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Abstract

®
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The dynamics of a multi-edge localized mode (ELM) cycle as well as the ELM mitigation by
resonant magnetic perturbations (RMPs) are modeled in realistic tokamak X-point geometry
with the non-linear reduced MHD code JOREK. The diamagnetic rotation is found to be a

key parameter enabling us to reproduce the cyclical dynamics of the plasma relaxations and to
model the near-symmetric ELM power deposition on the inner and outer divertor target plates

consistently with experimental measurements. Moreover, the non-linear coupling of the RMPs
with unstable modes are found to modify the edge magnetic topology and induce a continuous
MHD activity in place of a large ELM crash, resulting in the mitigation of the ELMs. At larger

diamagnetic rotation, a bifurcation from unmitigated ELMs—at low RMP current—towards

fully suppressed ELMs—at large RMP current—is obtained.

Keywords: ELM, RMP, MHD, cycles, mitigation, tokamaks, plasmas

(Some figures may appear in colour only in the online journal)

1. Introduction

Edge localized modes (ELMs) are magnetohydrodynamic
(MHD) events occurring in high-confinement regime (H-mode)
of tokamak plasmas. They are initiated with the growth of
instabilities triggered by the large edge pressure gradient (so-
called ballooning modes) or by the large edge current (so-called
peeling modes) [1]. These instabilities generate a quasi-peri-
odic relaxation of the edge plasma (also called pedestal), and
represent a cyclical dynamics of the plasma. Experimentally,
ELM precursors (possibly related to peeling-ballooning insta-
bilities) are observed to grow and rotate in the pedestal in the
electron diamagnetic direction, followed by the expulsion of
filaments through the edge transport barrier [2, 3]. A possible
understanding is that the ELM precursors are triggered when

the peeling-ballooning stability boundary is crossed, and grow
until the plasma non-linearly reorganizes; as a result, the pres-
sure profile relaxes and filaments are expelled from the plasma.
The relaxation brings back the plasma to a stable state, yet as
the pedestal is rebuilt, the profiles steepen and the plasma is
re-destabilized, inducing another ELM crash [4]. The heat flux
reaching the divertor due to an ELM is foreseen to be likely
to erode the divertor in ITER if the ELMs are not mitigated,
thus the ELMs have to be controlled in ITER [5]. A promising
control method is the application of resonant magnetic pertur-
bations (RMPs) by dedicated coils. This method proved to be
successful in either suppressing the ELMs in the DIII-D [6, 7]
and KSTAR tokamaks [8] or in mitigating the ELM power in
ASDEX Upgrade [9], JET [10], MAST [11] and NSTX [12],
which validated its use for ITER operation.
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So far, only a single ELM crash could be reproduced in mod-
eling in realistic geometry with non-linear MHD codes such as
M3D [13], BOUT + + [14, 15], NIMROD [16] and JOREK
[17-19]; however multi-ELM cycling regimes were not repro-
duced in modeling up to now. As for the ELM mitigation by
RMPs, its observation in modeling is a new result. The reduced
MHD code JOREK was recently extended to introduce the bi-
fluid diamagnetic effects, the neoclassical friction and a source
of toroidal rotation, in order to self-consistently describe the
plasma flows. Also, RMPs were added in the code, the vacuum
RMP field being set as boundary conditions for the perturba-
tion of the magnetic flux. The full model is described in [20].
These improvements now enable to simulate both multi-ELM
cycles—we show in this paper that the diamagnetic stabiliza-
tion is a key parameter that allows for obtaining them—and
the ELM mitigation or suppression by RMPs. Section 2 pre-
sents the modeling of ELM cycles in JET-like configuration.
We show that a competition between the diamagnetic stabi-
lization and the plasma destabilization by the growth of the
pressure gradient due to the heat source generates the cyclical
dynamics of the plasma relaxation and pedestal reconstruction.
The near-symmetric repartition of the ELM power on the inner
and outer divertor target plates due to the convection of the fila-
ments by the diamagnetic drifts is also presented. In section 3,
the mechanism of the ELM mitigation or suppression by RMPs
is described. Under a certain RMP current threshold, the ELM
mitigation is due to the continuous MHD activity produced
by the non-linear interaction between RMPs and the unstable
plasma modes. When the RMP current is sufficiently increased,
the plasma is stabilized under the peeling-ballooning instability
threshold and the ELMs are fully suppressed.

2. ELM cycle studies

ELM simulations are performed for JET-like plasma param-
eters and geometry, at low triangularity shape, similar to [20]:
major radius Ry = 3 m, minor radius a = 1 m, toroidal mag-
netic field B, = 2.9 T and safety factor gg9s ~ 3. Established
H-mode experimental profiles are taken initially, with cen-
tral electron density 7,9 = 6 x 10" m™ and central tempera-
ture T,p = 5 keV. The pedestal density and temperature are
Neped = 3.8 X 10" m™ and T, peq = 2.5 keV. The edge trans-
port barrier is maintained by reducing the perpendicular dif-
fusive coefficients of heat and particles in the pedestal. Ad hoc
heat and particle sources are chosen to mimic e.g. the heating
power due to neutral beam injection: the heat source follows
the pedestal profile and the density source is constant over the
plasma. These sources are chosen to ensure that the pedestal
can reconstruct fast enough such that several ELM relaxations
can be observed in a simulation, thus these simulations allow
to give a qualitative comparison of the ELM frequency evo-
lution with respect to parameters such as the heating power,
but cannot give a quantitative comparison against experiment.
Because of computational restrictions, the central resistivity
is taken 579 = 2.5 x 1077 2.m, which is 2 orders of magnitude
larger than the Spitzer resistivity 7spiger = 2.5 X 107 2.m. The
resistivity profile follows a 732 radial dependence. A JET
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Figure 1. Time variation of the magnetic and kinetic energies of the
mode n = 8 without diamagnetic effects. Time is normalized to the
Alfvén time #,4.

realistic diamagnetic velocity is taken for both species s (ions
and electrons): \73* =ZJ(R/R)* 7/ pol_; X V P. Z; and P, are
respectively the charge number and the scalar pressure of the
species s, R is the horizontal coordinate, p is the mass den-
sity and b is the magnetic field normalized to B,. The realistic
value of the diamagnetic parameter (inverse of the ion cyclo-
tron frequency) 7;c = mi/e B; ~ 7 x 107 s is taken, and ion and
electron temperatures are assumed to be equal. The model is
the MHD model extended with bi-fluid diamagnetic flows, as
described on [20]. Note that the neoclassical friction and the
source of toroidal rotation are not included in this section in
order to point out the role of diamagnetic stabilization.

The ELM crash is simulated first without diamagnetic rota-
tion (section 2.1), then the same simulation is performed with
diamagnetic drifts (section 2.2).

2.1 simulations without diamagnetic drifts: single ELM crash

In the modeling without diamagnetic drifts, the ELM crash
is generated by the chosen initially unstable pressure pro-
file. After the crash, the unstable modes remain unstable,
and the residual magnetic activity expels the plasma outside
the separatrix, which prevents the pedestal from building-up
again. The example is given for the case of an n = 8 unstable
toroidal mode. The ELM crash corresponds to a large peak of
magnetic and kinetic energy (figure 1). At the crash, the large
magnetic activity leads to a strong ergodization of the edge
(the magnetic field is ergodic for a normalized flux y > 0.85,
as shown in figure 2(a)). After the crash, magnetic islands
remain for y > 0.85 and an ergodic layer subsists at the very
edge (y > 0.95, see figure 2(b)). This magnetic activity and
particularly the edge stochastization increase both the heat
parallel diffusivity and the E x B convection of particles. The
enhanced transport prevents the reconstruction of the pedestal
profiles and keeps the plasma below the peeling-ballooning
stability limit, thus a second ELM cannot be obtained in the
simulations without diamagnetic effects.
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Figure 2. Poincar€ plot of the magnetic topology at the plasma edge (normalized flux y > 0.8) in the n = 8 ELM simulation without
diamagnetic effect, given at the peak of the ELM crash (@) and after the ELM crash at  ~ 7 x 10° t4(b). Note the full edge reconnection at
the peak of the crash, and the remaining partial reconnection after the crash.

2.2. Simulations with diamagnetic drifts: ELM cycling
dynamics

The diamagnetic effects are known to prevent the magnetic
field from reconnecting and to reduce the growth rate of ideal
and resistive instabilities [21, 22] and thus have a stabilizing
effect on plasma instabilities. In particular they are evidenced
to be a key parameter for simulating cycles of sawtooth
crashes [23]. We show here that the diamagnetic drifts also
enable to simulate cycles of ELM crashes. The diamagnetic
stabilization has two major effects on ELMs. First, it reduces
the amplitude of the ELM perturbation and crash. Indeed,
compared to the simulation without diamagnetism (figure 1),
the magnetic and kinetic energies of the same n = 8 ELM with
diamagnetic drifts included (figure 3) are 1-2 orders of mag-
nitude lower. In figure 3, the multi-harmonic simulation of the
modes n = 0, 2, 4, 6 and 8 with diamagnetic drifts is pre-
sented. The most unstable n = 8 mode is hardly coupled with
the other modes during the first ELM crash and the energy
of the other modes remain several orders of magnitude lower
than the energy of the n = 8 mode. So the dynamics of the first
ELM is almost only governed by the n = 8 mode. Note that the
modes n > 9 are stabilized by the diamagnetic stabilization;
for this reason and in order to reduce the time-consumption
of the simulation, the highest n > 9 modes were not kept in
simulation.

After the first ELM crash, we observe the second major
role of the diamagnetic stabilization: instead of remaining
unstable after the crash, the plasma is stabilized by the dia-
magnetic rotation (figure 3). Only when the pressure profile
is built up by the applied heating power, the plasma is desta-
bilized again. The ballooning modes are growing again until
a threshold in pressure gradient is reached, triggering the
second ELM relaxation. Therefore the ELM dynamics results
from a competition between the diamagnetic stabilization
and the destabilization of the plasma by the heat and particle
sources filling the pedestal and steepening the pressure pro-
file. The ELM cycles obtained in simulation (figure 3) can be
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Figure 3. Kinetic energy of the modes n = 28 in the multi-
harmonic n = 0:2: 8 simulation with diamagnetic effects.

decomposed into two periods. The first three transient ELMs
are largely dominated by the most unstable modes (n = 8
during the first two ELMs then n = 6), and their triggering
threshold is dependent on the initial chosen state. However,
after 3—4 ELMs, the memory of the initial state is lost, and
a quasi-periodic regime of ELM crashes is obtained. These
ELMs are characterized by a strong non-linear coupling
between the n = 2-8 modes. The n = 6 mode is growing first,
directly followed by the other modes. After a crash in this
quasi-periodic regime, the plasma reorganizes into a self-con-
sistent state. Thus, the ELM frequency does not depend any
more on initial conditions, but depends on intrinsic param-
eters: the diamagnetic rotation (which have a stabilizing effect
on ELMs) and the applied heating power (destabilizing), as
described in the next section 2.3. The competition between
these two parameters governs the cyclical dynamics of the
ELMs. Each ELM in the quasi-periodic regime can be decom-
posed into three steps (figure 4): first, the instability grows as
the pressure gradient (and in a smaller extent the edge current)
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Figure 4. In quasi-periodic regime: (a) edge pressure gradient before, during and after an ELM. (b) Peeling-ballooning diagram of the ELMs.
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Figure 5. (a)—(b) Time variation of the maximal edge pressure gradient (a) and integrated power on the inner and outer divertor plates
(b) in quasi-periodic n = 8 ELMy regime in the reference case (dash) and with a double injected power. (c) Magnetic energy of the n = 8
ELM depending on the diamagnetic parameter: realistic value (dash) and doubled (full).

increase. Second, the ELM crash occurs when a limit of pres-
sure gradient is reached. And third, the pedestal profiles relax:
particles and energy are expelled out of the plasma, and the
pressure gradient collapses, as presented in figure 4(a). Note
that the bootstrap current is not included in the model (the
current is forced to tend to the initial realistic current profile
via a current source, but does not depend on the pressure gra-
dient evolution, as it is in experiments), so the dynamics of the
instabilities simulated here shows only a small dependence on
the pedestal current (figure 4(b)).

2.3. Characterization of the ELM frequency

The ELM frequency obtained in figure 3 is about 3 kHz. This
frequency cannot be compared quantitatively with experi-
ments, due to the ad hoc sources taken in simulations; how-
ever a qualitative study on the parameters impacting the ELM
frequency can be done. The ELM frequency depends on both
the stabilizing effect of the diamagnetic rotation and the desta-
bilization by the steepening of the pressure profile due to the
heat source. To assess these effects, simulations are performed

first with a twice larger heat source and second with a twice
larger diamagnetic parameter 7;c. First, we notice that the
enhanced heat source has the effect of raising the maximal
pressure gradient reached at the ELM crash, which is about
5% larger with the enhanced source (figure 5(a)). This can be
explained by two combined effects. First, whilst the peeling-
ballooning modes are growing, the enhanced heating power
makes that the pressure gradient rise more rapidly during the
delay needed by the non-linear effects to induce the pedestal
relaxation. Second, due to the larger heating power, the mean
equilibrium (inter-ELM) temperature 7 is raised after several
ELMs. Consequently, the resistivity (proportional to T;3/?) is
reduced, so the boundary stability is increased. For both rea-
sons, a larger pressure gradient develops in the pedestal before
the ELM crash, which induces a larger amount of particles
and energy expelled by the ELM. Subsequently, the power
reaching the divertor (figure 5(b)) is increased. This means
that the pedestal has emptied more consequently and that
more time is needed to reconstruct the pedestal. Therefore the
ELM frequency is decreased as the heat power is increased.
This behavior is closer to the type-III ELMs obtained in the
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Figure 6. Heat flux (in MW/m?) reaching the inner and outer divertor target plates after an ELM: without flows (a) or with diamagnetic,
neoclassical and toroidal flows (¢). A radial section along the divertor is plotted in (b): almost all flux reaches the outer divertor (full line)
without flows whereas the deposition is near-symmetric with flows (dash line).

experiments [24]. Yet the type-1II ELM instabilities are so far
not clearly understood theoretically, and since both the type-I
and type-IIl ELMs are linked with the same instabilities
(peeling-ballooning), it is still not clear what fundamentally
differentiates these two types. More modeling with realistic
parameters (allowing for a close comparison to experiments)
is planned to better characterize the difference between type-I
and type-11I ELMs.

Second, simulations at larger diamagnetic rotation present
a larger ELM frequency. Actually, due to the diamagnetic sta-
bilization, smaller instabilities develop at the edge plasma and
a smaller energy is expelled from the pedestal. So the plasma
after the crash remains just below the stability limit, such that
less time is needed to cross again the stability threshold, which
explains a larger ELM frequency. In the case with a diamag-
netic parameter twice larger than the realistic one (figure 5(c)),
not only the ELM frequency (obtained after the transient
phase) is increased, but the large diamagnetic rotation gradu-
ally decreases the amplitude of the ELMs, so that in terms of
peeling-ballooning cycles, the plasma moves from the initially
unstable state towards a ‘fix point’ in the P-B diagram by doing
smaller and smaller cycles. As it represents a bifurcation from
a cycling dynamics towards a stable state, it may present simi-
larities with the so-called dithering cycles [4].

2.4. Near-symmetric power deposition on divertor
target plates

The diamagnetic rotation also affects the dynamics of the
ELM precursors and filaments. Without diamagnetic rota-
tion, the instabilities at the onset of the ELM have a static
growth, whereas the diamagnetic rotation makes the ELM
precursors grow and rotate in the electron diamagnetic direc-
tion at the speed Vinoqe ® Vexp + Vi¥/2[25]. In the non-linear
stage, the plasma inside the separatrix rotates in the electron
diamagnetic direction, and the ELM filaments are sheared
out of the plasma in the ion diamagnetic direction. The
temperature is conducted by the heat diffusivity from the
reconnected edge plasma to the divertor plates, whereas the
density is convected by the E x B and diamagnetic rotation. It

is important to notice that this diamagnetic advection of the
density makes that more density reaches the inner divertor
plate than the outer plate, hence the heat flux reaching the
divertor at the sound speed is deposited near-symmetrically
in the inner and outer divertor plates: even though the tem-
perature is larger on the outer than on the inner side, the
density is larger in the inner region so a similar power, pro-
portional to both the plasma temperature and density, reaches
the inner and outer divertor target plates due to an ELM. As
an example, figures 6(b) and (c) present the near-symmetric
power deposition of the heat flux in the simulation of a real-
istic JET shot (#77329, described in [26]) where the diamag-
netic, neoclassical and toroidal flows have been taken into
account. In comparison, in simulations made without flows
(figures 6(a) and (b)), the outer divertor received almost all
the heat power. This was in contradiction with the experi-
mental observations where the deposit is either symmetric
on inner and outer divertor plates or two times larger in the
inner divertor [27, 28]. Thus simulations with diamagnetic
drifts allow for a more realistic reproduction of the ELM
dynamics up to the deposition on the divertor.

3. ELM control by RMPs

The plasma rotation and in particular the diamagnetic rotation
is also known to affect the penetration of the RMPs in the
plasma [20, 26, 29, 30]. Previous studies demonstrated that
the plasma perpendicular (E x B + diamagnetic) rotation is
likely to prevent the RMPs from penetrating into the plasma.
Thus RMPs can just penetrate on particular rational surfaces
where the perpendicular rotation is zero and at the very edge
where the resistivity is the highest. In [20], we found that even
though RMPs are screened in the bulk plasma, they still affect
the magnetic topology: small islands are generated on the
rational surfaces ¢ = m/n and an ergodic layer is formed at the
very edge, which induces an enhanced transport at the edge. In
this section, we find that the perpendicular diamagnetic rota-
tion also plays an important role in the interaction between
ELMs and RMPs in the plasma.
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Figure 7. Magnetic energy of the modes n = 2-8; from left to right:
without RMP, with RMP current /.; = 20kAt, 40kAt and 60kAt.

3.1 ELM power deposition divided by ten with RMPs

In this section, experimental JET parameters corresponding to
the shot #77329 [26] are used. Typical JET values are taken
for the diamagnetic parameter and the neoclassical coeffi-
cients as in [20, 26]. The (n = 2) RMP spectrum due to the
error field correction coils (EFCC) is first calculated in the
vacuum with the ERGOS code ([31]) and applied as boundary
conditions for the magnetic flux perturbation in JOREK.
Once the plasma response to (n = 2) RMPs has stabilized to
an equilibrium (affected by RMPs), the other toroidal modes
are added to the simulation. The effect of RMPs on ELMs is
tested first in a simulation with n = 0, 2, 4, 6 and 8, the RMP
coil current being scanned between 20 and 60kA¢. In the simu-
lation run without RMPs, the most unstable mode is the n = 8,
which leads to a large ELM crash (figure 7, left). As compared
to the ELM cycle considered in section 2, where the ELMs
induced rather small pedestal relaxations (the integrated peak
power reaching the inner and outer divertor targets was about
10-30 MW depending on the applied heating power, as shown
in figure 5(b)), the ELM considered in this part induces a
much larger relaxation (around 100 MW of integrated power
reach each divertor target, as plotted in figure 8) when unmiti-
gated. This large ELM is thus rather related to large type-I
ELMs observed in experiments, yet further modeling is fore-
seen to compare more quantitatively this ELM with experi-
mental observations. When RMPs are applied, instead of this
large ELM crash, a more continuous activity of the modes
n=2,4, 6 and 8 coupled altogether is observed (figure 7).
This activity starts with a peak of energy of the mode n = 6,
which is the most unstable with RMPs. This peak is smaller
compared to the peak of the n = 8 mode without RMPs thus it
leads to a mitigated ELM with a smaller peak energy released.
Moreover, as the RMP current is increased from 20 to 60kA¢,
the n = 6 peak size is reduced, which means that a stronger
ELM mitigation is obtained when the RMP current is larger.
The power reaching the divertor in the 40kAt case is plotted in
figure 8. The deposited power is divided by ten when RMPs
are applied compared to the ‘natural’ ELM (without RMPs).

Power [in MW] deposited on the divertor

120
without
100} RMPs
80}
outer divertor
60} inner divertor
401
20} with RMPs
- m ]
0 I L L
500 1000 1500 2000 2500
time(10-6s)

Figure 8. Power on inner/outer divertor targets without (left) and
with RMPs (right) for I i = 40kAt.

Edge pressure gradient

0.5 T
- = EFCC(40kAt)
—&— equilibrium RMP off
04 —*— lowP RMP off
. —— EFCC(60kAt)
€
3
o
v\_ o
=
o
=

0.94 0.95 096 ,, 0.97 0.98 0.99 1
‘Vﬂ

Figure 9. Edge pressure gradient: cases without RMP (squares),
with RMP at I.; = 40kAt (dash—dot) and 60kAt (full line) and
without RMP at reduced pressure gradient (crosses).

3.2. Mechanism of the ELM mitigation by RMPs

We try to understand the mechanism at stake in the ELM miti-
gation. The first hypothesis is that the edge ergodization due
to RMPs which results in a lower edge pressure gradient (as
shown in figure 9) may generate a (partial) stabilization of
the ELMs. To test this hypothesis, a simulation is run without
RMPs with a reduced pressure gradient similar to the pressure
gradient obtained with RMPs (figure 9, line with crosses). In
fact, the reduction of the edge pressure gradient delays the
ELM crash (full line in figure 10) compared to the reference
ELM (dashed line in figure 10), but still leads to a large ELM
crash. So the only reduction of the pressure gradient by RMPs
does not explain the observed ELM mitigation. The second
tested hypothesis in that the modification of the magnetic
topology due to RMPs induces the mitigation. A linear run of
an ELM with RMPs is thus performed, where the magnetic
topology is affected by both the ELM and the RMPs but where
the RMPs and the unstable modes are not coupled. This linear
run also leads to a large ELM crash.
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Figure 10. Magnetic energy of the modes n = 2 : 8 without RMP:
in the simulation run at reduced pressure gradient (full line),

the ELM crash is delayed compared to the reference case, but
remains large.

This proves that it is really the coupling between the (n = 2)
RMPs and its harmonics (even modes) that generate the ELM
mitigation. Figure 11 presents the simulation at 60kA¢ with
n = 0 — 8. We notice that the initial growth rate of the even
modes n = 4, 6 and 8 is large due to the non-linear drive
by (n = 2) RMPs. The magnetic energy between these even
modes is equally redistributed after the first relaxation of the
n = 6 modes and the magnetic energy non-linearly cascades
from the naturally unstable n = 8 mode towards the lower n
even modes [32]. As for the odd modes (figure 11), they are
totally damped due to the activity of the even modes driven by
RMPs, and hence they remain at the noise level. The reduction
of the ELM toroidal mode number when mitigated by RMPs
was observed in KSTAR [33], but not in the general case [34].
Actually, in another simulation performed at 15% larger dia-
magnetic rotation (not presented here), the n = 6 mode is the
most unstable for the natural ELM due to the diamagnetic
stabilization of the larger n modes, and remains the most
unstable mode while non-linearly coupled with (n = 2) RMPs.
Thus the energy cascade implies a redistribution between the
non-linearly coupled modes but does not necessarily mean a
reduction of the main toroidal mode number.

The coupling of ELM and RMPs induce a change in the
edge magnetic structure, as plotted in figure 13. The magnetic
topology of the natural ELM (figure 13(a)) is dominated by
the n = 8 ballooning perturbation that induces a large recon-
nection at the edge (for yyom > 0.85). In the case of RMPs
without ELMs (figure 13(b)), n = 2 magnetic islands are
formed on the rational surfaces g = m/n due to the forced mag-
netic reconnection, and present a tearing-like parity (y,, #
0 on the rational surfaces). It is important to notice that the
perpendicular (E x B + diamagnetic) electron rotation is zero
on the rational surface g = 5/2 (at Yhorm = 0.85) which leads
to the RMP penetration and the formation of large islands
on this surface, as demonstrated in [20, 26, 29]. As for the
magnetic topology of the ELMs with RMPs (figure 13(c)),
it is dominated by the modes n = 4 and n = 6, with magnetic
islands observed on the rational surfaces g = 9/4, 14/6 and
15/6. The overlapping of the surfaces g = 16/6, 17/6 and 18/6
generates an ergodic zone deeper in the pedestal than in the
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Figure 11. Magnetic energy of the modes n = 1-8 with RMPs
(Icoil = 60kA?). The magnetic activity due to the even modes driven
by RMPs totally damps the odd modes.
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Figure 12. Radial profiles of the Fourier harmonics of the magnetic
flux perturbation |y,,,|, for n = 6 and 14 < m < 19. The rational
surfaces g = m/n are indicated by the diamonds.

case of RMPs alone. The n = 4 and 6 modes have a tearing-
parity (W, # 0) on these rational surfaces that is imposed
by the driving by RMPs (as plotted in figure 12), in place
of the ballooning parity in the natural ELM case (y;,, = 0).
The magnetic islands and above all the ergodic zone at the
edge induce an enhanced transport at the edge that expels
continuously the heat and particles out of the plasma. Note
that no clear density pump-out is observed in our simulations
of ELMs mitigated by RMPs: the density is only affected in
the pedestal and less than 1% of the total plasma density is
lost due to the RMP application. Actually two groups of RMP
experiments can be distinguished. At high collisionality, the
RMP application usually leads to the replacement of large
ELMs by small frequent ELMs or MHD turbulence, and the
heat flux on the divertor is reduced by RMPs. Small changes
in the edge pressure gradient and MHD stability are reported
[8-12, 35]. On the other hand, at low collisionality resulting
from the strong density pump-out induced by RMPs, ELMs
have been totally suppressed in DIII-D and the plasma edge
appears to be stable to peeling/ballooning modes [7]. These
simulations thus reproduce quite accurately the main features
of the ELM mitigation at high collisionality. A study is under
way to be able to also model the pumpout observed at low
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0.8

Figure 13. Poincaré plot of the magnetic topology at the edge (0.8 < Weporm < 1): in case of an ELM without RMP (a), in case of RMPs

without ELM (b) and in case of an ELM with RMPs (¢).

collisionality. Reference [36] demonstrated that the parallel
current flowing along perturbed magnetic field lines (phenom-
enon called ‘magnetic flutter’) generates an enhanced radial
transport of the electron density, which may be responsible for
the pump-out of density observed in RMP experiments at low
collisionality. In this respect, the parallel current flow has been
added into the electron density equation in the JOREK model
so as to test the effect of the magnetic flutter on the density
transport, and thus observe the density pump-out in modeling.
This aspect will be raised in future works.

It is also important to note that depending on the q profile
taken (in experiments as well as in simulations), the penetra-
tion of the RMPs and thus their effect on ELMs may be dif-
ferent. As an example, the ELM suppression was obtained for
a narrow gos ‘resonant window’ in DIII-D [7]. This narrow
resonant window is believed to be linked with the presence
of a rational surface at the top of the pedestal where the per-
pendicular electron velocity vanishes [26, 29], inducing the
penetration of the RMPs (i.e. the formation of an island chain)
on this surface. When the go5 parameter is varied, the reso-
nant surface is shifted towards a position where the perpen-
dicular electron flow is larger and thus screens the RMPs. This
might explain the presence of a gos window for which RMPs
penetrate and thus mitigate or suppress the ELMs. However
the ELM mitigation was observed for a wide gos window in
JET [37] and Asdex Upgrade [38], so the importance of this
‘resonance effect’ is not clear. In our simulations, the pres-
ence of the island chain induced by RMPs at the position
where the perpendicular electron velocity is close to zero (at
Yhorm = 0.85) might play an important role on the ELM miti-
gation, yet the region of importance where the ergodic layer
is formed is located closer to the edge (around ywpom = 0.9).
More modeling for different gos values is planned to check if
a resonance effect is found.

3.3. ELM cycle with RMPs

A multi-harmonic (n = 2, 4, 6 and 8) simulation of an ELM
cycle with (n = 2) RMPs is performed for a larger diamag-
netic rotation (this is done both by increasing the diamagnetic
parameter 7;¢ and by taking a steeper pressure profile). In this

case, the most unstable mode without RMPs is the n = 6 mode
(in red in figure 14) due to the diamagnetic stabilization of
the larger mode numbers. At rather low applied RMP cur-
rent (40kAt, left of figure 14), the ELMs are not mitigated by
RMPs. Neither the ELM amplitude or frequency is affected
by the RMPs. This may be explained by the large screening
of RMPs at large diamagnetic (perpendicular) rotation, which
does not allow for a large coupling between unstable modes
and RMPs. However at twice larger applied RMP current
(80kAt, right of figure 14), the modes n =4, 6 and 8 are more
strongly coupled to RMPs, thus they are now fully driven
by n = 2 RMPs and present a large initial amplitude due to
the coupling with RMPs. Contrary to the case presented in
section 3.1, these coupled modes do not generate a turbu-
lent MHD activity. Instead, static islands driven by RMPs
are formed. The presence of these islands—reconnected at
the edge—generates a permanently enhanced heat and par-
ticle transport, which reduces the edge pressure gradient and
thus keeps the plasma under the stability threshold. Therefore,
by increasing the RMP current from 40 to 80kAt, a bifurca-
tion from a largely screened state toward a reconnected state
takes place [39], which leads to the full ELM suppression.
Subsequently we have observed three different regimes: ELM
mitigation by RMPs, no effect of RMPs on ELMs and ELM
suppression by RMPs. These regimes depend on both the
RMP amplitude and the diamagnetic rotation. Future work
will focus on quantifying more precisely the access to these
different regimes.

4. Discussion and conclusion

The ELM cyclical dynamics as well as the ELM mitigation
by RMPs was observed in non-linear modeling performed
with the extended MHD code JOREK. In both cases, the dia-
magnetic rotation was found to be a key parameter. The main
limitations of our model is the large resistivity which is two
orders of magnitude larger than the experimental value due
to computational limitations and the ad hoc heat and particle
sources taken in simulation that affect the ELM frequency. In
the simulation of ELM cycles, the diamagnetic stabilization
allows for suppressing the MHD activity after the crash, and
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Figure 14. Comparison of the magnetic energy of the n = 6 mode without and with RMPs (in log scale). At ‘low” RMP current (40kAt,
left), RMPs have no effect on the ELM amplitude and frequency, whereas at larger RMP current (80kAt, right), the ELM is fully stabilized

by RMPs.

a competition between the diamagnetic stabilization and the
destabilization by the steepening of the pressure profile—due
to the applied heating power—results in a cyclical dynamics.
If the diamagnetic rotation is largely increased, the ELM
frequency is increased and the ELM size is progressively
reduced, so that the plasma gravitates towards an attracting
point in the peeling-ballooning diagram. In our particular case
of resistive (type-III like) ELMs, an enhanced heat source
leads to a larger maximal pressure gradient reached at the
ELM crash, resulting in a larger ELM frequency and a larger
heat flux reaching the divertor. Concerning the deposition
on the divertor, the diamagnetic drifts are found to convect
the density towards the inner plate, which generates a near-
symmetric deposition on the inner and outer divertor plates:
this is closer to the experimental results compared to previous
simulations without diamagnetic rotation.
As for the ELM control by RMPs, three regimes have been
found in the JET case with n = 2 RMPs. First, at rather low
diamagnetic rotation, the ELM mitigation is obtained, where
the large ELM crash is replaced by a continuous (in time) mag-
netic activity or turbulence, also called type-II ELMy activity
[7-9]. The size of the small initial relaxation is reduced as the
RMP coil current is increased. For I..; = 40kAt, the integrated
peak power on the divertor is found to be divided by a factor
of ten. The ELM mitigation is not due to the reduction of the
edge pressure gradient but is rather due to the non-linear cou-
pling of the even modes which are driven by the n =2 RMPs.
These RMP-driven modes generate plasma reconnection—
characterized by magnetic island chains in the pedestal and
an edge ergodic zone—and thus continuously expel heat and
particles out of the plasma. Then, at larger diamagnetic rota-
tion, two other regimes are observed in simulation. At rather
low RMP current (I, = 40kAt), the RMPs have no effect on
the ELM dynamics: the ELM amplitude and frequency are not
affected by the RMPs since the RMPs are too ‘shielded’ by the
plasma rotation to be coupled with unstable modes. However,
at larger RMP current (1.5 = 80kAf), RMPs penetrate and are
strongly coupled with the even modes, such that these modes
are ‘locked’ to the RMP driving: hence the large permanent
transport induced by these RMP-driven modes stabilizes the

plasma under the stability threshold and the ELMs are fully
suppressed. Current and future works are dedicated to a more
precise understanding of the parameters that demarcate these

three regimes.
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