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ABSTRACT
Nonlinear MHD simulations with the JOREK code may be used to i mprove our understanding of

Edge-Localised-Modes (ELMs) [1,2,3]. These H-mode relate d instabilities may cause some damage to
the tungsten divertor of ITER [4], and it was demonstrated ex perimentally that the ELM energy losses
increase with both machine size and decreasing collisional ity [5,6]. In sight of producing simulations
of ELMs in ITER, in order to give some predictions of ELM size a nd divertor heat-uxes in the future
device, simulations �rst need to be quantitatively validat ed against experimental data of present machines.
This paper presents simulations of ELMs in the JET tokamak, f or the low-collosionality type-I ELMy H-
mode pulse #73569. The simulation results are compared to ex perimental data to provide a qualitative
validation of simulations. This comparison comprises the d ynamics of �laments and divertor heat-uxes,
the e�ect of resistivity and collisionality on ELM energy lo sses, and the observation of ELM precursors
prior to the pedestal collapse.

Keywords: JET, ELM, H-mode, pedestal, MHD, ballooning mode, �laments , JOREK, Scrape-O�
Layer (SOL), divertor heat-uxes, type-I ELMs, collisiona lity, resistivity, parallel thermal conductivity,
stability, High-Resolution Thomson Scattering (HRTS), In fra-Red camera (IR).

1 Introduction

1.1 Goals and Motivation
At present, it is commonly agreed that the most successful to kamak scenario, in view of producing fusion
energy, is the type-I ELMy H-mode. In fact, Edge-Localised- Modes are necessary for steady plasma
operation, since they evacuate the excess of density and imp urities from the plasma core. The type-I
ELMy H-mode is planned to be the basis operational scenario f or the future device ITER. However, and
although ELMs are necessary, these instabilities may cause some rapid erosion of some Plasma-Facing
Components - especially the tungsten divertor [4]. In fact, it is natural that the amount of energy released
by ELMs increases proportionally with the machine size, lea ding to larger ELM heat-uxes in larger
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machines such as ITER and DEMO. But in addition to the increase in size, it has been shown in some
experimental studies that when going towards lower collisi onality - higher temperatures needed for fusion
- the amount of ELM energy losses relative to the pedestal ene rgy � WELM =Wped increases as well [6].
Together, these two predictions prospect that large type-I ELMs in ITER will cause heat-uxes that
could signi�cantly damage divertor materials, which would in turn limit plasma operation. There are
some ELM-control tools and techniques - Resonant Magnetic P erturbations, pellets, kicks - which were
developed to reduce the impact of ELMs on the PFCs, but althou gh these tools work reasonably well,
the understanding of their mechanism is yet poor. The unders tanding of basic ELM physics could help
determine the mechanisms of ELM-control tools, and it could also help predict the size of ELMs and
related heat-uxes in bigger devices. In addition, advance d knowledge of ELM physics could be used to
develop new ELM-control tools.

There is already some advanced knowledge of linear MHD prope rties of ELMs, relying on the peeling-
ballooning theory for stability limits of edge currents and pedestal pressure gradients [7,8,9,10]. There
are also some intuitions that ELMs would be caused by the pede stal pressure gradient rather than the
parallel current at the edge [11,12]. And some work has also b een dedicated to the nonlinear behaviour
of ELMs, with mainly two di�erent opinions: that ELMs are exp losive instabilities [13], or that ELMs
are interchange-like instabilities [14]. However, a most e �cient way to improve our understanding of
the nonlinear evolution of ELMs remains the numerical simul ations. Many nonlinear codes have been
developed in recent years [1,15,16,17], and their results a re all in reasonable qualitative agreement, both
with one another, but also with experimental observations. In particular, a �lamentation of the plasma
edge into the Scrape-O� Layer (SOL) is observed, with strong heat-uxes on the divertor and a signi�cant
ergodization of the separatrix. In this paper, simulations of the 3D nonlinear MHD code JOREK are
presented.

Although nonlinear simulations of ballooning modes may be u sed to improve our understanding of
some basic ELM physics, relying on qualitative comparisons with experiments (�laments, heat-uxes), a
more advanced understanding should rely on a robust, quantitative validation of simulations against exper-
imental data. In particular, nonlinear simulations may be u sed to give coherent predictions for ITER only
if the numerical code has �rst been thoroughly validated. In sight of providing such a quantitative valida-
tion against experiments, one �rst needs to produce simulat ions of realistic plasmas, with correct magnetic
geometry, and pressure and current pro�les. Here, we presen t simulations of Edge-Localised-Modes for
the JET tokamak, using the type-I ELMy H-mode pulse #73569, r eferenced as a low collisionality shot
[18]. The study is laid out as follows. The second part of this section introduces the basic characteristics
of the JOREK code, including the reduced MHD equations used f or simulations. Section2 describes how
experimental data for pulse #73569 has been used to provide a coherent plasma equilibrium in JOREK,
respecting the magnetic geometry of JET, and using pre-ELM p ressure pro�les with steep pedestal gra-
dients. In the second part of Section2, this JET equilibrium is tested for its ideal MHD stability with
respect to ballooning modes, using the HELENA equilibrium c ode [19], and the e�ect of the equilibrium
poloidal rotation on the linear stability of ballooning mod es is studied, as in [3]. Section3 deals with the
simulation of ELMs using this JET equilibrium as a basis; it i s divided into three sub-sections. The �rst
part concerns the �lamentation of the plasma edge into the SO L, the second part describes divertor heat-
uxes and parallel transport in the SOL, and the third part ai ms at a qualitative validation of simulations
by producing collisionality scans for the ELM size. Section 4 ends the paper with an overview of the results
and future prospects. These simulation results are compare d to experimental observations.

1.2 The Numerical Tool: JOREK
The JOREK code is a 3D nonlinear MHD code that has been develop ed with the speci�c aim to produce
simulations of Edge-Localised-Modes [1,20]. It uses a polo idal grid built with isoparametric cubic Bezier
�nite elements [20], which are a generalization of the Hermite �nite elemen ts used in the HELENA
equilibrium code [19]. The advantage of this generalizatio n is that Bezier elements enable the re�nement
of isolated grid elements, although such localised re�neme nt is not used for the simulations presented in
this paper. The isoparametric property of the elements mean s that the continuity of all variables and their
derivatives is satis�ed, including the poloidal space coor dinates (R,Z). This �nite element grid is aligned
to equilibrium ux surfaces for both closed and open ux surf aces in X-point geometry, thus representing
the three regions of the core, the Scrape-O�-Layer and the pr ivate region. The alignment of the grid
with open ux surfaces in the SOL enables accurate treatment of fast parallel transport of energy along
magnetic �eld lines. The toroidal dimension is represented by Fourier series.

The time-discretization is done using the fully implicit Crank-Nicholson scheme for all equations, so
that temporal evolution is not restricted by the grid size, a s in explicit schemes. The size of time steps
depends mainly on the nonlinearity of the simulation. This i mplicit scheme results in a sparse system of
equations, which are solved using a Generalized Minimal REs idual Solver (GMRES). The preconditioner
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for this iterative GMRES is obtained by solving independent ly each sub-matrix corresponding to di�erent
harmonics, which amounts to a block-Jacobi preconditioner. These sub-matrices are solved using the
direct parallel sparse matrix solver PaStiX [21].

The simulations presented below were run with two di�erent p oloidal grids: a standard resolution grid
and a high resolution grid. The standard grid is composed of 5 0 radial elements, 200 poloidal elements and
additional SOL elements, which amounts to a total of � 15; 000 elements. This grid was used to obtain
the general results of ELMs simulations presented in Sectio ns 3.1 and 3.2. The higher resolution grid is
composed with 70 radial elements ( � 22; 000 elements in total) and in addition the radial distributi on of
elements has a higher concentration near the separatrix. Th e aim of this grid was to obtain simulations of
plasmas with steep pressure gradients in the pedestal regio n, and with low resistivity, reaching near-Spitzer
values. Most simulations presented below were run for one to roidal mode number, on parallel computers,
varying between 128 and 512 CPUs for the highest resolution g rids. The simulations with high resolution
grids were run on the HPC-FF (Juelich, Germany).

The MHD model solved for the simulations presented below is s imilar to that used in [3]. It is a
two-uid, reduced MHD model for the six variables  (poloidal magnetic ux), � (electric potential), v k
(parallel velocity), � (density), Ti (ion temperature) and Te (electron temperature). The reduction of
the equations used here is based on the ansatz that the perpendicular velocity lies in the poloidal plane,
and that the toroidal magnetic �eld is constant in time, so th at the total plasma velocity and the total
magnetic �eld are expressed respectively as

v = v k + v ? = vk B + Re� � r � ; (1)

B = B � + B p =
Fo

R
e� +

1

R
r  � e� ; (2)

where R is the major radius in toroidal geometry, e� is the toroidal unit vector and Fo = B oRo , with
the magnetic �eld strength B o at the magnetic axis R = Ro . Substituting these two ansatz into the
visco-resistive MHD equations leads to the so-called reduc ed model, �rst derived by H.R. Strauss [22],
with two distinct equations for the parallel and perpendicu lar momentum,
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where the parallel current j , the toroidal vorticity W and the plasma pressure p are de�ned by

j = � R2 r � � J =
1

� 0
� �  ; (8)

W = r � � (r � v ? ) = r 2
? � ; (9)

p = � (Ti + Te); (10)

where � �  = R2 r
�

r  
R 2

�
is the Grad-Shafranov operator. The Poisson brackets used i n the equations

above are de�ned by [ a; b] = e� � (r a � r b), and the convective derivative is de�ned by d=dt = @=@t+ v � r .
Also, the parallel gradient operator is de�ned by r k = ( B =B 2 )B �r . The density and temperature sources
S� and ST j have been introduced in the equations, and the perpendicula r mass and thermal di�usivities
D ? and � ? j used in simulations are ad-hoc coe�cients with a well at the p edestal region to represent the
H-mode transport barrier. A Spitzer-like resistivity � = � o (Te=Te;o ) � 3=2 is used, with Te;o the electron
temperature at the magnetic axis. The Braginskii parallel th ermal conductivities � k j are expressed as

� k j = � koT 5=2
j ; (11)
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where the ratio of electron to ion parallel conductivity has been set to � ko;e =� ko;i = 40, which results
from the smaller electron mass [23]. It should be noted that t his set of equations is equivalent to that
derived in [24], where energy of the system is shown to be cons erved at �rst order.

The normalization used for these equations is based on the tw o quantities � o (magnetic permeability)
and � o (core density), so that time is normalized to a near Alfven ti me ~t = t=

p
� o � o . For a deuterium

plasma with particle density no = 6 :1019 m� 3 , a normalized time unit corresponds to 0 :7�s . Naturally,
current is normalized with � o and density with � o . Pressure is also normalized with � o , and the di�usive
parameters are normalized as ~� = �

p
� o=� o , ~� = �

p
� o=� o , ~D ? = D ?

p
� o � o and ~� ? = � ?

p
� o=� o . Note

that the parallel thermal conductivity depends explicitly on temperature, so that � ko varies as � ko � � � 3
o .

This will be important in Section3.2, where a scan in collisi onality is obtained by varying � o .
The plasma boundary in the SOL is taken to be a ux surface, usu ally around 10 cmaway from the

separatrix. On this boundary, Dirichlet conditions are applied for all variables (ie. perturbation s of the
equilibrium quantities are set to zero) except for temperat ure and density, which have Neumann conditions
with null gradient. At the divertor targets, Mach-1 ( Bohm ) conditions are used for the parallel velocity,
and the temperature and density have free outow boundary co nditions. In the private region, which is
bounded by a ux surface, Dirichlet conditions are used for a ll variables.

2 Reconstructing the JET Equilibrium

2.1 From Experiments to Simulations
The JET pulse #73569 has been chosen for simulations. It is a s tandard type-I ELMy H-mode with
constant NBI power, resulting in a regular ELM frequency and r egular ELM size. This plasma pulse
has a low triangularity (0.17), a total injected NBI power of 1 2.5MW, a magnetic �eld of 2 T and a plasma
current of 2.2 MA. The pedestal electron density and temperature are respect ively 5 :1019 m� 3 and 0:9keV,
giving toroidal and poloidal betas of 2.2% and 0.66 respecti vely. The edge safety factor is q95 � 3. The
collisionality is relatively low (0.1 < � � < 0.2), and this shot was used for pedestal studies with High-
Resolution Thomson Scattering (HRTS) [18]. The ELM frequen cy is 20Hz, and the ELM size is on average
0.25MJ, which is about 10% of the pedestal energy.

The two criteria for choosing this speci�c pulse was that it c ombines a good Infra-Red camera di-
agnostic [25,26] together with good HRTS pro�les. The magne tic con�guration used for this shot results
in the outer strike point arriving on tile 5 of the outer diver tor, so that the orientation of the IR-camera
produces full views of the outer divertor heat uxes during E LM crashes, which provides a comparison
basis for simulations. Both temporal and spacial resolution s of the JET IR-camera are high enough to deal
with ELMs dynamics (1 frame every 35 �s with a 1.7 mmresolution). Good HRTS pro�les, together with
a regular ELM frequency and ELM size, were required for the re construction of the plasma equilibrium
in simulations. The pre-ELM HRTS electron density and tempe rature pro�les are selected to obtain a
pressure pro�le, which is used as input to solve the Grad-Sha franov equilibrium. Here, pre-ELM pro�les
means these are taken between 70 and 95% of the ELM period, whe n the pressure gradients are steepest.
The combination of all pre-ELM pro�les provides a good spaci al resolution in the pedestal, in particular
because horizontal shifts of the plasma are performed durin g the shot. These slight sweeps do not a�ect
the plasma equilibrium, but enable a scanning of the whole pe destal region with the HRTS [18]. The
pre-ELM HRTS pro�les for the pulse are shown in Fig.1a, toget her with the �ts used for simulations.
Note that Ti = Te has been assumed for the initial equilibrium pro�les in simu lations.

In addition to the pressure pro�le obtained from the HRTS dia gnostic, the reconstruction of the
plasma equilibrium also requires a current pro�le and a ux b oundary around the plasma, in order to solve
the Grad-Shafranov equation. Both these ingredients are tak en from the EFIT equilibrium reconstruction.
The global plasma current is that of EFIT, but an additional b ootstrap current is also included to obtain
the �nal pro�le. This bootstrap current is calculated with t he HELENA equilibrium code using the Sauter
model [27], for the corresponding pressure pro�le obtained from the HRTS. The ux contour is taken just
around the �rst vessel wall, so that the resulting plasma equ ilibrium has a SOL size that corresponds
approximately to that of JET. The �nal reconstruction is sho wn in Fig.1b, where it can be compared to
the EFIT equilibrium.

2.2 Linear Stability of the Equilibrium
This equilibrium has been tested for its linear stability wi th respect to ballooning modes. The calculations
were done with the equilibrium code HELENA for the balloonin g mode number n = 1 , with ideal MHD
equations. The resulting shows that the JET equilibrium, wi th the HRTS pressure pro�le, is ideally
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(a) (b)

Figure 1: a). The density and temperature pro�les from the HRTS diagno stic for the JET pulse
#73569 (blue and red circles respectively), with the corres ponding �tted pro�les used for simulations
(plain black lines). b). Flux surfaces of the Grad-Shafranov equilibrium resulting from the reconstruction
with JOREK, and the comparison with the EFIT equilibrium rec onstruction.

unstable. A scan in pressure gradient was performed by varyi ng the pedestal pressure gradient width, and
each case was tested with HELENA. The result, shown in Fig.2a , indicates that the JET equilibrium is
indeed well above the ideal MHD stability limit.

However, the MHD model solved in the simulations is not ideal , and all di�usive parameters play
a crucial role regarding the linear stability of the equilib rium. The resistivity � has an enhancing e�ect
on ballooning modes, so that linear growth rates of modes inc rease with increasing � . All other di�usive
parameters ( � , D ? and � ? ) have the opposite e�ect: they damp ballooning modes growth rates. This is
illustrated in Fig.2b, which shows a scan for the growth rate of the ballooning mode n = 12, as a function
of resistivity and viscosity. All these di�usive parameter s are strongly limited by numerical limits, since
the lower di�usivity, the smaller eddies. Actual grid resolutions do not enable simulations with all di�usive
parameters at correct values (experimental or at least theo retical values). Hence, one should bear in mind
that no matter how ideally unstable a plasma equilibrium is, the resulting non-ideal ballooning mode
simulations may result in stable modes (and vice-versa). Fo r example, if resistivity is taken to be very
low, but other parameters are taken relatively high (so that the mode is damped), the growth rates of
ballooning modes might remain close to zero. The importance of this issue will be addressed again in
Section3.3.

The other aspect of the equilibrium that may a�ect the linear stability of ballooning modes, and
which is not taken into account in the HELENA calculations, c oncerns the poloidal equilibrium ow. A
thorough study of such E � B ows at equilibrium, and their e�ect on ballooning modes, ca n be found
in [3]. The circular ( m = 0), pedestal rotation of the plasma for the JET equilibrium is observed to be
particularly strong and sheared, and the consequent e�ect o n the linear stability of ballooning modes is
well identi�ed. Fig.3a shows the poloidal ow structure for the JET equilibrium, which is the typical
structure observed in simulations of realistic tokamak pla smas. Fig.3b shows the corresponding mid-plane
pro�le for the poloidal rotation together with the density, to illustrate that the ow is localised at the
pedestal pressure gradient. The e�ect of the ow on the linea r stability of ballooning modes is shown
in Fig.3c, where growth rates are calculated for a range of ba llooning mode numbers, with and without
equilibrium ow. Without equilibrium ow means that the ow is arti�cial forced to zero. The damping
e�ect of the ow is strongest for high mode numbers. It should also be noted that the poloidal ow may
have a signi�cant inuence on the nonlinear behaviour of bal looning modes. In particular, the poloidal
ow may stabilize ballooning modes and lead to ELM-like mult iple bursts [3].
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Figure 2: a). A scan in the pedestal pressure gradient width shows that the JET equilibrium #73569
reproduced in simulations stands well above the ideal MHD st ability limit (as calculated with the equilib-
rium code HELENA). b). The growth rates of the ballooning mod e n = 12 as a function of resistivity and
viscosity. These two scans reveal the important role played by non-ideal MHD parameters with respect to
linear stability of ballooning modes.

3 Simulations of ELMs

3.1 General Results: Filaments
In ELMs simulations, there are two characteristics that sta nd out and that deserve some particular at-
tention. The �rst one is the �lamentation of the pedestal pla sma into the Scrape-O� Layer, and the
second one is the heat ux arriving on the divertor targets vi a parallel transport of energy along open
magnetic �eld lines in the SOL. These two properties of ELMs, which are observed both in experiments
and simulations, can be considered separately, but it may al so be shown that they are strongly linked by
the perturbation of the ballooning mode. In fact, the kineti c and magnetic components of the balloon-
ing mode are but one perturbation, and the dynamics of �lamen ts can be correlated to the dynamics of
divertor heat-uxes.

Before considering the link between these two phenomena, one �rst needs to consider the �laments
themselves. It should be pointed out that in most ELMs simula tions, multiple sets of �laments are
repetitively ejected from the plasma, and those �laments ha ve both poloidal and radial motion. Di�erent
sets of �laments may also entangle and get mixed with one anot her. Sometimes, �laments may even cross
the separatrix and get sucked back into the plasma at a later t ime. Thus, the dynamics of �laments is
rather complex, and to avoid confusion, the following study is performed only for the �rst set of �laments
that leaves the pedestal. This brings some con�dence as to th e stability of the plasma at that moment,
because the pedestal pressure is known (unperturbed), and t he growth rate of the ballooning mode can
be well identi�ed, given the long linear exponential growth of the mode preceding the formation of the
�laments.
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Figure 3: a). The structure of the equilibrium polodal rotation in sim ulations of JET is typically
m = 0 . This ow is strongly sheared, with a positive component ins ide the separatrix and a negative
component outside. Units are normalized as explained in Sec tion1.2, so that the maximum velocity
corresponds to about 250m/s. b). The corresponding mid-plane pro�le for the poloidal ve locity and the
density are plotted to illustrate that the ow is strongly sh eared and localised at the pedestal pressure
gradient. c). The e�ect of the equilibrium poloidal rotation on the linear stability of ballooning modes is
calculated by running simulations with and without equilib rium ow. The damping e�ect of the ow on
growth rates is strongest for high ballooning mode numbers.

The �rst characterization of �laments concerns their compo sition. The ballooning mode perturbs all
MHD variables, but it is convenient to rely on one of these at � rst and then refer to it when considering
other compositions of the �laments. The density is chosen to be this basis for comparison. The temperature
inside a density �lament is generally found to be rather sign i�cant, so that �laments can be said to be
warm. A natural comparison with experiments consists in tak ing radial pro�les of �laments, as with the
HRTS diagnostic. In simulations, it is straight forward to o btain such pro�les, but it is not so trivial to
observe �laments with the HRTS, and given the tedious e�ort n eeded to obtain such pro�les, comparisons
are not made with the HRTS pro�les from shot #73569, but with p ro�les presented by Beurskens et
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Figure 4: a). Mid-plane pro�les of density and electron temperature a re taken for a �lament in a
simulation of JET. The comparison with HRTS pro�les shows th at the size and composition of �laments is
reasonably reproduced by simulations. In particular, the g ap of density behind the �lament is reproduced,
which shows that the �lament clearly separates from the main plasma. Since no such �lament was observed
with HRTS for the shot #73569, comparisons are made with puls e #70553. Units are arbitrary. b). The
time evolution of a �lament is plotted for density, ion and el ectron temperatures, to illustrate the e�ect of
high parallel thermal conductivity on Te . The electron temperature is evacuated from the �lament mor e
rapidly than the ion temperature.
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al. in [18], for shot #70553. As seen from Fig.4a, both the compos ition of the �lament and its size are
qualitatively well reproduced by simulations. In particul ar, there is a large amount of density carried in
the �lament, with a hole (or well) of density forming behind the �lament, which shows that the �lament
clearly separates from the main plasma. There is also a signi �cant amount of electron temperature in the
�lament, which agrees with experiments. In fact, it is possi ble in simulations to compare electron and
ion temperatures in the �laments: due to higher parallel con ductivity for Te , the electron temperature is
evacuated from the �lament more rapidly than Ti , which is illustrated in Fig.4b, with a 2D (poloidal) plot
of a �lament crossing the separatrix for � , Ti and Te . Such e�ect of parallel conductivity on the evolution
of �laments has also previously been studied and discussed b y Fundamenski and Pitts in [28].

In addition to density and temperatures, there may also be so me current crossing the separatrix. In
previous simulations of standard plasmas, some current was also observed to be carried in the �laments.
However, simulations of JET have a particularity that was no t observed for other plasmas: the current is
localised at the front gradient of the density �lament, wher eas all other previous simulations, including
JET-like simulations, have �laments where density and curr ent are almost perfectly in phase. To illustrate
this, Fig.5a shows a HRTS-like radial pro�le of a �lament for both density and current. In some extreme
cases, where the growth rate of the ballooning mode is low, th e density �lament does not cross the
separatrix because it is sheared by a poloidal ow. In such ca ses, only current crosses the separatrix. This
is illustrated in Fig.5b, which shows the time evolution of a density �lament, together with current.

This latter point raises another characteristic of �lament s: their speed. Filaments have both poloidal
and radial motion, but although their poloidal speed can be w ell identi�ed, it is not clear whether there
is much variation in their radial speed. For example, Fig.4b and Fig.5b show the same simulations where
only the value of resistivity is di�erent ( � = 10 � 5 in the �rst case and � = 10 � 7 in the second). As
was illustrated earlier in Fig.2b, at lower resistivity, th e growth rate of the ballooning mode decreases
signi�cantly, and the �rst e�ect which can be seen on �lament s is that with a lower growth rate, they do
not really cross the separatrix. However, the radial speed o f �laments does not vary much between the
two cases, only the distance traveled, but at the beginning o f the perturbation, the speed is similar (about
2 to 3km/s). So far, no clear mechanism has been identi�ed for the radia l speed of �laments.

Nevertheless, it is clear that the ballooning growth rates p lay a major role concerning the amount of
energy evacuated by the �laments, since at lower resistivit y, �laments do not even cross the separatrix, so
that less energy is ejected from the pedestal. In fact this co uples with another particularity of �laments.
It has been found that the radial size of �laments, at the begi nning of their formation in the pedestal,
always corresponds to the width of the pedestal pressure gra dient (this was veri�ed with both JET and
non-JET simulations). Hence, considering the two cases at h igh and low resistivity, at the beginning of
the crash, the �laments have the same radial width and the sam e radial speed, but they clearly do not
evacuate the same amount of energy in the end. It should also b e noted that the fact that �laments do
not cross the separatrix is not due to a variation of the ampli tude of the poloidal equilibrium ow, which
does not change with resistivity [3].

Concerning the poloidal rotation of �laments, a clear quant i�cation of the speed is also hard to obtain,
and it may vary strongly from one case to the other. Also, the r elation to the equilibrium poloidal ow is
not clear, since the ballooning perturbation itself induce s a strong poloidal rotation in the pedestal [1,3].
The poloidal rotation of �laments may vary between 0 up to 3 km/s in simulations of JET plasmas, and
negative rotation (clockwise poloidally) is often observe d. Rotation of �laments during ELMs is clearly
observed on tokamaks, using either the fast visible camera o n MAST [29], or the ECE-imaging diagnostic
on AUG [30], where �laments are observed to rotate with a spee d of about 2 km/s. It should however be
noted that in some simulations of standard plasmas (not JET p lasmas), higher poloidal speeds have been
observed, up to 15km/s; simulations of JET plasmas have not yet exhibited such high speeds.

3.2 General Results: Divertor Heat-uxes
The divertor heat-uxes during simulations of ballooning m odes may be compared to what is observed
during ELMs with the Infra-Red camera on JET, for pulse #7356 9 in particular. With the IR camera,
during ELMs, narrow heat-ux structures are typically obse rved near the strike point on the outer divertor.
An example of the heat-ux pro�le along tile 5, during an ELM o f shot #73569, is given in Fig.6a. One
particularity of such divertor heat-uxes is the formation of distinct stripes near the strike point. Such
structures are also observed in simulations, as shown in Fig .6b, and it has been shown that, in simulations
with strong � k , these structures correspond to the perturbation of magnet ic �eld lines [2,31]. In fact,
if magnetic �eld lines are perturbed near the separatrix, � k being higher in the pedestal, temperature
becomes almost constant along �eld lines, so that structure s in the magnetic �eld correspond to struc-
tures in the temperature, and thus the heat-ux. In two-uid simulations, � k is higher for the electron
temperature. Hence, where �laments are warm with Ti and cold with Te , the divertor heat-uxes, in
contrast, are mainly caused by electron temperature. Fig.7 shows the ion and electron temperatures near
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Figure 5: a). HRTS-like mid-plane pro�les of �laments for di�erent val ues of resistivity. The density
and current are plotted together to show that the current is l ocalised in front of the density �lament.
Such behaviour was not observed in previous simulations of s tandard plasmas, even JET-like plasmas.
In previous simulations, the density and current were in pha se. b). At lower resistivity ( � = 10 � 7 ), the
growth rates are smaller, so that the density �lament does no t really cross the separatrix, and is instead
sheared o� by a poloidal ow. In such cases, almost no pressur e crosses the separatrix, but a current
�lament is clearly ejected across the separatrix. This illu strates not only that the current is localised in
front of the density, but it also shows that with low growth ra tes, �laments do not reach so far across the
separatrix.

the X-point during a ballooning mode simulation. The same co lor scaling is used for the two temperatures,
to exhibit the fact that Ti does not reach the divertor as much as Te . It also should be noted that the
number of stripes arriving on the outer divertor depends on t he mode number which is simulated. Thus,
simulations could be used to help and determine what is the do minant mode number of JET ELMs. Fig.8
shows IR divertor heat-ux pro�les from shot #73569 and from simulations. A scan in mode number
with simulations shows that the number of stripes increases with increasing mode number. This increase
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is linear, with (including the strike point) 4 stripes for n = 8, 6 for n = 12, and 8 for n = 16.

(a) (b)

Figure 6: a). Infra-Red Camera pro�le of the divertor heat-ux, plott ed as a function of time, for an
ELM of JET shot #73569. Stripes are formed near the strike poi nt, and move towards the lower-�eld
side during the ELM. Such heat-ux dynamics is sometimes obs erved on JET [26]. b). Simulations of
JET pulse #73569 also exhibit such heat-ux stripes near the strike point on the outer divertor.

Figure 7: Comparison of ion and electron temperatures near the divert or during a simulation of a
ballooning mode for JET pulse #73569. Te is rapidly conducted along �eld lines to the divertor, more t han
Ti , due to higher � k for electron temperature. The same color scaling has been us ed for both temperatures.

As may be clearly observed on Fig.6a, and as is observed durin g some ELMs in JET [26], the stripes
forming near the strike point are moving on the divertor, tow ards the lower-�eld side of the machine.
Such movement is also observed during simulations of balloo ning modes. The maximum speed of stripes
in simulations of JET shot #73569 was found to be of the order o f 200m/s, which is quicker than what is
typically observed on JET (about 80-100 m/s). However, in simulations such dynamics is reproduced only
for a short time, while stripes in JET experiments can move re gularly, with almost constant speed, for the
whole ELM crash (several hundred microseconds). Such regul ar dynamic has yet not been achieved with
simulations. Nevertheless, simulations have shown that th e dynamics of heat-ux stripes is strongly linked
to a poloidal rotation of the ballooning mode. This has been t horoughly veri�ed with simulations of both
JET and non-JET plasmas. Fig.9 shows heat-ux stripes movin g about 1cm in 50�s , and a mid-plane
zoom on a structure in the electric potential, which shows th at the ballooning mode is rotating with a
speed of about 3km/s at that moment.

In order to give a rough explanation of why rotation of the mod e induces heat-ux dynamics, it should
be noted that a poloidal rotation of ballooning mode structu res may be interpreted as a toroidal rotation:
since ballooning modes are aligned with the magnetic �eld, i f a �lament structure rotates poloidally, it
will intersect the horizontal plane Z = 0 at another toroidal angle. Now the heat-ux stripes on the
divertor are the footprints of the ballooning mode. As shown on Fig.10a, for the mode number n = 8,
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Figure 8: a). Heat-ux pro�les measured by the IR-camera at the heat- ux peaks of three di�erent
ELMs of JET pulse #73569, showing di�erent numbers of stripes near the strike point. b). The number
of heat-ux stripes in simulations varies with the ballooni ng mode number. Simulations could be used to
help and determine the dominant mode numbers in JET ELMs.

(a) (b)

Figure 9: a). Heat-ux stripes moving on the outer divertor with a spee d of � 200m/s. b). The
rotation of the ballooning mode in the poloidal plane during this time is about 3 km/s. Shown here is the
electric potential � (de�ned as u in simulations), with a zoom on a �lament structure.

eight '�ngers' are observed on the divertor, so if the mode ro tates toroidally, these �ngers will rotate too.
Fig.10b shows the same �gure stretched out in equal length-s cale for the toroidal and radial directions,
showing that a toroidal rotation of the '�ngers' will appear like a radial movement of stripes at a given
toroidal location. In addition to this interpretation, Fig .11 shows Te stripes on the divertor moving in the
other direction, towards the higher-�eld side, closer to th e strike point. This is observed when �laments
move in the other direction (clockwise poloidally), which c erfti�es that the dynamics of heat-ux stripes
is caused by the rotation of the ballooning mode.
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(a)

(b)

Figure 10: a). The same number of Te '�ngers' are observed on the divertor as the mode number.
This simulation is that of the mode n = 8 . As the ballooning mode rotates poloidally/toroidally, th ese
'�ngers' move on the divertor. b). Stretched out to equal len gth-scale for the toroidal and radial directions,
the same plot reveals how toroidal rotation of stripes may be interpreted as a radial displacement when
looking at one speci�c toroidal location on the divertor.

Figure 11: As a demonstration that the dynamics of heat-ux stripes is c aused by the rotation of the
ballooning mode, this �gure shows Te stripes moving in the opposite direction on the divertor (cl oser to
the strike point): this is observed simultaneously with a ro tation of the ballooning mode in the opposite
direction (clockwise poloidally).

3.3 Towards a Qualitative Validation of Simulations
It has been shown above (Fig.2b) that the non-ideal MHD param eters may have a signi�cant e�ect on the
linear stability of ballooning modes. In particular, resis tivity enhances the activity of MHD modes, so that
growth rates become higher at higher resistivity. Therefor e, since simulations are usually run at relatively
high resistivity, due to numerical stability, simulations of ballooning modes are expected to produce big
pedestal crashes. An example of this is shown in Fig.12, whic h shows a simulation with � = 10 � 6 , where

13



the ELM-a�ected area is observed to increase almost without end, so that the ballooning mode penetrates
the plasma core much further than what is observed experimen tally. For simulations of type-I ELMs,
such behaviours should clearly be avoided, which means the r esistivity has to be brought down as much
as possible. This is numerically di�cult for two reasons: �r stly, low resistivity means smaller current
structures and thus higher requirements on grid resolution ; and secondly, since growth rates diminish at
lower resistivity, one should make sure that ballooning mod es do not become stable at low resistivity.
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Figure 12: a). ELM-a�ected area as a function of time, during a simulatio n with relatively high
resistivity ( � = 10 � 6 ). b). The corresponding density at time t = 0 (left) and at time t = 350 �s (right),
to exhibit how far into the core the ballooning perturbation may reach.

It turns out that both problems have the same impact: higher r equirements on the grid resolution.
In the �rst case, the reason is rather clear, since in order to solve smaller current structures at lower
resistivity, one needs more spacial resolution. In the seco nd case, if the ballooning modes are stable at
low resistivity, then there are two options. Since it has bee n checked (Fig.2a) that the JET equilibrium
used in simulations is ideally unstable, the reason that it m ay be stable at low resistivity is that other
non-ideal MHD parameters have a stabilizing e�ect on balloo ning modes. As shown in Fig.2b, at higher
viscosity � , the ballooning modes are more stable. This is also true for D ? and � ? . Simulations are
usually run with such parameters set to relatively high valu es, which is why the modes are stable at low
resistivity. To obtain simulations with near-experimenta l values for D ? , � ? and � would require very
high grid-resolutions, which is not achievable yet. Instea d, another possibility consists in increasing the
pedestal pressure gradient by diminishing the width of this pressure gradient (within error margins of
the HRTS diagnostic), in which case the grid size also has to b e increased since higher gradients have
to be discretized. This second option is less demanding in te rms of grid resolution than trying to lower
all di�usive parameters, and it is the one used in the followi ng study. For the case with lowest pressure
gradient width ( � 1:2cm), the radial grid resolution in the pedestal region comes up to 5 elements per cm.
The grid resolution in the poloidal direction reaches 0.3 el ements per cm.

Mainly two scans have been produced. Since the �rst goal of th e study was to provide some validation
of simulations, the scan in collisionality � � has been chosen. By measuring the ELM energy losses as a
function of collisionality, simulations can be compared to the multi-machine scan produced by Loarte et
al. [6], which is at present one of the most robust experimental r esults about type-I ELMs physics, and
which shows that the ELM size increases with decreasing coll isionality. The collisionality scan is done
in simulations by varying density at constant pressure, so t hat the ideal MHD stability of the plasma
does not change, but the collisionality does. Since tempera ture is normalized to density � o , this is quite
straight forward, and it amounts to a change in the normaliza tion of the whole system of equations.
Hence, all non-ideal MHD parameters are varied consistentl y, and the neoclassical collisionality is changed
as � � � � o=T2

o � � 3
o . In particular, the resistivity and parallel thermal condu ctivity vary respectively as

� � � � 1=6 and � k � � �� 1 . Also, when considering real time from simulations, the cor rect re-normalized
time is used, t = ~t

p
� o � o .
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The �rst scan was run for the JET equilibrium with collisiona lity � � varying between 0.014 and 0.896,
and corresponding resistivity � varying between 5 :10� 8 and 10� 7 . The other parameters were varying
respectively as 2:10� 5 � � � 10� 5 , 2:10� 6 � D ? � 4:10� 6 , 2:10� 6 � � ? � 10� 6 and 4:105 � � ko;e �
6:3 � 103 . Simulations were run at each collisionality for the three m ode numbers n = 12, n = 16 and
n = 20. The resulting growth rates and ELM sizes (relative to pe destal energy) are plotted in Fig.13, in
blue color. [Note that the ELM energy losses, as well as the pe destal energy, are calculated by integration
over the whole plasma inside the separatrix]. It can be clear ly observed that as � � is decreased, the growth
rates become smaller, due to the decreasing resistivity. Th is is su�cient to result in relative ELM sizes
that decrease with decreasing � � . In other words, simulations show a trend in ELM size opposit e to that
observed experimentally in [6], which strongly suggests th at the e�ect of resistivity on growth rates should
be avoided. As a convention, this �rst collisionality scan i s referred to as the resistive scan .
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Figure 13: This �gure shows a plot of the ballooning growth rates as a fun ction of � � (left), together
with the corresponding ELM sizes, relative to pedestal ener gy (right). The thin blue symbols correspond
to the scan with high resistivity, while the thick red symbol s correspond to the scan with lower resistivity.
The scans were run for di�erent mode numbers, ranging from n = 8 to n = 20 .

In order to diminish the e�ect of resistivity, two modi�cati ons were brought to the scan. The �rst
modi�cation is naturally that resistivity was further redu ced, with a lowest value of � = 5 :10� 9 , which
corresponds to the lowest collisionality. It is worth notin g that after re-normalization, this is equivalent to
the physical resistivity � = 2 :10� 8 , which is a factor 20 from the Spitzer resistivity at 10 keV. The second
modi�cation is that the pressure gradient width was diminis hed from 2.8cmto 1.2cm, so that the pressure
gradient was increased by more than a factor two. This agrees with corrections brought by Beurskens et al.
to the data processing of the HRTS diagnostic: after reproce ssing the data for shot #73569, the pressure
gradient width was found to be 1.3 cm, which brings some justi�cation to why the pressure gradien t needed
to be increased at lower resistivity. (Note that this correc tion was brought posterior to the simulations
[32]). In addition to this modi�cation, the perpendicular m ass and thermal di�usivities, D ? and � ? ,
were adapted to the pressure gradient, so that D ? � (r � ) � 1 and � ? � (r T ) � 1 in the pedestal region.
Thus, the uxes D ? r � and � ? r T are constant in the pedestal region, so that the pressure gra dient
remains unchanged at equilibrium (ie. the pressure gradien t would not atten before the ELM crash).
The resulting growth rates and corresponding ELM losses are plotted in Fig.13 in red color, for the modes
n = 8, n = 12 and n = 16. It is observed that the growth rates are not dominated by resistivity anymore,
and that the resulting ELM losses increase with decreasing � � , which comes closer to experimental results
than the �rst scan. As a convention, it will now be refered to a s the ideal scan - since the ballooning modes
are dominated by the pressure gradient, not by resistivity. In fact, since good agreement with experiments
is obtained in this case (higher pressure gradient), a good r epresentation of Edge-Localised-Modes should
rely on the ballooning rather than peeling theory.

It is important to keep in mind, however, that although this s can gives better agreement with experi-
ments than the �rst scan, a direct comparison with the scalin g by Loarte et al. [6] shows that simulations
still need further improvement for proper comparisons with experiments. Mainly, the simulated ELMs are
smaller, with relative energy losses reaching up to 5.5% onl y, while JET type-I ELMs can evacuate more
than 20% of the pedestal energy; and the collisionality tren d is also weaker, with � WELM =Wped varying
between � �� 0:05 and � �� 0:15 in simulations, compared to � �� 0:45 in experiments [6]. Nevertheless, this
second scan still comes closer to experiments than the �rst o ne, and may well be used to enlarge our
understanding of Edge-Localised-Modes. Since the biggest ELM crashes for this scan are those caused by
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the mode n = 8, the following comparisons between experiments and simu lations are done with the n = 8
case.

There are a number of comparisons which can be made between si mulation results and experimental
observations. Of course, the �rst comparison of interest is the ELM size, which has been shown to
increase with decreasing collisionality. There is another particularity of ELM energy losses that can be
compared, and which brings some understanding of the mechan isms that drive energy out of the pedestal:
convective versus conductive losses. Typically, it is obse rved experimentally [6,18] that the increase of
convective (density) losses at low � � is negligible compared to the increase of conductive (tempe rature)
losses. Simulations show that this is due to the strong incre ase in � k at low � � . The major role played by
parallel conductivity in ELM energy losses has previously b een addressed, both experimentally [18] and
theoretically [28]. As observed on Fig.13, the growth rates of mode n = 8 do not exhibit a clear increase
or decrease as� � is varied, but the ELM size does, because at lower collisiona lity, � k is much higher (due
to higher temperature), so that more temperature is evacuat ed from the pedestal. This is illustrated in
Fig.14, which shows the density and electron temperature lo sses relative to pedestal density and electron
temperature respectively.
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Figure 14: The relative density and electron temperature losses as a fu nction of collisionality for the
mode n = 8 . Density losses remain constant while electron temperatur e losses clearly increase, due to
higher � k at lower collisionality.

Another comparison which was done concerns the ELM-a�ected area. Whereas simulations with
high resistivity resulted in high ELM-a�ected areas, as sho wn in Fig.12, the ideal scan resulted in ELM-
a�ected areas of 15 cm(about 17.5% of the minor radius), which did not change with v arying � � . The fact
that ELM-a�ected area is not a�ected by collisionality is in agreement with experimental results [18]. In
particular, this shows that the ELM energy losses is not link ed to the ELM-a�ected area for type-I ELMs.

Then, one crucial comparison between simulations and exper iments concerns the divertor heat-uxes.
Comparison with the Infra-Red camera have shown that despit e some qualitative agreements, the boundary
conditions at the divertor, as well as the model for parallel and perpendicular transport in the SOL,
should be improved for better results. Fig.15 shows the dive rtor heat-uxes for the mode n = 8 at three
collisionalities. It is observed that the duration of the EL M crash changes with collisionality, and reaches
up to 300�s ; this is shorter than what is observed with the IR-data for pu lse #73569, where ELMs are
observed to last between 500�s and several ms(see Fig.6a). Note that this may be due to the fact that
only one (non-zero) toroidal harmonic is simulated, which c ould also explain why relative ELM energy
losses in simulations are smaller than in experiments. In th e highest collisionality case, a slight decrease of
the divertor heat-ux is observed after about 120 �s ; this is caused by a response of the kinetic equilibrium
to the ballooning mode (as studied in [3], the equilibrium po loidal rotation in the pedestal region may
have a strong stabilizing e�ect on ballooning modes). Altho ugh this induces a signi�cant decrease in
the ballooning activity, it is very brief and is thus not cons idered as the end of the pedestal collapse.
Regarding the amplitude of the heat-uxes, it corresponds t o what is observed in experiments (up to
70MW.m� 2 ), and the total energy arriving on the outer divertor is 11% o f the total energy losses (for the
lowest collisionality case), which is also in qualitative a greement with experiments. On the other hand,
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the wetted area is usually bigger in simulations (about 10 cm) than what is observed with the IR-camera
(about 5 to 7 cm). Also, the wetted area does not change at all with varying co llisionality, whereas it has
been observed experimentally [33,34] that the wetted area i ncreases with ELM size.

Figure 15: The outer divertor heat-ux for the mode n = 8 at three di�erent collisionalities. Time
has been translated to start at the ELM onset.

Finally, the last comparison between simulations and exper iments is a more general result, about
ELM-precursors. For the �rst time, simulations of ballooni ng modes have exhibited clear ELM precursors.
Typically, simulations are started from an unstable equili brium, so that the perturbation of toroidal
Fourier modes grows exponentially to produce an ELM crash st raight away. Here, the perturbation of
the ballooning mode grows exponentially until it starts per turbing the equilibrium, at which point the
perturbation just stands there for some time, before the rea l ELM crash appears. This is illustrated in
Fig.16a, where the energy of the kinetic equilibrium ( n = 0 mode) is plotted as a function of time, together
with the kinetic energy of the ballooning mode n = 8. This simulation is that with the lowest resistivity,
lowest collisionality (with the biggest ELM losses). It is c learly observed that the precursor lasts as long
as the ELM crash itself. During all the precursor, small �lam ents are formed inside the separatrix, and
move poloidally before bursting out. It is yet not understoo d what keeps the ballooning perturbation from
provoking a crash straight away, but such a result takes simu lations still closer to experiments, and shows
that simulations of multiple ELM cycles could be obtained wi th JOREK. In fact, if an equilibrium has
a pedestal pressure gradient which is unstable to balloonin g modes but does not necessarily produce an
ELM crash (at least not directly), then it means that after a � rst ELM crash, if heating power and density
sources force the pressure gradient to increase again, the M HD limit may be overtaken without producing
a regular, turbulent relaxation of the plasma. This is exact ly what makes it di�cult to simulate multiple
ELM-cycles: that after the �rst crash, the system converges towards a constant turbulent relaxation. Such
a simulation is shown in Fig.16b, where after the �rst crash, the heating power and the density source
are increased, but the ballooning mode creates a steady turb ulent evacuation of energy. After some time,
heating power is again increased in the hope of producing a cr ash, but the system only converges to a
higher turbulent relaxation level. The simulation of ELM pr ecursors shows that it may be possible to
avoid such behaviours, so that the challenge of multiple ELM s simulations may be solved in future.
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Figure 16: a). An ELM-precursor is observed, as the kinetic energy of bo th the equilibrium n = 0
and the ballooning mode n = 8 are plotted as a function of time. The precursor is observed t o last as long
as the ELM crash itself. b). Some attempts of simulating mult iple ELM cylcles have often resulted in a
convergence towards a steady, turbulent relaxation of the p ressure gradient. In this example, after some
time, heating is further increase, in the hope of producing a real pedestal crash, but the system converges
to another level of steady turbulence. The simulation of ELM precursors means that such behaviour could
be avoided, since a plasma can stand at the stability limit wi thout producing a crash.

4 Overview and Conclusion
In the present paper, it was shown how experimental data can b e used to produce coherent equilibria
for ELMs simulations in JET. The High-Resolution Thomson Sc attering diagnostic is particularly useful,
since it provides pre-ELM pedestal pressure pro�les with go od spacial resolution, which is one of the
crucial elements for ELMs simulations based on ballooning m odes. For this study, the low-collisionality,
type-I ELMy H-mode pulse #73569 was simulated, and the resul ting JOREK-reconstructed equilibrium
was tested for its ideal MHD stability with respect to balloo ning modes. It was found that the equilibrium
(pre-ELM) pressure gradients are well above the stability t hreshold. However, it was demonstrated that
non-ideal MHD parameters, such as resistivity or viscosity , may have a signi�cant inuence on the linear
stability of ballooning modes. In addition, the equilibriu m poloidal rotation of the pedestal plasma was
shown to have a strong stabilizing e�ect on ballooning modes (ie. growth rates are reduced by the
ow). As a consequence, the interplay between the pedestal p ressure gradient and the non-ideal di�usive
parameters is rather subtle, which means that the best appro ach consists in simulating plasmas as close
to experimental conditions as possible, in order to avoid st able modes as well as arti�cially large modes.

Some general results were described, �rst concerning the �l amentation of the pedestal plasma into
the SOL. It was found that the �laments are warmer with ion ene rgy than electron energy (in simulations)
due to the higher parallel conduction of electrons - � k ;e =� k ;i � 40. A large amount of current is usually
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evacuated from the plasma, and the maximum of current is loca lized at the front of the �lament. The
current density in these �laments may reach large fractions of the pedestal current (up to 80% of the
pedestal current in some cases). As an example a case was presented, where the pressure �laments does
not cross the separatrix, but the current component of the �l ament clearly reaches the SOL. Also, one
of the characteristics of �laments is that they may rotate po loidally with high speeds (several km/s). In
particular, it was shown that this rotation induces a motion of the heat-uxes on the outer divertor.
Because the ballooning mode perturbs the separatrix, the hig h parallel conductivity for Te results in the
formation of stripes near the strike point: as the mode rotates, these structures move on the divertor.
The speed of these motions was compared to measures of the Inf ra-Red camera on JET.

In order to obtain some qualitative validation of simulatio ns, the JET equilibrium #73569 was used
as a basis for collisionality scans. The scans were produced by varying density and temperature at
constant pressure, and resulted in the identi�cation of two distinct regimes. The �rst resistive regime
is found to be dominated by resistivity, so that as collision ality is lowered, temperature increases and
so resistivity decreases. Since resistivity 'excites' MHD modes, at lower collisionality, the ballooning
growth rates are smaller, and the resulting ELM energy losse s decrease, which is the opposite of what
is observed experimentally for type-I ELMs [6]. In a more ideal regime, were resistivity is decreased to
near-experimental values, and the pressure gradient is tak en to be the steepest of what is observed with the
HRTS (for pulse #73569), the growth rates of ballooning mode s are not dominated by resistivity anymore,
and the ELM size (relative to pedestal energy) is observed to increase with decreasing collisionality. In fact,
at lower collisionality, the parallel thermal conductivit y signi�cantly increases, so that more temperature
is evacuated. This is in good agreement with general experim ental results [6,18], which state that at lower
� � , ELMs become conductive rather than convective. In additio n, for this ideal scan, it was observed
that the ELM-a�ected area is not a�ected by collisionality, which is also in agreement with experiments.
However, although some reasonable agreement was obtained f or the divertor heat-uxes (time scales and
amplitude of uxes agree with the IR-camera), it was found th at the wetted area does not increase with
the ELM size, which is not the case experimentally. Such di�e rences hint that the uid transport model
used in JOREK should be improved, possibly to include some ki netic e�ects, since the Braginskii model
[23] is not su�cient to reproduce the divertor heat-uxes wi th satisfying accuracy.

One particular result obtained at low resistivity, low coll isionality, shows that multiple ELM-cycles
simulations could be obtained in near future with JOREK: ELM precursors are observed before the
ELM crash. Since simulations are started from an ideally uns table equilibrium, with very steep edge
pressure gradients, it is generally expected that the pertu rbation of toroidal Fourier modes will result in
exponential growth of a ballooning mode, leading to a pedest al crash. In some simulations, it was observed
that the perturbation does grow exponentially, but that onc e it starts perturbing the kinetic equilibrium
(so that �laments start forming inside the separatrix), the perturbation remains mild, and does not
produce a pedestal crash straight away. The ELM precursor la sts as long as the ELM crash itself. Such
precursors mean that it is possible to produce simulations w ere the pedestal pressure gradient progressively
increases (as in experiments), and slowly overtakes the ide al MHD threshold without producing some
steady turbulent relaxation, so that once the pressure grad ient is well above the stability threshold, one
obtains a large ELM crash. Simulations of such scenarios wil l be attempted in the near future.
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