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Abstract. Edge Localised Modes (ELMs) are periodic disturbances of the plasma periphery occurring in tokamaks with 
an H-mode edge transport barrier. As a result, a fraction of the plasma energy present in the confined hot edge plasma is 
transferred to the open field lines in the divertor region, ultimately appearing at the divertor target plates. These events can 
result in high transient heat loads being deposited on the divertor target plates in large tokamaks, potentially causing 
damage in devices such as ITER. Consequently it is important to find means to mitigate their effects, either avoiding them 
or, at least, controlling them. This in turn means it is essential to understand the physics causing ELMs so that appropriate 
steps can be taken. It is generally agreed that ELMs originate as MHD instability caused by the steep plasma pressure 
gradients or edge plasma current present in H-mode, the so-called ‘peeling-ballooning’ model. Normally this is considered 
to be an ideal MHD instability but resistivity may be involved. Much less clear is the non-linear evolution of these 
instabilities and the mechanisms by which the confined edge plasma is transferred to the divertor plasma. There is 
evidence for the non-linear development of ‘filamentary’ structures predicted by theory, but the reconnection processes by 
which these are detached from the plasma core remain uncertain. In this paper the experimental and theoretical evidence 
for the peeling-ballooning model is presented, drawing data from a number of tokamaks, e.g. JET, DIII-D, ASDEX-
Upgrade, MAST etc. Some theoretical models for the non-linear evolution of ELMs are discussed; as well as ones related 
to the ‘peeling-ballooning’ model, other candidate models for the ELM cycle are mentioned. The consequential heat loads 
on divertor target plates are discussed. Based on our current understanding of the physics of ELMs, means to avoid them, 
or mitigate their consequences, are described, e.g. the use of plasma shaping or introducing resonant magnetic 
perturbation coils to reduce plasma gradients at the plasma edge. 
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1. INTRODUCTION 
 

Edge Localised Modes (ELMs) [1, 2, 3, 4] are a ubiquitous feature of tokamak H-mode discharges, the baseline 
operational scenario planned for ITER [3, 4]. The application of additional heating power to ohmic discharges in the 
1970’s led to degraded, L(low)-mode confinement, but in the early 1980’s Wagner et al [5], carrying out experiments 
on ASDEX, discovered that an improved confinement regime, termed ‘H(high)-mode’, appeared above a threshold in 
the  additional heating power. These discharges were characterised by steep edge gradients in electron density and 
electron and ion temperatures (i.e. steep pressure gradients), resulting in the improved confinement, edge instabilities 
and periodic bursts of Dα emission from enhanced plasma-wall interactions. It transpired that such behaviour is 
generic to divertor tokamaks: these are magnetic configurations in which divertor coils produce an X-point in the 
poloidal field structure so that there is a separatrix, a surface that separates closed magnetic surfaces in the interior of 
the plasma column from open field lines leading to divertor plates along which the plasma exhaust takes place. Such a 
magnetic configuration is shown in Fig. 1, which also maps the set of nested magnetic surfaces in the confined plasma 
region onto a radial plasma pressure profile. This profile exhibits the steep gradients in the H-mode transport barrier at 
the plasma edge that lead to a so-called edge pedestal. 

 
The instabilities occurring in the plasma edge region of H-mode discharges were termed ELMs. In this paper we 

shall address four questions concerning them: 
 

• What are they? 
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• Why do they matter? 
• What causes them? 
• Can we control them? 
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FIGURE 1.  Left: The magnetic geometry of a divertor tokamak with an X-point in the poloidal field, illustrating how the heat flux 
emerging from the plasma core at the separatrix flows along the open fields lines to the divertor target plates; Right: A mapping of 
the plasma pressure on the two-dimensional magnetic surfaces onto a one-dimensional radial pressure profile, showing the steep 
gradients in the H-mode edge transport barrier leading to an edge pressure pedestal supporting the core profile (reproduced 
courtesy of Dr R. Buttery). 

 
We shall consider these questions in detail in subsequent sections, but here we shall provide brief answers to 

them. ELMs are periodic disturbances of the plasma edge region, accompanied by expulsion of edge plasma and 
MHD activity, leading to confinement degradation. Since their main effect is to reduce the edge pedestal height this 
effectively changes the edge boundary condition for the core transport. In particular, for ‘stiff’ transport models like 
the turbulent transport due to the ion temperature gradient (ITG) mode, which tend to maintain the temperature profile 
at some marginally stable value [3, 4], this clearly lowers the core energy, exacerbating the energy confinement 
degradation, as shown in Fig. 2. 
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FIGURE 2. The effect of losing plasma energy from the edge plasma as a result of an ELM; not only is there a reduction in the 
edge gradients and a lowering of the edge pedestal, but this leads to a reduction in core confinement, particularly for stiff transport 
models (reproduced courtesy of Dr R. Buttery). 

 

175

Downloaded 10 Aug 2011 to 194.81.223.66. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



 

 

 The deleterious effect arising from the degradation of energy confinement due to ELMs is more than offset by 
their beneficial effects in removing impurities and controlling plasma density, allowing one to maintain a time-
averaged steady state H-mode. However there are serious consequences from ELMs: the most serious one results from 
the potentially high, transient heat loads they can deposit on the divertor target plates in an ITER-scale device, causing 
unacceptable levels of erosion [6]. This increases rapidly with the energy deposited on the target plates, as shown in 
Fig, 3. Another down-side of large ELMs is the danger that they might trigger core MHD modes leading to further 
confinement degradation or collapse of internal transport barriers (ITBs) [7]. 

 
 

 
FIGURE 3. Radiation ΔEELM(kJ) from the divertor target plates due to Type I ELMs on JET as a function of ELM energy, 
ΔWELM(kJ); it increases sharply above a critical ELM energy loss, ~ 700kJ, implying greatly increased erosion of their surfaces [6] 
(reproduced courtesy of Dr A Huber and EFDA-JET). 

 
ELMs are believed to be triggered by some form of ideal or resistive MHD instability caused by the steep edge 

gradients.  Elucidating their nature and cause is the key to controlling them: our present understanding is suggesting 
control methods and operating scenarios where the benefits of H-mode confinement are retained but the more 
undesirable features of ELMs are absent, or at least mitigated.  

 
 

2. ELM Types and Characteristics 
 

ELMs were first characterised by the periodic enhanced plasma-wall interaction, manifested in the increased Dα 
(or Hα) emission observed [5]. This is a result of  the rapid expulsion of the edge plasma, leading to a drop in the edge 
pedestals in both ne and Te, which then build up again on a longer timescale until the cycle repeats. In the early days 
only two types of ELM were identified: large amplitude, but less frequent Type I ELMs with a crash occurring on a 
fast timescale (~ 100 -300 μsecs) and low amplitude, more frequent Type III ELMs [1-4]. 

 
ELMs are associated with loss of edge plasma energy, δWELM, and particles, δNELM: Type I ELMs typically expel 

10-15% of the pedestal plasma energy, δWped, and 4% of the particle inventory, Type III, say, 1-5%, of the plasma 
energy or particles [1-4]. The impact on the time-averaged global energy confinement depends inversely on the 
frequency, fELM, of the ELMs, so Type III (with fELM ~ 10Hz) are more serious than Type I (with fELM ~ 100 Hz) in 
this regard, as shown in JET for example [8]. Zohm has proposed a formula to represent the impact of ELMs on 
energy confinement [2]. The reduction in confinement from that in ELM-free H-mode is represented by a factor η, 
where  

 
 
   ( ) ( )2

ELM ELM ELM1 1 r a f W P⎡ ⎤η = − − δ⎣ ⎦
    (1) 

 
 

Here rELM is the inner radius of the ELM-affected region, a is the plasma minor radius and P the heating power.  
Typically one finds η ~ 0.85, in accord with the results arising from analysis of ELMy H-mode global energy 
confinement databases [3, 4]. 
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However the ELM energy ultimately appears on the vessel wall or divertor target plates as it is transported along 

the open field lines. The thermal energy pulse propagates to the divertor at the sound speed [9 -11], although a burst of 
high energy electrons precedes this [12]. There is some correlation between the energy incident on the divertor and the 
loss of pedestal energy, but this is not always so [11]. Furthermore the energy appearing at the divertor increases as 
the collisionality, ν*, reduces towards ITER-like values, as shown in Fig. 4 [13]. There it can cause ablation of the 
divertor tiles and, as the ablation process rises sharply with incident energy (say above 1 MJ, as shown in Fig.3), lead 
to serious erosion [6, 14]. Thus, since for fixed plasma parameters the ELM energy scales as (size)3, while the tile area 
scales as (size)2, Type I ELMs pose a serious threat to ITER operation, though they are not important regarding 
confinement degradation.  

  
     

       
FIGURE 4.  The loss of plasma energy, ΔWELM, due to an ELM event relative to the pedestal value, Wped, as a function of plasma 
collisionality, ν*, based on data from a wide range of tokamaks [13]; it increases as ν* decreases towards ITER-like values, reaching  
(15 - 20)% (reproduced courtesy of Dr A Loarte) 

 
Magnetic signals help to shed light on the nature and causes of ELMs. Type III ELMs are often preceded by 

magnetic precursors (say with poloidal mode number m ≥ 10 and frequency fELM ~ 100 kHz) appearing on Mirnov 
coils, whereas Type I can appear as precursor-less, rapid bursts of broadband activity lasting ~ 100 μsec [1, 15]. Since 
the thermal energy transients appearing at the divertor plates can be preceded by fast electrons moving along open 
field lines [12], this suggests magnetic reconnection processes are involved in the ELM evolution. The collapse of the 
density associated with a Type I ELM occurs mainly on the low-field side [16, 17], suggesting a role for ballooning 
instability; the density perturbation then propagates to the high-field side at the sound speed. Recent developments 
using visible camera image, pioneered on MAST [18-20], have revealed the filamentary nature of ELMs as they 
emerge from the plasma column.  

 
These filaments, which are aligned along the magnetic field lines have a radial extent ~ 5 – 10 cm and typically 

have toroidal mode numbers, n ~ 10 – 15; subsequently they move radially at up to a km/s, accelerating in time (> 106 
m/s2), and  toroidally, decelerating in time. Such filaments are routinely observed in ELMing tokamak discharges 
around the world [21-24]: Fig. 5 shows examples from MAST and ASDEX Upgrade. Interestingly there were very 
early observations on COMPASS-D [25]. 
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FIGURE 5.  Examples of filamentary structures associated with ELMs  from  MAST (left) and ASDEX Upgrade (right). 

 
 
Over the years a wider range of ELM types has emerged. Indeed some six types have now been identified: Types 

I – V and ‘Grassy’ ELMs. With increasing injected power, Pinj , one sees a transition from Type III to Type I on most 
machines, as shown in Fig. 6 from MAST [17]. During such a power scan the ELM frequency first drops during the 
Type III phase, before starting to increase with the onset of Type I ELMs. Typically the transition occurs when Pinj ~ 
(1.5 – 2)xPL-H, where PL-H is the threshold power for the L-H transition [26].  

 
 
 

 
 

 
FIGURE 6. The frequency of ELMs, fELM, as manifested in Dα emission as the injection power from the neutral beams is increased 
on MAST; above a threshold value, Pinj ~ (1.5 – 2)xPL-H, where PL-H  is the threshold power for the L-H transition, there is a 
transition from Type III ELMs,  where fELM  decreases with Pinj, to Type I where it starts to increase [17]. 
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The energy loss from the higher frequency Type III ELMs reduces confinement so that the energy confinement 

time is (10 - 30) % below that in Type I (or ELM-free) H-mode. An insight into the physics behind Type III ELMs 
might be obtained from the fact that they are observed below a critical pedestal temperature, Tcrit, which tends to 
increase with the toroidal magnetic field (in ASDEX Upgrade, for example, Tecrit ~ 350eV [27]); this suggests they 
require higher electron collisionality, ν*e. More revealing is the nedge –Tedge diagram pioneered by ASDEX Upgrade 
[28], where Type I ELMs appear above a hyperbola  nedgeTedge ~ constant, the constant corresponding to the 
theoretically predicted onset of pressure driven, ideal MHD ballooning mode instability, while Type III occupy a 
region limited above by Tecrit and this hyperbola. At lower density and higher Te, i.e. lower collisionality, there is a 
branch of Type III ELMs which has been termed Type IV [29] - it is an open question whether this low collisionality 
branch is due to the same physics as the higher collisionality Type III regime. Figure 7 from DIII-D [29] illustrates the 
operational space for various ELM types in terms of the edge pedestal values of Te and ne. 

 
 
 

    
 

                                              
 

FIGURE 7. The operational diagram in the  Te
ped – ne

ped space for different ELM types in DIII-D; Type III tend to 
appear below a critical temperature although there is a low density branch, sometimes termed Type IV; Type I ELMs 
cluster around the stability boundary for pressure driven ideal MHD ballooning modes shown by the hyperbola  given 
by Te

ped ne
ped = constant (from Ref. 29, reproduced courtesy of IAEA and Dr T Osborne). 

 
 
Yet another type of ELMs is Type II, which has even smaller energy loss per ELM than Type III [30, 31]. These 

require proximity to double null and highly shaped plasmas. Like Type III they require a low Tped, comparable to that 
for Type III. They have a narrow operational window at high density, n/nG ~ 0.5 – 1.0 (where nG is the Greenwald 
density [3, 4]), which means the pedestal pressure, pped, is high, comparable with that for Type I, and yields Type I – 
like confinement; indeed Type I and Type II often co-exist. Again, like Type I, Type II ELMs are associated with 
broadband MHD activity. The combination of good confinement and small energy loss makes them an attractive 
scenario, but there is a limited operational regime for accessing them and  the extrapolation to ITER is uncertain. 

 
Another class of small ELMs with good confinement is Grassy ELMs. These have mainly been seen on JT-60U 

[32]; high βp is the critical parameter (βp is the poloidal β), but high triangularity, δ, and edge q, qedge, are also required 
– again a narrow operational region, as shown in Fig. 8 [33]. Rotation shear is seen to be conducive to their 
appearance [34]. Finally there are Type V ELMs, which have been observed on NSTX at high pedestal collisionality 
[35]. This ELM regime has some similarities with the EDA/HRS (Enhanced D Alpha/High Recycling Steady) ELM-
free H-mode regimes discussed later, but the coherent oscillation characteristic of that regime is absent. 
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FIGURE 8. The operational diagram for small amplitude (‘Grassy’) ELMs in JT-60U [33]; these replace large, Type 
I, ELMs at higher triangularity, δ, and edge q95 . 

 
 
 
    3. Stationary ELM-free Regimes 
 
While one benefits from the confinement improvement associated with H-mode operation, the ELM-free H-

mode provides an unsuitable operational scenario due to the uncontrolled build-up of plasma density and impurities. 
Whereas one can maintain a time-averaged steady state in ELMy H-mode, we have seen ELMs bring their own 
problems and a stationary ELM-free steady state with H-mode confinement would be very attractive. Three such 
scenarios have been identified, but nevertheless have their limitations, such as limited operational windows. As a by-
product, understanding the required conditions for them may provide insights into the nature and causes of ELMs. 

 
The first is the so-called EDA (Enhanced D-Alpha) mode discovered on C-Mod [36]. It is observed at high 

density and low-to-modest heating power; high edge collisionality with n/nG ≥1.5 appears necessary. Its global energy 
confinement competes with the Type I ELMy regime. An important feature is the existence of a quasi-coherent mode 
(with f ~ 50-120 kHz and high m, n) which serves to maintain a constant density. An interpretation for this oscillation 
in terms of micro-tearing modes [37] has been proposed. In dimensionally similar experiments, ASDEX Upgrade and 
DIII-D have observed this mode, but have not established the steady state regime. A second candidate is the 
Q(quiescent)-H-mode, first seen on DIII-D [38-40] and has been robustly reproduced on ASDEX Upgrade [41]. The 
QH mode is only observed in counter NBI with a large plasma wall distance, suggesting a role for fast ions. The 
operating space corresponds to a low density regime (n/nG ~ 0.04) with pedestal pressures comparable to Type I 
ELMy H-mode. This type of discharge also involves a steady oscillation, the Edge Harmonic Oscillation (EHO), a 
non-sinusoidal mode with a mix of n (n = 1, 2, 3, 4…) and f ~ 5-11 kHz, possibly accompanied by a higher frequency 
oscillation (350-500 kHz) [39]. Finally we mention the HRS (High Recycling Steady) H-mode, first seen on JFT-2M 
[42]. It is very similar to the EDA Mode and access is favoured by high density and neutral pressure, corresponding to 
high edge collisionality, ν*. Again there is high frequency (> 100 kHz) edge mode activity. 
 

 
4. Theoretical Models 

 
The reproducible periodic nature of the ELM cycle and the fast crash of the ELM event itself provide challenges 

for theory. A successful model needs to address a number of key features: 
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• the trigger mechanism 
• the fast crash 
• the energy loss 
• the periodic cycle 
• the heat loads appearing on the divertor plates  
• the observed operating space for various ELM types 
• the observed plasma perturbations: magnetic signals, filaments etc 
 

In addition it must be capable of predictions for the effect of ELMs on ITER and suggest how they can be avoided, or 
at least mitigated; this may become apparent when their nature has been elucidated. 

 
        Clues to the physics behind ELMs lie in the operating diagram of Refs. 28 and 29. Thus Type I ELMs appear to 
occur at the ideal MHD ballooning boundary, as found in a number of early stability calculations for various devices.  
(see, for example, the review [1] and also [43-45]), while resistive modes seem to be involved in Type III ELMs [46]. 
However there also appeared to be a role for ideal kink modes in Type I ELMs [47, 48].   Nevertheless, much earlier 
ELM modeling activity involved constructing ‘toy’ dynamical models with sufficient ingredients to capture various 
elements of ELM phenomenology. A number of these exploited ‘limit cycle’ solutions to models previously 
developed to explain the L-H transition [49]; such models involve coupled non-linear equations for plasma profiles 
and stabilizing radial electric field shear [50-53]. More sophisticated models introduced an equation for the turbulent 
fluctuations causing transport [54-58]. A further development in this direction, particularly relevant for Type I ELMs, 
were models including a role for MHD fluctuations. Thus Ref. 59 involved the interaction of ambient drift wave and 
MHD turbulence, mediated by the stabilising effects of plasma flow. The impact of the resulting turbulent transport on 
the gradients that drive instability, themselves driven by external heating, enabled the model to qualitatively reproduce 
much ELM phenomenology for both Types I and III ELMs. Closer to first-principles calculations, were dynamical 
models based on a truncation, at a low number of harmonics, of the full equations describing fluid plasma instabilities, 
such as resistive interchange modes in the plasma edge or scrape-off layer (SOL), relevant to Type III ELMs [60, 61].  
Interestingly, one of the first models involved a numerical solution of the full non-linear equations describing 
resistive, current driven edge instabilities (so-called resistive ‘peeling modes’) [62].  
 
 In addition a number of essentially analytic models have been developed, based on some particular instability in 
the plasma edge or SOL, such as ideal or resistive ballooning or interchange modes, complemented by qualitative 
statements about their non-linear development. Thus Ref. 63 involved a two-stage process: in the first stage ideal 
interchange instability is excited by steep plasma gradients near the X-point, expelling a small amount of plasma that 
leads to an influx of impurities.  In the second stage, this low conductivity region acts as an effective limiter resulting 
in a fast growing interchange instability, representing a Type I ELM. The model provides a reasonable estimate for 
δWELM and a scaling fELM ~ PB/IP

3, which is consistent with JET data [64]; here P is the heating power, IP is the 
plasma current and B the toroidal field. An analytic model providing a quantitative description of Type I ELMs that is 
based on the Current Diffusive Ballooning Mode (CDBM), a pressure driven instability, has been proposed [65-67]. It 
provides an explanation of the ELM trigger, the fast crash and the ELM cycle, and presents expressions for δWELM 
and the dependence of fELM on P that accord with observation.  
 

However over the last decade there has been considerable support growing for the so-called ‘peeling-ballooning 
mode’ model [68-73] as the trigger for the ELM. This model builds on the two instability sources near the plasma 
edge: current and pressure gradients and maps out a ‘triangular’ operating diagram for ELMs in the space of 
normalized edge current, ( )Rqsj B/ , and ballooning pressure gradient parameter, ( )( )2 2

02Rq B dp drα = − μ , 

see Fig. 9. For a large aspect ratio tokamak, the peeling stability criterion is given by: 
 

[ ] ( )S hD s R q s B j′α − Δ > , 

oh m ic B oo tstrap B oo tstrap * ej j j ,      j ~ f ( );= + α ν  

    ( )2
aD  1 - q −= ε     (2) 
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and Sh′Δ  is the Shafranov shift., corresponding to the shifted centres of the circular flux surfaces of the s-α 
equilibrium model.  The term D, representing favourable ‘average curvature’ for qa >1, where qa   is the edge value of 
q, can be enhanced by triangular plasma shaping, δ. The ideal MHD, pressure gradient driven ballooning stability 
boundary is given by α = αcrit. Thus instability can occur when α > αcrit due to ballooning modes, or when the edge 
current drive (responsible for the peeling mode) exceeds the stabilising effect of average curvature, itself proportional 
to α, as in eqn. (2).  
 

 
 
FIGURE 9. The stability diagram for peeling-ballooning modes in terms of normalized edge current and pressure gradient 
parameter, α. This provides a basis for a conceptual model of the ELM cycle. During phase 1 the plasma heats up until it reaches 
the ballooning stability boundary. This is a ‘soft’ limit so that during phase 2 it hovers there as the Ohmic and bootstrap currents 
increase with increasing temperature until the discharge reaches the peeling-ballooning boundary. At this point it plunges into the 
unstable region 3, rapidly losing pressure and current until it crosses the peeling stability boundary to reach a stable point at which 
the cycle begins to repeat.  
 
 

A cartoon picture of the Type I ELM cycle, shown in Fig. 9, proposes that plasma heating drives α to αcrit, where 
it hovers; meanwhile the rising temperature drives more Ohmic current until it reaches the peeling limit, at which 
point pressure is expelled. Since the current diffusion time is much longer than that for energy diffusion, it takes 
longer for the current to reach a steady state value than does the pressure gradient. The trajectory in the stability 
diagram would then lead to a rapid growth of the ELM instability and further energy loss, namely the crash, until it 
relaxes to a stable state when the cycle begins to repeat. The effect of including the pressure driven bootstrap current 
would exacerbate the peeling drive at low collisionality. A less well-developed picture of Type III ELMs proposes 
that they follow a modified trajectory in the stability diagram. Thus they meet instability by passing through the 
peeling boundary at lower α, the increase in α being prevented by the onset of resistive ballooning modes at the lower 
temperatures relevant to Type III ELMs [74]. 

 
There have been numerous successful comparisons of the peeling-ballooning stability diagram for realistic 

tokamak geometry with experimental data on the appearance and type of ELMs [75-77], as shown in Fig. 10 for 
example [78]. In addition, the increased stabilising average curvature of highly triangular tokamak plasmas is found to 
correlate with the occurrence of smaller Type II ELMs. This is consistent with linear stability calculations showing 
that the radial mode width is smaller, implying less plasma volume would be expelled by the ELM [79-81], although 
this is not always so [82]. Studies on COMPASS-D showed the stabilising effect of a current ramp-down [83], as 
expected for a model involving peeling modes. The impact of rotation shear is only found to be significant for the 
modes responsible for ELMs in tight aspect ratio tokamaks [84], e.g. MAST, where flows are sonic and approach the 
Alfvén speed. Experimentally an effect of rotation on Grassy ELMs [34] and ELM filaments [85] is observed. The 
simple MHD model needs to be modified to account for diamagnetic effects in the steep edge gradients of the 
pedestal. Usually this is a minor effect, but can be significant at high βp or high qedge for narrow pedestals [74, 86]. The 
most unstable modes tend to have modest values of n, say n ~ 10, and occur where the mode structure has a mixed 
peeling-ballooning nature [74]. Lower n modes occur for lower values of α, when the mode is predominately peeling. 
Low edge current, but high α regimes, produce high-n ballooning modes which may be more benign, merely limiting 
the plasma pressure gradient. 
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FIGURE 10. Stability diagram for a specific MAST discharge in terms of edge current and pressure gradient parameter, α, 
showing the experimental point lies on the boundary of the stable region [78] (provided by Dr S. Saarelma) 
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FIGURE 11. Non-linear stability diagram for ballooning modes in the space of normalized edge current, Λ, and 
pressure gradient parameter, α, for a set of equilibria based on a JET example, marked by a cross. The red curve marks 
the boundary between explosive and implosive growth of filaments, while the blue line denotes the linear stability 
boundary [89]. 
 

The above picture of the ELM cycle is very qualitative; what are needed are calculations of the non-linear 
evolution of the peeling-ballooning modes. Such a calculation has been carried out for the pure high-n ballooning 
modes [87, 88]. The non-linear terms produce explosive growth, although this calculation cannot be carried through to 
the actual crash. It is found that one can characterise the conditions for explosive growth in terms of an operational 
diagram in the space of a normalized edge current, Λ, and the parameter α, as shown in Fig. 11 [89]. The predicted 
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mode structure has a filamentary structure, aligned along the magnetic field and these filaments progressively narrow, 
approximately in the poloidal direction, while expanding radially. The model thus predicts the expulsion of a number 
(~ 10 - 15) of hot filaments (flux tubes) of plasmas from the pedestal region. Two-fluid, non-linear simulations for 
intermediate values of n, using BOUT [90], also provide evidence for an explosive behaviour and filamentary 
structures, although the JOREK code finds that low-n modes appear to saturate, rather than explode [91]. The 
predictions of filaments were confirmed on the MAST experiment, and on a number of other tokamaks since, adding 
credence to the model [18-24].  

 
However a complete ELM model needs to address how the plasma filaments emerging from the plasma column 

become detached and plasma energy is transported to the vessel wall or divertor plates. Clearly this requires some 
mechanism involving magnetic reconnection, which could be facilitated near the divertor X-point. Again some 
qualitative pictures have been proposed to describe this, but a quantitative model is lacking.  Three suggestions for a 
qualitative picture are [92]: 

 
• The filaments act as ‘leaky hosepipes’: within the ideal MHD model with no reconnection, the hot flux tube 

of plasma twists and pushes out between field lines on neighbouring surfaces; energy and particles can only 
be lost by diffusion from the filament into the cold scrape-off layer  (SOL), this process being enhanced as 
the filament narrows.  

• The filaments act as a ‘conduit’, directly connecting the hot core plasma to the divertor target plates as a 
result of reconnection, which preferentially occurs as the filaments cross the divertor X-point where magnetic 
shear is large, ripping them apart. Different mechanisms could occur in DND (Double Null Divertor) and 
SND (Single Null Divertor) geometries: in SND the filaments can connect directly to the divertor plates; in 
DND they break-off and this could occur many times during an ELM so that it would be a more benign 
process. 

• The filaments can only be ejected if flow shear is suppressed, leading to enhanced transport and barrier 
collapse. However it is unclear whether the ballooning mode suppresses the flow or another mechanism 
suppresses flow shear, allowing filament growth. Again no reconnection is required. Flow shear suppression 
is observed in MAST [83] and DIII-D [93]. 

 
Filamentary structures also arise in so-called ‘blob’ theories [94]: if a filament of plasma breaks off from the core then 
it will propagate outwards due to E×B drifts and this mechanism may play a role in the later phase of an ELM [95]. 
 
 
 

 
  
FIGURE 12. Normalized energy loss due to ELMs according to a Taylor Relaxation model, as a function of qa the edge q, value. 
The sensitivity of the energy loss to the position of an external resonant surface to the plasma edge introduces a ‘deterministic 
scatter’ into the results [96] (reproduced courtesy of Dr C G Gimblett). 

  
 An alternative non-linear ELM model, involving ‘Taylor Relaxation’ of the peeling modes has been proposed [96]. 
This approach considers an initial state that is marginally peeling unstable and minimises the plasma energy, subject 
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to the constraints of conservation of helicity and the poloidal flux in an outer annulus in the vicinity of the ELM. As a 
result the current flattens, producing a current pedestal, destabilising the peeling mode; stabilising skin currents form 
at the boundaries of the relaxed region. Peeling stability is regained when the relaxed width exceeds a critical value, 
this defining the extent of the ELM-affected region. This allows one to deduce the ELM energy loss. For MAST one 
finds an ELM width of a few % and 1-5 % of the pedestal energy is lost, but these values have a large spread 
depending on qedge, the edge value of q – a ‘deterministic scatter’, see Fig. 12.  This calculation ignores the effect of a 
separatrix in divertor geometry, which is believed to have a stabilising effect on peeling modes, as has been seen in 
numerical calculations [97, 98]. These calculations, in which the separatrix geometry is progressively approached, 
indicate that a new resistive peeling-tearing mode, which tears near the X-point, dominates; its growth rate is 
insensitive to qedge [99]. An analytic approach based on Ref. 100 has been pursued to elucidate this point [101]; it 
suggests that as one approaches the separatrix, an unstable peeling mode persists but the most unstable mode number 
increases to higher values, as has been observed in some stability calculations for strongly shaped plasma [84]. 
 
 As noted above, Type III ELMs are believed to be resistive in nature. Increases in gas-puffing are found to cause a 
transition to Type III ELMs in JET, consistent with this idea. A resistive interchange model driven by magnetic flutter 
for triggering ELMs compares well with the nedge – Tedge operating diagram in JET [102]. A related idea involving 
resistive ballooning modes predicts a critical pedestal density, scaling as B/q5/4 for the Type I-III transition [103] and 
also shows agreement with JET data [104]. Resistive ballooning modes are also found to be unstable in JET 
discharges with Type III ELMs [47, 105]. 
 
 While there are first-principles models for the trigger and non-linear evolution of ELMs, the modelling of the 
complete ELM cycle remains primitive. Transport codes are used and involve a number of elements to represent the 
physics of the ELM cycle: 
 

• A trigger given by some linear stability threshold, say for peeling-ballooning modes. 
• A crash time, ELMτ , either taken on a phenomenological basis or estimated on qualitative grounds [106]; e.g.  

       . 
 

• An estimate of the energy loss ELMWδ :  
 

 
 
 where ELMΔ is the radial width affected by the ELM [106]. This estimate of ELMΔ is more appropriate to  

 kink modes: for ballooning modes one might use 1 2
ELM a n /~ /Δ . 

• A reduction factor on the fraction of energy lost to account for the connection of an ideal MHD mode to the 
divertor plates 

 
 
 
 where                                         ,   with cs the sound speed [106], is the transit time along the open field lines 
 to the divertor plates 
 

Such modelling has been performed, for example with the ASTRA [106] and JETTO transport, [107] codes. The 
code evolves j, Te, ne, say using a background transport model, monitoring the trajectory in the j – α peeling-
ballooning stability diagram until instability is triggered. The ELM loss, ELMWδ , is represented by introducing a 

large cross-field thermal diffusivity, ⊥χ  [108], to represent turbulent transport over the ELM affected region, ELMΔ , 

for a time ELMτ ,  say ⊥χ ~ 10 m2s-1. Such models produce cyclical behaviour.  Naturally the ELM frequency, ELMf , 

is given by the inverse of the reheating time, so that ELMf 1 P/∝ . However it is clear one really needs first-

principles, non-linear models to provide expressions for ELM ELM ELMand,     .⊥χ Δ τ  In order to complete the 

( )p
ELM Alfven s Alfven with p 1 3 1Re~    ~τ τ τ τ −

( )ELM ELM0
W W ~ a ~ 1 nqsδ Δ

( ) ( ) 1

ELM ELM 0 ELM
W W ~ W W 1

−
δ δ + τ τ

*e sRq(1 ) / cτ = π + ν
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calculation of the impact of ELMs on the divertor plates, kinetic particle-in-cell codes have been employed to model 
losses along the open field lines [109]. 
 

 
5. Active ELM Control Techniques 

 
Since Type I ELMs pose a serious threat to ITER operation it is crucial to identify regimes with small ELMs or 

seek control techniques to avoid them or, at least, mitigate their consequences for divertor erosion. Three ideas are 
currently being explored. First is ELM control using an external magnetic coil array, the idea being to create a 
stochastic layer in the pedestal region so that the resulting enhanced transport limits plasma gradients in the pedestal 
region to below the limits for pressure gradient driven MHD instability. This was demonstrated on DIII-D by applying 
an n = 3 magnetic perturbation coil, which strongly impacted on the character of the edge recycling: the ELM size and 
energy loss were dramatically reduced without a significant loss of energy confinement, as shown in Fig. 13 [110-
114]. As a consequence the energy losses due to ELMs shown in Fig. 4 are dramatically reduced. Similar effects were 
explored earlier on COMPASS-D [115, 116]. 

 
A second technique is ELM control using ‘Pellet Pace Making’, pioneered on ASDEX Upgrade [117, 118]: each 

injected pellet triggers an ELM at a stage where their size remains modest, thus preventing them reaching such an 
amplitude as to cause a large transient heat load on the divertor plates. Thirdly ELMs can be triggered by raising the 
edge current, a control method explored on COMPASS-D [116], TCV [119], ASDEX Upgrade [120] and JET [121]. 
This can be achieved, for example, by up-down movements of the plasma produced by applying voltage perturbations 
to the poloidal field coils for single null Type III ELMy H-modes with frequency f ~ 2fELM [119, 120].  Another 
control mechanism may be afforded by rotation [122]. Finally the effects of toroidal magnetic field ripple are being 
explored on JT-60U and JET [123]. Thus on JT-60U the energy loss from most Type I ELMs is less than 6% of the 
pedestal energy; this is thought to be due to its large toroidal ripple. However the downside is the poorer energy 
confinement time.   

 
 

 
 

FIGURE 13. Effect of applying resonant magnetic perturbation (RMP) coils on DIII-D, showing the effect on the 
ELM signatures: Dα , plasma density and energy and electron pressure  pedestal [111] (reproduced courtesy of Dr T E 
Evans). 
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6. Conclusions and Summary 

 
The phenomenology and characteristics of ELMs have been discussed. There are a number of different ELM 

types, but they can be broadly separated into large Type I ELMs and a range of smaller ELM types, Type III being 
most common. While ELMs play an important role in controlling particle and impurity content and allowing a ‘time-
averaged’ steady state, this is offset by various deleterious effects. The most serious is the danger of unacceptable 
erosion of divertor target plates in an ITER-scale device due to the high transient heat loads appearing there; in 
addition there is the potential to trigger core MHD activity with consequent confinement degradation. This means 
Type III, or other smaller ELM types, are to be preferred. These have an impact on global confinement but at an 
acceptable level. The conditions for most other small ELM types tend to correspond to limited regions of operating 
space: high density, high q, high-triangularity, ő; it remains unclear whether or not they are ITER-relevant.  However, 
studying these various types can help to shed light on the physics of ELMs.   

 
Since it is essential to avoid Type I ELMs in ITER there is current progress on devising ways to control them, 

normally by triggering smaller ELMs (pellet pacing; current drive) or by increasing edge transport to maintain 
pedestal gradients below the critical pressure gradient for instability (applying external coils to produce a stochastic 
region). While some ELM-free steady state regimes have been identified (EDA, HRS, QH-mode), their operational 
regions are limited. 

 
Progress on ELM control or mitigation is facilitated by developing an adequate understanding and a predictive 

model. The peeling–ballooning model has been successful in capturing aspects of ELM occurrence and the non-linear 
ballooning theory predicting explosive growth of ELM filaments has been, at least qualitatively, widely vindicated by 
experiment. However translating this into a prediction of ELM energy losses to the divertor target plates remains a 
challenge, requiring an understanding of the non-linear saturation of the filaments and the process by which the 
energy in these flux tubes is transferred to the divertor, with only qualitative models presently available. Likewise, 
modelling the ELM cycle based on the peeling-ballooning model requires phenomenological (maybe with very 
qualitative guidance from theory) input of parameters such as the ELM crash time and the energy loss during an ELM.  
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