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Outline 

Å Motivation 

Å Physics of ELMs 

Å The trigger physics 

Å ELM size and filament physics 

Å Nonlinear behaviour of ELM 

Å MHD modelling of ELMs 

Å Control of ELMs 

Å Pellets 

Å Gas puffing 

Å Vertical kicks 

Å Resonant Magnetic Perturbations 

Å Summary 
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H-mode: reduction of the turbulent transport 

Typical H-mode signature is Edge Localized Modes (ELMs)  
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Schematic representation of the ELM cycle 

Kamiya, PPCF, 2007 

ELM crash, ejecting plasma energy/particle towards 

Scrape-Off-Layer (SOL) 
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Why is ELM control urgent for ITER? 
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Zhitlukhin JNM 2007 

This requires a decrease in the 

ónaturalô ELM size by a factor of ~ 30 

ELM suppression/control is required for a steady state operation of ITER! 

Tungsten Erosion 

Tungsten melting, droplets, 

surface cracks if  WELM>1MJ. 

 

 

... but predicted for large ELMs:  

WELM,ITER~30MJ!  

 

 

(ITER divertor life-time = only 

few shots with big ELMs!) 
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 Physics of ELMs 



BINP/ April 2016 / Lecture for Ph.D. Students Valentin Igochine 7 

( ) ( ) ( )
22

2
1

0 0 0 1

0 0
0

0 0

1

2 2

vac

plasma vacuum

BB
W p p j B d dd g x x x x t t

m m
>

> >

å õ
æ ö

= ÐÖ + ÖÐ ÐÖ + - Ö ³ +æ ö
æ ö
ç ÷

ñ ñ

Stability condition in plasma 

0Wd <

Linearization: 

A = A0 +A1 

0 ï equilibrium 

1 - perturbation 

Wesson, Tokamaks, 3rd Edition 

Freidberg, Ideal MHD 

Pressure driven 

instabilities 

Current driven 

instabilities 

Unstable only if 

Drives for instabilities in MHD are current 

and pressure profile gradients 
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ELM trigger: ideal MHD 

Å It is widely believed that ideal MHD instabilities provide the trigger for the ELM 
 

Å Theoretically, the instability properties can be understood from dW for radial 

displacement, X, at large toroidal mode number, n: 
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current drives kink/peeling 

modes 

s=normalised current density 
 

Å Must ensure field-aligned perturbations or field line bending will suppress the 

instability: ideal MHD naturally produces filamentary structures 
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Kink or peeling modes 

Å A single, resonant Fourier mode 
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ÅPeeling and kink modes are essentially the same thing 

ï  Driven by current density gradient, stabilised by pressure gradient 

ï  Highly localised 

Single Fourier mode, highly 

localised at rational surface 

eliminates field line bending 

Driven unstable by current 

gradient at modest n: kink 

mode 

Or edge current density at 

large n: peeling mode 
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Ballooning modes 

Å Multiple Fourier modes couple to tap free energy of pressure gradient 
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Multiple Fourier modes 

couple to constructively 

interfere in bad curvature 

region: |X|2 is maximum on 

outboard side 
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ÅBallooning mode is unstable when the curvature exceeds field line bending 

ïCritical dp/dy is required (depends on shear, and therefore current) 

ïMany coupled Fourier modes Ý radially extended mode structure 

To couple, each Fourier mode 

must extend across multiple 

rational surfaces: 

Field line bending is 

minimised, but not eliminated 

Current gradient does not 

play a role at large n; edge 

current can influence mode 
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Ideal MHD stability diagram 

Å The peeling-ballooning mode stability diagram 
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Important (slightly subtle) point 
Å Although stability diagrams are shown in terms of local dp/dr and J, profile effects 

cannot be neglected (when n is finite) 

Å Higher pressure gradient can be achieved for a narrower pedestal Ý care when 

interpreting experimental pedestal profiles 
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Ideal MHD stability diagram 

Å Typical ELITE stability diagram (model JET-like equilibrium) 
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Types of ELMs 

Input power 
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L-H 

transition 

óditheringô 

ELMs 

type III 

(small) 

ELM-free H-mode 

type I 

(giant) 

Most dangerous! 

type II (or, sometimes, ógrassyô) are associated with strongly-shaped tokamaks at 

high edge pressure when there is access to the second stability at the plasma edge 

Definitions from Connor, PPCF, 98 
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The ELM cycle: Type I 

Å Initial models: Type I ELM cycle 

ïHigh pressure gradient in pedestal (so good performance) 

ïLow collisionality, and strong bootstrap current 

ïExtended linear mode across pedestal region 

ïAnticipate a substantial crash 

Stable

Large, Type I ELM cycle
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Pressure gradient

High

bootstrap

Peeling/kink 

unstable 

Ballooning unstable 
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The ELM cycle: Type III 

Å Initial models: Type III ELMs (more speculative?) 

ïEither highly collisional edge, destabilising resistive ballooning, driving 

pedestal to lower gradient and crossing peeling stability boundary 

ïOr at higher temperatures, higher current pushes pedestal directly 

across peeling stability boundary 

ïHowever, data seems to suggest  Type III are stable to ideal modes (but 

uncertainty over edge current) 

Collisional

Small, Type III ELM cycles
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Pressure gradient

Collisionless

JET 

Type I 

Type III 

L-mode 

Saarelma, PPCF, 2009 

Peeling/kink 

unstable Ballooning  

unstable 
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The ELM cycle: Type II 

Å Initial models: Type II ELMs (speculative, again) 

ïHigher collisionality would help to suppress bootstrap current 

ïStrong shaping can also push peeling boundary to high current density 

ïRemoves role of peeling mode, providing a pure ballooning mode 

Small, Type II ELM cycles?
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ELM Types: experiment 

Å The positions of Type I ELMs on an edge stability diagram are consistent with 

this picture: 

T Osborne, EPS 1997

DIII-D data

T
e
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Oyama, PPCF 

2006 

Existence space for Type 

II ELMs on JET and AUG 

is consistent also 



BINP/ April 2016 / Lecture for Ph.D. Students Valentin Igochine 18 

ÅELM size shows a strong dependence on collisionality 

ïCause for concern on ITER 

ïMust identify the origin of the collisionality scaling 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

ÅLikely nonlinear physics 

Understanding ELM size requires  

understanding transport processes 

Loarte (PPCF 2003) 
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Burckhart, PPCF, 2010 

Saturated gradient, non-linear phase! 

Behaviour of the pressure gradient 

ASDEX Upgrade 

Non-linear physics is important! 
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ÅProgress can be made analytically for the early nonlinear evolution (Wilson, 

Cowley PRL 2004) 
 

ÅPredictions are 
ï Initially sinusoidal mode narrows in direction across field lines, in flux surface 

ï Mode tends to broaden radially, forming field-aligned filamentary structures 

ï Even at linear marginal stability, as one enters nonlinear regime, mode 

suddenly erupts 

ï Maximum displacement is on outboard side (identical to linear structure along 

field line), elongated along magnetic field lines 

 

 

 

 

 

 

Å Filament could strike material surface on outboard side while remaining connected to 

pedestal on inboard 

ï Potential damage to plasma-facing components, especially on ITER 

Nonlinear ballooning Theory 

SOL 

CORE 

PEDESTAL 
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Hyusmans PPCF (2009) time 

Non-linear MHD code JOREK solves the time evolution of the reduced 

MHD equations in general toroidal geometry 

Density 

Non-linear simulations of ELMs 


