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trum Jülich (FZJ) and the ‘Stichting voor Fundamenteel Onderzoek der Ma-
terie’ (FOM). Additional financial support was provided in the framework of
the European Fusion Development Agreement (EFDA) by EURATOM and by
the ‘Nederlandse Organisatie voor Wetenschappelijk Onderzoek’ (NWO). The
work was carried out at the Institut für Plasmaphysik at the Forschungszentrum
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Chapter 1

Introduction

1.1 Nuclear fusion

The ultimate aim of fusion energy research is to make progress towards demon-
strate the scientific and technological feasibility of a nuclear fusion reactor, and
to assess its sustainable qualities as an energy source for future generations. The
fusion reaction with the largest cross section, and thus the least difficult reac-
tion to initiate on earth, is that between the hydrogen isotopes deuterium and
tritium:

D + T → 4He (3.5 MeV) + n (14.1 MeV)

resulting in the production of a fast alpha-particle and a fast neutron. Since
the total mass of the fusion products is lower than the total mass before the
reaction (“mass defect”), the equivalent amount of energy (E = mc2) is released
as kinetic energy of the fusion products. In a reactor, this energy is used for the
production of electricity.
For the fusion process to take place the Coulomb repulsion of the positively
charged nuclei has to be overcome. To produce sufficient reactions the temper-
ature in a reactor has to be in the order of 100 to 200 million K. At such high
temperatures matter is in a plasma state, that is, the atoms are ionised to form
a “gas” of charged particles. The hot plasma has to be kept away from the
surrounding material. Mainly two approaches have been developed which are
compatible with such high temperatures: inertial confinement fusion and mag-
netic confinement fusion.
Inertial fusion uses laser or particle beams directed at frozen D-T pellets to reach
the necessary fusion temperatures at high density but during extremely short pe-
riods. The plasma is free to expand, but because of its finite mass, it takes a
finite time to fly apart. During this time the thermonuclear burn process has to
be completed. The main challenge for reactor implementation will be the repeti-
tion rate at which beams and lasers can be operated, and fuel pellets produced.
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Magnetic confinement fusion employs a strong magnetic field to confine the
plasma, and is the concept relevant for this thesis. It makes use of the Lorentz
force, which causes charged particles to move in helical orbits (Larmor orbits)
around magnetic field lines in a uniform magnetic field. In the absence of colli-
sions or fluctuations, the particles (more precisely: their guiding centres) remain
tied to the field lines but are free to move along them. The confined plasma
may then be heated by external means such as highly energetic particle beams
(so-called neutral beam injection, or NBI), radiofrequency waves (ion cyclotron
resonance heating, or ICRH) or microwaves (electron cyclotron resonance heat-
ing, or ECRH). In a reactor, the (doubly positively charged) alpha-particles
produced in D-T reactions remain captured in the magnetic field, and transfer
their energy back to the plasma through collisions. The plasma can thus sustain
the heat by itself. Ignition is achieved when all external heat sources can be
turned off. In contrast, the (uncharged) neutrons produced in large quantities
through the D-T reaction are not affected by the magnetic field and directly
escape from the plasma. They provide the basis for the electricity production of
the power plant.
In practice, collisions and fluctuations will cause the particles to be confined only
for a finite time inside the plasma. A sufficiently good confinement is important
to reach ignition in a reactor of acceptable size. For the range of temperatures
relevant for a fusion reactor (T = 10-20 keV) and neglecting the influence of
impurities and helium ash in the plasma, the ignition condition requires

nTτE ≥ 3 · 1021 m−3keV s

where n is the plasma density and τE is a measure for the quality of confinement,
the energy confinement time. The quality of confinement strongly depends on
the magnetic field geometry of the device. Various concepts have been studied
over the last decades. Of all these, the tokamak is the most studied and most
advanced fusion machine to date, and is the most likely system to demonstrate
a burning fusion plasma.

1.2 The problem of Edge Localised Modes

Under certain conditions, it is observed that a transport barrier for energy and
particles develops near the boundary of a tokamak plasma (and of some other
fusion machines as well). This leads to the formation of a region with steep pres-
sure gradients at the plasma edge and to an overall improvement of the energy
confinement. Hence, the existence of an edge transport barrier is beneficial for
the performance of a burning fusion plasma.
In such a situation, a class of plasma instabilities that have been called Edge
Localised Modes, or ELMs, often occurs. The ELM bursts cause a partial col-
lapse of the edge transport barrier, and lead to a sudden expulsion of energy
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and particles out of the confined plasma. ELMs therefore tend to lower the ef-
ficiency of a burning fusion plasma. The energy bursts associated with ELMs
may further lead to high transient heat loads onto plasma facing components,
and thus reduce their lifetime below acceptable levels. However, ELMs are not
purely detrimental. They help to avoid the accumulation of impurities in the
plasma, and allow for stationary operation in the presence of an edge transport
barrier.
ELMs constitute an extensive and very important field of present nuclear fusion
research. The basic question is whether a good compromise can be found be-
tween sufficient particle exhaust, good enough energy confinement and tolerable
transient heat loads in a burning fusion plasma.

1.3 This thesis

ELMs are a complex phenomenon and not well understood yet. This thesis in-
tends to contribute to this field of research. The aim is to elucidate the origin of
the ELM and advance the understanding of the plasma edge stability. The main
emphasis is placed on the analysis of experimental data. Where found appropri-
ate, extensive modelling calculations are also used.
For the purpose of this thesis the JET tokamak has been chosen, the world’s
largest tokamak. The thesis has been supported by an extensive team of special-
ists. For the analysis of JET discharges several high quality diagnostics as well
as MHD-analysis codes have been used. In addition, an extensive collection of
Matlab-based data analysis routines has been developed within this thesis and
successfully applied.
In this thesis, the role of various edge instabilities observed in JET is explored.
Their properties are analysed in detail, and the observations made are compared
with theoretical predictions. An interpretation of the results in the context of
present ELM models is given.
The outline of the thesis is as follows: First, some basic concepts, such as the
tokamak and the divertor, are briefly discussed in chapter 2. Chapter 3 gives a
general introduction to the theory and the phenomenology of ELMs. Chapter
4 gives an overview of the experimental setup, including the JET device, the
diagnostics relevant for this thesis, and the various data analysis methods de-
ployed. Chapters 5 and 6 form the main chapters of this thesis. In chapter 5 the
characteristics of a class of edge instabilities that regularly precedes type-I ELMs
on JET are discussed in detail. Chapter 6 presents evidence for the involvement
of a type of instability, called the Washboard Mode, in the ELM and plasma
edge dynamics. It further explores the relationship of Washboard Modes with a
regime recently identified at JET that has been called the mixed type-I/type-II
ELM regime. Finally, a discussion of the results is given and future plans are
outlined.



4 Chapter 1

1.4 Publications related to this thesis

Journal contributions

C P Perez, H R Koslowski, G T A Huysmans, T C Hender, P Smeulders, B Alper,
E de la Luna, R J Hastie, L Meneses, M F F Nave, V Parail, M Zerbini and JET-
EFDA contributors, Type-I ELM precursor modes in JET, EFDA-JET-PR(02)11
(preprint available online at http://www.iop.org/Jet/main), submitted to Nucl.
Fusion

C P Perez, H R Koslowski, T C Hender, P Smeulders, A Loarte, P J Lomas,
G Saibene, R Sartori, M Becoulet, T Eich, R J Hastie , G T A Huysmans, S
Jachmich, A Rogister, F C Schüller and JET EFDA contributors, Washboard
modes as ELM-related events in JET, Plasma Phys. Control. Fusion 46 (2004)
61-87

H R Koslowski, B Alper, T Eich, S E Sharapov, C P Perez, E Westerhof and
JET-EFDA contributors, Observation of the palm tree mode, a new MHD mode
excited by type-I ELMs on JET, to be submitted to Nucl. Fusion

Conference contributions

C P Perez, H R Koslowski, G T A Huysmans, P Smeulders, B Alper, T C Hen-
der, L Meneses, M Zerbini and contributors to the EFDA-JET workprogramme,
Type-I ELM precursor modes in JET, Proc. 29th EPS Conf. on Controlled Fu-
sion and Plasma Physics (Montreux, 2002), P1.023

C P Perez, H R Koslowski, G T A Huysmans, P Smeulders, B Alper, T C
Hender, L Meneses, M Zerbini and contributors to the EFDA-JET workpro-
gramme, Type-I ELM precursor modes in JET, CPS conference 2002

H R Koslowski, C P Perez, G D Conway, P J Lomas, G Saibene, R Sartori and
JET-EFDA contributors, Relation between type-II ELMs, edge localised turbu-
lence, washboard modes and energy losses between ELMs in high density ELMy
H-modes on JET, Proc. 30th EPS Conf. on Controlled Fusion and Plasma
Physics (St Petersburg, 2003), ECA Vol. 27A, P-1.102

H R Koslowski, C P Perez, B Alper, T Eich, T C Hender, G T A Huysmans, S E
Sharapov, P Smeulders, E Westerhof and JET-EFDA contributors, Observation
of Pre- and Postcursor Modes of Type-I ELMs on JET, Proc. 19th IAEA Fusion
Energy Conf. (Lyon, 2002), EX/P1-14



Introduction 5

H R Koslowski, M F F Nave, B Alper, C P Perez, S D Pinches, O Sauter, S
E Sharapov and contributors to the EFDA-JET workprogramme, MHD studies
in radiating mantel plasmas on JET, Proc. 28th EPS Conf. on Controlled Fu-
sion and Plasma Physics (Funchal, 2001), ECA Vol. 25A, P3.010

G Saibene et al (many authors), Pedestal and ELM characterisation of highly
shaped single null and quasi double null plasmas in JET, Proc. 30th EPS Conf.
on Controlled Fusion and Plasma Physics (St Petersburg, 2003), ECA Vol. 27A,
P-1.092

A Loarte, G Saibene, R Sartori, M Becoulet, P J Lomas, S Ali-Arshad, B Alper,
M Beurskens, M Kempenaars, H R Koslowski, C P Perez, A Kallenbach, W
Suttrop, Correlation of type-I ELM energy losses with pedestal plasma charac-
teristics and global discharge parameters in JET ELMy H-modes, Proc. 30th
EPS Conf. on Controlled Fusion and Plasma Physics (St Petersburg, 2003),
ECA Vol. 27A, P-1.096

R Sartori et al (many authors), Interaction between core and edge in JET ELMy
H-modes with mixed Type I-II ELMs: consequences for the extension of this
regime towards high plasma current, Proc. 30th EPS Conf. on Controlled Fu-
sion and Plasma Physics (St Petersburg, 2003), ECA Vol. 27A, P-1.101

Invited talks

C P Perez Washboard modes as ELM-related events in JET, Culham Colloquium
(Culham, 2002)



6 Chapter 1



Chapter 2

Some basic concepts

2.1 Tokamaks

A tokamak [1] is a toroidal device in which a strong toroidal magnetic field is
generated by a toroidal field coil system, and a poloidal magnetic field is cre-
ated by a toroidal current Ip flowing through the plasma. The toroidal current
is induced by means of a transformer. The plasma itself forms the secondary
winding of the transformer, the primary winding being (usually) wound on an
iron core. Figure 2.1 gives a schematic overview of a tokamak. Since the plasma
ring has a natural tendency to expand radially outwards in an effort to lower its
magnetic energy, a vertical magnetic field Bv is also needed. Bv interacts with
the toroidal current to give an inward force. Extra field coils may be used to
change the shape of the plasma cross section. For instance, D-shaped plasmas
(in other words, plasmas with a certain amount of elongation and triangularity,
as defined in figure 2.2) are found to have better confinement properties than
plasmas with circular cross section, and are therefore often employed.
In reality, not all the current Ip flowing in the tokamak plasma is induced by
the transformer. There are certain currents which naturally arise from kinetic
effects in the plasma (in particular, from particle drifts that ultimately arise
from the natural spatial inhomogenity of the magnitude of the magnetic field in
a tokamak, B ∼ 1/R). One such current is the so-called bootstrap current [2].
It flows parallel to the magnetic field lines, and its magnitude depends on the
shape of the radial electron and ion temperature profiles, as well as the density
profile. High bootstrap current density can be expected in regions with strong
radial decay of density or temperature. For given profiles the magnitude of the
bootstrap current does also depend on the frequency of particle collisions, more
precisely, on a quantity called electron collisionality νe(r), which is proportional
to the ratio ne/T

2
e . Basically, the higher νe is the smaller the bootstrap current

density becomes. The physics behind the bootstrap current is complex, and its
detailed discussion goes out of the scope of this thesis. Over the years exten-
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Figure 2.1: Schematic drawing of a tokamak. A toroidal vacuum vessel con-
taining the plasma is surrounded by a set of poloidal coils which produces the
toroidal magnetic field Bφ. A transformer induces a current Ip in the plasma,
which gives rise to a poloidal magnetic field Bθ. The combination of Bφ and
Bθ results in a magnetic field with helical structure which confines the plasma.
Additional externally applied magnetic fields, such as the vertical field Bv, are
necessary to maintain the plasma ring in its position. The coordinate definitions
used in this thesis are shown to the right, including the major radius R, the
minor radius r, the toroidal angle φ and the poloidal angle θ.

sive analytical formulas for the calculation of the bootstrap current have been
elaborated. The interested reader may find the present state-of-the-art formulas,
which are routinely employed in a number of numerical transport codes, in [3].
In addition to the above, it is worth mentioning that it is possible to drive cur-
rent externally by applying electromagnetic waves to the plasma, either in the
radiofrequency range (ion cyclotron current drive, ICCD) or the microwave range
(electron cyclotron current drive, ECCD, or lower hybrid current drive, LHCD).
The presence of a toroidal and a poloidal magnetic field results in a set of helical
field lines located on closed surfaces nested around the plasma center (so-called
magnetic surfaces). For each magnetic surface the helicity of the magnetic field
lines can be described with the so-called safety factor q, given in approximation
for circular cross sections of the magnetic surfaces by

q(r) =
1

2π

∮

r

R

Bφ

Bθ

dθ

where the integral is carried out over a single poloidal circuit around the flux
surface. It should be noted that the expression for q becomes more complicated
in case the shape of the cross section of magnetic surfaces becomes non-circular
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Figure 2.2: Definition of (a) the elongation κ, and (b) the triangularity δ, for
a plasma with a minor radius a.

like in figure 2.4. q specifies for a given magnetic surface the number of toroidal
turns necessary to perform a complete poloidal turn along a field line. If q
is equal to a number being the ratio of two integers m/n, then the field lines
close on themselves after performing m poloidal and n toroidal turns. If q is
irrational, then the field lines are not closed and cover ergodically the whole
magnetic surface. The name “safety factor” comes from the important role of
q in the stability of tokamak plasmas. In standard operational scenarios in
tokamaks q(r) has a minimum on the magnetic axis (usually q(0) ≈ 1), and
increases monotonically towards the plasma edge. The notation qX is often
encountered in literature and is used to denote the value of q for a particular
magnetic flux surface. Here X is a number that stands for the percentage of
the poloidal magnetic flux that surrounded by that surface with respect to the
poloidal magnetic flux that is surrounded by the plasma boundary. Hence, X
goes from 0 at the magnetic axis to 100 at the separatrix. For instance, q0 and
q95 denote the value of the safety factor at the plasma center and near the plasma
boundary, respectively.
A related quantity describing the variation of q across the magnetic surfaces is
the magnetic shear, s, defined (again, for simplicity, in the approximation of
circular flux surfaces) as

s(r) =
r

q

dq

dr
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Another quantity relevant for stability is the plasma beta, β, which is a measure
of the efficiency of confinement of plasma pressure by the magnetic field, and is
represented in a simple way by the ratio

β =
〈p〉V
B2/2µ0

where 〈p〉V denotes the plasma pressure averaged over the plasma volume, and B
is the total magnetic field, usually taken at the magnetic axis. A related quantity
is the poloidal beta, βp, defined as

βp =
〈p〉S

〈Bθ〉2S/2µ0

where now the pressure and the poloidal magnetic field are averaged over the
flux surface at the plasma boundary.
Several tokamak devices are being currently operated for fusion energy research
around the world. The largest tokamaks are JET (Abingdon, UK), JT-60U
(Naka, Japan), DIII-D (San Diego, US) and ASDEX Upgrade (Garching, Ger-
many). The material presented in this thesis is based on measurements made
on JET. The next step in the development of fusion energy research towards a
reactor is the planned tokamak ITER [4,5], the aim of which is to demonstrate a
burning fusion plasma for the first time (a burning fusion plasma means that a
significant part of the plasma heating is provided by the α-particles of the fusion
reaction). Figure 2.3 gives an overview of the ITER device, together with some
of the main plasma parameters.

2.2 The divertor

A burning fusion plasma will have to exhaust particles (mainly the thermalised
α-particles) and energy (which leaves the plasma in the form of radiation or of
kinetic energy of the escaping particles). A possible solution for the exhaust of
energy and particles is the poloidal field divertor configuration. This configura-
tion is generated by extra field coils basically consisting of conductors that are
concentric with the plasma current. The resulting magnetic configuration can be
divided into two zones, separated by so-called separatrix (see figure 2.4). Inside
the separatrix, where the hot fusion plasma is confined, the magnetic field is
composed of nested magnetic surfaces. A particle escaping from this inner zone
towards the outside (into the so-called scrape-off layer, SOL) meets field lines
that convey it to a target plate in the exhaust region.
The point where the poloidal field is zero is called the X-point. Note that the
X-point also implies that the safety factor q becomes infinity at the separatrix.
Plasma configurations with one X-point (most often located at the bottom of
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Figure 2.3: Schematic overview of the ITER device [5].

the plasma) are called single null (SN) configurations. Double null (DN) config-
urations have two X-points, one at the top and one at the bottom of the plasma.
The points where the separatrix hits the target plates in the divertor are called
the strike points. For each X-point there are two strike points: one in the inner
and one in the outer part of the divertor.
The divertor target plates are heated by the incoming energy and bombarded
by the escaping particles. It is important to (i) reduce the power density to
the target plates to levels that can be handled by state-of-the-art materials and
cooling techniques, and (ii) decrease the kinetic energy of the incoming particles
below the threshold energy at which target damage occurs.
This task becomes particularly critical due to the existence of certain plasma
instabilities localised near the plasma boundary, the so-called Edge Localised
Modes (ELMs). ELMs are relaxation oscillations which cause quasi-periodic
heat and particle losses of short duration (typically in the order of 100 µs), but
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Figure 2.4: Magnetic contour lines for a typical discharge in the divertor toka-
mak ASDEX Upgrade.

of high energy, into the SOL, and thus also into the divertor. They further have
an influence on the plasma confinement. Empirically, at least three different
types of ELMs have been identified, which are normally classified as ”type-I”
to ”type-III” ELMs. Much effort has been spent world-wide in an attempt to
improve the understanding of these instabilities, and to explore ELM scenarios
which combine high confinement with tolerable heat loads, also when extrapo-
lating to a burning fusion plasma experiment such as ITER. This thesis is meant
to give a contribution to this field of research.

2.3 Plasma stability

An important subject in nuclear fusion research is the study of equilibrium and
stability of a plasma with respect to large scale displacements. Generally, insta-
bilities lead to a deterioration of the energy and particle confinement, or, in the
worst case (only for tokamaks), to a rapid and violent termination of the dis-
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charge (“disruption”). Evidently, the plasma must preferably be operated in a
regime where it is stable against these displacements. On the other hand, some
instabilities can be beneficial, e.g. to avoid accumulation of impurities in the
plasma and allow for stationary plasma operation, and may thus be desirable.
One of the simplest self-consistent models for the description of these large scale
motions is magnetohydrodynamics (MHD), where the plasma is modelled as a
conducting fluid embedded in a magnetic field. Because of the relative simplicity
of the MHD equations, it is possible to (in most cases numerically) calculate
the stability properties of a plasma in the complicated geometry of a tokamak.
This in turn allows for the predictions of MHD theory to be compared with the
experimentally observed instabilities.
One general classification of the different MHD instabilities divides the modes
into ideal and resistive modes. In ideal MHD, the plasma is assumed to have
an infinite electrical conductivity, while in resistive MHD the finite resistivity, η,
of the plasma is taken into account. Inclusion of finite resistivity can generally
have an impact on the plasma stability, and give rise to effects not predicted in
ideal MHD theory, such as magnetic field line reconnection. However, for modes
predicted to be ideally unstable, finite resistivity leads only to small corrections
and plays a minor role.
Given an axisymmetric plasma in equilibrium, in ideal MHD the energy of a
linear perturbation around the equilibrium is given by [6]:

δW =
1

2

∫

P

dV
[

| ~Q⊥|2 +B2|∇ · ~ξ⊥ + 2~ξ⊥ · ~κ|2 + γp|∇ · ~ξ|2

−2(~ξ⊥ · ∇p)(~κ · ~ξ∗⊥) − j‖B
−1(~ξ∗⊥ × ~B) · ~Q⊥

]

(2.1)

where ~ξ(~r) is an arbitrary displacement of a plasma volume element at the po-

sition ~r, ~B and j‖ are the equilibrium magnetic field and the current density
parallel to the magnetic field, respectively, ~κ is the curvature vector of the mag-
netic field, and ~Q is the linear perturbation of the magnetic field. The plasma is
stable if δW ≥ 0 for any displacement ~ξ. The first three terms in (2.1) are positive
definite (thus stabilizing) and describe the contributions from field line bending,
compression of the magnetic field, and plasma compression, respectively. The
two terms which are not positive definite constitute the driving forces of the ideal
instabilities, notably the current density parallel to the magnetic field, j‖, and
the pressure gradient ∇p. The pressure gradient is destabilizing only in those
regions of the plasma where the curvature of the magnetic field lines is positive,
which is, in general, the outside of the torus.
Since field line bending is stabilizing, plasma instabilities tend to align with the
field lines of the equilibrium magnetic field, and thus have helical structure. In
the approximation of “straight” (cylindrical) tokamak geometry the equilibrium
is symmetric in θ and φ. Hence, the plasma displacement may be Fourier de-
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composed as follows

~ξ(~r) = ~ξ(r)ei(mθ−nφ) (2.2)

where m and n are the poloidal and toroidal mode numbers, respectively. Analy-
sis reveals that an MHD instability with mode numbers m and n can only occur
at a flux surface with safety factor q = m/n. For standard (monotonic) q profiles
this implies that the higher the ratio m/n of a mode is, the closer it will be to
the plasma boundary. In toroidal geometry the poloidal symmetry is lost, and
for a given n number the poloidal components of various modes can couple. In
analogy to (2.2), this can be taken into account with the following ansatz

~ξ(~r) = e−inφ
∑

m

~ξm(r)eimθ

Several instabilities occur in tokamaks, and they can be detected and studied by
measuring the perturbations of the magnetic field, or of local plasma quantities
such as the electron temperature and density. If they are not too shortlived,
the perturbations become visible in the form of periodic signal oscillations. This
is because the instabilities usually rotate, toroidally and/or poloidally, due to
the plasma rotation velocity and the diamagnetic drift velocity of the electrons,
which is given by

~ve,dia =
1

eneB2
∇pe × ~B

It can be seen that the diamagnetic drift is proportional to the pressure gradient.
Since in tokamaks Bφ � Bθ, it goes predominantly in the poloidal direction. In
the plasma core mode rotation is usually dominated by the plasma rotation in the
toroidal direction, while the diamagnetic drift only gives a minor contribution and
is often neglected in first approximation. At the plasma edge the diamagnetic
drift may however give an important contribution to the final mode rotation
frequency, particularly in the presence of a steep pressure gradient, and therefore
needs to be taken into account.
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Chapter 3

A review of ELM physics

3.1 The high confinement regime H-mode

In the early 80’s a high confinement regime was discovered during NBI-heating
experiments in divertor tokamak ASDEX [1]. This new regime has been called
H-mode (where H stands for “high”). In this regime the confinement time was
typically twice that of the low confinement or L-mode. Subsequently, the H-
mode regime could be established in many other tokamaks. Over the last 20
years the H-mode has been studied extensively and now is foreseen to become
the standard operational scenario for ITER due to its favourable confinement
properties.
The change in confinement comes from the formation of a transport barrier
for energy and particles at the plasma boundary, leading to the development
of a region with steep density and temperature gradients for the electron and
ion species in the vicinity of the separatrix, the pedestal. The name pedestal
originates from the observation that the profiles further inside the plasma are
“lifted up” by the transport barrier (in reality, the profiles are not just lifted up;
strictly speaking, the shape of the core profiles does also change). The radial
extent of the transport barrier is typically of the order of a few cm. Figure 3.1
shows a time sequence of density profiles building up a pedestal, where the time
slice 1 gives the L-mode density profile just prior to the L to H transition.
Despite considerable effort, both experimentally and theoretically, the physical
origin of the L- to H-transition is not yet understood completely. It is known that
sufficient heating (better: power flow across the separatrix) is required for the
transition, and that H-mode is much easier to achieve in divertor configurations.
In general, the power threshold appears to increase with density, magnetic field
and the size of the tokamak, as represented by the empirical law [3]

Pth = 0.45Bn̄0.75
e R2 (MW, T, 1020m−3, m2)
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Figure 3.1: Sequence of density profiles measured on ASDEX following the
development of a pedestal (from [2]). The first time sequence shows the L-mode
density profile just before the L-H transition. The profiles have been measured
through reflectometry.

where n̄e is the line-averaged density. In terms of local edge quantities, there
is some evidence for the existence of a critical edge temperature for the L to H
transition, which is only weakly dependent on the edge density (figure 3.2). A
fairly large number of theories for the H-mode regime exist (a review of these
theories can be found in [5]). A widely held view is that the transition originates
from the stabilisation of turbulent transport through large rotational shear at
the plasma edge.
The discovery of the H-mode was accompanied by the observation of short bursts
of a new type of instability localised at the plasma edge, which has been called the
Edge Localised Mode, or ELM. The bursts are detected on different diagnostics,
including Mirnov coils, electron cyclotron emission (ECE) measurements and
soft-X ray cameras, and are also visible as spikes of short duration on the Hα

emission. The ELM crash causes a partial breakdown of the pedestal, and leads
to a sudden expulsion of energy and particles across the separatrix into the SOL,
typically within a few hundred µs or less. While the ELM itself is certainly
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Figure 3.2: Experimental data from six tokamaks comparing the edge
electron temperature Te(ρ=0.9), where ρ = r/a, to a scaling Te =
0.17n̄−0.14

e B0.98R0.86q−0.93
95 (from [4]).

localised at the plasma edge, its consequences are in general not restricted to
the plasma boundary but can also extend into the plasma core. The effect of an
ELM on the plasma is conceptually depicted in figure 3.3, where the pressure
profiles prior to an ELM, and just after an ELM, are shown. Figure 3.4 shows
an example of edge density and electron temperature profiles before and after an
ELM.
The ELM causes a decrease in the overall energy content W of the plasma,
where W = 3/2

∫

p dV . Assuming that the core profiles remain unaffected, the
energy loss caused by the ELM can be approximated as ∆WELM = 3/2 ∆pped V ,
where pped denotes the plasma pressure at the top of the pedestal, and V is
the total plasma volume. Some of this energy may dissipate in the SOL in the
form of radiation, while the remaining part will be deposited on plasma facing
components such as the divertor target plates. Thus, ELMs can give rise to
transient heat loads of short duration but considerable energy onto the target
plates. For present size devices the ELM heat loads do not impose a threat to the
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Figure 3.3: Schematical draw of the effect of an ELM crash on the plasma.
Shown are pressure profiles prior to an ELM (upper curve), and just after an
ELM (lower curve).

divertor. However, when extrapolated to a Next Step Device such as ITER, the
heat loads associated with large ELMs are of major concern for the divertor [6,7].
If the ELM deposits enough energy on the target, the surface temperature can
rise above the erosion threshold. During each discharge many, maybe thousands,
ELMs will occur. If each ELM will exceed the erosion threshold this would result
in excessive target erosion and unacceptably short divertor lifetime.

3.2 Classification of ELMs

The standard classification scheme for ELMs was first introduced in DIII-D [9],
and subsequently adopted on basically all devices. At least three types of ELMs
are known, which are commonly classified as ”type-I” (or “giant”), “type-II”
(or “grassy”) and ”type-III” ELMs. In the following the characteristics of the
individual ELM types are discussed.

Type-I and type-III ELMs

Figure 3.5 illustrates the evolution of a typical JET discharge when the external
heating is switched on. Shown are traces for the applied NBI power (top plot),
the electron temperature at the plasma edge (second plot), the line-averaged
densities for the plasma core and for the plasma edge (third plot) and the Hα-
emission in the inner divertor (bottom plot).
The plasma is initially in L-mode. Soon after switching on the NBI, the plasma
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Figure 3.4: Example for (a) edge density and (b) edge electron temperature
profiles before and after an ELM (here of type-I) on DIII-D, obtained from
Thomson scattering (from [8]).

makes an L to H transition (at 17.39 s), which is recognisable through the step-
like increase in the edge temperature. In addition, the rate of increase of the
plasma density is seen to become faster after the transition. A characteristic
signature of L to H transitions is the observation of a sudden reduction in the
level of Hα-emission. In general, the Hα-emission comes from neutral hydrogen
entering the plasma as part of the recycling process and so the Hα-signal is a
measure of the recycling of hydrogen between the plasma and the surrounding
surfaces. Thus, the abrupt fall of the Hα-signal at the L to H transition marks a
sudden decrease in recycling.
The L to H transition is followed by a phase with frequent spikes visible on the
Hα-signal, which indicate bursts of recycling induced by a loss of particles from
the plasma, that lasts until 17.75 s. Those spikes are due to type-III ELMs.
The type-III ELMy H-mode is followed by an ELM-free H-mode phase, which
lasts from 17.75-18.65 s. During the ELM-free phase, the plasma is not station-
ary, and the density increases continuously even in the absence of gas fuelling.
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Figure 3.5: JET discharge showing the typical sequence of ELM regimes during
the power ramp-up phase. Shown are: the applied NBI power (top plot), the
electron temperature at the plasma edge (second plot), the line-averaged electron
densities for the plasma core and for the plasma edge (third plot) and the Hα-
emission in the inner divertor (bottom plot).

Without further arrangements, the discharge would finally reach its density limit
and experience a radiative collapse, a so-called MARFE. (Such a radiative col-
lapse can occur because, when the electron temperature decreases due to an in-
crease in the plasma density, the line-radiation from light impurities is strongly
enhanced. This in turn leads to a further cooling of the plasma, again enhancing
the radiation until the discharge collapses.)
A further increase in the heating power, however, gives rise to the onset of quite
regular spikes of large amplitude visible on the Hα-signal, the type-I ELMs. Co-
inciding with the Hα-bursts, sharp drops in the edge electron temperature and
the edge density trace become visible. After an ELM the plasma gradually re-
covers until the next ELM occurs. Hence, the quasiperiodic temperature and
particle losses associated with the type-I ELMs allows the discharge to become
stationary. The type-I ELMy H-mode remains for the whole flat top phase of the
discharge, which lasts several seconds, until the heating is finally ramped down
(not shown here).
It is found that the ELM frequency behaves differently for type-I and type-III
ELMs. The frequency of type-I ELMs increases with increasing energy flux across
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Figure 3.6: Edge operational space for various ELM regimes and the L-H tran-
sition for a set of D-T discharges in JET (from [10]). The typical time evolution
in this diagramm can be inferred from figure 3.5.

the separatrix into the scrape-off layer (PSOL). PSOL is given by

PSOL = Pheat − Prad − dW/dt

where Pheat denotes the total heating power, Prad the total power radiated in
the bulk plasma, and W the total energy content of the plasma. In contrast to
type-I ELMs, the frequency of type-III ELMs decreases with increasing PSOL. In
general terms, the ELM frequency tends to be higher for type-III ELMs than for
type-I ELMs. The latter criterion is however only of limited applicability for the
classification of ELMs, since under certain discharge conditions the frequency of
type-I and type-III ELMs may become comparable.
Figure 3.6 shows the operational space in terms of edge density and edge elec-
tron temperature for type-I ELMs, type-III ELMs and the L to H transition,
here for a set of discharges with various D-T mixtures and two levels of heating
(8 and 12 MW) [10]. Such operational studies have been performed on several
machines [10–14] yielding similar trends. Type-I ELMs are observed when the
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Type-I Type-III
fELM (Hz), typically ∼5-80 ∼50-500

With increasing PSOL... fELM increases fELM decreases
ne-Te operational space near edge pressure limit slightly above L-H power

threshold / at high ne

∆WELM/Wped ∼2-20 % ( < 5 %)

Table 3.1: Type-I and type-III ELM characteristics. ∆WELM/Wped denotes
fraction of the pedestal energy content lost due to the ELM. Due to their
higher repetition frequency ∆WELM/Wped is often difficult to measure for type-III
ELMs, and hence the number given is to be regarded as an upper limit.

plasma approaches a critical value for the edge pressure pcrit, which in itself de-
pends on the particular discharge configuration (magnetic field, plasma current,
shaping, etc). Type-III ELMs tend to occur at lower edge pressure. They can be
obtained either by low heating power just above the L to H threshold, or, at high
heating power, either by increasing ne through gas puffing, or Prad through im-
purity seeding. In literature, type-III ELMs are sometimes subclassified into low
density type-III ELMs (also called type-IV ELMs on DIII-D) and high density
type-III ELMs. The ELM-free regime, which is not stationary, tends to occur at
heating powers intermediate between the type-I and type-III ELM regimes. Di-
rect backtransitions from type-I to type-III ELMs can however also be observed,
in particular at high density.
Due to the high pedestal pressure, type-I ELMy H-modes exhibit good confine-
ment properties. In particular, type-I ELMs are compatible with good confine-
ment at high density, as is required for a Next Step Device such as ITER. The
main drawback are the large transient heat loads onto plasma facing components
that are associated with type-I ELMs. Considerable effort has been invested in
the assessment of these energy losses (see e.g. [6–8, 15–23]). While there is still
some uncertainty in their extrapolation to a larger device, it seems likely that
type-I ELMs will be unacceptable for ITER operation and hence will have to
be avoided. Type-III ELM scenarios have more benign energy losses, but at the
expense of a confinement degradation and hence a lower plasma performance
(see e.g. [24]).
A brief overview of the various features of type-I and type-III ELMs is given in
table 3.1.

Type-II ELMs

So far we have not considered the so-called type-II, or “grassy”, ELMs. While
ELMs of type-I and type-III have been robustly established on all large tokamaks,
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type-II ELMs are much more difficult to achieve. Type-II ELMs provide small
but frequent energy losses at high confinement, while maintaining the energy and
particle exhaust across the edge transport barrier required for stationary oper-
ation. It appears that these modes only occur in a rather narrow operational
window, whose exploration is currently subject of intense research.
The first observation of a transition from type-I to small ELMs at high plasma
confinement was reported by DIII-D in 1990 [25]. In that experiment, the sup-
pression of type-I ELMs was achieved by a simultaneous increase of the plasma
elongation (κ > 1.8) and triangularity (δ > 0.4), at high edge safety factor
(q95 ∼ 7). The identification of these small ELMs as a new type was put forward
by the DIII-D team [26].
More recently, high confinement regimes with small ELMs were also found in
JT-60U [27–29]. Type-I ELMs disappear and minute grassy ELMs appear if the
triangularity δ, the edge safety factor q95 and βp are high enough [28]. Complete
suppression of type-I ELMs was observed at δ � 0.45, q95 � 6 and βp � 1.6 [28],
or alternatively at δ � 0.58 and q95 � 3.8 [29]. The threshold for δ decreases if
q95 is increased, and vice versa. The rather irregular Hα pattern is dominated
by repetition frequencies of about 0.5 kHz. In contrast to the case of DIII-D
(Ref. [25]), δ and κ could be varied independently, and δ turned out to be the
relevant parameter to reach the grassy ELM regime [27].
A type-II ELM regime was also discovered on ASDEX Upgrade [30]. Here,
steady-state pure type-II ELMy H-mode phases are only obtained at high den-
sities. This is in contrast to JT-60U. Additional requirements are q95 ≥ 4.2, and
an equilibrium close to a double-null configuration with an average triangular-
ity δ = 0.40. The results of ASDEX Upgrade raise the question whether it is
the closeness to double-null configuration rather than the plasma triangularity,
which determines the transition to type-II ELMs. In phases with type-II ELMs
a characteristic magnetic broadband fluctuation in the frequency range 30 ± 10
kHz can be observed on magnetic pick-up coils. The type-II ELM repetition
frequencies are in the order of 0.5 to 1 kHz. Recently, mixed type-I/type-II ELM
phases have been obtained in ASDEX Upgrade for 3.6 � q95 � 4 in high power
plasmas at high βp [31].
In JET, a pure type-II ELM regime could not be established so far. How-
ever, an anomalous decrease in the type-I ELM frequency could be observed
at high pedestal densities (high gas fuelling) in high triangularity discharges
(δ ∼ 0.45 − 0.5) [32]. The observed reduction of fELM with density is accompa-
nied by increased activity on the Hα emission in the form of small and irregular
fluctuations, and by a characteristic enhancement of MHD fluctuations in the
frequency range 10-30 kHz observed with magnetic pick-up coils. The similarity
of these observations with the ones reported in ASDEX Upgrade [30], suggests
that this regime at JET is a mixed type-I/type-II ELM regime. One differ-
ence between the ASDEX Upgrade and JET operational conditions in type-II
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(or mixed) ELMs is the value of the edge safety factor, which is lower at JET
(q95 ∼ 3) than in ASDEX Upgrade. So far, attempts to establish on JET a pure
type-II ELM regime through an increase of q95 or βp, or through variation of
the closeness of the plasma shape to double-null configuration, have not been
successful [33]. There is some evidence that the access from type-I to mixed
type-I/type-II ELM regime could be easier with higher input power [34], but
this still requires confirmation.
Since type-II ELMs lead to a much more steady heat flux to the divertor than
type-I ELMs, with significantly reduced peak loads, and provide stationary high
confinement, they constitute a very attractive candidate scenario for ITER. How-
ever, as the access to type-II ELMs is not straightforward, they are still relatively
unexplored. For instance, no characterisation exists for the power dependence of
the type-II ELM frequencies, in contrast to type-I and type-III ELMs. Although
there are similarities, it is even not completely clear yet whether the small ELM
regimes identified on the various devices, and which share the common label
“type-II” or “grassy”, really originate from the same phenomenon.

Further regimes

A somewhat special case is the so-called Enhanced Dα (or EDA) regime of the
Alcator C-Mod tokamak [35,36], which is a high magnetic field device (B ∼ 5-8
T). The EDA regime is a stationary regime, which is free of type-I and type-III
ELMs, found at moderate to high densities. It has good energy confinement and
is characterised by a high level of continuous Dα emission. EDA plasmas require
a moderate pedestal temperature (Te � 400 eV) [37] and are more likely at low
plasma current (q95 > 3.7), medium to high triangularity (∼ 0.35-0.55) and high
neutral pressures. The EDA regime appears to be maintained by a continuous
mode in the steep edge gradient region that has been called the quasi-coherent
mode (QCM) [38]. The QCM is believed to cause an enhanced particle transport
across the edge barrier and thus allow for stationarity. Since on Alcator C-Mod
no type-I ELMs have been observed so far, most probably due to a lack of heating
power [39], the classification of the EDA regime in the context of the type-II ELM
regimes discussed above is difficult. The analysis on the basis of intermachine
comparisons is not yet conclusive, but at present a widely held view is that the
EDA mode of Alcator C-Mod is not related to type-II ELMs but constitutes an
operational regime of its own. So far the EDA regime could not be reproduced
in other devices.
Another operating regime is the quiescent H-mode (QH-mode) regime, first seen
in DIII-D [40–42] and recently also achieved in ASDEX Upgrade [43]. Three key
factors are required for this regime: neutral beam injection in a toroidal direction
opposite to that of plasma current (counter-injection), a large clearance between
the separatrix and the wall, and good pumping conditions achieved by locating
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the divertor strike points near the divertor cryopump entrance. The QH-mode
is ELM-free and yet has stationary (low) density. The density control seems
to be possible due to the presence of an edge MHD instability, which has been
called the edge harmonic oscillation, or EHO, that appears to enhance the edge
particle transport while leaving the energy transport unaffected. There has been
recent success in DIII-D to achieve higher plasma densities while maintaining
the QH-mode edge [44]. A still unsolved problem of QH-mode discharges is
their rather high impurity content (Zeff) [45]. The impurities dilute the primary
fuel ions, thus reducing the neutron production rates. The achievement of a
low Zeff is clearly a necessary condition before the QH-regime can be considered
reactor-relevant.

Overview

One may summarise the above considerations as follows:

1. Standard ELM-free H-mode plasmas show no ELMs and, linked to this,
low edge transport. This yields good energy and particle confinement but
also an impurity exhaust problem. Consequently, ELM-free H-modes are
not stationary.

2. Plasmas with type-I ELMs show more or less strong relaxation oscillations
with low repetition frequency and have sufficiently low edge transport. This
scenario is a good compromise between high confinement and sufficient
particle exhaust. The main problem are the unacceptably high transient
heat loads expected in the divertor of a burning fusion plasma.

3. Plasmas with type-III ELMs show relaxation oscillations with high rep-
etition frequency, sufficient particle exhaust and tolerable transient heat
loads. The main disadvantage is the rather high overall energy transport,
leading to a degradation of the energy confinement of the plasma.

4. Type-II ELMs show relaxation oscillations with high repetition frequency,
sufficient particle exhaust and tolerable transient heat loads. In contrast to
type-III ELMs, they also provide good energy confinement. They appear to
occur only in a narrow operational window, and it is still unclear whether
type-II ELMs will be possible to achieve in a burning fusion plasma.

The basic question is whether a good compromise can be found between sufficient
particle exhaust, low enough energy transport and tolerable transient heat loads
in a burning fusion plasma.
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Figure 3.7: Ballooning mode displacement (from [46]).

3.3 Theory of ELMs

ELMs are not well understood yet. Ideal MHD modes driven by the steep cur-
rent and pressure gradients at the edge transport barrier are regarded as the
most likely candidates to explain their origin. This applies in particular to
type-I ELMs, to which the majority of the theoretical work done so far was
devoted. For type-III ELMs, resistive modes are also considered to be a strong
contender. From stability calculations performed on the basis of experimental
data three types of ideal MHD instabilities can be expected at the transport
barrier: kink-/peeling-modes, ballooning modes and coupled peeling-ballooning
modes. Over the last two decades considerable theoretical work has been per-
formed, both analytically and through modelling calculations, to improve their
theoretical background. In the following a brief description of the three above
mentioned instabilities is given.

3.3.1 Ballooning modes

Ballooning instabilities are driven by the pressure gradient. This type of insta-
bility arises from the toroidicity, in other words, it does not occur in a straight
cylinder geometry. In general, the magnetic field has a favourable curvature
with respect to field line bending by the pressure gradient on the inner side of
the torus, and an unfavourable curvature on the outer side. Ballooning modes
develop as a localised instability on the outboard (low field) side of the plasma.
At sufficiently high pressures structures can eventually develop which “balloon”
towards the low field side such that the field lines are bent radially outwards
(figure 3.7).
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Figure 3.8: Marginal stability diagram for ideal infinite-n ballooning modes,
calculated numerically for circular flux surfaces and a/R � 1, showing the re-
gions of first (1) and second (2) ballooning stability (from [47]).

In literature, the ballooning stability is often characterised by the so-called bal-
looning stability parameter α, defined as

α = −2µ0Rq
2

B2

dp

dr

Ballooning stability also depends on the magnetic shear s, which has (in the
first stability region, see below) a stabilising effect. This is because the shear of
magnetic field lines opposes the movement of the fingers radially outwards across
the flux surfaces. Since s varies with the plasma shape, ballooning stability can
therefore be influenced by quantities such as the plasma triangularity and elon-
gation.
A stability diagram for ballooning modes in s-α space is shown in figure 3.8.
The two solid curves represent the marginal stability boundaries, as a function
of shear and α, computed numerically for the case of circular flux surfaces in
the limit a/R � 1. One branch separates the “first region of stability” from
the unstable region. At a fixed value of shear the system is stable for small
pressure gradients. As the pressure gradient (i.e. α) increases the perturbation
develops a progressively larger ballooning component. At sufficiently high α, the
destabilising contribution from the unfavourable curvature region overcomes the
stabilising influence of the magnetic shear, and the system becomes unstable. As
expected, when the shear increases, the maximum stable pressure gradient also
increases.
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A somewhat surprising feature of the s-α diagram is the so-called “second region
of stability”. In this region sufficiently large values of the pressure gradient are
stabilised. Interestingly, this region is most easily accessible at low values of
magnetic shear. In the proximity of the second stable region magnetic shear be-
comes destabilizing for ballooning modes. The origin of the second stable region
for ballooning modes is hidden in the ballooning mode equations, and not easy
to justify in an intuitive manner. It turns out that it is related to the variation
of the local value of the magnetic shear along a flux surface (due to toroidicity,
the local shear has different values on the low and high field side). Effectively,
the second region of stability is generated by a pressure-driven modification of
the local shear. Since this local shear modulation increases with the poloidal
beta, βp, access to second stability is predicted to be easier to achieve in high βp

plasmas.
With increasing mode numbers ballooning modes become more and more un-
stable. In fact, within ideal MHD, infinite-n ballooning modes are the most
unstable ballooning modes. However, inclusion of correction terms in the ideal
MHD equations which are related to the finite size of Larmor orbits (so called
finite Larmor radius, or FLR, effects, also referred to in literature as diamag-
netic stabilisation effects) will impose an upper limit on the most unstable mode
numbers.
The theory of ballooning modes is rather involved and still in the process of
development. In the following a brief overview of past theoretical work is given.

Core and edge ballooning modes

The standard analytical expressions for conventional (internal) ballooning mode
theory were published in 1978 [48]. Starting from the ideal MHD equations, the
derivation makes use of an expansion in the small quantity 1/

√
n. The stability

boundaries are then computed in the limit n → ∞. At finite n, conventional
ballooning theory predicts a 1/

√
n dependence of the ballooning mode width and

a finite-n correction of the critical α proportional to 1/n [49].
It turns out that some details in this derivation are not applicable to the plasma
edge. A modified ballooning formalism, which is valid at the plasma edge, has
been developed only rather recently [50]. The analytic calculations show that
the edge ballooning mode has the same infinite-n stability boundary as that
predicted by the conventional ballooning equation (when the coupling to the
peeling mode is not important, see also section 3.3.3). The analytic calculations
further predict that the edge ballooning mode has a larger, stabilizing, finite-
n correction, proportional to n−2/3, than conventional ballooning theory would
predict

αcrit(n) − αcrit(∞) ∝ 1

n2/3
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and a mode width that scales with n−2/3. Furthermore, the analytic expressions
predict the individual poloidal Fourier harmonics to be coupled and have an
envelope with the shape of an Airy function, while conventional ballooning theory
would predict a Gaussian envelope.
Detailed modelling computations performed by Huysmans et al [51] with the ideal
MHD code MISHKA [52] have however refuted some of the features predicted in
the analytic treatment of edge ballooning modes. It turns out that the value of
the marginally stable pressure gradient can be well described by

αcrit(n) = αcrit(∞) +
cα

n∆ped

where ∆ped is the width of the transport barrier and cα is a constant. The 1/n
correction is consistent with the conventional ballooning theory, and does not
agree with the modified scaling with n−2/3 as found in [50] (the reasons for this
are further discussed in [51]). The correction is inversely proportional to the
width of the edge pedestal i.e. a narrow barrier is more stable to lower toroidal
mode numbers than a wide barrier. The width of the ballooning mode in the edge
pedestal does not follow the 1/

√
n dependence expected from the conventional

ballooning theory, nor the scaling for edge ballooning modes n−2/3 [50]. Instead,
the width shows a strong scaling with the pedestal width and a weak dependence
on the toroidal mode number. The half-width of the ballooning mode can be
approximated by ∆ball ∼ ∆

3/4
pedn

−1/4. The mode width basically fills up the width
of the pedestal.

Finite Larmor radius effects

As mentioned above, finite Larmor radius (FLR) effects, not considered in stan-
dard ideal MHD, affect the ballooning stability. The stabilizing influence of a
radially constant ion-diamagnetic drift frequency, ω∗

i , on ballooning modes was
first demonstrated in [53] for a simple model toroidal equilibrium (and later ex-
tended to more general equilibria in [54]). Figure 3.9 illustrates the effect of
the diamagnetic stabilisation on the marginal stability boundaries for ballooning
modes. The effects of a constant ion diamagnetic drift and the finite radial local-
ization of the pedestal pressure gradient were studied in [55] using the Braginskii
equations and a simple analytical model. The effect is found to be strongly sta-
bilizing when ∆ped < ∆R, where ∆R ∼ ρ

2/3
i R1/3 in the center of the pedestal.

In this limit, conventional ballooning modes within the pedestal region become
stable, and a stability condition is obtained, α/αc < (4/3)∆R/∆ped, which is
much less stringent than that predicted by local magnetohydrodynamic theory
(α/αc < 1).
While treating ω∗

i as a constant is normally a reasonable assumption, it often
fails in the pedestal region where the density and temperature vary strongly over
short distances. The formalism was extended in [56] to retain the strong radial
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Figure 3.9: Marginal stability boundaries for ballooning modes in s-α space,
as a function of the finite gyroradius parameter Λ ≡ n2ρ2

i q
2R/(2r2Lp), where

Lp = |d(ln p)/dr|−1 denotes the scale length of the pressure gradient. Λ = 0
corresponds to the case with no diamagnetic stabilisation (from [53]).

variation of ω∗
i characteristic of edge plasmas in the pedestal region. As a con-

sequence, the FLR stabilization is modified and can be weaker than in the case
of constant diamagnetic frequency.
Extensive numerical computations have been performed by Huysmans et al [51]
with a modified version of the MISHKA-1 code, MISHKA-D, that accomodates
FLR effects in general axi-symmetric toroidal geometry. The stabilisation of
ballooning modes due to FLR effects is strongest for narrow pedestals. For a
low enough density, where the effect of the ion-diamagnetic drift is largest, the
ω∗

i stabilisation can lead to a second stable regime with all ballooning modes
stable for any value of the pressure gradient. The calculations also confirm that
a strong radial variation of ω∗

i reduces the efficiency of diamagnetic stabilisation,
and that no complete stabilisation is found if ω∗

i varies too much [57].

Finite edge current

Due to the strong temperature and density gradients encountered at the trans-
port barrier the bootstrap current density needs also to be considered. The finite
edge current plays an important role in the ballooning stability, because it re-
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duces the magnetic shear. Miller et al [58] found that the edge pressure gradient
(H-mode pedestal) for computed equilibria in which the current density profile
is consistent with the bootstrap current may not be limited by the first-regime
ballooning limit. According to [58], the transition to second stability is easier for
higher plasma elongation, intermediate triangularity, narrower pedestal width,
higher q95 and lower collisionality. The inclusion of the current in studies of the
pedestal leads to a separate dependence of MHD stability (i.e. also ballooning
modes) on density and temperature, rather than just pressure, because of the
strong dependence of the bootstrap current on the collisionality νe (as mentioned
earlier, νe ∝ ne/T

2
e ) [59].

Further effects to be considered

Despite the extensive work of recent years, linear ballooning theory is still incom-
plete. In addition to the effects discussed above, there are at least two further
effects that are likely to have an impact on ballooning stability and have not
been accounted for so far: the strong rotational shear that is expected at the
plasma edge, and the effect of a poloidal field null and the associated singularity
of the safety factor q when approaching the separatrix.

Nonlinear ballooning theory

Although at an early stage of development, inclusion of nonlinear effects in bal-
looning theory has already highlighted some interesting features, which may have
relevance beyond the field of fusion research. Nonlinear ballooning is currently
being regarded as a possible candidate to explain the sudden loss of confinement
that occurs in solar flares, tokamak disruptions and ELMs [60], among other
phenomena. The theory predicts a general explosive feature of the ideal bal-
looning instability (“detonation”) emerging from non-linear effects through the
development of tube-like structures, the ballooning fingers. In the case of ELMs,
the ballooning fingers depart from inside the separatrix and move outwards into
the SOL (see figure 3.10).
The theory of nonlinear ballooning modes has been developed in a series of pa-
pers. The basic nonlinear mechanisms were first investigated in a plasma slab
with gravity with the field lines tied to conducting walls [61]. Later on, this anal-
ysis was generalised to three-dimensional geometry [62] with line-tied boundary
conditions (the displacement is zero at the end of the field lines), including the
effects of magnetic shear and curvature. The analysis in [61,62] used ideal MHD
equations—Fong et al [63, 64] included finite Larmor radius terms and showed
that this effect determined the width of the fingers in tokamak disruptions. Very
recently, the analysis has been extended to toroidal plasmas [65], relaxing the
line-tied boundary conditions.
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Figure 3.10: Cartoon of field lines in nonlinear ballooning. The ballooning red
flux tube (field line) has been displaced from the white line on the surface. The
displacement is large on the outside of the surface (from [60]).

3.3.2 External kinks and peeling modes

The external kink mode is generally considered to be a current-driven mode.
The theory of kink modes has not been developed in divertor geometry, where
the edge safety factor becomes infinity at the separatrix. The theory assumes
that at the plasma boundary q has a finite value, qedge, and that further rational
surfaces are present outside the plasma in the vacuum region. External kink
modes become destabilised when the safety factor at the plasma edge, qedge, is
low enough such that a mode with m/n > qedge (where m and n are the poloidal
and toroidal mode numbers, respectively) can be destabilised. External kinks
are normally dominated by a single helicity m/n (in contrast to the ballooning
modes, for which each toroidal component is usually composed of a large number
of poloidal components with comparable amplitude).
It becomes clear that the kink mode’s rational surface is located in the vacuum
region outside the plasma. The instability is sensitive to the distance of the
rational surface to the plasma. In particular, when the rational surface is very
close to the plasma (e.g. m/n = 3 and qedge = 2.95), the resulting instabil-
ity is strongly localised near the plasma edge and has a large growth rate. In
literature this particular type of external kink is often termed as the “peeling
mode”. As qedge is reduced the instability has a greater radial extent, and the
growth rate decreases until qedge crosses the next rational value where a peeling
mode reappears. Figure 3.11 illustrates the poloidal mode structure of an n = 1
kink (peeling) mode, and the displacement profile associated with the mode as
a function of radius.
In theory, external kinks should be stable in plasmas with divertor configuration,
since q = ∞ at the separatrix, and hence all rational surfaces are located inside
the plasma. However, it turns out that for practical considerations the plasma
boundary can be effectively set (somewhat arbitrarily) at a finite value of q near
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Figure 3.11: (a) Mode structure of an n = 1 external kink mode, where the per-
pendicular component of the displacement vector of the perturbation is shown in
the poloidal plane. (b) Radial displacements of the individual Fourier harmonics
for the same mode, as a function of the radial coordinate

√
ψ (where ψ is the

normalised poloidal magnetic flux corresponding to each flux surface).

the plasma edge (e.g. q95 or q99) due to finite resistivity effects. External kinks
could indeed be unambiguously identified experimentally in divertor plasmas in
JET [66], thus supporting the above approach.
In the following a brief overview of past theoretical work on kink modes is given.
The basic paper for (general) kink stability in tokamaks was published by Shafra-
nov back in 1970 [67]. The standard analytical expressions for the particular case
of peeling modes have been published later on by Lortz in 1975 [68]. Starting
from the ideal MHD equations, an expansion is made in powers of the (small)
distance of the mode’s rational surface to the plasma boundary. A summary of
further results on kink stability for a range of cases is given in [69]. Results from
modelling computations on kink stability with the PEST code [70] in circular
geometry and with L-mode profiles (i.e. no pedestal) are given in [71]. The sta-
bility to the external kink mode is shown to depend on the details of the current
density near the plasma edge, in addition to qedge. In particular, the build-up
of the current density near the plasma edge is shown to decrease the magnetic
shear and lead to a destablilization of the kink mode. Later, Huysmans et al [72]
explored the influence of combined edge currents (mainly the bootstrap current)
and pressure gradients on the stability of low-n external kink modes in real JET
geometry and taking into account the steep pedestal gradients of the H-mode
transport barrier. For the analysis the codes CASTOR [73, 74], HELENA [75]
and JETTO [76] were used. The results confirmed the destabilising role of a
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Figure 3.12: (a) The stability diagram for JET discharge 30591 at t = 12.2 s, for
n = 3 kink modes and infinite-n ballooning modes, in the plane of edge current
density and edge pressure gradient. (b) Stability diagram for the high βp JET
discharge 32344 at 12.25 s for n = 3 kink modes and infinite-n ballooning modes.
In contrast to (a), access to the second stable regime for ballooning modes (in the
upper right corner of the plot) is possible here. The ballooning mode stability is
evaluated at the flux surface which encloses 95% of the poloidal magnetic flux.
The open circles indicate the edge pressure gradient and edge current density
evolution of the discharge from the JETTO simulation (from [72]).

finite edge current density, and established an operating diagram in jedge and
∇pedge (an often used alternative to s-α diagrams) for low-n external kinks and
ballooning modes (see figure 3.12).

3.3.3 Coupled peeling-ballooning modes

The toroidicity of axisymmetric systems such as the tokamak, and shaping ef-
fects associated with ellipticity, triangularity, etc., have the effect of coupling
poloidal Fourier harmonics with the same toroidal mode number. The coupling
to finite-n ballooning modes is neglected in the original analytic formula used for
peeling modes [68]. The theoretical framework for the analysis of coupling effects
on peeling and ballooning modes has been developed in [77, 78] and applied to
a simplified model, which was later on extended in [50]. The calculations show
that the toroidal coupling plays a destabilizing role, and that the peeling mode,
normally dominated by a single poloidal Fourier harmonic associated with the
first rational surface outside the plasma, can drive several “sideband” harmonics
in the plasma edge region.
The effect of the coupling is illustrated in figure 3.13, which shows the marginal
stability boundaries in j-α space including the coupling of peeling and ballooning
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Figure 3.13: Typical behaviour of the marginal stability boundaries in j-α space
(here calculated for a model equilibrium) with coupling of peeling and ballooning
modes (solid curves), as a function of the parameter ∆ ≡ −n(dq/dr)|r=a(a− r0),
where a is the minor radius of the plasma boundary, and r0 is the radius of the
peeling mode rational surface. ∆ increases with the distance of the peeling mode
rational surface to the plasma boundary. The dashed line represents the peeling
mode stability threshold. The ideal ballooning threshold is given by α/αc = 1,
a vertical line in this plot (from [78]).

modes. As the stability threshold of either the ballooning mode or the external
kink mode is approached, the interaction effect becomes more prominent. It
is possible for the coupled ballooning kink-instability to be unstable when the
pure ballooning and pure kink modes are independently stable. Subsequently
also some numerical studies on coupled peeling-ballooning stability have been
done [57, 59, 79–81]. The coupled peeling-ballooning modes are driven by both
the pressure gradient and the edge current density.
The implications of peeling-ballooning coupling on the access to the second sta-
ble regime for ballooning modes have been numerically studied in [80] with the
ELITE code [81] (see figure 3.14). It is shown that access to second stability
depends on a so-called magnetic well factor dM , which is related to the average
curvature of a magnetic flux surface and describes the effects of shaping and
finite aspect ratio (since dM is a rather complicated function, and is not further
needed here, its exakt definition is not given; the exakt definition can be found
e.g. in [46], page 73). In the n → ∞ limit, the peeling and ballooning thresh-
olds can both be obtained from simple 1-D calculations, and these are shown in
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Figure 3.14: (a) The marginal stability contours in s-α space for the n =
∞ pure peeling mode and the n = ∞ pure ballooning mode (solid curves),
and for the coupled peeling-ballooning mode (dashed line, here for n = 20 and
dM = −0.6) (b) A sequence of curves for the n = 20 coupled mode, with dM =
−0.6,−0.64,−0.645, showing second access reopening at the deepest well (dM =
−0.645) (from [80]).

figure 3.14(a). Note that a wide stable path to the second stability region exists
between the pure peeling and the pure ballooning unstable regions. However, at
finite values of n, the peeling and ballooning modes couple and can close access
to the second stability region. Increasing the magnitude of the magnetic well
(i.e. increasing shaping) decouples the modes and reopens again the access to
second stability. This is shown in figure 3.14(b). The strength of the peeling
ballooning mode coupling is a function of n, and the second stability gap opens
more easily for higher n modes.
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Figure 3.15: Stability diagram for coupled peeling-ballooning modes in the
space of normalised edge current and ballooning stability parameter showing
the order of events predicted by the peeling-ballooning cycle originally proposed
in [50].

3.3.4 ELM cycles

The above theoretical considerations have led to the proposition by Connor et
al [50] of a model for type-I ELMs, the so-called peeling ballooning cycle, that
has gained wide acceptance. The order of events predicted by this cycle is con-
ceptually depicted in figure 3.15. Just after the previous ELM crash the plasma
edge resides in a state of low pressure and low edge current (lower left corner in
diagram). Heating builds up the pedestal pressure gradient on a relatively fast
time scale until the ideal ballooning limit is reached, where, according to the
model, the pressure gradient is kept constant. Here, the model assumes that the
ideal ballooning instability is a benign instability that does not induce a violent
event but rather limits the pressure gradient in a smooth way. In a further step,
with the edge current gradually building up on a slower (resistive) timescale, the
pedestal state moves towards the upper right corner of the stability diagram. The
ELM is finally triggered when the peeling stability boundary is crossed, where
the onset of peeling (or coupled peeling-ballooning) modes causes a degradation
of confinement and therefore a further destabilisation of the modes.
A qualitative modification of the peeling-balloning cycle model to include fur-
ther types of ELMs has been recently proposed by Snyder et al [59]. Within
that model, the various ELM-types are described by cycles with alternative tra-
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Figure 3.16: ELM cycles proposed in [59] for various types of ELMs.

jectories in the edge current/edge pressure stability diagram. The model also
postulates that ELM size correlates with the radial depth of the most unstable
mode.
Figure 3.16 illustrates the model conceptually. The cycle labeled “III” will oc-
cur at low density and low input power, such that the current rises to exceed
the peeling limit well before the pressure gradient reaches the ballooning limit.
These ELMs are expected to be small, both because the peeling modes trigger-
ing them have narrow mode structures, and because they occur at low pedestal
height. The ELM frequency is expected to decrease with input power, because
the pressure gradient will rise more quickly, stabilizing the peeling mode. This
cycle provides a model for the low density type-III ELMs. High density type-III
ELMs are likely driven by resistive modes, and have thus not been included by
this model.
At higher power and low density, cycle “I” will occur, generating large ELMs
both because the relatively low-n peeling-ballooning modes have a broad radial
structure (see also chapter 5), and because the initial pedestal pressure collapse
will leave the pedestal in the unstable domain until the current relaxes to a much
lower value. This cycle’s frequency will increase with input power, and it pro-
vides a model for large type-I ELMs.
Finally, cycle “II” occurs at large input power if the current remains below the
marginal peeling stability boundary. This can occur either at high density, where
high collisionality leads to a low bootstrap current, or it can occur at somewhat
lower density when the peeling limit is high due to strong shaping or large mag-
netic shear. This cycle is expected to yield relatively small ELMs because the
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pressure loss immediately following the ELM crash returns the pedestal to a sta-
ble region of the parameter space, and is proposed to explain type-II ELMs.
In the context of [59] no reference is made to the particular case of ELM-free
H-modes, but it is natural to expect this regime to occur in those situations in
which neither the ballooning nor the peeling marginal stability boundary are hit.
It must be recognised that, while the above extended model for ELM cycles is
attractive in that in confers a to the ELM phenomenon a remarkable simplicity,
it is somewhat handwavy, and so far no direct experimental evidence exists for
its validity. There are a number of weak points in this model. It does not explain
why the type-I ELM cycle does not hit in first instance the ballooning stability
limit although enough heating power is applied, or why a type-I ELM or type-III
ELM crash is not immediately followed by a cascade of further type-III ELMs.
Note that within the proposed models of ELM cycles, the pedestal dynamics and
the energy loss resulting from an ELM crash are merely justified through linear
MHD stability considerations. Nonlinear effects are not included in this model.

3.4 Comparisons of theory and experiment

Due to diagnostic limitations the comparison of theoretical predictions with ex-
periment is challenging. A number of edge quantities, which are critical for the
edge plasma stability, are difficult to measure. In order to resolve the steep gra-
dients at the transport barrier very high spatial resolution, at the limit of the
present achievable values, is required. Furthermore, it has not been possible so
far to measure the radial distribution of the edge current density, at least not
with sufficient accuracy to determine if second stability access is open or not,
and thus assumptions about the edge current distribution have to be made when
comparing with theory. Due to these limitations, direct comparisons of experi-
ment with results from stability simulations need to be generally regarded with
caution. A fairly large number of interpretations of the ELM event have emerged
from such comparisons, and no clear picture exists yet.

Localisation of ELMs

A number of experimental observations shows that the mode responsible for
type-I ELMs must be localised on the low field side of the plasma. In [82] it
is reported that the onset of the Dα emission at the outside midplane, which
is the region most susceptible to the ballooning instability, and at the outside
divertor plates precedes that at the inside divertor plates by 200 µs, which is
consistent with the type-I ELM occurring initially at the outside midplane and
then propagating poloidally at approximately the ion sound velocity along the
plasma periphery. Such delays have been also observed in JET and JT-60U
in discharges with high pedestal collisionality [22, 83]. In discharges with low
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Figure 3.17: MAST measurements showing (a) a density profile of the outboard
edge within 20 µs of an ELM, obtained from Thomson scattering, and (b) an
Abel inverted signal from a linear Dα array viewing the outboard mid-plane
(from [87]).

pedestal collisionality the delay is however not observed. It has been argued
that in those cases the transport in the SOL to the divertor may be dominated
by the much faster electrons [83].
It has been reported in DIII-D that, in discharges close to double-null config-
uration, the deposition of energy and particles from type-I ELM bursts occurs
entirely at the outer, and not the inner, divertor plates [84]. Further evidence
for the poloidal asymmetry of the type-I ELM collapse was obtained from edge
density measurements on the low and high field side of JT-60U [85]. Again, the
density perturbation from the ELM was found to be initiated at the low field and
then propagate on a slower time scale towards the high field side of the plasma.
ELMs observed on MAST, which are believed to be of type-III [86], are also
found to be localised on the outboard side of the plasma [86, 87]. Some re-
markable measurements have been made very recently. Figure 3.17 shows (a)
a Thomson scattering density profile of the outboard edge within 20 µs of an
ELM, and (b) the Abel inverted signal from a linear Dα array viewing the out-
board mid-plane plotted as radius versus time. In both cases there seems to be
a plasma “blob” associated with the ELM. This blob seems to occur only on the
low field side (Thomson scattering profiles of the inboard side, not shown here,
show very little change with the ELM [87]). Figure 3.18 shows a “snapshot”
of an ELM, together with a further image just after the ELM, obtained with a
high speed video camera. In the picture taken at the start of the ELM clear
tube-like structures can be observed on the outboard side, which by the end of
the ELM have disappeared. The structures have a similar spatial distribution as
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Figure 3.18: Top: Video image of ELMs on MAST, obtained with a high speed
camera with short exposure time (25 µs). The left hand image was taken at the
start of an ELM, the right hand image at the tail of an ELM (the red vertical
line on the Dα trace indicates the time of the photo in each case). Bottom: An
image plane simulation of what the structure would look like if close to the q = 4
surface and n = 10 (from [87,88]).
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in the image simulation shown below, suggesting that they are aligned with the
magnetic field lines. It can further be seen that at least part of the structures
are located outside the separatrix (cf. the single extended tube in the upper
right corner of the figure), and strongly resemble the behaviour predicted by the
nonlinear ballooning model (compare with figure 3.10).
Magnetic measurements of precursor activity found prior to ELMs on TCV
(which, as in the case of MAST, are believed to be of type-III) have been
made. The measurements showed also a strong localisation of the activity, both
toroidally and poloidally, on the bad curvature side of the torus [89].
These observations support the role of the ballooning mode (or the coupled
peeling-ballooning mode) in triggering both the type-I and the type-III ELM.
This is somewhat surprising in that type-I and type-III ELMs clearly have dif-
ferent characteristics, as discussed in section 3.2. It may be speculated that
type-I ELMs become triggered by ideal type ballooning modes, while type-III
ELMs are triggered by resistive type ballooning modes.

Pedestal measurements

Detailed edge pressure gradient measurements and comparison against predic-
tions from high-n ballooning theory have been made on various devices, for the
first time in DIII-D in 1988 [82]. More recent measurements with improved di-
agnostics show that, for given plasma shape, the pedestal pressure gradient prior
to type-I ELMs is found to scale as would be expected for a stability limit set by
ideal infinite-n ballooning modes (p′ ∝ B2/(2µ0Rq

2
95) or p′ ∝ I2

p ) [12,23,27,90,91].
(In the case of [27], p′ is approximated as the pressure measured near the pedestal
top, divided by the pedestal width.) However, in DIII-D the measured absolute
values of p′ are significantly in excess (by up to a factor 2) of that predicted
by stability calculations in the absence of bootstrap current [23]. Two possible
explanations for this are currently being considered. Firstly, that the finite edge
current at the transport barrier and the associated decrease in edge shear could
allow for access to the second stable regime for ballooning modes, and that the
pressure gradient is then finally limited by finite-n coupled peeling-ballooning
modes triggering the ELM. Secondly, that the plasma edge is still in the first
stable region for ballooning modes, and that FLR stabilisation effects increase
the threshold for ideal ballooning mode destabilization.
Pedestal measurements on DIII-D reveal that the pressure gradient prior to type-
III ELMs is much lower than the critical value obtained for ballooning stability
(0.3 ≤ α/αcrit ≤ 0.5). On ASDEX Upgrade it is found that the pressure gradient
prior to type-III ELMs is generally lower than, but in some cases also similar to,
values expected from ideal ballooning stability calculations [12].
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Figure 3.19: Normalised edge pressure gradient α averaged over the last 20%
of the ELM cycle as a function of the upper triangularity of the plasma shape
for a set of moderate density DIII-D discharges. Also shown are the normalised
pressure gradients αcrit at the first ballooning stability limit in the absence of
bootstrap current [90].

Shape dependence

It has been found in DIII-D that the pressure at the top of the pedestal increases
strongly with triangularity δ (see figure 3.19) [90]. This is primarily due to an in-
crease in the margin by which the edge pressure gradient exceeds the ballooning
mode first stability limit (the pedestal width is found to be relatively independent
of δ). The edge pressure gradient is found to increase with triangularity also at
ASDEX Upgrade [92]. Furthermore, an increase of the estimated α with plasma
triangularity and elongation was reported from JT-60U [27]. This observation
can so far not be explained by diamagnetic stabilisation, at least as long as the
pedestal width remains constant. On the other hand, modelling computations
of discharges have shown that access to second stability is easier to achieve at
high triangularity [57,93,94,103], as predicted by [58,80], and may thus explain
the observed increase of the pedestal pressure gradient.
It has been identified that ELM behaviour (frequency and amplitude) on DIII-D
may be changed through variation of the squareness of the plasma shape [95,96].
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The observed behaviour was found to be consistent with the reduced access to
second stability at low and high squareness predicted by stability simulations.
However, in contrast to this, a subsequent multi-machine comparison of the mod-
elling simulations performed on various devices yielded no obvious correlation
between access to second stability and the ELM regime [97].

Modelling calculations

The Connor model for type-I ELMs was tested in realistic ASDEX Upgrade
geometry in [98]. The bootstrap current showed to be destabilising for peel-
ing modes, and stabilising for ballooning modes. The results were found to be
compatible with the Connor model, and hence with the possibility that a com-
bination of peeling and ballooning modes may trigger the type-I ELM collapse.
In linear stability calculations of Alcator C-Mod plasmas, the stability of infinite-
n ideal ballooning modes and intermediate n coupled peeling-ballooning modes
was studied. The results suggest that EDA plasmas are ideal MHD stable [37].
This, together with the requirement of low pedestal temperature for EDA exis-
tence, supports theoretical models on the resistive character of the quasi-coherent
mode (QCM).
The effect of strong gas fuelling on plasma stability in JET has been modelled
in [93,99] (figure 3.20). It is found that, while the discharge with no gas fuelling
enters the second ballooning stability region, a sufficiently high gas flux can bring
the JET plasma from a second stable regime back to first ballooning stability
regime. Gas fuelling further keeps the discharge away from the marginal kink
stability boundary. This results from the increase in edge collisionality with gas
fuelling and the associated decrease of the bootstrap current at the transport
barrier.
It has been conjectured that the transition from type-I to type-II ELM regime
could be related to the access from first to second ballooning stability. Results
from modelling computations on DIII-D [25], JT-60U [28] and JET [32,101] are
at least consistent with this picture.
Alternatively, it has been proposed in [102], on the basis of modelling results
of JET data, that type-II ELMs might occur if only flux surfaces very close to
the plasma edge become unstable to ideal ballooning modes. Within this model,
high triangularity, βp and edge safety factor are favourable for type-II ELMs.
In modelling calculations from ASDEX Upgrade discharges with and without
type-II ELMs [103], peeling-ballooning modes showed to become more stable
and more localised at high triangularity, high q95 and in configurations close to
double-null. It was concluded that these changes of stability properties may
provide an explanation for the small amplitude of type-II ELMs.
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Figure 3.20: MHD stability diagrams in s-α space with different levels gas
fuelling: (a) 0 el/s, (b) 4·1022 el/s, (c) 1·1023 el/s. The numbers indicate the mode
number of the most unstable mode. The infinite-n ballooning unstable region
has been marked with crosses. Three operational points have been plotted (for
ρ = 0.92, 0.95 and 0.99, where ρ is the normalised minor radius). The location
of the top of the transport barrier (ρ = 0.95) has been marked with a circle. αcrit

marks the maximum allowed pressure gradient in each case (from [93]).

ELM affected area

As mentioned in section 3.3.4, it has been conjectured in [59] that the size of
ELMs (which is usually quantified as the fraction of pedestal energy content lost
with the ELM) could be related to the radial extent of the most unstable mode.
While initial comparisons on DIII-D of the calculated mode structure with the
experimentally observed radial ELM depth (here obtained through analysis of
temperature profiles just before and just after an ELM crash) yielded reasonable
agreement [59], a more detailed analysis has shown that the region of perturba-
tion of an ELM is in general considerably wider than the predicted eigenmode
width [8]. This indicates that there may not be a direct correspondence between
the eigenmode width and the ELM affected region.

Benchmark of modelling

Kink (peeling) modes with low n (n = 1 mostly) could be unambiguously identi-
fied in JET [66]. Thus, discharges with external kinks provide a good opportunity
to test modelling simulations.
One example is shown in figure 3.21 [104]. It shows the trajectories of two dis-
charges in j-α space, one with and one without a current ramp down during the
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Figure 3.21: Trajectories in j-α space of two discharges with (dashed curve)
and without (solid curve) a current ramp down during the hot-ion phase of
the discharge. The numbers given along the trajectories specify the time (in
sec). The discharge without a current ramp down shows to be more unstable to
external kink modes, and less unstable to ballooning modes, than the discharge
with current ramp down. “O.M.” marks the time of the onset of the external
kink observed in experiment. The current density is taken at the flux surface
which encloses 97% of the total poloidal magnetic flux (from [104]).

discharge. The aim of the current ramp down technique is to reduce the edge
current density and thus avoid the onset of external kinks [104].
In figure 3.21, the pressure gradient at the edge (i.e. α) is not measured. Both
the edge pressure profile and the edge current density, including the contribu-
tion of the bootstrap current, are taken from numerical simulations which use
a transport model (described in [105]). The pressure profiles calculated numeri-
cally were compared with the experimental profiles, such that the calculated and
measured profiles at the top of the pedestal coincide within the experimental
uncertainty.
Experimentally, it is observed that in the discharge without a current ramp down
an external kink becomes destabilised at 12.9 s, and lasts until ∼ 13.25 s where
it is interrupted by an ELM. In the discharge with current ramp down (dashed
trajectory) the kink is inhibited, at least until very shortly before the giant ELM
appears.
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Although the accuracy of the theoretical predictions is limited, it can be seen
that the modelling calculations predict the discharge without a current ramp
down to become kink unstable, while the discharge with a current ramp down
remains kink stable.

Summarising, the comparison of theory with experimental observations has so
far not yielded a clear picture of the ELM phenomenon. It is clearly necessary
to provide improved measurements, in particular of the critical pedestal quan-
tities, in order to constrain modelling simulations and reduce the number of
free parameters involved. Further constraints are needed from the analysis and
interpretation of fast MHD signals, since they can provide direct experimental
information about edge instabilities present in the plasma, and thus validate, or
refute, theoretical predictions. Such MHD studies constitute the central subject
of this thesis, and will be presented in chapters 5 and 6. In contrast to kink
modes, which have been identified on JET, so far ballooning modes or coupled
peeling-ballooning modes could not be identified on any device. The material
that will be presented in chapter 5 provides strong evidence for the existence of
coupled peeling-ballooning modes on JET.
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Chapter 4

The experimental setup

4.1 The JET tokamak

JET is to date the world’s largest tokamak. It produced its first plasma in June
1983. Since January 2000 the scientific programme is conducted by researchers
from associations all over Europe in the framework of the European Fusion De-
velopment Agreement (EFDA).
Figure 4.1 shows an overview of the JET device, together with some typical
plasma parameters. The toroidal magnetic field is produced by a set of 32 D-
shaped coils. Inductive coupling between the primary winding and the toroidal
plasma is supported by the massive eight limbed transformer core. Around the
outside of the vacuum vessel, a set of six poloidal magnetic field coils (outer
poloidal field coils) is used for positioning, shaping and stabilising the position
of the plasma inside the vessel.
The NBI heating system (not shown in the figure) consists of two racks of injec-
tors capable of delivering a total of 17 MW (recently upgraded to 23 MW) into
the plasma for 10 s at injection energies up to 140 keV. The fast particles are
injected tangentially into the plasma, in standard mode of operation in the same
direction as the plasma current (co-injection). After field and current reversal,
counter-injection is also possible. Nominally up to 32 MW of ICRH heating are
also available, but since the coupling efficiency is low in the presence of type-I
ELMs, in practice not more than 4-8 MW are usually delivered into the plasma.
The ICRH antennas can be operated as a phased array for current drive studies.
LHCD is also available at JET. The generators are capable of delivering up to 12
MW for 10 s. In practice, the power effectively coupled to the plasma depends
on the plasma conditions.
Figure 4.2 shows a magnetic equilibrium reconstruction for a typical JET dis-
charge, calculated by the equilibrium code EFIT [1, 2]. EFIT reconstructs the
MHD equilibrium of JET plasmas, i.e. plasma shape, current profiles, etc. using
the Grad-Shafranov equation constrained by external magnetic measurements.
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Figure 4.1: Layout of the JET device, together with some typical plasma pa-
rameters.
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Figure 4.2: Magnetic equilibrium reconstruction for a JET discharge (no.
53186) together with the JET first wall. Also shown are the lines of sight of
selected diagnostics (ECE, O-mode edge reflectometer and FIR interferometer)
and the position coordinates of various Mirnov coils in the poloidal plane (�).

Optionally the code is able to utilise, as additional constraints, internal measure-
ments, such as motional Stark effect (MSE) or far-infrared polarimetry (Faraday
rotation) data. As standard for the reconstruction EFIT uses parametrised pro-
files (e.g. of parabolic shape), and hence does not properly take into account
the presence of an edge transport barrier in H-mode plasmas. For that purpose
more sophisticated codes are available, such as the equilibrium and transport
code JETTO [3]. JETTO calculates the edge magnetic surfaces self-consistently
from the edge pressure gradient and the edge current density including the boot-
strap current contribution.
Also shown in figure 4.2 are the lines of sight of selected diagnostics relevant for
this thesis, namely the ECE detection system, the multichannel O-mode edge
reflectometer system and various cords of the far-infrared (FIR) interferometer.
The position coordinates of various Mirnov coils in the poloidal plane are also
given. These diagnostics will be described in more detail in the following section.
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Figure 4.3: A Mirnov coil from the high resolution array installed at JET. The
coils are wound from titanium wire in a single layer onto an alumina ceramic
former with a return wire through the center of the coil.

4.2 JET diagnostics relevant for this thesis

4.2.1 Mirnov coils

Mirnov coils pick up fluctuations of Bθ (better: changes of the poloidal magnetic
flux through the coil,

∫

Ḃθ dA), and are used as a standard MHD diagnostic
on almost all tokamak devices. The coils are installed within the vacuum ves-
sel close to the plasma boundary. By making measurements at different poloidal
and toroidal locations the structure of magnetic field perturbations can be deter-
mined, as well as their amplitude and frequency. Since magnetic coils detect the
time derivative of B (Faraday’s law), for a given mode amplitude the detected
amplitude of the oscillations on the Mirnov signal will be proportional to the
frequency f of the mode. This implies that, in principle, the higher the mode
frequency is, the more sensitive the Mirnov diagnostic becomes for that mode.
However, technical constraints such as the finite sampling rate of the signal or
the finite capacitance of the coil circuit will impose an upper limit on the highest
detectable frequency of oscillations.
On JET a number of coil arrays with high frequency response are available. The
poloidal distribution of the coils is shown in figure 4.2. The coils are designed
for high frequencies up to 500 kHz (figure 4.3).
For this thesis two sets of Mirnov coils are relevant: a set of five coils at same
poloidal angles but at different toroidal locations (labelled in figure 4.2 as H301-
H305, table 4.1), and a set of four coils at nearly the same toroidal angle at
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Coil R(m) Z(m) φ(◦)
H301 3.881 1.001 -13.0
H302 3.881 1.013 2.94
H303 3.881 1.005 13.11
H304 3.880 1.045 18.74
H305 3.882 1.007 20.38

Table 4.1: Coordinates of the toroidal set of Mirnov coils H301-H305, for the
standard vessel temperature of 200 ◦C.

different poloidal locations around the plasma (coils I802, I803, H304 and H306
in figure 4.2). Coils H304 and H306 are poloidally 6 degrees apart, while coils
I802 and I803 are 50 degrees apart.
The data is collected for selected time windows in the discharge with either 250
kHz or 1 Mhz sampling rate, thus allowing for the study of modes with up to 125
or 500 kHz frequency (Nyquist frequency limit), respectively. In addition, there
is a signal from a single Mirnov coil, sampled at 250 kHz, available throughout
the whole discharge.

4.2.2 Electron cyclotron emission

The measurement of electron cyclotron emission (ECE) is a passive technique
that under certain circumstances can be used to determine the local electron
temperature Te(r) in the plasma. The theory of ECE emission is well understood
[4], and its capabilities for measuring Te are used routinely on almost every fusion
device.
The electrons of a magnetically confined plasma gyrate around the field lines and
as a consequence emit electromagnetic radiation at their cyclotron frequency

ωce =
eB

γme

(where γ is the relativistic factor) and its harmonics (ω = nωce, with n = 1, 2 ...).
The EC waves can propagate in two modes of polarisation perpendicular to the
magnetic field in the plasma: as Ordinary (O-mode) waves and eXtraordinary (X-
mode) waves. O-mode waves have their electric field vector pointing parallel to

the magnetic field in the plasma ( ~E ‖ ~B), while for X-mode waves ~E ⊥ ~B. On its
path towards the receiving antenna, EC waves with frequency ω are continuously
emitted and reabsorbed by particles in the plasma resonant at that frequency.
The final intensity of EC radiation emitted by the plasma is a convolution of the
emission and absorption processes taking place in the plasma

I(ω) =

∫

βω(l) exp

[

−
∫

l

αω(l′) dl′
]

dl
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Figure 4.4: Sketch of emission, β, and transmission, e−τ , and emitting profiles
(from [5]).

where βω and αω are the emission and absorption coefficients, respectively. The
quantity τ(l) ≡

∫

l
αω(l′) dl′ is known as the optical depth, and e−τ as the trans-

mission coefficient. For thermal plasmas the emission and absorption coefficients
are proportional (Kirchhoff’s law of radiation)

βω(~r) =
(ω

c

)2 Te(~r)

(2π)3
αω(~r)

Thus, when the distribution function of the electrons is Maxwellian, the emit-
ted intensity I(ω) is related to the electron temperature. For plasma conditions
where a certain harmonic (and propagating mode) of the electron cyclotron res-
onance is highly absorbed (the transmission coefficient is very low, or the optical
depth is very high) the variation of the transmission coefficient has a peaked
shape around the resonance region (see figure 4.4). Hence, for optically thick
plasmas the emitted intensity is a measure of the local electron temperature in
that region.
The EC absorption coefficient, α, is a complicated function depending on the
harmonic, the mode of propagation and the plasma parameters (density and
temperature). Generally, the best absorbed harmonics and modes are the 1st
harmonic O-mode and the 2nd harmonic X-mode. For these modes the absorp-
tion coefficient increases linearly with the density and more than linearly with the
temperature. Thus the plasma should be hot and dense enough to be optically
thick. These conditions are not necessarily fulfilled in certain plasma regions, i.e.
the plasma edge.
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On JET an array of 48 (recently upgraded to 96) ECE heterodyne radiometer
channels is available, viewing the plasma horizontally from the low field side,
slightly below the plasma midplane (figure 4.2). The total range of frequencies
that can be measured is 70-140 GHz, but only a subrange of frequencies is se-
lected for operation in a discharge. The frequencies are usually selected such
that the ECE channels have their resonance on the low field side, and hence the
temperature profile on the outboard midplane is measured. From the receiving
antenna on the low field side of the vessel the waves are transmitted to an ac-
quisition system through ∼ 40 m long oversized waveguides. First a polarisation
switch is used to switch from O- to X-mode operation. Then the signal is passed
on to a set of two (out of six available) downconverters. To adjust the range of
radii to be covered an algorithm controls the polarisation switch and selects the
appropriate downconverters depending on the toroidal magnetic field of the dis-
charge. The downconverters consist of a local oscillator and a mixer. The mixer
produces lower and upper sidebands, from which the upper side band is selected
(the lower sideband is suppressed by filters). The outcoming signal then has a
frequency of 6-18 GHz. From each downconverter the signal is passed on to a low
noise amplifier and a splitter, which splits the signal into 24 individual channels
500 MHz apart. Each of these channels passes through a filter bank with 250
MHz bandwidth. The signals are then demodulated by Schottky diodes. The
outcoming voltage is proportional to the radiation temperature of the plasma.
After passing through a number of amplifiers the resulting DC signal is finally
digitised in an ADC. The absolute calibration of the ECE signals is done through
cross-calibration with a Michelson-Interferometer.
ECE data with a frequency response of 1 kHz is available throughout the dis-
charge, while for selected time windows fast ECE data with 250 kHz sampling
rate is available as well.

4.2.3 O-mode reflectometer

The use of reflectometry [6] is based on the reflection of electromagnetic waves
in a plasma. In general, a reflectometer consists of a probing beam (O-mode or
X-mode waves) propagating through the plasma and a reference path outside
the plasma (see figure 4.5). In the following only the case of O-mode waves is
discussed (X-mode reflectometry has not been used within this thesis).
For O-mode waves total reflection occurs at the critical density nc when the wave
frequency, ω, equals the plasma frequency, ωpe, defined as

ωpe(R) =

(

e2ne(R)

ε0me

)1/2
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Figure 4.5: A schematic representation of a microwave reflectometer [6].

The microwave beam probing the plasma will undergo a phase shift with respect
to the beam in the reference arm. This phase difference is given by [7]

∆ϕ = 2
ω

c

∫ Rant

Rc

(

1 −
ω2

pe(R)

ω2

)1/2

dR − π

2
+
ω

c
(Ls − Lr)

where Rc is the position of the reflecting layer in the plasma, Rant is the position
of the launching antenna, Ls is the length of the waveguides of the signal arm to
and from the antenna, and Lr is the length of the waveguides used in the refer-
ence arm. Thus, when the source frequency is held constant, a reflectometer will
measure changes in the phase difference between the signal path and reference
path as a result of variations in the electron density.
Since the set up of the O-mode reflectometer at JET has changed repeatedly
over time, here only the configuration relevant for this thesis will be discussed.
The system consists of ten channels probing densities from 0.4-6.0 × 1019 m−3.
Thus, it can perform simultaneous measurements of density fluctuations at ten
radial positions. The distribution of channel frequencies and respective cut off
densities is given in table 4.2. The plasma is probed from the low field side
along the midplane of the torus (figure 4.2). Due to the relatively low probing
densities, in H-mode most, if not all, channels have their cut off at pedestal radii.
This converts the JET O-mode reflectometer into a valuable tool for studying
density fluctuations at the edge transport barrier.
The waves are generated by voltage-controlled Gunn diodes at different frequen-
cies and combined into a single oversized waveguide. Separate launching and
receiving antenna are used to avoid spurious reflections. The phase changes for
fluctuation analysis are measured by a coherent detector system (equivalent to
a homodyne detector). For each channel phase variations are acquired with a
phasemeter at a maximum time resolution of 2 µs.
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Frequency Density
Channel (GHz) (1019 m−3)

1 18.6 0.43
2 24.3 0.73
3 29.2 1.06
4 33.8 1.42
5 39.5 1.94
6 45.2 2.53
7 50.3 3.14
8 57.1 4.05
9 64.2 5.11
10 69.5 6.00

Table 4.2: Frequencies and cut off densities of the multichannel O-mode reflec-
tometer at JET.

4.2.4 FIR interferometer

Laser interferometry for measuring electron density has become a standard di-
agnostic tool on most tokamaks. When a coherent O-mode wave passes through
the plasma the wave undergoes a change in its phase with respect to a reference
beam running in vacuum, due to the finite refractive index of the plasma. At
frequencies which are large compared with the plasma frequency, the change in
the phase of the beam is proportional to the electron density integrated along
the beam probing the plasma

∆ϕ =
e2

4πε0mec2
λ

∫

nedl

where λ is the vavelength of the radiation. This phase difference can be measured
by a Mach-Zehnder interferometer arrangement as shown in figure 4.6.
A multichannel FIR interferometer has been used on JET routinely since 1984 [9].
The system presently consists of four vertical and 4 lateral (oblique) viewing
cords. For the purpose of this thesis only the two vertical cords shown in figure
4.2 are of interest, which measure the line-integrated density in the plasma core
and at the plasma edge. The instrument is of the Mach-Zehnder type, with a
heterodyne detection system. The basic source is a DCN (deuterium cyanide)
laser operated at 195 µm. A modulation frequency of 100 kHz is produced by
diffraction from a rotating grating (3600 groves rotating at 28 Hz). The input
beams are then transferred by free optical propagation through the basement,
passing below the biological shield, into the torus hall. The optics in the torus hall
is situated in a large C frame (tower) of ∼ 52 tons of weight, independent from
the machine, to minimise the influence on vibrations on the phase measurement.
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Figure 4.6: Schematic layout of a Mach-Zehnder interferometer [8]. The beams
are split into a probing and a reference beam, and are recombined with a fre-
quency shifted beam before reaching the detectors. The beat frequency is chosen
to be sufficiently high to allow a good time resolution in the phase measurement,
and sufficiently low to be electronically tractable. The phase differences ϕr and
ϕp reflect the different pathlengths whereas ∆ϕ is caused by the refractive effects
of the plasma.

The probing beams which arrive in the torus hall are split up into individual
channels. A half-wave plate rotates the beam polarisation so that it arrives at the
plasma as O-mode wave. One part passes through the plasma and is recombined
with the corresponding modulated channels afterwards. The other part is sent
back without going through the plasma and recombined with a portion of the
modulated beam to constitute the reference beam. On the return path into
the diagnostic hall the beams are directed into oversized dielectric waveguides.
There, high sensitivity InSb (indium antimonide) He-cooled detectors are used,
which allow to perform the the phase shift measurement with an accuracy of 1/20
of a fringe, corresponding to a line-integrated electron density of 5 × 1017m−2.
The total distance between laser and detectors is ∼ 80 m.
The interferometer data is acquired throughout the discharge with a maximum
time resolution of 0.5 ms (faster data for MHD analysis purposes is not used
routinely). The data needs to be further validated and corrected for fringe jumps
(∆ϕ = 2π). Such fringe jumps can occur when sudden events occur in the
plasma, for instance large ELMs or the injection of a pellet. The fringe jump
correction is done semi-automatically with the aid of an algorithm.
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4.2.5 Soft X-ray cameras

Plasma radiation in the soft X-ray wavelength (∼ 0.1 - 2 nm) can be detected
by silicon diodes. The diodes are located in pinhole cameras, viewing the plasma
from various angles. They measure the X-ray emission above a threshold energy
determined by a thin metallic foil placed in front of the detectors. This way,
core or edge radiation can be selected. Each channel yields the line-integrated
radiation along the line of sight of the particular diode. Silicon diodes have a
very fast time response, typically a fraction of a microsecond. Thus, soft X-ray
cameras are well suited for the analysis of fluctuations in the plasma, and are
routinely employed for MHD analysis purposes.
In a fusion plasma, there are mainly two sources of soft X-ray radiation: Line-
radiation from medium-Z impurities in the plasma core, and continuum radiation
from bremsstrahlung. For soft X-ray measurements continuum emission is used.
The wavelength range for the measurements is chosen such as to minimise the
influence of line-radiation. The soft X-ray flux is sensitive to fluctuations of the
electron temperature, electron density and effective charge of the plasma (Zeff).
The latter is defined as

Zeff =

∑

j njZ
2
j

∑

j njZj

where the sum goes over all the ion species in the plasma. The (frequency-

integrated) flux emitted locally in the plasma scales roughly with n2
eT

1/2
e Zeff .

On JET several soft X-ray cameras were originally installed, but most of their
diodes were damaged by neutrons in past D-T campaigns. This triggered the in-
stallation of a pair of radiation hardened soft X-ray cameras [10,11], which were
available for this thesis. The two cameras each contain 17 detector assemblies
embedded into a large concrete shield with the detectors viewing the plasma
through stainless steel collimators and 250 µm Be windows. The cameras mea-
sure radiation in the wavelength range 0.15-2 nm. They are installed at different
toroidal locations (octants 4 and 8 of the torus), with same lines of sight in a
poloidal cross section, viewing the plasma from the outboard side. The lines of
sight are shown in figure 4.7. The fast soft X-ray data is acquired with 250 kHz
sampling rate and is available for selected time windows during the discharge.

4.3 Data analysis methods used in this thesis

Signals suitable for the MHD analysis of discharges require a high sampling rate
in order to be able to resolve the fluctuations associated with the occurrence of
instabilities. Thus, the analysis unavoidably involves processing of large amounts
of data. It becomes important to employ efficient means of looking at the data.
For this purpose a number of codes for standard MHD analysis of discharges are
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Figure 4.7: Lines of sight of the radiation hardened soft X-ray camera.

available at JET. In addition, an extensive collection of Matlab-based routines
has been developed within this thesis, well suited for multipurpose MHD analysis,
but also adapted to the specific requirements that have been arising during the
thesis. The code, which has been named JETMHD, is still under continuous
development and presently spans about 6000 lines of Matlab code. The JETMHD
code led to the identification of various phenomena such as the ELM precursors
discussed in chapter 5, and most of the material presented in chapters 5 and 6
has been processed with it.
In the following a number of signal processing methods routinely employed in
this thesis are outlined.

4.3.1 Spectrograms

Spectrograms are colourmapped images in which every Fourier component of the
signal is plotted as a dot in the plane of frequency versus time, and represented
by a colour indicating its amplitude. It is convenient to use spectrograms with
logarithmic colour scales, as this allows modes spanning many orders of magni-
tude in amplitude to be displayed. An example of a spectrogram plot can be
found in figure 5.2 on page 78.
The original signal is first time-windowed into groups of nFFT = 2N samples,
where N is a user-determined integer. The optimum value for N depends on the
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sampling rate of the signal, e.g. for signals with 250 kHz sampling rate N = 8-10
(i.e. 256 to 1024 points per time window) is usually a reasonable choice. Instead
of windowing the signal with a box function, it is usually better to use a (bell
shaped) Hanning window (this method truncates the data at the beginning and
end of the time window in a smoother way). The coefficients of the Hanning
windowing function are computed by the following equation

wk =
1

2

[

1 − cos

(

2π
k − 1

nFFT − 1

)]

k = 1, ..., nFFT (4.1)

in which k indicates the index of the sample point in the window. The distance
between time windows is nFFT/2 samples, hence there is an overlap. Each win-
dow is then fast-fourier-transformed (FFT) to give amplitude as a function of
frequency for that particular time interval.
Both the time and the frequency resolution of an FFT-based spectrogram are
limited by the “Fourier Uncertainty Principle”

∆fFFT∆tslice = 1

which is simply a mathematical property of the discrete Fourier transform. In-
creasing the time resolution of a spectrogram, which is done by decreasing nFFT

(i.e. N), comes at the expense of a reduced frequency resolution (a higher
∆fFFT). This is because the frequency resolution of the FFT is the sample
rate divided by the number of samples in the slice (∆fFFT = fsample/nFFT).
There are other alternatives to the FFT-based spectrograms, which have been
occassionally used within this thesis. Wavelet analysis uses a windowing tech-
nique with variable sized regions. It allows the use of long time intervals where
more precise low frequency information is needed, and shorter time intervals for
high frequency information.

4.3.2 Toroidal mode number determination

It has been mentioned previously that instabilities usually rotate and have heli-
cal mode structure. By analysing the relative phase shift of fluctuations picked
up by a set of toroidally distributed Mirnov coils, the toroidal mode number n
associated with these fluctuations can be deduced.
Starting from the signals measured by the various coils, the signals are first
fast-fourier-transformed in a similar way as for the spectrogram. This yields
amplitude and phase behaviour as a function of time and frequency for each of
the signals. To reduce the computational effort, points for which the Fourier am-
plitude is below a user-defined threshold (“background noise”) are disregarded.
Since the phase obtained from the Fourier analysis is in the range from −π to
+π, it is necessary to correct for jumps (larger than π) in the relative phase of
fluctuations from coil to coil. To that purpose a build-in Matlab function called
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Figure 4.8: Example of a linear fit procedure to obtain the toroidal mode
number n. In this case, the nearest integer number to the fit value of 8.2 is 8.

unwrap exists. Given the phases αj(t, f) of the fluctuations for each time and
frequency and the toroidal coordinates φj of the coils, the toroidal mode number
n is in principle given by the “slope”:

n = ∆α/∆φ (4.2)

Thus, for each time and frequency the corresponding n can be obtained by per-
forming a least squares linear fit of the unwrapped phases αj versus φj. As an
illustrative example, figure 4.8 shows the result of such a fitting procedure. All
the values for t and f are scanned, and the fitting procedure is performed many
thousand times until all the points for the plot are computed. To further re-
duce the noise level of the plots, points are discarded if the fitting error exceeds
a certain user-defined threshold, although in practice this option did not prove
really necessary. Finally, the n-numbers obtained for each time and frequency
are mapped into a colour scheme and plotted versus t and f (without rounding
to the nearest integer), in a similar fashion as spectrograms. An example of such
a mode number spectrum can be found in figure 5.3 on page 79. In practice,
one cannot reliably determine a mode number from a single data point in the
space of time and frequency, but all the points corresponding to a given mode
generally show up with nearly identical mode numbers, and one can be confident
that the mode number is correct.
The range of mode numbers which can be determined is restricted by the limita-
tion that the phase jump ∆α between probes separated by a toroidal angle ∆φ
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cannot be greater than π. From equation (4.2) the phase jump ∆α is equivalent
to n∆φ, so the upper limit for n is given by

|n| ≤ π/|∆φ|

Hence, for a given set of coils the maximum n that can be correctly determined is
predefined by the largest gap between two coils. For the five coils of the toroidal
array available on JET (H301-H305) the largest gap is ∼ 16◦ (between H301 and
H302). Thus, this set is suitable for modes with |n| ≤ 11. A subset of coils with
lower ∆φ (e.g. H302-H305) can be employed if higher mode numbers need to be
resolved, or simply to check the correctness of previous calculations.

4.3.3 Poloidal mode number determination

Although the underlying idea is the same as for toroidal mode numbers, the
determination of poloidal mode numbers, m, on the basis of poloidally distributed
coils is more complicated because the poloidal symmetry is broken due to the
toroidicity of the magnetic flux surfaces. The slope of the magnetic field lines
varies poloidally, resulting in a poloidal variation of the wavelength of the mode,
which is larger at the outer (low field) side of the torus. Hence, the apparent m
number depends on the poloidal angle where the coils are located (so called θ∗-
effect [12,13]). For the case of a circular cross section this effect can be described
to first order of the inverse aspect ratio by a transformation from θ to θ∗

θ∗ = θ −
(

βp +
li
2

+ 1

)

ε sin θ

where βp is the poloidal beta, li is the internal inductance of the plasma and
ε = r/R0 is the inverse aspect ratio. Plasma shaping (elongation, triangularity)
and the presence of an X-point impose further difficulties, in particular for modes
located close to the plasma boundary. The X-point will distort the poloidal mode
structure in such a way that coils picking up magnetic fluctuations around the
plasma midplane (θ = 0, π) will have the tendency to measure a too low m-
number.
Only a limited numbers of coils, distributed poloidally around the plasma cross
section, are available on JET. For the analysis 4 coils are used, two on the low
field side (H304 and H306, which are 6 degrees apart), and two on the high field
side (I802 and I803, 50 degrees apart). Equilibrium calculations have shown
that on JET the pitch of the field lines at the torus high field side is close to
the average pitch of field lines of the magnetic surfaces [14]. Hence, m-numbers
determined from coils at the high field side can be taken as an approximation for
the true m-number of the modes. The phase difference obtained from the closely
spaced coils H304 and H306 at the low field side is used to correct for possible
phase jumps in the phase difference for the two coils on the high field side. Due
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to aliasing effects the set of coils is not suitable for the analysis of modes with
high m numbers. However, for lower m (� 6) the m-number determination has
proven reasonably reliable and is routinely used on JET since a number of years.

4.3.4 Coherence analysis

Coherence analysis is a general signal processing technique that can provide fur-
ther insight into the signal behaviour. It proves to be a very valuable tool in
particular for situations in which signals are dominated by noise. In the context
of this thesis it is used to obtain information about the radial mode structure of
instabilities, specifically about the radial phase behaviour of oscillations and the
radial displacement profile ξr(r). In principle, the same information could be ob-
tained through straightforward Fourier decomposition. However, the coherence
analysis is superior to it in terms of noise reduction. An example of a coherence
analysis can be found in figure 5.6 on page 84. Before going into the details of
the analysis, it is worth to shortly review some of the signal processing concepts
first.
The true cross-correlation sequence is a statistical quantity defined as

Rxy(m) = E[xn+my
∗
n] (4.3)

where xn and yn are stationary random processes, ∗ stands for the complex
conjugate, −∞ < n < +∞, and E[ · ] is the expected value operator. In
practice, Rxy must be estimated, because it is only possible to access a finite
segment of the infinite-length random process. A common estimate based on N
samples of xn and yn is the deterministic cross-correlation sequence (also called
time-ambiguity function)

R̂xy(m) =















N−m−1
∑

n=0

xn+my
∗
m

R̂∗
yx(−m)

for m ≥ 0

for m < 0
(4.4)

The power spectral density, Pxx, of x is defined as

Pxx(ω) =
1

2π

+∞
∑

m=−∞

Rxx(m) e−iωm (4.5)

where here ω denotes the normalised frequency, ω = 2πf/fs (fs is the sampling
rate). Thus, Pxx(ω) is related to the autocorrelation sequence of x through the
discrete Fourier transform. It can be easily shown that Pxx(ω) is a real quantity.
It represents the power content of a signal in an infinitesimal frequency band. In
analogy to (4.5), the cross spectral density of two signals x and y is given by

Pxy(ω) =
1

2π

+∞
∑

m=−∞

Rxy(m) e−iωm (4.6)
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In general, Pxy(ω) is complex. A related quantity is the magnitude squared
coherence function, which is defined as

Cxy(ω) =
|Pxy(ω)|2

Pxx(ω)Pyy(ω)
(4.7)

Cxy(ω) is a real number between 0 and 1 and represents a measure for the spec-
tral correlation of fluctuations present in signals x and y.
The routine employed in the context of this thesis calculates the spectral densities
Pxx, Pyy and Pxy using Welch’s method [15]. The signals are first time-windowed
in a similar fashion as for the spectrogram. The signal section to be analysed
is then segmented again into eight overlapping sections of equal length. Each
of these segments is then windowed with a Hanning window of same length as
the segment. The spectral densities (and with them the coherence function) are
computed directly from the signal sections with FFT, and the result is then av-
eraged over all eight segments.
As mentioned above, the coherence analysis is used to obtain information about
the radial structure of a mode. To this purpose, a preferably clean reference sig-
nal (e.g. from the magnetics) is chosen, and the coherence and the cross spectral
density of that signal with other signals (e.g. a set of ECE or reflectometer chan-
nels) is calculated, for a given time window, at all frequencies. The distribution
of the phase of the cross-spectral density (remember that Pxy is complex) across
the channels is used to obtain information about the radial phase behaviour of
the mode oscillations.
For the calculation of the radial displacements it is assumed that all spectra are
composed of a constant background and a Gaussian function over the frequency
range of interest. The spectrum of the reference signal of the coherence calcula-
tion is used to obtain the central position and the width of the Gaussian visible
in the frequency range of interest. The spectra of each of the diagnostic channels
in the relevant frequency interval is then fitted with a Gaussian of the width and
central position of the reference spectrum and a background directly obtained
from the power spectrum of the channel. The amplitude A of the fluctuations
(e.g. in the case of ECE data, A corresponds to ∆Te(f)) is then [14]

A = 2
√

2π(A0 − b)s

where the factor two is to compensate for the Hanning window function (whose
average value is 0.5, see equation (4.1)), A0 is the peak value of the Gaussian
fit, b is the background, and s = 0.4247 × FWHM (full width half maximum)
of the Gaussian fit made to the reference spectrum. Each fit is determined by
four parameters: A0, b, s and the central position f0. Their standard deviation
is used to estimate the error bars for the amplitude. In practice only A0 and b
contribute to the error bars if the reference signal is well chosen. Each oscillation
cycle with amplitude A leads to a maximum and a minimum of the local radial
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profile of the diagnostic in question. The radial distance between points of equal
temperature in the maximum and minimum profiles yields the displacement.
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Abstract. Clear low frequency (typically 5-25 kHz) coherent type-I ELM pre-
cursor modes have been identified in JET. They are detected through various
diagnostics, especially in the ECE and Mirnov signals, but also on the SXR cam-
eras and the multichannel O-mode edge reflectometer. The modes propagate in
the direction of the ion-diamagnetic drift and are usually accompanied by a slight
rise in the divertor Dα-emission. The precursors show no radial phase inversions
and are localised to a few cm inside the separatrix, in the pedestal region. The
time by which the precursor onset precedes the ELM event varies greatly, and
ranges from 0.2 ms up to several tens of ms, though the timescale has no effect
on the characteristics of the precursors. During their lifetime, the precursor am-
plitude is often seen to fluctuate, and the frequency and dominant n-number of
the precursors can change rapidly, typically within 1 ms. The range of toroidal
precursor mode numbers n which have been observed is 1-13. Parametric studies
show that n seems to be mainly prescribed by a combination of the electron
pedestal pressure and the (normalised) electron pedestal collisionality ν∗e , with
increasing ν∗e leading to higher n-numbers. Above a certain edge collisionality
(roughly ν∗e > 1-3) the precursors seem to be absent, indicating that a sufficiently
high edge current is important to destabilise the precursors. The low-n precur-
sors are known to be external kinks (also known on JET as Outer Modes), while
experimental findings and their comparison with stability calculations suggest
that the precursor modes with higher n are not pure external kinks but coupled
ballooning-kink modes. Several hundred discharges have been analysed, and, in
discharges with low to moderate edge collisionality, the precursors could be de-
tected prior to most type-I ELMs, while prior to type-III ELMs the modes were
not encountered. In spite of their regular occurrence, there is no evidence of the
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precursor mode growth rate rapidly accelerating before the ELM, indicating that
type-I ELMs on JET are not triggered by these modes.

5.1 Introduction

Type-I ELMs [1–3] occur as quasiperiodic particle and heat losses near the plasma
edge and are compatible with good confinement at high density. However, the
energy losses associated with them are a concern for ITER due to the large tran-
sient heat loads expected on the divertor tiles [4,5]. Although their existence has
been known for many years, their physics is not well understood, and the search
for ELM precursor activity which could shed light onto its origin and control
possibilities has been performed in many devices.
In counter-injected discharges in ASDEX-Upgrade low frequency (20 kHz) co-
herent oscillations starting 1 ms before the ELM have been detected by ECE
channels resonant approximately 2 cm inside the separatrix, and by coils picking
up oscillations of Br [6, 7]. Phase shift analysis using 3 toroidally distributed
coils yielded n = 5-10 [7]. No similar precursor activity could be observed in co-
injected discharges. In a further report, density profile oscillations with 17 kHz
frequency in a counter-injected discharge were measured via reflectometry and
associated with a type-I ELM precursor [8]. Later on, higher frequency (70-150
kHz) precursors were reported in co-injected NBI discharges [9], detected with a
newly installed enhanced Mirnov diagnostic. Up to three modes are observed at
a time, and the toroidal mode numbers range from n = 3 to 6.
Magnetic oscillations with 70-140 kHz prior to type-I ELMs have been observed
in ohmic and ECRH-heated discharges in COMPASS-D [10, 11] and, in the ex-
ample presented, start at least 0.4 ms before the ELM. They propagate in the
direction of the electron diamagnetic drift and are often composed of two beating
modes. From the ratio of the plasma rotation to the mode frequencies, toroidal
mode numbers n = 4 and 5 were concluded.
On DIII-D a general broadband fluctuation level increasing 30-50 ms before type-
I ELMs is seen, but no coherent magnetic precursors seem to be observed [12].
Occasionally, some burst-like density fluctuations are seen [13].
On JT-60U coherent density fluctuations near the plasma edge with 10-25 kHz
frequency could be measured with reflectometry [14]. They are observed prior
to most type-I ELMs and start approximately 200-500 µs before the ELM. The
oscillations could not be detected on the magnetics.
In JET low frequency modes (∼15 kHz) preceding giant ELMs1 have been re-
ported in [15]. They are observed within a few ms of the Dα-spike and have

1The term ’giant’ has not acquired a standardised meaning in the literature. Following [15]
it is used at JET to denote bursts of Dα above a certain amplitude.
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n = 2 and 4 in the example shown. Longer lived precursors at higher frequency
(f ∼ 80 kHz) and with high toroidal mode numbers (n = 3-12) are also ob-
served [15, 16]. Although in [16] it is not explicitly stated whether the ELMs
analysed are type-III or type-I/giant ones, this work is often cited in the context
of type-III ELMs. However, Fig. 4 of [16] is devoted to a giant ELM, namely
the same as Fig. 8 of [15].
In hot-ion H-mode discharges [17] giant ELMs were generally preceded by so-
called Outer Modes [18], although they have not been explicitly labeled as pre-
cursors. Having low mode numbers (n mostly 1 or 2) and frequency (f ∼ 5-15
kHz), they could be very long-lived, occasionally existing up to hundreds of ms.
Outer Modes have been identified as low-n external kinks [19].
Subsequent to the JET references cited above several improvements to diagnos-
tics, data acquisition and MHD analysis codes were made. In this paper we will
present and study in detail precursor activity found prior to type-I ELMs in gen-
eral (not restricted to giant ones) on JET. The term “precursor” is used here in
its more general definition to denote modes that systematically precede ELMs,
while the term “trigger” is used to denote those modes whose growth rate rapidly
accelerates prior to the ELM. ELM triggers are also ELM precursors, but ELM
precursors do not have to be necessarily ELM triggers. The outline of this paper
is as follows: Section 5.2 is devoted to the experimental observations for a class
of lower frequency precursors observed, and the properties of lower and higher-n
precursors will be compared in section 5.3. Section 5.4 gives an overview of the
ideal MHD activity that, according to modelling calculations, can be expected
at the plasma edge, and compares it to the experimental findings. Finally, a
discussion of the results will be presented in section 5.5.

5.2 Experimental observations

5.2.1 Magnetic measurements

In the time window of Fig. 5.1 three type-I ELMs and a sawtooth crash oc-
cur. The first ELM is preceded by a shorter precursor (∼ 2 ms), shown in the
zoom view, while the second and third ELMs are preceded by more longlived
precursors (∼ 30 ms), which are difficult to see here. Compared to other MHD
activity like internal kinks or NTMs, the precursors are much weaker and often
hard to observe directly on the Mirnov signals. Fig. 5.2 shows the corresponding
spectrogram, where the three precursors (f ∼ 18 kHz) are marked by arrows.
The first precursor can hardly be seen due to its short life. At their usual fre-
quencies precursors shorter than 1 ms are difficult, or impossible, to discern on
spectrograms due to the finite number of sampling points required for the Fourier
analysis.
The toroidal mode numbers can be inferred from mode number spectra as shown
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Figure 5.1: Mirnov signals of a coil located at the low field side for discharge
53062. The parameters of this discharge at the relevant time were: B = 2.7 T,
I = 2.5 MA, PNBI = 13.2 MW (co-injected), ne = 7 · 1019 m−3, κ = 1.75, δu/l =
0.36/0.24.
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Figure 5.2: Magnetics spectrogram from a coil located on the low field side,
with the precursors marked by the arrows. The stronger mode at 13 kHz is
the sawtooth precursor. The numbers to the right of the colourscale denote the
logarithm (log10) of amplitude, and are given in a.u.

in Fig. 5.3, where the colours denote the toroidal mode numbers n. By making
a Fourier decomposition of a toroidal set of Mirnov coils and analysing the phase
shift of the fluctuations the n-numbers can be obtained. For the analysis a high
resolution array of 5 coils, with toroidal angles ∆φ gradually increasing from
1.7 to 15.9 degrees, was used, adequate for mode numbers n ≤ 11. A subset
of the coils with lower ∆φ was employed if higher mode numbers needed to be
resolved or simply to check the correctness of previous calculations. The coils
are positioned close to the plasma boundary, with rcoil/rsep being roughly 1.2,
depending on the plasma shape. It proves very useful for finding hidden activity
to plot the mode numbers in a spectrogram-like way due to its twofold filter-
ing: in frequency- and in phase-space. This increases the contrast and makes
it possible to discern modes faintly visible on the spectrograms. To reduce the
noise level of the plots, points are discarded when the amplitudes are below a
user defined threshold or the fitting error of the mode number exceeds a certain
amount. Positive and negative mode numbers are detected. Modes with nega-
tive n rotate in the opposite direction to modes with positive n. The convention
used here is that modes with negative n rotate in the direction of the electron
diamagnetic drift. For the three ELMs shown the precursors have n = +8, and
similar frequencies, despite their different duration. The range of toroidal pre-
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Figure 5.3: Spectrum of toroidal mode numbers n. For the three ELMs shown
the precursors have n = 8 (red).

cursor mode numbers which have been observed is 1-13. Precursors with n > 11
are seen rather seldom, and precursors with n > 13 seem not to occur at all.
The upper limit of observed precursor n-numbers is most likely physically real
and not imposed by a diagnostic limitation. Although the radial damping rate of
magnetic perturbations increases with increasing mode numbers, even precursors
with very high n ∼ 11-13 could still be clearly discerned above the noise level
on Mirnov signals. Therefore, it should have been possible to detect eventually
occurring precursors with slightly higher n � 13 on the magnetics if they would
have been present. As noted above, the toroidal spacing of the coils used is easily
capable of resolving higher toroidal mode numbers, and for example other edge
MHD activity with n = 15-20 has been detected.
In addition, one observes in Fig. 5.3 several broader bands of magnetic fluc-
tuation with higher frequency (f = 10-80 kHz) propagating in the direction of
the electron diamagnetic drift (negative n), with n typically ranging from -1
to -8. These bands were already studied in [20] and named washboard modes.
Washboard modes are plasma edge instabilities, and neither their origin nor
their driving force are known. Resistive ballooning modes have been discussed
as a possible candidate to explain their origin in [20]. The physics of wash-
board modes is beyond the scope of this paper, but, without going into much
detail, it is worth noting that washboard modes and ELM precursors interact,



80 Chapter 5

with the ELM precursors tending to inhibit the washboard modes. The physical
mechanism behind this interaction could not be yet identified. For a detailed
description of washboard mode dynamics and their consequences for the plasma
edge the reader is referred to [21].
From the above example it could be seen that the time by which the precursor
onset precedes the ELM event, and hence the precursor lifetime, varies greatly.
The observed precursor lifetimes range from 0.2 ms up to several tens of ms, or
even longer. Low n precursors generally start at least 10 or 20 ms prior to the
ELM. Some cases have been observed where they start as early as a few hundred
ms prior to the ELM. High n precursors tend to be more shortlived. They start
typically a few ms up to a few tens of ms before the ELM. Since longlived pre-
cursors are easier to study with the diagnostics and have all other characteristics
similar to shortlived precursors, use of them will be often made throughout the
paper.
The analysis of the poloidal mode numbers m on the basis of poloidally dis-
tributed coils is more complicated. Due to the plasma toroidicity the apparent m
number depends on the poloidal position of the coils (so called θ∗-effect [22,23]).
Plasma shaping (elongation, triangularity) and the presence of an X-point im-
pose further difficulties for modes located close to the plasma boundary. The
X-point, in particular, can distort the poloidal mode structure considerably.
Poloidal mode numbers determined by coils picking up magnetic fluctuations
around the plasma midplane (θ = 0, π) will then have the tendency to be lower
than the realm-number of the mode. Only a limited numbers of coils, distributed
poloidally around the plasma cross section, are available on JET. For the anal-
ysis 4 coils are used, two on the low field side (6 degrees apart), and two on the
high field side (50 degrees apart). Due to aliasing effects the set of coils is not
suitable for the analysis of modes with high m numbers, but for lower m (� 6)
it has proved reasonably reliable for modes such as NTMs [24]. The procedure
used for the analysis is described in more detail in Appendix B of [20]. For the
ELM precursors with the lowest n (n = 1) the poloidal mode number analysis
gives reproducible results, as summarised in Table 5.1. For each discharge one to
three ELM precursors have been analysed. The resulting m-numbers were not
found to change significantly within each discharge. The m-numbers obtained
are comparable to, or slightly larger than, q95, and thus correspond to rational
surfaces located close to the plasma boundary.

5.2.2 Mode location and structure

The radial location of the precursors can be most easily determined through ECE
measurements. JET’s ECE system consists of 48 heterodyne radiometers sam-
pled with 250 kHz, measuring slightly below the plasma midplane. The spacing
between resonant measurement radii is typically only 1 or 2 cm. The precursors
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Pulse no. n-number m-number q95
42578 1 4.3-4.8 3.8
42840 1 4.0-5.2 3.9
42870 1 3.4-3.8 3.8
43011 1 4.3-5.0 3.8
43021 1 3.5-4.0 3.4
43603 1 3.8-4.3 3.3
52010 1 3.3-3.8 2.9

Table 5.1: Values for the poloidal mode numbers m of ELM precursors with
n = 1, obtained from the analysis of the phase shifts of fluctuations measured
by four poloidally distributed Mirnov coils. The true m numbers of the modes
must be integer numbers. Also given for each discharge is the safety factor at
95% of the poloidal flux, q95, calculated by EFIT.

always occur near the separatrix, in the pedestal region. Fig. 5.4 shows a set of
edge ECE signals for our previous example, and Fig. 5.5 shows the respective
ECE profile and the location of the separatrix, with an uncertainty of approx-
imately 1 cm, as calculated by the EFIT equilibrium code. The channels at
a− 5.0 cm and a− 3.9 cm measure near the top of the pedestal (a = separatrix
radius). The oscillations are most clearly seen 2.6 cm inside the separatrix, well
inside the optically thick region, enhanced by the large temperature gradients
in the pedestal. The temperature oscillations of the two longlived precursors
prior to the second and the third ELM grow within 2 ms and then saturate in
amplitude until 2 and 0.7 ms before the ELM, respectively. Then they begin
to grow again, albeit with growth rates that are much smaller than in the first
growth phase. The precursor prior to the first ELM is interrupted by the ELM
already during the initial growth phase of the oscillations. In all three cases the
temperature oscillations grow only roughly linearly in time when approaching
the crash.
Concerning ECE channels further outward towards the separatrix one has to be
cautious. When the density becomes too low, the plasma does not behave as a
black body, and the radiation then detected at a given frequency can have contri-
butions from different plasma regions (shine-through effect). The interpretation
of the signal using a local model is then impossible. This shows up in the ECE
profile, where the level of emission picked up rises again artificially (dotted part
of the profile). Another complicating fact is that while it is difficult to locate
the origin of the shine-through radiation picked up, the amount of shine-through
itself is additionally modulated by the density oscillations caused locally by the
mode, which reflectometry confirms to be present. The optical thickness τ has
been evaluated in the cold plasma approximation (the formulas are given in [25],
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Figure 5.5: Electron temperature profile as measured by the ECE. The arrow
marks the channel where the signal oscillations are most prominent on Fig. 5.4,
supported by the large temperature gradients in the pedestal. The shine-through
effect impedes a full coverage of the measurements out to the separatrix.

Tab. IV) for the channels resonant at a−2.6 cm and a−1.4 cm. The values ob-
tained for τ strongly depend on the assumed shape of the edge density profile. At
a−2.6 cm τ = 4-11, while at a−1.4 cm τ = 1.3-3.9. For optical thickness τ > 2
is required. The marginal channel at a − 1.4 cm is thus dubious and should be
disregarded. Hence, only ECE data from channels measuring at optically thick
radii is taken into account.
Fig. 5.6 shows results from the coherence analysis of a Mirnov signal with the
edge ECE signals. The colour in the first two plots depicts the value of the co-
herence and the phase of the cross spectral density, respectively, as a function of
frequency and distance to the separatrix. The coherence value increases towards
the edge, and the phase shows no inversions across the radii, suggesting a kink-
like mode, although this data could be produced as well by a magnetic island
located between the last optically thick ECE channel and the separatrix. The
values of the radial displacement shown in Fig. 5.6 are found to increase rather
sharply at the edge, with displacements on the order of 1 cm. One can further
see that for our n = 8 precursor the mode extent is not limited to a − 2.6 cm,
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Figure 5.6: Coherence analysis of a Mirnov coil with the edge ECE channels.
The first two plots give the values of the coherence and of the phase of the cross-
spectral density, respectively, as a function of frequency and distance to the
separatrix. The phase shows no variations with radius, suggesting a kink-like
mode. The third window shows the magnitude of the radial mode displacement
as a function of radius, and the fourth one shows the the Mirnov signal with the
time interval used for the coherence analysis (within the dashed blue lines).
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where the oscillations were clearly visible in Fig. 5.4. Large displacements also
occur one channel further inwards, measuring at the pedestal shoulder, where
the modest temperature gradient made them more difficult to observe directly
on the ECE signal. The method used to obtain the displacement from the coher-
ence analysis is described in appendix C of [20]. In general, the displacements
observed typically range from 1 mm up to 1.5 cm.
The mode location is further verified by an edge reflectometer. JET’s O-mode
reflectometer system consists of 10 channels with cut-off densities ranging from
6.0 down to 0.43 · 1019 m−3, viewing the plasma from the low field side, near the
plasma midplane. In general the modes are seen on all channels or a subset of
channels with lower cut-off densities, depending on the discharge density. The
fact that the modes are seen on the channels with low cut-off densities, measuring
at pedestal radii that normally include radii where the ECE suffers from shine-
through, indicates that the precursors indeed extend from about the pedestal
shoulder, as seen from ECE measurements, until at least fairly close to the sep-
aratrix. Fig. 5.7 shows the fringe-jump corrected traces for an n = 8 precursor
together with the distance of their reflecting layers to the separatrix. Lacking
a possibility to measure fast density profiles at the edge, the cut-off radii have
been estimated by taking the line-averaged density of the edge interferometer
cord to be the density at the top of the pedestal, and then linearly extrapolating
to zero density at the separatrix. Allowing for a finite density in the SOL would
move the radii of the channels with lowest cut-off density further outwards, pos-
sibly outside the separatrix. The oscillations show no phase inversions between
channels, confirming that the mode has a kink-like radial structure, i.e. twisting
parity, and is not a magnetic island.
With the inserted filters very little information could be obtained from the SXR
cameras due to their low response at the plasma boundary and the line-averaging.
Only strong enough precursors could be faintly detected through spectrograms
of channels looking towards the plasma edge, consistent with a mode localised
in the plasma periphery. For a camera viewing the plasma laterally from the
low field side, comparison of channels looking towards the top and bottom of the
plasma (tangentially towards the same flux surfaces) yielded no evident up-down
amplitude asymmetry.
Finally, the precursor occurrence is normally accompanied by a slight increase
of Dα-emission (Fig. 5.8). The increased Dα could arise from a small increase in
particle and/or energy transport across the pedestal associated with the precur-
sors.

5.2.3 Further properties

The precursors are variable in the sense that they might grow and shrink repeat-
edly before the ELM or change their dominant n-numbers and frequency rapidly,
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Figure 5.7: Toroidal mode numbers showing a sequence of precursors preceding
an ELM, and traces of the 10 edge reflectometer channels showing the oscillations
corresponding to the n = 8-precursor. Together with the traces, the estimated
radii of the reflecting layers relative to the separatrix radius are given. The cut-
off densities range from 0.43 · 1019 m−3 (uppermost channel) to 6.0 · 1019 m−3

(lowermost channel). No phase inversions are observed across the radii. The
dashed lines are to guide the eye.
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Figure 5.8: Inner and outer divertor Dα-signals for the example of Fig. 5.2.
The arrows point at the time of the precursor onset.

at first sight without an apparent cause, that is, with no major changes in the
main plasma parameters. Fig. 5.9 shows an example for the change in amplitude,
where the n-spectrum and ECE signals show long intermittent n = 7 (orange)
precursors at 10-15 kHz prior to two type-I ELMs at 21.1 s and 21.34 s. Between
21.0-21.1 s and 21.2-21.35 s the plasma current increased marginally from 2.49 to
2.53 MA, recovering the current lost by the preceding ELM, but whether this is
really responsible for the mode behaviour in this particular case remains unclear.
One can see that this behaviour is restricted to the plasma edge, the core MHD
activity (e.g. a sawtooth precursor at 12 kHz and a 4/3 mode around 32 kHz)
remains unperturbed. At ∼ 45 kHz one can observe a further mode with similar
frequency behaviour and higher n ≥ 10 (for modes with higher mode numbers
than given in the scale the colour of the mode saturates at the highest colour of
the scale). A separate analysis with a reduced set of coils to resolve higher mode
numbers yielded n = 11-13.
Fig. 5.10 shows an example in which the dominant precursor mode numbers
change spontaneously within approximately 500 µs: starting with n = 9 (15
kHz), the dominant precursor becomes n = 7 (8 kHz) and finally n = 5 (∼1
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21.34 s, respectively.
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Figure 5.10: Toroidal mode numbers and ECE emission 5 cm (near the pedestal
top) and 3 cm (region of steep gradients) inside the separatrix, respectively,
showing a rapid change of dominant precursors. The continuous mode at 12 kHz
is a sawtooth precursor.
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Figure 5.11: Toroidal mode numbers for an example showing multiple precur-
sors. Also visible is a continuous 4/3 mode around 34 kHz triggered at an earlier
time.

kHz). In spite of being observed at similar radii, the observed precursor frequen-
cies are not proportional to their n-numbers. Considering the limited spatial
resolution of the ECE measurements, the most likely explanation is that the var-
ious precursors differ slightly in their mode location and structure, and that this
might indeed play a role in the final propagation frequency in a plasma region
where changes in gradients and/or rotation velocities are expected to occur on a
very short scale length.
Sometimes it happens that multiple precursors precede an ELM. An example is
shown in Fig. 5.11 where a whole range of modes could be detected. One can
distinguish precursors with n = 6 (∼ 9 kHz), n = 7 (the very longlived mode
around ∼ 13 kHz), n = 8 (∼ 18 kHz) and at sligthly higher frequencies further
modes with n = 9 and 10. Around 50 kHz one sees a further very long lasting
mode with unusually high mode number and frequency, for which a separate
analysis with a reduced set of coils yielded n = 11-13. Further analysis revealed
that the n = 7 mode dominates over a long time, but becomes weaker shortly
before the ELM. Simultaneously, the n = 8 mode becomes dominant until finally
the ELM occurs. The other modes turn out to be much weaker.
In general, the observations described above suggest that there is a whole pool
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of mode numbers available to the ELM precursors, which can be explained by
the closeness of rational surfaces due to the high magnetic shear near the sep-
aratrix. It seems that some minor local parameter modifications in the plasma
periphery are sufficient to stabilise or destabilise individual modes and to change
their frequency or the most unstable mode numbers.
It is difficult to say whether the precursors interact or not. Several cases like
the one above have been observed where the weakening of one precursor was
followed by the appearance or growth of another one, as if the modes were com-
peting amongst themselves trying to inhibit each other. Alternatively, this could
again be explained by spontaneous minor radial shifts of the mode rational sur-
faces, always possible as the current magnitude and distribution are not ideally
constant, with respect to the radii with largest driving forces, namely pressure
and/or current gradients. On the other hand, cases have been found where at
least two precursors with comparable amplitude coexist with no signs of inter-
action. In any case, the present data does not suggest that ELMs originate from
a nonlinear coupling or mutual reinforcement of this kind of precursors.

5.3 Comparison of low-n and high-n modes

In the previous section it has been mentioned that the precursor mode numbers
cover a wide range from n = 1-13. Precursors with low n = 1-3 were regularly
observed in so-called hot-ion H-mode discharges [17], and are seen in some con-
ventional ELMy H-mode discharges as well. Hot-ion H-modes are characterised
by very high ion temperatures achieved by applying NBI heating to a low density
target. The low n modes occurring in them were not explicitly labeled as ELM
precursors, and have been named Outer Modes (OMs) [18] due to their localisa-
tion at the plasma boundary. The situation is that not all OMs ended with an
ELM, but ELMs were generally preceded by OMs. By analysing the phase and
amplitude behaviour of the oscillations detected on multiple SXR channels and
comparing them to modelling results, OMs have been identified as low-n exter-
nal kinks [19]. Although there is a priori no sharp boundary in the transition
from low to high n-numbers that would suggest the higher n precursors to be
of a different nature; strictly speaking only the low n-modes are experimentally
known to be external kinks. This makes a comparison of low-n with intermediate
and higher-n precursors particularly interesting. It was not possible, however, to
repeat the analysis procedure of [19] for higher-n precursors. Many of the SXR
diodes have suffered radiation damage in the D-T campaign, and the precursor
oscillations in the remaining SXR channels were too faint (in contrast to the OM
cases used by that time, which benefited from very high edge temperatures).
The characteristic rise in the level of Dα-emission has been often used in the
past as a characteristic feature to identify the occurrence of OMs. This Dα-rise
is qualitatively similar to that observed for higher-n precursors, already shown
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in Fig. 5.8.
As an example for low-n precursors, two giant ELMs with their respective OMs
are depicted in Fig. 5.12, including a Mirnov signal and its respective spectro-
gram, as well as the spectrum of toroidal mode numbers. The precursors are
composed of a dominant n = 1 component with up to ten or twelve harmonics,
which is usually regarded as a sign of high (poloidal or toroidal) localisation. It
has been observed that with increasing precursor n-numbers the number of har-
monics decreases systematically. For instance, precursors with dominant n = 2
are usually composed of four or five harmonics, n = 4 precursors have mostly an
n = 8 harmonic, and precursors with n ≥ 5 usually do not show additional har-
monics. Linked to this, the signal oscillations associated with lower-n precursors
are, compared to higher-n precursors, much less sinusoidal.
Fig. 5.13 shows the radial displacement profile of an n = 1 precursor, together
with the position of the pedestal shoulder, obtained with the same procedure as
for the n = 8 precursor in Fig. 5.6. The remarkable difference compared to the
n = 8 precursor is that the mode width of the n = 1 precursor does not extend as
far as the pedestal shoulder, or even further into the plasma, but that the large
displacements only occur within the pedestal radii, that is, further outwards.
This could be due to the limited resolution of the ECE diagnostic, but since
this pattern occurred systematically in several other cases, it seems that low-n
modes have a narrower extent with respect to the width of the transport barrier
compared to higher-n modes.
Fig. 5.14 shows Fourier spectra of signals from a low field side and a high field
side Mirnov coil for the case of a low n precursor (a) and a high n precursor (b).
For each discharge the distance of the two coils to the separatrix on the low and
on the high field side is comparable (∼ 16 cm in (a), ∼ 21 cm in (b)). For the
main component of the n = 1 precursor the ratio of measured inboard/outboard
amplitudes is small, about 1.75. For the n = 8 precursor this ratio is very high,
roughly 30. This initially suggested that precursors with low n = 1 or 2 have
no strong ballooning character, as is expected for external kinks, while with in-
creasing n-numbers the ballooning character of the modes increases. There is
however an effect that needs to be considered in interpreting the data and im-
poses an artificial inboard/outboard asymmetry of the magnetically measured
signal amplitudes even for modes that do not have ballooning character: In the
cylindrical approximation the mode-induced magnetic fluctuations radially decay
with (rmode/rcoil)

m, where m is the poloidal mode number of the mode. Within
this approximation, the radial decay of the fluctuations is therefore equally strong
on the low and the high field side. If the mode itself does not have ballooning
character, then coils on the low and high field side pick-up fluctuations of equal
amplitude. In toroidal geometry, however, the poloidal structure of modes is dis-
torted compared to the cylindrical case: The local poloidal wavenumber kθ of the
mode is higher on the high than on the low field side (e.g. tearing mode’s O- and
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Figure 5.12: Mirnov signal of a low field side coil, the corresponding spectro-
gram, and the spectrum of toroidal mode numbers showing two external kinks.
The continuous mode with initially 40 kHz is a 4/3-mode. Like the higher-n pre-
cursors, external kinks propagate in the direction of the ion diamagnetic drift.
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Figure 5.13: Radial displacement profile of an n = 1 precursor together with
position of the pedestal shoulder. Relative to the width of the transport barrier,
lower n modes are narrower than higher n modes.

X-points are not distributed poloidally equidistant, but closer to each other on
the high field side). The result is that the mode-induced magnetic fluctuations
on the high field side are subject to a stronger radial decay due to the higher
“local m” compared to the fluctuations on the low field side. The differing radial
decay unavoidably introduces an artificial inboard/outboard asymmetry of the
magnetically measured mode amplitudes. For modes with low m-numbers the ef-
fect is not important because the ratio (rmode/rcoil) is usually close to one in JET.
This is further corroborated by the behaviour of the harmonics of the n = 1 pre-
cursor in Fig. 5.14a: Although the lower n components show nearly no difference
in amplitude on the low and high field side, the difference in inboard/outboard
amplitudes gradually increases with the harmonics’ mode numbers, and becomes
very pronounced for the higher harmonics. The effect makes it very difficult to
check for the ballooning character of modes through direct comparison of low
and high field side Mirnov signals.
A rough estimate can be made by following a similar technique than used in [26].

One assumes a field aligned perturbation with ~k · ~B = 0, and obtains for the ratio
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Figure 5.14: Logarithmic Fourier spectra of signals of a low and a high field
side Mirnov coil with comparable distance to the separatrix a.) for one of the
n = 1 precursors of Fig. 5.12 (where the numbers given denote the n numbers
of the harmonics of the precursor), and b.) for one of the n = 8 precursors of
Fig. 5.2. For the n = 8 precursor the ratio of measured amplitudes on the low
and high field side is roughly 30, while for the fundamental component of the
n = 1 precursor this ratio is only ∼ 1.75. In spite of this low asymmetry, for
the harmonics of the n = 1 precursor the measured inboard/outboard amplitude
asymmetry gradually increases with increasing harmonics’ mode numbers.
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of poloidal wavenumbers of a mode the following expression

kθ2

kθ1

=
Bθ1

Bθ2

(

R1

R2

)2

Using EFIT a ratio of wavenumbers on the high/low field side of ∼ 3.4 is esti-
mated for the case of Fig. 5.14b, which, for high enough m, can indeed lead to
signal amplitude asymmetries comparable to the ones measured.
In order to verify the above considerations, modelling calculations have been
performed with the MISHKA code [27]. The calculations assess the MHD mode
propagation in the vacuum region using real JET geometry, and taking into ac-
count the coordinates of the Mirnov coils. The JET vessel is considered to be
ideally conducting, and the discharge shape is obtained from EFIT. Low and
high-n cases have been studied. The poloidal distortion of the modes is found
to cause a different radial decay on the low and on the high field side that
agrees quantitatively very well with the above considerations. So, in contrast
to what has been presumed in [28], and lacking an accurate enough estimate of
the poloidal mode number m of the precursors, it has to be concluded that the
magnetic data does not clarify whether the high n modes really have ballooning
character or not. The observed difference in inboard/outboard signal amplitudes
could well originate from the effect discussed above. It has to be emphasized that
the above considerations are of general relevance, and should be taken into ac-
count whenever magnetic fluctuations picked up on the low and high field side
want to be compared.
Initial studies to determine parametric dependences of the precursor mode num-
bers on local quantities have been performed. The precursor mode numbers are
found to be mainly prescribed by the edge densities and temperatures. Fig.
5.15a shows their distribution in ne-Te-space. The line-averaged electron den-
sity has been measured through interferometry using a vertical cord that views
the plasma edge on the low field side, while the value for Te is taken at the
pedestal shoulder and measured via ECE. For the study of parametric scalings
data from 56 discharges has been used. The discharges cover a wide range
in parameter space, with B = 2.4-3.9 T, I = 2.0-4.0 MA, q95 = 2.85-5.2,
δ = 0.22-0.47, and PNBI = 8-17 MW (sometimes also combined with ICRH).
Each point in the plot corresponds to an ELM precursor. If several precur-
sors occurred prior to an ELM, the dominant one has been selected, while in
cases with a fast succession of precursors the first one has been taken (this con-
vention has been adopted to exclude possible nonlinear effects arising from the
preceding precursor). Alternatively, one may plot the mode numbers versus the
pedestal pressure and the (normalised) electron collisionality ν∗e (Fig. 5.15b),
where ν∗e = 0.012ne20Zeffq95R/(ε

3/2T 2
ekeV), taking Zeff = 2. There is a gradual

transition from low to high n-numbers with increasing pedestal collisionality.
The pedestal collisionality determines the amount of bootstrap current for given
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Figure 5.15: Precursor n-numbers as a function of a.) electron temperature
near the pedestal top and edge line-averaged density, and b.) electron pedestal
pressure and normalised electron pedestal collisionality. The data shown includes
precursors of 1 ms to 150 ms of duration.
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pedestal gradients [29], with increasing collisionality leading to reduced boot-
strap current. This data suggests the mode numbers to be determined by some
interplay of the pressure gradient and the edge current driving force. One can see
in Fig. 5.15b that keeping the pedestal pressure fixed and decreasing the colli-
sionality (increasing edge current) leads to lower mode numbers, while increasing
the edge pressure keeping the edge current fixed (which implies simultaneously
raising the collisionality) raises the mode numbers. In both cases the transition
from low to high n-numbers occurs in a relatively narrow region of parame-
ter space. For low enough collisionality (high enough current) only low mode
numbers were observed, independently of the pressure. On the other hand, in
discharges with sufficiently high edge collisionality (roughly ν∗e > 1-3, depending
on the discharge configuration) the precursors seem to be absent, indicating that
a sufficiently high edge current is important to destabilise the precursors. The
observed parameter dependence cannot be explained by considering only pure
external kinks/peeling modes. Further types of instabilities need to be included.
It is worth comparing the experimentally observed parameter dependence with
theoretical predictions. Some recent work has been performed on the explo-
ration of the relationship between the calculated unstable toroidal mode number
of edge instabilities and the edge density, edge collisionality and bootstrap cur-
rent [30–32]. The ELITE code [33], in conjunction with the low n stability code
GATO [34], has been used. The work highlights the importance of the edge
current density for the edge MHD stability. In [30], inclusion of current in stud-
ies of the pedestal leads to a separate dependence of MHD stability on density
and temperature, rather than just pressure, because of the strong collisional
dependence of the bootstrap current. This is in agreement with the experimen-
tal results presented here. The stability calculations have shown that pedestal
currents play a dual role in the MHD stability, stabilising high toroidal mode
number ballooning modes through reduction of the edge magnetic shear, while
at the same time providing drive for intermediate to low n peeling modes. The
result is that coupled peeling-ballooning modes at intermediate n are often the
limiting instability. Similar trends have been obtained in [31, 32]. In [31], a
decrease in bootstrap current leads to an increase in the n-numbers of the unsta-
ble coupled peeling-ballooning modes. In [32], a set of discharge equilibria with
varying density is studied. At low density, the edge bootstrap current stabilises
the higher n peeling-ballooning modes, which allows the lower n modes to dom-
inate the instability. At high density, and collisionality, the higher n modes are
no longer stabilised and become dominant before the lower n modes can grow.
These trends are consistent with the experimentally observed parameter depen-
dence presented here.
The pressure-current dependence indicated by the experimental data might open
the possibility to change the precursor mode numbers actively by in-shot current
ramps. Furthermore, it is worth noting that the onset of OMs could be delayed
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through a slow current ramp down, thus decreasing the edge current, once the
H-mode phase was established [35].
The data shown in Fig. 5.15 includes precursors of 1 ms to 150 ms of duration.
A separate treatment of shortlived (< 5 ms) and longlived (> 5 ms) precursors
yielded no evident difference in their respective edge density, edge temperature
and edge collisionality. Hence, the time by which the precursor onset precedes
the ELM seems not to be related to those parameters.
To date no evident dependence of the precursor mode numbers on the plasma
triangularity could be identified. Further parametric studies are anticipated.

5.4 Modelling results

To gain insight into the stability limits of the plasma boundary in H-mode regime
in JET extensive numerical simulations have been performed. As starting point
for the calculations the JETTO code is used [36], whose equilibrium module
takes into account the H-mode transport barrier. It calculates the edge magnetic
surfaces self-consistently with the edge pressure gradient and the edge current
density, including the bootstrap current contribution. The formulas employed
to calculate the bootstrap current can be found in [29]. The pedestal width is
a free parameter chosen to match the experimentally observed pressure at the
pedestal top. Ideal stability limits are then calculated with the HELENA [37]
and MISHKA-1 [27] codes by multiplying the edge pressure gradient and the
edge current independently with a constant, keeping the total current and en-
ergy content of the plasma fixed. Diamagnetic effects and resistivity were not
taken into account for the calculations presented here. The higher order (cubic)
finite elements used in all codes allow accurate equilibrium/stability calculations
from n = 0 up to very high toroidal mode numbers (n ≤ 50). For each equilib-
rium the stability of n = 1, 2, 3, 4, 6, 8, 10, 12,... modes have been calculated,
considering the JET vacuum vessel to be ideally conducting.
The instabilities found can be classified into three categories: ballooning modes
(the most unstable ones having typically high n > 10), kink (peeling) modes
(mostly low n < 6) and ballooning-kink modes (normally with medium n-
numbers around 5 to 15). Due to their overlap, n-numbers on their own are
in principle only of limited usefulness to classify the modes. The classification
relies more on the driving forces and different mode structures as described be-
low. Ballooning modes are driven by the pressure gradient, α = −µ0p

′q2/B2
0ε,

and stabilised by shear, whereas kink (peeling) modes are driven by the edge
current density and stabilised by pressure. Kink-ballooning modes are driven by
both the pressure gradient and the edge current density.
Fig. 5.16 shows calculations for an ELMy H-mode discharge, where the stability
limits for the different mode types are displayed. The coloured areas show the
stability limits of infinite-n ballooning modes calculated by HELENA at different
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Figure 5.16: Stability limits for n = 1-14-modes (numbers) and for n = ∞
ballooning modes (coloured areas) for an ELMy-H discharge, as a function of
the ballooning parameter α and the normalised edge current density.

values of the normalised poloidal flux function near the edge (ψ = 0.95-0.99).
The numbers displayed in the plot have been calculated by MISHKA, and rep-
resent the n-numbers of the most unstable finite-n modes up to n = 14 at the
respective α and edge current values. While there is some scattering in the
distribution of the most unstable mode numbers, the general trend that is re-
producibly encountered in the discharges analysed is to obtain high n numbers
at high α, where the ballooning modes are expected, while at low α and finite
edge current low n modes become destabilised. These correspond to kink modes.
Intermediate n modes are often encountered in the proximity of both the kink
and the ballooning stability limit, and in most cases belong to coupled peeling-
ballooning modes. The variation in mode number near α = 3 in Fig. 5.16 reflects
the fact that high and low n growth rates become very similar in that region.
In practice, the observed mode number of the precursor will depend on the tra-
jectory of the discharge in α and in pedestal current, and where it first crosses
an instability boundary. Modes becoming unstable far beyond the instability
boundaries are not likely to be encountered in the experiment anymore. Quan-
titative comparisons of modelling predictions with the mode numbers observed
in the experiment are difficult due to limitations in the determination of edge
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quantities such as the edge current density. They would further require detailed
computations for each different case, which is beyond the scope of this paper.
Here the aim is to make qualitative comparisons between theory and the ob-
served precursors.
As mentioned above, the mode structures of the three types of instability differ
significantly. Fig. 5.17a shows plasma cross sections with the poloidal mode
structures of an n = 20 ballooning, an n = 12 ballooning-kink and an n = 3
kink instability, respectively. The ballooning mode shows the expected large
asymmetry of the mode amplitude on the high and low field side, and has a rel-
atively broad radial extent. The n = 3 kink has a comparable inboard/outboard
mode structure, a much narrower extent, particularly around the midplane, and
shows, in contrast to the ballooning mode, large and broad mode displacements
concentrated around the X-point. The ballooning-kink mode shows a mixture of
these properties, with a much larger amplitude on the low than on the high field
side, broad radial mode extent and distinct displacements around the X-point.
Also in Fig. 5.17 the respective midplane radial displacement profiles are shown.
The vertical line around

√
ψ = 0.97 denotes the position of the pedestal shoul-

der, which is held invariant as the edge current and pressure are scanned. Thus,
the extent of ballooning and ballooning-kink modes is comparable to the width
of the transport barrier, while the n = 3 kink is narrower. This is consistent
with the experimental results presented in section 5.3. The kink-mode displace-
ment increases sharply towards the separatrix, while the ballooning displacement
peaks well inside it. Ballooning mode peak amplitudes occur at the position of
maximum pressure gradient. Both ballooning and ballooning-kink modes are
composed of several m-components, whereas the kink-mode shows only a small
number of them.
As described in section 5.3, the experimental measurements confirm that lower-n
precursors have a narrower radial extent compared to the higher-n precursors.
This is consistent with the lower-n precursors being external kinks, and also
suggests that the higher-n precursors are not pure external kinks but accord-
ing to their mode width either peeling-ballooning or pure ballooning modes. In
addition, the observed precursor n-numbers are mostly below n = 10, which ac-
cording to modelling is rather too low for pure ideal ballooning modes. Hence,
modelling results are consistent with the low-n precursors being ideal external
kinks, while higher-n precursors are most likely ideal peeling-ballooning modes.

5.5 Summary and discussion

The properties of a class of type-I ELM precursors that is commonly observed in
JET in ELMy-H discharges with coinjected NBI have been studied in consider-
able detail. Their characteristic features comprise: low frequency, mostly below
25 kHz; typical onset a few ms to a few tens of ms before the ELM crash; prop-
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Figure 5.17: Poloidal structure of the radial displacements of an n=20 bal-
looning, an n=12 coupled ballooning-kink and an n=3 kink instability together
with their midplane radial displacement profiles. Each curve corresponds to a
poloidal component with its respective poloidal mode number m. The vertical
lines denote the position of the pedestal shoulder.



Type-I ELM precursor modes in JET 103

agation in the direction of the ion diamagnetic drift; localisation in the pedestal
region extending to the separatrix or beyond with no radial phase inversion; and
a slight increase of the Dα-emission accompanying their occurrence. Radial mode
displacements from 1 mm up to ∼ 1.5 cm have been observed.
Due to the closeness of rational surfaces near the separatrix combined with the
short scale length on which quantities like pressure gradient, edge current den-
sity, plasma rotation or influence of neutrals change radially, one can expect each
mode to have a narrow instability window that may be easily disturbed. The
observations made of multiple precursors at similar radii, sometimes changing
their toroidal mode numbers and frequency with no obvious reason, suggest that
this is indeed the case.
A range of mode numbers n = 1-13 has been observed, with the low-n precursors
known to be ideal external kinks. A thorough comparison of low- and high-n
precursors has been performed both in experiment and through modelling cal-
culations and suggests the moderate-n precursors are coupled peeling-ballooning
modes (and not pure ballooning modes, which occur at higher n). Pure peeling
modes are precluded by the observation of the mode width, which is too broad
for peeling modes, and because of the observed dependence of mode number on
ne and Te (cf. Fig. 5.15). It rather seems that the precursor n-numbers are
determined by some interplay of both the pressure gradient and the edge current
density. Due to the absence of radial phase inversions tearing modes have to be
excluded.
If the precursors are involved at all in the ELM cycle, they seem not to be the
actual trigger for the ELM. This is concluded from the observation that the
precursor oscillations do not grow exponentially into the ELM crash but mostly
rather linearly. In fact, there is no evidence of the precursor mode growth rate
rapidly accelerating before the ELM, and cases were shown where the precursor
amplitude even remains nearly saturated. A further point that suggests that
the ELM precursors do not trigger the ELMs has been previously given in [35]:
The technique of current rampdown used to optimise the performance of hot-ion
H-mode discharges was found to delay the onset of the low-n precursors (OMs)
while making the ELMs appear earlier. ELMs were still preceded by the OMs
in the current rampdown discharges, but the duration of the OMs was reduced
compared to the discharges without current rampdown. This implies that the
ELM trigger behaved differently to the OMs during the current rampdown, in-
dicating that ELM precursor and ELM trigger are two separate phenomena.
This and the large variation in the time by which the precursor appearance pre-
cedes the ELM could be explained in terms of the ELM event resulting from
a combination of two instabilities. Within this picture a precursor mode starts
once the stability limit for the first instability is encountered, but the ELM is
not triggered until the stability limit for the second instability is reached. The
model of the peeling-ballooning-cycle for type-I ELMs [38] points very much in
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that direction. However, if one assumes ELMs to be finally triggered by a com-
bination of kink- and ideal balloning-modes, at least in the particular case of
discharges with low-n precursors the kink-limit is obviously reached before the
ideal ballooning limit. This is in disagreement with the order of events predicted
in the peeling-ballooning cycle originally proposed in [38]. A generalisation of the
peeling-ballooning model with ELM cycles for which the kink/peeling boundary
is encountered first has been recently proposed in [30].
On the other hand, the precursors seem to be absent in discharges with suffi-
ciently high electron edge collisionality (strong gas puffed discharges) for which
ν∗e > 1-3 (depending on the discharge configuration), and also optimised shear
discharges were reported where they could not be seen [39], raising the ques-
tion whether the precursors are really linked to the ELM event. The absence
of precursors in high collisionality discharges is not believed to be related to a
diagnostic limitation. Although in many of these cases the ECE data are not
available (making it difficult to find shortlived precursors, in particular), suf-
ficiently longlived precursors should be still detectable through the magnetics.
However, they have not been detected in spite of the considerable number of high
density discharges analysed. This is in contrast to what is observed in discharges
with low to moderate collisionality. Gas scans of discharges have been analysed in
which the precursors still had relatively low n = 5-6 for a number of discharges at
moderate fuelling rates, prior to their disappearance at the next highest density.
The lack of precursors at high collisionality (low edge current) would be again
consistent with their identity as ideal kink- or coupled ballooning-kink modes,
and not ideal ballooning modes. A hypothesis that is supported by the overall
data presented here is that the ideal ballooning modes, and not ideal kink- or
coupled ballooning-kink modes, could provide the trigger for type-I ELMs. In
this respect, certain theoretical works [40,41] predict a general explosive feature
of the ideal ballooning instability (“detonation”) emerging from non-linear effects
through the development of fine-scale substructures (“fingers”). In any case, the
importance of the ELM precursors studied here relies in that they provide a
valuable source of information to improve the understanding of ELM-cycles, and
their further study certainly opens the possibility to validate, or refute, present
ELM models.
The precursor phenomenon seems not to be restricted to JET. The precursors
show similarities with the ones reported in [6–8, 14], particularly their low fre-
quency and typical duration in the ms range, as well as the mode numbers
reported in [6, 7].
A significant feature of ELMy H-modes in JET is the universally observed wash-
board modes [20]. The properties of these modes, which seem to significantly
interact with the ELM precursors, will be discussed in a future paper [21].
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Abstract. Washboard (WB) modes [Smeulders P et al 1999 Plasma Phys. Con-
trol. Fusion 41 1303] are a very common edge instability regularly observed in
the H-mode regime in JET. They are detected as (normally several) bands of
continuously fluctuating magnetic activity rotating in the direction of the elec-
tron diamagnetic drift with typical frequencies in the range of 10-90 kHz. The
time evolution of the WB mode frequency is found to follow qualitatively the
evolution of the electron temperature measured near the pedestal top, probably
due to the strong diamagnetic drift associated with the large pedestal gradi-
ents. Evidence for their involvement in the pedestal and ELM dynamics will
be presented. Increasing WB mode amplitude is correlated with an increase in
the time between consecutive type-I ELMs. In situations in which a sudden in-
crease (decrease) of the WB activity is observed, the build-up of the pedestal
temperature (and, linked to this, also of the pedestal pressure) of the electrons
is seen to become slower (faster). This is a strong indication that the WB mode
activity has a regulating effect on the pedestal, and that it is responsible for an
enhanced transport of energy across the separatrix. The occurrence of a class
of type-I ELM precursor modes commonly observed in JET in discharges with
low to moderate collisionality (ν∗e < 2, roughly) [Perez C P et al, EFDA-JET
Preprint EFD-P(02)11] is found to be associated with a weakening of the WB
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modes. The underlying mechanism for this interaction has not been yet identi-
fied. In contrast to low triangularity discharges, WB activity is found to increase
with gas puffing at high triangularity. This can provide an explanation for the
regime recently identified on JET that has been called mixed type-I/type-II ELM
regime [Saibene G et al 2002 Plasma Phys. Control. Fusion 44 1769]. A modi-
fied version of the peeling-ballooning cycle for type-I ELMs on JET, that takes
into account the WB mode phenomenon and is consistent with the experimental
observations, is proposed.

6.1 Introduction

The energy losses associated with type-I ELMs [1–3] are a serious concern for
ITER due to the possibly unacceptable transient heat loads expected on the
divertor tiles [4,5]. The understanding of type-I ELMs, in particular their origin
and the underlying processes governing their dynamics, is still incomplete. From
the MHD point of view, research is increasingly focussing on the role of the
most promising ideal instabilities, namely (finite-n) ballooning and kink-(peeling)
modes, and more recently also on coupled ballooning-kink modes, leading to the
proposition of a so called peeling-ballooning cycle for type-I ELMs [6].
Washboard (WB) modes are a very robust phenomenon commonly observed in
JET H-mode discharges, and are not thought to belong to one of the above
mentioned instabilities. Since their discovery [7], rather little attention has been
paid to them, either theoretically or experimentally. So far they have not been
regarded as an ELM-relevant instability. However, in this paper evidence for
their involvement in the pedestal and ELM dynamics will be presented.
The paper is organised as follows. In section 6.2 an overview of WB properties is
given, recalling earlier findings from [7] where appropriate. Section 6.3 is devoted
to the observation of an exclusive interaction between the WB modes and a class
of type-I ELM precursor modes, commonly observed at JET in discharges with
low to moderate collisionality. The relationship between the WB modes and
a regime recently identified on JET, that has been called mixed type-I/type-II
ELM regime, is discussed in section 6.4. Building on these findings, a modified
version of the peeling-ballooning cycle for type-I ELMs, that takes into account
the physics of WB modes, will be proposed in section 6.5. Finally, a summary
and a discussion of the results are given.

6.2 WB properties

Figure 6.1 shows a spectrum of toroidal mode numbers for an example ELMy
H-mode, where the colours denote the toroidal mode numbers n. The n-numbers
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Figure 6.1: Spectrum of toroidal mode numbers n. Three type-I ELMs occur
at 22.096 s, 22.24 s and 22.36 s. The red coloured modes (n = +8) are type-
I ELM precursors [8]. The WB modes are the multiple blue coloured broader
bands propagating in the direction of the electron-diamagnetic drift (negative
n-numbers).

are obtained by making a time-windowed Fourier decomposition of the signals
of a toroidal set of Mirnov coils and analysing the relative phase shift of the
fluctuations. Depending on the data acquisition the signals have either 250 kHz
or 1 MHz sampling rate. For the analysis a high resolution array of 5 coils,
with toroidal angles ∆φ gradually increasing from 1.7 to 15.9 degrees, has been
used, adequate for mode numbers n ≤ 11. A subset of the coils with lower ∆φ
was employed if higher mode numbers needed to be resolved or simply to check
the correctness of previous calculations. To reduce the noise level of the plots,
points are discarded when the amplitudes are below a user defined threshold or
the fitting error of the mode number exceeds a certain amount. Toroidal mode
number spectra are convenient for discriminating the various types of MHD ac-
tivity present. Due to its twofold filtering (in frequency- and in phase-space),
they are very useful for finding activity that is often only faintly visible on the
magnetic spectrograms (like the WB modes), and will be often used throughout
this paper. Positive and negative mode numbers are detected. Modes with neg-
ative n rotate in the opposite direction (toroidally or poloidally) to modes with
positive n. The convention used here is that modes with negative n rotate in the
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direction of the electron diamagnetic drift. Three type-I ELMs occur at 22.096
s, 22.24 s and 22.36 s. In between them one can observe several (blue coloured)
bands of activity with frequencies ranging from ∼ 10-80 kHz propagating in the
direction of the electron diamagnetic drift. These are the WB modes. They have
typically mode numbers in the range n = −1 to −8.
In between ELMs, WB modes have a quite characteristic frequency evolution.
Normally both the WB frequency and the spectral extent are initially low when
reappearing after an ELM, and tend to increase gradually until interrupted by
the next ELM. In longer ELM-free phases, in particular, the WB frequency
reaches a steady value. In time-frequency plots the WB bands then sometimes
resemble the periodic ridges of an old-fashioned washboard (from which their
name originates). Generally, the WB frequency evolution is affected by the level
of gas fuelling (as will be discussed later). In the example of figure 6.1 no fuelling
is applied.
In figure 6.1, the red coloured modes (n = +8) around 20 kHz are so called type-I
ELM precursor modes [8]. Both the ELM precursor modes and WB modes are
observed at pedestal radii. In contrast to the WB modes, the ELM precursors
are observed to propagate in the direction of the ion diamagnetic drift. This in-
dicates that WB modes belong to a different class of instabilities than the ELM
precursor modes. In general, the range of ELM precursor n numbers which have
been observed is 1-13. Precursors with low n ∼ 1-3 are known to be external
kinks (also known on JET as Outer Modes [9, 10]), while experimental findings
and their comparison with stability calculations suggest that the precursor modes
with higher n are not pure external kinks but coupled kink-ballooning modes.
The precursor modes are regularly detected in discharges with low to moderate
(normalised) electron pedestal collisionality (up to ν∗e ∼ 2, roughly). At higher
collisionality the modes seem to be absent, indicating that a sufficiently high
edge current is important to destabilise the precursors. Longlived precursors are
often seen to grow and shrink repeatedly during their lifetime, and can change
their dominant n-numbers rapidly. Detailed studies of the type-I ELM precur-
sors have been presented elsewhere [8]. We shall return to them later.
The analysis of the poloidal mode numbers m on the basis of poloidally dis-
tributed coils is more complicated. Due to the plasma toroidicity the apparent
m number depends on the poloidal angle where the coils are located (so called
θ∗-effect [11, 12]). Plasma shaping (elongation, triangularity) and the presence
of an X-point impose further difficulties for modes located close to the plasma
boundary. The X-point, in particular, can distort the poloidal mode structure
considerably. Poloidal mode numbers determined by coils picking up magnetic
fluctuations around the plasma midplane (θ = 0, π) will then have the tendency
to be lower than the realm-number of the mode. Only a limited numbers of coils,
distributed poloidally around the plasma cross section, are available on JET. For
the analysis 4 coils are used, two on the low field side (6 degrees apart), and two
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Pulse no. n-number m-number q95
42840 −1 −4.0 to −4.5 3.8
50846 −1 −3.0 to −3.5 3.3
52308 −1 −3.2 to −3.7 3.2
53062 −1 −4.0 to −5.0 3.6
53299 −1 −3.2 to −3.7 3.2

Table 6.1: Poloidal mode numbers m for WB bands with n = −1, obtained
through the analysis of the phase shifts of the fluctuations measured by four
poloidally distributed Mirnov coils. Also given for each discharge is the safety
factor at 95% of the poloidal flux, q95, calculated by EFIT.

on the high field side (50 degrees apart). Due to aliasing effects the set of coils
is not suitable for the analysis of modes with high m numbers, but for lower
m (� 6) it has proved reasonably reliable for modes such as NTMs [13]. The
procedure used for the analysis is described in more detail in Appendix B of [7].
For the WB bands with the lowest n (n = −1) the poloidal mode number anal-
ysis gives reproducible results, as summarised in table 6.1. For each discharge
2-3 fast acquisition time windows have been analysed. Within each discharge
the resulting m-numbers were not found to change significantly. The m-numbers
obtained are comparable to, or slightly larger than, q95, and thus correspond to
rational surfaces located close to the plasma boundary.
Figure 6.2 shows previous results of a coherence analysis for a hot-ion H-mode
discharge [14] with particularly distinct WB modes (see also figure 6.8). The
coherence analysis uses a reference Mirnov signal and channels of the JET edge
reflectometer [15,16] with cut-off densities ranging from 0.43 to 4.13× 1019 m−3.
The upper plots give the values of the coherence and phase of the cross-spectral
density, respectively, as a function of major radius R and frequency f . The
dashed lines denote the measuring radii of the reflectometer channels estimated
on the basis of a density profile obtained with the core LIDAR [17]. In general,
the resolution of the core LIDAR is about 12 cm and not sufficient to resolve
properly the pedestal but tends to overestimate its width. Therefore, the cut-off
radii of the reflectometer channels are probably even closer to the separatrix,
which EFIT predicts to be at R = 3.86 m (with an uncertainty of ∼ 1 cm) for
this case. It is difficult to give on this basis an accurate estimate of the radial
extent of WB modes with respect to the width of the transport barrier, but it is
certain that the WB modes are located at the plasma edge, occuring at least at
pedestal radii but possibly extending further inwards into the plasma [7]. One
can further see from figure 6.2 that WB modes show kink-like radial displace-
ments with no radial phase inversions (“twisting parity”), hence they are not
magnetic islands.
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Figure 6.2: Coherence and phase spectra as a function of frequency and major
radius R for a set of multiple WB bands (taken from [7]). The separatrix as
calculated by EFIT is at R = 3.86 m. The colour scales are shown at the right
of each plot. The dashed lines denote the measuring radii of the reflectometer
channels. The WB bands occur at ∼ 20-75 kHz. The third plot shows the power
spectrum of the reference Mirnov signal, where the individual WB bands are
clearly visible.

The amplitude of WB modes is not constant but appears to be continuously
fluctuating. This can be generally observed in spectrograms or n-number spec-
tra like figure 6.1, where the individual WB bands are seen to be composed of
intermittent pulsations rather than a continuous mode. The time scale of this
fluctuations could not be accurately determined, but it seems to be compara-
ble to the time resolution of the Fourier analysis. The amplitude fluctuations
are also likely to be the cause for the relative broadness of the individual WB
bands in terms of frequency. From the spectral width of the WB bands the WB
amplitude is estimated to fluctuate with a typical repetition rate of 1-3 kHz.
The possibility that the frequency spread of each WB band originates from a
set of WB modes with same n but located at slightly different edge radii is not
supported. Changes in the WB mode phase across the reflectometer channels
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should then be observed in figure 6.2, which is not the case.
The displacements associated with the WB modes are small. For individual WB
bands density displacements in the sub-mm range have been previously obtained
from the analysis of edge reflectometer data [7]. ECE measurements are of lim-
ited use for the study of WB modes, because the noise of the ECE channels turns
out to be at least of the same order as the WB induced fluctuations, and because
only measurements from the inner part of the pedestal are available (further out-
wards towards the separatrix the plasma loses its optical thickness). Assuming
that the real noise of the ECE channels is given by the thermal noise, which is
determined by the pre- and postdetection bandwidth, for the optically thick radii
an upper bound for the WB induced displacements of roughly 1 mm is obtained,
which is compatible with the reflectometry results. The small magnitude of the
displacements is in contrast to the observed relative broad radial extent of the
WB modes, which according to the data seems to be at least of the order of
several cm.
Since WB modes rotate opposite to the core toroidal plasma rotation, the often
observed gradual increase of the WB frequency between ELMs cannot be ex-
plained in terms of toroidal plasma acceleration. This would require a reversal
of the toroidal rotation velocity vφ at the transport barrier, with the reversed
vφ having to reach values in excess of 200 km/s to reproduce the measured WB
frequencies. This implies an edge rotation which is comparable to the core rota-
tion, but in the opposite direction, for which there is no evidence.
Experimentally, it has been repeatedly observed that a close relationship ex-
ists between the evolution of the WB frequency and the evolution of the edge
electron temperature measured by ECE channels resonant close to the pedestal
top (T ped

e ). For the discharges analysed here an array of 48 ECE heterodyne
radiometer channels was available, viewing the plasma horizontally from the
low field side, slightly below the plasma midplane. The channels have a spa-
tial resolution of typically ∼ 1-2 cm. ECE data with a frequency response of 1
kHz is available throughout the discharge, while for selected time windows fast
ECE data with 250 kHz sampling rate is available as well. Figure 6.3 gives a
comparative plot for the frequency evolution of WB bands and the evolution of
T ped

e , showing a good qualitative agreement in the evolution of both quantities.
This suggests that the observed WB frequency behaviour originates from the in-
creasing diamagnetic drift associated with the gradual pedestal recovery between
ELMs. A further example is shown in figure 6.10, which shows that, unlike the
edge temperature, the edge density does not affect the WB frequency noticeably.
The following relation holds for the electron diamagnetic frequency:

f∗e(r, t) ∼
p′e
ne

=
n′

e

ne
Te + T ′

e (6.1)

Due to diagnostic limitations, neither the gradients of the edge density and edge
temperature, nor their evolution in time are determined to a sufficient accuracy
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to allow for a quantitative comparison of the edge diamagnetic drift with the
WB mode frequency evolution. Since the density-related contribution appears
simultaneously on the numerator and the denominator of the first term of equa-
tion (6.1), and since for given radii both ne and n′

e increase during the pedestal
recovery, the density dependence of the diamagnetic drift is likely to be weak
compared to the temperature dependence. However, improved edge measure-
ments are required to confirm this.
It cannot be excluded that a spin-up of the poloidal plasma rotation (vθ) at the
edge could also contribute to the observed WB frequency behaviour, but the
measurement of vθ is difficult. Neoclassical theory predicts the poloidal rotation
of the main ion species to be coupled to the ion temperature gradient [18, 19],
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Figure 6.4: WB modes in a gas puff scan (at low triangularity). Each plot
depicts a single ELM period. With increasing gas fuelling (from left to right) the
spectral distribution of WB modes becomes narrower and evolves towards lower
frequencies. This frequency behaviour is consistent with the gradually lowered
edge temperature due to the gas puffing. At high gas rates the WB bands usually
tend to occur only around 10-40 kHz. The green-coloured modes around 10 kHz
are sawtooth precursors.

and therefore vθ could evolve in time in a similar manner as the ion diamagnetic
drift. The sign of vθ depends on the ion collisionality. For the range of collision-
alities relevant here (0.05 � ν∗i � 5), the poloidal rotation is predicted to be in
the direction of the electron diamagnetic drift.
The frequency of the WB modes is influenced by the level of gas fuelling. Figure
6.4 shows a set of discharges with different gas fuelling levels. With increasing
gas puff the spectral distribution of WB modes becomes narrower and evolves to-
wards lower frequencies. This behaviour is consistent with the gradually lowered
edge temperature. When fuelling levels are low, the individual WB bands are
usually well separated in frequency and thus clearly discernable in spectrograms
(see also figures 6.1 and 6.3). With increasing fuelling the WB band frequencies
tend to become closer to each other, and, at sufficiently high fuelling rates, they
can merge into a broader band of WB activity where the individual WB bands
composing it are difficult to discern anymore. At high gas rates the WB activity
typically occurs only around 10-40 kHz. The time evolution of the edge electron
temperature between ELMs does also change with fuelling. The temperature
drop per ELM decreases with increasing edge density, and it is sometimes ob-
served that Te saturates already at an early stage of the ELM period. In that
case the WB frequency does not change much, or even remains constant, between
the ELMs.
WB modes have never been observed in L-mode, but it is difficult to exclude
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their existence definitely. Due to the absence of a strong edge gradient and its
associated diamagnetic drift, very low WB rotation frequecies can be expected,
and this would impose inherent difficulties on the detection of the WB modes.
So far WB modes have only been observed in situations where a sufficiently de-
veloped H-mode pedestal is present. In particular, in ELM-free or type-I ELMy
H-mode the WB modes are basically always encountered. In situations where
the pedestal is present but less pronounced, like in the phase shortly after a
type-I ELM, or typically also in type-III ELM regime, WB modes are often not
detected. This suggests that the presence of an H-mode barrier is a necessary
(but not a sufficient) condition to destabilize the WB modes.
Figure 6.5 shows a magnetic spectrogram for a standard type-I ELMy-H dis-
charge, fuelled with 2.3 · 1022 el/s, showing a time window comprising six type-I
ELMs. The colourmap of the spectrogram is chosen to change colour only in a
narrow range of amplitudes around that of the WB modes. The spectrogram
has further been corrected for the frequency dependence of the magnetically
measured mode amplitudes. The numbers to the right of the colourscale of
the spectrogram denote the log10 of amplitude. Also shown are the traces of
the electron temperature near the pedestal top, measured through ECE, and
the line-averaged edge density, measured by a Far Infra-Red (FIR) interferome-
ter [20]. Due to the geometric layout of the interferometer cord used (it views
the plasma vertically on the low field side, cutting the midplane approximately
10 cm inside the separatrix), the line averaged density measured by this cord
is effectively a good surrogate measurement for the density near the pedestal
top. The bottom plot in the figure shows the inner and outer divertor Dα sig-
nals. The time between two consecutive ELMs ∆tELM varies greatly from ELM
to ELM. The spectrogram also shows that different levels of WB activity are
observed in each inter-ELM period. This is further exemplified in figure 6.6a,
where the time averaged power spectrum of the inter-ELM activity prior to the
fourth (∆tELM = 62 ms) and the sixth (∆tELM = 24 ms) ELM are compared.
Prior to the fourth ELM higher WB activity is observed. For each ELM-interval
the level of WB activity can be quantified by averaging the individual power
spectra over time, and integrating the resulting averaged power spectrum over
the frequency range of the WB modes. In Figure 6.6b the result of such an anal-
ysis is shown, plotted against ∆tELM. The analysis has been performed over the
whole stationary phase of the discharge, and each circle in the plot corresponds
to one inter-ELM period. The WB amplitude and the time ∆tELM are clearly
correlated. The causality of events is however unclear: It is not clear whether
the WB modes reach higher amplitudes in the longer inter-ELM intervals simply
because the ELM interrupts their growth at a later time, or whether strong WB
mode activity is responsible for an extension of the ELM period. The diamonds
shown in figure 6.6b denote the energy loss per ELM (∆WELM), recorded during
the fast acquisition time window of the diamagnetic loop. The energy loss per
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Figure 6.6: (a) Comparative plot of the time-averaged power spectra (at WB
frequencies) for the ELM-intervals prior to the fourth ELM (solid curve) and the
sixth ELM (dash-dotted curve) of figure 6.5, showing a larger overall level of WB
mode activity in the former case. (b) Time-averaged, frequency-integrated WB
amplitude (circles) versus the time ∆tELM between two consecutive ELMs, for the
same discharge. The analysis has been performed during the stationary phase of
the discharge (from 22.5 to 24.7 s). Each circle corresponds to an ELM period.
The WB amplitude has been integrated from 24 to 90 kHz, thus avoiding the core
MHD activity (mainly 1/1 and 2/2 modes), which happens at lower frequencies.
Increasing WB amplitude correlates with increasing ∆tELM. Also shown is the
energy loss per ELM ∆WELM (diamonds), determined during the fast acquisition
window of the diamagnetic loop (from 23.09 - 23.95 s). ∆WELM does not increase
with ∆tELM.

ELM is not seen to vary with ∆tELM, which implies that the variation in ∆tELM

must have a different cause. Also the input power Pheat and the radiated power
Prad keep constant over the time interval analysed (15.5 and 7 MW, respectively).
Divertor diagnostics have been examined to gain further insight. In the bottom
part of figure 6.5 the inner and outer divertor Dα signals are shown. A fast
spiky activity is observed between the ELMs, which is more pronounced on the
inner than on the outer divertor signal. The same activity is observed on the
signals of the divertor probes located near the strike points (not shown here).
The activity is composed of small bursts with a repetition rate of a few kHz.
As has been noted above, the WB amplitude has been estimated to fluctuate
on a similar time scale. However, it has not been possible to establish from the
data whether the observed activity does indeed originate from the WB modes.
While there are many discharges where the magnitude of the fast inter-ELM
Dα-activity is observed to correlate well with the WB mode amplitude, other
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Figure 6.7: Time traces for 19 consecutive inter-ELM periods during the sta-
tionary phase of discharge 53186 (cf. figure 6.5), showing the evolution of the
time derivative of the edge electron temperature measured near the pedestal top
(determined via ECE) relative to the level of WB activity (integrated over fre-
quency from 24-90 kHz). Each curve illustrates the time evolution of the two
quantities during one inter-ELM period. The ELM period starts in the lower
right part of the plot (low WB amplitude, high dTe/dt), and evolves towards
the upper left corner (high WB amplitude, low dTe/dt). The curves follow a
narrow band in configuration space, independently of the ELM period, indicat-
ing a correlation between the WB amplitude and the rate of pedestal electron
temperature increase.

discharges have been found were this correlation is less convincing. The analysis
is further hampered by the strong dependence of the diagnostics’ response on
the divertor conditions.
Figure 6.7 shows the time traces for 19 consecutive inter-ELM periods during the
stationary phase of discharge 53186, showing the evolution of the time derivative
of the edge electron temperature measured near the pedestal top (determined via
ECE) relative to the level of WB activity (integrated over frequency from 24-90
kHz). Each curve illustrates the time evolution of the two quantities during one
inter-ELM period. The ELM period starts in the lower right part of the plot
(low WB amplitude, high dTe/dt), and evolves towards the upper left corner
(high WB amplitude, low dTe/dt). The curves follow a narrow band in config-
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uration space, independently of the ELM period, indicating the existence of a
correlation between the WB amplitude and the rate of pedestal electron temper-
ature increase. The analogous analysis for the time-derivative of the edge density
(relative to the WB mode amplitude) is hampered by an oscillation with approx-
imately 50 Hz present on the interferometer signal. The oscillation is regularly
encountered on this signal, although with varying degree of accentuation, and is
not believed to be real. Its origin is not fully understood yet. The oscillation is
clearly recognisable in the density trace shown in figure 6.5. Without this oscil-
lation, it can be discerned from figure 6.5 that, unlike for the edge temperature,
the rate of increase of edge density does not change greatly throughout an ELM
period (this is most clearly seen in the ELM period prior to the fourth ELM).
This implies that the edge density cannot (or at least not largely) be affected by
the WB mode amplitude. Thus, in contrast to the edge electron temperature,
no correlation is found between the WB mode amplitude and the time derivative
of the edge density.
The strongest evidence obtained so far for the active involvement of WB modes
in the plasma edge dynamics comes from discharges in which sharp distinct
transitions in WB mode amplitude are encountered. Figure 6.8 shows the time
evolution of the WB mode activity during the ELM-free high-performance phase
of a hot-ion H-mode discharge. A magnetic spectrogram (a) and the correspond-
ing spectrum of n-numbers (b) is shown, together with the time traces of the core
(c) and edge (d) electron temperature evolution measured by means of ECE. The
bottom plot (e) shows the line-averaged edge density measured by the interfer-
ometer. In the example shown three distinct phases can be discerned: During the
first phase (up to t = 14 s) the WB modes grow slowly, keeping modest overall
amplitude. The edge temperature grows steadily during this phase. At t = 14
s a sudden increase in the level of WB activity is observed (second phase), and
the growth of the edge electron temperature stops sharply. During this phase,
Te at the pedestal maintains a constant value until t = 14.33 s. At t = 14.33
s, the arrival of an abnormally large sawtooth crash heat pulse at the plasma
edge causes a sudden increase in the edge electron temperature, and, for reasons
that will be further discussed in the conclusions, the WB mode activity subse-
quently nearly disappears. From then on the edge electron temperature begins
to rise again steadily. Examples like this demonstrate that the WB modes have
a regulating effect on the increase of edge temperature. The effect seems not
to be restricted to the pedestal top. In discharges with good ECE coverage of
the pedestal radii, the effect has been also observed on ECE channels measuring
further outwards in the pedestal region of steep gradients. The only plausible
explanation is that WB modes are responsible for a continuous loss of energy
into the scrape off layer between ELMs. The existence of a link between the WB
mode amplitude and the rate of edge pedestal build-up could be established in
numerous discharges. Some further examples will be shown in the next section.
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Figure 6.8: Magnetic spectrogram (a) and spectrum of toroidal mode numbers
(b) showing the time evolution of the WB mode activity during the ELM-free
high-performance phase of a hot-ion H-mode discharge. The other figures give
the time evolution of the electron temperature in the plasma core (c), near the
pedestal shoulder (d), as well as the line-averaged edge density (e). Three phases
can be discerned: During the first phase (up to t = 14 s) the WB modes grow
slowly, keeping modest amplitude. The edge temperature grows steadily during
this phase. At t = 14 s a sudden increase in the level of WB activity is observed
(second phase), and the growth of the edge electron temperature stops sharply.
During this phase, Te at the pedestal maintains a constant value until t = 14.33
s. At t = 14.33 s, the arrival of a sawtooth crash heat pulse causes a sudden
increase in the edge electron temperature. After the sawtooth crash, the WB
mode activity nearly disappears, and the edge electron temperature rises again
steadily. The sawtooth crash also triggers core MHD activity (e.g. a 4/3 mode).
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6.3 WB modes and type-I ELM precursors

Some of the features of the type-I ELM precursor modes have been outlined in
the previous section (the reader is refered to [8] for more details). It has been
mentioned that longlived precursors are often seen to grow and shrink repeatedly
before an ELM. Such a case is shown in figure 6.9, where, in addition to the WB
modes (again in blue), a yellow coloured (n = +4) type-I ELM precursor occurs
around 15 kHz. The precursor starts long time before the ELM crash, which
happens at 21.68 s. Closer examination (zoom view of figure 6.9) reveals that
the precursor is continuously appearing and disappearing again. The remarkable
feature is, however, that at times where the precursor occurs the WB activity
is seen to vanish. This is illustrated in the bottom plot of figure 6.9, where the
time-evolution of the frequency-integrated amplitude for both the ELM precur-
sor mode and the WB modes are shown. It is evident that the amplitude of the
WB modes is in counter-phase to the amplitude of the ELM precursor mode. An
exclusive interaction between the two modes must exist. The physical grounds
for this interaction have not been yet identified. In general, the order of events
observed is that after an ELM crash first the WB modes reappear, and later on
usually one or more type-I ELM precursors set in. Coinciding with the onset
of the ELM precursor modes, some of the WB bands (or, as in figure 6.9, all
of them) are seen to become weaker. The possibility that a weakening of the
WB modes allows the ELM precursors to grow can be excluded by discharges in
which the WB modes do weaken but the ELM precursors do not immediately
start to grow (see e.g. figure 6.8). Thus, the causality appears to be that the
growth of ELM precursor modes weakens the WB modes, and not the reverse.
Sometimes not all the WB bands become inhibited. The frequency of the re-
maining WB activity is then often observed to increase with the precursor onset.
This is best discerned if the WB frequency has reached a steady value prior to the
precursor appearance, and an example is shown in figure 6.10. On the spectrum
of toroidal mode numbers two diffuse WB bands can be recognised around ∼36
and 45-50 kHz (labelled with WB1 and WB2, respectively). Both WB bands
keep roughly constant frequency until the onset of ELM precursors at 16.88 s
(the dark-red coloured modes at 5-10 kHz, n = 9-10). WB2 is inhibited by their
occurrence, as shown in the bottom plot of the figure. The amplitude shown in
that plot has been obtained by integrating, at each time step of the Fourier anal-
ysis, over an 8 kHz wide frequency band whose frequency tracks the frequency
of WB2. If, in the bottom plot, one regards the level right after the ELM crash
as the WB-free background, then the precursor has led to a drop in amplitude
of about 70%. A similar analysis has been carried out for the amplitude of WB1
(not shown here). It is obscured by the 3/3 component of the internal kink,
which oscillates in amplitude and coincides with the frequency of WB1, but it is
believed that the amplitude of WB1 has not been greatly affected by the ELM
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before the type-I ELM (which happens at 21.68 s). The continuously present
green-coloured mode at 10 kHz is a sawtooth precursor. In the bottom plot the
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time slice. The amplitude of the WB modes is in counter-phase to the amplitude
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Figure 6.10: (a) Spectrum of toroidal mode numbers highlighting two diffuse
WB bands: one around 36 kHz (labeled with WB1), in light blue, and a further
even more diffuse WB band at 45-50 kHz, labeled with WB2. Both WB bands
keep roughly constant frequency until the onset of ELM precursors at 16.88 s
(the dark-red coloured modes (n = 9-10) at 5-10 kHz). WB2 is inhibited by their
occurrence, as shown in the bottom plot. The ELM precursors further trigger an
increase in the frequency of the remaining WB band WB1 until interrupted by
the ELM at 16.93 s. (b) Corresponding traces of electron temperature measured
near the pedestal top, and of the line-averaged edge density. The temperature
evolution resembles the WB frequency, and begins to increase at precursor onset
(this is highlighted by the arrow). In contrast, the density build-up remains
seemingly unaffected.
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precursors. One can clearly see that the ELM precursors trigger an increase in
the frequency of WB1 until interrupted by the ELM at 16.93 s. It is worth recall-
ing from section 6.2 that a relationship exists between the WB frequency and the
electron temperature evolution measured near the pedestal top. Together with
the mode number spectrum the corresponding traces of the edge electron tem-
perature and the line-averaged edge density are shown, obtained through ECE
and interferometry, respectively. The electron temperature evolution resembles
the WB frequency, and, in particular, it begins to rise (this is highlighted by the
arrow) with the ELM precursor appearance. The temperature increase does not
originate from a simultaneous decrease in pedestal density. Instead, the density
continues to increase and seems not be be greatly affected. Hence, the onset
of type-I ELM precursors has indirectly led, through a WB mode weakening,
to an acceleration of the build-up of the electron pedestal pressure; though the
mechanism for this remains unclear. Due to diagnostic limitations no compara-
ble data is available to study the temperature evolution of the ion species. It is
however expected that collisional energy exchange with the electrons will result
in a similar behaviour for the ions.
From figure 6.10 one can discern that the edge electron pressure has been con-
stantly increasing prior to the onset of the ELM precursor, through the increasing
edge density. Clearly, the pressure observed prior to the ELM onset would have
been also reached in the absence of ELM precursors, though at a slightly later
time. Therefore, it is expected that the ELM would have been triggered in any
case, also in the absence of ELM precursors. The real value of this kind of exam-
ples lies in valuable information that they provide about the operational point
of the pedestal in terms of edge current density and edge pressure gradient, and
its actual position relative to the kink- and ballooning-stability boundaries. This
will be further addressed in section 6.5.
It has to be underlined that this pattern of events (ELM precursor occurrence
and a reduction in the WB mode amplitude, and a further increase in the edge
electron temperature) is not restricted to the above example but is a robust
phenomenon that has been observed repeatedly in JET discharges. Figure 6.11
shows the magnetics spectrogram and ECE signals corresponding to the spec-
trum of n-numbers used for the introductory example of figure 6.1. As seen on
the spectrogram, the longlived (∼25 ms) precursor around 18 kHz prior to the
second ELM inhibits a WB band at 25 kHz (the same happens prior to the third
ELM, though the 2/2 mode makes it more difficult to see). Again, the amplitude
of the other WB bands seems not to be greatly affected by the ELM precursor.
This could be an indication that a WB band has to meet some kind of “reso-
nance condition” in order that the inhibition by the ELM precursor can take
effect, but the data analysed so far is not yet conclusive in this respect. The pre-
cursor oscillations are detected on the fast ECE channel measuring 2 cms inside
the separatrix (in the pedestal region of strong gradients), while on the channel
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Figure 6.11: Magnetic spectrogram from a coil located on the low field side,
corresponding to the introductory example shown in figure 6.1. The longlived
ELM precursor (EP) around 18 kHz prior to the second type-I ELM inhibits
the WB band at ∼ 25 kHz. (The same happens prior to the third type-I ELM,
though the 2/2 mode makes it more difficult to see.) Shown on the right are the
signals from two ECE channels: one resonant 6 cm inside the separatrix (near
the pedestal shoulder, top plot) and one resonant 2 cm inside the separatrix
(in the pedestal region of steep gradients, bottom plot). The latter signal is
sampled at 250 kHz. The precursor oscillations are detected on the channel
resonant 2 cm inside the separatrix. On the channel measuring 6 cm inside
the separatrix a slight but still discernable increase in the build-up of the edge
electron temperature is observed in the presence of the ELM precursors. Prior
to the first ELM a much shorter lived (∼ 1.5 ms) precursor existed. Due to its
shortness that precursor could not affect the evolution of the pedestal build-up
significantly.

measuring 6 cm inside the separatrix (near the pedestal top) one can observe a
slight but still discernable increase in the slope of the edge electron temperature
build-up when the precursors are active. Prior to the first ELM a much shorter
lived (∼ 1.5 ms) precursor existed. Due to its shortness that precursor could not
affect the evolution of the pedestal build-up significantly. The case of shortlived
precursors, which is quite often observed, will be further addressed in section
6.5.
A general consequence of the above observations is that, due to their complex in-
terplay with the WB modes, the onset of ELM precursor modes does commonly
not lead to an overall pedestal (and thus confinement) degradation, but rather to
an improvement of the pedestal. This finding is certainly counter-intuitive and
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unexpected. After the onset of ELM precursor modes, the resulting evolution of
the pedestal will be a trade-off between the decrease in transport associated with
the observed suppression of WB modes, and any increase in transport associated
with the ELM precursor modes themselves. The commonly observed accelerated
build-up of the pedestal pressure implies a greater particle and energy transport
associated with the WB modes. In situations in which the WB modes were
absent, the onset of ELM precursor modes has not resulted in an accelerated
pedestal build-up, and could even lead to a pedestal degradation.
ELM precursors are not the only possible source of WB mode suppression. WB
weakening due to an abnormally large sawtooth heat pulse has been already
shown in figure 6.8. Some further cases have been found in which the WB modes
become stabilised “spontaneously” in the middle of an inter-ELM period with
no identified cause, and, in particular, with no precursors having been detected.

6.4 WB modes and type-II ELMs

The “normal” ELM frequency behaviour observed in low triangularity discharges
is that the type-I ELM frequency increases with increasing level of gas puffing.
Three effects contribute to this behaviour: First, the pressure at the top of the
pedestal pped, and therefore the energy content of the pedestal, which is given by
3/2×pped×Vp (where Vp is the total plasma volume) [21], is observed to decrease
with increasing density. Therefore, at fixed input power, less time is needed for
the pedestal to reach the observed critical pressure. Second, the energy loss per
ELM relative to the pedestal energy content is observed to decrease with increas-
ing density. Third, the recovery of pedestal density between ELMs is observed to
become faster with fuelling (the simplest explanation is the increased gas fuelling
itself, but changes in inter-ELM transport might play a role as well).
Discharges at high triangularity (δ ∼ 0.5) show a clear deviation from the stan-
dard ELM behaviour, with the ELM frequency decreasing for the higher fuelling
rates [22–24], as shown in figure 6.12. In spite of the lowered ELM frequency, the
energy loss per ELM does not increase in these cases [22]. Instead, simple power
balance considerations demonstrate that the lowered ELM frequency originates
from enhanced inter-ELM losses [25]. The anomalous ELM frequency behaviour
is accompanied by broadband MHD activity around 30 kHz propagating in the
direction of the electron diamagnetic drift, and a grassy signature on the inter-
ELM divertor Dα [26]. The similarity of the observations with the type-II ELM
regime observed in ASDEX-U [27] suggested the identification of the anomalous
ELM regime observed at JET as a mixed type-I/type-II ELM regime [25].
Figure 6.13 shows the parameter evolution of a typical JET discharge with mixed
type-I/type-II ELM regime. The presence of a mixed ELM regime during the gas
puff phase is recognisable through the lowered type-I ELM frequency compared
to after fuelling switch off. Figure 6.14 gives an overview of the MHD activity,
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decreases for sufficiently high fuelling rates, showing a clear deviation from the
standard ELM frequency behaviour. This observation led to the identification
of a new regime on JET that has been called mixed type-I/type-II ELM regime.

and in particular of the WB activity, observed at times with and without the gas
fuelling. (The gas puff has been switched off at ∼ 22.5s.) The WB mode frequen-
cies behave in the expected way, as described in section 6.2: During the gas puff
the WB modes tend to keep constant frequency between ELMs and occur only
around 10-40 kHz. After switching off the fuelling the WB bands evolve towards
higher frequencies, covering a wider spectral range. The enhanced activity seen
at 10-40 kHz during the gas puff phase has been associated with the type-I/type-
II ELM regime occurrence [26]. It is evident that these are WB modes.
Figure 6.15 shows magnetics spectrograms for two pairs of discharges with dif-
ferent fuelling rates at low and high triangularity, respectively. In order to allow
for comparison, the mapping of amplitudes to colours is the same for each pair
of discharges. In the case of low triangularity (figure 6.15(a),(b); 2.4 T, 2.4 MA,
15 MW NBI), gas puffing weakens the WB activity, while in high triangularity
discharges (figure 6.15(c),(d); 2.7 T, 2.5 MA, 15 MW NBI) the WB activity is
clearly enhanced with gas fuelling. The enhancement of WB modes through gas
fuelling at high triangularity, and the increase of inter-ELM losses that this is
expected to cause, can therefore provide an explanation for the ELM frequency
anomaly and the occurrence of the so called mixed type-I/type-II ELM regime
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Figure 6.13: Parameter evolution of a typical JET discharge (2.7 T, 2.5 MA,
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where the large spikes are due to type-I ELMs, and (d) the gas fuelling rate.
The presence of a mixed ELM regime during the gas puff phase is recognisable
through the lowered type-I ELM frequency while gas fuelling is on.

at JET.
WB modes provide the enhanced turbulence identified in the references [25, 26]
as a characteristic signature of the mixed type-I/type-II ELM regimes on JET,
but it has to be emphasized again that WB modes are also present in regimes
regarded as pure type-I ELM regimes. It has been shown in the previous sections
that WB modes influence the pedestal dynamics also in the latter regime.

6.5 WB modes and the peeling-ballooning cycle

The peeling-ballooning cycle [6] represents a model for type-I ELMs that has
gained wide acceptance and constitutes a promising candidate for the under-
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I/type-II ELM regime (during gas puffing) and in type-I ELM regime (gradually
recovered after switching off the gas fuelling at ∼ 22.5s), respectively.
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Figure 6.15: Magnetics spectrograms for two pairs of low (δ ∼ 0.3) and high
triangularity (δ ∼ 0.5) discharges with and without strong gas fuelling. At low
triangularity WB modes become weaker with fuelling, whereas at high triangu-
larity it is the opposite case. The colourmap for the amplitudes has been kept
fixed for each pair to allow for comparison. The numbers to the right of the
colourscales denote the logarithm (log10) of amplitude, and are given in a.u.
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Figure 6.16: Stability diagram for coupled peeling-ballooning modes in the
space of normalised edge current and ballooning stability parameter showing the
order of events predicted by the conventional peeling-ballooning cycle (from [3]).
Just after the previous ELM crash the plasma edge resides in a state of low
pressure and low edge current (lower left corner in diagram). Heating builds
up the pedestal pressure gradient on a relatively fast time scale until the ideal
ballooning limit is reached, where it is limited. With the edge current gradually
building up on a slower (resistive) timescale, the pedestal state moves towards
the upper right corner of the stability diagram. The ELM is finally triggered
when the peeling stability boundary is crossed, where the onset of peeling (or
coupled peeling-ballooning) modes causes a further degradation in confinement
and therefore a further destabilization of the modes.

standing of ELMs. It is worth briefly reviewing the order of events predicted
by this cycle, which is conceptually depicted in figure 6.16: Just after the previ-
ous ELM crash the plasma edge resides in a state of low pressure and low edge
current (lower left corner in diagram). Heating builds up the pedestal pressure
gradient on a relatively fast time scale until the ideal ballooning limit is reached,
where, according to the model, it is held. The peeling-ballooning model assumes
that the ideal ballooning instability is a benign instability that does not induce
a violent event but rather limits the operational space in a smooth way. In a
further step, with the edge current gradually building up on a slower (resistive)
timescale, the pedestal state moves towards the upper right corner of the stabil-
ity diagram. The ELM is finally triggered when the peeling stability boundary is
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crossed, where the onset of peeling (or coupled peeling-ballooning) modes causes
a further degradation in confinement and therefore a further destabilization of
the modes.
It is worth mentioning that the model of the peeling-balloning cycle has been
recently expanded by Snyder et al [28] to include further ELM-types. Within
that model, the new ELM-types (type-II ELMs, low density type-III ELMs) are
described by cycles with alternative trajectories in the edge current/edge pres-
sure stability diagram.
Comparison with the experimental observations for type-I ELMs made on JET
shows some disagreement with the predictions of the peeling-ballooning cycle:
At sufficiently low edge collisionality (ν∗e � 0.3) type-I ELMs are regularly pre-
ceded by external kinks (low-n ELM precursors). The kink modes start typically
10-100 ms before the ELM [8]. Hence, in that case the kink stability limit is
reached well in advance of the ELM event. In addition, the precursor growth
rate is generally not seen to increase significantly prior to the ELM. This suggests
that the external kinks do not finally trigger the ELM.
Similarly, the kink-limit is probably reached well before the type-I ELM, also
when higher n precursors are observed. They commonly precede ELMs in dis-
charges with low to moderate edge electron collisionality (roughly 0.3 � ν∗e � 2),
but are no longer observed in discharges with strong gas puffing, where according
to modelling results the high edge collisionality leads to a significant reduction
of the edge current and keeps the pedestal away from the kink-limit [29]. Hence,
higher-n precursors do probably become destabilised at the kink limit, or near
the top right corner in the stability triangle (which is consistent with peeling-
ballooning modes, as proposed in [8]). Higher-n precursors are again observed to
start well before the ELM (∼ 1-50 ms). No rapid increase in their growth rate
prior to the ELM is observed, which suggests that they do not trigger it.
The peeling-ballooning model does not take into account the physics of WB
modes, which have been shown to play an important role in the pedestal dynam-
ics. Therefore, a modified version of the peeling-ballooning cycle that takes them
into account and is consistent with the experimental observations presented here
is proposed. The individual steps are conceptually depicted in figure 6.17, where
the WB unstable region has been shaded. Its precise shape is not known but from
the observation that WB modes reappear soon after the previous ELM crash, it
must concluded that they can become unstable at relatively low pedestal pressure
(far below the ideal ballooning limit), and low edge current density. Starting in
step 1 from a state of low pressure gradient and low edge current after the pre-
vious ELM crash, the pedestal pressure initially builds up unperturbed. Then,
with the onset of WB modes and the associated increase in inter-ELM losses,
the pressure build-up is slowed down, allowing the edge current to build up on a
comparative timescale until the kink stability limit is reached. In step 2, ELM
precursors become destabilised at the kink-limit (the ELM itself is not triggered



Washboard modes as ELM-related events in JET 137

1.0

WB-unstable

B
a
llo

o
n
in

g
 B

o
u
n
d
a
ry

Kink B
oundary

0.8

0.6

N
o
rm

a
liz

e
d
 e

d
g
e
 c

u
rr

e
n
t 
d
e
n
s
it
y

N
o
rm

a
liz

e
d
 e

d
g
e
 c

u
rr

e
n
t 
d
e
n
s
it
y

N
o
rm

a
liz

e
d
 e

d
g
e
 c

u
rr

e
n
t 
d
e
n
s
it
y

0.4

0.2

0
1.00.50

α / αc

J
G

0
3

.3
7

-1
7

d

WB-unstable

1.0

0.4

0.2

0.6

0.8

0
1.00.50

α / αc

1.0

WB-unstable

0.8

0.6

0.4

0.2

0
1.00.50

α / αc

Figure 6.17: Individual steps of a modified peeling-ballooning cycle that takes
into account the WB mode observations: (a) After the previous ELM crash the
pedestal pressure initially builds up unperturbed, but, with the onset of WB
modes and the associated increase in inter-ELM losses, the pressure build-up is
slowed down, allowing for the edge current to build up on a comparative timescale
until the kink-limit is reached. (b) ELM precursors become destabilised at the
kink-limit, and their interaction with WB modes weakens or stabilises the WB
modes, allowing for a further build-up of the pedestal pressure along or near the
kink-limit. (c) The ELM is finally triggered at the ideal ballooning limit, which
is now assumed to impose a hard limit.
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at this stage, because experimentally the ELM precursors are not seen to trigger
the ELM). The weakening of WB modes associated with the occurrence of the
ELM precursors allows for a further build-up of the pedestal pressure along or
near the kink-limit. The pedestal may shortly move again into the kink-stable
region, where the precursors become stabilised, but with the reappearance of
WB modes the kink-limit will be reached soon again, leading to the observation
of intermittently existing precursors (as in figure 6.9). If the pressure build-up
occurs entirely within the kink-unstable region, the precursors will be continu-
ously present. At this stage the mode numbers of the most unstable precursor
modes will eventually change during the pedestal evolution, leading to the occur-
rence of a sequence of precursors with different mode numbers or the existence
of more than one precursor mode at a time (this has been reported in [8]). The
ELM is finally triggered when the pedestal reaches the ideal ballooning limit
(step 3), which, in contrast to the conventional model for the peeling-ballooning
cycle, is now assumed to impose a hard limit. In this respect, certain theoretical
works [30, 31] predict a general explosive feature of the ideal ballooning insta-
bility (“detonation”) emerging from non-linear effects through the development
of fine-scale substructures (“fingers”). After the crash the cycle repeats again
starting from a state of low pressure/low current. Notice that, unlike in the
conventional peeling-ballooning cycle, the starting point for the new cycle is not
to be located at the kink-stability boundary, because the end of the crash is
determined by processes related to the nonlinear ballooning and not to the kink-
instability. According to this new peeling-ballooning cycle, the ELM precursors
(kink or peeling-ballooning modes) observed on JET certainly play an important
role in the cycle but are not directly involved in the ELM event itself.
The picture is not yet complete. Depending on the individual discharge condi-
tions WB modes might be more or less effective in delaying the pressure build-up
with respect to the peeling and ballooning stability limits. The three situations
that can arise are depicted in figure 6.18. Curve 1 corresponds to the case of
relative strong WB modes, where the kink-limit is reached well before the ELM.
As there is a rather large gap to the ideal ballooning limit, the ELM precur-
sors will be observed over longer times in that case. In the case of slightly less
effective WB modes, the pedestal state might reach the stability limits in the
vicinity of the upper-right corner of the stability triangle (curve 2). The ELM
precursors are then only short-lived, and the ELM crash occurs shortly after
their appearance. This case is often observed in JET, where the shorter precur-
sors last on the order of 0.5 to 2 ms, and the ELM occurs while the precursor
amplitudes are still growing. An example has been shown in figures 6.1 and 6.11,
prior to the first ELM. Due to their shortness these precursors cannot affect sig-
nificantly the evolution of the pedestal build-up through WB mode suppression.
The hypothesis is that the radial displacements associated with the precursor
oscillations themselves give rise to local transient steepenings of the pedestal.
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Figure 6.18: The three possible situations that may arise depending on the WB
amplitude and discharge conditions. Curve 1 corresponds to the case of relative
strong WB modes, where the kink-limit is reached well before the ELM. ELM
precursors will be observed over longer times in that case. In the case of slightly
less effective WB modes, the pedestal state might reach the stability limits close
to the upper-right corner of the stability triangle (curve 2). The ELM occurs
then shortly after the appearance of ELM precursors. The pedestal evolution
given by the curve 3 corresponds to the case where the ideal ballooning limit is
reached directly. No ELM precursors are then observed. The latter case may
arise with rather weak WB modes, or in discharges where strong gas fuelling
limits the amount of edge current.

Since in the upper-right corner of the stability triangle the pedestal is already
close to the ideal ballooning limit, the oscillations may cause the pedestal to
cross the ideal ballooning limit, where the ELM is the triggered. Finally, the
pedestal evolution given by the curve 3 in figure 6.18 corresponds to the case
where the ideal ballooning limit is reached directly. No ELM precursors are then
observed, and the ELM is directly triggered. There are at least two situations
where this may occur. First, if the WB modes are rather weak, and second, if
strong gas puffing is applied. As modelling calculations predict [29], the increase
in edge collisionality associated with the gas puffing leads to a decrease of the
edge current density, keeping the pedestal state away from the kink-limit. This is
corroborated by experiment, because ELM precursors are currently not observed
at JET with strong gas puffing, even in discharges at high triangularity with
strong WB modes and low type-I ELM frequency (mixed type-I/type-II ELM
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regime).

6.6 Summary and Discussion

Several features of an edge instability very commonly observed in JET and named
the WB mode have been presented. WB modes are observed in JET exclusively in
the H-mode regime, and are thus apparently linked to the existence of a pedestal.
They are composed of several bands of continuously bursting magnetic fluctua-
tion, whose frequency evolution tends to follow the evolution of the edge electron
temperature measured near the pedestal top. This is probably related to the
strong diamagnetic drift associated with the large pedestal gradients. Evidence
for their involvement in the pedestal and ELM dynamics has been presented. It
has been shown that WB modes influence the build-up of the pedestal temper-
ature (and, linked to this, also of the pedestal pressure) of the electrons, most
likely through a continuous release of energy across the plasma boundary. This
is further consistent with the observed correlation of WB mode activity with the
time ∆tELM between consecutive ELMs. An exclusive interaction between the
type-I ELM precursor modes and the WB modes has been identified. The onset
of type-I ELM precursors is associated with a weakening, or even an inhibition,
of the WB modes. The reduced WB mode amplitude often results in a faster
build-up of the electron pressure at the pedestal, until it is finally interrupted
by the ELM event. The enhancement of WB modes through gas puffing at high
triangularity may provide an explanation for the occurrence of the new regime
identified on JET, that has been called mixed type-I/type-II ELM regime. WB
modes provide the enhanced turbulence identified in the references [25, 26] as a
characteristic signature of the mixed type-I/type-II ELM regimes, but it needs
to be emphasized that WB modes are also present in regimes regarded as pure
type-I ELM regimes. A modified version of the peeling-ballooning cycle that
includes the WB physics has been proposed. It predicts the type-I ELMs to be
triggered at the ideal ballooning limit rather than the kink-/peeling-boundary,
and is therefore consistent with the experimental observation that the ELM
precursors (thought to be kink-modes/peeling-ballooning modes) seem not to
trigger the ELM on JET. The precursors do however favour an earlier onset of
the ELM through two effects: Firstly, through the observed suppression of the
WB modes. Secondly, the radial displacements associated with the precursor os-
cillations may cause transient local steepenings of the pedestal pressure gradient,
and thus favour the onset of ideal ballooning modes as a secondary instability.
Several open questions remain. Certainly, the most relevant one concerns the na-
ture of the WB modes, which remains an unresolved issue. WB modes show no
radial phase inversions, hence magnetic islands can be excluded. The list of can-
didates can be further reduced by the identification of WB driving or stabilising
forces. Current driven modes can be excluded from the observed WB mode en-
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hancement through gas puffing (at high triangularity). For current driven modes
a weakening would have been expected due to the reduced edge current density
associated with the high edge collisionality. The example discussed in section
6.3, where WB modes become stabilised by the arrival of a large sawtooth heat
pulse at the plasma edge, serves to exclude ideal pressure driven modes. In that
case, the sawtooth heat pulse causes a sudden increase of the edge temperature
while the edge density remains nearly unaffected. Therefore, the WB suppression
coincides with a sudden increase in the overall edge pressure, which is difficult to
justify in terms of an ideal pressure driven mode. Nevertheless, the increase in
edge temperature implies a decrease in edge resistivity, and thus resistive pres-
sure driven modes cannot be excluded. Resistive ballooning modes (RBMs) have
been regarded as a possible candidate to explain the WB modes in [7], where
several arguments in favour or against this are discussed in detail. In particular,
RBMs have twisting parity [32] and certain branches are expected to propagate
in the direction of the electron diamagnetic drift [33], like the WB modes, but
on the other hand the n-numbers observed in the experiment are rather low.
A ballooning character of the WB modes was inferred in [7] from the observed
amplitude asymmetry measured by coils on the inboard and outboard side of the
plasma. However, recent modelling calculations performed with MISHKA [34] in
real JET geometry have shown that mode-induced field perturbations are subject
to higher damping on the HFS than on the LFS, and that this may introduce
a strong inboard-outboard asymmetry in the magnetically measured signal am-
plitudes even if the mode itself does not have ballooning character (more details
are given in [8]). Therefore, the question whether WB modes have ballooning
character or not is left open.
Kelvin-Helmholtz (KH) instabilities [35] may provide an alternative explanation
for the WB modes. KH modes are driven by the shear of the parallel plasma
velocity, which is expected to be large at the H-mode barrier, while density and
temperature gradients provide a stabilising effect. They are not expected to be
highly localised but to have rather broad radial extent, and are not bound to
a certain rational surface, that is, their m and n numbers do not have to cor-
respond to the local value of the safety factor. However, the m numbers that
have been obtained for the WB bands with n = −1 do correspond to a rational
surface localised close to the plasma boundary. The stabilisation of WB modes
by the ELM precursors could be easily explained in terms of KH, because one
expects the ELM precursors to affect the rotational shear at the edge. In similar
terms, the arrival of a large sawtooth heat pulse at the plasma edge should be
able as well to influence the parallel velocity shear and thus possibly stabilise
the WB modes. Recent calculations that take into account the stabilising effect
of both the temperature and the density gradients on the KH modes, show that
they propagate (in the frame where Er = 0) in the direction of the electron
diamagnetic drift, with a frequency that is a fraction of the electron diamagnetic
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frequency [36].
From the point of view of ELM and pedestal physics, it is desirable to ascer-
tain whether MHD activity comparable to JET’s WB modes is observed else-
where. Taking into account how commonly WB modes are observed on JET,
one might expect them to be present also in other machines. It is unlikely that
WB modes are related to the quasi-coherent mode (QCM) observed during the
EDA-regime [37] of Alcator C-Mod, although there are some similarities. In
particular, both modes occur at the plasma edge, rotate in the direction of the
electron diamagnetic drift and seem to lead to a continuous loss of energy into
the SOL [38]. There are, however, three major differences. First, the observed
toroidal mode numbers of the QCM are in the range n = 15-18 [39], which is
much larger than those of the WB modes. Second, WB modes are currently
composed of several bands of magnetic fluctuation activity, while for the QCM
it is only a single band. Third, unlike the WB modes, the QCM is not observed
in other H-mode regimes, such as in standard ELM-free H-modes.
With the perspective on ITER operation and the avoidance of large transient
heat-loads onto the divertor tiles the achievement of a stationary high confine-
ment regime combined with small ELMs is certainly desirable. These conditions
have been established in the type-II or ’grassy’ ELM regimes of DIII-D [40], JT-
60U [41] and ASDEX Upgrade [27]. On JET, this could not be achieved yet, and
it is questionable whether a mere further enhancement of the WB activity will
be sufficient to obtain a pure type-II ELM regime. As shown in section 6.3, the
WB modes are potentially capable of bringing the edge electron temperature to
saturation. However, the edge density is not greatly affected by them but keeps
increasing, at least in the gas puffed discharges. This highlights a serious prob-
lem because without a constant pedestal pressure a steady state regime will not
become possible. It might be that WB modes on their own are not sufficient but
that additional effects concerning the edge-related MHD have to come into play.
A thorough comparison from the MHD point of view of the small ELM regimes
obtained in other tokamaks is likely to clarify whether these rely on WB-like
activity and whether there is a key ingredient that is missing in JET. This is
intended for future work.
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Chapter 7

Conclusions and outlook

New and unexpected MHD phenomena have been identified in JET: (a) the reg-
ular occurrence of precursor modes prior to type-I ELMs, and (b) the relevance
of the Washboard mode. Their properties and implications for the plasma edge
have been studied extensively, and the observations have been compared with
present theoretical ELM models (chapters 5 and 6).
The outcome of these studies does not support the widely held view that type-I
ELMs are caused by kink modes or coupled kink-ballooning modes. Instead, an
alternative model for a type-I ELM cycle has been proposed, which is consis-
tent with the experimental observations presented. According to this model, the
type-I ELMs are triggered by ideal non-linear ballooning modes [1].
In analogy to type-I ELMs, there have been some attempts in the past to find an
explanation for the type-II ELMs in the context of ideal peeling and ballooning
modes [2–4]. Within that work, semi-empirical models for type-II ELMs have
been developed with the help of stability simulations. The experimental observa-
tions on Washboard modes presented here now indicate that (at least on JET) it
may not be possible to describe the type-II ELMs within the scope of ideal MHD.
Other instabilities, such as resistive ballooning modes or Kelvin-Helmholtz insta-
bilities, need to be considered. If the above considerations are confirmed, then a
reassessment of the understanding of ELMs would become necessary.
The work presented here is highly relevant for ITER. A number of projects are
intended for future work:
The highest priority has the identification of the type-I ELM mechanism, maybe
confirming the non-linear ideal ballooning model discussed above. Thus, the next
natural step is to analyse the ELM crash itself (figure 7.1), to which relatively
little attention has been paid within this thesis. Due to the short duration of
the ELM collapse and its highly turbulent nature this is not an easy task, and
it remains to be clarified whether the diagnostics available on JET are sufficient
to draw any conclusions. The ultimate aim is to find out whether it is possible
to ameliorate the ELM by damping its mechanism.
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Time

JET #52308 DI/C1F−CHAN8/131

200 µs  

Figure 7.1: Magnetic perturbation caused by an ELM, measured by a Mirnov
coil on the low field side.

Since pure type-II ELM regimes could so far not be established on JET, and
might be required for ITER, further understanding of the type-II ELM physics
is necessary. Its precise relationship with the Washboard modes needs to be
clarified. A thorough comparison from the MHD point of view of the small
ELM regimes obtained in other tokamaks is likely to clarify whether these rely
on Washboard mode-like activity, and whether there is a key ingredient that is
missing in JET and possible in ITER. A comparison of data from type-II ELM
discharges in ASDEX Upgrade with the JET observations presented here is fore-
seen.
Further insight can be expected from the study of parametric dependencies of the
ELM cycle and precursors. It would be worth to confirm the evolution of jedge

and α/αcrit during the ELM cycle. These quantities can so far not be measured
directly in JET, but improved edge measurements combined with transport cal-
culations (for instance from the JETTO code) may prove sufficient. When these
quantities are better known, it is worth to determine the distribution of the pre-
cursor n-numbers directly in the space of normalised jedge and α/αcrit.
It would be desirable to unambiguously identify the type-I ELM precursor modes
with medium and high toroidal mode numbers as coupled peeling-ballooning
modes. A possible option would be to repeat the analysis performed by Huys-
mans et al [5], which led to the identification of the Outer Modes as external
kink modes, for precursors with higher n numbers. This requires a higher edge
temperature and/or density to improve the response of the soft-X ray cameras to
edge fluctuations. It would also require the repair of at least part of the radiation
damaged soft-X ray cameras to increase the number of channels available. In or-
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der to get a higher edge temperature at the range of edge collisionalities where
the intermediate to high n precursors are observed, it is necessary to operate the
plasma with sufficient heating power at higher magnetic field and plasma cur-
rent. An increase of the total heating power available at JET has been recently
implemented, and a repair of soft-X ray cameras is also envisaged.
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Summary

The aim of nuclear fusion energy research is to demonstrate the feasibility of
nuclear fusion reactors as a future energy source. The tokamak is the most ad-
vanced fusion machine to date, and is most likely the first system to be converted
into a reactor.
An important subject of nuclear fusion research is the study of the equilibrium
and stability of a plasma with respect to large scale displacements. In a toka-
mak, several instabilities can occur. A class of edge instabilities that occur in
the high confinement regime, H-mode, have been called Edge Localised Modes
(ELMs). ELMs are relaxation oscillations that cause quasiperiodic energy and
particle losses out of the confined plasma into the scrape-off layer. These losses
are of concern for future burning fusion plasmas, such as ITER, due to the large
transient heat loads expected on plasma facing components in contact with the
scrape-off layer. These heat loads may reduce the target lifetime below tolerable
levels.
Although the existence of ELMs has been known for many years, their physics is
not well understood yet. Much effort has been spent world-wide in an attempt to
improve the understanding of these instabilities. A review of the present state of
ELM research is given. Empirically, at least three types of ELMs have been iden-
tified, which are normally classified as type-I, type-II and type-III ELMs. From
the point of view of plasma stability, research has increasingly focussed on the
role of certain MHD instabilities, namely (finite-n) ballooning and kink (peeling)
modes, as well as coupled ballooning-kink modes, leading to the proposition of
a theoretical model called the peeling-ballooning cycle. This thesis presents new
insight into ELMs obtained from the analysis of experimental data in the JET
tokamak, and compares the observations with present theoretical ELM models.
Low frequency coherent type-I ELM precursor modes have been identified. Their
properties are studied in detail. Precursors with low toroidal mode numbers are
known to be external kink instabilities, while experimental findings and their
comparison with stability calculations suggest that the precursor modes with
higher toroidal mode numbers are not pure external kinks but coupled ballooning-
kink modes. Above a certain edge collisionality the precursors seem to be ab-
sent, indicating that a sufficiently high edge current is important to destabilise
the precursors. In spite of their regular occurrence, there is no evidence that the
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precursor mode growth rate accelerates rapidly before the ELM. This is regarded
as an indication that external kink modes or coupled peeling-ballooning modes
do not trigger the ELMs, which would contradict present theoretical ELM mod-
els.
Another type of instability are the Washboard (WB) modes, a very common
edge instability regularly observed in the H-mode regime in JET. Since their
discovery in the late 90’s, rather little attention has been paid to them, either
theoretically or experimentally. So far they have not been regarded as an ELM-
relevant instability. However, evidence for their involvement in the pedestal and
ELM dynamics is presented here.
It is shown that WB modes influence the build up of the pedestal temperature
of the electrons, most likely through a continuous release of energy across the
plasma boundary. Furthermore, the existence of an exclusive interaction between
the WB modes and the type-I ELM precursor modes has been identified. The
onset of type-I ELM precursors is associated with a weakening, or even an inhi-
bition, of the WB modes. The reduced WB amplitude often results in a faster
build-up of the electron pressure at the pedestal, until it is finally interrupted by
the ELM event.
The enhancement of WB modes through gas puffing at high triangularity can
provide an explanation for the occurrence of a regime recently identified on JET
that has been called the mixed type-I/type-II ELM regime. WB modes provide
the enhanced broadband turbulence characteristic of the mixed type-I/type-II
ELM regimes.
A modified version of the peeling-ballooning cycle that includes the WB physics
is proposed. It predicts that the type-I ELMs are triggered at the ideal balloon-
ing stability boundary, rather than at the kink stability boundary. It is therefore
consistent with the experimental observation that the ELM precursor modes do
not seem to trigger the ELM collapse on JET.
A number of future activities are envisaged. The analysis of the ELM collapse
itself with the help of fast experimental data, and its comparison with non-linear
ballooning models have highest priority. In addition, a comparison of the type-
II ELM regime in ASDEX Upgrade with the observations made on JET (and
its possible implications for ITER) is of primary interest. The continuation of
type-I ELM precursor mode studies on JET may also yield further insight into
the complex ELM phenomenon.



Samenvatting

De doelstelling van het onderzoek aan kernfusie is de demonstratie van kernfusie
als een praktische energiebron voor de toekomst. Op dit moment is het fusieon-
derzoek aan de tokamak het verst gevorderd, en de eerste fusiereactoren zullen
waarschijnlijk van het tokamak type zijn.
Een belangrijk onderwerp binnen het kernfusieonderzoek is de studie van het
evenwicht en de stabiliteit van een plasma met betrekking tot grootschalige ver-
storingen. In een tokamak kunnen verscheidene instabiliteiten optreden. De
zogenaamde ”Edge Localised Modes” (of ELMs) vormen een klasse van insta-
biliteiten die optreden in de plasmarand van ontladingen in het regime met ver-
beterde opsluiting, het H-mode regime. ELMs zijn relaxatieoscillaties die een
quasi-periodiek verlies van energie en deeltjes veroorzaken vanuit het opgesloten
plasma naar de ”scrape-off” laag. Deze verliezen vormen mogelijk een prob-
leem voor toekomstige brandende fusieplasma’s, als in ITER, vanwege de te
verwachten transiënte warmtebelasting op structuren in contact met de scrape-
off laag. Deze warmtebelasting zou de levensduur van dergelijke componenten
tot beneden een aanvaardbaar niveau kunnen reduceren.
Hoewel het bestaan van ELMs al vele jaren bekend is, zijn ze nog niet goed be-
grepen. Wereldwijd wordt er een aanzienlijke inspanning geleverd om het begrip
van deze instabiliteiten te verbeteren. Wij geven een overzicht van de huidige
stand van zaken in het onderzoek naar ELMs. Empirisch worden ten minste drie
typen van ELMs onderscheiden. Deze worden meestal geclassificeerd als type-I,
type-II, en type-III ELMs. Vanuit het gezichtspunt van plasmastabiliteit, richt
het onderzoek zich in toenemende mate op de rol van bepaalde MHD insta-
biliteiten, met name ”ballooning” modes (met eindig toroidaal modegetal n) en
kink (”peeling”) modes, zowel als gekoppelde ballooning-king modes. Dit heeft
geleid tot een theoretisch model voor ELMs, dat bekend staat als de ”peeling-
ballooning” cyclus. Dit proefschrift presenteert nieuwe inzichten in ELMs die
zijn verkregen uit de analyse van experimentele gegevens van de JET tokamak.
De waarnemingen worden vergeleken met de huidige, theoretische modellen voor
ELMs.
Wij tonen het bestaan aan van laagfrequente, coherente precursors voor type-
I ELMs. De eigenschappen hiervan worden in detail bestudeerd. Precursors
met een laag toroidal modegetal blijken externe kink-instabiliteiten te zijn. De
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experimentele gegevens en hun vergelijking met stabiliteitsberekeningen sugger-
eren, dat de precursors met hoge toroidale modegetallen geen pure externe kink-
modes zijn, maar gekoppelde ballooning-kink modes. Als het randplasma sterker
botsingsbepaald is, zijn deze precursors afwezig. Dit duidt op het belang van
een voldoende hoge plasmastroom aan de rand om de precursors te destabilis-
eren. Ondanks het regelmatige optreden van de precursors, is er geen aanwijzing
dat hun groeisnelheid plotseling toeneemt voor het optreden van de ELM. Dit
kan gezien worden als een indicatie dat de externe kink modes of de gekoppelde
peeling-kink modes niet de uiteindelijke oorzaak zijn van de ELM, in tegenspraak
tot huidige theoretische ELM modellen.
Een ander type instabiliteit zijn de wasbord (WB) modes. Dit zijn vrij al-
gemeen voorkomende instabiliteiten in het randplasma, die regelmatig worden
waargenomen in het H-mode regime in JET. Sinds de ontdekking van de WB
modes in de late jaren 90, is er slechts weinig aandacht aan hun studie besteed,
zowel op theoretisch als op experimenteel vlak. Tot nu toe werden ze niet gezien
als relevante instabiliteiten voor de ELM. Hier presenteren wij echter bewijs voor
hun betrokkenheid in de pedestal en in de ELM-dynamica.
Wij tonen aan dat de WB modes de elektronentemperatuuropbouw in de pedestal
bëınvloed, hoogst waarschijnlijk middels een continu, verhoogd transport van en-
ergie over de plasmarand. Bovendien identificeren wij een interactie tussen de
WB modes en de precursors van type-I ELMs. Bij het begin van een type-I
ELM precursor wordt de WB mode verzwakt of zelfs geheel verhindert. Deze
reductie van de WB amplitude resulteert meestal in een snellere opbouw van de
elektronendruk in de pedestal, totdat deze uiteindelijk wordt onderbroken door
het optreden van een ELM.
De toename van WB modes als gevolg van extra gastoevoer in plasma’s met een
hoge triangulariteit verklaart mogelijk het optreden van een recentelijk op JET
gëıdentificeerd regime met gemengde type-I en type-II ELMs. De WB modes
veroorzaken de breedbandige turbulentie die karakteristiek is voor dit gemengde
type-I/type-II ELM regime.
Wij stellen een gemodificeerde peeling-ballooning cyclus voor, waarin ook de
fysica van de WB modes betrokken is. In deze cyclus wordt een type-I ELM
veroorzaakt bij het bereiken van de stabiliteitsgrens voor ideale ballooning modes,
in plaats van de stabiliteitsgrens voor kink modes. Dit is consistent met de
waarneming dat de precursor modes in JET niet de oorzaak lijken te zijn van de
ELM collapse zelf.
Wij doen een aantal voorstellen voor verder onderzoek. De hoogste prioriteit
heeft de analyse van de ELM collapse zelf met behulp van snelle experimentele
gegevens, en de vergelijking daarvan met niet-lineaire modellen van ballooning
modes. Daarnaast, is een vergelijking van het type-II ELM regime in ASDEX-
Upgrade met de waarnemingen op JET van grote interesse, in het bijzonder de
mogelijke implicaties hiervan voor ITER. Ook verdergaand onderzoek op JET
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aan de precursors van type-I ELMs kan dieper inzicht geven in de complexe
fenomenologie van ELMs.
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