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Abstract
The development of small and no-ELM regimes for ITER is a high priority topic due to the risks
associated with type-I ELMs. By considering non-linear extended magnetohydrodynamic
(MHD) simulations of the ASDEX Upgrade tokamak with the JOREK code, we probe a regime
that avoids type-I ELMs completely, provided that the separatrix density is high enough. The
dynamics of the pedestal in this regime are observed to be qualitatively similar to the so-called
quasi-continuous exhaust regime in several ways. Repetitive type-I ELMs are substituted by
roughly constant levels of outward transport, caused by peeling-ballooning modes (with
dominant ballooning characteristics) which are localised in the last 5% of the confined region
(in normalised poloidal flux). The simulated low triangularity plasma transitions to a type-I
ELMy H-mode if the separatrix density is sufficiently reduced or if the input heating power is
sufficiently increased. The stabilising factors that play a role in the suppression of the small
ELMs are also investigated by analysing the simulations, and the importance of including
diamagnetic effects in the simulations is highlighted. By considering a scan in the pedestal
resistivity and by comparing the poloidal velocity of the modes to theoretical estimates for ideal
and resistive modes, we identify the underlying instabilities as resistive peeling-ballooning
modes. Decreasing the resistivity below experimentally-relevant conditions (i.e. going towards
ideal MHD), the peeling-ballooning modes that constrain the pedestal below the type-I ELM
stability boundary display sharply decreasing growth rates.
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1. Introduction

The ITER experimental thermonuclear fusion reactor is pre-
dicted to operate in high-confinement mode (H-mode), which
is characterised by the quasi-periodic excitation of type-
I ELMs (edge-localised modes) [1]. In H-mode there are
reduced levels of turbulent transport in the edge of the con-
fined region, thus forming a narrow transport barrier that
creates a ‘pedestal’ in the density and temperature profiles.
Type-I ELMs are macroscopic magnetohydrodynamic (MHD)
instabilities that are destabilised by a high pressure gradi-
ent and/or high toroidal current density (and current dens-
ity gradient). In standard ELMy H-mode, the pedestal rises
(thus increasing ∇p which simultaneously increases jtor by
the formation of the bootstrap current) until type-I ELMs are
excited. The appearance of type-I ELMs causes the pedestal
to crash in a timescale of 102 ∼ 103 µs, and it is followed by
an inter-ELM phase that lasts 101 ∼ 103 ms. The large tran-
sient heat loads associated with these ELMs must be avoided
in future tokamaks in order to achieve an acceptable divertor
lifetime [2, 3].

Naturally, ELM-free (e.g. QH-mode, I-mode, EDA
H-mode) and ELM-mitigated (e.g. RMP mitigation, pellet
pacing, grassy ELMs, small ELMs) operational conditions
have been successfully achieved using several methods in
different existing tokamaks. However, naturally ELM-free
regimes and ELM-mitigated scenarios are only achievable
in reduced parameter regimes that differ between different
tokamaks and, therefore, it is uncertain which methods and
regimes will be accessible in future tokamaks [4]. Extrapol-
ating such regimes to ITER becomes increasingly uncertain,
because ITER parameters cannot be simultaneously accessed
by existing tokamaks (e.g. density or collisionality, but not
both at the same time) [5].

Certain small ELM regimes are completely free of type-I
ELMs, maintain other desirable features, and could sig-
nify a fitting alternative for ITER. One such regime is the
quasi-continuous exhaust (QCE) regime, which maintains
good confinement properties (previously also called type-II
ELMs [6, 7] or simply small ELMs [8, 9]), and is routinely
operated in the ASDEX Upgrade (AUG) and TCV. In order
to access the QCE regime, it is necessary to operate at high
separatrix density (ne,sep ≳ 0.3× nGW, where nGW is the Gre-
enwald density), with high triangularity and close to double
null [9]. The physical mechanism that constrains the pedestal
beneath the type-I ELM stability boundary remains unclear,
but it is thought that high-n ballooning modes (where n is the
toroidal mode number) that are located near the separatrix and
cause sufficient outward transport of heat and particles, which
impinge onto the divertor [8, 9]. It has been found that the
power fall-off length is larger during the QCE regime than
expected from the empirical Eich scaling [10]. Other small
ELM regimes that can be free of type-I ELMs include grassy
ELMs (observed in JT-60U [11], JET [12], EAST, and it is
foreseen as a potential operational regime for CFETR [13]),
type-III ELMs (are not reactor-relevant because they cause
confinement degradation [14]), and a low density small ELM

regime in JET [15]. Another type-I ELM-free regime that
is now routinely operated in AUG is the enhanced D-alpha
(EDA) H-mode [16] (first found in Alcator C-mod [17]). The
first experiments of EDA H-mode in AUG were performed at
low triangularity, with pure electron heating and observed a
narrow operational window in terms of the applied heating
power [16]. Recently, it has been found that the operational
window can be extended to higher heating powers by increas-
ing the plasma triangularity; heating above said operational
window results in a type-I ELMy H-mode [18]. This oper-
ational regime always features an edge quasi-coherent mode
(QCM) (in a frequency range between 20 and 80 kHz), which
is thought to be responsible for regulating the pedestal below
the type-I ELM stability boundary [19].

The JOREK non-linear extended MHD code [20, 21] has
been extensively used to simulate macroscopic edge instabil-
ities in tokamaks plasmas. In particular, for AUG, it has been
used to produce realistic simulations of type-I ELMs [22, 23],
RMP-ELM mitigation and suppression [24], and pellet-
triggered ELMs [25, 26]. The present article details JOREK
simulations of small ELMs at low triangularity in AUG and
discusses their relation to the small ELMs that underlie the
QCE regime and to the QCM of EDA H-mode. The simula-
tions presented here follow on from an approach for model-
ling the pedestal build-up described in [22]. In simulations at
sufficiently high separatrix density (ne,sep ≈ 0.4× nGW), small
ELMs appear beneath the type-I ELM stability boundary and
feature resistive peeling-ballooning modes near the separat-
rix, which cause quasi-continuous heat exhaust. The present
article is structured as follows. A brief description of different
types of small ELMs in AUG and some features of the EDA
H-mode are presented in section 2. The JOREK model used
for the present simulations, together with the simulation set-up
details and the axisymmetric pedestal build-up, are presented
in section 3. In section 4, the results of the non-axisymmetric
simulations are presented, and a detailed analysis is provided.
Two different paths to leave the small ELM regime and reach
a type-I ELMy H-mode are presented in section 5. Finally,
conclusions and an outlook for future work are discussed in
section 6.

2. Small ELMs and EDA H-mode at ASDEX Upgrade

The term ‘small ELMs’ has been used in AUG as a broad
category that includes small amplitude ELMs (relative ELM
size ≲ 5% of the plasma stored energy), but excludes type-III
ELMs. Type-III ELMs appear as distinct peaks in the diver-
tor shunt currents with a roughly constant repetition frequency
(ftype−III ∼ 103 Hz) as opposed to the quasi-continuous activ-
ity of the QCE regime and EDA H-mode.

As mentioned in the introduction, the important ingredients
for maintaining the QCE regime are high separatrix density
(ne,sep/nGW ≳ 0.3) and closeness to double null (together with
high triangularity) [6, 8, 9]. Given that there is little variation
of separatrix temperature in a given device (Te,sep ≈ 100 eV
for H-modes in AUG [27]), high ne,sep translates to high
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Figure 1. From top to bottom, the heating power (radiated power in
dotted lines), plasma-stored energy, and ELM monitor of two AUG
discharges with small ELMs that feature increasing heating power.
A discharge with low edge safety factor (left; #35572, q95 = 3.73)
changes from a small ELM-dominant regime to a type-I
ELM-dominant regime upon increasing the heating power. The
discharge with high q95 (right; #39565, q95 = 5.76), on the other
hand, remains in a small ELM-dominant regime throughout the
heating power steps.

separatrix collisionality (ν∗e,sep ∝ ne/T2
e ). In existing toka-

maks, high ν∗e,sep implies also a high pedestal collisionality,
because the temperature cannot increase arbitrarily, due to
the excitation of type-I ELMs. On the other hand, ITER can
reach higher pedestal top temperatures and is expected to oper-
ate with high ν∗e,sep and low ν∗e,ped. Such conditions cannot be
achieved simultaneously in existing tokamaks; therefore, fun-
damental uncertainties exist regarding whether ITER could
operate in the QCE regime [8].

Depending on the triangularity and the edge safety factor,
increasing heating power can either lead to a sustained small
ELM regime (with ‘standard’ QCE parameters: high trian-
gularity, high q95, and close to double null) or to a trans-
ition from small ELMs to type-I ELMs (with ‘standard’
QCE parameters, but lower q95), as shown in figure 1. For
instance, discharge #35572 (−2.0 T, 1.0 MA, δ = 0.397, low
safety factor q95 = 3.73, Pheat = 10 MW) heated with ICRH
and NBI (Prad ≈ 4.1 MW) shows small ELMs, and which
transitions to a type-I ELMy H-mode upon increasing the
heating power to Pheat = 14.6 MW (Prad ≈ 5.2 MW). Con-
versely, at a higher q95, discharge #39565 (−2.5 T, 0.8 MA,
δ = 0.401, q95 = 5.76) heated with ECRH and NBI, retains
the pure small ELM behaviour through a stepped increase in
the heating power up toPheat = 13 MW (Prad ≈ 5.5 MW). Dis-
charge #35572 is chosen as a comparison to #39565, despite
their differences in heating power and plasma stored energy,
because so far in AUG a transition from small ELMs to type-
I ELMs, achieved by increasing the heating power, has not
been obtained in the standard QCE regime shape. A quant-
itative experimental investigation of the heating power needed

to transition the QCE regime to a type-I ELMy H-mode goes
beyond the scope of this work.

Even with a single null configuration and low triangular-
ity, small ELMs can be achieved at sufficiently high separatrix
density. Nevertheless, such small ELMs are associated with
degrading confinement, and even to an H-mode density limit
(HDL) (ne ≲ nGW). In such cases, as the separatrix density is
increased (by increasing the gas puff rate), filamentary trans-
port also increases [28, 29] and can lead to a flattening of the
pressure gradient. This, in turn, causes a reduction of the edge
radial electric field9, which is what causes the back transition
to L-mode, i.e. the HDL [28]. Recently, a correlation has been
observed between a ballooning stability at the separatrix and
the onset of the HDL in AUG [31] and in JET-ILW [32]. In
this context, the deterioration of the H-mode confinement and,
ultimately, the breakdown of the H-mode, are explained by an
excess of cross-field transport caused by small ELMs located
near the separatrix.

The enhanced Dα H-mode is a no-ELM operational scen-
ario with high density, which is potentially attractive for ITER.
Type-I ELMs are not destabilised during EDA H-mode oper-
ation because the pedestal is not able to build-up sufficiently.
The transport mechanism that allows the pedestal to remain
below the type-I ELM stability boundary is thought to be an
electromagnetic mode dubbed QCM [19]. At low triangular-
ity, the EDA H-mode lives in a very narrow operational space
in terms of the applied heating power; however, in AUG this
operational space has been observed to expand when increas-
ing the plasma triangularity [18]. Nonetheless, a stationary
EDAH-mode inevitably transitions to a type-I ELMy H-mode
upon a sufficient increase in the heating power. In AUG, the
QCM moves in the electron diamagnetic direction and has a
fluctuation frequency in the range f≈ 20−80 kHz [16]. Simil-
arly, type-II ELMs are accompanied by broadband fluctuations
(in magnetic pick-up coils and ECE signals) with frequencies
in the range of f≈ 30−50 kHz [7].

3. JOREK simulation set-up and axisymmetric
build-up

The simulations presented in this paper were produced with
the reduced MHD version of the 3D non-linear extended
MHD code JOREK [20, 21]. JOREK is a versatile code with
an implicit time-stepping scheme that can consider realistic
X-point geometries by making use of a 2D finite element rep-
resentation of the R-Z plane, together with a Fourier repres-
entation of the toroidal direction. The reduced MHD model
in JOREK simplifies the visco-resistive MHD equations with
two considerations. First, the toroidal magnetic field is con-
strained to be time-independent (Bφ = F0

R φ̂, whereF0 is a con-
stant, R is the major radius, and φ̂ is the toroidal coordinate).
Second, the poloidal velocity is considered to be comprised of
the ExB velocity, which is further considered to lie in the pol-
oidal plane, i.e. vpol = vExB; this assumption allows a potential

9 The radial electric field well in the pedestal region associated to the edge
transport barrier roughly follows Er,neo ≈ (eni)−1∇pi [30].
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formulation for the poloidal velocity through the electrostatic
potentialE=−∇Φ. It is then possible to include diamagnetic
effects (as an extension to the reduced MHD model) by con-
sidering the poloidal velocity to be

vpol = vExB + v∗,i

=− R
F0

∇Φ× φ̂− miR
eF0 ρ

∇pi× φ̂,

where mi and pi are the ion mass and pressure respectively, e
is the fundamental electric charge and ρ is the mass density.

The resulting model is a closed system of five equations for
the poloidal magnetic flux (ψ), the electrostatic potential (Φ),
the parallel velocity (v∥), the mass density (ρ), and the single
fluid pressure (p= pe+ pi). Including diamagnetic effects
allows the JOREK simulations to recover realistic radial elec-
tric fields in the pedestal region, i.e. Er ∝ n−1

i ∇pi [30], which
play a fundamental role in the stability of PB modes (par-
ticularly those with high toroidal mode numbers) [33]. The
stability of PB modes is also jointly determined by the edge
current density (and its gradient), which is comprised of
an Ohmic contribution and a bootstrap current contribution.
These are included in JOREK by assigning a current dens-
ity source determined by the initial current density profile
(which is in turn comprised of Ohmic and bootstrap cur-
rent contributions, j0 = j0,Ω + j0,bs). The time-evolving con-
tribution from the bootstrap current density is considered
in JOREK by making use of the Sauter analytical expres-
sion [34, 35]. The total current density source then corres-
ponds to jsource(t) = j0 + [ jbs(t)− j0,bs] = j0,Ω + jbs(t), and it is
included in the induction equation

1
R
∂tψ =−η( j− jsource)−

1
F0

[Φ,ψ]− 1
R
∂φΦ

+
mi

eF0 ρ

(
[pe,ψ] +

F0

R
∂φpe

)
,

where [A,B] = (∂RA)(∂ZB)− (∂ZA)(∂RB) is the Poisson
bracket, and η is the resistivity. The extension to include
the bootstrap current density as a source term in JOREK was
introduced in [36], and it has been used in recent simulations
of ELMs [22, 25, 26]. The vectorial momentum equation of
the extended MHD model,

ρ∂tv=−ρv ·∇v− ρv∗i ·∇vExB −∇p
+ j×B+∇· τ +Sv,

where v= v∥ + vExB, is solved by separating it into two
equations through different projections; one of them by pro-
jecting it in the direction parallel to B and the other by project-
ing it in the poloidal plane. Sv is a source term (equation (15)
in [20]) and τ is the viscous stress tensor (equation (9) in [20]).
Finally, the equations of the mass density and the single fluid
pressure are given by equations (32) and (33), respectively
in [20].

All of the simulations presented in this paper consider
diamagnetic effects and the bootstrap current density source

Figure 2. Initial conditions for the electron density and plasma
temperature (T= Te+ Ti) (a), and plasma pressure (p= pe+ pi)
and toroidal current density (b) in the outboard midplane.

unless specified otherwise. The remainder of this section
describes the numerical set-up of the simulations and the
axisymmetric build-up of the pedestal profiles.

3.1. Numerical parameters and simulation set-up

Initial conditions that are stable to ideal peeling-ballooning
modes are considered in this work. These are obtained from
a post-ELM equilibrium reconstruction of AUG discharge
#33616 at roughly 7 s with the CLISTE code [37]. The mag-
netic field at the magnetic axis is 2.5 T and the plasma pressure
is Ip = 0.8 MA.We consider a lower single null magnetic con-
figuration with low triangularity δav = 0.29 and with the ion
B×∇B drift direction pointing towards the active X-point.
The reconstructed current density profile is constrained based
on the steepness of the density, temperature, and pressure pro-
files, i.e. with a bootstrap current constraint [38].

The initial profiles at the outboard midplane of the electron
density, single fluid temperature and pressure, and toroidal
current density are shown in figure 2. The plasma temperature,
T, is the sum of the ion and electron temperatures, which are
assumed to be equal in the physical model used for the simula-
tions presented here. The toroidal current density is comprised
of an Ohmic contribution together with a Pfirsch–Schlüter and
a bootstrap current contribution10. The bootstrap current has
only a small contribution in the initial profiles, due to the small
steepness of the initial pressure profile. An ideal MHD stabil-
ity analysis with the MISHKA code [39] indicates that these
post-ELM pedestal profiles are stable (to ideal PB modes) and
would first need to steepen in order to excite a type-I ELM.

We use a flux-surface aligned grid that considers the con-
fined region, the scrape-off layer, and the private flux region.
Details of the methods used to construct flux-surface aligned
grids in JOREK can be found in section 2.2 of [20]. The
grid is comprised of 138 points in the radial direction (120
points in the confined region and 18 in the scrape-off layer)
and 354 in the poloidal direction. A convergence scan in the

10 The Pfirsch–Schlüter current is a force-free current which does not add up
in the flux-surface averaged current density, ⟨j⟩ψN

, which is why it does not
appear in the poloidal flux equation.
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grid resolution has been performed; we observe that the lin-
ear growth rates of instabilities with n⩽ 20 do not change by
changing the radial and poloidal resolution (higher mode num-
bers were not probed because the dominant modes are n⩽ 12
due to diamagnetic stabilisation). For the axisymmetric build-
up, only one poloidal plane (i.e. the R-Z plane at fixed φ) is
considered, and for the non-axisymmetric simulations 32 pol-
oidal planes are used in order to simulate the toroidal mode
numbers n= 0,2,4, . . . ,12 through a Fourier decomposition
(and 64 planes for n= 0,2,4, . . . ,20).

The resistivity at the magnetic axis that is used for
the simulations is ηaxis = 6.6× 10−8 Ωm, and it follows the
Spitzer temperature dependency, η ∝ T−3/2. This value is
larger than the Spitzer resistivity along the magnetic axis
(ηSpitzer,axis ≈ 2.1× 10−9 Ωm). This temperature dependence
is incomplete in the pedestal due to neoclassical effects and
impurities. The true experimental pedestal resistivity is lar-
ger than the Spitzer value, due to neoclassical effects and Zeff
(which increases from the core to the edge) such that the res-
istivity used in the simulations agrees with the experimental
values within the error bars in the pedestal region, which is
where the instabilities of interest are located. The parallel elec-
tron heat diffusion may be estimated with the Spitzer–Härm
expression, χ∥,SHe = 3.6× 1029T5/2

e,[keV]/ne,[m−3] [40]. For a

plasma temperature of 1 keV and density of 5× 1019 m−3,
i.e. ψN ≈ 0.8 in the post-ELM equilibrium shown in figure 2,
χ∥,SHe ≈ 1.27× 109 m2 s−1. For the simulations presented in
this paper, the parallel heat diffusion is roughly 15 times lower
than the Spitzer–Härm value, as motivated by the heat-flux
limit which can account for a reduction of χSH by a factor of
15–130 [41]. Fast parallel heat transport acts as a stabilising
agent for PB modes [42].

3.2. Axisymmetric pedestal build-up

Together with the post-ELM equilibrium reconstruction of
AUG discharge #33616, a pre-ELM reconstruction from the
same discharge was considered. An ideal MHD stability ana-
lysis (using the MISHKA code) shows that the pre-ELM pro-
files are unstable to ideal PB modes, and that the post-ELM
profiles are stable. Starting from the post-ELM profiles, we
impose ad-hoc diffusion coefficients (that describe a well in
the pedestal region) and sources that drive the pedestal towards
the pre-ELM profiles. The diffusion coefficients and sources
are constant in time as the simulation progresses. This results
in a pedestal build-up at fixed pedestal width, which is a sim-
plification of what is experimentally observed. Time-evolving
diffusion coefficients and sources would require including sev-
eral key physical effects that are beyond the scope of MHD,
and which will be investigated in future work (more on this
subject in section 3.3). Despite such limitations, this approach
at modelling the pedestal build-up at fixed pedestal width was
already successful at reproducing type-I ELM cycles for the
first time [22].

As the pedestal ne and T evolve due to the stationary dif-
fusion and sources, the radial electric field and jφ become
driven by the increasing influence of diamagnetic effects and

Figure 3. Outboard midplane pedestal profiles of electron density
(a), plasma temperature (b), radial electric field (c), and toroidal
current density (d) during the imposed pedestal build-up. The first
millisecond is defined by a strong steepening of the pedestal, and
the pedestal top grows progressively at a fixed width.

the bootstrap current density, respectively. Figures 3(a)–(d)
show the time evolution of the pedestal in terms of the electron
density, plasma temperature, radial electric field, and toroidal
current density. The colours of the profiles change gradually
from purple to blue with increasing time as shown in the colour
bar on top of the figure. The profiles are plotted every 0.2 ms
during the first 4 ms of an axisymmetric simulation. In the first
millisecond, the profiles change shape quickly (as can be most
clearly evidenced in the evolution of the density and radial
electric field). Section 4 will show that non-axisymmetric
instabilities, driven by the steepening profiles, prevent the ped-
estal from building up towards the profiles shown in figure 3,
and that the underlying instabilities are of a resistive nature.
From linear stability analysis, we know that the pedestal
build-up shown in figure 3 does not cross the ideal peeling-
ballooning boundary in the time shown; several simulations
with the linear idealMHD stability codeMISHKA [39], which
considers only the confined region but excludes the separatrix,
were performed at different time points during the pedestal
build-up (t= 0.0, 0.5, 1.0, and 5.0 ms) and it was found that
all time points are stable to ideal PB modes.

3.3. Limitations of the present approach

The pedestal build-up considered for the simulations presen-
ted in this work considers fixed diffusion coefficients and, as
such, it implicitly assumes a constant level of turbulent and
neoclassical transport. Experimentally, however, turbulent and
neoclassical transport in the pedestal is known to evolve in sub-
millisecond and millisecond timescales, respectively. These
changes in transport levels would determine how exactly the
pedestal top and width evolve. In this sense, to produce a fully
realistic pedestal build-up, which would include the pedestal
widening, it is necessary to run neoclassical and gyro-kinetic
(or even kinetic) simulations to determine the dynamical tur-
bulent and neoclassical transport throughout the simulation
time. Unfortunately, state-of-the-art gyrokinetic simulations
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are presently unable to routinely model pedestal dynamics in
an affordable fashion and, as such, attempting to produce a
fully realistic pedestal build-up model would represent not
only an extremely costly endeavour from the point of view of
computation time, but also would require significant efforts in
terms of code development, which lie well beyond the scope
of the present work.

The ion and electron species can be approximated to have
the same temperatures and densities in the pedestal region, but
in reality ions and electrons behave in distinct ways, due to the
large difference in their respective masses. Such effects are
neglected in the present simulations, since we use the single
fluid version of the JOREK code. However, a two temperat-
ure model has been developed in JOREK and it will be used
in the future to understand the effect of such temperature sep-
aration in ELM physics, and advance the level of realism in
our simulations. Another important physical effect that is not
considered in the present approach is the penetration of neut-
ral particles into the confined region and their interaction with
the plasma (more generally speaking, a more complete SOL/
divertor model is missing). The ensuing ionisation of the neut-
ral particles would determine the amount of particle fuelling
that should be considered at any given time during a simu-
lation. These fuelling effects, in turn, directly influence the
density (and ultimately temperature) profiles in the pedestal.
Ongoing efforts are underway that permit JOREK simulations
to consider such effects either by a kinetic treatment [43] or a
fluid treatment [44, 45] of the neutrals.

4. Non-axisymmetric simulations

This section details the simulation results by first describing
the linear growth phase of the instabilities, together with the
early non-linear phase (phase during which n ̸= 0 modes inter-
act with each other but not with the n= 0 axisymmetric back-
ground), which takes place roughly during the first millisecond
of simulation time. Then, in section 4.2 a scan of resistiv-
ity during the linear growth phase is presented. Resistivity is
observed to have a strong impact upon the linear growth rates,
which allows us to identify the underlying instabilities as res-
istive peeling-ballooning modes located near the separatrix.
Apart from the results of section 4.2, all simulations presented
in this paper consider a resistivity of ηaxis = 6.6× 10−8 Ωm
in the magnetic axis, with a Spitzer temperature dependency.
Later on, in section 4.3, it is shown that it is critical to include
diamagnetic effects in order to properly model the instabilit-
ies under consideration. In the following sections (4.4–4.6) the
non-linear phase of the simulations is described in detail.

4.1. Linear and early non-linear phases

As mentioned before, the pedestal does not cross the ideal PB
stability boundary during the axisymmetric build-up shown in
figure 3. However, non-ideal instabilities can become excited
due to the finite resistivity used in JOREK. A simulation that
includes the toroidal mode numbers n= 0,2,4, . . . ,12 is per-
formed by introducing perturbations with said mode numbers

Figure 4. Magnetic energies of the n ̸= 0 modes in a logarithmic
scale in the first 0.8 ms. (a) shows the simulation with
n= 0,2,4, . . . ,12 and (b) shows the simulation with
n= 0,2,4, . . . ,20. This comparison shows that the dominant mode
numbers in the linear phase are n= 10 and 12 in both cases; into the
non-linear phase (not shown), the n> 12 modes are sub-dominant.

at noise-level amplitudes after t≈ 0.1 ms of axisymmetric
build-up. The odd mode numbers were neglected for these
simulations due to the high cost associated with consider-
ing the full spectrum, and because a simulation with even
and odd mode numbers until n= 12, which ran for a short
time, showed the same overall linear and non-linear dynam-
ics. After a brief period of stability (∼0.2 ms) the steepen-
ing pedestal that is not unstable to ideal PB modes begins
to excite non-ideal PB instabilities with predominant balloon-
ing features. The magnetic energies of the non-axisymmetric
perturbations can be observed in figure 4(a). The time frame
between the first vertical black line (t= 0.3 ms) and the ver-
tical purple line (t= 0.5 ms) denotes the linear growth phase,
where only the linearly unstable modes (n= 6, 8, 10, and 12)
grow. The time frame between the purple line and the second
vertical black line (t= 0.7 ms) denotes the early non-linear
growth phase where non-linear mode coupling excites linearly
stable modes to grow (n= 2 and 4)11. The structure of the PB
modes of figure 4(a) during the linear phase (at t= 0.4 ms)
is shown in figure 5, with the perturbations of density, tem-
perature, and poloidal magnetic flux. The flux surfaces at
ψN = 0.95,1.00,1.05,1.10 are also shown as thin black lines.
It is observed that the PB modes are localised very close to the
separatrix, and they rotate in the electron diamagnetic direc-
tion (counter-clockwise in figure 5). Experimentally, the QCM
that underlies the cross-field transport in the enhanced D-alpha
H-mode is observed to travel in the electron diamagnetic dir-
ection in the lab frame [16].

The initial growth phase is started by an n= 12 mode in
these simulations and closely followed by the growth of the
n= 10mode. The growth rates of thesemodes are very similar,
roughly γn=10,12 ≈ 5× 104 s−1. A separate simulation includ-
ing all even toroidal mode numbers until n= 20 has been pro-
duced, and themagnetic energies of the n ̸= 0modes are shown
in figure 4(b). In this way, we confirm that the fastest grow-
ing mode is the n= 12, both when the highest toroidal mode
number in the system is nmax = 12 and when it is nmax = 20.

11 An additional simulation with only n= 2 and 4 was ran (not shown) to
confirm that n= 2 and 4 are linearly stable and, indeed, no mode growth was
observed.
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Figure 5. Density, temperature, and poloidal magnetic flux
perturbations (n ̸= 0 components) from the simulation with
n= 0,2,4, . . . ,12 at 0.4 ms. The peeling-ballooning structure with
dominant ballooning characteristics, i.e. more localised to the low
field side (LFS), can be observed in both plots. Flux surfaces at
ψN = 0.95,1.00,1.05, and 1.10 are shown as grey lines.

The toroidal harmonics with n> 14 grow at a slower rate
than the n= 12 because diamagnetic stabilisation is stronger
for modes with a larger toroidal mode number. Additionally,
they remain sub-dominant well into the non-linear phase (not
shown). Quadratic non-linear mode coupling takes place dur-
ing the early non-linear phase (t= [0.5,0.7] ms). The non-
linear mode coupling that gives rise to the excitation of lin-
early stable modes has been described in JOREK simulations
in [46].

During the linear growth phase (at t= 0.5 ms), the poloidal
velocity of the linearly unstable PB modes (n= 6,8,10,12)
in the outboard midplane is vmode,pol ≈ 11 kms−1 (the positive
sign indicating electron diamagnetic direction). Resistive and
ideal ballooning modes have been identified as travelling in
the laboratory frame with the following velocities,

Resistive: vmode,pol = vExB + v∥,pol, (1)

Ideal: vmode,pol = vExB + v∥,pol + v∗i /2, (2)

where v∗i =∇pi/(eneB) is the ion diamagnetic velocity, and
v∥,pol is the poloidal projection of the parallel velocity [47].
At t= 0.5 ms, equation (1) results in vmode,pol ≈ 10 kms−1,
and equation (2) results in a poloidal velocity of roughly
vmode,pol ≈ 4 kms−1. Namely, vmode,pol for these modes is
closer to that of resistive ballooning modes than to ideal bal-
looningmodes. The following subsection is devoted to directly
studying the influence of plasma resistivity on the growth rates
of the non-axisymmetric perturbations.

4.2. Rigidly scanning the resistivity

In this subsection, we freeze the axisymmetric profiles at
t= 0.5 ms and change the resistivity to understand its influ-
ence on the stability of the non-ideal PB modes of all
even mode numbers up to n= 12. For this scan we con-
sider several multiplication factors of the nominal resistiv-
ity (nominal resistivity on axis is ηaxis = 6.6× 10−8 Ωm,
and it follows the Spitzer temperature dependency),
0.5, 1.5, 3.0, 6.0, 12.0, 24.0, 48.0. Varying the resistivity

Figure 6. The growth rates of different toroidal mode numbers in
the resistivity scan. Increasing the resistivity leads to the
destabilisation of resistive PB modes. At large resistivity, the growth
rates follow a η1/3 power law.

results in a change in the growth rate of the linearly unstable
modes, as shown in figure 6. The x-axis represents the res-
istivity (in Ωm) and the y-axis corresponds to the growth rate
(in 1/s); both axes are plotted in logarithmic scales. Differ-
ent colours and symbols represent different toroidal mode
numbers.

The response of the PB modes to the changes in resistivity
displays several noteworthy characteristics. At nominal res-
istivity, n= 2 and 4 are linearly stable and become linearly
unstable at 3.0 and 1.5 times the nominal resistivity, respect-
ively (i.e., the said modes no longer require non-linear mode
coupling to grow). Conversely, at half of the nominal resistiv-
ity, the n= 6 mode becomes linearly stable. This is not sur-
prising given the fact that we know (from the MISHKA ideal
MHD simulations) that ideal PB modes are not unstable for
the considered profiles and, as such, at arbitrarily low resistiv-
ity, all toroidal mode numbers ought to be stable. At high res-
istivity, the resulting scaling is that of resistive interchange
modes, as proposed by Furth et al (which breaks down when
η is too large) [48]. The fact that we only recover the scal-
ing at high η is expected, as we are simulating instabilities
that cross a threshold value of resistivity to become destabil-
ised and, therefore, below and near the threshold, it is not only
the resistivity that influences the growth rates. Recent work
with the M3D-C1 code has also studied how finite resistivity
affects peeling-ballooning modes, but in the context of spher-
ical tokamaks [49].

4.3. Importance of extended MHD

Simulations without diamagnetic effects have been performed
in order to understand their influence on the resistive instabil-
ities described in the previous section. This is done for simu-
lations with only one toroidal harmonic present, n= 8, and for
different applied heating powers. The nominal heating power
considered (denoted Pheat,0) corresponds to the simulation of
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Figure 7. The evolution of Emag,n=8 for simulations (a) with and
(b) without ion pressure gradient-driven diamagnetic flows. Four
different input heating powers are considered. Increasing heating
power in simulations that include diamagnetic flows shows an
important stabilisation of the n= 8 PB mode. When neglecting the
diamagnetic effects, increasing heating power causes the unstable
PB mode to grow even faster due to the steeper pressure profiles.

section 4.1, and it is multiplied by factors of 1.0, 1.25, 1.63,
and 2.51 to understand the effect of a temperature pedes-
tal that grows at different rates. It is observed that the sim-
ulations that include v∗i have fundamentally different non-
axisymmetric dynamics with respect to the simulations that
neglect the diamagnetic effects. Figure 7 shows the evolution
of the n= 8 magnetic energy in the logarithmic scale of sim-
ulations (a) with and (b) without diamagnetic effects, at four
different multiplication factors of Pheat,0.

Increasing heating power causes a steepening of the edge
temperature profile and, therefore, of the pressure at the
plasma edge. For the simulations that include diamagnetic
effects, the edge Er well at the pedestal becomes deeper with
steeper pressure profiles. In these simulations, the PB modes
become stabilised by the diamagnetic drift together with the
Er (and its shear) [33, 50, 51]. For the simulations without
diamagnetic effects, the pedestal steepens, but Er does not
change. In figures 7(a) and (b), the heating power of the dif-
ferent simulations is changed at t= 0.33 ms to the values
shown in the legend. The simulations that consider diamag-
netic effects observe γn=8 to decrease as the heating power is
increased. On the other hand, the simulations that neglect dia-
magnetic effects result in an increase of γn=8 with increasing
heating power. The results presented in this section emphasise
the importance of including the diamagnetic flows for simula-
tions of PB modes.

As mentioned at the beginning of this section, the pedestal
profiles for the nominal heating power at these stages is stable
for ideal peeling-ballooning modes. Higher pedestal pressure
and/or edge current densities are required in order to reach a
type-I ELM unstable scenario. The access to a type-I ELM
unstable scenario appears to be closed without the inclusion of
the two-fluid diamagnetic effects. Indeed, this result was pre-
viously reported in [52] in the context of obtaining repetitive
ELM cycle simulations, and was extended as a requirement
to simulate type-I ELM cycles in [22]. The following sub-
sections are devoted to describing the fully non-linear phase
(during which the n ̸= 0 modes interact with each other and
with the n= 0 axisymmetric background) of the simulation
with n= 0,2,4, . . . ,12 at nominal heating and resistivity in

Figure 8. Magnetic and kinetic energies of the non-axisymmetric
modes in linear scale for 10 ms of simulation time (top) and in
logarithmic scale for the first 2 ms of simulation time, during which
the linear growth phase takes place.

the presence of diamagnetic effects, i.e. the continuation of
figure 4(a).

4.4. Non-linear phase

For the simulation that includes n= 0,2,4, . . . ,12, i.e.
figure 4(a), the magnetic and kinetic energies of the non-
axisymmetric modes are shown in figure 8 in linear scale for
10 ms of simulation time (a) and (c) and in logarithmic scale
for the first 2 ms (b) and (d).

The linear growth phase gives way to the early non-linear
growth phase until the amplitude of the perturbations becomes
largewith respect to the background plasma, at which point the
non-linear phase begins. During the latter, a dynamic interplay
between the n ̸= 0 modes and the background plasma determ-
ines the instantaneous profiles observed in the simulations.
Due to the persistent PB modes and the lack of clear cyc-
lical dynamics, the dynamics observed can be characterised
as peeling-ballooning turbulence.

4.5. Filamentary transport

The non-axisymmetric time evolution of the φ= 0 outer mid-
plane pressure gradient and the inner/outer divertor incident
power are shown in figures 9(a) and (b), respectively, for 10 ms
of simulation time. The incident power is defined as

Pdiv =

ˆ 2π

0

ˆ ℓmax

ℓ0

q(t, ℓ,φ)Rdℓdφ,

where q(t, ℓ,φ) is the heat flux at a given time in the diver-
tor location ℓ at the toroidal angle φ, and R is the major radius.
The colour map indicates that the pressure gradient and, there-
fore, the pressure profile in the outermost edge of the plasma
is rapidly fluctuating. The corresponding fluctuations are gov-
erned by the non-axisymmetric modes that regulate the pedes-
tal to fluctuate about a mean value, i.e. the PB turbulence. The
incident power onto the divertors does not have characteristic
spikes, but rather displays a quasi-continuous heat deposition,
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Figure 9. The time evolving outer midplane edge pressure gradient
at φ= 0 in colour scale (a), and inner/outer divertor incident power
(b). The varying pressure profile is caused by quasi-continuous
outward transport created by non-ideal peeling-ballooning modes.
The position of the separatrix is shown as a white line.

Figure 10. Time evolving outer midplane edge pressure at φ= 0 in
logarithmic scale. Plasma blobs travelling outwards are aligned to
the magnetic field lines.

which is qualitatively similar to the QCE regime or the EDA
H-mode in AUG. These observations allow us to distinguish
our simulations as different from type-III ELMs, which appear
as distinct events.

Figure 10 shows theφ= 0 outer midplane pressure in a col-
our map with logarithmic scale for a reduced time window of
0.4 ms, which is chosen between 4.8 and 5.2 ms, in order to
show the dynamics of filamentary structures originating from
slightly inside the separatrix (roughly 2 cm) and travelling out-
wards. The y-axis is the major radius, and the separatrix pos-
ition is represented with a white line. The plasma blobs that
travel outwards result from the resistive PB modes that are
aligned to the magnetic fields and are moving in the electron
diamagnetic direction.

Resistive peeling-ballooning modes that are destabilised
below the ideal PB stability boundary regulate the pressure
gradient about−250 kPam−1. This is made clearer with pres-
sure and pressure gradient profiles taken in the representat-
ive time frame of t= [4.0,6.0] ms together with time-averaged
profiles in black shown in figures 11(a) and (b). The fluctuating
profile in the last∼7% of the confined region is clearly visible
in figure 11(a). Unlike the axisymmetric simulation (figure 3),
the profiles do not show a monotonic increase in pedestal top.
The oscillatory nature of figures 11(a) and (b) is caused by the

Figure 11. Pressure (a) and pressure gradient (b) profiles in the time
window t= [4.0,6.0] ms together with a time-averaged profile in
black. The time-averaged profile shows a ‘staircase’ structure with a
large pressure gradient in the vicinity of the separatrix.

Figure 12. Time evolving (a) and averaged (b) frequency
spectrogram of the temperature fluctuations in (R,Z) = (2.14,0.06).
Dominant frequencies in the range of 20−40 kHz can be observed
in both cases.

quasi-continuous transport incited by the resistive PB modes,
and these modes are the reason why the pedestal top cannot
grow further. This is why these simulations feature only small
ELMs and not a mixed regime with small ELMs and type-I
ELMs.

Taking the time-varying temperature fluctuations at a single
point in the steep gradient region in the outer midplane,
(R,Z) = (2.14,0.06), a spectrogram is performed. As a result,
a dominant frequency in the range of 20−40 kHz is found, as
can be observed in figure 12. A type-II ELMyH-mode in AUG
with high triangularity and close to double null reported in [7]
was described as having an electron pressure gradient oscillat-
ing about ∼150 kPam−1. The oscillating ∇pe was reportedly
caused by MHD modes, which were associated with electro-
magnetic fluctuations observed in a wide radial extent peaking
at a frequency range of 30−50 kHz. Both observations hint at
qualitative similarities to the simulation results described in
this section. Nevertheless, it must be noted that the present
simulations were performed in a different magnetic config-
uration, i.e., with low triangularity and far from double null.
Therefore, dedicated comparisons need to be performed in the
future to produce quantitative comparisons between experi-
ments and simulations. In particular, such comparisons will
have to include variations of the plasma shape.
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Figure 13. Time evolution of (a) the inner and (b) outer target
electron temperature (Te = T/2) caused by the resistive PB modes
excited at the very edge of the plasma. The inner target has a lower
temperature than the outer target as well as a lower incident power.

4.6. Divertor heat deposition

To show the quasi-continuous exhaust caused by the non-ideal
peeling-ballooningmodes excited near the separatrix, the elec-
tron temperature at the inner and outer divertor targets is plot-
ted in figures 13(a) and (b), respectively. The target electron
temperature is considered to be half of the plasma temperat-
ure, and it is plotted for 10 ms of simulation time. The inner
divertor target has a lower target temperature than the outer
divertor. Similarly, the incident power to the inner divertor is
lower than to the outer divertor, as seen in figure 9(b); this
is consistent with calorimetry measurements during AUG dis-
charges in the QCE regime [53]. There is a slight increase in
the maximum target temperature (particularly visible in the
outer target) as time progresses. This is due to the chosen
heat source in the confined region, which slowly increases
the thermal energy content inside the separatrix. At any given
time point, the heat deposition does not show significant vari-
ations in the toroidal direction. In other words, the heat depos-
ition is roughly axisymmetric. It is important to note that
the present simulations use only a simplified SOL transport
model and, as such, the obtained heat distribution between
targets will not necessarily reflect experimental observations.
A more advanced SOL/divertor model is being developed in
JOREK [45] and it will be used for future simulations.

5. Two simple paths to type-I ELMs

The simulations presented in the previous section showed
that the small ELM regime under consideration is sustained
by quasi-continuous transport caused by resistive peeling-
ballooning modes. Based on such simulations, two different
ways to transition from the small-ELM dominant scenario
towards a type-I ELMy H-mode are investigated. The first
approach is to increase the heating power, and it is described in
section 5.1. The second approach results from decreasing the
separatrix density while maintaining the pedestal top density,
and it is detailed in section 5.2. Both paths lead to a trans-
ition to a type-I ELMy H-mode resulting from a reduction
in the drive of the resistive peeling-ballooning modes that
underlie the small-ELM regime (reduction of the resistivity
when Pheat is increased, and reduction of the pressure gradient

Figure 14. Magnetic energies of the non-axisymmetric
perturbations for five different values of input heating power. The
applied heating power increases progressively from (a) to (e). As a
result of the increasing heating power, the magnetic energies of the
n> 0 perturbations become completely suppressed if sufficient
additional heating power is considered.

near the separatrix when ne,sep is decreased), together with
an increase of stabilising effects (increase of diamagnetic and
plasma flows in both cases and, additionally, of the edge cur-
rent density when ne,sep is reduced).

5.1. Increasing heating power

The nominal heating power, Pheat,0 = 6.2× 10−6 in JOREK
units, corresponds to the simulation shown in figure 8. The
magnetic energies of the non-axisymmetric perturbations for
the first 7 ms of the simulation are shown in figure 14(a).
In the subsequent sub-figures, the heating power is pro-
gressively increased12 in small steps (the excess heating
power is included from the beginning of each simulation).
In figure 14(b), the non-axisymmetric activity remains strong
enough to prevent the pedestal top from growing (not shown),
and the n= 8 mode appears to be more dominant than in
the simulation with nominal heating power. With the next
increase ofPheat, figure 14(c), the dominance of the n= 8mode
becomes even stronger, and there is a transient phase where
it hosts most of the total non-axisymmetric magnetic energy,
Σn>0Emag,n. In this case, the non-ideal PBmodes become com-
pletely stabilised after roughly 10 ms (not shown). Finally,
in figures 14(d) and (e), the dominance of the n= 8 mode is
almost complete, and Σn>0Emag,n is reduced until complete
stabilisation in progressively shorter time scales.

The stabilisation of the resistive PBmodes at higher heating
power can be attributed to the fact that the pedestal top tem-
perature increases which, in turn, decreases the local resistiv-
ity (η ∝ T−3/2). The latter results in a decrease in the linear
growth rates of the resistive PBmodes, as shown in section 4.2.
Less linearly unstable modes may then be stabilised through
the action of diamagnetic and plasma flows more easily. This
mode stabilisation allows the pedestal to build-up and even-
tually gives rise to a type-I ELM crash (the physical effects

12 The excess heating power is always applied in the vicinity of the pedestal,
such that the effect of the faster pedestal evolution can be rapidly determined.
Depositing the excess heating power in the core produces the same results, but
in a longer time scale as the excess heat needs to diffuse from the core to the
pedestal top.
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Figure 15. Time-averaged profiles of the outboard midplane radial
electric field for five different values of input heating power. The
applied heating power increases progressively from (a) to (e).

involved in such bifurcation are discussed and shown in more
detail later in this section).

To further understand what governs the transition from
small ELMs to type-I ELMs, the radial electric field at the
outboard midplane is averaged between 1.0−2.0 ms and it
is shown in figures 15(a)–(e). It is interesting to note that
the three scenarios where the small ELMs become stabilised,
(c)–(e), have deeper radial electric field wells than the two
cases that sustain the small ELMs, (a) and (b). It is worth point-
ing out that even for the lowest heating power, the instant-
aneous radial electric field profiles at the outer midplane are
often deeper than Er ∼−15 kVm−1, a representative value
that has been associated to the L-H transition in AUG [54, 55].
This can be seen in figure 15(a), which shows in grey the
instantaneous profiles used to obtain the time-averaged pro-
file (black). The scans with and without diamagnetic effects
shown in section 4.3, together with the observations presented
so far in this section, indicate that small ELMs are susceptible
to a stabilising effect from larger diamagnetic drifts and the
resulting deeper radial electric field well.

In order to directly show the bifurcation from small ELMs
to type-I ELMs, the heating power of the simulation described
in section 4.4 is increased at 5.6 ms of simulation time up
to Pheat = 6.6× 10−6 in JOREK units, i.e., the heating power
corresponding to figure 14(e). As a result of the heating power
increase, the resistive PB modes start to become smaller in
amplitude and their radial extent starts to reduce. This process
takes roughly 4 ms to complete, and as it takes place, a steeper
pedestal is allowed to form. Ultimately, the steepening ped-
estal crosses the type-I ELM stability boundary and an ELM
with dominant toroidal mode numbers n= 2 and 4 is excited.
The process described here can be evidenced in figures 16(a)
and (b), which respectively show theφ= 0 outboard midplane
pressure gradient and the power incident on the inner and outer
divertors. The small jump at t≈ 12 ms takes place because
the parallel heat conductivity has been increased roughly to
the Spitzer–Härm values in this simulation, but the onset of
the type-I ELM takes place regardless of the said change. The
incident power that reaches the divertor targets is significantly
increased when the type-I ELM crash appears. It is comparat-
ively clear that the small ELMs cause much weaker heat fluxes
to the divertor targets. To directly show the influence of the
increased heating power onto the resistive PBmodes that cause
small ELMs, the plasma pressure in real space, together with

Figure 16. The time evolution of the outboard midplane pressure
gradient at φ= 0 (a) upon increasing the heating power at 5.6 ms.
The power incident on the inner and outer divertor targets
(b) resulting from small ELMs (t< 10 ms) and from a type-I ELM
(t≳ 19 ms).

Figure 17. The time evolution of the outboard midplane pressure at
φ= 0 (a) upon increasing the heating power at 5.6 ms. The
filaments expelled from the confined region become weaker when
the heating power is increased. Ultimately, they completely
disappear and the pedestal is able to grow further.

the position of the separatrix, are plotted for a restricted time
frame between t= 5 and 10 ms in figure 17. The expelled fil-
aments after the heating power increase seem to have smaller
amplitudes, and they travel for shorter distances. They eventu-
ally disappear completely.

In section 2, we discussed the response of AUG small
ELMs at high separatrix density, low triangularity and high
edge safety factor towards increasing heating power. Namely,
in such experiments the small ELMs can become suppressed
with sufficiently high additional heating power. The situation
is similar for the EDA H-mode. In both cases, the role of
plasma shaping in the suppression of small ELMs/QCM seems
to be pivotal. In our simulations, which feature high ne,sep, low
triangularity, and high q95, the transition from a regime dom-
inated by small ELMs towards a type-I ELM is obtained by
suddenly increasing the input heating power in small ELM
simulations. The small ELMs start to weaken and the filaments
formed by the small ELMs are gradually reduced in amplitude
until disappearing completely. pped rises with increasing Pheat

due to the increase of Tped. ne,ped remains unchanged in the
first few milliseconds after the heating power was increased;
it only starts rising when the particle transport by small ELMs
becomes significantly reduced. Additionally, due to the lar-
ger ∇p, the radial electric field well at the plasma edge deep-
ens, and the bootstrap current density starts to rise. Taking
1 ms time-averages, the outer midplane profiles are tracked
during the pure small ELMs phase (from 2.6 ms until 5.6 ms)
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Figure 18. Evolution of the time-averaged φ= 0 outboard
midplane pressure (a), radial electric field (b), and toroidal current
density (c). The time averaging is done for 1 ms intervals. The three
time-averaged profiles before the heating power is increased have a
shallow Er, and the four profiles after Pheat show systematically
higher pped and a deeper Er well (as indicated by the black arrow for
the latter).

and during the transition phase, where the resistive PB modes
start to disappear (from 5.6 ms to 9.6 ms) and are plotted in
figure 18.

Three time-averaged profiles correspond to the original
small ELM phase and show a roughly constant pped, a weak
Er at the edge, and low toroidal current density. On the other
hand, the four profiles at higher heating power show systemat-
ically higher pped, a deeper Er well, and a broader and higher
edge current density. The last time-averaged profiles in grey,
with the highest pped, min(Er)≈−28 kVm−1 and a high tor-
oidal current density, is taken during a phase that mostly has
suppressed the resistive PB modes. The destabilising effect of
the increased ∇p is tied to the stabilising effects of the deep-
ening of the Er well and of the toroidal current density. The
additional stabilising effect of the edge resistivity decreasing
as the pedestal top temperature increases, is also fundamental
at this stage. Therefore, the disappearance of the resistive PB
modes appears to be due to the decreasing local η together with
the deepening Er and the −jφ increasing.

5.2. Decreasing separatrix density

The previous section detailed the bifurcation from a small
ELM-dominant regime to a type-I ELM, by means of increas-
ing the heating power. Another path towards type-I ELMs,
starting from a small ELM regime, is to decrease the separatrix
density. In the experiment, this can be achieved by reducing,
or completely removing, the particle source given by a gas puff
(replacing the particle flux by means of cryogenic deuterium

Figure 19. Magnetic energies of the non-axisymmetric modes in
the first 4 ms of simulation time for (a) small ELMs at high
nsep(∼3× 1019 m−3) and (b) their response to lower separatrix
density (∼2× 1019 m−3), shown in logarithmic scale .

pellet injection can keep ne,ped approximately unchanged).
Indeed, it has been reported that separatrix densities below
∼0.35× nGW do not host dominant small ELM phases [9].

The simulations presented thus far have a separatrix dens-
ity of ne,sep ≈ 3× 1019 m−3. To reduce the separatrix density
in our simulations, we reduce the edge density source. In order
to maintain ne,ped unchanged, we increase the core density
source. This has been achieved experimentally by reducing gas
fuelling while, at the same time, increasing pellet fuelling to
incite a change from a small-ELM dominant regime to a type-I
ELM dominant regime [8]. As a result of the lower ne,sep, the
pressure gradient is locally reduced, and it is shifted slightly
inwards overall; such a response of the pressure profile pos-
ition is also observed in experiments [56, 57]. The decrease
of the separatrix density (at fixed ne,ped) also causes a deeper
Er well (because Er ∝ 1/ne) and a higher bootstrap current
density (because the density gradient increases). An import-
ant caveat must be mentioned: many physical effects related
to the pedestal position (particularly related to the penetration
of neutrals) are not included in the JOREK model used for
these simulations and, therefore, the qualitative agreement will
likely not translate to a quantitative agreement at this stage.

A new simulation is then set-up with lower
ne,sep = 2× 1019 m−3. The non-zero toroidal modes are
included after 0.1 ms (exactly the same time as the small ELM
simulations described in section 4). The magnetic energies of
the high and low ne,sep simulations are shown in figures 19(a)
and (b), respectively. The linear phases are similar between
the two cases, with growing n= 8,10,12 PB modes. The sim-
ulation with low ne,sep (b) deviates as the n< 10 and n= 12
become completely stabilised, and the n= 10 only reaches
small amplitudes and does not affect the n= 0 background.
The stabilisation of the modes with higher toroidal mode num-
bers leads to a single toroidal mode number with a very small
amplitude that does not cause any changes to the background
plasma.

The simulation at lower separatrix density, figure 19(b),
sees the pedestal evolve, but it does not continue until a type-I
ELM is reached to save computing time. Time-averaged outer
midplane profiles of the pressure gradient and radial elec-
tric field are displayed in figure 20 for the small ELMs with
ne,sep ≈ 3× 1019 m−3 (a) and (c), and for the lowered sep-
aratrix density case (ne,sep ≈ 2× 1019 m−3) (b) and (d). The
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Figure 20. The time-averaged outboard midplane profiles of the
pressure gradient and Er during the linear growth phase for a
nominal separatrix density (a) and (c), and for a lower separatrix
density (b) and (d).

profiles are averaged over 0.1 ms during the linear growth
phase, <0.7 ms. The lower nsep causes an inward shift of ∇p
and, particularly, a smaller pressure gradient near the sep-
aratrix. This additionally allows for a deeper Er well and an
increase in the bootstrap current density (not shown). The
reduced drive of the ∇p near the separatrix together with the
stabilising influence of the deeper Er and the higher−jφ cause
the small ELMs to become completely stabilised.

6. Conclusions

H-mode operation without large type-I ELMs is an imper-
ative requirement for ITER in high-performance condi-
tions. To this end, naturally ELM-free H-modes and ELM
mitigated/suppressed regimes are considered and actively
investigated. Several such alternatives are under investigation
in AUG. Two of them are the QCE regime and the enhanced
D-alpha H-mode. Both can be operated completely without
type-I ELMs. The pedestal is limited by small ELMs for the
QCE regime and by a QCM for the EDAH-mode. These trans-
port mechanisms quasi-continuously expel heat and particles
from the confined region. It is presently unclear whether it
will be possible to operate such regimes in ITER. Simula-
tions performed with JOREK, which show several key fea-
tures of small ELMs, are presented in this paper. Resistive
peeling-ballooning modes near the separatrix are identified as
the transport mechanism underlying such small ELMs.

The pedestal build-up is modelled at a fixed pedestal width
with stationary diffusion coefficients and sources, following
the approach described in [22]. Under appropriate conditions,
resistive peeling-ballooning modes that regulate the pedes-
tal below the ideal PB stability boundary are observed. The
necessary conditions to sustain sufficient outward transport by
small ELMs are primarily determined by the separatrix dens-
ity and the input heating power. In particular, simulations with
high ne,sep and low heating power observe phases (longer than
10 ms) with quasi-continuous outward transport that prevent
the pedestal from reaching a type-I ELM unstable scenario.
The resistive nature of such PB modes is determined by the

fact that they appear below the ideal PB stability boundary,
because their growth rates are largely reduced/enhanced by
decreasing/increasing resistivity, and because their poloidal
mode velocities are measured to be close to that expected
for resistive modes. The fluctuations caused by the resist-
ive PB modes are measured to be in the frequency range of
20−40 kHz, which is comparable to those measured experi-
mentally for small ELMs [7, 29] and for the QCM in EDA
H-mode [16, 29].

An important ingredient required, in order to properly sim-
ulate these resistive PB modes, is the inclusion of diamag-
netic effects, which (in the simulations) allow the radial elec-
tric field well to develop in the pedestal region. In the absence
of diamagnetic effects, it is not possible to stabilise the small
ELMs by increasing the heating power. In contrast, when dia-
magnetic effects are included, the small ELMs become com-
pletely stabilised and the plasma state moves to a type-I ELMy
H-mode by increasing Pheat. Similarly, decreasing the sep-
aratrix density completely stabilises the small ELMs if dia-
magnetic effects are included. Another important effect that
should be included when modelling these instabilities is the
bootstrap current density, because it has a stabilising influence
on high-n peeling-ballooning modes. At the moment, JOREK
evolves the bootstrap current density through the Sauter for-
mula [34, 35], as explained in section 3. However, Sauter’s
expression is known to be inaccurate depending on the para-
meter regime, particularly at high collisionality [58]. There-
fore, an improvement of the bootstrap current density source
in JOREK will be pursued in the future. Finally, the simplified
resistivity with only Spitzer temperature dependency used in
JOREK should be improved to include the influence of neo-
classical effects and an effective main ion charge greater than
unity.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.

Acknowledgments

This work has been carried out within the framework
of the EUROfusion Consortium, funded by the European
Union via the Euratom Research and Training Programme
(Grant Agreement No 101052200 — EUROfusion). Views
and opinions expressed are however those of the author(s)
only and do not necessarily reflect those of the European
Union or the European Commission. Neither the European
Union nor the European Commission can be held respons-
ible for them. In particular, contributions by EUROfu-
sion work packages Enabling Research (EnR), Medium
Size Tokamaks (MST), Working Package Tokamak Exploit-
ation, and TSVV Project 8 are acknowledged. The sim-
ulations presented in this work were performed on the
Marconi-Fusion supercomputer operated by CINECA in
Italy.

13



Plasma Phys. Control. Fusion 64 (2022) 054011 A Cathey et al

ORCID iDs

A Cathey https://orcid.org/0000-0001-7693-5556
M Hoelzl https://orcid.org/0000-0001-7921-9176
G Harrer https://orcid.org/0000-0002-1150-3987
M G Dunne https://orcid.org/0000-0002-5259-9970

References

[1] Loarte A et al 2014 Progress on the application of ELM
control schemes to ITER scenarios from the non-active
phase to DT operation Nucl. Fusion 54 033007

[2] Eich T, Sieglin B, Thornton A J, Faitsch M, Kirk A,
Herrmann A and Suttrop W 2017 ELM divertor peak
energy fluence scaling to iter with data from JET, MAST
and ASDEX Upgrade Nucl. Mater. Energy 12 84

[3] Gunn J P et al 2017 Surface heat loads on the ITER divertor
vertical targets Nucl. Fusion 57 046025

[4] Viezzer E 2018 Access and sustainment of naturally ELM-free
and small-ELM regimes Nucl. Fusion 58 115002

[5] Oyama N et al (The ITPA Pedestal Topical Group) 2006
Pedestal conditions for small ELM regimes in tokamaks
Plasma Phys. Control. Fusion 48 A171–81

[6] Stober J, Maraschek M, Conway G D, Gruber O, Herrmann A,
Sips A C C, Treutterer W and Zohm H (ASDEX Upgrade
Team) 2001 Type II ELMy H modes on ASDEX Upgrade
with good confinement at high density Nucl. Fusion
41 1123–34

[7] Wolfrum E et al (The ASDEX Upgrade Team) 2011
Characterization of edge profiles and fluctuations in
discharges with type-II and nitrogen-mitigated edge
localized modes in ASDEX Upgrade Plasma Phys. Control.
Fusion 53 085026

[8] Harrer G F et al (The EUROfusion MST1 Team and The
ASDEX Upgrade Team) 2018 Parameter dependences of
small edge localized modes (ELMs) Nucl. Fusion
58 112001

[9] Labit B et al 2019 Dependence on plasma shape and plasma
fueling for small edge-localized mode regimes in TCV and
ASDEX Upgrade Nucl. Fusion 59 086020

[10] Faitsch M, Eich T, Harrer G F, Wolfrum E, Brida D, David P,
Griener M and Stroth U 2021 Broadening of the power
fall-off length in a high density, high confinement H-mode
regime in ASDEX Upgrade Nucl. Mater. Energy 26 100890

[11] Kamada Y et al 2000 Disappearance of giant ELMs and
appearance of minute grassy ELMs in JT-60U
high-triangularity discharges Plasma Phys. Control. Fusion
42 A247–53

[12] Saibene G et al 2005 Characterization of small ELM
experiments in highly shaped single null and
quasi-double-null plasmas in JET Nucl. Fusion 45 297–317

[13] Xu G S et al 2019 Promising high-confinement regime for
steady-state fusion Phys. Rev. Lett. 122 255001

[14] Sartori R et al 2004 Study of type III ELMs in JET Plasma
Phys. Control. Fusion 46 723–50

[15] Garcia J et al 2021 New plasma regimes with small ELMs and
high confinement at the Joint European Torus
(arXiv:2103.02679 [physics.plasm-ph])

[16] Gil L et al 2020 Stationary ELM-free H-mode in ASDEX
Upgrade Nucl. Fusion 60 054003

[17] Hubbard A E et al 2001 Pedestal profiles and fluctuations in
C-Mod enhanced D-alpha H-modes Phys. Plasmas
8 2033–40

[18] Gil L 2021 EDA H-mode in ASDEX Upgrade: a promising
ELM-free regime 47th European Physical Society Conf. on
Plasma Physics (EPS) p I1.102

[19] Mossessian D A, Snyder P B, Greenwald M, Hughes J W,
Lin Y, Mazurenko A, Medvedev S, Wilson H R and Wolfe S
2002 H-mode pedestal characteristics and MHD stability of
the edge plasma in Alcator C-Mod Plasma Phys. Control.
Fusion 44 423–37

[20] Hoelzl M et al 2021 The JOREK non-linear extended MHD
code and applications to large-scale instabilities and their
control in magnetically confined fusion plasmas Nucl.
Fusion 61 065001

[21] Huysmans G T A and Czarny O 2007 MHD stability in
X-point geometry: simulation of ELMs Nucl. Fusion 47 659

[22] Cathey A, Hoelzl M, Lackner K, Huijsmans G T A,
Dunne M G, Wolfrum E, Pamela S J P, Orain F and Günter S
2020 Non-linear extended MHD simulations of type-I edge
localised mode cycles in ASDEX Upgrade and their
underlying triggering mechanism Nucl. Fusion 60 124007

[23] Hoelzl M et al (ASDEX Upgrade Team and EUROfusion
MST1 Team) 2018 Insights into type-I ELMs and ELM
control methods from JOREK MHD simulations Contrib.
Plasma Phys. 58 518

[24] Orain F et al 2019 Non-linear modeling of the threshold
between ELM mitigation and ELM suppression by resonant
magnetic perturbations in ASDEX Upgrade Phys. Plasmas
26 042503

[25] Cathey A, Hoelzl M, Futatani S, Lang P T, Lackner K,
Huijsmans G T A, Pamela S J P and Günter S (The JOREK
Team, The ASDEX Upgrade Team and The EUROfusion
MST1 Team) 2021 Comparing spontaneous and
pellet-triggered ELMs via non-linear extended MHD
simulations Plasma Phys. Control. Fusion 63 075016

[26] Futatani S, Cathey A, Hoelzl M, Lang P T, Huijsmans G T A
and Dunne M (The JOREK Team, The ASDEX Upgrade
Team and The EUROfusion MST1 Team) 2021 Transition
from no-ELM response to pellet ELM triggering during
pedestal build-up—insights from extended MHD
simulations Nucl. Fusion 61 046043

[27] Neuhauser J et al (The ASDEX Upgrade Team) 2002
Transport into and across the scrape-off layer in the
ASDEX Upgrade divertor tokamak Plasma Phys. Control.
Fusion 44 855–69

[28] Bernert M et al 2014 The H-mode density limit in the full
tungsten ASDEX Upgrade tokamak Plasma Phys. Control.
Fusion 57 014038

[29] Griener M et al 2020 Continuous observation of filaments
from the confined region to the far scrape-off layer Nucl.
Mater. Energy 25 100854

[30] Viezzer E, Puetterich T, Angioni C, Bergmann A, Dux R,
Fable E, McDermott R M, Stroth U and Wolfrum E (The
ASDEX Upgrade Team) 2014 Evidence for the neoclassical
nature of the radial electric field in the edge transport barrier
of ASDEX Upgrade Nucl. Fusion 54 012003

[31] Eich T, Goldston R J, Kallenbach A, Sieglin B and Sun H J
(ASDEX Upgrade Team and JET Contributors) 2018
Correlation of the tokamak H-mode density limit with
ballooning stability at the separatrix Nucl. Fusion
58 034001

[32] Sun H et al 2021 The role of edge plasma parameters in
H-mode density limit on the JET-ILW Nucl. Fusion
61 066009

[33] Rogers B N and Drake J F 1999 Diamagnetic stabilization of
ideal ballooning modes in the edge pedestal Phys. Plasmas
6 2797–801

[34] Sauter O, Angioni C and Lin-Liu Y R 1999 Neoclassical
conductivity and bootstrap current formulas for general
axisymmetric equilibria and arbitrary collisionality regime
Phys. Plasmas 6 2834–9

[35] Sauter O, Angioni C and Lin-Liu Y R 2002 Erratum:
“Neoclassical conductivity and bootstrap current formulas
for general axisymmetric equilibria and arbitrary

14

https://orcid.org/0000-0001-7693-5556
https://orcid.org/0000-0001-7693-5556
https://orcid.org/0000-0001-7921-9176
https://orcid.org/0000-0001-7921-9176
https://orcid.org/0000-0002-1150-3987
https://orcid.org/0000-0002-1150-3987
https://orcid.org/0000-0002-5259-9970
https://orcid.org/0000-0002-5259-9970
https://doi.org/10.1088/0029-5515/54/3/033007
https://doi.org/10.1088/0029-5515/54/3/033007
https://doi.org/10.1016/j.nme.2017.04.014
https://doi.org/10.1016/j.nme.2017.04.014
https://doi.org/10.1088/1741-4326/aa5e2a
https://doi.org/10.1088/1741-4326/aa5e2a
https://doi.org/10.1088/1741-4326/aac222
https://doi.org/10.1088/1741-4326/aac222
https://doi.org/10.1088/0741-3335/48/5A/S16
https://doi.org/10.1088/0741-3335/48/5A/S16
https://doi.org/10.1088/0029-5515/41/9/301
https://doi.org/10.1088/0029-5515/41/9/301
https://doi.org/10.1088/0741-3335/53/8/085026
https://doi.org/10.1088/0741-3335/53/8/085026
https://doi.org/10.1088/1741-4326/aad757
https://doi.org/10.1088/1741-4326/aad757
https://doi.org/10.1088/1741-4326/ab2211
https://doi.org/10.1088/1741-4326/ab2211
https://doi.org/10.1016/j.nme.2020.100890
https://doi.org/10.1016/j.nme.2020.100890
https://doi.org/10.1088/0741-3335/42/5A/329
https://doi.org/10.1088/0741-3335/42/5A/329
https://doi.org/10.1088/0029-5515/45/5/001
https://doi.org/10.1088/0029-5515/45/5/001
https://doi.org/10.1103/PhysRevLett.122.255001
https://doi.org/10.1103/PhysRevLett.122.255001
https://doi.org/10.1088/0741-3335/46/5/002
https://doi.org/10.1088/0741-3335/46/5/002
https://arxiv.org/abs/2103.02679
https://doi.org/10.1088/1741-4326/ab7d1b
https://doi.org/10.1088/1741-4326/ab7d1b
https://doi.org/10.1063/1.1348329
https://doi.org/10.1063/1.1348329
https://doi.org/10.1088/0741-3335/44/4/303
https://doi.org/10.1088/0741-3335/44/4/303
https://doi.org/10.1088/1741-4326/abf99f
https://doi.org/10.1088/1741-4326/abf99f
https://doi.org/10.1088/0029-5515/47/7/016
https://doi.org/10.1088/0029-5515/47/7/016
https://doi.org/10.1088/1741-4326/abbc87
https://doi.org/10.1088/1741-4326/abbc87
https://doi.org/10.1002/ctpp.201700142
https://doi.org/10.1002/ctpp.201700142
https://doi.org/10.1063/1.5091843
https://doi.org/10.1063/1.5091843
https://doi.org/10.1088/1361-6587/abf80b
https://doi.org/10.1088/1361-6587/abf80b
https://doi.org/10.1088/1741-4326/abdfb4
https://doi.org/10.1088/1741-4326/abdfb4
https://doi.org/10.1088/0741-3335/44/6/316
https://doi.org/10.1088/0741-3335/44/6/316
https://doi.org/10.1088/0741-3335/57/1/014038
https://doi.org/10.1088/0741-3335/57/1/014038
https://doi.org/10.1016/j.nme.2020.100854
https://doi.org/10.1016/j.nme.2020.100854
https://doi.org/10.1088/0029-5515/54/1/012003
https://doi.org/10.1088/0029-5515/54/1/012003
https://doi.org/10.1088/1741-4326/aaa340
https://doi.org/10.1088/1741-4326/aaa340
https://doi.org/10.1088/1741-4326/abf056
https://doi.org/10.1088/1741-4326/abf056
https://doi.org/10.1063/1.873237
https://doi.org/10.1063/1.873237
https://doi.org/10.1063/1.873240
https://doi.org/10.1063/1.873240


Plasma Phys. Control. Fusion 64 (2022) 054011 A Cathey et al

collisionality regime” [Phys. Plasmas 6, 2834 (1999)] Phys.
Plasmas 9 5140

[36] Pamela S J P et al (JET Contributors) 2017 Recent progress in
the quantitative validation of JOREK simulations of ELMs
in JET Nucl. Fusion 57 076006

[37] McCarthy P J, Martin P and Schneider W 1999 The CLISTE
interpretive equilibrium code Technical Report IPP 5/85
(Max-Planck-Institut für Plasmaphysik)

[38] Dunne M G, McCarthy P J, Wolfrum E, Fischer R,
Giannone L and Burckhart A (The ASDEX Upgrade Team)
2012 Measurement of neoclassically predicted edge current
density at ASDEX Upgrade Nucl. Fusion 52 123014

[39] Mikhailovskii A B, Huysmans G T A, Kerner W O K and
Sharapov S E 1997 Optimization of computational MHD
normal-mode analysis for tokamaks Plasma Phys. Rep.
23 844–57

[40] Hölzl M 2010 Diffusive heat transport across magnetic islands
and stochastic layers in tokamaks PhD Thesis Technische
Universität München

[41] Hoelzl M, Guenter S, Classen I G J, Yu Q and Delabie E (The
TEXTOR Team) 2009 Determination of the heat diffusion
anisotropy by comparing measured and simulated electron
temperature profiles across magnetic islands Nucl. Fusion
49 115009

[42] Xu X Q, Dudson B D, Snyder P B, Umansky M V, Wilson H R
and Casper T 2011 Nonlinear ELM simulations based on a
nonideal peeling–ballooning model using the BOUT++
code Nucl. Fusion 51 103040

[43] Huijsmans G T A, van Vugt D C, Franssen S, Korving S Q and
Becoulet M 2019 Non-linear MHD simulations of ELMs in
a high recycling devertor 46th European Physical Society
Conf. on Plasma Physics (EPS) (Milan, Italy) p 2.1059

[44] Smith S F et al 2020 Simulations of edge localised mode
instabilities in MAST-U Super-X tokamak plasmas Nucl.
Fusion 60 066021

[45] Korving S Q 2021 The influence of drifts in the iter divertor in
nonlinear MHD JOREK simulations with fluid and kinetic
neutrals 47th European Physical Society Conf. on Plasma
Physics (EPS) p 4.1026

[46] Krebs I, Hoelzl M, Lackner K and Guenter S 2013 Nonlinear
excitation of low-n harmonics in reduced

magnetohydrodynamic simulations of edge-localized
modes Phys. Plasmas 20 082506

[47] Morales J A et al 2016 Edge localized mode rotation
and the nonlinear dynamics of filaments Phys. Plasmas
23 042513

[48] Furth H P, Killeen J and Rosenbluth M N 1963
Finite-resistivity instabilities of a sheet pinch Phys. Fluids
6 459–84

[49] Kleiner A, Ferraro N M, Diallo A and Canal G P 2021
Importance of resistivity on edge-localized mode onset in
spherical tokamaks Nucl. Fusion 61 064002

[50] Huysmans G T A, Sharapov S E, Mikhailovskii A B and
Kerner W 2001 Modeling of diamagnetic stabilization of
ideal magnetohydrodynamic instabilities associated with
the transport barrier Phys. Plasmas 8 4292–305

[51] Hastie R J, Catto P J and Ramos J J 2000 Effect of strong
radial variation of the ion diamagnetic frequency on internal
ballooning modes Phys. Plasmas 7 4561–6

[52] Orain F et al 2015 Resistive reduced MHD modeling of
multi-edge-localized-mode cycles in tokamak X-point
plasmas Phys. Rev. Lett. 114 035001

[53] Redl A et al 2021 private communication
[54] Sauter P et al (The ASDEX Upgrade Team) 2011 L- to

H-mode transitions at low density in ASDEX Upgrade
Nucl. Fusion 52 012001

[55] Cavedon M et al (The ASDEX Upgrade Team) 2020
Connecting the global H-mode power threshold to the local
radial electric field at ASDEX Upgrade Nucl. Fusion
60 066026

[56] Dunne M G et al (The EUROfusion MST1 Team and The
ASDEX-Upgrade Team) 2016 The role of the density
profile in the ASDEX-Upgrade pedestal structure Plasma
Phys. Control. Fusion 59 014017

[57] Frassinetti L et al (The ASDEX Upgrade Team, JET
Contributors, The TCV Team and The EUROfusion MST1
Team) 2019 Role of the pedestal position on the pedestal
performance in AUG, JET-ILW and TCV and implications
for ITER Nucl. Fusion 59 076038

[58] Belli E A, Candy J, Meneghini O and Osborne T H 2014
Limitations of bootstrap current models Plasma Phys.
Control. Fusion 56 045006

15

https://doi.org/10.1063/1.1517052
https://doi.org/10.1063/1.1517052
https://doi.org/10.1088/1741-4326/aa6e2a
https://doi.org/10.1088/1741-4326/aa6e2a
https://doi.org/10.1088/0029-5515/52/12/123014
https://doi.org/10.1088/0029-5515/52/12/123014
https://doi.org/10.1134/1.952514
https://doi.org/10.1134/1.952514
https://doi.org/10.1088/0029-5515/49/11/115009
https://doi.org/10.1088/0029-5515/49/11/115009
https://doi.org/10.1088/0029-5515/51/10/103040
https://doi.org/10.1088/0029-5515/51/10/103040
https://doi.org/10.1088/1741-4326/ab826a
https://doi.org/10.1088/1741-4326/ab826a
https://doi.org/10.1063/1.4817953
https://doi.org/10.1063/1.4817953
https://doi.org/10.1063/1.4947201
https://doi.org/10.1063/1.4947201
https://doi.org/10.1063/1.1706761
https://doi.org/10.1063/1.1706761
https://doi.org/10.1088/1741-4326/abf416
https://doi.org/10.1088/1741-4326/abf416
https://doi.org/10.1063/1.1398573
https://doi.org/10.1063/1.1398573
https://doi.org/10.1063/1.1310201
https://doi.org/10.1063/1.1310201
https://doi.org/10.1103/PhysRevLett.114.035001
https://doi.org/10.1103/PhysRevLett.114.035001
https://doi.org/10.1088/0029-5515/52/1/012001
https://doi.org/10.1088/0029-5515/52/1/012001
https://doi.org/10.1088/1741-4326/ab8777
https://doi.org/10.1088/1741-4326/ab8777
https://doi.org/10.1088/0741-3335/59/1/014017
https://doi.org/10.1088/0741-3335/59/1/014017
https://doi.org/10.1088/1741-4326/ab1eb9
https://doi.org/10.1088/1741-4326/ab1eb9
https://doi.org/10.1088/0741-3335/56/4/045006
https://doi.org/10.1088/0741-3335/56/4/045006

	MHD simulations of small ELMs at low triangularity in ASDEX Upgrade
	1. Introduction
	2. Small ELMs and EDA H-mode at ASDEX Upgrade
	3. JOREK simulation set-up and axisymmetric build-up
	3.1. Numerical parameters and simulation set-up
	3.2. Axisymmetric pedestal build-up
	3.3. Limitations of the present approach

	4. Non-axisymmetric simulations
	4.1. Linear and early non-linear phases
	4.2. Rigidly scanning the resistivity
	4.3. Importance of extended MHD
	4.4. Non-linear phase
	4.5. Filamentary transport
	4.6. Divertor heat deposition

	5. Two simple paths to type-I ELMs
	5.1. Increasing heating power
	5.2. Decreasing separatrix density

	6. Conclusions
	Acknowledgments
	References


