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Abstract

Injecting frozen deuterium pellets into an ELMy H-mode plasma is a well established scheme
for triggering edge localized modes (ELMs) before they naturally occur. This paper presents
non-linear simulations of spontaneous type-I ELMs and pellet-triggered ELMs in ASDEX
Upgrade performed with the extended MHD code JOREK. A thorough comparison of the
non-linear dynamics of these events is provided. In particular, pellet-triggered ELMs are
simulated by injecting deuterium pellets into different time points during the pedestal build-up
described in A Cathey et al (2020 Nuclear Fusion 60 124007). Realistic ExB and diamagnetic
background plasma flows as well as the time dependent bootstrap current evolution are included
during the build-up to accurately capture the balance between stabilising and destabilising terms
for the edge instabilities. Dependencies on the pellet size and injection times are studied. The
spatio-temporal structures of the modes and the resulting divertor heat fluxes are compared in
detail between spontaneous and triggered ELMs. We observe that the premature excitation of
ELMs by means of pellet injection is caused by a helical perturbation described by a toroidal
mode number of n = 1. In accordance with experimental observations, the pellet-triggered
ELMs show reduced thermal energy losses and a narrower divertor wetted area with respect to
spontaneous ELMs. The peak divertor energy fluence is seen to decrease when ELMs are
triggered by pellets injected earlier during the pedestal build-up.
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1. Introduction

Type-I edge localized modes (ELMs) are expected to induce
large losses and consequently excessive transient divertor heat
loads in large machines like ITER, which can affect the life-
time of the components [1]. Low-frequency large type-I ELMs
must therefore be avoided in ITER either by small-ELM scen-
arios [2], ELM-free scenarios like QH-mode [3], active con-
trol via external resonant magnetic perturbations (RMPs) [4]
or pellet ELM triggering [5, 6]. Since RMPs may not be
applicable in all phases of plasma operation (e.g. ramp-up
and ramp-down) due to particular constraints on the plasma
parameters and the edge safety factor and the possibilities of
access to no-ELM or small-ELM regimes remain uncertain,
pellet ELM triggering may offer a complementing approach
and is foreseen as backup scheme in ITER. Additionally,
the use of ELM pacing by means of pellet injection is an
option for ITER to avoid the accumulation of impurities in the
plasma [1]. It has been shown experimentally that pellets allow
to increase the ELM frequency and reduce the thermal energy
losses associated to an individual ELM crash [5]. For pellet
ELM triggering to be successful in mitigating the impact of
ELMs on the divertor lifetime, the properties of spontaneous
and pellet-triggered ELMs need to be investigated in direct
comparison because experimental observations suggest that a
reduced extent of the wetted area can cancel out the beneficial
effects of the decreased energy expelled by pellet-triggered
ELMs [7].

In the present paper, directly comparable simulations of
spontaneous and pellet-triggered ELMs are performed with
the non-linear extended MHD code JOREK [8-10]. For this
purpose, pellet injections are considered during different
time points of the pedestal build-up; the setup is thoroughly
described in reference [11]. Realistic resistivity, heat diffu-
sion anisotropy, and plasma background flows are taken into
account and two different pellet sizes are studied. It has been
observed experimentally that injecting pellets during the ped-
estal build-up does not always lead to ELM triggering [12].
For the present paper, we solely concentrate on injections that
manage to trigger an ELM. Injections performed at earlier
times during the pedestal build-up lie outside the scope of the
present study and are investigated separately in reference [13],
where the experimentally observed lag-time in the ELM cycle
during which ELM triggering is not possible is compared to
simulation results.

The first experiments on ELM pacing and mitigation by pel-
let injection were performed at ASDEX Upgrade (AUG) [5]
demonstrating an increase of the ELM frequency by more
than 50% in a reliable manner. With high pellet injection fre-
quencies, undesired fuelling effects were observed due to the
comparably large pellet sizes available in this machine. Pel-
let injection was shown to trigger an ELM when the pellet-
induced seed perturbation was roughly half-way between the

separatrix and the pedestal top (~3 cm measured along the
pellet trajectory), or ~ 0.1 ms after the pellet crossed the sep-
aratrix (for injection velocities of ~ 600 m s~!) [14]. Key find-
ings from AUG with carbon wall (AUG-C) were confirmed at
larger machines like DIII-D [6] and JET [15]. Investigation
of pellet-triggered MHD events in AUG-C and JET showed
that triggered and spontaneous ELMs display essentially the
same features. In particular, the triggered ELM correlates to
the spontaneous ELM type occurring at the same plasma con-
ditions [16].

Experiments with metal walls in JET with ITER-like wall
(JET-ILW) and in AUG with tungsten coated walls (AUG-Ws)
showed that injecting pellets at different times during the ELM
cycle are not always able to trigger ELMs [12, 17, 18]. Said
lag-time represents an important uncertainty in terms of pellet
ELM pacing in future machines with metal walls, like ITER.
Another uncertainty that prevails for the feasibility of pellet
injection as an ELM control method is the wetted area of the
heat flux deposition on the divertor targets. In particular, from
current machines it is known that the wetted area for pellet-
triggered ELMs is smaller than that for spontaneously occur-
ring ELMs [7]. Therefore, even if pellet-triggered ELMs cause
smaller energy losses than spontaneous ELMs, the fact that
said energy is deposited over a smaller area could mean that
there is no reduction in the energy fluence for pellet-triggered
ELMs.

The paper is structured as follows. Section 2 provides
essential information regarding the physics model and the pel-
let module in JOREK and it provides a brief overview of previ-
ous pellet-triggered ELM simulations produced with JOREK.
Section 3 describes the simulation set-up and the different
pellet injection parameters used. A thorough description of
the temporal dynamics of spontaneous and triggered ELMs,
including detailed analysis of the observed similarities and dif-
ferences, is provided in section 4. Section 5 is focused on com-
paring several spontaneous and pellet-triggered ELMs in terms
of ELM sizes, toroidal mode spectra, divertor incident power,
peak heat fluxes, and energy fluence. The paper ends with the
main conclusions and outlook to future work.

2. JOREK and overview of existing simulations

The JOREK code is a versatile MHD code (see section 4 of
reference [19] for an overview) that is used to non-linearly
solve the reduced and full MHD equations. The reduced MHD
model with various extensions [20, 21] has been used for
this work. It evolves the coupled equations for poloidal mag-
netic flux ), single fluid mass density p and temperature
T(= T, +T;), parallel plasma velocity v, and electrostatic
potential ®. Equations for the toroidal current density j, and
the vorticity w are also solved for numerical reasons. Further
details of the model are outlined below.
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2.1. JOREK reduced MHD model

The JOREK reduced MHD model follows an ansatz-based
approach and is built on two simplifying assumptions regard-
ing the magnetic field and on the plasma velocity [10, 22]. The
latter is the zeroth order assumption for the plasma velocity
perpendicular to the magnetic field v, = vgxp, and allows a
potential formulation for v through the electrostatic scalar
potential, i.e. E = —V ®. The former is the consideration of a
static toroidal magnetic field that only varies with major radius
described by Bior(R) = BaxisRaxis/R = Fo/R. This assumption
simultaneously eliminates one dynamic variable and the fast
magnetosonic wave from the system.

Introducing the assumptions above into the visco-resistive
MHD equations, and considering diffusive particle and heat
transport, results into the base reduced MHD equations in
JOREK [8]. The perpendicular diffusive particle and heat
transport used in JOREK are ad-hoc diffusion profiles meant
to represent anomalous transport. The parallel heat diffusion
is temperature dependent and it is set by the realistic Spitzer—
Hérm coefficients. It is possible to include the two-fluid dia-
magnetic drift effect onto the base reduced MHD equations. In
order to do so, the representation for the perpendicular plasma
velocity is changed to v | = vgxp + vj,. Due to this extension
to reduced MHD, the radial electric field well ubiquitous to the
edge of H-mode plasmas (and roughly proportional to the ion
diamagnetic drift velocity vi, ~ Vp;/n) can be considered in
JOREK simulations [23, 24]. The presence of this radial elec-
tric field has important consequences regarding the stability of
the underlying instabilities that give rise to ELMs [25]. These
extensions allowing to incorporate realistic plasma flows are
used in the present work.

The reduced MHD model is further extended to include
the self-generated neoclassical bootstrap current that is formed
due to collisions between trapped and passing particles. The
bootstrap current density increases with increasing pressure
gradient. To include this neoclassical effect in JOREK, a
source term determined by the Sauter formula of the bootstrap
current is considered in the induction equation [26]. The res-
ulting equations may be found in [21].

2.2. Pellet module

In order to study the influence of pellet injection onto the
plasma, JOREK features a so-called pellet module. The pellet
module represents the pellet particles that will become ablated
and deposited to the bulk plasma as a localised adiabatic 3D
density source. The density source is poloidally localised to
a narrow area, and it is stretched to span a user-defined tor-
oidal arc. The adiabatic density source moves with the pellet
position.

At a given time point, the model describes the number
of particles that are ionised and become part of the bulk
plasma. The number of particles is calculated from the neut-
ral gas shielding model using the time-varying pellet size
and the local plasma density and temperature. The ablation
process is adiabatic, therefore no energy source/sink is con-
sidered. Once the ablated pellet particles become part of the

bulk plasma, the resulting plasmoid becomes displaced due to
the VB effect reproducing the experimentally observed asym-
metry in particle assimilation between high-field side (HFS)
and low-field side (LFS). Namely, when the pellet is injected
from the HFS, as done for all the simulations presented in this
paper, the density perturbation shows a displacement towards
the core region.

The particle source does not resolve the fine structure of
the pellet (1) for numerical reasons due to the finite resolu-
tion available and (2) for physical reasons as the processes
inside the ablation cloud are determined by kinetic effects that
are not part of our model and not of interest for the large-
scale impact of the pellet onto the plasma dynamics. In that
sense, the source distribution represents the already relaxed
ablation cloud. A more refined treatment of the ablation phys-
ics is investigated separately from this work. For an in-depth
description of the pellet module used, the reader is referred to
reference [27].

The pellet travels in a straight line following the direction of
the predetermined injection velocity. The adiabatic 3D density
source locally increases the plasma density and, in turn, dir-
ectly causes a reduction in temperature in such a way that the
instantaneous local pressure remains unchanged. The reduced
temperature in the pellet ablation cloud (that stretches along
the magnetic field lines) is partially restored by fast parallel
electron heat conduction (7, = (27Rq)*/x) ~ 0.1 ps), and
the excess density is redistributed along the magnetic field
lines in the slower time scale of parallel convection with the
ion sound speed (7, = 2mRq/cy ~ 1 ms). Consequently, there
is a net increase of the local pressure resulting from the abla-
tion that is responsible for ballooning mode excitation in case
of pellet ELM triggering.

2.3. Relation to previous simulation work

ELM physics was studied in various ways already using
the JOREK code—first in reference [8]. Further relev-
ant simulations with JOREK include: spontaneous ELMs
with realistic plasma background flows [20], RMP penetra-
tion [28, 29], investigation of ELM-RMP interactions [30],
Quiescent H-Mode [31], triggering of ELMs by vertical mag-
netic kicks [32], and a direct comparison of the divertor heat
fluence caused by spontaneous ELMs to experimental scal-
ing laws [21]. Pellet ELM triggering has also been studied
with JOREK before, providing an explanation for the mech-
anism of pellet ELM triggering by a localised increase of the
pressure in the re-heated ablation cloud and including experi-
mental comparisons to JET and DIII-D [27, 33, 34]. An over-
view of ELM related non-linear MHD simulations worldwide
is given in [35]. However, the field has evolved rapidly since
the publication of that article. A recent overview of ELM and
ELM control simulations with JOREK is given in section 5
of [19].

For AUG, in particular the localised structures forming
during ELM crashes [36], non-linear mode coupling asso-
ciated with an ELM crash [37], the toroidal structure of an
ELM crash [38], and ELM control via RMP fields [39] have
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been studied. Recently, type-I ELM cycles and the trigger-
ing mechanism responsible for the violent onset of the ELM
crash were studied for the first time [11]. In the present paper,
pellet-triggered ELM simulations are compared to spontan-
eous ELMs from the aforementioned cited article and new ded-
icated simulations.

The present paper goes beyond previous studies of pellet-
triggered ELMs by producing a direct comparison between
simulations of type-I ELM cycles and pellet-triggered ELMs
where both are performed using the same extended MHD
model including ExB and diamagnetic background flows and
the same plasma conditions with realistic plasma parameters.

3. Simulation set-up and parameters

Recent simulations of type-I ELM cycles show that the seed
perturbations out of which instabilities grow prior to the ELM
have an important effect on the dynamics of the non-linear
dynamics and properties of the crash. Namely, starting from
arbitrary seed perturbations, instead of self-consistent perturb-
ations, causes larger ELMs when the pedestal build-up is con-
sidered. Simulating type-1 ELM cycles circumvents this prob-
lem since the seed perturbations for all ELMs (except the first)
retain the ‘memory’ of the previous existence of an ELM, i.e.
have non-negligible amplitudes and peeling-ballooning (PB)
mode structure [11]. The present study uses the first three type-
I ELMs from [11] to compare the dynamics of spontaneous
ELMs and pellet-triggered ELMs. Additionally, new simula-
tions of type-I ELM cycles with increased toroidal resolution
are performed to compare against the pellet-triggered ELMs.

The spontaneous ELM simulations are set up in the follow-
ing way. An ideal MHD stable post-ELM equilibrium recon-
struction for AUG shot #33 616 is used as initial conditions for
the simulations. We set stationary heat and particle diffusion
(perpendicular to B) profiles with a well in the pedestal region
to model the H-mode edge transport barrier as well as station-
ary heat and particle sources such that the pedestal builds up
with time and crosses the PB stability boundary. This simpli-
fied pedestal build-up does not take into account the dynam-
ical response of anomalous transport, nor does it include the
physics of neutrals, which are key for a realistic consideration
of the time-evolving particle source profiles. Since we use a
single fluid model, the disparate evolution timescales of the
electron and ion temperatures is neglected. Plasma resistiv-
ity and parallel heat transport are modelled with fully realistic
parameters, and with Spitzer and Spitzer—-Harm temperature
dependencies, respectively. Simulations are performed with a
high resolution finite element grid in the poloidal direction and
the convergence of the results has been verified.

With the density and temperature profiles steepening as the
simulation evolves, the radial electric field and the neoclassical
bootstrap current evolve accordingly. Four pressure profiles at
the outer midplane are shown in figure 1. These correspond to
the pre-ELM state of one spontaneous ELM (full line labelled
Sp318.1—the naming conventions are described later), and
to the pellet injection times: 12, 14, and 15 ms (dashed lines in
blue, black, and grey respectively).

A Cathey et al
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Figure 1. Pressure profiles at the outboard midplane in the pre-ELM
stage of a spontaneous ELM (full lines) and at the different pellet
injection times (dashed lines).

3.1 Pellet injection

The AUG pellet injection system has an injection angle
of Ginjection = 72°, and it can handle pellets of differ-
ent nominal sizes and velocities. These correspond to
1.5 x 10%°,2.4 x 10%°, and 3.7 x 10*°D atoms per pellet and
vp = 240,560,900, and 1040 m s~1. However, material is lost
on the guide tube as the pellet travels to the plasma and, ulti-
mately, the pellet sizes arriving at the plasma show significant
variations from their nominal sizes. These variations are most
pronounced with increasing pellet injection velocity and, on
average, account for roughly 50% of the nominal mass lost for
vp =560 m s~ ! [40]. For the pellets used in the present simu-
lations, we chose v, = 560 m s~ ! and two different pellet sizes
of 0.8 x 10%° and 1.5 x 10*° D atoms per pellet (‘small’ and
‘large’). These values reflect particle content after losses in
the guide tube and therefore correspond approximately to the
range of accessible pellet sizes in the experiment. The pellets
have the same particle density and, therefore, the 0.8 x 10D
pellet has a smaller radius than the 1.5 x 10%° D pellet.

The pellet module describes the pellet moving straight with
constant velocity. The simplifying assumption of a constant
pellet velocity is motivated by AUG experimental observa-
tions [14]. Using the same initial position and injection velo-
city and angle, the two different pellet sizes are injected at 12
and 14 ms. The small pellet is additionally injected at 15 ms.
We adopt a naming convention for the pellet-triggered ELMs
using the pellet size and injection time. For example, to refer to
the ELM triggered by injecting the small (0.8 x 10?° D atoms)
pellet at 14 ms, we use the name Tr-08-14ms. Accordingly,
the large pellet injected at 12 ms is named Tr-15-12ms. The
pellet particle content is evolved fully consistently with the
modelled ablation source. Due to the MHD activity excited by
the pellet injection, some particle losses arise from the con-
fined region. Therefore, the particle content inside the confined
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Figure 2. Three different time points of the poloidal profile of the density for Tr-15-14ms—large (1.5 x 10% D atoms) pellet injection at
14 ms. The redistribution of the excess density introduced by the pellet takes place due to parallel convection at the local sound speed.

The pellet trajectory is shown as black dashed line. The pellet location at the three different time points is ¢y = 0.977, 0.872, and 0.749
respectively. The number of particles deposited from the pellet to the bulk plasma increases as the pellet reaches regions of higher
temperature and density, i.e. reaches the pedestal top location. The peak local density at each time frame is 16.0 x 10'°, 27.0 x 10%,

and 26.6 x 10'° m—3.

region after the pellet has fully ablated does not exactly cor-
respond to the particle content before pellet injection plus the
pellet content.

Figure 2 shows poloidal planes (at the toroidal angle corres-
ponding to the pellet injection) of the electron number dens-
ity n, at three different time points after a large pellet has
been injected at 14 ms, i.e. Tr-15-14ms. The pellet traject-
ory is also plotted with a dashed black line. The first frame
shows the density 60 us after the pellet was injected. At this
time, no observable non-axisymmetric perturbations (other
than the pellet) are seen, and pellet is located inside of the
separatrix in the radial position {5y = 0.977. Shortly thereafter
non-axisymmetric MHD activity is prompted and the ELM is
triggered. The time of ELM onset is 14.09 ms and the pellet
position at the ELM onset is 1)y = 0.958. The plot of n, during
the pellet-triggered ELM crash can be observed in the second
and third frames of figure 2 at 14.22 and 14.38 ms, respect-
ively. In these frames, strong (dn./n, ~ 1) PB modes at the
edge of the confined region are observed.

3.2. Toroidal mode numbers

For the spontaneous ELMs simulation of [11], which
required resolving the fast timescales related to the ELMs
(7a ~ 0.5 ps) and the slow time-scales of the pedestal build-
up (Tped ~ 1 /feLm ~ 10 ms), the even toroidal mode num-
bers until n = 12 were considered, i.e. the toroidal periodicity
chosen for those simulations was nperiod = 2. This is equival-
ent to simulating only half of the torus, and it was chosen in

order to reduce the computational cost of the simulations—
while maintaining the cyclical dynamics. Recent code optim-
izations [41] allow to increase the toroidal resolution for the
present work. Thus, dedicated spontaneous ELM simulations
were performed for this paper with higher maximum toroidal
mode numbers, ny,,x = 15, 18, and 20. For these dedicated
simulations the ELM crashes become faster and more violent.
For this reason, we focus the comparison on these new spon-
taneous ELM crash simulations with increased ny,c. Where
comparisons are based on simulations from reference [11],
we restrict them to time-integrated quantities as they are less
dependent on toroidal resolution.

The new spontaneous ELM simulations with increased rp,x
include the toroidal mode numbers n = 0-3-15, n = 0-3-18 and
n = 0-2-20. The ELM crashes used for the comparisons in this
paper are labelled reflecting this toroidal resolution: The jth
spontaneous ELM simulated with the following toroidal mode
numbers 1 = 0 — Hperiod — Pmax 1 Named Sp—Tperiodfmax - - AS
an example, the first spontaneous ELM simulated with the tor-
oidal mode numbers n = 0-3-18 is named Sp-318. 1. Finally,
a simulation with a further increased resolution including the
toroidal mode numbers n = 0-3-30 was performed to check
convergence. The relative difference between the ELM-related
thermal energy lost between the ELM crash simulated with
n = 0-3-15 and n = 0-3-30 was found to be ~ 4%.

When simulating pellet injection, it is not possible to use a
‘periodicity’ greater than 1 because the n = I toroidal mode
number is always needed and typically observed to be domin-
ant [27, 34]. As a result, the toroidal discretisation in JOREK
must contain the entire mode spectrum, i.e. the entire torus has
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to be simulated. The toroidal mode numbers included for all
pellet-triggered ELM simulations presented in this work are
n = 0-1-12. As can be seen from the energy spectra shown
in reference [13], the n =12 mode is strongly sub-dominant
in all cases providing a justification for this choice. Higher
toroidal resolutions will only be affordable after future code
optimizations.

4. Spontaneous and pellet-triggered ELMs

This section is divided into four parts. In section 4.1, we
present a detailed description of the temporal dynamics
of a representative spontaneous ELM crash (Sp-318.1),
and in section 4.2 of a representative pellet-triggered ELM
(Tr-08-14ms). Each subsection details the evolution of the
energies of the non-axisymmetric perturbations present in
the simulations, the power that is incident on the simpli-
fied divertor targets, the time evolving reconnecting magnetic
field, and other dynamical quantities of interest. Thereafter,
in section 4.3 a side-by-side comparison in terms of the heat
fluxes between the representative pellet-triggered and spon-
taneous ELMs is presented. Finally, section 4.4 describes the
differences and similarities of the non-axisymmetric mode
activity present during the ELM crash between Sp-318.1
and Tr-08-14ms. A systematic comparison of all cases is
described later in section 5.

4.1 Spontaneous ELMs

Here, we provide a detailed look at the dynamics of a rep-
resentative spontaneous ELM crash. In this section, we focus
on the first type-I ELM from the simulation with n = 0-3-
18. This ELM crash takes place at 16 ms, and the pre-ELM
pressure profile was shown in figure 1. The magnetic energy
of the non-axisymmetric perturbations, the incident power on
the inner and outer divertors, and the toroidally averaged out-
board midplane maximum edge pressure gradient are shown
in figures 3(a)—(c). During the ELM crash the thermal energy
stored inside the separatrix is reduced from 421 to 388 kJ, i.e.
the ELM size is AWgpm = 33 kJ and the relative ELM size is
AEgivm = AWeLm/ Wprekm ~ 7.8%. As aresult of the energy
lost from the confined region, the incident power to the inner
and outer divertors increases sharply from the inter-ELM val-
ues of 2.2 and 3.3 MW to peak values of 22.2 and 43.8 MW,
respectively. After the crash, Py in/ou return to the inter-ELM
values within roughly 0.6 ms.

The heat flux that arrives at the divertor targets is g(z, s, @),
where t is time, s is the distance along the target, and ¢ is the

toroidal angle. The total power that reaches a given divertor
21

target is defined by Paiy = [, [, Z‘"ax q(t,s,0)Rdsdo, where R
is the major radius. During the peak of the ELM crash, the
power that reaches the outer divertor target Pgiy out 1S Toughly
twice the power reaching the inner target Pgiy inn. This power
asymmetry is observed for all the simulated spontaneous and
pellet-triggered ELMs. In experiments under similar condi-
tions, i.e. with the ion B x V B direction pointing to the active
X-point, the inner divertor receives more energy than the outer
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Figure 3. Time evolution of the magnetic energies (a), incident
power on the inner and outer divertors (b), and change in the
toroidally averaged outboard midplane maximum edge pressure
gradient (c) during a spontaneous ELM.

divertor [42]. Without a proper inclusion of ExB and diamag-
netic background flows, this discrepancy would be more pro-
nounced [43]. The main reason for the remaining differences
lies in the simplified model for the scrape-off layer (SOL) and
in the single temperature model used here. Separate efforts are
underway to advance our models including hybrid and kinetic
modelling, but are not part of the present work. Nevertheless,
our modelling can still qualitatively reproduce experimental
observations such as the reduction of the wetted area of pellet-
triggered ELMs with respect to spontaneous ELMs.

The maximum (toroidally averaged at the outer midplane)
pressure gradient crashes rapidly as a result of the ELM as
shown in figure 3(c). This reduction causes the drive for
the underlying instabilities to be removed and for the ELM
crash to conclude shortly thereafter. This allows the max-
imum Vp to recover quickly until it transiently stagnates
at ~ 16.8 ms due to the excitation of post-cursor modes,
which are not the subject of the present work. Afterwards,
the pedestal builds up further until the next ELM appears
(not shown). The pedestal profiles before (16.20 ms) and after
(17.10, 17.20, and 17.30 ms) the ELM crash are shown in
figure 4, where it is evident that the spontaneous ELM reduces
the edge pedestal pressure. Together with the depletion of the
pressure pedestal, the radial electric field and the bootstrap cur-
rent density are similarly reduced.

Poincaré plots for this spontaneous ELM are shown
in figure 5 at different times for the radial region from
1n = [0.8 — 1.0]. Each Poincaré plot is produced by follow-
ing 400 magnetic field lines with different radial and poloidal
initial positions for 3000 toroidal turns. The positions of the
field lines when crossing the toroidal position ¢ =0 are plot-
ted. Different colours are used for each field line such that the
‘mixing of colours’ visualizes the radial diffusion of field lines
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Figure 4. Outer midplane pressure profiles before and after a
spontaneous ELM crash (Sp-318.1). The pressure at the radial
location ¥y = 0.95 goes from ~ 10.3 kPa to ~ 5.9 kPa.

during stochastisation. The y-axis corresponds to the geomet-
rical poloidal angle 6 with the outboard midplane located at
0 =0. The time of maximum heat flux Pyyer ¢iv to the outer
divertor is ty = 16.57 ms, and the different times correspond
tot—tg =[—0.22:0.04 : 0.02] ms.

In the first frame, # — fo = —0.22 ms, the energy of the per-
turbations is already large, as can be seen in figure 3(a), and
the density perturbations are comparable to the background
plasma (én/n ~1). These are PB modes which are respons-
ible for the non-axisymmetric magnetic fields observed in
figure 5. A strong deformation of the flux surfaces at the
very edge of the plasma (¢ 2 0.88) causes an increase in
stochastic cross-field transport through parallel heat (Spitzer—
Hirm) diffusion that may be evidenced by the increases to the
divertor incident power shown in figure 3(b). In the region
1N ~[0.80-0.88] three sets of magnetic islands located at
the ¢ = 11/3,12/3, and 13/3 rational surfaces are present at
t — to = —0.22 ms. The amplitude of the PB modes increases
further thereby causing the stochastic magnetic topology to
erode further inwards. The increased stochastisation around
the time of maximum divertor heat flux (the two bottom
plots of figure 5) is clearly visible. Field lines in the outer
plasma regions 1y = 0.87 reach the divertor targets with a
very short connection length in this phase, as reflected by the
strongly reduced number of points visible close to the plasma
edge.

Figure 5 features characteristic structures in the outermost
edge. These lobe structures represent splitting of the strike
lines that hit the divertor targets (and are shown clearly later on
in figure 12). Such splitting is a common experimental obser-
vation, and evaluating quasi-toroidal mode numbers has been
accomplished through such observations [42, 44]. At the time
of max(Pouer dgiv)> ! = to, the heat flux impinging on different

- 16.35ms

=16.55 ms
t-tp= -0.02 ms

t

=16.59 ms
0.02 ms

ttg

—

0.85

0.80 1.00

YN

Figure 5. Seven Poincaré plots at different times with respect to

to = 16.57 ms. The chosen times are separated by 0.04 ms.
Precursor modes cause the non-axisymmetric topology observed in
the earliest plots (top panels). The growing perturbations cause the
region with short connection length (white region) to penetrate
further inward until ¢n ~ 0.87 (bottom panels).

toroidal angles!? of the outer divertor is shown in figure 6, and
the strike line splitting can be inferred from the slightly slanted
stripes in the heat flux profile.

An important feature in terms of the heat flux onto the
divertor target, which is related to the strike line splitting, is

10 The range of toroidal angles is limited to ¢ =[0—120]° because this simu-
lation only considers toroidal mode numbers which are multiples of 3, i.e. one
third of the tokamak.
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Figure 6. Outer divertor heat flux profile along different toroidal
angles at the time of maximum Poyer div, fo = 16.57 ms. The
footprint corresponding to several strike lines can be observed.

The wetted area at this time point is Awer &~ 0.95 m>.

the area over which the energy is deposited, i.e. the wetted
area

B f027rfq(s,t: to)dsRdp

A Paiv(t=19)
wet —
max (q(s, = to))

-~ max(q(s,t=19))’

For the type-1 ELM crash discussed here (Sp-318. 1), the
wetted area of the outer divertor at the time corresponding to
figure 6 is Aye = 0.95 m2.

4.2. Pellet-triggered ELMs

Now, we shift the focus to the temporal dynamics relevant to
pellet-triggered ELMs. To do so, we present a detailed descrip-
tion of a representative ELM triggering case where a pellet of
0.8 x 10?° D atoms is injected at 14 ms (Tr-08-14ms), i.e.
2 ms before the spontaneous ELM crash would appear. Like
all the pellet-triggered ELMs present in this work, the tor-
oidal mode numbers included in the simulation are n = 0-1-12.
At 14 ms, the thermal energy stored inside the plasma at the
time of injection is (~ 5 kJ) less than before the spontaneous
ELM at 16 ms because of the continuous pedestal build-up. In
figures 7(a)—(c) we show the normalised magnetic energy of
the non-axisymmetric perturbations, the power that is incid-
ent onto the inner and outer divertor targets, and the toroidally
averaged maximum pressure gradient.

The n =1 magnetic perturbation is dominant as shown in
figure 7(a). As the pellet is introduced in the simulation, the
n =1 perturbation begins to grow and it is followed by perturb-
ations characterised by all the remaining toroidal mode num-
bers. The thermal energy expelled by Tr-08-14ms is roughly
18 kJ, which corresponds to a relative ELM size of 4.4%. This
energy ultimately reaches the divertor targets, as observed in
figure 7(b). The peak incident power onto the inner and outer
divertors caused by this pellet-triggered ELM are 10.8 and
20.2 MW, respectively.

The initial position of the pellet is (1.365,0.674) m, which
corresponds to an open flux surface just outside the separat-
rix: N = 1.019. The maximum pressure gradient region is
at 1n = 0.972, which is roughly 4.5 cm along the pellet tra-
jectory. Considering the pellet velocity of v, = 560 m s, the
time required to reach the maximum pressure gradient location
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Figure 7. Time evolution of the magnetic energies (a), incident
power on the inner and outer divertors (b), and change in the
maximum edge pressure gradient (c) during a pellet-triggered ELM
corresponding to a pellet of 0.8 x 10%° D atoms at 14 ms.
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Figure 8. Outer midplane pressure profiles before (in dark red) and
after Tr-08-14ms (in yellow and green), and after Sp-318.1 and
Sp-318.2 (in grey and dark grey, respectively). The post-ELM
profiles for the spontaneous ELMs have lower pedestals than
Tr-08-14ms. The position of the pellet in terms of the normalised
poloidal flux is also shown for six different points in time.

is 80 us. The outer midplane pre- and post-ELM pressure pro-
files for Tr-08-14ms, and post-ELM profiles for Sp-318.1
and Sp-318.2 are shown in figure 8. The position of the pel-
let in terms of vy for six different time points is also plotted.
It is observed that the post-ELM profiles for the spontaneous
ELMs considered here have lower pedestals than the pellet-
triggered ELM.
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As the pellet enters the confined region, the growth rates
of the high-n perturbations begin to increase rapidly. This
increase takes place due to the excitation of ballooning modes
in the HFS and LFS regions. In the absence of pellet injec-
tion, ballooning modes are localised at the LFS because the
magnetic field curvature (which stabilises ballooning modes
and always points to the centre of the device) is parallel to the
pressure gradient (which destabilises ballooning modes and
always points to the magnetic axis) in the LFS, and it is anti-
parallel to Vp in the HFS. However, in the presence of pel-
let injection, as the pellet enters the confined region there is a
significant local pressure increase, as described in section 2.2.
The pressure gradient is both parallel and anti-parallel to the
pellet trajectory (depending on which side of the pellet posi-
tion is being considered). The localised pressure gradient to the
right of the pellet position is parallel to the field line curvature
and, therefore, may excite ballooning modes in the HFS.

The time of max(Pouter div) i fo = 14.22 ms. Seven dif-
ferent times with an equal spacing of 0.04 ms are chosen
with respect to the time of maximum outer divertor incident
power ¢ — fp = —0.22 : 0.04 : 0.02 ms in order to analyse how
the edge magnetic topology changes with pellet injection. For
this pellet-triggered ELM, Poincaré plots at the times men-
tioned before are shown in figure 9. At t —ty = —0.22 ms,
i.e. at the time of pellet injection, the edge magnetic field is
axisymmetric. Forty microseconds later, as the pellet crosses
the separatrix (see figure 8), the magnetic topology outwards
of Yn =~ 0.90 has become non-axisymmetric, but no reconnec-
tion has yet taken place.

In the next time slice (t—1t=—-0.14ms, 1ie.
t = tjpj. +0.08 ms) the pellet has reached the radial position
of 1N = 0.96. At this point, some magnetic reconnection has
taken place and a stochastic edge is formed from the last
closed flux surface until the pellet position. This time slice is
the last to clearly represent the pellet-induced magnetic per-
turbation. The following time slices (¢ > t;,;, +0.12 ms) feature
a stochastic magnetic topology mostly caused by the MHD
response to the pellet perturbation. This can be distinguished
because the stochastic layer has penetrated significantly fur-
ther inwards than the pellet has. Namely, at t = f;,5. +0.12 ms
the pellet location is ¥y = 0.95 while the stochastic region
has penetrated until ¥n = 0.90. Similarly to the spontaneous
ELM crash (figure 5), field lines at ¥y 2> 0.87 exhibit a very
short connection length to the divertor targets close to the time
of maximum divertor heat flux.

The energy expelled by the pellet-triggered ELM is then
non-axisymmetrically deposited on the divertor targets. Sim-
ilar to the spontaneous ELM shown before, the pellet-triggered
ELM deposits more energy (roughly twice) onto the outer
divertor than the inner divertor. This is in fact a feature of
all the pellet-triggered ELMs described in the present work.
At the time of max(Poyter giv), fo = 14.22 ms, the heat flux
onto the outer target at different toroidal angles is shown in
figure 10. This profile shows two distinct regions with large
heat deposition: one located in the original strike-line posi-
tion (~ 2 cm) and a secondary deposition region that varies in
intensity depending on the toroidal angle (peaking in intens-
ity at ¢ =~ 240°). This non-axisymmetric secondary deposition
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Figure 9. Seven Poincaré plots at different times with respect to the
time of maximum Poyter div, fo = 14.22 ms. From top to bottom, the
chosen times are separated by 0.04 ms. The initially axisymmetric
topology (top panel) becomes perturbed when the pellet crosses the
separatrix (second panel), and later starts to reconnect (third panel).
The ELM is then triggered (fourth panel), and ultimately the region
with short connection length (white region) penetrates until

N ~ 0.87 (bottom panels).

region rotates slowly along the toroidal direction and is closely
linked to lobe structures.

As stated before, the wetted area at the time of maximum
outer divertor incident power is Ay =~ 0.95 m? for the spon-
taneous ELM (Sp-318.1). On the other hand, for the pellet-
triggered ELM analysed in this section (Tr-08-14ms), the
wetted area at ¢, is reduced by approximately 31% with respect
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Figure 10. Outer divertor heat flux profile at the time of maximum
Pouter divs fo = 14.22 ms. The footprint corresponding to two main
strike lines can be observed. The wetted area at this time point is
Awer /= 0.65 m?, which is ~31% lower than the spontaneous ELM
Sp-318.1.
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Figure 11. Outer divertor ELM fluence for two spontaneous ELMs
(Sp—-318.1 and Sp-318.2) and an ELM triggered by a pellet
containing 0.8 X 10%° D atoms (Tr-08-14ms). The wider wetted
area associated to the spontaneous ELMs with respect to the
triggered ELM can be observed.

to Sp-318.1, i.e. Ay ~ 0.65 m?. Despite the simplified SOL
model used for the present work, we find that the wetted
area for Tr-08-14ms is significantly reduced with respect to
Sp-318.1, as evidenced by comparing figures 6 and 10. This
observation, which is undesirable for pellet-ELM triggering as
a control method, is qualitatively consistent with experimental
observations [7].

4.3. Comparison of Sp-318 and Tr-08-14ms

The ELM outer target energy fluence,

Elarge[(s7¢) = / Q<S7¢7I)dt7 (1)

fELM

for Sp-318.1 (dark yellow lines), Sp-318.2 (dark yellow
lines with symbols), and Tr-08-14ms (black lines) is shown
in figure 11. The full lines for each ELM correspond to the
target fluence profile at ¢ = 0 and the small dots correspond to
other toroidal angles. The figure clearly shows the reduction
in wetted area between the pellet-triggered ELM and the spon-
taneous ELM that was described in the previous paragraph.

The second spontaneous ELM, Sp-318.2, is included
so that the fluence of a spontaneous ELM borne out of

self-consistent seed perturbations can also be observed. There
is a reduction in the peak target fluence for the triggered
ELM with respect to both spontaneous ELMs: Sp-318.1 and
Sp-318.2. The second spontaneous ELM (full lines with sym-
bols in figure 11) shows a lower peak fluence with respect to
the first spontaneous ELM. This happens because Sp-318.1
is borne out of noise-level perturbations, while Sp-318.2
is borne out of self-consistent seed perturbations [11]. The
reduction of peak target fluence between Tr-08-14ms and
Sp-318.1 may be attributed to the lower ELM size of the
triggered ELM (~4.4%) with respect to the spontaneous ELM
(~7.8%). In the multi-machine scaling for the peak parallel
energy fluence from reference [45], the ELM size goes into the
scaling as AE23Z . Scaling the peak target fluence of the spon-

ELM-
taneous ELM (~ 15.5 %) with the pellet-triggered ELM size

results in a peak value of 15.5 % (%)0'52 ~11.5 %, which is
comparable to the peak fluence of ~ 10.5 % measured for the
pellet-triggered ELM. The remaining difference is attributed
to the fact that the pedestal pressure right before the spontan-
eous ELM is larger than before the pellet-triggered ELM, as
may be observed from figure 1.

A side-by-side comparison between Sp-318.1 and
Tr-08-14ms in terms of the heat fluxes to the inner and outer
divertors, and of the non-axisymmetric topologies (portrayed
by Poincaré maps in real space with a colour scale that reflects
the temperature at the starting position of the magnetic field
line associated with each point of the Poincaré map) is shown
in figure 12 at the times of maximum incident power to the
outer divertor. The wider wetted area and higher peak values
of the spontaneous ELM (left), with respect to the pellet-
triggered ELM (right), can be clearly observed. It appears that
the reason behind the wider wetted area in the spontaneous
ELM is a larger number of secondary strike lines, which carry
thermal energy from the bulk plasma, across the magnetic sep-
aratrix, towards the divertor targets. A slight difference is also
observed in terms of the initial temperature of the magnetic
field lines traced for the Poincaré map—the stochastic region
seems to reach further inwards for the spontaneous ELM than
for the pellet-triggered ELM.

4.4. Mode structures

In this subsection we present different quantities related to the
structure of the modes involved in the ELM crashes described
before, Sp-318.1 and Tr-08-14ms. In particular, we pick the
time point related to the peak incident power onto the outer
divertor for each event (the same times as figures 6 and 10
for the spontaneous and pellet-triggered ELMs, respectively).
The density (in 102 m—3), poloidal magnetic flux (in Wb), and
the total plasma temperature (in eV) for the spontaneous ELM
and the pellet-triggered ELM are shown in the top and bot-
tom rows of figure 13. All plots also indicate, with grey lines,
surfaces with different values of normalised poloidal flux
(vn =10.8,0.9,1.0,1.1]). The perturbations in question relate
to the non-axisymmetric component of the total quantities. For
example, temperature may be decomposed into an axisym-
metric component 7, —( and a non-axisymmetric component
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Figure 12. Heat flux to the inner and outer divertor targets (MW m ™) and real space Poincaré plots with a colour scheme that reflects the
temperature (keV) at the starting location of the associated magnetic field lines for (left) Sp-318.1 and (right) Tr-08-14ms at the
respective times of maximum outer divertor incident power. The low number of secondary strike lines of the pellet-triggered ELM can
explain the narrower wetted area when compared to the spontaneous ELM that splits the strike line into several secondary strike lines.

T,~o to form the total temperature T = T,,—o + T},~0, Where n
is the toroidal mode number. For the pellet-triggered ELMs,
Ths0 = Zrlil T,.. As mentioned before, the dominant toroidal
mode number for the pellet-triggered ELM crash is the n =1
helical perturbation since this is directly excited by the pel-
let injection while for the spontaneous ELM crash it is the
n=3 PB mode. Spontaneous ELM crashes in AUG exhibit a
clear dependency of the dominant toroidal mode number onto
the value of the safety factor close to the separatrix, q95, that
was also qualitatively reproduced with JOREK [46]. This dif-
ference alone indicates that different physical processes are
involved in the destabilisation and the non-linear dynamics of
the two different events.

The spontaneous ELM Sp-318.1 (top row), clearly fea-
tures PB structures inside the last closed flux surface. Balloon-
ing structures predominantly on the LFS are observed in all
quantities, but particularly in the perturbations to the poloidal
magnetic flux (centre plot). The spontaneous ELM clearly fea-
tures large temperature fluctuations on the SOL, which main-
tain the structure observed in the Poincaré plot of figure 12
(left). Interestingly, the pellet-triggered ELM shows faint hints
of PB structures (the most obvious indications are shown in
the HFS density perturbations enclosed between ¢y ~ 0.9 and
1.0). Itis unclear whether this is due to the large pellet-induced
perturbation, which may alter or mask the natural structure of
said modes, or due to fundamentally different perturbations
related to the pellet-triggered ELM.

Several differences may be observed in the spatial
structures of the modes related to the spontaneous and
pellet-triggered ELMs. One of the most obvious differences
is the large density perturbation created by the pellet abla-
tion in figure 13 (bottom, left). Overall, the density perturb-
ations present in the volume enclosed between ¥y ~ 0.8 and

1.0 are larger for Tr-08-14ms than for Sp-318. 1. The large
(in size and amplitude) density perturbation induced by the
pellet ablation is observed to influence the size of the perturb-
ations related to the ELM crash, i.e. the density perturbations
observed for the pellet-triggered ELM appear to be larger than
those for the spontaneous ELM. This is perhaps most clearly
evidenced by comparing the plots of the magnetic flux per-
turbations (top and bottom centre plots). Indeed from these
plots, the difference in the dominant toroidal mode numbers
between the spontaneous and pellet-triggered ELMs may be
inferred. The temperature perturbations obtained for the pellet-
triggered ELM appear to be generally weaker than those for
the spontaneous ELM. These perturbations also demonstrate
the structures observed in figure 12 (right). Finally, it is inter-
esting to note that while the spontaneous ELM features weak
(density, flux, and temperature) perturbations in the confined
region near the magnetic X-point, the pellet-triggered ELM
shows large perturbations (particularly of density and flux) in
this region.

5. Comparison between spontaneous
and pellet-triggered ELMs

Having shown in detail the differing dynamics of a repres-
entative spontaneous and pellet-triggered ELM, the atten-
tion is now turned towards comparing several key quantities
between more simulations of spontaneous and pellet-triggered
ELMs. At first, in section 5.1, a comparison in terms of the
thermal energy losses caused by the different types of ELMs
is described. Later, an analysis of the toroidal mode spectrum
is discussed in section 5.2. Finally, in section 5.3, we study
and detail how the respective heat fluxes and resulting energy
fluences compare.
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Figure 13. Density (in 10 m~?), flux (in Wb), and temperature (in eV) perturbations for Sp-318.1 (top row), and for Tr-08-14ms
(bottom row), at the respective times of maximum Poyer dgiv- Grey lines in all plots indicate surfaces with normalised poloidal flux of
n = [0.8,0.9,1.0,1.1]. The mode structures for the spontaneous ELM feature PB modes more clearly than for the triggered ELM.
The spatial dimensions of the modes are markedly larger for Tr-08-14ms than for Sp-318. 1.

5.1. ELM-induced thermal energy losses

The energy released by the different ELMs (AWgpy) and
the relative ELM size (AEgry) are plotted against the pre-
ELM pedestal stored energy (pre-ELM Wy, peq is obtained
with a volume integral from N = 0.9 to the separatrix) in
figures 14(a) and (b), respectively. In said figure, the pentagons
represent ELMs triggered by pellets containing 0.8 x 10%° D
atoms, while the triangles correspond to pellets with 1.5 x
10 D atoms. Squares and circles represent spontaneous

ELMs, and different colours are used for simulations with dif-
ferent sets of toroidal mode numbers included, e.g. dark yellow
for n = 0-3-18. The circles denote the first ELM simulated for
a given series of ELM crashes, while the squares denote the
subsequent ELMs, which are borne out of self-consistent seed
perturbations (the reason for this differentiation is described
in section 3.2).

As a first observation, we point out the fact that all spon-
taneous ELMs borne out of self-consistent seed perturbations,
i.e. represented by squares in figure 14, have similar absolute
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Figure 14. Energy losses (a) and relative ELM size (b) of
spontaneous (circles denote the first simulated ELM in a series,
while squares represent the subsequent ELMs) and pellet-triggered
ELMs (pentagons for pellets containing 0.8 x 10% D atoms and
triangles for pellets containing 1.5 x 10%° D atoms). Spontaneous
ELMs borne out of self-consistent seed perturbations have similar
absolute and relative ELM sizes. Early enough injection can reduce
the ELM size with respect to spontaneous ELMs.

and relative ELM sizes. The first spontaneous ELMs in a given
series of simulated ELMs (circles in figure 14) have larger
thermal energy losses, with respect to the other spontaneous
ELMs, because they are borne out of lower amplitude seed
perturbations [11].

Considering the pellet-triggered ELMs alone, it is observed
that pellets (small and large) injected at an earlier time (lower
pre-ELM Wy, ped) result in smaller ELM losses with respect
to similar-sized pellets injected at a later time (larger pre-ELM
Wi, ped). For example, the blue pentagons have a smaller
absolute, and relative, ELM size than their black and grey
counterparts. For a given injection timing, the larger pellets
induce a slightly larger triggered ELM size (triangles lie above
pentagons for constant pre-ELM Wy,, ped).

Comparing the spontaneous and pellet-triggered ELMs
reveals only a small difference in ELM size, and such dif-
ference is most pronounced when comparing the earliest pel-
let injection. With the large pellet, ELMs may be triggered
at even earlier injection times (fj; > 8 ms), but the small
pellet is able to trigger ELMs only if #, > 12ms (fur-
ther details found in reference [13]). Finally, it is worth
pointing out that the small pellet injected at the latest time
(only 1 ms before the spontaneous ELM crash would take
place) triggers an ELM with a comparable size to the spon-
taneous ELMs simulated in these studies. The small dif-
ferences between spontaneous and pellet-triggered ELMs
appear to be in agreement with experimental observations at
AUG [12].

We observe that spontaneous ELMs typically expel more
thermal energy than pellet-triggered ELMs, except when the
pellet is injected very briefly before the spontaneous ELM
would appear, i.e. at roughly the same pedestal conditions.
For the pellet-triggered ELMs simulated, we also observe that

108 Tr-08-12ms - Tr-15-12ms —&
Tr-08-14ms - Tr-15-14ms 4
Tr-08-15ms o

108

109 | (a)
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Figure 15. Time averaged magnetic (top) and kinetic (bottom)
energy spectrum for spontaneous (full lines) and pellet-triggered
ELMs (symbols). The average is performed over 0.5 ms starting
from t(E = Emag,max) — 0.1 ms.

large pellets induce slightly larger thermal energy losses than
ELMs triggered by small pellets injected at the same time.

5.2. Toroidal mode spectrum

Time-averaged spectra of the perturbations associated to the
spontaneous and pellet-triggered ELMs are shown in figure 15
for the different toroidal mode numbers. The averaging is per-
formed over 0.5 ms starting 0.1 ms before the time at which
Z,':;“l Enag,» 1s maximised. Excluding n = 1 from the summa-
tion is done in order to separate, to some extent, the pellet-
induced perturbation from the pellet-triggered ELM crash.

For all the pellet-triggered ELMs, the most energetic per-
turbation is the n=1, followed by the next low n modes.
Such result appears to be in agreement with experimental
observations at JET [47] and is consistent with previous
pellet-triggered ELM simulations with JOREK [27, 34]. The
energy spectrum of the pellet-triggered ELMs is broad since
the pellet-induced helical perturbation is described by low-n
modes, and it excites high-n ballooning modes (as described
in section 4.2). On the other hand, for the spontaneous ELMs
simulated for this study, the most unstable toroidal mode
numbers during the ELM crash are 2,3,4 (consistent with
experimental observations at AUG [48]), and the broad mode
spectrum is explained by the three-wave coupling of low-
to-high toroidal mode numbers [37]. Even for spontaneous
ELM simulations which include the n = 1 mode (not shown),
the most energetic perturbation is not the n = 1, but an
n =3 PB mode.

In order to show a direct comparison between pellet-
triggered and spontaneous ELMs, a comparison between two
time-evolving spectra is presented. For the individual ELMs,
we choose the same ELMs as those for section 4 (Sp-318.1
and Tr-08-14ms). In figure 16 we show the time-evolving
magnetic energy spectrum, which highlights the different
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Figure 16. Time-evolving magnetic energy spectrum for
Tr-08-14ms (a) and Sp-318.1 (b). The time ranges chosen
correspond to those of figures 3 and 7, respectively, and the colour
map is in logarithmic scale.

dynamics for these two different types of events. In particu-
lar, the precursor phase of the spontaneous ELM (figure 16(b)
is clearly visible for roughly 1 ms prior to the ELM onset.
On the other hand, the energy of the non-axisymmetric per-
turbations related to the pellet-induced perturbation and pellet-
triggered ELM become abruptly excited roughly 0.1 ms after
the pellet is injected. These different temporal dynamics can
also be clearly inferred from figures 5 and 9. It is observed
that the time required for Epyag >0 to decay in amplitude is
shorter for the spontaneous ELM than for the pellet-triggered
ELM, in particular for Epyg ,—1. Thisis partly related to a (2, 1)
tearing mode being excited by the pellet-triggered ELM that
is not of interest to this study. However, more interestingly,
the increased pedestal density remaining after the pellet injec-
tion compared to the spontaneous post-ELM plasma reduces
the radial electric field rendering it less efficient in stabiliz-
ing the medium-n and high-n peeling ballooning modes on a
short time scale (recall that E, ~ Vp; /n, and, therefore, higher
density means lower E,).

5.3. Heat-flux and energy fluence comparison

An important metric for the comparison between the simu-
lated spontaneous and pellet-triggered ELMs is the dynamical
heat deposition profiles. As it was mentioned in section 4.1,
the splitting of the heat load between inner and outer diver-
tor does not match experimental observations due to the sim-
plified SOL modelling. Nevertheless, it is still of interest to
analyse the differences and similarities between divertor heat
fluxes for spontaneous and pellet-triggered ELMs. The outer
divertor incident power, Py div, is plotted for several spon-
taneous and triggered ELMs in figure 17. The time axis has
been shifted such that the maximum of Py div is at 0.2 ms
for all ELMs. The importance of keeping a sufficiently high
toroidal resolution is highlighted by the peak divertor incident

Figure 17. Power incident on the outer divertor for several
pellet-triggered ELMs (blue, black, and grey) and spontaneous
ELMs. The temporal dynamics for simulations with n = 0-2-12 are
too slow due to too low toroidal resolution. Simulations with

nmax > 15 are properly converged.

power shown between different spontaneous ELMs. In partic-
ular, Sp-212. 2 shows a peak divertor incident power roughly
half that of Sp-315.2 or Sp-318.2!!. If we compare the
pellet-triggered ELMs with Sp-212.2 we observe very sim-
ilar peak divertor incident powers. However, if we compare
the pellet-triggered ELMs with the more realistic spontaneous
ELMs (those with sufficient toroidal resolution), we observe a
clear reduction in the peak divertor incident power by means
of pellet injection. Indeed the latter conclusion is the one that
should be drawn.

At this stage it is worth pointing out that we have performed
one simulation comparable to Tr-08-14ms, but with even
higher toroidal mode numbers (n = 0-1-18), and we observe
a small (~7%) reduction of the peak divertor incident power
with respect to the value in figure 17. Therefore, we consider
the pellet-triggered ELM simulations presented in this paper to
be properly converged. A more systematic convergence study,
which would consider even higher toroidal resolution, is not
affordable for us at present.

From figure 17 it can be observed that injecting a pellet with
0.8 x 10%° D atoms at 12 ms leads to a much reduced peak
divertor incident power with respect to the other four pellet-
triggered ELMs. These remaining four pellet-triggered ELMs
have similar peak Poyerdiv, which is weaker than all the spon-
taneous ELMs (excluding Sp-212.2 which is not yet prop-
erly converged). This significant reduction in the peak divertor
incident power does not translate directly to the target fluence
(figure 11) because of the narrower deposition area intrinsic to
the pellet-triggered ELMs.

We choose the time of maximum outer divertor incident
power to clearly show the heat flux profile narrowing for the
pellet-triggered ELMs. Figure 18 shows the heat flux pro-
file at ¢ =0 (pellet injection angle) as solid or dashed lines,
and at all other toroidal angles as small coloured points. This

11 We consider the simulations with n = 0-3-18 to be converged because they
show only ~3% lower peak outer divertor incident power with respect to sim-
ulations with n = 0-3-30.
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show a narrower deposition profile with respect to spontaneous
ELMs (c).

is done for six different ELMs: four pellet-triggered ELMs
(triggered by a small pellet (a) and by a large pellet (b)) and
two spontaneous ELMs (c). The pellet-triggered ELMs show
much narrower heat flux deposition profiles with respect to
the spontaneous ELMs. It is interesting to note that the non-
axisymmetry observed for the pellet-triggered ELMs is most
prominent in the vicinity of the maximum heat flux (s ~ 3 cm),
while for the spontaneous ELMs it is most evident away from
the maximum.

Comparing the heat flux profiles between different types of
ELMs for a single time point clearly evidenced the broader
wetted area associated to spontaneous ELMs with respect to
pellet-triggered ELMs. As described in the discussion at the
beginning of section 4.3, the second spontaneous ELMs in a
given series have lower fluence, and therefore heat fluxes, than
the first ELMs in a series (borne out of arbitrary seed perturba-
tions). These ELMs, Sp-315.2 and Sp-318. 2 in figure 18(c),
have comparable peak heat fluxes to the pellet-triggered
ELMs, but a wider wetted area. However, a more relevant
metric is the peak of the time-integrated heat flux deposition
profiles. Such time integration is considered through the dur-
ation of the ELM crash. This is precisely the target fluence, ¢,
defined in equation (1). For each of the simulations presented
here, but excluding those with an insufficient toroidal resolu-
tion (Sp-212), we show the peak target fluence as a function
of the pre-ELM pedestal stored thermal energy in figure 19.
Following the convention from figure 14, spontaneous ELMs

for pellets with 0.8 x 10%° and 1.5 x 102 D atoms, respect-
ively.

Four out of five pellet-triggered ELMs show a decrease
in the peak target fluence when compared against the con-
verged spontaneous ELMs. In particular, when the ELM crash
is triggered sufficiently early in the ELM cycle the peak flu-
ence can be clearly reduced (Tr-08-12ms and Tr-08-14ms).
Furthermore, the pellet size is not observed to play an import-
ant role in the peak target fluence. The only pellet-triggered
ELM that does not see a reduction of the peak fluence cor-
responds to pellet injection only one millisecond before the
spontaneous ELM would take place, Tr-08-15ms. For this
ELM, the pre-ELM pedestal stored thermal energy is compar-
able to the rest of the spontaneous ELMs. The reduction in
peak fluence between the second spontaneous ELMs in a given
series (squares in figure 19) and the pellet-triggered ELMs
(pentagons and triangles in figure 19) may seem in contradic-
tion to the observation of similar peak heat fluxes in figure 18.
However, this happens because the spontaneous ELMs cause
higher heat fluxes for longer times due to the precursor phase
(which can be clearly observed in figures 16 and 17) and, there-
fore, increase the peak fluence which comes from integrating
the heat flux in time.

6. Conclusions

We present detailed comparisons between spontaneous and
pellet-triggered ELMs simulated with JOREK. The spontan-
eous ELMs simulated for this study extend recent work of
modelling full type-1 ELM cycles [11]. Exploiting recent code
optimizations, we perform computations at higher toroidal res-
olution such that simulations are now converged not only in
terms of 0D quantities like the energy losses, but also regard-
ing time scales of the crashes and peak divertor heat fluxes. The
pellet-triggered ELMs are simulated by introducing pellets at
different stages of the pedestal build up. This novel approach at
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simulating pellet-triggered ELMs has qualitatively reproduced
the lag-time that exists in metal walled devices like AUG-W
and JET-ILW as thoroughly described in reference [13]. Pel-
lets of two experimentally accessible sizes are considered. All
the simulations presented have been performed with realistic
plasma flows (ion velocity comprised of ExB plus diamagnetic
flow, but neglecting higher order terms like the polarisation
drift). For the spontaneous ELMs, taking into account these
realistic plasma flows is a necessary requirement to recover
the cyclical dynamics [11, 43]. For the pellet-triggered ELMs,
these simulations consider, for the first time, such realistic
plasma flows. Additionally, the pellet-triggered ELMs presen-
ted here push the previous state-of-the-art further by consider-
ing realistic values for the pedestal resistivity.

At first, a detailed analysis of the non-linear dynamics
for one spontaneous ELM and one pellet-triggered ELM was
presented to describe the similarities and differences between
the two events. In particular, the spontaneous ELMs shown in
this work feature a precursor phase characterised by low tor-
oidal mode numbers that lasts roughly one millisecond, while
the pellet-triggered ELMs are excited abruptly (~ 0.1 ms)
after the pellet-injection. The pellet-triggered ELM is excited
approximately when the pellet has penetrated slightly beyond
the maximum pressure gradient region of the pedestal, which
is consistent with experimental observations at AUG [14]. The
pellet-triggered ELMs feature n =1 as the dominant toroidal
mode number, while the spontaneous ELMs feature PB modes
with toroidal mode numbers of n=2,3,4 as the dominant
modes during the ELM crash. Both results are in agreement
with experimental observations [47, 48]. The dominant n =1
mode in the pellet-triggered ELM simulations is associated
with a helical perturbation directly induced by the pellet injec-
tion, and it is shown to have important implications onto the
heat flux arriving at the divertor tiles. For the spontaneous
ELMs, on the other hand, the dominant mode numbers are
associated to the governing influence of low-n to medium-n
PB modes during the ELM crash.

A simplified SOL model and a single fluid description are
used, implying that some of the physics relevant for energy
deposition onto the divertor targets are neglected. Neverthe-
less, we find that the wetted area associated with spontaneous
ELMs is larger than for pellet-triggered ELMs in qualitative
agreement with experimental observations [7]. An explanation
is suggested, by noting that the spontaneous ELMs split the
primary strike line onto several secondary strike lines (arriv-
ing at different positions in the divertor target), which deposit
the thermal energy expelled by the spontaneous ELM onto the
area between the primary and secondary strike lines. On the
other hand, pellet-triggered ELMs observe only the primary
strike line together with a single secondary strike line that is
associated with the n = 1 helical perturbation directly induced
by the pellet injection. Most of the energy ejected by the pellet-
triggered ELM is then deposited onto the smaller area between
the primary and secondary strike lines.

A systematic comparison between several pellet-triggered
and spontaneous ELMs is presented showing that large pellets
induce energy losses slightly larger than those obtained with
smaller pellet injection. We also observe that ELMs triggered

by pellets injected closer in time to the spontaneous ELM onset
lead to larger energy losses with respect to ELMs triggered at
earlier times during the pedestal build up. This observation is
correlated to the pre-ELM thermal energy stored in the ped-
estal which increases during the pedestal build-up. For the
triggered ELMs simulated in this study, we see that inject-
ing pellets with sufficient time before the spontaneous ELMs
would appear leads to a reduction of the ELM energy loss
(with respect to the spontaneous ELM size), while injecting
too close to the spontaneous ELM onset leads to comparable
energy losses.

Associated to the reduction in the thermal energy losses
between spontaneous and pellet-triggered ELMs, the peak
divertor incident power is reduced by means of pellet injec-
tion. Similarly, and despite the reduction in divertor wetted
arearelated to the pellet-triggered ELMs, the peak fluence that
reaches the divertor over the duration of the ELMs is observed
to be lower for pellet-triggered ELMs with respect to spontan-
eous ELMs. This difference is most pronounced when com-
paring the ELMs triggered by pellet injection ~ 4 ms before
the onset of the spontaneous ELM.

The work presented here is the first step at simulating pellet-
triggered ELMs and comparing triggered and spontaneous
ELMs at AUG. Having shown qualitative agreement on sev-
eral fronts, future work will be devoted towards producing
more quantitative comparisons by injecting pellets onto plas-
mas with pedestals of different characteristics. Additionally,
we aim to investigate pellet pacing by periodic pellet injection
into an ELM cycle simulation with a higher frequency than the
natural ELM frequency.
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