur-
bulence transport by using effect of sand-pile model.
The relation of stiffness model is associated with radius
from center of torus and gradients of pressure, density,
and toroidal momentum. It can be calculated as
follows [23]:
Thermal transport turbulence coefficient:
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Particle transport turbulence coefficient:
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Toroidal momentum transport turbulence coefficient:

v∗1 ≈ C3
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where C1, C2 and C3 are turbulence coefficients of ther-
mal, particle, and toroidal momentum, respectively;
µ∇p, µ∇n and µ∇vφ are critical gradients of thermal,
particle, and toroidal momentum, respectively; and Θ
is the Heaviside function and can be defined as:

Θ(ξ) =
1
2

�

1+
ξ

|ξ|

�

=

�

0, if ξ < 0,
1, if ξ⩾ 0.

(7)

Suppression function

Suppression function plays a significant role to sup-
press the anomalous transport from the shearing ef-
fects. Once the anomalous transport is suppressed,
ETB can be formed. The suppression function affects
only the turbulence term of the plasma transport co-
efficient in three-field plasma transport equations. In
this work, two mechanisms, Er×B shear and magnetic
shear, are considered for the transport suppression
function. For simplicity, the suppression function can
be written as:

ϵ = ϵ0|s|
��

1+αγ2
E×B

� �

1+βs2
��−1

, (8)

where ϵ0 is the coefficient suppression function; α
and β are ad-hoc parameters to control the range of

suppression function of flow shear and magnetic shear,
respectively. Flow shear is the main mechanism for
the formation of ETB, which is proportional to Er × B
velocity. The relation of flow shear can be calculated
from the force balance between the gradient pressure
force and Lorentz’s force. The flow shear can be
written in the form as shown below:
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where Bφ and Bθ are toroidal and poloidal magnetic
field, respectively; vφ and vθ are toroidal and poloidal
velocity, respectively. In experiment, turbulence can
also be suppressed by magnetic topology in the plasma
and forming an internal transport barrier (ITB) [25].
The definition of magnetic shear involves the param-
eter called safety factor, which is used to describe the
twist of the magnetic field lines in the plasma. Thus,
the gradient of safety factor describes the angle twist
of magnetic field in different position. The magnetic
shear can be written in the form of proportional of
safety factor gradient as shown below:

s ≈
r
q
∂ q
∂ r

, (10)

where r and q are normalized radius and safety factor,
respectively. The safety factor can be calculated as:

q ≈
r
R

Bφ
Bθ

, (11)

where R(r) ∼ R0/a + r is a radius from center of the
torus, R0 is plasma major radius and a plasma minor
radius.

Intrinsic rotation

There are several plasma phenomena, which results
in the rotation in toroidal direction by plasma itself.
This intrinsic rotation was studied in experiments and
theory. The intrinsic rotation is important because it
can drive plasma momentum in toroidal direction with-
out the external momentum source. It is expected to
be difficult to drive the momentum in larger tokamak
like ITER because of its size. Intrinsic rotation can
be explained using fluid and electromagnetic theory.
It is caused by symmetry breaking of flow shear in
radius direction. When net wave momentum is moving
around the torus in asymmetrically direction by mean
electric field shear, then the residual stress will be
occurred. The residual stress then drives the intrinsic
rotation. It can be written as [21]:

πres = κϵ
�

1−σ
∂ p
∂ r

�

γE×B, (12)

where κ andσ are the coefficient of residual stress and
ad-hoc parameter of residual stress, respectively.
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Plasma current

The total plasma current is contributed by the integra-
tion of plasma current density modified as quadratics
function [26] and bootstrap current density driven
by the pressure gradient [20, 27]. The total plasma
current is shown in the form:

Ip

�

r, r j,peak

�

=

∫ r

0

[ jd + jb] r ′ dr ′, (13)

where Ip
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is total plasma current; jd =
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�
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�
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�2�ν
is plasma current den-

sity; jd,0

�

r j,peak

�

is a coefficient of plasma current den-
sity; r j,peak is position peak of driven current; jb is the
bootstrap current density, which is locally proportional
to pressure gradient ( jb∝−∇p) [28].

ELM modelling

The edge localized mode (ELM) instability in fusion
plasma is studied based on peeling-ballooning models
with three field transport equations including thermal,
particle, and toroidal momentum transports, which
are numerically solved simultaneously. This research
focuses on the type-I and type-III ELM in which the
peeling-ballooning ELM mechanism is simulated by
setting a threshold pressure gradient and edge total
plasma current. Note that other types of ELM can be
caused by the condition of magnetic geometry. For
instance, type-II ELM can be happened in strongly
shaped plasmas at high triangularity [8, 29], however
this is not included in this current work. In this
research, type-I ELM and type-III ELM are triggered
whenever the pressure gradient (gp) or edge plasma
current (Ip) at the ETB region exceeds the threshold
(gp > gp,crit or Ip > Ip,crit), respectively. Consequently,
some heat and particle will be lost. Description of
ELM violation modes will be describes in the next
sub-section. ELM repetition frequency and the ELM
loss of heat and particle are determined by referring
to the typical ELM in the experiment. For instance,
type-I ELM profiles are demonstrated in EAST tokamak
[7, 9]. ELM heat and particle loss are demonstrated in
the ELM formation of discharge from DIII-D tokamak
[16]. After ELM loss, the plasma profiles are allowed to
recover until another threshold is violated again, which
is a characteristic of ELM cycle. The percentage drop
of plasma profiles and ELM repetition frequency are
investigated in this work. The percentage of plasma
drop can be calculated as:

% Averaged plasma drop

=
Avg Max plasma−Avg Min plasma

Avg Max plasma
×100, (14)

where Avg Max plasma and Avg Min plasma represent
the average of maximum values and average of mini-
mum values from every oscillating cycle, respectively.

Moreover, in many experiments, it is evident that there
is energy and particle loss involved with the ELM rep-
etition frequency. The ELM repetition frequency will
be analyzed in the steady-state region by Fast Fourier
Transform (FFT) analysis, converting the results from
the spatio-temporal plasma pressure domain to the
frequency domain.

ELM in pure peeling mode

The ELM in peeling mode, or type-III ELM, is defined to
occur when the total plasma current exceeds a certain
critical total plasma current (Ip > Ip,crit). The critical
total plasma current is set to be slightly above the
plasma current at the top of the pedestal in the early H-
mode. When the total plasma current has reached the
threshold, thermal and particles are lost by forcing re-
ductions of their respective sources in such a way that
the plasma profiles are dropped in the same fraction
as observed in discharges from the DIII-D and EAST
tokamaks [8, 15], specifically thermal and particles
sources are reduced by around 30% for a 100 ms after
which the sources are returned to its original values.
Then, the plasma profiles are recovered because the
thermal and particle sources are continuously supplied
to the plasma until the threshold is violated again, re-
sulting in the plasma profiles fluctuation with a certain
frequency.

ELM in pure ballooning mode

The ELM in ballooning mode, or type-I ELM, is de-
fined to occur when the pressure gradient exceeds a
certain critical pressure gradient (gp > gp,crit). The
critical pressure gradient is set to be slightly above
the pressure gradient at the top of the pedestal in
the early H-mode. Similarly, the thermal and particle
are dropped and then increased again until the next
threshold violation.

ELM in peeling-ballooning model

The peeling-ballooning model is achieved by the com-
bination of peeling and ballooning modes from the
previous section. First, both peeling and ballooning
modes will be numerically solved separately in order
to identify the unstable regimes. The ELM violation
locations of pressure gradient and total plasma current
can be observed from both data of peeling and bal-
looning modes. Second, unstable regimes from both
simulations are combined to form a stable zone in the
total plasma current versus pressure gradient coordi-
nate. Third, two fitted equations from pure peeling
and ballooning modes are then determined and then
used for the violation criteria of the peeling-ballooning
model. If the pressure gradient or total plasma current
below the peeling-ballooning conditions, the plasma
is still stable. However, when the pressure gradient
or total plasma current is violated by the peeling-
ballooning conditions, the ELM instability is triggered.
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Fig. 1 Overview of the methodological framework used in this study, illustrating the processes of plasma transport, plasma
state, and ELM modeling.

Fig. 2 Contour plots of ELM repetition frequency in peel-
ing and ballooning modes with the x-axis as heat source
coefficient (H0) and y-axis as neoclassical thermal transport
coefficient (χ0).

Methodology diagram

The overview diagram of the method in this research,
which includes plasma transport, plasma state, and
ELM modeling, is depicted in Fig. 1.

RESULTS AND DISCUSSION

Investigation of ELM behaviors

This section investigates the behaviors of ELMs as the
heat source coefficient (H0) and neoclassical thermal
transport coefficient (χ0) are varied. H0 represents
the peak of plasma heating at the center based on
the Gaussian function form. This represents a general
source, not specific, so it could represent any scheme
of external heating or plasma self-heating by fusion
products. The thermal transport coefficients, both
neoclassical and anomalous, physically represent the
rate of plasma energy loss through diffusion, driven

Fig. 3 Bootstrap current fraction of total plasma current Ibs

(%) in peeling and ballooning modes as a function of heat
source coefficient H0 (a) and neoclassical thermal transport
coefficient χ0 (b).

by coulomb collisions between plasma particles and
turbulence from micro-instabilities, respectively. The
ELM repetition frequency based on peeling-ballooning
models is investigated in this part. The frequency
of pressure fluctuation is used to indicate the ELM
repetition frequency. Note that the pressure and den-
sity fluctuations caused by ELM violation yield similar
frequency because it is related to both the heat and
particle losses. The ELM repetition frequency appears
to be increased when H0 is increased and χ0 is de-
creased. This is because, at higher H0 and lowerχ0, the
pressure gradient and flow shear are recovered faster,
resulting in faster ELM violation. The ELM repetition
frequency is shown as a contour field in Fig. 2 with
the x-axis as H0 and y-axis as χ0. The three dashed
lines as demonstrated in Fig. 2 separate the contour
field into four regimes: L-mode; ELM free H-mode;
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Fig. 4 ELM stability diagram when increasing heat source
coefficient (H0) at different fixed values of the neoclassical
thermal transport coefficient (χ0). The x-axis represents the
pressure gradient (gp), and the y-axis represents the total
plasma current (Ip).

ELM in ballooning mode; and ELM in peeling mode.
It can be seen that the characteristics of the boundary
lines for χ0 versus H0 are rather interesting. Firstly,
the L-mode regime is wider at a higher χ0 because
it requires higher to compensate the plasma loss by
diffusion in order to reach the H-mode. Secondly,
ELM free H-mode regime can be accessed without
ELM because it is located within the peeling-ballooning
stability boundary. The higher χ0 affects the decrease
of pressure gradient, allowing the plasma to easier
reach the ELM in ballooning mode based on peeling-
ballooning stability. However, increasing H0 enhances
the pressure gradient, leading to the onset of ELMs
in the ballooning regime. Thirdly, the change of ELM
violation in ballooning and peeling regimes of various
χ0 involve the influence of the edge total plasma
current. ELM in peeling mode can be reached easier at
the higher χ0 because the increase of χ0 enhance the
bootstrap current. Note that the anomalous transport
coefficient (χ1) also affects ELM behaviour similar to
χ0. Moreover, the increase of H0 also enhance the
bootstrap current. Consequently, the ELM can be
violated at the peeling regime at the higher H0.

Fig. 3 shows the bootstrap current fraction, Ibs
(%), per total plasma current versus H0 and χ0. The
vertical dashed line separates the ELM violation from
ballooning to peeling modes. It can be concluded that
higher values of H0 increases the bootstrap current,
leading to the change of ELM violation from ballooning
to peeling regime. However, bootstrap current is de-
creased at the higher χ0, so in this case ELM violation
instead changes from peeling to ballooning regimes.

The ELM violation diagram, illustrating as total
plasma current (Ip) versus pressure gradient (gp),
when H0 is varied at fixed values of χ0 are shown

Fig. 5 Percentage drop in plasma pressure (P0), density
(N0), and toroidal velocity (vφ) when increasing heat source
coefficient (H0) at different fixed values of the neoclassical
thermal transport coefficient (χ0). The x-axis represents the
ELM repetition frequency ( fELM), and the y-axis represents
the percentage (%) plasma parameter drop.

in Fig. 4. The solid and dashed lines illustrate the
ELM violation in ballooning and peeling boundaries,
respectively. In the case of lower χ0 (χ0 = 1.40) shown
in Fig. 4, due to the influence of edge total plasma
current, ELM can be violated at the peeling boundary,
as opposed to the case of higher χ0 (χ0 = 1.70), where
ELM will be violated mostly at both boundaries.

Moreover, the change in the ELM violation regime
results in a change in the percentage drop of plasma
profiles. Examples of the percentage plasma parame-
ters drop from simulation results of the cases in Fig. 4
are shown in Fig. 5, illustrating the percentage drops of
plasma center for pressure, density, and toroidal veloc-
ity. The solid and dashed lines denote the percentage
of plasma drops in ballooning and peeling boundaries,
respectively. The percentage of plasma drops depends
on the steepness of the ETB region, which is indicated
by the pressure gradient. The percentage drops of ELM
violation in the ballooning regime are higher than that
of the peeling regime because the pressure gradient at
ELM violation in the ballooning regime is higher than
the peeling regime. When ELM is violated, the higher
pressure gradient of ELM in the ballooning regime will
decrease more than the peeling regime to enter the
plasma stable regime again. Therefore, the percentage
of plasma drops is decreased when ELM is violated in
the peeling boundary because there is a lower pressure
gradient. The lower percentage drop will lead to the
benign ELM in the tokamak device.

Interactions of plasma profiles with ELM

The plasma profiles are influenced by the interactions
of ELMs due to the limiting steepness of the ETB
region. Fig. 6 depicts contour fields of plasma pro-
files, averaged at ELM cycle peaks during the time
evolution, where the x-axis represents H0, and the
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Fig. 6 Plasma profiles at the center averaged at ELM cycle
peaks during the time evolution for pressure (a), density (b),
and toroidal velocity (c) with the x-axis as heat source
coefficient (H0) and y-axis as neoclassical thermal transport
coefficient (χ0).

y-axis represents χ0. There are four regimes similar
to those shown in Fig. 2. The pressure (a), density
(b), and toroidal velocity (c) profiles, as depicted in
Fig. 6, exhibit rapid increases in L-mode and ELM-
free H-mode regimes. Note that the plasma profiles
at lower χ0, as depicted in Fig. 6, grow faster than
those at higher χ0 due to the influence of the first term
of flow shear (diamagnetic shear), shown in Eq. (9).
Furthermore, the plasma profiles are constrained by
the limitation of the ETB region when reaching the
ELM in the ballooning regime, stopping their further
growth. Nevertheless, considering the increased H0,
ELM can be triggered in the peeling regime. Referring
to Fig. 6, the pressure and density gradually decrease
due to the lower steepness of the ETB region when
reaching the ELM in the peeling regime. However,
since the toroidal velocity is not directly impacted by
the ELM, but depends mainly on density and U0, lead-
ing to an increase in velocity despite ELM violations in
the peeling mode.

CONCLUSION

The edge localized mode (ELM) instability based on
peeling-ballooning models has been studied by us-
ing three-field transport equations, which consist of
thermal, particle, and toroidal momentum transport.
The ELM interactions are investigated by neoclassical
thermal transport coefficient (χ0). The increase of
H0 affects the ELM repetition frequency enhancement
because the flow shear can be recovered faster at the
higher H0, leading to higher frequency ELM. ELM
can be controlled by controlling H0. Increasing χ0
leads to a reduction in the edge total plasma current
contributed by the bootstrap current, consequently el-
evating the probability of type-I ELM occurrence in the

ballooning regime. This results in the plasma pressure
and density reaching their highest levels due to the
highest steepness of the ETB region, accompanied by
a significant loss of ELM energy. Furthermore, in
the peeling regime, the probability of type-III ELM
occurrence increases with the decreasing χ0 due to
an elevated edge total plasma current. Furthermore,
the anomalous transport coefficient (χ1) causes similar
effects as χ0 on plasma and ELMs. Particle and mo-
mentum transport coefficients, however, do not have a
similar effect on plasma due to their low sensitivity to
pressure gradient and bootstrap current. The plasma
pressure and density decrease due to the lower steep-
ness of the ETB region, accompanied by a reduction in
ELM energy loss. On the other hand, toroidal velocity
continues to rise in both ELM peeling and ballooning
regimes since it is not directly impacted by the ELM but
depends mainly on density and U0. Although type-III
ELMs exhibit lower plasma pressure and density, this
drawback can be compensated by the reduced ELM
energy loss, resulting in a more benign impact on the
wall of the tokamak device.
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