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Abstract 
The ideal MHD model of peeling-ballooning modes for the onset of the ELM is 
reviewed with some of the previous results that lead to the present understanding of 
the MHD stability of the edge transport barrier. Extensions to the ideal MHD theory 
are discussed followed by recent developments in the observations, theory and 
simulations of the non-linear phase of the ELM and the peeling and ballooning 
modes. 



Introduction 
 
In the early 1980s a new regime of high confinement was discovered in the ASDEX tokamak 

[Wagner1982]. The improved confinement in this so-called H-mode regime (High as opposed 

to Low in L-mode) is due to a reduced level of heat and particle transport in a narrow region, 

a transport barrier, at the edge of the plasma. In the transport barrier, typically several 

centimetres wide, the profiles of the density and temperature exhibit large gradients. In the H-

mode regime a new instability was observed which has its largest amplitude at the plasma 

boundary. The instability was named Edge Localized Mode or ELM by Keilhacker et al. 

[Keilhacker1984]. The same instability was observed during the H-mode in PBX [Kaye1984] 

where the instability was named Edge Relaxation Phenomena (ERP).  

ELMs, as they are now commonly known, are characterised by repetitive spikes in the Dα 

emission indicating a loss of particles from the main plasma arriving at the divertor. The loss 

of particles is accompanied by a loss of energy at each ELM, of the order of 1-10% of the 

energy stored in the transport barrier (itself about half the total plasma energy). 

An ELM lowers the density and temperature gradients in a very short time, typically of the 

order of 200µs. The losses are not limited to the edge pedestal but can extend up to as much 

as 20% of the plasma radius from the edge inwards. After which the ELM disappears, the 

plasma recovers and the density and temperature gradients build up until the next ELM is 

triggered. The length of this recovery phase determines the frequency of the ELMs. This 

depends on how much energy/particles was lost and the heating power/particle source into the 

transport barrier. The occurrence of ELMs is not necessarily negative. Although ELMs do 

decrease the energy confinement time, they are beneficial for the control of the density and 

impurities. 

The energy confinement in H-mode plasmas is linked to the strength of the transport barrier. 

Efforts to improve the confinement have lead to the use of highly triangular plasma shapes. 

As a consequence, the ELMs occur at a higher pressure gradient and their frequency is 

reduced, leading to large amplitude ELMs. The combination of large amplitude ELMs and 

their short timescale leads to transiently very large energy flows into the divertor and large 

heat loads on the plasma facing components. In present day tokamaks the ELM induced heat 

loads are still acceptable but extrapolations to ITER has identified some causes for concern 

[Federici2003]. Depending on the dominant type of ELM losses (‘convective’ or 

‘conductive’) that can be expected in ITER ELMs may be acceptable in ITER or may cause a 

strong erosion of the divertor [Loarte2004]. The extrapolation of the ELM size from present 

day machines to ITER is still very uncertain. The result depends strongly on the relevant 



parameters used in the extrapolation. As a function of collisionality the trend is towards very 

large ELMs in ITER but in contrast using the parallel convection time in the scrape-off layer 

leads to more optimistic estimates. At this moment, there is no theory or model available 

which can guide the choice of extrapolation parameter. 

This uncertainty has motivated a large effort in the characterisation of many aspects of ELMs 

in order to improve the understanding of ELMs and their consequences. Especially it has 

motivated the search for plasma regimes with small ELMs and for methods to control the 

occurrence and size of the ELMs. The interest in ELMs is reflected in the existing reviews on 

ELMs both on experimental and theoretical issues [Zohm1996] [Connor1998] [Suttrop2000] 

[Becoulet2003]. 

In the first section of the paper, the evolution of the MHD model and interpretation of the 

ELMs is presented in historical order, arriving at the present-day status of peeling-ballooning 

model for the (onset of) ELMs. The status of the comparison of the peeling-ballooning model 

with experimental data is indicated. In the next section, additional physics effects are 

discussed which are still actively developed and not yet part of the standard analysis of the 

experimental data such as diamagnetic flow, sheared toroidal flow and the influence of the 

separatrix geometry. After the discussion of the linear MHD issues, the theory, simulation and 

some of the observations of the non-linear evolution of the ballooning modes are reviewed. 

Finally, the recent experimental results on the control of the ELMs are mentioned. 

 

MHD Interpretation and Modelling : Linear ideal MHD 
 
Due to the fast rise time and the presence of a magnetic perturbation, the ELM was early on 

identified as an ideal MHD instability. [Wagner1982, Keilhacker1984]. In the first paper 

where ELM are discussed, it was concluded that the pressure is probably not an important 

factor since ELMs occur at a range of plasma pressures (poloidal beta from 0.5 up to 3). The 

ELMs (in ASDEX) did not appear to be linked to a rational surface, the ELM repetition 

frequency was observed to increase with the qa (the value of q at the boundary). The 

importance of the current profile and the current diffusion time was indicated by the 

dependence of the ELM frequency on the gas puffing and the mass number. The ELM was 

interpreted as a surface kink (or tearing) mode (which now would be called a peeling mode) 

driven unstable by the increased current density close to the boundary due to the higher edge 

temperature.  

The first comparison of measured experimental pressure profiles (in DIII-D) with calculated 

MHD stability limits was presented by Gohill [Gohill1988]. The electron pressure profile 



(measured with a 28 point Thomson scattering diagnostic) shows large pressure gradients a 

the edge of the plasma reaching a maximum just before an ELM. The pressure gradient drops 

to L-mode values afterwards. Taking the ion pressure to equal the electron pressure, the pre-

ELM edge pressure gradient (at the radius ψ=0.95) agrees within error bars with the 

ballooning stability limit for infinite n toroidal mode number. (The n=∞  ballooning modes 

are the most unstable modes.) The, for ballooning modes expected, dependence on the edge 

shear was also demonstrated. It was concluded that the plasma edge is not in the so-called 

second stable regime as opposed to the proposal by Bishop [Bishop1986]. (In the second 

stable regime the n=∞  ballooning modes are unconditionally stable for any pressure 

gradient.) In this analysis the edge current density was not included as a parameter. An 

important consequence of the interpretation that the pressure gradient is limited by n=∞  

ballooning modes is that the confinement in H-mode plasma can be improved/optimised by 

increased shaping of the plasma boundary (ellipticity, triangularity). 

The importance of the edge current was stressed by Manickam [Manickam1992]. It was 

proposed that the ELMs are external kink modes driven by the increased edge current density 

in H-mode plasmas due to the higher edge temperatures. (This is conform with the initial 

interpretation of the ELMs in ASDEX). This was motivated by the observations of low-n 

ELM precursors in PBX-M [Kaye1990] and ASDEX [Toi1989]. A study of the stability of 

low-n (n=1 is the most unstable external kink mode) in circular plasmas showed the 

importance of destabilising edge current and stabilising edge shear. The two parameters are 

linked in that increasing the edge current lowers the edge shear. When the value of q at the 

edge is just below a rational value a specific type of external kink mode, the peeling mode, 

becomes unstable. The peeling mode is strongly localised and is dominated by one single 

poloidal harmonic. The importance of the edge current for the drive of the external kink 

modes lead to the suggestion of negative current drive (for example a current ramp down) to 

control or mitigate the ELMs. 

In the study of the MHD instability [Strait93, Ferron94] (now called a giant ELM) that 

terminates the DIII-D VH-mode regime, the bootstrap current was identified as the dominant 

source of current at the edge of the plasma. (In addition to the increased edge current due to 

the higher temperature in H-mode plasmas compared to L-mode plasmas). It was concluded 

that both the edge pressure gradient and the edge current density are important for the drive of 

the low-n (n=3-5) modes. The MHD stability of the reconstructed equilibria just before the 

onset of the instability was presented in a 2D stability diagram as a function of both the 

current density and pressure gradient. The stability limits of the low-n modes were found to 

consistent with the onset of low-n instabilities in terminating the VH-mode phase. 



The stability limits of the low-n kink modes and n=∞ ballooning modes in JET hot-Ion H-

mode plasmas were combined into an edge stability diagram as a function of edge current and 

pressure gradient [Huysmans95]. The low-n kink modes are destabilised by the edge current 

density but stabilised by the edge pressure gradient for values below the first ballooning 

stability limit. The stabilisation is due to the favourable average curvature experienced by the 

low-n modes. The pressure gradient becomes destabilising for values around the n=∞ 

ballooning limit first for the medium n (n~4) modes and eventually also for the n=1 mode. 

With increasing edge current, the edge shear is reduced and the n=∞ ballooning stability limit 

disappears (the second stable regime). Combining the low-n and n=∞ stability limits 

introduces the question whether the second stable regime can be accessed without 

destabilising a low-n kink mode. The stable access is facilitated by strong plasma shaping 

(high triangularity), high poloidal beta and high q95. In JET Hot-Ion H-modes with a low 

collisionality and correspondingly large bootstrap currents, at low triangularity, the low-n 

kink modes are unstable before the edge becomes second stable to ballooning modes. In high 

poloidal beta (βp ~ 2.5) JET H-mode plasmas it was found that the required current density for 

access is lower and the low-n kink modes are more stable such that stable access is possible. 

 

This then leads to the question which MHD instability, if any, limits the pressure gradient 

when the plasma is in the second stable regime (for n=∞ ballooning modes) and the low-n 

kink modes are stable. The answer came with the development of the theory for the edge 

MHD stability by Connor et al. [Hegna96, Connor98, Wilson99] which combines the stability 

of peeling modes, finite-n ballooning modes and their interaction. An energy functional was 

derived, through an expansion in toroidal mode number, which contains both the ballooning 

(pressure gradient) and peeling (current density) contribution. The coupling between peeling 

and ballooning modes leads to a reduction of the stable region in the stability diagram. 

Notably in the second stable regime, the remaining MHD stability limit is due to so-called 

peeling-ballooning modes with a finite toroidal mode number [Snyder2002, Becoulet2003]. In 

this regime both the edge pressure gradient and the edge current are destabilising. 

 
Current Status 
 
At present several linear MHD stability codes exist which can routinely evaluate the MHD 

stability of the edge pedestal in H-mode plasmas. The development of the peeling-ballooning 

theory for the edge MHD stability using the expansion in toroidal mode number (1/n) has 

allowed the efficient implementation of a linear edge MHD stability code, ELITE, for finite-n 

modes [Wilson99]. At the same time it has become clear that the global linear ideal MHD 



stability codes MISHKA-1 [Mikhailovskii97] and KINX [Medvedev2003] are accurate 

enough to study the range of mode numbers between typically n=1~50. The KINX code has 

the unique feature that it can evaluate the stability of plasmas with an x-point (The ELITE and 

MISHKA-1 codes take the plasma boundary to be a closed flux surface just inside the 

separatrix). 

 

Figure 1 shows an example of an edge stability diagram (for a JET H-mode discharge, 

ellipticity 1.6, triangularity δupper=0.17, δlower=0.25) [Saarelma2005]. The stability limits of the 

modes with mode numbers n=1,2,3,4,6,8,10,12,14,16,18,20,24,28,32,36,40 have been 

calculated with the MISHKA-1 code. To map the diagram, the edge pressure gradient and the 

edge current are multiplied with a constant while keeping the total current and the total 

pressure constant. Included is the n=∞ ballooning stability, showing that in this particular case 

the second stable region obtained for currents larger than 65% of the experimental value. 

However, at this low triangularity there is no gain in maximum pressure gradient because the 

finite-n (here n=20) limit due to peeling-ballooning modes is at the same level as the first 

ballooning stability limit. At higher triangularity the medium-n stability limit can be 

significantly higher [Becoulet2003, Snyder2004]. 

Figure 2 shows examples of typical mode structures of an n=1 kink (peeling) mode driven by 

the edge current density at low pressure gradient, an n=32 ballooning mode driven by the 

pressure gradient at low current density and a n=20 peeling-ballooning mode driven by both 

the pressure gradient and the current density.  

 

The relevance of a model/interpretation of ELMs can, in the end, only be determined by 

comparison of its predictions with the experimental observations. In the case of the linear 

MHD model, the predictions are the maximum pressure gradient observed before the 

occurrence of the ELM as a function of plasma parameters such as plasma current, plasma 

shape (triangularity) etc. The edge current density is at the moment the result of the 

calculation of the bootstrap current (in combination with the reconstruction of the 

equilibrium). The edge current density is therefore not an independent parameter but this will 

change when accurate measurements of the current density become available [Thomas2004, 

Fenstermacher2005]. The radial and poloidal structure and most unstable toroidal mode 

number of the linear MHD instabilities can also serve as quantities that can be compared with 

observations. 

 



The linear ideal MHD model appears to be very successful when its predictions are compared 

with experiment. Recent comparisons of the measured maximum pressure gradient with the 

predicted limits from ideal MHD codes show a good agreement. In DIII-D it was shown by 

Snyder [Snyder2004] that both the comparison of individual discharges and the comparison of 

the stability limits of a large set of model equilibria with the DIII-D pedestal database are in 

good agreement. The agreement includes the dependence of the maximum pedestal pressure 

on the plasma current and on the triangularity. It is worth noting that the bootstrap current 

must be included into the analysis to obtain the correct dependence on triangularity. The edge 

current is necessary to stabilise the high-n modes (the second stable regime) and arrive at the 

higher stability limit for medium-n peeling-ballooning modes (as indicated previously).  

There is some indication of a correlation between the width of the linear mode structure and 

the observed ELM affected area [Snyder2002]. However this is not consistently observed 

[Leonard2003] and cannot be used to extrapolate to the size of the ELM as measured in the 

total lost energy [Loarte2004]. 

A direct comparison of the pressure gradients in JET H-mode discharges (optimised for 

diagnostic coverage) with the ideal MHD stability limits due to peeling and ballooning modes 

also shows a good agreement [Saarlema2005, Lonnroth2004]. 

 

Extensions to the ideal MHD model 
 
Given the success of the static linear ideal MHD peeling-ballooning model it will be a 

challenge to confirm the necessity of additional physics in the ideal MHD model. Candidates 

for relevant extensions are the influence of diamagnetic flow, (sheared) toroidal flow, the 

influence of the separatrix, resistivity, viscosity, additional finite Larmor radius effects, …  

 

Diamagnetic flow 

The diamagnetic flows in the plasma, driven by the pressure gradient, are known to have a 

stabilising influence on ideal MHD modes. The diamagnetic flows will be particularly 

important in the edge pedestal due to the large local pressure gradient [Rogers1999, 

Huysmans2001]. 

To first order the stabilisation can be described by the simple formula: 

 2
*( ) idealω ω ω γ− = −  *

0 0

nq dp
B r dr

ω τ
ρ

=  (1) 

where Re(iω) is the growth rate of the mode including the diamagnetic drift ω*, the ideal 

MHD growth rate is given by γideal. This predicts full stabilisation of the ideal instability when 



the diamagnetic frequency ω* is larger than twice the ideal MHD growth rate. Given that the 

ω* increases linearly with toroidal mode number and that the growth rate of the ballooning 

modes tends to a finite value for n → ∞ , the diamagnetic stabilisation will be particularly 

effective for high n mode numbers. Thus the diamagnetic flow is likely to determine the most 

unstable toroidal mode number in the region of the first ballooning stability limit (where 

n = ∞ is the most unstable ideal MHD mode) 

Expressed in normalised quantities ( 0ρ  is the mass density normalised to the value on the 

magnetic axis, 0B  the magnetic field normalised to its value on axis), the diamagnetic 

frequency ω* increases linearly with the parameter τ  ( 0 01 ieR M nτ µ= , with 0R the major 

radius, M  the ion mass, and in  the ion number density) which is the inverse of the ion-

cyclotron frequency normalised to the Alfvén time. This indicates that the largest effect of the 

diamagnetic stabilisation can be expected in small machines at low density. To establish the 

relevance of the diamagnetic stabilisation experimentally will require a careful analysis of the 

density dependence of the maximum pressure gradients. The density dependence of the 

stability limits is however complicated by the reduction of the bootstrap current at increased 

collisionality (density). The stabilisation at low density may be one of the reasons for the 

good confinement regimes at low density like the JET hot-ion H-mode and the DIII-D VH 

mode. 

The simple model (1) is local or assumes a constant value for the diamagnetic frequency 

across the width of the instability. This is not generally applicable for ballooning modes in the 

edge pedestal where the typical width of the instability extends well beyond the edge pedestal 

into the small pressure gradient region where the diamagnetic frequency is low. This leads to 

a large variation of *ω  across the width of the mode. This situation was analysed theoretically 

by Hastie et al [Hastie2000]. It was found that the strong variation of *ω  across the mode 

leads to a less efficient stabilisation such that an approximately 50% higher value of *ω  is 

needed for full stabilisation.  

The radial variation of *ω  has been implemented as an extension to the MISHKA-1 code 

[Huysmans2001]. Numerical simulations including the radial variation of *ω  show that in this 

case the *ω  stabilisation can be incomplete leading to a large reduction of the growth rate but 

not to full stabilisation (for any value of *ω ). An example of the incomplete stabilisation for 

an n=20 peeling-ballooning mode (see Fig.2) is shown in figure 3.  



Due the diamagnetic flow the instabilities also obtain a finite frequency. This frequency can 

be large enough to cause a significant overlap with the Alfvén and slow continua. As a 

consequence a dissipation mechanism similar to the dissipation model [Bondeson2003] used 

in the resistive wall mode modelling may be required. The additional dissipation may lead to 

complete stabilisation. 

 

Separatrix 

Even though the ELMs occur in plasmas with a separatrix geometry with one or two X-points, 

the geometry is not commonly taken fully into account. Most MHD stability codes work with 

a straight field line flux surface coordinate system which is not well defined at the X-point 

where the gradient of the poloidal flux goes to zero. To avoid this singularity in the coordinate 

system, the plasma is commonly truncated just inside the separatrix. Although the neglected 

volume is very small, this truncation can have a dramatic effect on the stability of peeling 

modes. The stability of the peeling mode critically depends on the presence of a rational 

surface just outside the plasma boundary in the vacuum. The truncation changes the value of q 

at the boundary from infinite at the separatrix to a relatively low value.  

The influence of the separatrix has been studied by Medevedev [Medvedev2003,2004] using 

the KINX stability code. The KINX code can include the separatrix in the analysis (a non-

standard boundary condition is implemented which sets the ξ ψ⋅∇
� �

component of the 

displacement to zero at the x-point). A stabilisation of the peeling modes was found. There 

remains a stability limit due to the external kink (not peeling) mode but at a much higher 

value of the edge current density, typically at J||edge/<J>~1. As a consequence the restriction 

on the access to the second stable regime due to the ideal MHD peeling mode is much 

reduced. 

The strong stabilising influence of the separatrix on the ideal MHD peeling modes was 

recently confirmed using the newly developed JOREK code [Huysmans2005]. In the JOREK 

code the full magnetic geometry is used including the separatrix and the open field lines 

outside the plasma. The region outside the separatrix is treated as a low-density highly 

resistive plasma. Like the ideal MHD peeling modes, the resistive peeling modes are also 

stabilised by the presence of the separatrix. However a new resistive instability was found 

which does not critically depend on the edge q value. This instability, a so-called peeling 

tearing mode, has almost the same kink-like mode structure except close to the separatrix 

where the displacement changes sign, typical of a tearing like mode. Figure 4 shows the 

growth rate of the resistive n=1 kink mode for 3 plasma shapes, the plasma shape 

corresponding to the ψ=99% flux surface, the ψ=99.8% surface and the actual separatrix 



plasma. The typical resonant behavior of the peeling mode growth rate as a function of q is 

only found for the ψ=99% surface. The remaining instability in the presence of the separatrix 

(or approaching the separatrix at 99.8%) is the peeling-tearing mode which does not show a 

strong dependence on a specific q value. 

 

Toroidal flow 

The presence of a sheared toroidal flow has been shown to have (in general) a stabilising 

influence on ballooning modes. It was shown by Cooper [Cooper88] that the flow shear 

changes the time behaviour of the ballooning instability from a purely exponentially growing 

mode to an instability with phases of fast growth alternating with periods of slow growth or 

decay (see also Furukawa2005]). The resulting net growth rate is an average (over time or 

over the so-called ballooning angle) of the instantaneous growth rate. Since the average is 

over both destabilising low field side and stabilising high field side, the net growth rate is 

reduced by the flow shear [Miller1995, Webster2004, Connor2004].  

As for the diamagnetic flow, the stabilising effect of the flow shear is largest for n → ∞ . The 

relevant parameter for the stabilisation is the flow shear relative to the magnetic shear q∂Ω ∂  

which needs to be of the same order as the maximum growth rate to stabilise the ballooning 

modes [Furukawa2005]. A second effect of the rotation shear is a reduction of the width of 

the ballooning mode. Without flow shear a ballooning mode typically spans ∆m~n-1/2 (or 

∆m~n-1/3  for edge ballooning modes [Connor 1998]). In the presence of sheared flow the 

width reduces to /m q rα ′∆ Ω�  [Connor2004] where ′Ω  is the radial derivative of the 

toroidal flow. 

A first application of the shear flow implemented in the ELITE edge stability code 

[Snyder2004a] to the stability of DIII-D discharges shows that for typical values of the 

measured flows, the stabilising influence of the flow is only noticeable for small growth rates 

close to marginal stability. The shear flow does not appear to significantly change the stability 

boundaries of the medium n peeling-ballooning modes. 

 

Non-linear evolution 
 
The limits to the equilibrium pressure gradient and the current density in the edge pedestal 

appear to be well described by the linear MHD stability limits due to external kink (peeling) 

and ballooning modes. However the linear MHD model cannot predict the size (the value of 

the pressure gradient after the ELM) nor the duration over which the energy is lost. These two 



parameters are essential to evaluate the impact of ELMs in future machines. Complete models 

that predict the size and duration of an ELM do not yet exist. This is likely to require large-

scale numerical simulations including both the closed flux surfaces and the open field line 

region of the scrape-off layer. 

 

Experimentally, significant progress has been made on the non-linear evolution during the 

ELM with the observations in MAST using a high speed camera [Kirk2004, Kirk2005]. The 

view of the whole plasma (made possible by the tight aspect ratio in MAST) clearly shows the 

presence of a filamentary structure during the ELMs. These structures erupt from the outboard 

side with a typical timescale of ~100 µs. The structures are aligned to the magnetic field lines 

with a toroidal mode number between 8 and 16. These filaments are very localised in the two 

directions perpendicular to the field lines with a typical size of 10 to 15 cm. Similar numbers 

are obtained from the interpretation of the Langmuir probe data. The filaments are also 

observed in high resolution measurements of the density profiles. 

Evidence for filamentary structures is also found in AUG [Eich2003,Eich2005]. The infrared 

images of the divertor area show characteristic stripes outside the main strike point, only on 

the outboard side. These field-aligned stripes have been interpreted as coming from filaments 

originating from different toroidal angles. The derived toroidal mode number evolves from 

3 5n ≈ −  at the ELM onset to n~12-14 at the time of the maximum power flux.  

Indications for fine structure of the ELM perturbation have also been observed in DIII-D in 

images of CIII emission, the 2d beam-emission spectroscopy and fast scanning probe and 

density measurements [Fenstermacher2005]. 

An important detail of the observations of the filament structures is that the structure 

themselves do not contain enough particles and energy to account for the ELM losses by the 

loss of the filament(s) from the main plasma. 

 

Nonlinear theory/modelling 

The simplest non-linear models of the ELM evolution, as commonly included in transport 

codes, evaluate the linear MHD stability limit as a function of time and increase the transport 

at the edge by a large factor to simulate the ELM losses when a stability limit is exceeded 

[Lönnroth2004]. This procedure can reproduce an ELM cycle and is useful for transport 

simulations of H-mode plasmas but does not have any predictive capability on the size of the 

ELMs. 

In the model proposed in [Becoulet2003,2005a] the evolution of the linear MHD instabilities 

are followed in time with their exponential growth rate when the modes are unstable. Using a 



3D non-linear transport code, TELM, the transport induced by the magnetic field perturbation 

and the displacement of the linear ballooning instability is calculated as a function of time. 

The increased transport reduces the pressure gradient in a region consistent with the width of 

the linear mode structure. The amplitude of the damping of the instability once the pressure 

gradient is below the stability limit is an important parameter in this model. The damping 

determines how long the mode induces a large transport and thus how far the pressure 

gradient descends below the stability limit and the size of the ELM. The damping of the stable 

mode linear ballooning mode can in principle be calculated but has been taken to be an 

adjustable parameter to adjust the size of the ELM to the experimental observations. 

 

The theory for the early non-linear evolution of ballooning modes in geometry of a tokamak 

was developed by Cowley and Wilson [Cowley2003, Wilson2004]. The linear evolution 

equation for the ballooning mode is extended with a quadratic term representing the non-

linear drive due to the weakening of the stabilisaing field line bending as the flux tube 

expands. This gives rise to an explosive evolution of the instability and a narrowing of the 

mode in the poloidal direction. An additional third order term resulting from the evolution of 

the pressure gradient leads to a widening in the radial direction as the local pressure gradient 

at the centre of the mode is moved outwards by the instability. The resulting picture is that of 

a localised flux tube being expelled from the main plasma in an explosive manner. This flux 

tube is connected back to the plasma. This model could well explain the filamentary 

structures observed in MAST and AUG. The loss mechanism of the energy is however not 

contained in this model. A possible option for the loss mechanism is the so-called ‘leaky hose 

pipe’ model which assumes that the expelled flux tube makes a connection from somewhere 

inside the plasma across the separatrix into the scrape-off layer [Wilson2004]. It is not clear 

how the energy is lost from the ‘hose-pipe’. In the parallel direction the flux tube is thought to 

reconnect back to the plasma. The energy loss may come from the diffusive transport due to 

the very large radial pressure gradient across the flux tube. Another proposed loss mechanism 

is that the flux tube extending across the pedestal reduces the shear flow in the pedestal 

thereby removing the stabilisation mechanism of the turbulence leading to a temporary loss of 

the H-mode. 

 

The early non-linear evolution of the peeling-ballooning modes has been studied 

[Snyder2005] using large-scale numerical simulations with the BOUT code. The BOUT code 

solves the reduced electromagnetic Braginskii equations. The simulation geometry is a 3D 

annulus around the separatrix including open and closed field lines. The results show that the 



linear peeling-ballooning mode can evolve non-linearly into a finger like structure. The 

interaction of a low-n mode, driven by the non-linear interaction of the medium-n modes, 

with the dominant ballooning mode leads to the growth of one of the ‘lobes’ of the ballooning 

mode. This occurs at the toroidal angle where low-n mode and the high-n ballooning mode 

enforce each other. This evolution shows similar features as the non-linear ballooning theory 

by Cowley and Wilson. With the filament formation, an explosive time behaviour is also 

observed in the BOUT simulations. Depending on the spectrum of unstable modes and the 

starting conditions in the BOUT simulations, the ballooning mode can also evolve while 

keeping the high-n toroidal symmetry of the linear mode. The simulations have not yet 

progresses to complete a full ELM crash. 

 

Starting at the low end of the spectrum of toroidal mode numbers, the non-linear evolution of 

the n=1 external kink (peeling-tearing) mode has been simulated with the JOREK code 

[Huysmans2005]. The JOREK code evolves the reduced MHD equations in time in toroidal 

geometry including the central plasma, the separatrix and the open field lines in the scrape-off 

layer. The n=1 peeling-tearing mode saturates non-linearly into a structure that is 

characterised by a mostly kink-like perturbation but with a relatively large island-like 

structure close to the x-point inside the separatrix. The density profile of the saturated state is 

shown in Figure 5. The saturation of the n=1 kink mode is consistent with the long-lived low-

n precursors observed in JET [Perez2004] which have been identified as external kink modes 

by comparison of the measured plasma perturbation with the linear kink mode structure 

[Huysmans1998]  

 

ELM control/mitigation 
 
The large heat fluxes induced by the type I ELMs and their possible consequences on the 

ITER plasma facing components has stimulated research to reduce and control the size of the 

ELMs and the peak heat flux [Becoulet2005]. The progress in the reduction and control of 

ELMs has been mostly experimental; no complete models exist that are able to predict the 

energy lost and the time scale of the losses.  

A small ELM regime (grassy ELMs) has been found at high poloidal beta, high q95 and high 

triangularity in JT-60U [Kamada2000]. These parameters are related to the access condition 

to the second stable regime for n=∞ ballooning modes and stabilising for low-n kink modes. It 

is however not clear how this could be related to the smaller size of the ELM crash. In AUG 

[Stober2001] the relevant parameters for small ELMs (type II) are high triangularity, high q95 



and high density. Similar Small ELM regimes have also been found in JET [Saibene2005]. 

The small ELMs (type II) in JET coexist with the larger (type I) ELMs except at the highest 

edge collisionality. The grassy ELM regime (similar to the JT60-U regime) has been observed 

at high values poloidal beta (>1.6).  

It has been proposed that in the small ELM regimes the reduction of the width of the linear 

MHD instability (as compared to the mode width at low q, triangularity and poloidal beta) is 

causing the smaller ELMs [Saarelma2003, Lao2001]. The exact correlation between the width 

of the affected plasma area (assumed to be related to the linear mode width) and the size of 

the ELM is not clear (for one the amplitude of the perturbation is not determined) 

[Loarte2004].  

The size of the ELMs can also be controlled by external means. In AUG, the frequency (and 

as a consequence the size) of the ELMs was successfully controlled by the injection of small 

pellets [Lang2003]. In TCV, the ELM frequency could be controlled by rapid oscillations of 

the vertical position of the plasma [Degelink2003]. This was attributed to the currents induced 

in the edge of the plasma where the ELM is induced by an increase of the edge current. 

Instead of controlling the frequency and size of the ELMs, another option is to avoid ELMs 

all together by controlling the edge pressure gradient. In DIII-D, it was shown that the 

application a small external magnetic field perturbation with a n=3 toroidal mode number can 

lead to an almost complete suppression of the large type I ELMs. [Evans2004, Moyer2005]. 

The large type I ELMs are replaced by small events (possibly type II ELMs). Recently, at low 

collisionality, a complete suppression of ELMs was obtained [Evans2005]. One proposed 

explanation is that the magnetic perturbation leads to an increase of the transport in the edge 

pedestal thereby reducing the pressure gradient below the stability limit [Becoulet2005].  

 

ELM free H-mode regimes, without external control, have been found in DIII-D (Quiescent 

H-mode) [Burrell2002] and Alcator C-MOD [Hubbard2001] and reproduced in other 

machines. In these regimes a coherent MHD mode is present in the edge pedestal region 

which may provide the additional transport needed to limit the edge pressure gradient. Even 

the type II ELM regime can be partly classified in this category as in between the type II 

ELMs MHD instabilities are present that provide the additional transport such that the ELMs 

become smaller. In JET these modes are known as washboard modes [Perez2004]. A possible 

interpretation of these modes as drift-ballooning modes was proposed in [Hastie2003]. 

 

Conclusion 
 



Significant progress has been made in recent years both on the experimental characterisation 

of ELMs and the theory and modelling of ELMs. The observed maximum pressure gradient is 

in good agreement with the calculated ideal MHD stability limits due to peeling-ballooning 

modes. The dependence on plasma current and plasma shape are also reproduced by the ideal 

MHD model. It will be a challenge to verify experimentally the influence of the extensions to 

the ideal MHD theory such as the possibly incomplete diamagnetic stabilisation, the influence 

of shear flow, finite resistivity or the stabilising influence of the separatrix on peeling modes. 

 

The observations of the filamentary structures find their explanation in the theory and 

simulations of the early non-linear phase of the evolution of ballooning modes. One of the 

remaining open questions is what determines the size of the ELM and its duration. This is 

related to the loss mechanism of energy and density. Some heuristic descriptions of possible 

mechanisms have been proposed in literature but none of the models so far makes quantitative 

predictions on the ELM size. Also the numerical simulations are not yet advanced to the point 

where the full ELM crash can be modelled. The theory and simulations of the ELMs are 

necessary to decide between the possible parameters, such as the collisionality or the parallel 

transport time, that are proposed for the extrapolation of ELM sizes to ITER. 
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Figure 1 Example of the MHD stability limits (for n=1 to 40)  as a function of the edge 

pressure gradient (α) and the edge current density (relative to the experimental value) for a 

low triangularity JET H-mode discharge. The small black squares indicate instability to n=∞ 

ballooning modes, the open squares mark all equilibria evaluated. The large coloured 

squares indicate instability where the colour indicates the toroidal mode number of the most 

unstable mode. 
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Figure 2a Radial mode structure (perpendicular displacement) of an n=32 ballooning mode 

for α=4.8, J/J(exp)=0.2. 
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Figure 2b Radial mode structure of an n=20 peeling-ballooning mode for α=5.6, J/J(exp)=1. 
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Figure 2c Radial mode structure of an n=1 external kink (peeling) mode for α=2.0, 

J/J(exp)=1. 
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Figure 3 The growth rate and frequency of an n=20 peeling-ballooning mode in JET 
geometry as a function of the parameter τ, the inverse ion-cyclotron frequency normalised to 
the Alfvén time. 
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Figure 4 The growth rate of the resistive n=1 peeling mode at a resistivity η=2x10-8 for a 
plasma truncated at ψ=0.99 (triangles), ψ=0.998 (open circles), and in full separatrix 
geometry (filled circles). 



 
Figure 5 The density profile in the presence of a (n=1) saturated peeling-tearing mode. A 
m/n=2/1 tearing mode causes the flattening of the density profile in the plasma centre  
 


