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Abstract Validation of MHD models and non-linear MHD simulations on current experiments on ELM control 
is needed to provide a firm physics basis for the application of these models to ITER. Non-linear MHD 
simulations with the code JOREK of a full cycle of a pellet triggered ELM in a JET plasma show reasonable 
agreement on the ELM size. The ELM size increases as the pedestal pressure gradient approaches the ballooning 
stability limit, consistent with experimental observations. Simulations of QH-mode plasmas in DIII-D show the 
saturation of low-n kink-peeling modes into a 3D stationary state. The saturated MHD instability leads to an 
increase of the particle transport and a reduction of the pedestal density. In some simulations, a bursting 
behaviour of the kink-peeling mode is found. Analysis of the linear stability of narrow SOL profiles in ITER 
shows that these narrow profiles are stable to ballooning modes (n<50) so that these MHD instabilities are not 
likely to limit the width of the SOL in ITER. 

1.  Introduction 

ITER will use in-vessel RMP coils and the injection of small D pellets for the control of 
ELMs. Possible alternatives, not part of the ITER baseline, include the use of vertical kicks 
and operation in the QH-mode regime. Validation of MHD models and non-linear MHD 
simulations on current experiments on ELM control is needed to provide a firm physics basis 
for the application of these models to ITER. This paper describes the progress made towards 
validation in the area of the pellet triggered ELMs and QH-mode regime. The linear MHD 
stability limits of narrow scrape-off layer profiles in ITER are also presented. 
In this paper, the JOREK code [23,24] is applied for the linear and non-linear MHD 
simulations. The MHD model used in the code is the visco-resistive reduced MHD model in 
toroidal geometry. The computational domain includes the central plasma and the scrape-off 
layer. The MHD model includes parallel (and perpendicular) heat conduction with Braginskii 
type temperature dependence. Bohm boundary conditions are used on the open field lines at 
the divertor targets. The parallel velocity is set to Mach one and the convective and 
conductive heat losses are coupled through a sheath transmission factor. 

2.  ELM control: pellet pacing 

The injection of small deuterium pellets is one of the methods foreseen to control ELM 
energy losses and divertor power fluxes in ITER. In DIII-D it was shown [1] that high 
frequency pellet injection can significantly reduce the magnitude of the ELM energy loss and 
of the divertor power fluxes with pellets as small as 0.9mm (~7x1019 D atoms). In JET, with 
the ITER-like wall, pellets larger than 1020 D atoms are needed to trigger ELMs with a 
probability above 60% [2]. The trigger probability is observed to increase with the time since 
the previous ELM, with a very low probability for pellets injected within 10-20ms after an 
ELM. The energy loss of the pellet triggered ELM also increases with the time since the 
previous ELM.  
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Extrapolation to ITER of the minimum pellet size required to trigger an ELM, the resulting 
ELM size and the heat loads at the divertor requires a validated physics model to the ELM 
trigger process. Results from non-linear MHD simulations using the JOREK code [3] of 
pacing pellets injected in DIII-D have previously shown that the minimum pellet size is 
correlated with the minimum 3D pressure perturbation, created by the pellet, to destabilise a 
ballooning instability. Reasonably good agreement between experimental results and 
simulations was found on the minimum pellet size needed to trigger an ELM.  
In the non-linear MHD code JOREK pellets are modelled [3] as a 3D localised adiabatic 
particle source with a time dependent amplitude and position. The injected pellet is travelling 
at a constant speed, along a straight path. The amplitude of the integrated source at any time 
is given by the NGS model [4], which gives the pellet ablation rate as a function of density, 
temperature and pellet radius. The size of the pellet source distribution is significantly larger 
than the physical pellet size, particularly in the poloidal and toroidal directions.  
The previous analysis has been extended to the non-linear MHD simulation of ELM pacing 
pellets injected in JET discharges. The computational domain for the pellet-triggered ELM 
simulations includes the x-point geometry, open field lines and divertor. This allows the 
simulation of a full pellet triggered ELM cycle, i.e. to study the non-linear consequences of a 
pellet triggered instability and determine the ELM energy and particle losses. 
FIG. 1 shows an example of a non-linear MHD simulation of an ELM triggered by a pellet in 
JET discharge #82885 (Ip = 2.0 MA, B0 = 2.1 T, W = 2.9 MJ, ITER-like W-Be wall). The 
pellet in the simulation has a size of 3.2x1020 D atoms (compared to a nominal size of 2x1020 
D atoms in the experiment) at a velocity of 78 m/s, injected in the outboard mid-plane. The 
high-resolution MHD simulations use 20.000 cubic finite elements in the poloidal plane and 
16 toroidal Fourier harmonics (with 64 toroidal planes). The central value of the Lundquist 
number is S=6x107. The toroidal extent of the simulation pellet, limited by the toroidal 
resolution, is ∆φ=50°. The pedestal of the initial equilibrium is stable for the n=0-15 toroidal 
harmonics used in the simulations. 

         
FIG.1 (a) The magnetic energy of the toroidal harmonics as a function of time. The pellet is injected 

at t=1.25ms and fully ablated t=2.6ms. (b) The density perturbation close to the wall with an n=1 

helical structure (at t=2.3ms) 

The evolution of the magnetic energy perturbations of the toroidal harmonics (see FIG.1a) 
shows first the development of the low-n (n=1-5) modes as a response to the 3D perturbation 
of the 2D equilibrium. This is the “linear” response which occurs for any pellet size. At the 
time the pellet passes the top of the pedestal, the 3D pressure perturbation triggers a 
ballooning instability, i.e. an ELM, characterised by the growth of the higher-n harmonics. 
These harmonics are coupled to form a single helical structure, centered on the pellet 
injection position. FIG.1b shows the density perturbation on the open field lines, close to the 
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wall. The amount of energy lost due to the simulated ELM in this case is 108kJ, i.e. 
(∆W/W~3.8%). The simulated ELM energy loss is in reasonable agreement with the 
experimental values. In JET discharge #82885 the amplitude of the pellet triggered ELM 
energy loss ranges between 100 and 250 kJ, depending on the time between the pellet 
injection and the previous ELM. Note that in this ITER-like wall JET discharge the ELM 
duration is significantly longer compared to the carbon wall discharges. In the MHD 
simulations the material of the walls is not a parameter (as impurities are not modelled).  
The density loss due to the simulated ELM is relatively small at 16% of the total number of 
pellet particles, i.e. 1.3% of the total density. After the pellet ablation, during the decaying 
MHD perturbations, the density loss rate is such that added pellet particles would be lost in 6 
ms. The low density loss during the ELM relative to the energy loss implies that most of the 
energy loss is due to parallel heat conduction. This is consistent with the strong ergodisation 
of the edge of the plasma during the pellet induced MHD, amplified by the triggered ELM 
perturbation. 

  
FIG.2 The density (left) and Poincare plots at two opposing toroidal positions at the time of the peak 

loss power (at t=2.3ms). 

The magnetic tangles from pellet induced ELMs are very similar to those induced by natural 
ELMs or RMP fields, except for the difference in toroidal structure. The pellet triggered 
magnetic tangles near the x-point and divertor have the same n=1 toroidal structure as the 
single helical structure on the outboard side (see FIG. 2). This leads to the characteristic n=1 
toroidal asymmetric spiral structure in the divertor heat load on the outer divertor, observed 
both experimentally [5] and in the MHD 
simulations. 
The experimental observations that the pellet 
triggered ELM size and the pellet ELM trigger 
efficiency increase with the time since the last 
ELM, suggest a correlation with the rebuilding 
of the pedestal in between ELMs. To 
investigate the influence of the pedestal height 
on the pellet triggered ELMs, the pedestal 
pressure profile has been artificially modified, 
lowering the pedestal pressure at fixed pedestal 
width, to represent different times in the ELM 
period. The pellet size and injection are kept 
fixed. FIG.3 shows the combined energy losses 
due to the pellet induced perturbations and the 
pellet triggered ELM as a function of the 

 
FIG.3 The simulated energy loss due to a 

pellet (3.2x10
20

 D) triggered ELM as a 

function of the maximum pedestal pressure 

gradient. The shaded area indicates the 

ballooning unstable gradient without pellet. 



 

TH/6-1Ra 

maximum pressure gradient in the pedestal. There is a clear trend of increasing ELM size 
with increasing pedestal pressure gradient, i.e. approaching the ballooning stability limit for 
the unperturbed equilibrium. The case with highest gradient at 0.4 MPa/m is ballooning 
unstable before the pellet injection and leads initially to the growth of a natural ELM during 
which the pellet triggered modes are excited. The combined ELM is smaller in size compared 
to the case at 0.3 MPa/m. This is likely due to the effect of the initial natural ELM 
redistributing the 3D pressure perturbation due to the pellet. Even at the lowest gradient, there 
is a short period of growth of an ELM but leading to a smaller energy loss. For the range of 
pedestal gradients and pellet size considered here, there is no sharp transition from stable 
plasmas with low pedestal gradients where pellets do not trigger an ELM to plasmas with 
larger pedestal gradients in which pellets do trigger ELMs. This may be different for smaller 
pellet sizes. This remains to be studied. 
The dependence of the pellet triggered ELM size on the H-mode pedestal characteristics 
(FIG. 3) together with the imposed pellet injection frequency will determine the maximum 
gradient of the pedestal which can be sustained between ELMs controlled with pellet 
injection. This will give an indication of a possible performance loss due to ELM control by 
pellet injection. 

3. ELM control: QH-mode 

The quiescent H-mode (QH-mode) regime, originally developed at the DIII-D tokamak [6] 
and investigated in other current devices, has been found to provide high confinement 
without transient energy fluxes to PFCs associated with ELMs. Recently, DIII-D has made 
significant progress in the development of ELM free QH mode plasmas in an ITER relevant 
regime (low torque input [7] and high normalized density operation [8]), using the RMP coils 
to control the rotation profile. In the QH-mode, the edge harmonic oscillation (EHO) is found 
to provide a continuous edge particle transport which replaces the periodic expulsion of 
particles and energy by ELMs. The EHO is thought to be a saturated kink-peeling mode 
driven unstable by edge current and rotation, which maintains the edge pressure gradient near 
but below the ELM instability boundary [9]. Although not formally considered as an 
alternative regime for the ITER Q = 10 baseline scenario at this point, an assessment is 
needed to determine whether QH mode plasmas may be a viable option for ELM control in 
ITER. To further develop the relevant physics basis for ITER, non-linear MHD simulations 
of DIII-D QH-mode plasmas have been performed with the non-linear MHD code JOREK 
[10]. 

       
FIG.4 (a) The magnetic energy of the toroidal harmonics n=1-5 of a QH-mode simulation of DIII-D 

discharge #145117, (b) expanded initial growth phase showing the fast growth of the n=1 mode due 

to non-linear coupling. (c) The dominant n=1 perturbed poloidal flux due to an external kink mode in 

the saturated state. 
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Two representative DIII-D QH-mode discharges #145117 (Ip =1.1MA, Bt =1.9T) with 
counter neutral beam injection at first, switched to co-injection later, with 3-D non-
axisymmetric field perturbations, and #153440 (Ip =1.4MA, Bt =1.9T), with strong counter 
neutral beam injection throughout and without non-axisymmetric (NA) field perturbations 
have been used as an initial state for the MHD simulations. The equilibria are obtained from 
kinetic EFIT fits. The linear stability analysis with the ideal MHD codes ELITE and 
MISHKA-1 codes shows that, due to the presence of a large bootstrap current in the pedestal, 
these QH-mode plasmas are close to the kink-peeling mode limit (as opposed to ELMy H-
mode discharges which are closer to the ballooning limit). 
FIG.4a shows the time evolution of the magnetic energy of the toroidal harmonics n=1-5 
from the non-linear MHD simulation for DIII-D discharge #145117. These first QH mode 
simulations do not include the external non-axisymmetric field perturbations applied in this 
discharge. The boundary of the computational domain is taken to be ideally conducting. The 
initial state is unstable to resistive n=1-5 kink-peeling modes. In a first phase, the n=5 mode 
is the most unstable mode. However, due to the non-linear coupling between n=5, 4 and 3, 
the n=1 harmonic is excited with a non-linear growth rate 10 times larger than the linear 
growth rate (see FIG. 4b). After ~2 ms, the perturbation saturates into a stationary state with a 
predominantly n=1 mode structure (see FIG. 4c). In this case (without diamagnetic, 
neoclassical and toroidal rotation) the n=1 perturbation rotates with a frequency of ~1.6 kHz 
in the counter clockwise poloidal direction due to the ExB velocity, leading to an oscilation 
of the plasma boundary in the outer mid-plane with a displacement of 1.3 cm. 
The MHD instability has a strong effect on the density profile. FIG 5a compares the steady 
state profile with and without the presence of the MHD instability. The saturated kink-peeling 
mode leads to an enhanced density loss, due to the ExB flows of the mode, leading to a 
reduction of the pedestal density by about 25%. The density loss in the MHD simulations 
does not have a strong dependence on the resistivity. Reducing the resistivity (i.e. increasing 
the Lundquist number) leads to a reduction of the linear growth rate but the amplitude of the 
saturated perturbation actually slightly increases with decreasing resistivity. The associated 
density losses in the saturated state remain about the same. The temperature profile is not 
significantly affected by the MHD instability.  
The time evolution of the density in the pedestal (FIG. 5b) shows a non-sinusoidal behavior 

indicating that the 3-D stationary state is composed of multiple toroidal harmonics leading to 
some degree of toroidal localization. This is consistent with typical observations of multi-
harmonic spectra in QH mode plasmas [7,11,12]. The density losses due to the ExB flows of 
the saturated kink-peeling mode may explain the clamping of the density rise, in the absence 

      
FIG.5 (a) The density profile as a function of the normalised poloidal flux before and in the presence 

of the n=1 kink-peeling mode. (b) The normalised density at the ψN=0.95 surface as a function of 

time, showing the typical non-sinusoidal behaviour characteristic of an EHO perturbation. 
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FIG.6 Bursting behavior and saturation 

of the n=1 kink-peeling mode in 

simulations of DIII-D QH-mode #153440. 

of ELMs, in QH modes as compared to Type-I ELMy H-modes. The associated energy loss 
leads to a saturation of the pedestal pressure below the ballooning limit, thereby avoiding the 
onset of ELMs. 
Recent investigations [7,11] indicate that the EHO is possibly driven by edge rotation and 
rotation shear destabilizing kink-peeling modes. The role of the edge rotation has been 
investigated by adding the experimental toroidal rotation profile rotation (approximated by 
parallel rotation in the simulations) to the initial equilibrium. The toroidal rotation at the top 
of the pedestal in the simulations is 20 km/s for #145117. In the simulations, the parallel 
rotation profile (with a strong rotation shear at the pedestal) at this amplitude does not 
significantly change the linear growth rates or the non-linear evolution [10]. The saturation 
levels are comparable with and without toroidal rotation, although the case with rotation 
exhibits a more irregular time behaviour. The density (and pressure) at the top of the pedestal 
is reduced by 25% in both cases. 
Non-linear MHD simulation of DIII-D discharge 
#153440 shows a different non-linear behavior. 
Instead of a saturation into a 3D stationary state, a 
regular bursting behavior is found (see FIG.6). In 
this bursting regime, there is no significant density 
loss observed in the simulations. The frequency of 
the bursts is about 1-2kHz. This frequency increases 
with increasing pedestal current and decreases at 
higher parallel flows. The origin of the difference in 
behavior between saturation and bursting behavior 
has not yet been identified but is related to the 
resistivity. In simulations at lower resistivity, 
(S=1.6x107), the saturated solution is recovered. 
To study the influence of a resistive wall on the stability and saturation of the kink-peeling 
mode, the JOREK code has been coupled with the STARWALL code [13,14]. STARWALL 
solves the linear equations in the vacuum and an arbitrarily shaped (thin) resistive wall, 
providing the free-boundary boundary conditions for the JOREK code. JOREK-STARWALL 
has been successfully benchmarked on VDEs and resistive wall modes [13]. Initial results 
show that also with the resistive wall the influence of the parallel rotation on the saturation 
level is small (varying the rotation speed from the experimental value at the top of the 
pedestal 80km/s down to 20km/s). In some cases, the n=1 mode is found to lock to the wall. 
In the MHD simulations, the saturation of the peeling-kink mode does not necesarily require 
a finite rotation. The formation of islands and an ergodic layer in the pedestal, as found in the 
simulations, are likely to contribute to the saturation. However, it is expected that the 
perpendicular/poloidal diamagnetic and neoclassical flows will have a significant effect on 
the non-linear behaviour. This is under study. 

4. MHD stability of narrow SOL  

Recent observations [15] of the Scrape-Off Layer (SOL) heat flux width λq of the inter-ELM 
SOL for low density H-modes with attached low recycling divertors show a clear inverse 
dependence on the poloidal field and no significant scaling with other parameters. 
Extrapolating such observations directly to ITER QDT=10 plasma scenarios results in a very 
narrow λq ~ 1 mm. This is a factor of 3-4 smaller than previously assumed in ITER modelling 
[16] and leads to heat fluxes in the SOL a factor of 3-4 larger than previously considered. 
ITER operation is feasible with these larger heat fluxes by increasing the plasma density in 
the upstream SOL and the radiated power density by impurities near the divertor strike point 
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maintaining a semi-detached divertor [16]. The small heat flux width does pose additional 
control challenges during transient phases (re-attachment, confinement transients, etc.). 
The small width of the heat flux profile implies a very steep pressure profile in the SOL. In a 
isothermal sheath limited regime, the ratio of λq and the pressure decay length λp is between 
0.67 and 1.0 [17]. However, in the conduction limited regime, λq/λp varies between 0.35 and 
4 depending on the relative scale lengths of the temperature and density profiles [17]. 
The so-called heuristic-drift model [18], in good agreement with the observations [15], 
derives the scaling with the poloidal field in terms of particle drifts. This model does not 
include MHD stability limits which may become relevant in the extrapolation to very small λp 
in ITER. Ballooning modes, driven by the local pressure gradients, are the most likely MHD 
instability to become unstable. 
The ballooning stability limit has been evaluated 
for a reference ITER Q=10 scenario from 
Corsica modelling [19]. As a first approximation, 
the ideal MHD ballooning limit for infinite 
toroidal mode number n, at the plasma boundary 
but inside the separatrix (ψN=0.995) is 
determined with the HELENA code [21]. This 
yields a local limit to the pressure gradient 
between 1.2 and 2.1 MPa/m. The ballooning 
stability limit strongly depends on the assumed 
local bootstrap current. The upper limit in the 
pressure gradient corresponds to the full 
bootstrap current, the lower limit assumes a 
reduction of 50% of the edge bootstrap current. 
In some cases the edge is in the second stable 
regime where there is no n=∞ ballooning limit. FIG. 7 compares the n=∞ MHD stability limit 
with the pressure gradient in the outboard mid-plane in the SOL from a SOLPS simulation 
with a λq=1.2mm [16]. With the assumption that the ballooning limit just inside the separatrix 
can be used as a proxy for the limit in the SOL, the maximum pressure gradient in the SOL is 
found to be stable, even at this low λq. The pressure scale length at ψN=0.995 at the stability 
limit varies between 5 and 8 mm, consistent with earlier estimates from [22].  
There is no obvious justification for the assumption that the MHD stability limits in the 
pedestal and the SOL are comparable. The MHD stability of the domain including the 
pedestal, the separatrix and the SOL can be determined with the MHD code JOREK. The 
initial equilibrium is constructed from the CORSICA scenario. The SOL profiles of the 
density and temperature are adjusted by choice of the parallel and perpendicular transport 
coefficients. The initial state is evolved to a new quasi-steady equilibrium state. The 
numerical representation of the SOL profiles with a λp=1.2 mm requires locally an extreme 
radial resolution with a width of the cubic finite elements of just 0.1 mm. The poloidal 
direction is divided into 400 cubic elements, aligned with the equilibrium flux surfaces. The 
maximum pressure gradient in the SOL (at the separatrix) is 3.5 MPa/m, well above the n=∞ 
ballooning limit inside the separatrix.  
The JOREK simulations use a reduced MHD model in toroidal geometry with a constant 
magnetic Reynolds number of S=3.3x107. The finite resistivity is known to lower the stability 
limit relative to the ideal MHD limit. The JOREK simulations using a domain including only 
the SOL show that the SOL pressure profile is stable to ballooning modes for all toroidal 
mode numbers analysed, n ≤ 50. Only when part of the core plasma inside the separatrix is 
included in the domain n=40-50 ballooning modes become unstable. FIG.8 shows the growth 

 
FIG.7 The pedestal and SOL pressure 

gradient for a typical ITER H-mode 

scenario with λq=1.2mm, including the 

n=∞ ballooning stability limit at the 

ψN=0.995 surface. 
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rate as a function of the radial width of the domain for an n=40 ballooning mode. For this 
case a minimum width of 7 mm of the core plasma needs to be included to become unstable. 
With the finite resistivity and not including diamagnetic effects, this can be considered a 
lower limit for the stability limit. The reason for the stability of the narrow SOL profile is 
likely due to the narrow width. Although the local pressure gradient is very large, the volume 
over which it extends is small. This limits the free energy available to drive the instability. 
Also, finite-n ballooning modes have a finite radial width which scales like n1/2 to n1/3 [20]. 
This means that only very high-n ballooning modes would fit into a narrow SOL. However, 
the very high-n ballooning modes are likely stabilized by diamagnetic effects. Finally, the 
line-tied boundary conditions at the divertor target also provide some stabilization. 
In conclusion, the present analysis indicates that MHD stability limits are unlikely to limit the 
scale-length of the pressure and heat flux in the SOL in ITER Q=10 plasmas down to λp~1 
mm. 

     
FIG.8 a) Mode structure of an n=40 ballooning in the ITER pedestal and SOL with λp=1.2m. b) Growth rate of 

the n=40 ballooning mode as a function of the inner radius of the simulation domain. 
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