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ABSTRACT

Edge Localized Modes (ELMs) suppression by Resonant Magnetic Perturbations
(RMPs) was studied with the non-linear MHD code JOREK for the ITER H-mode scenarios at
15MA,12.5MA,10MA/5.3T. The main aim of this work was to demonstrate that ELMs can be
suppressed by RMPs while the divertor 3D footprints of heat and particle fluxes remain within
divertor material limits. The unstable peeling-ballooning modes responsible for ELMs without
RMPs were modelled first for each scenario using numerically accessible parameters for ITER.
Then the stabilization of ELMs by RMPs was modelled with the same parameters. RMP
spectra, optimized by the linear MHD MARS-F code, with main toroidal harmonics N=2, N=3,
N=4 have been used as boundary conditions of the computational domain of JOREK, including
realistic RMP coils, main plasma, Scrape Off Layer (SOL) divertor and realistic first wall. The
model includes all relevant plasma flows: toroidal rotation, two fluid diamagnetic effects and
neoclassical poloidal friction. With RMPs, the main toroidal harmonic and the non-linearly
coupled harmonics remain dominant at the plasma edge, producing saturated modes and a
continuous MHD turbulent transport thereby avoiding ELM crashes in all scenarios considered
here. The threshold for ELM suppression was found at a maximum RMP coils current of 45kAt-
60kAt compared to the coils maximum capability of 90kAt. In the high beta poloidal steady-
state 10MA/5.3T scenario, a rotating QH-mode without ELMs was observed even without
RMPs. In this scenario with RMPs N=3, N=4 at 20kAt maximum current in RMP coils, similar
QH-mode behavior was observed however with dominant edge harmonic corresponding to the
main toroidal number of RMPs. The present MHD modelling was limited in time by few tens
of ms after RMPs were switched on until the magnetic energy of the modes saturates. As a
consequence the thermal energy was still evolving on this time scale, far from the ITER
confinement time scale and hence only the form of 3D footprints on the divertor targets can be
indicated within this set-up. Also note, that the divertor physics was missing in this model, so
realistic values of fluxes are out of reach in this modelling. However the stationary 3D divertor
and particle fluxes could be simply extrapolated from these results to the stationary situation
considering that a large power fraction should be radiated in the core and SOL and only about
50MW power is going to the divertor, which is an arbitrary, but reasonable number used here.
The 3D footprints with RMPs show the characteristic splitting with the main RMP toroidal
symmetry. The maximum radial extension of the footprints typically was ~20 cm in inner
divertor and ~40 cm in outer divertor with stationary heat fluxes decreasing further out from
the initial strike point from ~5MW/m? to ~1IMW/m? assuming a total power in the divertor and
walls is 50MW. The heat fluxes remain within the divertor target and baffle areas, however with
rather small margin in the outer divertor which could be an issue for the first wall especially in
transient regimes when part of the plasma thermal energy is released due to switching on the
RMP coils. This fact should be considered when RMPs are applied with a more favorable
application before or soon after the L-H transition, although optimization is required to avoid
increasing the L-H power threshold with RMPs.



1. INTRODUCTION The aim of the ITER project is the demonstration of the scientific
feasibility of a nuclear fusion reactor based on a magnetic confinement concept as a future
source of energy [1-2]. The large increase of the plasma energy with the size of the machine
leads to large steady-state heat fluxes on plasma facing components (PFC). The ITER divertor
is designed to handle these large stationary heat fluxes up to ~10MW/m? [1-2]. However,
magneto-hydro-dynamic (MHD) instabilities in tokamak plasmas can lead to transient bursts
of heat fluxes of much larger amplitude than the steady-state fluxes. Edge Localised Modes
(ELMs), driven by the pressure gradient and/or the current flowing in the plasma, are typical
for the high confinement (H-mode) scenario in tokamaks [2-3]. ELMs generate a perturbation
of the structure of the magnetic field leading to quasi-periodic transient energy losses on a few
hundred microseconds time scale [3-4]. Each ELM can release up to 5-10% of the thermal
pedestal plasma energy [2] which, when scaled to ITER, represent 10-20MJ and would result
in transient large heat fluxes of several GW/m2, leading to an enhanced erosion of PFC and
potentially representing an issue for the ITER divertor lifetime [1-2]. This means that ELMs in
ITER need to be controlled, either mitigated by limiting their amplitude or by completely
stabilizing the ELM instability.

At present, the intensive experimental and theoretical study of ELM physics is
particularly oriented towards finding and optimizing the methods of ELM control which can be
used in ITER [1]. With this respect, the application of small Resonant Magnetic Perturbations
(RMPs) generated by specific coils demonstrated the possibility of total ELM suppression or
strong mitigation of their size [2-10], motivating the use of such method in ITER [1]. The initial
understanding of the effect of RMPs on edge plasma and ELMs, based essentially on vacuum
modelling results, suggested that, at certain level of external magnetic perturbation generated
by the coils, the edge magnetic topology is perturbed forming overlapping islands and stochastic

region where the heat and particle transport could be increased, lowering the pressure gradient



and hence removing the main drive for ELMs. This empirical criterion combined with vacuum
field modelling (without plasma response) was developed initially using DIII-D data [5] and
suggested that ELMs are suppressed when the edge plasma is ergodized in the pedestal region
(Chirikov parameter >1) for r/a > ~0.9. However the vacuum criterion has shown correlation
with ELM suppression on some devices, but not on all of them. Note that this vacuum criterion
was also used for the actual design the RMP in-vessel coils (IVC) for ITER [13-15].

However, further experimental and theoretical studies, accomplished in the last decade,
demonstrated that depending on the plasma parameters and on the RMP spectrum, the actual
RMP field could be very different as compared to vacuum modelling results [16-22]. ELMs
interaction with RMPs demonstrated a large variety of responses from no effect on ELMs,
mitigation of ELM size or total ELM suppression for the same level of ergodization predicted
by the vacuum modelling. Experimental, theoretical and modelling studies of the plasma
response to RMPs were carried out leading to significant progress in the understanding of RMP
physics [16-22], though many open questions still remain at present.

A comprehensive review of different models of the plasma response to the RMP fields
is proposed in [21]. The most generic feature of the plasma response to RMPs is linked to the
plasma rotation, consisting that the generation of current perturbations near the rational surfaces
can lead either to effective screening of RMPs [18], significantly reducing RMPs in plasma, or
on the contrary at some specific conditions amplifying RMPs through external kink plasma
response at the plasma edge [21-22]. A key factor for RMPs screening proposed by reduced
two-fluid MHD theory used in this paper is the electron velocity perpendicular to the magnetic
field, including ExB and diamagnetic drift which are usually large (few tens km/s) in the
pedestal region because of steep pressure and radial electric field gradients [18]. However the
response currents in rotating plasmas are reduced at larger resistivity [18,23] even at relatively

strong perpendicular electron velocity in the pedestal region and, as a consequence, screening



of RMPs decreases towards the plasma edge due to the temperature dependence ~T>? of the
resistivity. Hence, at the very edge of the plasma the stochastization of the magnetic field
usually happens with RMPs as observed in experiments [11].

It is known from experiment [5-12,24] that RMPs can significantly influence both
poloidal and toroidal rotations. For example, the poloidal plasma velocity responsible for RMP
screening, is usually reduced starting from the certain threshold of the RMP current [25-26].
This local braking of the electron poloidal rotation facilitates the RMP penetration into the
pedestal region [26].

In addition in many experimental cases, the slowing down of the global toroidal rotation
is also observed which was attributed to the Neoclassical Toroidal Viscosity (NTV) mechanism
[24, 27,28]. NTV is resulting from the toroidal drag force experienced by the plasma particles
moving along the field lines distorted by helical magnetic perturbations which affects both
particle and toroidal torque transport. This global plasma braking can be an issue in using
RMPs and in particular for core MHD modes locking and even disruptions [7] . On the other
hand, in slow rotating plasmas as it is expected in ITER, NTV mechanism can be used to
generate plasma rotation [24,28].

The phenomenon of density “pump-out” typically seen with RMP application is also far
from being fully understood. The possible candidates as ExB convective transport [26], NTV
particle drift [22], polarization current [29] and increased turbulence with RMPs [30] were
proposed by theory and modelling, but for the moment there is no global approach combining
all these mechanisms which possibly all play a role in density “pump-out”.

Considering that the physics of RMPs is still far from being fully understood, the most
important question however remains at what conditions ELMs are suppressed in present day
machines and will they be suppressed in ITER scenarios? Recent modelling results of RMP

experiments in ASDEX-Upgrade [26] and KSTAR [31] validated many aspects of the RMPs



and ELMs physics models implemented in the non-linear resistive MHD JOREK code that we
also used to model ELM suppression in ITER in this paper. It was demonstrated previously
[19,26,31] that the non-linear multi-harmonics MHD approach, including a realistic tokamak
geometry with the X-point and the Scrape-Oft-Layer (SOL), realistic geometry and spectrum
of RMP coils, toroidal rotation, bi-fluid diamagnetic effects and neoclassical poloidal friction
represent a minimum model which permits to reproduce experimental results of ELM
suppression in modelling. As it was shown in [19,26,31] RMPs drive non-linearly coupled side
harmonics £*N locked to the static RMP with main toroidal number N in the ELM suppression
stage while strongly mitigating other harmonics responsible for ELM crash. It was shown that
ELM are suppressed not only because of the reduction of the pressure gradient resulting from
the heat and particle transport due to RMPs, but mainly due to these continuous MHD transport
generated non-linearly [19,26].

Recently a new ELM suppression criterion with plasma response based on the extensive
comparison of ELM suppression experiments with ideal [22] and linear resistive MHD [21]
pointed out that the external kink-peeling plasma response (maximum magnetic displacement
near the X-point) is an important factor for ELM suppression and that the RMP spectrum should
be adjusted with this respect. It was shown [21,22] that the kink-peeling response is due to the
special alignment of the RMP fields with respect to the plasma field and can be obtained in
certain safety factor (q95) window or adjusting the phasing between RMP coils at fixed g-
profile. The criterion including the plasma response [21] provides an accurate alternative to
predict ELM suppression in existing machines compared to vacuum criterion [5]. The ELM
suppression with kink response with the optimal phasing of RMP coils was confirmed also in
the non-linear MHD modelling [26]. However the non-linear MHD codes are too computer
time consuming to be used for the optimization of the RMP spectrum. In this work we adapted

a strategy to do optimization of RMP spectrum using linear MHD MARS-F code to satisfy the



kink plasma response criterion and then to model ELMs suppression by RMPs with this
optimized RMP spectrum, using non-linear code JOREK.

Another important consequence of RMP application is the complex magnetic topology
at the edge and formation of a 3D Scrape of Layer (SOL) which lead to the splitting of the
separatrix into a set of stable and unstable manifolds (homoclinic tangles) seen in experiment
as helical “lobes” at the X-point [11]. This results in the formation of non-axisymmetric heat
and particle fluxes on the divertor target plates where helical finger-like structures or
“footprints” were observed in many RMP experiments [32-36]. The ITER divertor design [37]
was done with the approximation of toroidal axisymmetry, but the 3D SOL transport and the
plasma fluxes with RMPs will be very different and potentially can represent an issue, for
example leading to local high heat fluxes (“hot spots”) in the unprotected areas, additional
fatigue stress in the divertor components and 3D material erosion of the divertor surface. Slow
(few Hz) rotation of the RMP field is thus being considered as an option to spread out heat and
particle fluxes [2]. However another issue can appear since such rotation of the RMP pattern
can lead to large variations s of the coil current amplitudes and hence large mechanical stress
in the RMP coils. The assessment of divertor heat and particle with RMPs in ITER represents
a significant challenge since it demands both self-consistent modeling of RMPs including non-
linear MHD plasma response, full 3D fluid edge plasma (pedestal and SOL) transport including
kinetic neutral transport, radiation, recycling, etc., what we will call here ‘divertor physics’. At
present such numerical tools which include all relevant physics are not available for such a task.
The estimation of the impact of RMPs on the stationary divertor heat and particle fluxes in
ITER was done recently in [38], where the 3D plasma fluid and kinetic neutral transport code
EMC3-EIRENE was used with the 3D magnetic structure including plasma response modelled
with the linear resistive MHD code MARS-F. Such approach is a significant advance in the

domain, but still has obvious limitations since the plasma response to RMPs was linear and was



not non-self-consistently evolved. In the present work, we adopted the different strategy to
model RMPs using the 3D non-linear resistive MHD code JOREK which allows to calculate
ELMs and RMP with self-consistent plasma response while taking into account two fluid
diamagnetic effects, neoclassical poloidal friction and toroidal rotation in realistic ITER
geometry including X-point, SOL and divertor. The model has previously been tested and
validated onAUG and KSTAR RMP experiments [26,31]. Such approach gives a more correct
magnetic 3D topology and edge transport due to RMPs. However other limitations exist in this
approach. The present MHD modelling was limited in time by few tens of ms after RMPs were
switched on until the magnetic energy of the modes saturates. As a consequence the thermal
energy was still evolving on this time scale, far from the ITER confinement time scale and
hence only the form and position of 3D footprints on the divertor targets can be calculated
within this set-up, but not the actual values of the stationary heat and particle fluxes. The
realistic values of the stationary divertor fluxes with RMPs are out of reach in this modelling
also because many aspects of the divertor physics are not yet included here compared to [38].
The 3D divertor heat and particle fluxes in the stationary RMP phase however could be
extrapolated from these results to the stationary situation considering that a large power
fraction should be radiated in the core and SOL and only 50MW power is going to the divertor,
which is an arbitrary, but reasonable number here.

Because of the present numerical limits of the code the numerically accessible ‘state of
art’ parameters were used for ITER. Most importantly, the resistivity used to model the
unstable peeling-ballooning modes responsible for ELMs was two orders of magnitude higher
compared to Spitzer [39] resistivity. The stabilization of ELMs by RMPs was demonstrated in
modelling using exactly the same parameters. For smaller machines like ASDEX-U a realistic
resistivity was used in the simulation of ELM cycles using the JOREK code [40]. However, for

an ITER size machine the ‘state of art’ is still the use of larger resistivity and viscosity because



of the numerical limits such as size of the grid, number of harmonics, numerical stability, HPC
memory and available HPC time. Note also that Spitzer expression for the without kinetic
effects is hardly applicable in ITER since the size of resistive layers is too small in ITER and
compatible with ion Larmor radius, so kinetic effects should be taken into account which is not
the case here. Another approach used for example in the BOUT++ code for ELMs modelling
at low actual Spitzer physical resistivity relies on use of ‘hyper-resistivity’ [41] to mimic
dissipative small-scale electron turbulence. However it is also a model with its own numerical
limits and the ELM size depends on the value of the chosen hyper—resistivity. The presented
here results should be considered as a ‘state of art’ and a step forward. In the future more efforts
will be needed to model ITER realistic parameters with further developments of the code
JOREK, but especially of future HPCs to overcome existing at present memory and time limits.
To summarize, the main concern of this work was to demonstrate that ELMs can be
suppressed by RMPs while the divertor 3D footprints of heat and particle fluxes remain within
divertor material limits.
The paper is organized as follows:
In Sec. 2, a brief description of the model, boundary conditions, the construction of the flux-
aligned mesh extended to the ITER divertor and the first wall, choice of numerical parameters
and plasma profiles in the equilibrium with flows are presented for the ITER scenarios
considered here. The RMP coils geometry and phasing between coils obtained by the MARS-
F code providing maximum Kink response are presented for all scenarios.
In Sec.3, the non-linear multi-harmonics modelling of natural ELMs without RMPs are
presented in 15MA and12.5MA scenarios. In the high beta 10MA/5.3T steady-state scenario,
rotating natural QH-mode with low N-s Edge Harmonic Oscillations (EHO) was obtained.
In Sec.4, the modelling of ELMs with RMPs N=2,3,4 in the ITER 15MA/5.3T Q = 10 scenario

is described including a demonstration of the threshold for ELMs suppression by RMPs at about



10

45-60kAt maximum current in RMP coils and the edge magnetic topology for each case
considered here.

In Sec 5, the modelling of the interaction of RMPs with ELMs in 12.5/5.3T Q =5 long pulse
and 10MA/5.3T Q = 5 steady-state scenarios are described.

In Sec.6, the magnetic surface displacement obtained by the linear MHD MARS-F and non-
linear JOREK codes are compared showing a good agreement but only at the early close to
linear stage of RMP penetration obtained by the JOREK code. In Sec.7, the heat and particle
fluxes in divertor are presented for all scenarios with corresponding RMPs described above. The

Sec.8, summarizes the work and presents the conclusions.

2. MODEL AND INITIAL CONDITIONS.
2.1. Model, grid, boundary conditions.

In the present work the 3D non-linear resistive MHD code JOREK [42,43] was used
taking into account two fluid (for electrons and ions) diamagnetic effects, neoclassical poloidal
friction and toroidal rotation in realistic ITER geometry including X-point, SOL and divertor
and realistic RMP coils geometry and spectrum. The reduced MHD model was previously
described and validated in modelling of ELM suppression experiments using RMPs in AUG
[26] and KSTAR [31]. In particular it was shown that toroidal plasma rotation and two fluid
diamagnetic effects are essential to describe the non-linear RMP physics such as the evolution
of plasma profiles, including radial electric field, screening of RMPs by plasma rotation,
amplification of RMPs by the external kink plasma response and the interaction of ELMs with
RMPs including ELMs suppression [26,31]. The detailed description of JOREK code, boundary
conditions and normalization including benchmarking with other codes and the examples of the
validation for ELMs and RMP modelling can be found in [43]. Isoparametric cubic Bezier finite

elements were used to construct a 2D grid in the poloidal cross-section [42,43]. The continuity
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of all variables and their derivatives is satisfied on this C* grid. The finite element grid is aligned
to equilibrium flux surfaces for the three regions of the core, the SOL and the private region.
The grid in the poloidal cross-section can be extended to the wall and actual divertor shape as
it was the case here for ITER actual geometry. The example of the grid used for 15MA/5.3T
scenario is presented in Fig.1 where the mesh is locally more dense in the pedestal region with
resolution N_flux=111-in radial direction and N_pol=250-in poloidal direction. The toroidal
dimension is represented by a Fourier series. The time stepping is done using the implicit Crank-
Nicolson or Gears scheme. The resulting sparse system of equations is solved using a
Generalized Minimal REsidual Solver (GMRES) with the preconditioner obtained by solving
independently each sub-matrix corresponding to non-coupled Fourier harmonics. These sub-
matrices are solved using the direct parallel sparse matrix solver PaStiX (see [42,43] and
References therein). The boundary of the computational domain is limited by the ITER wall
and divertor target plates. The boundary conditions around the computational domain
correspond to those of an ideally conducting wall, where the magnetic and electric potential

perturbations are set to zero. In the divertor and walls where the magnetic field lines cross the

boundary, Bohm sheath boundary conditions were applied for the fluid velocity V :

1

B- Vv=1C, (1.1)
8]

The heat flux is considered to be sheath limited at the targets and walls with a heat

transmission factor as introduced in [44] with typical values for equal electron and ion

temperatures : T, =T,, y,, =8:

KV, T i = (3™ =1)-n,-T -V, -fi (1.2)
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Considering that total temperature is T = 2T, and that V> =CZ? = yk T / m,, then the relation is

following: ™ = (y-1)(0.5y,, —0.5y —1) ,where C_ = J¥T /m; is ion sound speed, ¥ =§ .

n, -electron density, i - is the unit vector normal to the divertor/wall surfaces. Here the value

jorek

Ve ~2 was used. The parallel thermal conductivity was flux-limited and is introduced in

the following way. The total heat flux can be written as follows:

- 1 -
I'=- ;(”neV”Te -y nV T +——V(nT,) (1.3)
(r-1)

The Spitzer-Harm expression for thermal conductivity [45] implicitly assumes strongly

collisional plasmas meaning that A,

ey = 173107 T2, /(n,, =, INA)- the electron mean free

m2]

path is much shorter than the typical parallel scale length 4., << L; which can be taken as

e[m]

field line length L; = 7zRq, where R - is major radius and q -is safety factor, here we take
InA ~17. The plasma collisionality v" =L, / A, varies strongly in the pedestal region and in

particular v~ <<1at the top of the pedestal in H-mode scenarios in ITER. The Spitzer-Harm

expression for thermal conductivity as it is given in [45] as following:

Spitzer ____ _Spitzer dTe[eV]

wm 2] = sy g (1.4)

(I[m]

. . ar. T
Spitzer . 9 __ . Spitzer . e _ e : H H
Where 7%, ~1.6-10' M5 Vi s 11 et = Zypuety Mogmsy AN o L s derivative of
[

electron temperature along the magnetic field line , V. [ms is thermal electron velocity

) T 5/2
Kpneen, =1.14-10% AL (1.5)

ne[m’3]
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For the low collisionality plasmas expression (1.6) lead to unphysical large heat fluxes even at
very small parallel gradients, hence the kinetic approach is more appropriate in this case [44].
In order to extend the fluid approach to low collisionality plasmas the flux limit approximation

was proposed in a number of papers [44, 46,47] considering that:

1_1 1 (1.6)
I I I

[, limit ||, Spitzer

Where T’ =a(1.6:10°n, V. . T)and eis an ad hoc numerical factor which in

[Ilimit[wm 2] e[m>]" T [ms
some cases can be found from kinetic modelling if it exists and can vary significantly depending

of the problem. Here we will use flux-limit approach for the central plasma as in [47] with

a =3-107. The flux-limited expression for heat conductivity is the following:

Spitzer

A
— ————————————————— 1.8
L 1+ 4./ (aly) (1.8)

In this paper we were using equal temperatures for electron and ions which is usually the case
in high density plasmas as in ITER, which permit to reduce number of variables, but in principle
the temperatures can be different in the JOREK code [48]. Note also that the electron heat
conductivity expression was used, however the heat conductivities are different for electrons
and ions and this effect should be assessed in the future. Note however that here we used the
two fluid version of JOREK which is needed to represent correctly rotation of ballooning modes

responsible for ELMs [49] and screening of RMPs [18-19,26,31].
2.2. Initial parameters, equilibrium with flows.

The parameters of ITER H-mode scenarios with a magnetic field B:,-=5.3T and plasma
currents of /SMA (Q = 10 inductive), 12.5MA (Q =5 long pulse) and I10MA (Q = 5 steady-

state) as modelled by the ASTRA code [50] with toroidal flow profiles self-consistently
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calculated with NBI heating and momentum input, documented in ITER IMAS database
(Tab.1) were used as initial conditions. The initial profiles are presented in Fig.2. At the first
step (t=0) the initial equilibrium is recalculated by JOREK on a polar mesh solving the Grad-
Shafranov equation with the magnetic poloidal flux values at the boundary of the polar mesh
taken from the IMAS ITER database, consistent with initial kinetic ASTRA profiles. Then a
finite element grid is constructed which is aligned to the equilibrium flux surfaces in the core
and the near SOL for better reproduction of the parallel transport. Then the grid is extended to

follow the actual shape of ITER wall and divertor (Fig.1).

On this grid the axi-symmetric stationary state with flows, the so-called ‘equilibrium
with flows’, was calculated with the JOREK code evolving only one toroidal harmonic N=0 in
time. All variables including magnetic flux, density, temperature , parallel flows, perpendicular
velocities, radial electric field are established self-consistently taking into account boundary
conditions, heating, momentum and particle sources and sinks. Similar procedures to obtain
equilibrium with flows were done for /5MA, 12.5MA and 10MA/5.3T scenarios. As an example,
we present the plasma parameters in the equilibrium with flows established after time ~2.36ms
while only N=0 harmonic was evolving for /15MA/5.3T scenario (Fig.3-4). The mid-plane
profiles are presented in Fig.3(c) in comparison with ASTRA profiles given as input at time
t=0 showing that they are the same in the plasma core. To keep plasma profiles in the
equilibrium with flows close to the initial profiles the perpendicular heat and particle
conductivities were chosen as it shown in Fig.5. The central value for perpendicular heat
conductivity is ~0.9 m?/s and for the perpendicular particle diffusivity ~/.3m?/s, then both were
decreased in the pedestal region ( to ~0.09m’/s for heat and to ~0.13m?/s for particles diffusion
respectively) to keep the H-mode profiles . The parallel heat conductivity used in the modelling
is compared to Spitzer heat conductivity with flux limit approximation in Fig.6. Note that in the

JOREK code the parallel heat conductivity is simply limited by a constant in the core plasma
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which corresponds approximately to a flux limit (1.8). The parallel viscosity was constant in

modelling which for numerical reasons taken here z4 =13m’ / s and the central value of the
perpendicular viscosity was u =1.3m* /s with a temperature dependence used in JOREK

w =, (T, 1T,,)¥%. Neoclassical poloidal friction is taken constant for simplicity as in [ 18,

49] providing ion poloidal velocity close to the neoclassical value in the pedestal. The Spitzer

resistivity calculated as in [39] 7qy =1.69-107°-In A -T2 and the one used in JOREK are

presented in Fig. 7. Note that here we present parameters used in JOREK in Sl for better
understanding and comparison. The normalization of all parameters can be found in [43]. The
resistivity used here was two orders higher compared to Spitzer resistivity (Fig.7) due to the
present numerical limits of the code JOREK for an ITER size machine, and existing limits of
HPC memory and available computing time, as discussed in the introduction. The results
presented here should be considered as a ‘state of art’ where we chose numerically accessible
parameters for ITER to model firstly the unstable ballooning-peeling modes with a limited (due
to HPC time and memory limits) number of toroidal harmonics and the full non-linear ELM
crash due to them and then proceed with modeling of RMPs with exactly the same number
harmonics and parameters to keep the underlying physics similar to previous studies for smaller
machines [26,31]. The aim of this work was to demonstrate that these modes responsible for
the ELM crash can be stabilized by RMPs at certain RMP spectrum and current threshold in
different ITER scenarios and at the same time have reasonable 3D divertor footprints with
respect to the material limits. However note, that in the future more efforts will be needed to
model ITER realistic parameters and divertor physics with further developments of the code

JOREK, but especially of future HPCs to overcome existing at present memory and time limits.

2.3 Resonant Magnetic Perturbations
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The vacuum RMPs generated by external coils were calculated by the vacuum code
ERGOS [28] and are imposed at the computational boundary of the JOREK code, progressively
increasing on a time scale of a few ms [18]. In the vacuum code ERGOS the horizontal parts of
the RMP coils are approximated with curves and vertically with straight lines. The upper (1)
and lower (2) corners of the coils were taken as follows: upper row: Ri= 7.73m, Z;=3.38m,
R2=8.26m, Z,=2.62m; middle: R1=8.62m, Z1=1.79m, R>=8.66m, Z>=-0.55m; low: R1=8.23m,
Z1=-1.55m, R,=7.77m, Z>=-2.38m. The toroidal coordinates of the corners (the same for 1 and

2) of the 9 coils in each row are calculated as following: p® = A@Zh. (i —1) + ApSre ",

PP =@ + APZL APt = AT —0.5Ap%,, and the toroidal width and shifts for the
corresponding coils are: Ay =29.4°(upper), 20.9°(middle), 30.5°(low); ApSre "
=30°(upper), 26.7°(middle), 30°(low), i=1:9. The currents in the coils are calculated as:
I, =1 cos[-N (g™ —Ad™). 7/180], where 1 is the peak current, o™ = Mg +40-(1-1) | N

—is the main toroidal number of the RMP spectrum needed and the phasing between coils AD®"
is taken from the linear MHD response by the code MARS-F optimization studies, which
maximized the magnetic displacement near the X-point [21,51]. Because of the different

definition of the starting toroidal angle in MARS-F and ERGOS codes for the phase shift

coil temp center,coil coil

between coils we used the formula: ADgias” =Aggin — — (ADyaes +180°) /N . The phase in the

middle coil is taken to be zero both in MARS-F and ERGOS codes, so that the relative phasing
can be calculated using formula: A®fRt' = ADTG —k-360°/ N; ADE s = ADDr — ADRc:
k=1. The optimum phasing for each scenario (except for the 12.5MA “non- optimum” case
which was done for comparison with linear and non-linear MHD codes, see Sec.6) are presented
in Tab. 1. Both codes ERGOS and MARS-F were successfully benchmarked for vacuum
modelling to ensure that the same RMP coils geometry and vacuum fields (not presented here)

were used.
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i u mid low u mid low
Scenario R;?g@ﬁce N AD IVII)ARS AD MARS AD MARS AD EpRGOS AD ERGOS AD ERGOS

15MA,Vtor(2) | 131025_24 N=2 145° 0° 195° 110.8° 0° 85.8°
N=3 200° 0° 140° 56.63° 0° 76.63°
N=4 250° 0° 95° 30.8° 0° 69.55°

15MA,Vtor(1) | 131025 23 N=3 200° 0° 140° 56.63° 0° 76.63°

12.5MA 131039_0 N=3 215° 0° 120° 51.63° 0° 83.3°

optimum

12.5MA non- | 131039 0 N=3 135° 0° 25° 78.3° 0° 114.97°

optimum

10MA 131036_21 N=3 240° 0° 110° 43.3° 0° 86.63°

Tab.1 RMP coils phasing for different ITER scenarios used in modelling.

3. MODELING OF NATURAL ELMs WITHOUT RMPs

For each ITER scenario considered, the stationary equilibrium with flows was obtained
first on few ms time scale including only the N=0 harmonic as it was described before in
Sec.2.2. , then natural ELMs were modelled by adding N=1,2,3,4,5,6,7,8,9 harmonics initially
at the noise level. The ELM size depends on the plasma parameters and in particular the pressure
gradient, bootstrap current in the pedestal, which drives instability, but also on resistivity,
viscosity and pedestal and SOL thermal conductivity which have numerical limits here. As a
consequence only typical dynamics of ELMs and not the actual ELM size can be modelled.
Note however that the ELM energy losses into the divertor modelled by JOREK code follow
the Eich scaling [52], which was demonstrated in the modelling of the large number of JET
ELMs where the ELM size corresponded to the experimental values [53]. The magnetic energy
perturbation of natural ELMs for 15MA(Vtor(2)), and plasma profiles evolution during ELM
crash are presented in Fig.8. Note that in the 15MA scenarios the low N harmonics (N=2,3,4)
are the most unstable (Fig.8a) which partly can justify the limited number of higher harmonics
used here (N<10) . The two fluid diamagnetic effects and toroidal rotations included in the
model were found to be the most important factors in explaining the experimentally observed

rotation of the peeling-ballooning modes before the ELM crash and in the inter-ELM phase
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[49]. In the non-linear phase of the ELM crash however this pre-ELM almost rigid rotation can
be modified due to the non-linearly generated poloidal mean flow via Maxwell stress which
sheared off the density filaments creating blobs which propagate in the SOL. This mechanism
is described in details in [42,49]. The rotation of modes before the ELM crash at time
4ms<t<4.09ms for 15MA scenario is presented in Fig.9. As it will be shown later in Sec.4 while
ELMs are suppressed by static RMPs this rotation stops which was also observed
experimentally and modelled in [26] in AUG. The density convection and maximum divertor
heat flux after the ELM crash at time t=4.76ms for 15MA scenario are presented in Fig.10. Note
that during the ELM more energy is deposited in inner divertor compared to outer which is
typical picture observed in experiments [54,55]. Even though the filaments due to the
ballooning modes are mostly expelled from the outer region, the particle convection towards
the inner region is enhanced by the diamagnetic flows as it was explained in JOREK modelling
of ELMs with diamagnetic drifts [56].

In the 12.5MA scenario the harmonic N=5 is most unstable first followed by triggering
of the unstable modes N=7,9 (Figl1(a)). In this scenario the ELM modelled with the same
parameters was smaller and mostly convective with larger density losses compared to the
temperature as it can be seen in Fig.11(b). Density filament and divertor heat flux in ELM crash
in 12.5MA scenario at t=8.44ms are presented in Fig.12.

In the high beta 10MA scenario after the first crash due to N=9 harmonic the most
unstable harmonic at the edge was N=3 producing QH-mode like behavior without ELM
crashes(Fig.13(a)c). The electron density and temperature profiles evolution is presented in
Fig.13(b). The rotation of the modes in 10MA scenario is presented in Fig. 14(a), the density
filaments and divertor heat flux at the time t=8.06ms are shown in Fig.14(b). The corresponding
evolution of the thermal energy during the time of ELMs modelling for each scenario is

presented in Fig.15 . In the 15MA, 12.5MA and 10MA scenarios during the time of ELM
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modelling the energy losses were ~4MJ, 2MJ and ~6MJ respectively. Note that the thermal
energy is still evolving in all cases and these losses are not the total ELM size, because the main
goal was to show that ELMs are unstable and can be stabilized by RMPs in all scenarios

considered in this work.

4. MODELLING OF ELMs WITH RMPs N=2,3,4 IN 15MA/5.3T SCENARIO.

The RMP current threshold studies were done for the 15MA/5.3T scenario. The
magnetic energies of the modes N=1:9 during application of N=3 RMPs with different
maximum RMP coils currents (from OkAt to 60kAt) are shown in Fig.16. Here the initial time
without RMP was the same, but the harmonics energies are plotted here artificially shifted in
time just for a better visual representation. One can see that for an RMP coil current larger than
45KkAt, the magnetic energy of RMPs (N=3 harmonic) and the non-linearly most strongly

coupled harmonics (N=6,9) are dominant. The other harmonics remain at a low noise level.

This corresponds to an ELM suppression picture similar to one found in [26,31]. For lower
RMP currents (<45kAt) the growth rates of modes not strongly coupled to N = 3 (e.g. 1, 2, 4,
5,7, 8) are usually decreased by RMPs, however the ELMs harmonics remain unstable, growing
continuously and eventually produce an ELM crash. In the 15MA/5.3T scenario with increased
toroidal rotation (Fig.2(c)) very similar results of ELM suppression at lower toroidal rotation
were obtained (Fig.17(a),(b)). In Fig.17(a) only the initial stage of an ELM without RMP is
shown. Note that with increased rotation (case Vtor(1)) the most unstable modes were N=6,7,8
compared to the lower rotation Vtor(2) case (Fig.8). For the case with RMPs at higher rotation
we imposed vacuum harmonics N=3,6 in the RMP spectrum at 60kAt at the edge (note that
N=6 energy is much lower) and N=1:9 modes were initialized when RMPs were established
(Fig.17(a)). This is a slightly different setup compared to Fig.17(b), however the result is the

same, ELMs are suppressed.
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The results of application of RMPs separately with N=2, and N=4 at maximum RMP
current 60kAt in the 15MA scenario are presented in Fig.18. Note that ELMs are strongly
mitigated and crashes are avoided in all cases. The side harmonics N*k, where N is the main
RMP harmonic number and k is integer are more strongly coupled to RMPs and evolve similar
to the main N of RMPs but at lower level (Fig.17,18). Other side harmonics also are triggered
via non-linear coupling and saturate, providing edge MHD turbulence instead of ELM crashes.
Note that the saturation level is higher for N=2 and N=4 RMPs compared to the N=3 case
(Fig.17,18). The corresponding Poincare plots of plasma edge magnetic topology for N=2,3,4
at the last time of the modelling are presented in Fig.19. As expected, the magnetic energy (and
edge ergodization) of the main RMP harmonic at fixed current (here 60kAt) decreases with
toroidal number N, since harmonics with higher poloidal numbers (M) are resonant at the edge
(gres=M/N) and the RMP perturbation decreases with a distance from the RMP coils
approximately as ~1/r™. Note the characteristic lobes near the X-point and the narrow edge
ergodic region typical for RMPs application pulses [11]. The electron densities in ELM
suppressed phase with RMPs N=2,3,4 at maximum RMP current 60kAt are presented in Fig.20
corresponding to times of the Fig.19. A zoom of the electron density and temperature near X-
point are presented in Fig.21. Note that density convection and conductive energy transport

mechanisms with RMPs are similar to natural ELMs [26,31].

The plasma profiles at the mid-plane with and without RMPs for the time of modelling
until the saturation of the magnetic energy of the modes are compared in Fig.22. The energy
transport slightly decreases with increasing N of RMPs, but density transport is almost the same
for the all N-s modelled here. Note that here N=1:9 modes with different RMPs (N=2,3,4) were
run for a few ms time after switching of RMPs until saturation of the magnetic energy, hence
the presented here profiles are not final and stationary. The transient heat fluxes are large after

switching on the RMPs, because plasma profiles and thermal energy are still evolving



21

(Fig.22(b)) and moreover no additional divertor physics, other than the sheath boundary
conditions, is taken into account. The fully stationary profiles with RMPs were not obtained
here because of the small time step needed for modeling (few Alfven times). The comparison
of the divertor heat fluxes before the application of RMPs (t=2.36ms) and with RMPs N=3,
60KkAt at t=6.19ms for 15MA scenario is presented in Fig.21 showing that with RMPs maximum
divertor flux is transiently increased from 16MW/m2 to 47MW/m2 after 3.8ms time. It is an
important point to stress here: RMPs release transiently heat and particles after switching on
since the convective and conductive transport mechanisms in ergodic fields are very similar to
natural ELMs. Heat flux splitting was observed both in inner and outer divertor (Fig.23(b)) .
The detailed description of the divertor footprints and extrapolation to the stationary ELM
suppressed conditions will be done in Sec.7. Note also that in the ELM suppressed phase the
saturated modes are not rotating and are locked to the static RMPs as it is shown in Fig.24 for

N=3,60kAt case.

5. MODELLING OF ELMs SUPPRESSION BY RMPs N=3,N=4 in 10MA/5.3T AND BY

RMPs N=3 IN 12.5MA/5.3T SCENARIOS.

The high beta 10MA scenario is rather specific, since even without RMPs it exhibits
features of a QH-mode without ELMs where N=3 remains unstable at plasma edge (Fig.13),
unlike the 12.5MA scenario which resembles the 15MA one. The application of RMPs at an
RMP current amplitude of 20kAt at N=3 (Fig.25(a)) and N=4 (Fig.25(b)) also lead to QH-mode
like behavior in the 10MA steady-state scenario, but with dominant N corresponding to applied
RMPs. The magnetic topology corresponding to the maximum time of the modelling with

N=3 and N=4 are presented in Fig. 26(a) and Fig.26(b) respectively.



22

The density convection near X-point and plasma profiles with RMPs N=3 and N=4 in
10MA/5.3T scenario are presented in Fig.27 showing strong density transport and almost no
changes in temperature profile (Fig.27(c), which is typical for QH-modes.

The magnetic energies of harmonics N=1:9 with RMP N=3 at 60kAt in the
12.5MA/5.3T scenario are presented in Fig.28, where ELM suppression is also obtained. The
plasma profiles in the mid-plane without/with RMPs are presented in Fig.29. Note the larger
density transport compared to energy transport, which is observed also in many RMP

experiments.

6. DISPLACEMENT NEAR X-POINT WITH LINEAR (MARS-F) AND NON-LINEAR

(JOREK) PLASMA RESPONSE MODELLING.

In linear MHD studies with MARS-F code it was found that the external kink-peeling
plasma response is an important factor for ELM suppression by RMPs [21]. At present, the
maximum perpendicular magnetic surface displacement near X-point with linear MHD plasma
response gives better predictions for ELM suppression in experiment [21] compared to the
initial vacuum criterion of edge islands overlapping [5]. The non-linear modelling [26] also
pointed out the role of the external kink plasma response in ELM suppression. Since the phasing
of the RMP coils was optimised according to the MARS-F criterion [51], it is interesting to
compare the computed displacements between the linear and non-linear MHD codes. Note,
however, that properly speaking the magnetic displacement is difficult to define in non-linear

MHD especially when the edge magnetic field is ergodic. Here we define the displacement in

non-linear MHD as: & =T, /(dT,/0w)/ (0w or) also used in [56], where T, is electron

temperature perturbation, w -is poloidal magnetic flux, r-is small radius. This approximation

implies that electron temperature contours could represent the deformed magnetic surfaces,
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which will be checked below. The MARS-F code doesn’t include separatrix in modelling which
is truncated approximately at the normalized poloidal flux y»~0.99. In following comparison
we consider that yn mars-F=1 corresponds to yniorex=0.99. In the scenario 12.5MA/5.3T with
optimum phasing (Tab.1) according to MARS-F, the displacement near the X-point at the last
closed flux surface was about ~6mm at 60kAt. The same value was obtained with the JOREK
code, but at an early time of RMPs at ~6ms, i.e. in close to linear phase (Fig.30). With the non-
optimum phasing (Tab.1) the same displacement can be obtained by MARS-F simply by
increasing the RMP current amplitude up to ~80kAt, since MARS-F is a linear code. These
values were very similar in JOREK modelling at an early time (<6.2ms) when the single RMP
harmonic N=3 is established: ~6mm for optimum phasing at 60kAt and ~8mm for the non-
optimum phasing at 80kAt (Fig.30). However, for the later highly non-linear stage (here >17ms)
with multi-harmonics and self-consistently modified plasma profiles, the displacement in non-
linear code JOREK as it is defined above is not valid anymore and is much larger in JOREK

code (~60mm, not shown here) than one in the linear MARS-F code.

7. DIVERTOR FOOTPRINTS AND POWER FLUXES DURING ELM SUPPRESSION

One important consequence of the application of RMPs is the resulting complex
magnetic topology and splitting of the separatrix into a set of manifolds, seen in experiment as
helical “lobes” at the X-point [11,38]. Crossing the divertor plates they form non-axisymmetric
heat and particle fluxes which potentially can represent an issue for ITER, leading to local “hot
spots” and material erosion [38]. Rotation of the RMP field thus was considered as an option
to spread out the heat and particle fluxes [2], but as a drawback it could lead to significant
mechanical stresses in RMP coils. Here we assess the heat and particle fluxes without rotation

of the RMP fields. Note also that in the present model many essential divertor physics such as
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kinetic neutrals, recycling, radiation, etc., are missing. However the localization of divertor heat
and particle fluxes with self consistently modelled RMPs with plasma response can be
estimated here. The modeling time for all scenarios (~few tens of ms) is short compared to
ITER confinement time (>3s), which is not presently accessible due to the computer time
requirements for the small Alfven-like time steps needed in the non-linear multi-harmonics
MHD modelling with JOREK code, even with a fully implicit scheme [42,43]. The total heating
power including fusion in the scenarios presented here was 171MW at 10MA, 153 MW at
12.5MA and 128MW at 15MA/5.3T. In the stationary phase with RMPs all power excluding
losses goes to the divertor and walls. During the time of modelling with RMPs the plasma
thermal energy is still evolving (Fig.22), hence heat fluxes are transiently increased (Fig.23).
Since long confinement times were not accessible in MHD code, the stationary divertor heat
fluxes have been extrapolated considering that magnetic footprints will be the same since
magnetic energy of the modes reached the stationary phase. The extrapolation of heat fluxes to
the stationary situation is done here using a normalization of the divertor heat fluxes to an
assumed fixed power at Pgivst=50MW power going to the divertor and walls based on the
assumption that the divertor heat fluxes will be mitigated if divertor physics is taken into
account and large part of power will be radiated in the core plasma and SOL [50]. The
extrapolation to the stationary situation when the time derivative of thermal energy is zero :

dW/dt=0 is done by multiplying the actual non-stationary perpendicular to the divertor target-

baffle and first wall total heat flux (P, . = 7 (T -n, ~\7”) -1 by a factor Pgiv,st/Pdivnst (Where n

is a normal to the surface vector, here T=Te+T;). The heat fluxes normalized in this way versus
toroidal angle along the divertor length for the 15MA scenario without RMPs and with RMPs
N=2,3,4 at 60kAt are presented in Fig.31,32. Here the uppermost point on these plots at the
inner divertor baffle is taken as zero length along divertor Lqiv=0 and the lowest point of the

outer divertor is at Lgiv=0.411m. The non-normalized particle fluxes at the last time of



25

modelling are presented in Fig.33,34. Note that in this phase there are increased particle fluxes
with RMPs which are not-stationary yet. One can see that the splitting of the footprints in the
15MA/5.3T scenario exhibits the N-symmetry of the main RMP harmonic (Fig.31,32). A
footprint maximum radial extension of ~20cm was observed in the inner divertor and of ~40
cm in the outer divertor. At the outer divertor the heat fluxes with RMPs decrease from their
maxima at the initial strike point value and the highest fluxes remain in the divertor target/baffle
areas. Note, however, that at the outer divertor baffle/first wall boundary the heat flux can
remain as high as ~1IMW/m? in stationary conditions (Fig.31,32), which is within the power
handling capability of ITER’s first wall. This could be a potential concern for first wall loads
at the start of ELM suppression, since the switch-on of the RMP coils leads to a partial loss of
confinement (up to 20% in experiments [5,6,7]). Heat fluxes to plasma facing components will
transiently increase before a new stationary situation with RMPs is reached as it is shown in
Fig. 23 where non-stationary divertor heat fluxes after switching on of RMPs are presented.
This fact should be considered to determine the more favorable time to switch-on the RMPs,
i.e. before or soon after the L-H transition avoiding the first ELM, although optimization is
required to avoid increasing the L-H power threshold with RMPs. Modelling of such conditions
is out of scope of the present paper. To mimic the effect of the slow rotation of RMPs to spread
out the asymmetry in divertor footprints proposed in [2] during ELM suppression the toroidally
averaged stationary divertor heat fluxes are presented in Fig.34. However here we remind again
that such rotation of RMP pattern could lead to large change of current amplitudes and hence
large mechanical stress in RMP coils. The rigid rotation of RMPs with toroidal number N means

change of phasing by Ag; =7 /N in each coil during the rotation, leading to the maximum
change of the current in the coil (i) in time by I;, =1, ; cos(N(¢, —Ag;)) and hence change in

the phase 7 and current change is at least twice the amplitude of the maximum current in the

corresponding RMP coil. The stationary normalized (Pdiv,st=50MW ) heat fluxes in all scenarios
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in the divertor area are presented in Fig.36,37, where it is show that in the stationary conditions

the 3D divertor heat fluxes remain within the material limits.

8. CONCLUSIONS

The interaction of ELMs with RMPs was studied in multi-harmonic non-linear MHD
simulations for ITER scenarios 15MA,12.5MA,10MA/5.3T. The RMP spectrum, optimized by
the linear resistive MHD MARS-F code, with the main toroidal harmonics N=2, N=3 and N=4
were used (Tab.1). In the 15MA scenario, the threshold for ELM suppression was found to be
at an RMP coil current of ~45kAt-60kAt, compared with a maximum coil capacity of 90kAt.
RMPs non-linearly generate continuous MHD turbulent transport stabilizing ELMs in all
scenarios. In the high beta poloidal 10MA/5.3T steady-state scenario without RMPs an N=3
rotating QH-mode was observed. With N=3, N=4 RMPs at 20kAt similar behavior is observed
with dominant low N-modes at the edge N=3 and N=4 respectively. The 3D divertor heat and
particle fluxes demonstrate the typical splitting with the main toroidal symmetry of the RMP
spectrum. The maximum radial extension of the 3D heat fluxes in 15MA/5.3T scenario at
maximum RMP coils current 60kAt (N=2,3,4) was about ~20 cm at the inner divertor and ~40cm
at the outer divertor with the heat fluxes decreasing further out from the strike point from ~5-
6MW/m? reaching ~1IMW/m? at the outer divertor baffle/first wall interface in the stationary
RMP regime (assuming a total power to the divertor/first wall of ~50MW). Note that at the LFS
heat fluxes with RMPs mainly remains within the divertor target/baffle area and within the
design limits for divertor target (<10MW/m?), baffle (< 5 MW/m?) and first wall (~1IMW/m?)
for all scenarios. However in transient regimes when RMPs are switched on, part of the plasma
thermal energy is lost and these heat fluxes can be much larger; optimization of RMP switch-

on needs to be studied further with respect to the ensuing power fluxes and L-H access.
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Fig.1. The extended to the wall JOREK grid used for modelling of the 15MA/5.3T scenario-(a),
zoom at the top of the grid - (b) and in the X-point area - (c) with N_flux=111-in radial direction

and N_pol=250-in poloidal direction. The ITER wall position is indicated by black points in

(b) and (c).
(a) (b) (€)
12 _ITER B, =5.3T electron density 50 ITER B =5.3T, electron temge_ffur—e 500, ITER 2, »5.37 toroidal rotation
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Fig.2. Initial electron density-(a), electron temperature-(b) and rotation profiles-(c) used in

modelling for different ITER scenarios. Note that for 15MA/5.3T scenario two rotation profiles

were used.
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Fig.3. Equilibrium with flows for N=0 harmonic obtained in JOREK for 15MA scenario: (a)-
electron density, (b)-electron temperature, (c)-comparison of initial (ASTRA) plasma profiles

and plasma profiles in equilibrium with flows in JOREK, which are identical.

(a)

Fig.4. . Equilibrium with flows for N=0 harmonic obtained in JOREK for 15MA scenario:
(a)-radial electric field (note the characteristic ‘well’ in the pedestal region), (b)-toroidal
current including bootstrap at the plasma edge , (c)-established parallel velocity with Bohm

boundary conditions at the magnetic field lines crossing divertor/walls.
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Fig.5. The perpendicular heat and particle conductivities chosen for modelling to keep
electron density and temperature profiles close to the initial H-mode profiles in /5MA4

scenario.

Fig.6 . The parallel heat conductivity used in modelling (JOREK) is compared to Spitzer heat
conductivity (Spitzer) with flux limit (FL) approximation. Note that in the JOREK code the

parallel heat conductivity is simply limited by a constant in the core plasma which
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corresponds approximately to a flux limit (1.8).
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Fig.7. Spitzer resistivity, JOREK numerical resistivity and temperature profiles in 15MA

scenario.
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Magnetic energy in natural ELM with N=1:9 harmonics without RMPs in 15MA scenario-(a)
and changing electron temperature (in keV) and electron density (in 102°m) profiles during

ELM crash-(b).
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Fig.9. Modes N=1:9 rotation before ELM crash for 15MA scenario.
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Fig.10. Density and maximum normal to the divertor plates heat flux at t=4.76ms in natural

ELM N=1:9 in 15MA scenario.
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Fig.11. Magnetic energy in natural ELM with N=1:9 harmonics without RMPs in 12.5MA
scenario-(a) and changing electron temperature (in keV) and electron density (in 102°m®)

profiles during ELM crash-(b).
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Fig.12. Density and maximum normal to the divertor plates heat flux at t=8.44ms in natural

ELM N=1:9 in 12.5MA scenario.
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Fig.13. Magnetic energy-(a) and plasma profiles (b) in natural ELM N=1:9 in 10MA

scenario.
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Fig.14. Modes N=1:9 rotation in natural ELM (main harmonic N=3) —(a),(b); electron density

and normal to the divertor plates heat flux at t=8.06ms in L0MA scenario.
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Fig.15. Thermal energy loss during time of modelling of the natural ELMs with harmonics

N=1:9 in ITER scenarios 10MA,12.5MA and 15MA/5.3T.
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Fig.16. RMP current threshold studies in 15MA scenario. Magnetic energies of N=1:9 modes
with RMP N=3 at different maximum currents in RMP coils (0:60kAt): (a)- in log scale; (b)-
in linear scale. Each run starts by adding N=1:9 harmonics with RMP N=3 from the time of

the equilibrium with flows (2.36ms) , but presented here shifted in time for better comparison.
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Fig.17. Comparison of magnetic energies of N=1:9 harmonics with RMP N=3,60kAt in 15MA
scenario with different toroidal rotation profiles presented in Fig.2: (a) — with stronger

toroidal rotation Vtor(1), (b)-and with slower rotation Vtor(2). ELMs suppression is reached

in both cases.
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Fig.18. Magnetic energies of N=1:9 harmonics with RMP N=2,60kAt (a) and N=4,60kAt (b)
in 15MA scenario. Note that main harmonic with maximum energy corresponds to the N of
RMPs followed in amplitude by mostly strongly coupled to RMPs N*k harmonics and other
harmonics saturate at relatively low level. The modelling here was done until the time of
saturation of the modes corresponding to ELMs suppression.
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Fig.19. Edge magnetic topology at zero toroidal angle in 15MA scenario with RMPs at
maximum coils current 60kAt and N=2 (a), N=3(b) and N=4(c) respectively . The color bars

indicates the electron temperature in the starting point of the field line in the core.
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‘ » -

Fig.20. Electron density distribution in 15MA scenario with RMPs at maximum coils current

60kAt and RMP harmonic N=2 (a), N=3(b) and N=4(c) respectively. The common color bar

is presented in (c). In each case the time of modelling corresponds to maximum time in
(a) ibi

Fig.21. Electron density (upper row) and electron temperature (low row) distribution near X-

Fig.17-18.

7

point and divertor corresponding to cases presented in Fig.20 for 15MA scenario with RMPs
at maximum coils current 60kAt and RMP harmonic N=2 (a), N=3(b) and N=4(c)
respectively. The common color bars for density (upper) and temperature (low) are presented

in (c).
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Fig.22. (a) -Plasma profiles for 15MA scenario with RMPs N=2,3,4, at maximum current
60kAt, N=1:9; (b) —Thermal energy evolution with RMPs N=2,3,4, 60kAt during time of

modelling.
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Fig.23. Non-normalized perpendicular to the divertor plates heat flux before RMPs (a) and
with RMPs N=3,60kAt in the maximum time of modelling (~6.19ms) in 15MA scenario. Note

transient increase in the divertor heat flux after RMPs are switched on.
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Fig.24. Modes N=1:9 locking with static RMPs N=3,60kAt in 15MA scenario in ELM

suppressed phase.
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Fig.25. Magnetic energies of N=1:9 harmonics with RMP N=3,20kAt (a) and N=4,20kAt (b)

in 10MA scenario.
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Fig.26. Magnetic topology at zero toroidal angle with RMPs N=3 (a) and N=4(b) at 20kAt
RMP maximum current in L0MA scenario. Color bar indicate the electron temperature at the

starting point of the field line inside the plasma.
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Fig.27. Density distribution near X point in 10MA scenario with RMPs 20kAt at N=3 (a),
N=4(b) and electron density and temperature profiles before and with RMPs respectively (c).

Note larger density transport compared to the temperature with RMPs.
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Fig.28. Magnetic energy of N=1:9 modes with RMP N=3,60kAt in 12.5MA scenario (a) and
comparison of density and temperature profiles at the last time of modelling (~17ms) with and

without RMPs (b).
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Fig.29. Density distribution (a) and magnetic topology (b) in 12.5MA scenario.
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Fig.30. X-point displacement calculated by the linear MHD code MARS-F (a) and non-linear
MHD code JOREK at time 6.2ms (b) with optimum phasing (see Tab. 1) of RMP N=3,60kAt,
in 12.5MA scenario. Note that the computational boundary in MARS-F y»=1 corresponds to
vn~0.99 in JOREK, since the separatrix is not taken into account in MARS-F code. The
displacement near X-point calculated by JOREK with not-optimum phasing at 80kAt is

presented in (c).
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Fig.31. Stationary normalized divertor heat flux without RMPs and with RMPs N=2,60kAt
considering total power on the divertor/walls ~50MW in 15MA scenario. Color bars scales are

the same from 0 to 10MW/m2 for better comparison of all cases.
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Fig.32. Stationary normalized divertor heat flux with RMPs N=3 (a) and N=4(b) at 60kAt

10

considering total power on the divertor/walls ~50MW in 15MA scenario. Color bars scales are

the same from 0 to 20MW/m2 for better comparison.
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Fig.33. Particle fluxes without (a) and with RMPs N=2, 60kAt (b) in 15MA scenario.
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Fig.34. Particle fluxes with RMPs N=3 (a) and N=4(b), at 60kAt in 15MA scenario.
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Fig.35. Toroidally averaged stationary normalized divertor heat fluxes in 15MA scenario with

RMPs N=2,3,4 at 60kAt in outer divertor -(a) and inner divertor-(b) versus the length along
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the numerical boundary corresponding to the ITER divertor and wall starting from the lowest

point of the grid in outer divertor which is considered L(m)=0 here.
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Fig.36. Normalized divertor heat fluxes without RMPs - (a), with RMPs N=2 -(b), N=3- (c) at
60kAt in 15MA scenario. Color bars scales are the same from 0 to 10MW/m2 for better

comparison.
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Fig.37 Normalized divertor heat fluxes with RMPs N=4,60kAt in 15MA/5.3T scenario -(a),
with RMPs N=3, 60kAt in 12.5MA scenario —(b) and with RMPs N=3, 20kAt in 10 MA

scenario —(c). Color bars scales are the same from 0 to 20MW/m2 for better comparison.



