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Abstra t
This thesis dis usses a range of work dealing with edge plasma transport in magnetially onned fusion plasmas by means of predi tive transport modelling, a te hnique
in whi h qualitative predi tions and explanations are sought by running transport
odes equipped with models for plasma transport and other relevant phenomena.
The fo us is on high

onnement mode (H-mode) tokamak plasmas, whi h feature

improved performan e thanks to the formation of an edge transport barrier.
mode plasmas are generally
(ELMs), periodi

hara terized by the o

H-

urren e of edge lo alized modes

eruptions of parti les and energy, whi h limit

onnement and

may turn out to be seriously damaging in future large tokamak rea tors.

The thesis introdu es s hemes and models for qualitative study of the ELM phenomenon in predi tive transport modelling. It aims to shed new light on the dynami s of ELMs using these models. It tries, again making use of the ELM modelling
s hemes, to explain various experimental observations, notably the loss of performan e and in reased ELM frequen y observed in experiments with enhan ed toroidal
magneti

eld ripple and in situations with strong external neutral gas pung. Fi-

nally, it also tries to establish more generally the potential ee ts of ripple-indu ed
thermal ion losses on H-mode plasma performan e and ELMs.

It is demonstrated that the ELM modelling s hemes introdu ed in the thesis

an

qualitatively reprodu e the experimental dynami s of a number of ELM regimes.
Using a theory-motivated ELM model based on a linear model of instability, the
dynami s of

ombined ballooning-peeling mode ELMs is studied. It is shown that

the ELMs are most often triggered by a ballooning mode instability, whi h renders
the plasma peeling mode unstable and
mode phase.
omes to

auses the ELM to

ontinue in a peeling

Understanding the dynami s of ELMs will be a key issue when it

ontrolling and mitigating the ELMs in future large tokamaks. By means

of integrated modelling, it is shown that an experimentally observed in rease in
the ELM frequen y and deterioration of plasma

onnement triggered by external

neutral gas pung might be due to a transition from the se ond to the rst ballooning stable region, as expressed in magnetohydrodynami s (MHD). The result
may have impli ations on the

ontrol of ELMs and performan e in future tokamaks.

Modest pedestal performan e and benign ELMs observed in the presen e of toroidal
magneti

eld ripple in dimensionless pedestal identity experiments between the

JET and JT-60U tokamaks are explained through predi tive transport modelling as
resulting from ripple-indu ed thermal ion losses, more pre isely from non-diusive
(dire t) losses. It is shown that ripple losses need not ne essarily have a detrimental
inuen e on performan e, but that there is a trade-o between performan e and
benignity of ELMs. The results may have widely felt impli ations, be ause ITER,
the next major fa ility on the way towards a

ommer ial fusion rea tor, is foreseen

to operate with a non-negligible level of toroidal magneti

vii

eld ripple.
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Chapter 1

Introdu tion

1.1 Plasma Connement for Nu lear Fusion
Utilizing thermonu lear fusion for large-s ale ele tri ity generation would feature
signi ant environmental and other advantages, making it too promising a
not to be explored [1, 2℄.

on ept

Traditionally, fusion energy resear h has been pursued

along two diametri ally opposite plasma onnement strategies,
to as inertial onnement fusion [3℄ and magneti

ustomarily referred

onnement fusion [4℄, the latter of

whi h appears to have been developed further along what has over the years turned
out to be an in reasingly tortuous path towards
inertial

ommer ial appli ation. The idea in

onnement fusion is to periodi ally ompress and ignite small fuel pellets of

deuterium and tritium by intense laser beams, thereby intermittently igniting fusion
rea tions delivering massive bursts of energy. In magneti

onnement fusion, the

endeavour is to keep the fusion plasma, foreseen to be a mixture of deuterium and
tritium in the rst generation of fusion rea tors,

onned in a magneti

heat it up su iently for a sustained fusion burn to o

In order to a hieve thermonu lear fusion
a

ording to the magneti

onnement

with the more su
geometry.
provide

ur.

onditions in a fusion rea tor operating

on ept, it is ne essary to

plasma for a su iently long time. Various
essful ones all having in

eld and

onnement

onne the fusion

on epts have been devised,

ommon that they make use of toroidal

In a toroidal devi e, a toroidal magneti

eld alone is insu ient to

onnement of the plasma. In order to prevent polarization of the plasma

by drifting parti les, the magneti
eld needs a poloidal

eld lines need to be heli ally twisted, i.e. the

omponent.

In a tokamak [5, 6℄, the toroidal eld is generated by a toroidal eld
surrounding the plasma, whereas the poloidal eld is
1

oil system

reated by driving a

urrent

through the plasma. Traditionally, most of the
the plasma operates as the se ondary
to ow in the primary
the toroidal plasma

urrent is driven indu tively, so that

ir uit of a transformer. When a

ir uit, it indu es an ele tri

urrent. The indu tive

urrent starts

eld in the plasma, whi h drives

urrent is referred to as Ohmi

urrent.

Already in the early days of fusion resear h, it was shown that the level of performan e, under

ertain assumptions, is proportional to the value of the triple produ t

ne τE T , where ne
hara teristi

is the (ele tron) density,

τE

is the energy

onnement time, i.e. the

time it takes for the plasma to lose through various physi al pro esses

an amount of energy

orresponding to its stored thermal energy, and

perature [7℄. Be ause the required high temperature

T

is the tem-

annot be rea hed by Ohmi

heating alone, various auxiliary heating s hemes are generally employed, su h as the
inje tion of energeti

neutral parti le beams into the plasma, a te hnique known as

neutral beam inje tion (NBI) heating [8, 9℄, and absorption of radio frequen y waves
at plasma resonan es, a s heme referred to as radio frequen y (RF) heating [10℄.

A high plasma temperature is a prerequisite also for the simple reason that a substantial enough fra tion of the plasma ions needs to have high enough energies to
over ome the Coulomb potential barrier between the nu lei, i.e.
sign, and thereby make fusion rea tions happen.

harges of the same

Ignition, i.e. a

ompletely self-

sustained burn without the appli ation of external heating, is, for various reasons,
not ne essarily even desirable, but the plasma needs to be heated to a regime where
the relevant fusion

ross se tion is large enough for a substantial net energy gain to

be obtained.

Diusion,

onve tion and radiation losses limit

onnement by ae ting the energy

onnement time, whereas in reasing the magneti

eld or the size of the tokamak

improves it. There are stringent physi al limits on the magneti
pli able in a tokamak, and it is

eld strength ap-

ostly to in rease the size of the devi e. Therefore,

it is the physi s behind the tenden y of heat and parti les to move away from the
entre of the plasma that needs to be understood and

ontrolled. Parti le and heat

transport, as the subje t is known as, has be ome a key resear h area within the
eld of magneti

onnement fusion.

1.2 Basi s of Plasma Transport
Despite immense eorts, many features of plasma transport are still not theoreti ally understood.

In all tokamaks, the measured heat and parti le diusivities

ex eed the predi tions of

ollisional transport theory substantially. There are strong

indi ations, supported by turbulen e measurements in experiments, that the in2

reased transport, referred to as anomalous transport, is due to plasma mi roturbulen e [12℄.

Transport in tokamak plasmas is normally dominated by diusive pro esses.
lassi al transport theory, transport arises from Coulomb

ollisions between the

parti les. The random walk model provides the simplest approa h for
the diusion
in a

al ulating

oe ients. The level of diusion obtained by random walk arguments

ylindri al plasma is referred to as

In a real tokamak plasma, the

lassi al transport. [13, 14℄

al ulation is far more

numbers of ele trons and ions

omplex.

There are large

olliding with ea h other, whi h results in dierent

types of transport and losses. These have to be taken into a

ount. Furthermore,

signi ant additional transport arises owing to the toroidal geometry.
important

In

ontribution derives from the fa t that, unlike in

the parallel and perpendi ular dynami s are

oupled.

eld lines are

ylindri al geometry,

The vis osity in toroidal

geometry also leads to additional transport. The transport
for a torus, in whi h the magneti

The most

al ulated in this way

urved, is referred to as neo- lassi al

transport [15℄.

Experimentally measured transport in tokamaks typi ally ex eeds the neo- lassi ally
predi ted level by at least an order of magnitude. Mu h eort has been put into the
study of anomalous transport and the mi ro-turbulen e in the ele tri
elds believed to be the

and magneti

ause of it [16℄. The present understanding is that it is the

free energy sour es of the mi ro-instabilities, essentially the density and temperature
gradients, that drive the turbulent transport [16, 17℄.
mi ro-instabilities

an roughly be

lassied a

In the plasma

ore, these

ording to their sour e of free energy

into modes driven by the ion temperature gradient, by the ele tron temperature
gradient and by the pressure gradient.

1.3 Magnetohydrodynami Stability
In many

ases, a plasma

an be treated as a uid and its stability analysed by

means of magnetohydrodynami s (MHD), a dis ipline of physi s
the dynami s of ele tri ally

phenomenology that magneti

elds

urrents in a moving

ondu tive

reate for es on the uid and also

an indu e

hange the

uid and that these

urrents then

magneti

Mathemati ally, MHD

eld itself.

on erned with

ondu ting uids. MHD builds on the well-established

an be des ribed by a

ombination

of sets of equations known as the Navier-Stokes equations for uid dynami s and
Maxwell's equations of ele tromagnetism [18℄. The fa t that MHD is a uid theory,
i.e. it treats the plasma as a uid without looking at the individual parti les in it
and their intera tions, means that it

annot treat kineti
3

phenomena, i.e. those in

whi h the existen e of dis rete parti les or of a non-thermal velo ity distribution are
important.

It is

ustomary to distinguish between linear and non-linear MHD and ideal and

resistive MHD. Linear MHD is a simpli ation based on linear approximations of
the full MHD equations. Ideal MHD assumes that the uid has so little resistivity
that it

an be treated as a perfe t

resistivity into a
strongly

ondu tor, whereas resistive MHD takes plasma

ount. Ideal MHD is stri tly only appli able when the plasma is

ollisional, so that the time s ale of

hara teristi

ollisions is shorter than the other

times in the system, and the parti le distributions are Maxwellian.

MHD is a dis ipline intrinsi ally related to plasma stability and thereby to the performan e of fusion plasmas.

This

ausality derives from the fa t that there are

numerous instabilities of a magnetohydrodynami
ment and in some

ases may

nature that limit plasma

onne-

ause a disruption, a sudden loss of thermal energy

often followed by termination of the plasma dis harge. For instan e, one of the
al stability issues for magneti
performan e at high
magneti

β,

where

fusion is that MHD instabilities tend to limit plasma

β

is a measure of plasma pressure normalized to the

eld strength, a high value of whi h is often seen as

ost-ee tive magneti

riti-

fusion rea tor.

ru ial for a

ompa t,

The next subse tion will spe i ally fo us

on a phenomenon known as edge-lo alized modes, thought to be driven by MHD
instabilities, whi h is generally seen as one of the main obsta les in the quest for
viable

ommer ial appli ation of fusion energy.

MHD instabilities are generally des ribed a

m

ording to their toroidal

n and

poloidal

mode numbers. The mode number is a measure of the number of wavelengths

the mode forms along the

ir umferen e of the plasma, in the toroidal or poloidal

dire tion depending on whether one talks about the toroidal or poloidal mode number, respe tively. Two types of instabilities, in parti ular, are important in the edge
plasma.

Modes with low toroidal mode numbers, generally in the range

are to a large extent driven by the edge

urrent and are known as kink or peeling

modes. Modes with higher toroidal mode numbers, say
are mostly

n . 10,

n & 10,

on the other hand,

ontrolled by the edge pressure gradient and are known as ballooning

modes. [19, 20℄

1.4 ELMy H-Mode Plasmas
Finding ways of redu ing the level of anomalous transport in order to improve plasma
onnement has been a key resear h area for many years. Dramati
area has also been made. Most importantly, the so- alled high
(H-mode) was dis overed in the ASDEX tokamak in 1982 [21℄.
4

progress in this

onnement mode
The H-mode is

hara terized by a suppression of turbulent transport in a narrow layer just inside
the last

losed ux surfa e or separatrix, whi h denes the boundary of the

plasma. This layer with improved transport

onned

hara teristi s is referred to as the edge

transport barrier (ETB) or H-mode pedestal. Thanks to the redu ed, roughly ion
neo- lassi al, level of transport in the ETB, this region develops a steeper pressure
gradient than the plasma deeper in the

ore.

Owing to a phenomenon known as

prole stiness [2229℄, a well-known tenden y of the relative temperature gradient
to remain insensitive to variations in the boundary
regions, the pressure prole in the

onditions over large plasma

ore maintains roughly the same gradient as it

would in the absen e of an ETB. Hen e, the thermal energy
and thus

onnement, is

ontent of the plasma,

onsiderably higher in the H-mode than in the referen e

situation without an ETB known as the low

onnement mode (L-mode). H-mode

plasmas typi ally feature a level of onnement 2  3 times better than orresponding
L-mode plasmas.

Figure 1.1 illustrates the improvement in plasma pressure a hieved in the H-mode.
The gure shows a typi al pressure prole in an L-mode plasma and what this
prole would

hange into after a transition to the H-mode.

The region with the

steep pressure gradient just inside the separatrix in the H-mode pressure prole is the
ETB. The gure

learly illustrates that the ETB is the sour e of the overall improved

performan e in the H-mode, given that the L-mode and the H-mode maintain the
same pressure gradient in the rest of the plasma.

The H-mode ubiquitously features periodi

bursts of energy and parti les from the

ETB into the so- alled s rape-o layer (SOL), i.e. the region with open ux surfa es outside the separatrix. These eruptions a

ompanying the H-mode are known

as edge lo alized modes (ELMs) and, for several reasons, play a key role in determining the performan e of tokamaks. To begin with, the o

urren e of the ELM

instability severely limits the a hievable pressure gradient in the ETB and ,thus,
also overall plasma

onnement. Se ondly, ELMs

ause severe peak heat loads on

the divertor target plates, to whi h the heat and parti le ows of the SOL are
nelled.

Coping with these heat loads is foreseen to be a major

han-

hallenge in the

design of future tokamak rea tors. ELMs, however, also have bene ial ee ts on
plasma performan e. In parti ular, ELMs help to transport impurity ions a ross the
pedestal region out of the

onned plasma. ELM-free plasmas usually terminate due

to a

umulation of impurities, be ause parti les and espe ially impurities are rather

well

onned in them. Impurities in fusion plasmas originate from plasma-wall in-

tera tions with the va uum vessel walls and, in the form of helium ash, from the
fusion rea tion. Be ause impurity a

umulation is a bigger or lesser problem in all

tokamak plasmas, impurity transport has turned into a major resear h area.

ELMs are broadly believed to be driven by MHD instabilities in the edge plasma.
A

ommonly held view is that ELM stability is

ontrolled by a

ballooning and peeling modes and their intera tion [3039℄.
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Figure 1.1:

Various ELM regimes have been identied. Type I or giant ELMs are the most
ommonly observed type of ELMs in plasmas with large enough heating power. They
are large events

apable of removing up to 10% of the plasma energy and feature

a repetition frequen y that in reases with in reasing heating power. Typi ally, the
ELM frequen y in operation with type I ELMs, or what is referred to as type I
ELMy H-mode, is of the order of tens of hertz. Type III ELMs are small and very
frequent, and are often seen slightly above the H-mode threshold power, i.e. the
heating power ne essary to establish an H-mode. Type II ELMs resemble type III
ELMs, but are generally even tinier and more frequent. Sometimes MHD a tivity
in type II ELMy H-mode has a

ontinuous rather than an intermittent

hara ter.

Type III ELMs are generally hara terized by an ELM frequen y that de reases with
power [40℄. Another distin tion between ELM types II and III, both of whi h are
ommonly referred to as grassy ELMs, is based on their dierent ee ts on plasma
6

performan e. Generally, type II ELMs do not lead to a serious redu tion in plasma
onnement, whereas type III ELMs are asso iated with a signi ant deterioration of
plasma
o

onnement,

ompared to operation with type I ELMs. Type II ELMs often

ur in a mixed type I-II ELMy H-mode regime, i.e. in a mode of operation with

tiny, frequent type II ELMs interrupted by o

asional large type I ELMs. [41, 42℄

Type I ELMy H-mode is the most thoroughly investigated tokamak s enario. Given
that type I ELMy H-mode is a robust mode of operation seen in a variety of
ditions in a large number of tokamaks and features good
it has been

on-

onnement properties,

hosen as the referen e operational s enario for the International Ther-

monu lear Experimental Rea tor (ITER) [4345℄, the next big fusion experiment to
be

ontemplated by the international

ever, asso iated with

ommunity. Type I ELMy H-mode is, how-

ertain disadvantages from the point of view of operation of a

real power plant. Firstly, ELM mitigation will be needed already in ITER due to
the large peak divertor heat loads asso iated with type I ELMs. A

ordingly, mu h

eort has already been put into developing alternative H-mode s enarios with less
violent ELMs. Se ondly, a large fra tion of the plasma

urrent is driven indu tively

in the H-mode. This is a disadvantage, be ause it leads to pulsed operation, whi h
is not desirable in the

ase of a power plant. The pulsed operation follows from the

requirement of transformer a tion to drive the plasma

urrent.

In the end, the ELMy H-mode S enario or Conventional Tokamak S enario, as
it often referred to as, might not be a feasible mode of operation for a

ommer ial

fusion rea tor owing to the limitation of pulsed operation. In order to render the
tokamak

on ept

ompatible with

ontinuous operation, development has started

on so- alled Advan ed Tokamak S enarios [46℄, in whi h a large fra tion of the
plasma

urrent is driven non-indu tively as a diusion-driven

bootstrap

urrent known as the

urrent [6℄. Other goals in advan ed s enario development is to in rease

the margins at a given rea tor size, i.e. make the viable rea tor size smaller, to
in rease the fusion power density and to in rease

onnement by means of internal

transport barriers. The primary means to a hieve the goals in advan ed s enario
development is to optimize the shape of the
by external
bootstrap

urrent density and pressure proles

urrent drive and heating as well as by the optimal alignment of the
urrent.

Given the robustness of the H-mode, it is

lear, however, that it will remain a

referen e mode of operation for the foreseeable future, as the fusion

ommunity

pools its resour es towards ITER. Consequently, improving the understanding of
the ELM phenomenon, learning how to mitigate ELMs and developing alternative
ELMy H-mode s enarios, i.e. regimes with less violent ELMs, remain high-priority
resear h areas.
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1.5 Transport in the S rape-o Layer
In the SOL, perpendi ular transport a ross the magneti

eld is balan ed by parallel

ow along the open eld lines towards the divertor target plates. The perpendi ular
transport a ross the eld lines is generally larger than that predi ted by neo- lassi al
theory. It

an be shown that in steady-state, when there are no sour es or sinks in

the SOL and the losses along the eld is balan ed by the net ow a ross the eld
into the ux tube, the density and temperature proles de ay exponentially when
moving outward from the separatrix [6℄.

For parallel transport along the eld lines in the SOL there are various models,
both kineti

models and uid models [47℄. The kineti

damental way to des ribe a plasma. In the kineti

f (~x, ~v , t)

~x

for the positions

and velo ities

~v

des ription is the most fun-

approa h, a distribution fun tion

of the parti les is obtained by solving

an equation known as the Boltzmann equation or redu ed forms thereof [47℄. The
uid des ription, whi h seeks to redu e the

omplexities of the kineti

des ription,

des ribes the plasma in terms of ma ros opi

quantities su h as density, mean velo -

ity, and mean energy obtained by taking moments of the distribution fun tion. The
equations for ma ros opi

quantities,

alled uid equations, are obtained by taking

velo ity moments of the Boltzmann equation.

Generally, parallel ow along the eld lines is mu h faster faster than perpendi ular
ow a ross the eld lines.

The perpendi ular uid velo ity

v⊥

may be as low as

1 m/s, whereas the parallel velo ity is roughly equal to the plasma sound speed
cs = [(Te + Ti )/mi ]1/2 , whi h is typi ally several orders of magnitude larger. Here,

Te

is the ele tron temperature,

Ti

is the ion temperature and

mi

the ion mass.

1.6 Ripple Transport
It has been noted that the small periodi

variation of the toroidal magneti

eld in

a tokamak due to the dis reteness introdu ed by the system of toroidal eld

oils

an give rise to small levels of additional ion thermal transport owing to a number
of me hanisms. The level of additional transport, referred to as ripple transport, is
expe ted to be small and

an safely be

onsidered negligible inside the ETB. Within

the ETB, however, where the level of residual transport is small, ripple-indu ed
transport may have palpable ee ts.

The nite number of toroidal eld
of the magneti
magneti

oils in a tokamak leads to a systemati

eld strength. The

variation

oils produ e a short-wavelength ripple in the

eld strength as a eld line is tra ed around the torus.
8

For

N

toroidal

eld

oils, in the

magneti

eld

ase of

ir ular symmetry and a large-aspe t-ratio tokamak, the

an be approximated by

B = B0 (1 − ǫ cos θ)(1 − δ(r, θ) cos(Nφ)),
where

θ

is the poloidal angle,

the tokamak and

δ(r, θ)

φ

is the toroidal angle,

ǫ

(1.1)

is the inverse aspe t ratio of

is the level of ripple, determined by the

oil

onguration.

Figure 1.2 provides graphi al illustrations of the spatial variation of the magneti
eld strength in a tokamak. Both plots in the gure have been drawn using data
from the plasma
the separatrix.

onguration foreseen for the ITER tokamak for a lo ation near
Frame (a) shows the variation of the magneti

a fun tion of the poloidal and toroidal angles.

eld strength as

The variation over a full poloidal

revolution follows from the variation of the lo al major radius over the poloidal
revolution. In a tokamak, the magneti

eld strength

proportional to the lo al major radius. The periodi

an be shown to be inversely

variation of the magneti

eld

strength as a fun tion of the toroidal angle follows from the dis reteness of the
toroidal magneti

eld

oil

onguration. This s ant inhomogeneity of the eld in

the toroidal dire tion is what is referred to as toroidal magneti
in gure is also a magneti

eld ripple. Drawn

eld line, the heli al path of whi h takes it a ross the

parameter spa e several times. Following the eld line in the plot gives an impression
of how the magneti
torus.

eld strength varies along it as it tra es its way around the

Frame (b) provides an illustration of how the level of ripple varies in the

poloidal plane. The ripple amplitude de reases rapidly, when moving from the edge
towards the

entre of the plasma.

An important

onsequen e of the rippled stru ture of the magneti

ation of magneti

wells and parti le trapping asso iated with these wells.

be shown that the wells vanish for
plasma

eld is the

ǫ/Nqδ sin θ > 1

[48℄. The

It

rean

ondition divides the

ross-se tion into two regions: a ripple well region in whi h toroidal rip-

ple wells exist and region without wells. Here,

q

is the safety fa tor, a parameter

measuring the number of toroidal revolutions around the torus for ea h poloidal
revolution of a eld line. The safety fa tor plays an important role in determining
the stability of tokamak plasmas.

Transport in both regions is ae ted by the ripple, but in dierent ways. In the ripple
well region, the most important ee t is parti le trapping, i.e. parti les be oming
trapped in the lo al toroidal wells and subsequently lost from the plasma via the
so- alled gradient drift [6℄ due to the gradient of the magneti eld. In the remainder
of the plasma, the ripple modies parti le orbits, thus leading to transport.
ripple in parti ular ae ts the so- alled banana trapped parti les, a

The

lass of parti les

belonging to the low- ollisionality, so- alled banana regime, in whi h transport s ales
linearly with the

ollision frequen y [48℄.
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(a) The magneti eld strength at a lo ation near the separatrix in ITER
as a fun tion of the poloidal and toroidal angles. The magenta tra e (whi h enters
and exits the plot area several times) is a magneti eld line. (b) A ripple map with
ontours indi ating lo ations with equal ripple. The number asso iated with ea h
ontour, dened as log10 δ , gives the ripple amplitude. The thi k bla k urve denotes
the lo ation of the separatrix. Figures ourtesy of Tuomas Koskela, Laboratory of
Advan ed Energy Systems Helsinki University of Te hnology.
Figure 1.2:
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Ripple well and ripple banana transport ae t both thermal plasma parti les and
highly energeti

parti les su h as neutral-beam-inje ted ionized parti les. Be ause

the ions move with a larger gyro-radius than the ele trons, the ripple
the ions rather than the ele trons.

and ripple banana transport are mainly
well transport and

hiey ae ts

For thermal ions, both ripple well transport
ollisional, referred to as

ollisional ripple

ollisional ripple diusion, respe tively, whereas for fast ions also

ollisionless transport me hanisms are possible. [48℄

For a rea tor, the main

onsiderations regarding toroidal magneti

eld ripple are

losses of parti les and asso iated heat loads. Losses of fast alpha parti les
highly lo alized heat loads on the rst wall of the tokamak and in-vessel
and thus
parti les

ause damage to these stru tures.

an

ause

omponents

Losses of neutral-beam-inje ted fast

an also lead to lo alized heat loads as well as to the loss of a signi ant

proportion of the neutral beam energy, espe ially for beamlines having large angles
with the magneti

eld.

1.7 JET and ITER on the Path towards Commerialization of Fusion Energy
The numeri al modelling presented in subsequent
ni ant extent been

hapters of this thesis has to a sig-

arried out at the Joint European Torus (JET) [49℄ at Culham,

United Kingdom. The JET fa ilities, whi h are operated by the United Kingdom
Atomi

Energy Authority under the auspi es of the European Fusion Development

Agreement (EFDA) on behalf of the European fusion resear h asso iations and Euratom, house what is by many measures the world's best-performing tokamak. In
terms of a tual physi al size, JET is one of the two largest tokamaks in the world
of roughly equal size, the Japanese JT-60U [50℄ tokamak being the other one. The
JET tokamak,

asually referred to simply as JET, has a major radius of about 3 m
3
and a plasma volume of about 100 m . JET an, in prin iple, subje t to numerous
restri tions, operate with a toroidal magneti

eld of up to 3.45 T and a plasma

urrent of up to 4.8 MA. Auxiliary plasma heating is available in the form of up
to 23 MW of neutral beam inje tion heating and up to 15 MW of various kinds of
radio frequen y heating.

Most importantly, JET plays a

ru ial role in preparing the way for what is foreseen

to be the next big step forward in fusion resear h, the

onstru tion and operation

of ITER, not least be ause it features the most ITER-like
day tokamaks in a number of respe ts.
hand, is arguably even more

onditions of all present-

The mission of ITER itself, on the other

ru ially to unambiguously demonstrate the s ienti

and te hni al viability of the tokamak

on ept in a devi e with a size, magneti

eld strength, physi s phenomenology, and te hnologi al basis
11

lose to that of an

eventual thermonu lear power rea tor.

Sizewise, the linear dimensions of ITER

are to ex eed those of JET by more than a fa tor of two, with the major radius
3
having been set to 6.2 m, from whi h follows a plasma volume of 840 m . ITER is
foreseen to operate with a toroidal magneti

eld of 5.3 T and a plasma

urrent of

15 MA in the referen e ELMy H-mode indu tive s enario. The fusion power output
is foreseen to be up to 500 MW with a net power gain with respe t to the externally
inje ted power of a fa tor up to
meets its obje tives of su

Q = 10

during up to 400 s long pulses. If ITER

essfully testing all the te hnologies and resolving all the

physi s issues ne essary for a

ommer ial power plant and thereby demonstrates the

viability of fusion power for large s ale ele tri ity generation, the nal step before
full-s ale

ommer ialization is envisaged to be the

onstru tion of a demonstration

power plant tentatively named DEMO.

ITER thus plays a pivotal role on the

ir uitous path towards

ommer ial fusion

energy, and JET on the somewhat less unnavigable path towards ITER. The prinipal topi s of this thesis, the phenomenology and ee t of ELMs and the inuen e
of toroidal magneti

eld ripple on plasma performan e and ELMs are all highly

ITER-relevant topi s that have been explored at JET in preparation for ITER. In
the

ase of ELMs, the most serious

on ern is potential damage on the divertor

target plates and elsewhere from the large heat loads resulting from type I ELMs,
whereas toroidal magneti

eld ripple is a

ause for

on ern be ause re ent exper-

iments at JET and the Japanese JT-60U tokamak indi ate that the level of ripple
foreseen for ITER may have a

onsiderably more detrimental ee t on

onnement

than previously thought [51℄.

1.8 S ope of the Thesis
This thesis addresses a number of timely problems, all of them of
on the way towards a

ru ial importan e

ommer ial fusion rea tor: Given the importan e of ELMs,

the thesis seeks to introdu e suitable s hemes and models for qualitative study of
the ELM phenomenon in predi tive transport modelling. It aims to shed new light
on the dynami s of ELMs using these models.
ELMs is a key issue when it
large tokamaks.

omes to

Understanding the dynami s of

ontrolling and mitigating the ELMs in future

The thesis tries, again making use of the aforementioned ELM

modelling s hemes, to explain various experimental observations, notably the loss
of plasma performan e and in reased ELM frequen y observed in experiments with
enhan ed toroidal magneti eld ripple and in situations with strong external neutral
gas pung. Understanding these results may have impli ations for the

ontrol of

ELMs and plasma performan e in future tokamaks. Finally, the thesis also tries to
establish more generally the potential ee ts of ripple-indu ed thermal ion losses
on H-mode plasma performan e and ELMs.
12

This is a timely and

ru ial area of

resear h, given that ITER is foreseen to operate with a level of toroidal magneti
eld ripple

The present

onsiderably higher than that at JET.

hapter in the thesis has provided a gentle introdu tion to the physi s

phenomenology relevant to the topi s dis ussed in subsequent

hapters and the re-

sults se tion in parti ular. Chapter 2 then provides an introdu tion to the te hniques
of integrated modelling and
analysis.

ontains des riptions of the numeri al tools used in the

The main results of the thesis are presented in Chapter 3.

Chapter 4

nishes o with a summary and a dis ussion of the relevan e of these results and
how they t into the bigger pi ture of the European fusion programme with JET
preparing the ground for ITER and ITER paving the way for an eventual
fusion power plant.
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ommer ial

Chapter 2

Numeri al Codes and Models

2.1 Integrated Modelling
Predi tive transport modelling is a dis ipline of numeri al plasma physi s modelling,
in whi h qualitative predi tions and explanations for various ee ts are sought by
running transport

odes equipped with appropriately

hosen models for transport

and other relevant phenomena. Traditionally, the plasma

ore, ETB and SOL have

been treated separately in predi tive modelling with the justi ation that the physi s
governing transport in these regions is dierent [52℄. Indeed,

ore transport is usually

dominated by drift-type plasma turbulen e, whi h is responsible for phenomena
su h as prole stiness.
is redu ed or even

In

ontrast, anomalous transport within the edge ETB

ompletely suppressed by strong shear in plasma rotation. The

redu ed transport then generates the strong pressure gradient and large edge

urrent

hara terizing the pedestal, both of whi h give rise to MHD instabilities thought to
generate ELMs. Finally, transport in the SOL is dominated by very fast losses along
the eld lines and by atomi
the plasma and neutrals.
adds a formidable
integrated fashion.

physi s pro esses, in luding the intera tion between

The disparate time-s ales of the phenomena involved

ompli ation to the modelling of all three plasma regions in an
Be ause of this disparity, modelling of the plasma

ore has

onventionally ex luded simulation of the ETB. Instead, the values of the relevant
plasma parameters at the top of ETB have been used as boundary

Modelling the

onditions.

ore plasma separately from the ETB is, however, not self- onsistent

be ause of the strong link between these regions due to ee ts su h as prole stiness.
For this reason, modern
ETB, so that the entire

ore transport

odes often feature a representation of the

onned plasma inside the separatrix

an be modelled in an

integrated fashion. This strategy makes it possible at least on a qualitative level to
14

study a wide variety of ee ts, in whi h the intera tion between the ETB and the
ore is important.

In addition to this, there is also a strong link between the ETB and the SOL. Core
and edge transport

odes usually use stati

or time-dependent boundary

onditions

at the separatrix for the parameters su h as densities, temperatures and heat uxes.
The problem is that even when time-evolving boundary

onditions are available,

there is no way to evolve them self- onsistently in response to plasma behaviour.
Espe ially during transients su h as ELMs the plasma parameters typi ally used
as boundary

onditions

an

hange dramati ally.

of the plasma parameters in one region

Often even a modest variation

an lead to a dramati

hange in plasma

performan e. Be ause of the sensitive links between the SOL and the ETB on the
one hand and between the ETB and the

ore on the other hand, integrated modelling

of all three plasma regions is often the only way to obtain self- onsistent results.

In many

ases, integrated modelling also requires the use of tools beyond transport

odes. It is

ustomary, for instan e, to use MHD stability

odes to evaluate stability

limits for transport simulations. Another example is the use of orbit-following
for the purpose of evaluating transport

odes

oe ients for transport simulations.

Ref. [53℄, the author of this thesis reviews

In

urrent methods and trends in integrated

modelling as well as gives a summary of re ent developments in the eld.

The work presented in this thesis has been

arried out using a number of numeri al

odes. Below follows short des riptions of ea h of these

odes.

2.2 JETTO
Most of the work presented in subsequent se tions has been
1.5-dimensional (1.5D)

ore transport

arried out using the

ode JETTO [54℄, whi h has been developed

by a team at the JET tokamak over a number of years. Here, the term 1.5D is used
to express the fa t that a one-dimensional
problem.

Given that the magneti

ode ee tively solves a two-dimensional

eld lines tra e surfa es of

onstant pressure,

so- alled ux surfa es, the task of solving the transport equations in the poloidal
plane redu es to a one-dimensional problem, if the problem is re-expressed using the
magneti

ux through these magneti

surfa es as the
15

o-ordinate.

2.2.1 Fundamental Equations
As the term transport
These equations

ode implies, JETTO solves equations for plasma transport.

an be derived from rst prin iples, starting from a kineti

des rip-

tion of the plasma, in whi h the positions and velo ities of the individual parti les
are des ribed statisti ally by a distribution fun tion

s

fs (~x, ~v, t),

where the subs ript

refers to the parti le spe ies [55℄.

The distribution fun tion

fs (~x, ~v , t)

is a measure of the number parti les of a given

spe ies per unit volume of the six dimensional spatial-velo ity phase spa e
as a fun tion of the spatial and velo ity

(~x, ~v, t)

o-ordinates. Sin e the distribution fun tion

expresses the number density of parti les in phase spa e, it obeys the

onservation

equation

Here,

S

represents

∂fs ∂fs d~x ∂fs d~v
+
+
= C(fs ) + S.
∂t
∂~x dt
∂~v dt
sour es and sinks and the term C(fs ) is a

on the basis of multiple small angle

(2.1)
ollision term derived

ollisions, the exa t form of whi h is derived

elsewhere [6℄.

By making use of the equation of motion for a
ele tri

eld

~
E

and magneti

eld

ms
Eq. (2.1)

~
B

harged parti le of spe ies

d~v
~ + ~v × B),
~
= es (E
dt

ms

in an

(2.2)

an be turned into the Fokker-Plan k equation:

∂fs
∂fs
es ~
~ · ∂fs = C(fs ) + S.
+ ~v ·
+
(E + ~v × B)
∂t
∂~x
ms
∂~v
Here,

s

is the mass and

es

the

harge of a parti le of spe ies

(2.3)

s.

Taking velo ity moments of the Fokker-Plan k equation, i.e. multiplying it by a
given power of

|~v|

and integrating it over velo ity spa e, gives a series of so- alled

moment equations, from whi h

onservation laws des ribing plasma transport

an

be derived. In parti ular, taking the zeroth moment of the Fokker-Plan k equation,
i.e. integrating it over velo ity spa e, gives after some algebra

∂ns
+ ∇ · (ns~us ) = 0,
∂t
a result known as the
density of spe ies

(2.4)

R
ns = fs (~x, ~v , t)d~v is the parti le
tion fs for that spe ies and ~
us is the

ontinuity equation. Here,

s

given the distribution fun
uid velo ity. Similarly, taking the |~
v|2 moment of the Fokker-Plan k equation, i.e.
2
multiplying it by |~
v| and integrating the resulting equation over velo ity spa e,

yields after some algebrai

manipulation

3 ∂ps
~ s = Qs + ~us · (F~s + es ns E).
~
+∇·Q
2 ∂t
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(2.5)

R
ps = ns Ts = (1/3)tr( ms~v~v fs (~x, ~v , t)d3~v) is the plasma pressure of spe ies s,
R
~ s = (ms /2)|~v|2~v fs (~x, ~v , t)d3~v is the energy ux asso iated with spe ies s, Qs =
Q
R
(ms /2)|~v − ~us |2 C(fs )d3~v is the ollisional energy ex hange asso iated with spe ies
R
s and F~s = ms~v C(fs )d3~v is the ollisional momentum ex hange or fri tion for e
asso iated with spe ies s.
Here,

By integrating the

ontinuity equation, Eq. (2.4), over a region interior to a ux

R

surfa e and using the divergen e theorem

F,

ontinuously dierentiable fun tion
nipulation be

∇ · F dV =

the equation

ast into the following parti le

H

~
F · dA

for an arbitrary

an after some algebrai

onservation law, whi h

i = 1, ..., nH :

 
−1


∂ ∂V
∂V
∂ ∂V
ni +
Γi = hSnii.
∂t ∂ρ
∂ρ
∂ρ ∂ρ

ma-

an be written

for ea h main ion spe ies



∂V
∂ρ

−1

Analogous equations

an be derived for ea h impurity ion spe ies

(2.6)

I = 1, ..., nimp

in

the plasma:



−1

∂V
∂ρ

In a similar way, the

∂
∂t



|~v|2

∂V
nimp
∂ρ



+



∂V
∂ρ

−1

∂
∂ρ



∂V
Γimp
∂ρ

moment equation, Eq. (2.5),



= 0.

(2.7)

an be turned into energy

onservation laws for the ele tron and ion spe ies:

3
2



∂V
∂ρ

=−
3
2
=



∂V
∂ρ

nH
X
i=1

−5/3

nH
X
i=1

"

∂
∂t

nH
X

hQ i∆ i −

−5/3

hQ i∆ i +

∂
∂t

i=1

"

nH
X
i=1

∂V
∂ρ

5/3

#

pe +



∂V
∂ρ

−1




∂ ∂V
5
hq~e · ∇ρi + Te Γe
∂ρ ∂ρ
2

~ + hSEe i
hQ iΓi + h~j · Ei

(2.8)

# 
"
5/3 X
−1
#
nH
nH 
X
∂V
∂V
∂ ∂V
5
pi +
hq~i · ∇ρi + Ti Γi
∂ρ
∂ρ
∂ρ ∂ρ i=1
2
i=1

hQ iΓ i + hSEii

In the equations above,

ρ

(2.9)

is a radial

o-ordinate with the dimension of length

proportional to the square root of the normalized toroidal magneti
the surfa e of

onstant magneti

inside the magneti

surfa e

ρ

ux dened by

and

Γs

ρ, V = V (ρ)

ux through

is the plasma volume

is the parti le ux asso iated with spe ies

s.

The terms on the right-hand sides of the equations are sour e terms. Spe i ally,

hSni i

is the external parti le sour e,

hQ i∆ i is the averaged energy ex hange term
i, hQ iΓ i is an averaged onve tive sour e
urrent, is the Ohmi heating sour e and hSEe i

between the ele trons and ions of spe ies

~ , where ~j is the plasma
h~j · Ei
hSEii are external heat sour es or

term,
and

sinks due to ba kground neutrals, radiation,

auxiliary power input, et .
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It should also be noted that in Eq. (2.8), the average ele tron energy ux
has been split up into a
part due to parti le

ondu tive part due to thermal transport and a

onve tion:

~ e · ∇ρi = h~q e · ∇ρi + (5/2)Te Γe .
hQ

~ e · ∇ρi
hQ
onve tive

In a similar way,

the average ion energy ux of ea h ion spe ies in Eq. (2.9) has been split up into
ondu tive and

The

onve tive parts:

~ i · ∇ρi = h~q i · ∇ρi + (5/2)Ti Γi .
hQ

onservation laws dened by Eqs. (2.6)  (2.9), derived from rst prin iples,

are also known as transport equations. JETTO solves these equations at ea h time
step. In addition to the transport equations, JETTO solves a version of Faraday's
equation

~
~ = − ∂B ,
∇×E
∂t
a fundamental equation relating the ele tri
equation for the magneti

R

eld

(2.10)

~
E

and magneti

eld

~,
B

and an

equilibrium known as the Grad-Shafranov equation [6℄:

∂ 1 ∂Ψ ∂ 2 Ψ
dp
df
+ 2 = −µ0 R2
− µ20 f
∂R R ∂R
∂z
dΨ
dΨ

(2.11)

The Grad-Shafranov equation is a rst-prin iples equation from whi h the distribution of the magneti

ux surfa es

starting from the magneti

an be solved.

The equation

an be derived

equilibrium equation

j × B = ∇p,
where

j

is the

urrent density,

B

the magneti

by expressing the poloidal magneti

eld

Ψ

and a

terms of a poloidal ux fun tion

Bθ

(2.12)

eld and

p

the plasma pressure, and

and the poloidal

jθ

in

f = RBφ /µ0, where
~
Bθ = ∇Ψ × u~φ /R and

urrent ux fun tion

R is the major radius and Bφ the toroidal magneti eld:
j~θ = ∇f × u~φ /R, where u~φ is a unit ve tor in the toroidal dire
equilibrium equation expresses the basi

urrent density

tion. The magneti

ondition that the magneti

for e balan es

the for e due to the plasma pressure at all lo ations in the plasma.

A te hni al detail worth mentioning is that in a JETTO run the Grad-Shafranov
equation is a tually solved by a separate

ode known as ESCO, an MHD equilibrium

solver whi h has been linked to JETTO. An alternative way to deal with the problem,
available in JETTO, is to read in the equilibrium solution from data provided by the
equilibrium re onstru tion

ode EFIT [56℄, whi h is widely used at many tokamaks.

The equilibrium is always provided at the beginning of a simulation and

an be

re al ulated later as many times as needed.

2.2.2 Transport Model
The fundamental equations presented above, whi h are solved by JETTO, des ribe
the evolution of the

onned plasma in a rigorous,
18

ompletely self- onsistent way

based on rst prin iples. Customarily, transport

odes su h as JETTO are used to

predi t the temporal evolution of the density and temperature proles. Given that

ns

the density

Ts of
ps = ns Ts ,

and temperature

other through the relation

a given parti le spe ies

ps

where

s

are related to ea h

is the pressure attributable to that

spe ies, solving Eqs. (2.6)  (2.9) for the density and temperature proles requires
knowledge of the heat uxes

qs

and parti le uxes

Γs ,

in addition to knowledge of

the sour e terms in these equations. To put it slightly dierently, the solution of the
transport equations depends on the plasma transport properties, whi h determine
the heat and parti le uxes in these equations. Cal ulating the uxes, on the other
hand, requires some sort of model, given that a kineti
This is where the

on ept of a transport model

treatment is not pra ti able.

omes in. The heat uxes

an be

expressed as

q e = −χe ne ∇Te

(2.13)

q i = −χI ni ∇TI .

(2.14)

and

In the above expressions,
thermal

is the ele tron thermal

ondu tivity and

χI

is the ion

ondu tivity. It should be noted that it is here assumed that the ion thermal

ondu tivity

χI

is not spe ies-spe i

that, analogously,

TI

The parti le uxes
spe ies

χe

i

is a

but a

ommon quantity for all ion spe ies and

ommon temperature of all the ion spe ies.

an be expressed in a similar way. The parti le ux of ions of

an be expressed as

Γi = −Di ∇ni + Γinw,i + Γware,i ,

(2.15)

and, be ause of ambipolarity, the ele tron parti le ux then takes the form:

Γe = −
Here,

Di

nH
X
i=1

Zi (Di ∇ni + Γinw,i + Γware,i ) .

is the parti le diusivity of ion spe ies

ion spe ies

i.

The term

Γinw,i

i

and

Zi

(2.16)

is the atomi

number of

is an inward adve tion term [22℄ and the term

Γware,i

represents the neo- lassi al Ware pin h [57℄.

The parti le diusivities
tivity

χI ,

Di

for the various ion spe ies, the ion thermal

the ele tron thermal

and temporal fun tions, are

ondu tivity

alled transport

transport properties of the plasma. It is

χe ,

ondu -

whi h are generally both spatial

oe ients, be ause they des ribe the

ustomary to try to express the transport

oe ients in terms of a transport model. JETTO in ludes a number of models,
both theoreti al and semi-empiri al ones, for predi ting these so- alled transport
oe ients.

Generally, the transport
eral

oe ients in a transport model

an be made up of sev-

ontributions arising from dierent sour es of transport.
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To begin with, the

transport

oe ients may in lude

ontributions due to neo- lassi al transport. As

dis ussed in Chapter 1, the neo- lassi al

ontribution is theoreti ally

ompletely

rigid, but is typi ally more than an order of magnitude smaller than the a tual level
of transport measured in tokamaks.
transport

A

ordingly, the main

ontributions to the

oe ients have to represent anomalous transport, the theoreti ally not

fully understood transport due to mi ro-turbulen e arising e.g. from the appli ation
of external heating. Various theoreti al models for the properties of turbulen e have
been proposed [58℄, but generally these are not fully
ne essarily give a

omplete, and therefore do not

urate predi tions for the transport

oe ients in all situations.

For this reason, semi-empiri al models have been used in many studies.
models, theory-based expressions for the general form of the transport
have been

In these

oe ients

alibrated against experimental data.

All the JETTO simulations dis ussed in this work use a semi-empiri al so- alled
Bohm/gyro-Bohm model for anomalous transport, whi h is applied on top of
butions due to neo- lassi al transport. This

ontri-

lass of models was originally developed

at the JET tokamak for L-mode plasmas and

alibrated against a large number of

dis harges, and has sin e then been rened for use with H-mode plasmas [59, 60℄.
The Bohm/gyro-Bohm model in ludes

ontributions from a Bohm term large espe-

ially at the edge but of signi ant magnitude throughout the plasma and a gyroBohm term, whi h

ontributes only in the deep

ore.

Gyro-Bohm-type transport

follows from short-wavelength turbulen e, whereas Bohm-type transport is due to
turbulen e s aling with the ma hine size [61℄. The neo- lassi al
transport

oe ients are

ontributions to the

al ulated by a module known as NCLASS [62℄, whi h has

been linked to JETTO.

Spe i ally, the Bohm/gyro-Bohm transport model ombined with neo- lassi al ontributions that has been used in the work presented in subsequent

hapters

an be

written as follows:

χe = χBohm, e + χgyro−Bohm + χneo−classical, e
χI = χBohm, I + χgyro−Bohm + χneo−classical, I
q2
dpe Te (ρT oB ) − Te (1)
χBohm, e = αBohm
eBφ ne dρ
Te (ρT oB )
χBohm, I = 2χBohm, e
√
Te
χgyro−Bohm = αgyro−Bohm 2 |∇Te |
Bφ
Here,

χneo−classical, s is the neo- lassi al transport of
ρT oB is the lo ation of the top of the

NCLASS and

spe ies

s

(2.17)
(2.18)
(2.19)
(2.20)
(2.21)

given by the module

pedestal in terms of the

ρ

o-

ordinate.

The transport model dened by Eqs.
when it

(2.17)  (2.21) does a relatively good job

omes to predi ting the transport
20

oe ients in the

ore plasma inside the

ETB in an H-mode dis harge. The model, however, does not take into a
formation of an ETB  understandably  be ause the almost

ount the

omplete suppression

of anomalous transport in this narrow layer just inside the separatrix is very hard
to predi t theoreti ally. Therefore, JETTO in ludes a separate model for the ETB.
The ETB is simply represented by a redu tion of all transport

oe ients to the ion

neo- lassi al level in the region just inside the separatrix. In the work reported in
this thesis, the width of the ETB is a free parameter, whi h has generally been set
to mat h experimental observations. Various models for the ETB width have been
proposed, in luding a barrier width s aling proportionally with the square root of
the poloidal

β

[63℄ or with the lo al thermal gyro-radius or fast parti le gyro-radius,

but espe ially the latter ones are generally not

onsidered very reliable. Even though

JETTO in ludes implementations of su h models, only the

ad ho

model in whi h

the ETB is a free parameter has been used in the work presented in this thesis.

ad ho

The semi-empiri al Bohm/gyro-Bohm transport model

ombined with the

ETB model des ribed above gives a reasonably realisti

des ription of the plasma

transport properties in the absen e of spurious events su h as ELMs. A broadly held
view is that transport within and in the vi inity of the ETB in reases dramati ally
during ELMs. It is thought that the MHD instabilities believed to drive the ELMs
give rise to a massive in rease in the level of transport in this region and that it is
this in rease in transport that

auses the sudden expulsion of energy and parti les

into the SOL. To date, this intermittent in rease in transport believed to o
during the ELMs is poorly understood, and,
with a good predi tive

ur

onsequently, no self- onsistent model

apability exists for it.

One of the problems ta kled in this thesis is, under the assumption that the ELM
is a transport phenomenon, to develop ELM models useful in predi tive transport
modelling aimed at qualitatively studying various phenomena. The models proposed
in this thesis are des ribed in detail in the rst few se tions of Chapter 3. The thesis
then

ontinues with the appli ation of these models to a range of physi s problems.

It should be noted that ELMs are not the only type of intermitten y not taken
into a

ount by the Bohm/gyro-Bohm and ETB models. Other types of spurious

events are

ommon in fusion plasmas, notably sawtooth os illations, whi h are a

type of intermittent burst of parti les and energy in the deep

ore, believed like

ELMs to be transport events driven by MHD instabilities. Given that this thesis
deals solely with qualitative phenomena o

urring in the edge plasma, models for

transient events other than ELMs have been omitted, for simpli ity. Qualitatively,
this should not inuen e the results and the
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on lusions drawn from them.

2.2.3 Auxiliary Modules
Finally, it should be stressed that JETTO is more than a transport solver. Several
external modules have been

oupled to JETTO for dealing with physi s ae ting

the out ome of the transport

al ulation at the

ore of the

ode.

For the power

deposition and beam-driven urrent distribution due to neutral beam inje tion (NBI)
heating, a pa kage

alled PENCIL [64℄ is used. PENCIL

al ulates the dynami s of

the fast ion distribution from the Fokker-Plan k equation. Alternatively, the power
deposition proles

an be read in as data produ ed by external means. JETTO also

in ludes numeri al

odes for other plasma heating methods su h as ion

resonan e frequen y heating (ICRH) [10℄, ele tron

heating (ECRH) [6567℄ and lower hybrid heating and
For transport of neutral parti les, there is a pa kage
to JETTO. FRANTIC is a Monte Carlo

y lotron

y lotron resonan e frequen y
urrent drive (LHCD) [10℄.
alled FRANTIC [68℄ linked

ode [69, 70℄, whi h means that it uses

algorithms relying on repeated random sampling to

ompute their results.

2.3 COCONUT
Apart from JETTO, a

onsiderably more

CONUT [71℄ has been used in

omplex transport

ode known as CO-

ertain well-dened parts of the work des ribed in

subsequent se tions. COCONUT, whi h is also provided by JET is, in fa t, a

ou-

pling of the 1.5D

ode

ore transport

EDGE2D [72℄. Su h a

ode JETTO and the 2D edge transport

oupling of two

odes working in dierent plasma regions is

ne essary for self- onsistent modelling of the entire plasma, as des ribed in Se . 2.1.

In the COCONUT
The other

oupling, JETTO works as des ribed in the previous subse tion.

ode, EDGE2D works on a two-dimensional grid at the edge. Figure 2.1

provides an illustration of the EDGE2D simulation domain and typi al simulation
grid. The

ode requires a mesh

to the ux surfa es.

onsisting of quadrilaterals with two sides parallel

Typi ally, the boundary between the simulation domains of

JETTO and EDGE2D in a COCONUT run is at the separatrix. EDGE2D passes the
heat and parti le uxes a ross the separatrix as boundary onditions for JETTO and,
similarly, JETTO passes the same quantities as boundary

onditions for EDGE2D.

In this way, both JETTO and EDGE2D are provided with self- onsistent boundary
onditions.

Given the two-dimensional nature of SOL physi s, EDGE2D is an even more omplex
tool than JETTO. In brief, EDGE2D solves a set of single-uid equations similar to
the set of equations solved by JETTO. Here, the term single uid means that from an
MHD point of view, the plasma is treated as a single quasi-neutral uid of ele trons
and ions. Spe i ally, EDGE2D solves

ontinuity equations for the
22

onservation of

2.0

1.5

1.0

0.5

z [m] 0.0

-0.5

-1.0

-1.5

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8
R [m]

A typi al EDGE2D simulation grid onsisting of quadrilaterals with two
sides parallel to the ux surfa es. The solid blue line outside the grid itself denotes
the vessel wall. The dotted red line indi ates the magneti separatrix. The grid is
for a JET low-triangularity equilibrium.
Figure 2.1:
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parti les, energy

onservation equations and momentum

ele trons, one hydrogeni

onservation equations for

ion spe ies and up to two impurity spe ies. Given that

the transport equations in EDGE2D are essentially variants of the

onservation laws

derived in Se . 2.2.1 whi h JETTO solves, the exa t expressions will not be listed
here, but are given in Ref. [72℄. In addition to that, the same equations
in the more detailed Ref. [73℄, whi h

an be found

ontains extensively detailed des riptions about

issues related to two-dimensional edge uid

odes generally appli able to EDGE2D.

It should be emphasized that the transport equations solved by EDGE2D are fundamental

onservation laws derived from rst prin iples. As in JETTO, the heat and

parti le uxes appearing in the fundamental equations are
port

al ulated using trans-

oe ients that determine these uxes. Again, various transport models

used for evaluating the transport

an be

oe ients. A dieren e with respe t to JETTO

is that EDGE2D solves the transport equations in two dimensions and therefore
has to deal with transport both perpendi ular and parallel to the magneti

eld

lines. Perpendi ular transport is assumed to be anomalous transport due to magneti

turbulen e. In the work presented in this thesis, the perpendi ular transport

oe ients have simply been given

ad ho

values, be ause very little is known about

what values and what kind of spatial behaviour these

oe ients a tually might

have in a real plasma. Often, the inter-ELM ion neo- lassi al level of perpendi ular
transport at the top of the pedestal in JETTO has simply been used radially and
poloidally uniformly for the SOL in EDGE2D as well.

Parallel transport, whi h is better understood, is treated
lassi al parallel transport

oe ients are

lassi ally in EDGE2D. The

al ulated using a dis retization te hnique

known as the 21-moment approximation [74℄. On top of this, the parallel transport
oe ients

an be s aled by adjusting transmission fa tors known as the ion heat ux

limiting fa tor

αf lux,i

and the ele tron heat ux limiting fa tor

as [73℄

χk,s =
Here, the subs ript

s

χk0,s
1+

ns χk0,s ∇Ts
αf lux,s ns cs Ts

stands for either ions

i

αf lux,e

.

or ele trons

and dened

(2.22)

e, χk0,s

is the thermal

ondu tivity in the dire tion parallel to the eld lines given by the 21-moment
approximation,

χk,s is the modied thermal ondu tivity in the dire tion parallel to
cs is the sound speed. The heat ux limiting fa tors, whi h as

the eld lines and

the name implies limit the heat uxes appearing in the transport equations, are a
way of des ribing a transition from diusive to
available a se ond set of transmission
sheath heat transmission
be used as kineti

onve tive transport. There is also

oe ients known as the ion and ele tron

oe ients, whi h like the heat ux limiting fa tors

an

orre tions to the uid treatment.

For dealing with the intera tions of hot neutrals with the ba kground plasma,
EDGE2D in itself has traditionally been linked to a kineti
Carlo

neutral parti le Monte

ode known as NIMBUS [75℄ and is, therefore, often referred to as EDGE2D/
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NIMBUS. Re ently, NIMBUS has been repla ed with a more advan ed
as EIRENE [76℄, and,
when referring to this

ode known

onsequently, it is ustomary to talk about EDGE2D/EIRENE
ombination.

2.4 ASCOT
For estimating the ee t of ripple losses of thermal ions on transport, a Monte
Carlo orbit-following

ode

alled ASCOT [77℄ has been used. ASCOT is provided

by Helsinki University of Te hnology and is available at JET.

In ASCOT simulations, an ensemble of test parti les represents a population of
physi al parti les. By using a spe ial parti le weighing s heme, ea h test parti le
represents a large number of physi al parti les. The test parti les are simulated on
top of a stationary ba kground plasma with a lo ally Maxwellian velo ity distribution.

The motion of harged parti les in a magneti eld follows from the (non-relativisti )
Lorentz for e given by Eq. (2.2) that the individual parti les experien e. As noted
earlier, it

an easily be shown that this equation leads to gyro-motion for a

parti le in a magneti

eld.

Eq. (2.2), that the guiding
known as
ele tri

~r × B
~,
E

Furthermore, it

an be shown, again starting from

entre of the parti le orbit experien es various drifts

polarization, gradient and

and magneti

harged

urvature drifts under the inuen e of

elds [6℄. ASCOT is a guiding

entre following

ode, whi h

means that it averages out the gyro-motion and follows only the guiding

entres of

the gyrating parti les.

Collisions, or more generally speaking intera tions, between the test parti les and
ba kground plasma are evaluated between the orbit integration time steps.
intera tions are modelled by a Monte Carlo
probability distribution.

The ee t of a toroidal ele tri

ministi . ASCOT takes into a
ee ts in luding

The

ollision operator based on a binomial
eld, however, is deter-

ount various physi s pro esses su h as neo- lassi al

ollisional transport, nite orbit width ee ts and trapped parti le

ee ts, losses su h as orbit losses and

harge ex hange losses, and beam thermal

diusion.

ASCOT has a three-dimensional model for magneti

ripple [78℄, enabling realisti

estimates for ripple losses to be obtained in luding the lo alization of the losses as
a fun tion of the ripple amplitude, plasma parameters and magneti
25

onguration.

2.5 MHD Stability Codes
The above des ribed

odes JETTO, COCONUT and ASCOT all in their own ways

deal with transport and in parti ular with

onstru ting and applying models for

thermal and parti le diusivity. Be ause separate models for intermitten y su h as
ELMs are to be applied when the plasma is thought to be ome unstable, the MHD
stability of the plasma also has to be taken into a
sented in subsequent
stability

ount. The transport analysis pre-

hapters often makes use of MHD stability results. The MHD

al ulations have been

arried out using two

odes

alled HELENA [79℄

and MISHKA-1 [80℄.

2.5.1 HELENA
HELENA is an MHD equilibrium solver, i.e. it solves the Grad-Shafranov equation
for the distribution of the magneti
solving the magneti

ux surfa es.

HELENA has been used for

equilibrium with a higher resolution than what is available

from JETTO's internal equilibrium solver ESCO in order to provide MISHKA with
an adequately rened equilibrium solution. HELENA also solves for stability against
innite-n ballooning modes.

2.5.2 MISHKA
MISHKA is a linear MHD stability
presented in subsequent
used almost ex lusively.
and

ode, available in many versions. In the work

hapters, an ideal linear version

alled MISHKA-1 has been

MISHKA-1 solves a set of ideal linear MHD equations

an evaluate stability against any mode number, providing growth rates and

eigenfun tions as output. Given that MISHKA plays an auxiliary role in the work
dis ussed in subsequent

hapters, the rather lengthy details of the equations solved

by the ode are omitted here. A full des ription of MISHKA
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an be found in Ref. [80℄.

Chapter 3

Predi tive Transport Modelling of
Edge Transport Pro esses in ELMy
H-Mode Tokamak Plasmas

The main results of the thesis are presented in this
previous

hapter, the Bohm/gyro-Bohm model in

model in JETTO is not

hapter.

As des ribed in the

ombination with the

ad ho

ETB

apable of des ribing plasma transport during ELMs and

other transients events. Consequently, mu h of the beginning of the present

hapter

des ribes ELM models and ELM modelling s hemes suitable for predi tive transport modelling, whi h have been developed as part of the thesis work. Subsequent
se tions then des ribe results obtained using these models and s hemes. Most of the
work is

ore and ETB modelling with JETTO, but there is also a se tion dealing

with integrated modelling using COCONUT. Most of the simulations des ribed in
the present

hapter have been performed using JET plasmas.

3.1 Modelling with ad ho Models for Type I, Type
II and Type III ELMs
Understanding the ELM phenomenon and developing a model for it with predi tive
apability have been key goals in magneti
role of ELMs in determining plasma

fusion resear h ever sin e the important

onnement and heat loads on plasma-fa ing

omponents was rst understood. Unfortunately, given that the ELM is an ex eedingly

omplex, non-linear phenomenon, these goals are still to a signi ant extent

to be a hieved. The physi s of ELMs is not fully understood and no universal ELM
model exists for numeri al modelling purposes.
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Nevertheless, however intri ate it

may be to des ribe the ELM phenomenon a

urately in terms of getting the physi s

right, simplied and phenomenologi al models have turned out to be highly useful and versatile in predi tive transport modelling. In parti ular, su h models are
usually

apable of

orre tly reprodu ing and predi ting qualitative trends su h as

hanges in the ELM frequen y and the level of

onnement. Even

ad ho

models,

whi h la k mu h of the physi s of the ELM phenomenon and only try to reprodu e its ee ts, have been used su

essfully in various studies yielding a plethora of

qualitative physi s results. Publi ations 1 and 2 des ribe a few su h results.

3.1.1 MHD Stability Interpretation
As des ribed in Publi ations 1 and 2, a suite of phenomenologi al ad

ho

ELM models

suitable for qualitative modelling has been implemented into JETTO and used in
predi tive transport modelling. These models rely on the

ommon assumptions that

the large parti le and heat ux during an ELM results from a transport perturbation
in the edge plasma and that this edge transport perturbation is driven by MHD
instabilities. The MHD stability interpretation on whi h the models are based is
dis ussed below. Before this dis ussion, a few
an most

onveniently be done by

on epts need to be

laried, whi h

onsidering some results obtained in ideal linear

MHD stability analysis of JET plasmas.

Figure 3.1, whi h has been obtained by running MISHKA-1 for a

ouple of high-

triangularity JET equilibria, illustrates what MHD stability diagrams typi ally may
look like and will be used as an aid in the des ription of ELM models. Here, hightriangularity refers to the shape of the toroidal plasma

ross se tion. Shown in the

diagrams are the toroidal mode numbers of the most unstable peeling and ballooning
modes as well as innite-n ballooning instabilities (marked with

rosses) in a number

of lo ations in an operational spa e with the normalized pressure gradient
horizontal axis and magneti

shear

s

on the verti al axis.

(marked with a dot) is also shown. Here,
where

Bθ

is the poloidal magneti

eld,

p

α

α

on the

The operational point

α = −(2µ0 r 2 /Bθ )(dp/dψ),
pressure and ψ is the poloidal ux.

is dened as

is the

The diagram in frame (a) represents a situation with a modest density, whereas
frame (b) is for a high-density situation often a hieved with high levels of external
neutral gas pung. The qualitative dieren es between the two diagrams should be
noted. In frame (a), the operational point is lo ated in what is referred to as the
se ond ballooning stable regime, a stable regime at intermediate levels of magneti
shear, where stability is limited by medium-n ballooning modes. In frame (b), the
operational point appears to be deeply unstable against innite-n ballooning modes.
Stability is ee tively limited by what is referred to as the rst stability limit, i.e.
the left boundary of the innite-n ballooning unstable region in the diagrams. The
stable region left of the innite-n ballooning unstable region is referred to as the
rst ballooning stability region.
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MHD stability diagrams obtained by running MISHKA-1 for JET
plasmas: (a) a low-density high-triangularity plasma and (b) a high-density hightriangularity plasma. The diagrams orrespond to radial lo ations near the magneti
surfa e with the maximum pressure gradient. The numbers on the plot indi ate
the toroidal mode numbers of the most unstable kink, peeling or ballooning mode in
ea h lo ation. The solid urve marks the innite-n ballooning stability boundary,
inside (above and to the left of ) whi h innite-n ballooning unstable points (marked
with rosses) are found. The operational point is marked with a dot. The approximate areas in the parameter spa e with innite-n ballooning, nite-n ballooning and
kink/peeling modes have been marked with dierent shades of grey.
Figure 3.1:
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In Publi ations 1 and 2, it is argued that a type I ELM o

urs when the nite-n

ballooning stability limit to the right of the se ond stable region in the diagrams
in Fig. 3.1 is violated.

In other words, the situation in frame (a), in whi h the

operational point is lo ated in the se ond ballooning stability region, and the nite-n
ballooning stability limit denes stability and o

asionally gets violated, is assumed

to represent a type I ELMy H-mode. Similarly, a type III ELM is proposed to o
for higher magneti
the

ur

shear, when the rst ballooning stability limit is violated, with

aveat that stability has to be

ontrolled by the rst ballooning stability limit

in a region whose radial extent is a sizable fra tion of the pedestal width. Thus,
the situation in frame (b) in Fig. 3.1, where the plasma is innite-n ballooning
unstable, is interpreted to

orrespond to a type III ELMy H-mode, provided that

the pi ture is the same for a range of ux surfa es

overing most of the pedestal.

Violations of the rst ballooning stability limit at the outermost ux surfa es only,
in a region signi antly narrower than the pedestal width, are interpreted to result
in type II ELMs at the edge. In a
II ELMy H-mode is proposed to

ordan e with these assumptions, a pure type

orrespond to the following situation: the inner

part of the ETB is se ond ballooning stable and the pressure gradient in this region
never builds up to the

riti al level dened by the nite-n ballooning stability limit,

but the outermost edge of the ETB is unstable against innite-n ballooning modes,
with marginal stability in this region being dened by the rst ballooning stability
limit. Analogously, a mixed mode of operation, referred to as type I-II ELMy Hmode [41, 42℄, is proposed to

orrespond to the following situation: the inner part of

the ETB is se ond ballooning stable, but features o

n

asional violations of the nite-

ballooning stability limit, whi h result in type I ELMs, and the outermost edge

of the ETB is unstable against innite-n ballooning modes

ausing type II ELMs,

with marginal stability in this region again being dened by the rst ballooning
stability limit. As will be ome evident later, it is possible to reprodu e a number of
experimental

hara teristi s

orre tly with these denitions in luding the high ELM

frequen ies in type II and type III ELMy H-modes in
H-mode and the redu ed

omparison to type I ELMy

onnement in type III ELMy H-mode, but not in type II

ELMy H-mode, with respe t to type I ELMy H-mode.

3.1.2

Ad ho

ELM Modelling S hemes

In simulations with the phenomenologi al

ad ho

ELM models dis ussed in Publi-

ations 1 and 2, the ETB is represented by a redu tion of all transport

oe ients

to a uniform ion neo- lassi al level. An ELM is triggered when the pressure gradient (typi ally) anywhere within the pedestal ex eeds a pre-dened radially
riti al pressure gradient. During the ELMs, all transport

onstant

oe ients are in reased

uniformly within the pedestal to pre-dened levels. The ELM duration and ELM
amplitude in terms of the enhan ed level of ion thermal
mal

ondu tivity, ele tron ther-

ondu tivity and parti le diusivity are typi ally adjusted so that the energy

loss per ELM

orresponds to experimental observations. In the
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ase of a mixed type

I-II ELMy H-mode, separate stability limits for the outermost and the inner region
of the ETB are used. Transport is enhan ed only in the region where stability is
violated. The transport enhan ement fa tor is kept mu h smaller in the outer region
than in the inner region, in order to a

ount for the fa t that type II ELMs are far

smaller events than type I ELMs.

Despite their

rudeness, the simple models des ribed above are

apable of qualita-

tively reprodu ing mu h of the experimental dynami s of the various ELMy H-mode
regimes at a level that makes them useful in predi tive transport modelling. To begin with, s hemes su h as these full the basi

requirement that they

an reprodu e

an ELM frequen y that in reases with in reasing external heating power. This basi
type I ELMy H-mode-like property follows from the fa t that the higher the level
of absorbed power in the pedestal, the more rapidly the pedestal builds up after
an ELM

rash, so it is not surprisingly a feature that

an be reprodu ed with very

simplisti s hemes. The models also tend to be able to reprodu e
ment

hanges in

onne-

orre tly in a qualitative sense when used in predi tive transport simulations,

as will be seen further on. Publi ations 1 and 2, among other things, des ribe some
results obtained with the suite of

ad ho

models. The s heme for modelling type I

ELMy H-mode has also been used in Publi ation 5.

Figure 3.2 illustrates how the

ad ho

ELM model for type I ELMy H-mode inu-

en es the time evolution of the transport

oe ients and how the ELM frequen y

given by the model behaves in response to a
The gure shows the ion thermal

hange in the external heating power.

ondu tivity at the magneti

surfa e

ρ = 0.97,

a radial lo ation in the middle of the ETB, in two predi tive JETTO simulations
with dierent levels of external heating power. The periodi
ion thermal

ondu tivity are type I ELMs triggered by the

spikes in the level of

ad ho

ELM model. In

the simulation used in frame (a), 16 MW of neutral beam power is inje ted into the
plasma, whereas a level of 8 MW is used in the simulation used in frame (b). The
ELM frequen y in the former simulation is higher by a fa tor of almost 1.7.

Figure 3.3 illustrates how the suite of

ad ho

models qualitatively reprodu es the

dynami s of mixed type I-II ELMy H-mode, as des ribed in Publi ation 2.

The

gure shows time tra es of the ion thermal

ρ =

0.995

and

ρ = 0.965,

ondu tivity at the ux surfa es

whi h are lo ated on dierent sides of the boundary between

the two pedestal regions asso iated with type II and type I ELMs, respe tively.
In a

ordan e with results from MHD stability analysis, dierent

riti al pressure

gradients and dierent enhan ement fa tors have been used in the two regions. The
time tra e for the lo ation
interrupted by o
model

lose to the separatrix shows tiny, frequent type II ELMs

asional large type I ELMs.

The behaviour reprodu ed by the

hara teristi ally resembles the experimentally observed behaviour in mixed

type I-II ELMy H-mode regimes.
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Ion thermal ondu tivity as a fun tion of time at the magneti surfa e
ρ = 0.97 in two typi al JETTO simulations with an ad ho model for type I ELMy
H-mode with dierent levels of external heating power. (a) P = 16 MW, (b) P =
8 MW.
Figure 3.2:

3.1.3 Sus eptibility for Type II ELMs
Publi ation 2 also dis usses various
o

onditions reported to be favourable for the

urren e of type II ELMs and seeks to explain su h proneness to type II ELMy

H-mode in terms of the MHD stability assumptions des ribed above. Among the
onditions and features reported to in rease the sus eptibility for type II ELMs are
strong neutral gas pung [81℄, a quasi double null magneti
i.e. a magneti

onguration [82, 83℄,

onguration featuring proximity to a se ond singularity over and

above the usual singularity used to shape the eld lines in the vi inity of the divertor,
high poloidal

δ

β

[84℄, high edge safety fa tor

q95

[85, 86℄ and high triangularity

[85, 86℄. By performing MHD stability analysis with MISHKA-1 on interpretative

JETTO runs, it is shown in Publi ation 2 that ea h of these

onditions tends to

make the outermost plasma edge more unstable against innite-n ballooning modes,
in other words make the plasma more sus eptible to type II ELMs a

ording to the

interpretation explained above.

3.2 Transition from Type I to Type III ELMy HMode
From experiments, it is known that plasma easily a ommodates modest external
22 −1
neutral gas pung, e.g. a neutral inux of 3 × 10
s in the ase of JET. Higher
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Ion thermal ondu tivity as a fun tion of time in a typi al JETTO
simulation with an ad ho model for mixed type I-II ELMy H-mode at (a) ρ = 0.995,
(b) ρ = 0.965.
Figure 3.3:

levels of gas pung
a dramati

an trigger a transition from type I to type III ELMs with

in rease in the ELM frequen y followed by a deterioration of plasma

onnement. [81℄

In Publi ation 1, it is shown that strong external neutral gas pung
sequen e of
total edge

ausalities involving the edge density,

urrent and magneti

an

ause a

ollisionality, bootstrap

urrent,

shear, eventually triggering a transition from se ond

to rst ballooning stability. Initially, the level of neutral inux a ross the separatrix
for a few dierent levels of external neutral gas fuelling has been established in
simulations with the integrated transport

ode COCONUT. Be ause of ionization in

the SOL, only a small fra tion of the total gas pu a tually penetrates the separatrix
and enters the

onned plasma. In fa t, the neutral inux a ross the separatrix turns

out to be between one and two orders of magnitude smaller than the applied pu
rate. The ee t on separatrix density and temperature has then been studied in the
simulations with COCONUT. Due to ionization of neutrals, in reased neutral gas
pung in reases the density in the edge plasma. Given that the pressure gradient
33

and thus the pressure

annot in rease un ontrollably, the temperature de reases.

It should be noted that evaluating the neutral inux a ross the separatrix and the
density and temperature evolution in response to it in a self- onsistent way requires
a tool like COCONUT with the

apability to simulate the entire plasma in an

integrated fashion.

The sequen e of

ausalities resulting from an in rease in the level of external neutral

gas pung has been explored further with the JETTO
the self- onsistent separatrix density and temperatures
boundary

onditions. In the JETTO runs,

ore transport

ode using

al ulated by COCONUT as

ollisionality at the edge in reases with

the in reasing edge density resulting from an in rease in external neutral gas pung.
∗
To a rst approximation, the bootstrap urrent Ibs s ales as Ibs ∼ 1/(1 + ν ), where
∗
ν is the ollisionality. As a result of the in reased ollisionality at the edge, there is
a signi ant de rease of the bootstrap

urrent with in reasing gas pung. Doubling

the pu rate nearly halves the bootstrap
range.

Hen e, the edge

urrent, whi h

urrent but also of Ohmi

urrent in some parts of the parameter

omprises to a larger extent of bootstrap

urrent, de reases by a similar amount. Magneti

in reases with de reasing edge

shear

urrent, roughly in inverse proportions to the edge

urrent density in some parts of the parameter spa e.

It is known that magneti

ontrols MHD stability in general and innite-n

shear

ballooning stability in parti ular. MHD stability analysis with the

odes HELENA

and MISHKA-1 shows that when the ee t is strong enough, in reased magneti
shear due to external neutral gas fuelling

an

ause a transition from se ond to rst

ballooning stability, in other words a transition from the situation in frame (a) in
Fig. 3.1 to the situation in frame (b).

It is

lear that the

riti al pressure gradient de reases abruptly by a fa tor of about

two during the transition from se ond to rst ballooning stability. In the work des ribed in Publi ation 1, making the assumption that stability is

ontrolled entirely

by the pressure gradient limit, the ee t on the ELM frequen y of the transition has
been modelled with JETTO. The

ad ho

ELM model for type I ELMs des ribed in

Se . 3.1 has been used. As expe ted, the ELM frequen y in reases dramati ally in
the simulations, when the

riti al pressure gradient drops by a fa tor of two. The

in rease in the ELM frequen y is a

ompanied by a deterioration of plasma

onne-

ment, whi h follows from the fa t that a smaller pedestal pressure gradient leads to
a lower pedestal height and due to prole stiness also to lower

ore pressure. The

behaviour resembles the experimentally observed transition from type I to type III
ELMs triggered by an in rease in the external neutral gas fuelling.
an be

Therefore, it

on luded that, qualitatively, the transition from se ond to rst ballooning

stability resembles the experimentally observed transition from type I to type III
ELMy H-mode with the
of plasma

on omitant in rease in ELM frequen y and deterioration

onnement.
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Finally, it is worth noting that the pre eding dis ussion also provides a good example of what

an be a hieved through integrated predi tive modelling and why it

is needed. The nal

on lusion has been rea hed through a pro ess involving inte-

grated modelling of the entire plasma, stand-alone modelling of the
MHD stability analysis and the use of a simplisti

onned plasma,

ELM modelling s heme.

3.3 Modelling with Theory-Motivated ELM Models
Given the importan e of the ELM phenomenon, it is
have more sophisti ated models for it than the very

lear that it is desirable to

rude

ad ho

models dis ussed

in the previous subse tions. For this reason, models based on linear ballooning and
peeling mode stability theory have been developed, as dis ussed in Publi ations 3
and 4. Publi ation 3 introdu es a minimal model for des ribing the linear evolution
of the ballooning mode amplitude.

The ELMs are represented by exponentially

growing u tuations in a simple linear MHD model for a system with a ba kground
thermal noise. The idea here is to improve upon the
introdu ed in Se . 3.1 by

ad ho

fashion. This

ELM modelling s heme

al ulating the ELM amplitude and ELM duration from

a model based on theoreti al
in an

ad ho

onsiderations rather than assigning these parameters

an most readily be a hieved by introdu ing an equation

for the time-evolution of the ballooning mode amplitude and s aling transport in
the ELM-ae ted area a

ording to this

form of su h an equation

al ulated mode amplitude. The general

an quite easily be dedu ed from the general properties

of MHD instabilities. To begin with, in ideal MHD the growth rate of the mode
should be zero below a stability threshold dened in terms of a
gradient in the

riti al pressure

ase of a ballooning mode. When above the stability threshold, the

mode amplitude should grow at the

hara teristi

In addition to a growth rate term, one

an also

growth rate of a ballooning mode.
on eive of a damping rate term

due to non-ideal MHD ee ts that tries to return the mode amplitude ba k to the
level of thermal noise. Finally, the equation should a
toroidal

ount for the fa t that due to

oupling between the individual harmoni s making up a ballooning mode,

su h modes are global, i.e. lo alized over a nite region of the edge plasma rather
than

onned to spe i

Based on these

magneti

surfa es.

onsiderations, the following linear dierential equation has been

onstru ted for the ballooning mode amplitude:

dξ
1
=
dt
N

kseparatrix

X

k = ktop

Here, the index

k

of ETB

"

cs,k
C1 p
Lp,k Rk



αc
1−
αk



#


αc
cs,k
H 1−
ξ − C2
(ξ − ξ0 ) .
αk
Rk
(3.1)

N = kseparatrix − ktop of ETB is the number
C1 ∼ 1, C2 ∼ 0.1 and ξ0 ∼ 0.01 are onstants

runs over mesh points,

of mesh points within the ETB,

hara terizing the growth rate of the instability, the de ay rate of the mode due to
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H is
the Heaviside fun tion dened as H(x) = 0, if x < 0 and H(x) = 1, if x ≥ 0, x
p
being an arbitrary variable, cs =
Te /mi is the sound speed, Lp = p/|dp/dr| is
the pressure s ale length, r is the minor radius, R is the major radius and αc is the
non-ideal MHD ee ts and the level of ba kground u tuations, respe tively,

riti al normalized pressure gradient.

The

oe ients

C1 , C2

and

lations is obtained. The

C2 ≪ C1

ξ0

have been

hoi e of the

hosen so that a regime of dis rete os il-

oe ients

C1

and

C2

so that

C1 ∼ 1

and

goes in line with what would be expe ted from a general des ription of

the ballooning mode instability. Spe i ally, the

hoi e

typi al growth rate of a ballooning mode [87℄ and the

C1 ∼ 1 orresponds to the
hoi e C2 ∼ 0.1 to a gyro-

Bohm diusion time for a mode the radial s ale of whi h is a few ion gyro-radii.
The

hoi e

ξ0 ∼ 0.01

is just a des ription of the ba kground thermal noise level. As

Publi ation 4 mentions, the behaviour of the model is somewhat insensitive to the
values of

C1 , C2

and

ξ0 ,

Above the threshold

on e the model has entered a regime of dis rete os illations.

αc ,

the mode amplitude in reases linearly with a growth rate

equal to the ballooning mode growth rate.

The fa tor

cs /

p

Lp R

orresponds to

the ballooning mode growth rate well above the instability threshold.
threshold

αc ,

of taking into a
MHD with

Below the

the growth rate is zero due to the Heaviside fun tion, whi h is a way
ount the fa t that there is no damping or growing solution in ideal

α < αc

and of reprodu ing the transition from an os illating solution to

a growing solution taking pla e when the

riti al pressure gradient is ex eeded. The

se ond term inside the bra kets on the right-hand side of Eq. (3.1) des ribes the
level of ba kground u tuations and the de ay rate of the mode after an ELM
due to non-ideal MHD ee ts su h as nite vis osity and diusivity, and
mode amplitude to tend to

rash

auses the

onverge towards the level of ba kground u tuations

between the ELMs. The

oe ient

is damped after an ELM

rash.

C2 cs /R

determines the rate at whi h the mode

The sum in Eq. (3.1) runs over all mesh points within the ETB. Averaging Eq. (3.1)
over the ETB is a way of a

ounting for the global nature of ballooning modes. The

assumption that the radial extent of the unstable mode usually
ETB width has been
stability

oin ides with the

ross he ked in numeri al analysis with the ideal linear MHD

ode MISHKA-1 [88℄.

At ea h time step, the (normalized) pressure gradient, pressure s ale length and
temperature

ξ,

al ulated by JETTO are used to evaluate the perturbation amplitude

and Gaussian-shaped transport perturbations having amplitudes proportional to

the perturbation amplitude
proles of the transport

ξ

given by Eq. (3.1) are added on top of the radial

oe ients within the ETB and its vi inity. Spe i ally,
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the additional transport perturbation

δχ

representing ELMs

an be written

" 
2 #
r − r0
δχ(r, t) ∼ ξ(t) exp −
,
∆
where

r0 is the radial lo

ation of the

(3.2)

entre of the Gaussian and

∆ is the

hara teristi

width of the Gaussian. In this way, the ELM modelling s heme intera ts with the
transport simulation through a feedba k loop working in both dire tions.

The use of Gaussian-shaped ELMs is motivated by the fa t that the ballooning
modes assumed to drive the ELMs have Gaussian shapes in linear theory. The parameters

r0

and

∆ are determined on a

ase-by- ase basis by analysing the stru ture

of the unstable modes in the type of plasma being modelled. The transport perturbation is usually assumed to
mode. In most

oin ide with the eigenfun tion of the most unstable

ases, the ELM-ae ted area roughly

oin ides with the pedestal.

The fa t that the perturbations applied to the transport
with the

al ulated ballooning mode amplitude is

oe ients s ale linearly

onsistent with the

ommonly

used quasi-linear approximation [89℄. Arguably, the enhan ement of the transport
oe ients should s ale with the ballooning mode amplitude as something in the
range from almost no dependen e,

onsistent with the

diusivity in the strong turbulen e limit, to the quadrati

onstant saturated level of
dependen e given by the

quasi-linear approximation. The linear dependen e used here lies in between these
two extremes and gives qualitatively the same results as the quadrati

dependen e.

In Publi ation 3, it is demonstrated that the linear ballooning model des ribed by
Eq. (3.1) produ es dis rete os illations when
that it

oupled to a transport simulation and

an qualitatively reprodu e the dynami s of type I ELMy H-mode, in luding

an ELM frequen y that in reases with in reasing external heating power. Like the
simpler

ad ho

models introdu ed in Se . 3.1, the theory-motivated ballooning model

la ks the full predi tive

apability of reprodu ing the exa t time of onset, duration

and amplitude of ea h individual ELM, but it improves upon the simpler models
in the sense that it gives qualitatively the

orre t behaviour in a wide range of

situations with a minimum number of free parameters.

Publi ation 3 further dis usses the

onditions ne essary for obtaining dis rete os il-

lations and the ELM generation me hanism. Generally, several

onditions have to

be fullled in order to obtain dis rete os illations with a model like Eq. (3.1). Usually, the model has to be at least one-dimensional, i.e. no os illations are obtained in
a zero-dimensional system. It is essential that the model is

oupled to a transport

simulation, as here. It also seems to be ne essary that the ELMs are represented
by perturbations with a nite width, e.g. by using Gaussian-shaped eigenfun tions
as here. In addition, the averaging over the whole pedestal and the dis retization
provided by the Heaviside fun tion seem to be of some importan e.
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In Publi ation 3, it is demonstrated that apart from these fa tors the onset of
dis rete os illations is related to how the radial proles of the transport

oe ients

are perturbed in the transport simulation and to how the pressure gradient evolves
as a result of this.

3.4 Modelling with a Theory-Motivated BallooningPeeling ELM Model
3.4.1 Theory-Motivated Ballooning-Peeling ELM Model
As dis ussed earlier, a broadly held view is that ELMs
ballooning modes

an be triggered both by

ontrolled mainly by the edge pressure gradient and by peeling

modes driven mainly by the edge

urrent.

An apparent de ien y of the model

des ribed by Eq. (3.1) is that it takes into a

ount ballooning mode stability only,

or to put it dierently, makes the assumption that the ELMs are
ballooning mode stability only.
assumption.

ontrolled by

An obvious improvement would be to relax this

It should be stressed, nevertheless, that the simplifying assumption

that stability is

ontrolled by ballooning modes only is still often a valid assumption.

Publi ation 4 des ribes how the theory-motivated ballooning model des ribed by
Eq. (3.1) has been extended to take into a

ount peeling modes: In this

ase two

mutually analogous linear dierential equations, one for ballooning modes and one
for peeling modes, are solved separately and the mode amplitudes from ea h equation
are added up to give a total mode amplitude:

1
dξb
=
dt
N
dξp
1
=
dt
N

kseparatrix

X





αc
cs,k
Cb γb,k 1 −
H (αk − αc ) ξb − Cd
(ξb − ξ0 ) (3.3)
αk
Rk

X





Jc,k
cs,k
Cp γp,k 1 −
H (Jk − Jc,k ) ξp − Cd
(ξp − ξ0 )
Jk
Rk

k = ktop

of ETB

kseparatrix

k = ktop

of ETB

(3.4)

ξ = ξb + ξp
Here,

γp

(3.5)

is the peeling mode growth rate. Generally,

γ b = γ p = cs /

p

Lp R

has been

used, i.e. the ballooning and peeling mode growth rates have for simpli ity been
assumed equal.

The simpli ation

γp = γb

an be used, be ause the model has

been shown to be relatively insensitive to the growth rates.
a lo alized stability

For peeling stability,

riterion based on the MHD energy prin iple is used.

ondition for peeling stability, omitting the mesh point indi es, is
the quantities

J

and

Jc ,

J < Jc ,

The
where

whi h are used analogously to the pressure gradient and
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the

riti al pressure gradient in the equations for the mode amplitude, are dened

as [33℄:

I
jk B
1
J = 1+ ′
dl − ∆v
πq
R2 Bθ3
p
Jc =
1 − 4DM ,

(3.6)
(3.7)

Here, DM is the Mer ier index [90, 91℄, whi h is proportional to the pressure gradient
p′ , q ′ is the gradient of the safety fa tor, jk is the urrent density parallel to the
magneti eld,

B is the magneti

eld strength and

∆v is a va

uum energy parameter

des ribing the distan e from the external surfa e to the plasma surfa e.

3.4.2 Combined Ballooning-Peeling ELMs
Like the theory-motivated ballooning model, the

ombined ballooning-peeling model

reprodu es the experimental dynami s of type I ELMy H-mode, in luding an ELM
frequen y that in reases with power, when
ulation.
by a

oupled to a JETTO transport sim-

It has been demonstrated that the individual ELMs are usually driven

ombination of ballooning and peeling modes.

Figure 3.4, whi h shows the

time evolution of some plasma parameters during a typi al

ombined ballooning-

peeling ELM, gives some insight into the dynami s of su h an ELM. The data
used in the gure is from a simulation using the magneti

equilibrium of a JET

high-triangularity ELMy H-mode plasma, pulse number 53298.

Frame (a) shows

ρ = 0.92 of maximum
ELM
P
amplitude, frame (b) the global ballooning mode growth rate γ B =
k [Cb γp,k (1 −
α
/α
)H(α
−
α
)]/N
and
frame
(
)
the
global
peeling
mode
growth
rate γ P =
k
c
Pc k
k [Cp γb,k (1 − Jc,k /Jk )H(Jk − Jc,k )]/N . Frames (d)  (h) show time tra es of a
number of plasma parameters at six dierent magneti surfa es, namely ρ = 0.94,
ρ = 0.95, ρ = 0.96, ρ = 0.97, ρ = 0.98 and ρ = 0.99. Spe i ally, frame (d) shows
time tra es of the normalized pressure gradient α, frame (e) of the total urrent
parallel to the magneti eld jk , frame (f ) of the expression Jc (Eq. (3.7)) in the
peeling mode stability riterion, frame (g) of the expression J (Eq. (3.6)) in the
peeling mode stability riterion and frame (h) of the expression J − Jc . The dotted
the ion thermal

ondu tivity at the magneti

line in frame (d) indi ates the

surfa e

riti al pressure gradient.

It should be noted that a very large-amplitude and long-duration ELM has deliberately been

hosen for Fig. 3.4 in order to make the behaviour of the parameters

illustrated more

learly visible. For purposes of studying the behaviour of the model,

the s aling of the transport enhan ement in response to the
tude

an be varied. The ELM size and duration

by adjusting the parameters
introdu ed earlier in this

C1 , C2

and

ξ0 .

al ulated mode ampli-

an also to some extent be varied

As is the

ase with the simpler models

hapter, it is di ult to reprodu e the a tual experimental

ELM times, durations and amplitudes with the
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ombined ballooning-peeling model
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Time tra es of a number of parameters of interest in a simulation with
the ombined ballooning-peeling ELM model dened by Eqs. (3.3)  (3.5): (a) ion
thermal ondu tivity χi , (b) global ballooning mode growth rate γ B , ( ) global peeling mode growth rate γ P , (d) normalized pressure gradient α, (e) toroidal urrent
density jk , (f ) the threshold Jc in the peeling mode stability riterion J < Jc , (g) the
expression J in the peeling stability riterion, (h) the expression J − Jc . The ion
thermal ondu tivity in frame (a) has been plotted at the radial lo ation of the maximum ELM amplitude, whereas the quantities in frames (d)  (h) have been plotted
at six dierent magneti surfa es: ρ = 0.94, ρ = 0.95, ρ = 0.96, ρ = 0.97, ρ = 0.98
and ρ = 0.99.
Figure 3.4:
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dened by Eqs.

(3.3)  (3.5), given the ex eedingly

omplex nature of the ELM

phenomenon.

By

omparing the time tra es of the ion thermal

ondu tivity, the global ballooning

mode growth rate and the global peeling mode growth rate in Fig. 3.4, it be omes
lear that the ELM starts as a ballooning mode instability and
mode instability. It should, however, be noted that the

ontinues as a peeling

riti al pressure gradient is

ex eeded and the global ballooning mode growth rate be omes nite already long
before the dis rete peak in the growth rate develops. The
is thus remarkably lengthy in

omplete ballooning phase

omparison to the visible high-amplitude phase of the

ELM during whi h the transport

oe ients rise to levels signi ant enough to have

a tangible ee t on say the plasma proles.

As shown in frame (d) in Fig. 3.4, the ballooning

omponent of the ELM eventually

be omes so strong that it starts to deplete the pressure gradient at the edge, whereby

α qui

kly falls below the

The edge

riti al level and the ballooning mode instability fades away.

urrent, however, rea ts more slowly to the onset of the ELM, as shown in

frame (e) in Fig. 3.4. This is a dire t

onsequen e of the general property that the

urrent evolves more slowly than the pressure gradient. Sin e the Mer ier oe ient
DM ∼ p′ and generally DM < 0, the stability threshold Jc given by Eq. (3.7)

s ales as

de reases in phase with

α, as illustrated in frame (f ) in Fig. 3.4.

Be ause the

urrent

responds to the transport enhan ement indu ed by the ballooning phase of the ELM
more slowly than the pressure gradient, the quantity

J

given by Eq. (3.6) does not

de rease but even in reases slightly during the initial fast drop in
peeling stability

J < Jc

riterion

is violated during the

Jc .
α

ollapse of

Hen e, the
indu ed by

the ballooning phase of the ELM. This be omes very evident by looking at the time
tra e of

J − Jc

in frame (h) in Fig. 3.4. The expression

initial drop in the pressure gradient o

J − Jc

ex eeds zero when the

urs. At the onset of the ELM, the plasma is

still deeply peeling stable.

Be ause of the slow redistribution of the
for the ELM to redu e

Jc .

J

urrent, it takes a

omparatively long time

given by Eq. (3.6) to a level below the stability threshold

Therefore, the peeling phase of the dis rete ELM peak lasts noti eably longer

than the brief large-amplitude phase of ballooning instability pre eding it.

The

feature that the de ay time of the ELM is of the order of or longer than both the
peak ballooning phase and the peeling phase of the ELM is due to the fa t that
the damping rate term in Eqs.

(3.3)  (3.4) is mu h smaller than the ballooning

and peeling mode growth rate terms, as determined by the

hoi es

Cd ≪ Cp .
Fig. 3.5 shows the typi al ballooning-peeling mode ELM

y le in an

Cd ≪ Cb
(α, jk )

and

oper-

ational spa e. The gure shows a tra e made up of points of equidistant temporal
separation. Due to the fa t that the redistribution of the edge
mu h slower than evolution of the edge pressure gradient, the
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urrent is generally

ombined ballooning-

peeling mode ELMs are triggered by a violation of the ballooning stability
The

riterion.

ollapse of the pressure gradient indu ed by the ballooning phase of the ELM

then leads to a violation of the peeling mode stability

riterion and the ELM

tinues in a generally lengthy peeling mode phase until the edge
been depleted to a stable level.
here resembles the

on-

urrent density has

It should be noted that the ELM

y le obtained

y le for type I ELMs predi ted in Ref. [39℄.
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The path tra ed in the α-jk operational spa e at the magneti surfa e
ρ = 0.99 during one ELM y le in a simulation with the ombined ballooning-peeling
ELM model des ribed by Eqs. (3.3)  (3.5). Conse utive points in the tra e are
equidistant in time. The approximate lo ations of the ballooning and peeling mode
unstable domains have been indi ated.
Figure 3.5:

Even though the model produ es

ombined ballooning-peeling ELMs triggered by

a ballooning mode instability in most

ir umstan es, it sometimes yields pure bal-

looning ELMs or pure peeling ELMs. Pure peeling ELMs are often obtained during
urrent ramp-ups and pure ballooning ELMs during

urrent ramp-downs.

Like the theory-motivated ballooning model introdu ed in Se . 3.3, the
ballooning-peeling model la ks the full predi tive

ombined

apability of quantitatively repro-

du ing the a tual times of onset, durations and amplitudes of individual ELMs.
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Qualitatively, however, the

ombined ballooning-peeling model improves signi-

antly on the ballooning model by taking into a

ount the dynami s of peeling

modes.

3.5 Ee ts of Ripple-Indu ed Thermal Ion Losses
on H-Mode Plasma Performan e
Mu h eort has been put into understanding and predi ting the intri a y of how
onnement and ELM properties depend on various plasma parameters, heating
power, ma hine size and various other parameters, whi h has led to the development of various s aling laws e.g. for the energy

onnement time [9294℄.

s aling laws give an expression for the desired quantity, say the energy
time, as a fun tion of parameters su h as plasma

These

onnement

urrent, toroidal magneti

eld,

average density, external heating power, ma hine size and plasma shape, and
be used to predi t

an

onnement in future devi es su h as ITER. An interesting ap-

pli ation is to test su h dependen ies in identity experiments involving two or more
tokamaks. Starting from 2004, a series of su h identity experiments has been

arried

out at JET and the Japanese JT-60U tokamak by a team with personnel from both
ma hines [51℄.

In many respe ts, the JT-60U tokamak is a ma hine similar to JET. In terms of
physi al size, in parti ular, the two tokamaks feature rather similar parameters,
with JT-60U having an only 10% larger major radius than JET. A major dieren e
is, however, that JT-60U features only 18 toroidal eld
JET, as a result of whi h the level of toroidal magneti
higher in the former ma hine, despite ferriti

inserts

oils in

omparison to 32 at

eld ripple is signi antly

arefully designed to redu e it.

In the JET / JT-60U dimensionless pedestal identity experiments, a good mat h
between the two tokamaks was obtained in all the main dimensionless plasma pa∗
rameters: the normalized plasma pressure β , the normalized gyro-radius ρ and the
∗
ollisionality ν . A spe ial JT-60U-like equilibrium was developed at JET in order
to mat h the plasma shape of JT-60U in terms of the triangularity
tion

κ.

δ

and elonga-

The dimensionless identity te hnique makes use of the invarian e of plasma

physi s to

hanges in the dimensional plasma parameters. Given the fa t that the

similar sizes of JET and JT-60U makes it possible to

arry out su h dimensionless

pedestal identity experiments with nearly identi al dimensional plasma parameters,
the experiments were regarded as parti ularly interesting.

Despite the good mat h in dimensionless parameters, the pedestal identity experiments failed,

ontrary to expe tations, to produ e plasmas with similar dimen-

sional pedestal parameters. Spe i ally, the ELM frequen y is generally lower and
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the pedestal performan e better in JET dis harges than in their JT-60U identity
mat hes [51℄.

Publi ation 5 summarizes the analysis performed to explain the dis repan ies observed in pedestal performan e and ELM frequen y in the series of dimensionless
pedestal identity experiments at JET and JT-60U. As a result of thorough analysis,
it was

on luded that the MHD stability of the pedestal is rather similar in both ma-

hines and that the observed dis repan ies

annot be explained by dieren es in the

MHD stability of the pedestal. The expli it dependen e of the MHD stability of the
pedestal on the aspe t ratio was investigated, be ause JT-60U features a 10% smaller
inverse aspe t ratio than JET. It was shown that MHD stability depends very little
on the aspe t ratio. The fa t that plasmas from the two ma hines feature rather
dierent toroidal plasma rotation proles  JET plasmas
dire tion of the toroidal magneti

o-rotate, i.e. rotate in the

eld, whereas JT-60U plasmas

ounter-rotate and

generally feature a lower rotation velo ity  was also taken expli itly into a
It was

ount.

on luded that toroidal rotation ae ts the MHD stability of the pedestal

very modestly. Some studies on other ma hines have indi ated that plasma rotation may have a non-negligible ee t on the MHD stability of the pedestal [95℄, but
in the JET/JT-60U dimensionless pedestal identity plasmas the ee t on marginal
stability was only of the order of a few per ent.

The failure to explain the results of the dimensionless pedestal identity experiments
at JET and JT-60U with dieren es in the MHD stability of the pedestal triggered
an eort to explore the role of ripple-indu ed transport in these experiments. The
rationale for exploring the ee t of ripple losses was the fa t that JT-60U features
a high level of toroidal magneti

eld ripple in

omparison to JET. It was realized

that thermal ion losses due to ripple transport have been relatively unexplored,
perhaps due to asso iations with L-mode transport. In the L-mode,
state of things in the H-mode, all transport
in the region just inside the separatrix, in

ontrary to the

oe ients have relatively large values
omparison to whi h any ripple-indu ed

additional transport is small in magnitude, whereby any ee ts due to the ripple
eld remain hidden.

After these initial

on lusions, the remainder of Publi ation 5 then des ribes the

results of predi tive transport modelling of the ee ts of ripple losses of thermal
ions on H-mode plasma performan e. The analysis makes use of results from orbitfollowing simulations performed with the Monte Carlo orbit-following

ode ASCOT

by Finnish o-workers on relevant JET and JT-60U equilibria. ASCOT has been run
using a pulse spreading te hnique, in whi h the transport

oe ients are measured

from the varian e growth of an initially radially lo alized test parti le ensemble
with a Maxwellian velo ity distribution dened by the lo al temperature [96℄. The
simulations indi ate that both losses due to diusive transport and non-diusive
(dire t) losses

an give rise to transport signi antly ex eeding the level of ion neo-

lassi al transport and thus be important in H-mode dis harges.
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Losses due to

diusive transport have been shown to give rise to a broad radial distribution of
ion thermal

ondu tivity, whereas non-diusive losses have been demonstrated to

be very edge-lo alized. In the following two subse tions, the ee ts of ea h type of
losses on plasma performan e and ELM
the JETTO transport
ELMs, the

ad ho

hara teristi s are analysed in turn, using

ode for predi tive transport simulations. For modelling of

model for type I ELMs des ribed in Se . 3.1 has been used in the

simulations.

3.5.1 Modelling of Plasma with Non-Diusive Losses
As Publi ation 5 des ribes, the JETTO transport

ode has been equipped with

suitable models for ripple-indu ed transport, whi h have been used in
with the

ad ho

model for type I ELMs and the

ad ho

ad ho model
τ -approximation has been used. In this approa h, a
−νni Ti is added to the ontinuity equation for the ion
diusive losses of thermal ions, a simple

ombination

ETB model.

For non-

ommonly referred to as the
onve tive energy sink term
pressure:

∂(ni Ti )
ni Ti
= P − ∇(χi ni ∇Ti ) −
.
∂t
τripple

Here,

P

is the power density, and

τripple (ρ) = 1/ν(ρ)

is the

(3.8)
hara teristi

edge

on-

nement time, whi h de reases strongly towards the separatrix due to non-diusive
losses, and

ν

is the

hara teristi

ion es ape rate due to non-diusive losses.

It

should be noted that only very deeply trapped ions are sus eptible to dire t ripple
losses. The

hara teristi

ion es ape rate

ν

ee tively takes into a

deeply trapped part of the velo ity spa e is lled up by

Figures 3.6  3.8 illustrate the
non-diusive losses.

hara teristi

ount how the

ollisions.

results obtained with the model for

Two simulations are used in ea h gure, one referen e simu-

lation with no non-diusive losses and another one with a maximum loss rate of
100 s−1 . Figure 3.6 ompares the ion es ape rate proles in the two simulations,
one of whi h

orresponds to the situation with no losses. The edge-lo alized ion
−1
es ape rate prole with a maximum loss rate of 100 s
in the other simulation
roughly

orresponds to the loss rate prole obtained in the ASCOT simulation for

the relevant s enario. Figure 3.7, whi h shows the pressure proles in the two simulations at times shortly before ELMs, illustrates the ee t on plasma performan e.
A straightforward

omparison of the two graphs reveals that there is a dis ernible

attening of the pressure prole just inside the separatrix in the simulation with
modelling of non-diusive losses in luded, whi h results in an ee tive narrowing
of the pedestal. Given that the a hievable pedestal pressure gradient remains the
same in the two

ases, the loss of plasma just inside the separatrix leads to a lower

top-of-the-pedestal pressure. Due to prole stiness, the lower top-of-the-pedestal
pressure of the ee tively narrower pedestal translates into lower pressure throughout the

ore plasma and thus into redu ed
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onnement.
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Radial proles of the imposed ion es ape rate in a simulation with the
τ -approximation model for non-diusive losses (solid urve) and in a referen e simulation with no imposed losses (dashed urve).
Figure 3.6:

A further illustration of the ee t on plasma performan e is given in Fig. 3.8, whi h
shows time tra es of the thermal energy

ontent and a measure known as onnement

fa tor H-89 [92℄ for the two simulations. The H-89
been time-averaged over the ELM

onnement fa tor, whi h has

y les in Fig. 3.8, is based on a s aling law and is a

measure of the quality of the H-mode. The thermal energy
fa tor de rease with in reasing non-diusive losses in a

ontent and

onnement

ordan e with the levels of

plasma pressure in Fig. 3.7. The ee t on the ELM frequen y is visible in the time
tra es of the thermal energy

ontent in Fig. 3.8. The ELM frequen y in reases with

in reasing non-diusive losses mainly be ause the ELM size in terms of parti le
and energy loss drops due to the ee tive narrowing of the pedestal.

With the

ee tively narrower pedestal and thus lower pedestal height, ea h ELM modelled by
an in rease in transport from the separatrix up to the top of the pedestal removes
less energy and parti les. The smaller ELM size in terms of parti le and energy loss
for un hanged ELM amplitude and ELM duration with the introdu tion of nondiusive losses is evident in Fig. 3.8. As a result of the smaller ELM energy and
parti le losses, the re overy from ea h ELMs is faster, whereby the ELM frequen y
goes up.

A se ond less important reason for the higher ELM frequen y with the

introdu tion of non-diusive losses is in reased transport inside the pedestal. This
follows from prole-stiness-like behaviour of the Bohm transport model in response
to the lower pedestal height.

The redu ed plasma

onnement and in reased ELM frequen y obtained in the

simulations with non-diusive losses resemble the results obtained at JT-60U in
the dimensionless pedestal identity experiments with JET. This suggests that nondiusive losses asso iated with the stronger magneti
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ripple at JT-60U might explain
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Radial proles of the total pressure at times shortly before ELMs in the
simulation with the τ -approximation model for non-diusive losses (solid urve) and
in the referen e simulation with no losses (dashed urve).
Figure 3.7:

the modest pedestal performan e and high ELM frequen y observed in this ma hine.
It should, however, be kept in mind that in a real plasma the ELM amplitude and
duration, whi h are xed in the

ad ho

ELM model used here, may of

be ae ted by ripple losses. The modelling does not take this into a

ourse also

ount, but the

ee ts are probably not signi ant enough to ae t the qualitative trends revealed
here. Finally, it should also be remembered that the pedestal width has been kept
xed.

A possible inward movement of the top of the pedestal might weaken the

tenden y towards redu ed

onnement and higher ELM frequen y observed in the

simulations, but it is spe ulative at best whether ripple losses
an ee t on the pedestal stru ture.
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ould at all have su h
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Figure 3.8: (a) Thermal energy ontent and (b) onnement fa tor H-89 timeaveraged over the ELM y les as a fun tion of time in the simulation with the
τ -approximation model for non-diusive losses (solid urve) and in the referen e
simulation with no losses (dashed urve).

3.5.2 Modelling of Plasma with Losses due to Diusive Transport
For losses due to diusive transport, a simple analyti al approximation [48℄ for
ripple-indu ed ion thermal

ondu tivity adjusted a

with ASCOT has been used. In a
ion thermal
teristi

ording to the results obtained

ordan e with the orbit-following al ulations, the

ondu tivity representing the ripple-indu ed

ontribution has a

hara -

width signi antly wider than the pedestal width. Figures 3.9  3.13 illus-

trate a set of results obtained with this assumption. The radial prole of inter-ELM
ion thermal

ondu tivity used in the simulation is shown in Fig. 3.9 together with

the prole from a referen e simulation without additional transport. As required,
the transport perturbation is signi ant in amplitude well beyond the top of the
pedestal in

omparison with the ion neo- lassi al level of ion thermal

within the ETB. Given the drop in ba kground ion thermal

ondu tivity

ondu tivity at the top

of the pedestal, this leads to the stru ture with two distin t peaks for the total
ion thermal

ondu tivity. The

prole in the

hara teristi

shape of the ion thermal

ondu tivity

ore plasma follows from the Bohm/gyro-Bohm transport model and

varies somewhat over time.

The ee t on the ELM frequen y of introdu ing the transport perturbation is demonstrated in Fig. 3.10, whi h shows the ion thermal
fa e

ρ = 0.95

as a fun tion of time.

In this
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ondu tivity at the magneti

sur-

ase, the ELM frequen y de reases
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Radial proles of ion thermal ondu tivity in two predi tive transport
simulations without (dashed urve) and with (solid urve) a ontribution representing
ripple-indu ed ion thermal transport at the edge. A broad radial prole onsistent
with ASCOT simulations is assumed for the ontribution representing ripple-indu ed
transport.
Figure 3.9:

appre iably with the introdu tion of additional transport at the edge. The explanation for this is that the in reased transport at the edge leads to in reased losses
between the ELMs and thus to a longer ELM build-up time.

Here, this ee t is

the dominating me hanism ae ting the ELM frequen y. For

larity, it should be

mentioned that a similar tenden y towards a lower ELM frequen y is of

ourse also

present in the modelling of plasma with non-diusive losses dis ussed in the pre eding subse tion, but there the me hanisms working towards a higher ELM frequen y
are mu h stronger and dominate the situation.

As a result of the lower ELM frequen y with the introdu tion of ripple-indu ed
transport, the time-average top-of-the-pedestal temperature in reases
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onsiderably,
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Ion thermal ondu tivity at ρ = 0.95 as a fun tion of time in the two
predi tive transport simulations used in Fig. 3.9. (a) No ontribution representing
ripple-indu ed transport. (b) Ripple-indu ed transport in luded.

Figure 3.10:

even though the ultimate pre-ELM pedestal height does not

hange.

The time-

average temperature at the top of the pedestal is larger for slower pedestal build-up,
be ause the temperature generally in reases most rapidly for a relatively
amount of time right after an ELM

onstant

rash and then saturates more and more slowly

over time before the next ELM. This is illustrated in Fig. 3.11, whi h shows the
ion and ele tron temperatures at the top of the pedestal as a fun tion of time
for the duration of the longer of the two ELM
without additional ion thermal

y les in the simulations with and

ondu tivity representing ripple-indu ed transport.

It is evident that the time average of the ion and ele tron temperatures is higher in
the

ase with the lower ELM frequen y. As a pra ti al demonstration of this ee t

one

an also think of the limiting

ase of a

on eivable ELM-free H-mode, in whi h

the pressure gradient would saturate at a value just below the
gradient.

riti al pressure

In the absen e of ELMs, the temperature at the top of the pedestal

would settle at a

onstant level almost as high as the pre-ELM temperature in

an ELMy H-mode with the same

riti al pressure gradient. Clearly, the

onstant

top-of-the pedestal temperature in the ELM-free H-mode would be higher than the
time-average top-of-the-pedestal temperature in the ELMy H-mode.

The ee t on plasma performan e be omes evident in Fig. 3.12, whi h shows the
pressure proles in the simulations at times shortly before ELMs. The maximum
pressure at the top of the pedestal is the same in the two

ases, but sin e the

lower ELM frequen y in the simulation with ripple-indu ed transport leads to higher
time-average top-of-the-pedestal temperature and thus to higher time-average topof-the-pedestal pressure, the

ore pressure be omes higher in this

ase due to prole

stiness. In this way, ripple-indu ed additional ion thermal transport at the edge
50
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(a) Ion temperature and (b) ele tron temperature at the top of the
pedestal as a fun tion of time for the duration of the longer of the two ELM y les
in the two predi tive transport simulations used in Fig. 3.9. Dashed urve: no ontribution representing ripple-indu ed transport. Solid urve: ripple-indu ed transport
in luded.

Figure 3.11:

an lead to improved overall

onnement.

A further illustration of the improved

performan e resulting from the ripple-indu ed additional ion thermal

ondu tivity

is given in Fig. 3.13, whi h

onnement

ompares the thermal energy

fa tor H-89, time-averaged over the ELM

ontent and

y les, in the two simulations.

Generally ripple losses have been asso iated with a detrimental inuen e on

onne-

ment. It should be noted, however, that there are, in fa t, some experimental indiations of improved performan e in the presen e of ripple losses, as one might expe t
from the modelling results. In parti ular, the improved performan e demonstrated
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Radial proles of the total pressure at times shortly before ELMs in the
two predi tive transport simulations used in Fig. 3.9. Dashed urve: no ontribution
representing ripple-indu ed transport. Solid urve: ripple-indu ed transport in luded.

Figure 3.12:

in the simulations qualitatively resembles a slight improvement in

onnement ob-

tained with small ripple amplitudes in previous JET experiments [97℄.

Redu ed

performan e in the presen e of ripple losses, as in the re ent JET / JT-60U dimensionless pedestal identity experiments, nevertheless, seems to be a more

ommon

result.

ompar-

One possible inferen e of this is that the non-diusive losses are

atively stronger than the losses due to diusive transport in JT-60U, making the
tenden y towards redu ed performan e the dominating ee t. As dis ussed in Publi ation 5, a more edge-lo alized prole of additional ion thermal transport following
from losses due to diusive transport would also result in a tenden y towards redu ed performan e and more benign ELMs, i.e.

qualitatively the same result as

with non-diusive losses in Se . 3.5.1. Su h a narrow prole of enhan ed transport
has, however, not been seen in the orbit following simulations.
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(a) Thermal energy ontent and (b) onnement fa tor H-89 timeaveraged over the ELM y les as a fun tion of time in the two predi tive transport
simulations used in Fig. 3.9. Dashed urve: no ontribution representing rippleindu ed transport. Solid urve: ripple-indu ed transport in luded.

Figure 3.13:

It should also be kept in mind that as in the modelling of plasma with non-diusive
losses the ELM amplitude has been kept xed in the modelling des ribed in the
present subse tion, given that the fo us has been on qualitative trends only. The
tenden y towards improved pedestal performan e and less frequent ELMs may be
redu ed or strengthened, if the ELM amplitude is allowed to
the introdu tion of ripple losses. Su h an ee t
ELM model used here.

hange in response to

annot be modelled with the

ad ho

The overall tenden y towards improved performan e and

less frequent ELMs is, nevertheless, likely to be the dominant ee t in any

ase,

be ause the ELM amplitude needs to drop signi antly before the ELMs a tually
start to get more frequent. It should also be noted that a redu ed ELM frequen y,
as obtained here, most often leads to larger, more violent ELMs.

The result obtained with losses due to diusive transport is interesting, be ause it
shows that ripple losses need not ne essarily have a detrimental inuen e on performan e.

On the

ontrary, improved

onnement may be obtained by

arefully

tailoring the ripple amplitude prole. The modelling also indi ates that there is a
trade-o between

onnement and the benignity of ELMs, so that improved perfor-

man e leads to more violent ELMs and vi e versa.

Above all, the modelling of the ee ts of ripple losses also demonstrates how sensitively even small levels of additional transport due to ripple losses may ae t the
physi s of the H-mode pedestal. The results may have widely felt impli ations, in
parti ular be ause ITER is foreseen to operate with a level of ripple higher than that
at JET despite making use of ferriti

inserts designed to redu e the inhomogeneity
53

of the toroidal eld. Indeed, a formal eort to investigate the ee ts of ripple losses
in the ITER tokamak has re ently been laun hed as a matter of urgen y.

It should also be noted that qualitatively similar results to those with toroidal magneti

eld ripple

an probably be obtained by edge ergodization using an exter-

nally indu ed resonant magneti
Toroidal magneti

perturbation, as some studies already indi ate [98℄.

eld ripple, whi h ae ts ion transport, and edge ergodization,

whi h ae ts ele tron transport,

an in many respe ts be seen as

omplementary

te hniques.

3.6 ELM Heat Pulse Propagation in the S rape-o
Layer
Albeit mu h of the work dis ussed in this thesis has fo used on the physi s of the
H-mode pedestal in situations without the expli it need to

onsider the SOL, some

s enarios have also been studied in whi h integrated modelling of the whole plasma
in luding the SOL is essential for the self- onsisten y of the results. In su h work,
the integrated transport

ode COCONUT has been used. Publi ation 6 deals with

one of the key physi s topi s studied in this way: the propagation of an ELM-indu ed
heat pulse from the outer midplane of the tokamak towards the divertor targets.

In this work, a heat pulse has been indu ed at the outer midplane of a high-density
plasma by in reasing the perpendi ular transport

oe ients in the ETB and SOL.

In the ETB on the 1D JETTO grid, perpendi ular transport has been in reased
radially uniformly by a fa tor of the order of 100 relative to the inter-ELM ion neolassi al level. In the SOL on the 2D EDGE2D grid, the perpendi ular transport
enhan ement has been distributed poloidally a
bution (typi ally with a half width of

ording to a narrow Gaussian distri-

π/16 in terms of poloidal angle)

entred at the

outer midplane. At the separatrix, the poloidal average of the Gaussian distribution
has been set to mat h the level of transport in the ETB.

In some initial simulations, the poloidally Gaussian-shaped distribution of perpendi ular transport during the ELM was extended radially uniformly throughout the
SOL. With this distribution of transport in the SOL, the radial transport a ross
the eld lines is noti eably fast

ompared to the parallel transport along the eld

lines. Not surprisingly, it was seen that this leads to an enormous heat ux at the
wall, something whi h has not been seen in experiments. Clearly, the distribution
of perpendi ular transport should de rease a ross the SOL.

Ramping down perpendi ular transport a ross the SOL towards the outer edge of
the simulation grid removes the heat ux to the wall and most of the power thus
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ows to the divertor targets, as appropriate.

Somewhat surprisingly, however, it

was found that with no heat ux to the wall and the parallel transport given by the
21-moment approximation the ion heat ux at the divertor targets turns out to be
mu h smaller than the ele tron heat ux. It is demonstrated in Publi ation 6 that
the reason for this dis repan y is strong ion-ele tron equipartition, i.e. a transfer of
energy from the ions to the ele trons.

Further simulations show that the ion-ele tron equipartition varies strongly as a
fun tion of the plasma parameters. The higher the density, the larger a fra tion of
the total energy

arried by the ions is transferred to the ele trons.

This is illus-

trated in Fig. 3.14, whi h shows time integrals of the total ion heat ux measured at
both targets, the total ele tron heat ux measured at both targets and the volumeintegrated ion-ele tron equipartition energy as a fun tion of time for three simulations with dierent densities.

Frame (a) in Fig. 3.14 orresponds to a simulation
18
with an average separatrix density of 8×10
m−3 , frame (b) to a simulation with an
19
−3
average separatrix density of 1.7 × 10
m and frame ( ) to a simulation with an
19
average separatrix density of 4.0 × 10
m−3 . The sequen e of gures learly shows
how the amount of energy

arried by the ions relative to that

arried by the ele trons

de reases as the ion-ele tron equipartition energy in reases with the density.

The fa t that the experimentally observed ion and ele tron heat uxes at the targets
are not straightforward to reprodu e suggests that parallel transport is important.
Figure 3.15 shows how the ion and ele tron heat uxes at the outer and inner targets
vary with dierent assumptions for the heat ux limiting fa tors.
levels of the heat ux limiting fa tors have been used:

αf lux,

i

= αf lux,

e

= 1.0, αf lux,

The gure reveals a

i

= αf lux,

e

= 2.0

and

Four dierent

αf lux, i = αf lux, e = 0.2,
αf lux, i = αf lux, e = 3.0.

ouple of interesting fa ts: Firstly, it should be noted that the

divertor asymmetry of a larger total heat ux to the inner target than to the outer
target

learly visible in the gure is

onsistent with experimental measurements at

the JET and ASDEX Upgrade tokamaks [99℄. Se ondly, it should be observed that
espe ially the ion heat uxes vary signi antly as a fun tion of the ux limiting
fa tors and that about

αf lux, i = αf lux, e = 1.0 is needed for a signi ant response to
αf lux, i = αf lux, e = 2.0 for a sizable response

be seen at the outer target and about
at the inner target.

The

onsiderable sensitivity of the result on the heat ux

limiting fa tors unambiguously demonstrates that the uid approa h alone, whi h
annot determine the heat ux limiting fa tors self- onsistently, is insu ient for
a

urately modelling transients. The obvious

ux limiting expressions have to be

on lusion is that, instead, the heat

al ulated kineti ally during transients. Su h

work has already been undertaken [100℄, whi h paves the way for an integrated
uid-kineti

approa h in future work.
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total ele tron heat ux measured at the targets and the volume-integrated ion-ele tron
equipartition energy as a fun tion of time for three COCONUT ELM simulations
with the following separatrix densities: (a) 8 × 1018 m−3 , (b) 1.7 × 1019 m−3 and ( )
4 × 1019 m−3 .
Figure 3.14:
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Figure 3.15:
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Chapter 4

Summary and Dis ussion

Understanding the intri ate physi s of the plasma edge in a tokamak is
it

omes to designing devi es

ompatible with the requirements of

ru ial when

ommer ial re-

a tor operation. Based on the present knowledge of tokamak design, one
that the edge plasma plays a dual role in

ontrolling tokamak operation: Firstly, the

formation of an edge transport barrier with enhan ed transport
inside the magneti
of

an say

hara teristi s just

separatrix in H-mode plasmas is paramount to a hieving a level

onnement su ient for an adequate fusion burn to be sustained. Thanks to a

phenomenon known as prole stiness, improved performan e in the edge pedestal
translates into a higher level of performan e throughout the

ore plasma. Se ondly,

the edge plasma in H-mode dis harges is prone to generating ELMs, whi h in addition to limiting

onnement

and other rst wall

ause severe heat loads on the divertor target plates

omponents. Mitigating the ELMs and designing a rea tor ves-

sel able to sustain the ELM power loads for extended periods of time are, without
exaggeration, prin ipal
of fusion energy.

hallenges on the tortuous path towards

Indeed, owing to the fa t that relying on the ELMy H-mode

inherently leads to pulsed operation of the tokamak in
periodi

ommer ialization

ombination with extreme

heat loads, advan ed tokamak s enarios relying entirely on non-indu tive

urrent drive may eventually be ome the preferred mode of operation of

ommer ial

fusion rea tors.

This thesis des ribes a systemati

resear h eort aimed at improving the under-

standing of the physi s of the plasma edge and exploring ways of
performan e of the pedestal and redu ing the impa t of the ELMs.

ontrolling the
Mu h of the

work has been done by means of studying plasma transport, how plasma plasma
transport is modied by various ee ts and how various ee ts

an be des ribed

and explained in terms of modi ation of plasma transport. Given that the transport properties determine how qui kly the plasma loses energy and parti les, plasma
transport also dire tly determines the level of
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onnement. Moreover, the ELM phe-

nomenon has often been interpreted as resulting from a modi ation of transport
driven by MHD instabilities. It should be noted, however, that alternative explanations to this mainstream view have been proposed as well [101, 102℄.

The rst part of the work des ribes various ELM models used in 1D transport
modelling. It has been shown that even very

rude

ad ho

models are

apable of

qualitatively reprodu ing the experimental dynami s of type I ELMy H-mode and
an be highly useful in qualitative studies of various ee ts. In a quantitative sense
these models have no predi tive

apability, however, be ause quantities su h as the

ELM amplitude, ELM duration and ELM-ae ted area are set arbitrarily.
predi tability of the ELM frequen y

Some

an, nevertheless, be a hieved by adjusting

the ELM size in su h a way that ea h ELM removes the experimentally measured
amount of parti les and energy. Subsequently, more sophisti ated ELM models with
fewer free parameters have been introdu ed. In these models, the ELM amplitude
and ELM duration are

al ulated self- onsistently from a simple model of instability.

Even these models have a limited predi tive

apability, however. They do not predi t

the ELM frequen y very well and nor do they predi t the sizes of individual ELMs.
This is be ause the models are still rather

rude simpli ations of a phenomenon so

omplex that it is not fully understood. Nevertheless, the models are able to predi t
qualitative trends like
of the ELM

hanges in the ELM frequen y and ELM size, the dynami s

y le and perhaps even the sus eptibility for dierent ELM types. In

parti ular, simulations with a theory-motivated

ombined ballooning-peeling model

seem to indi ate that ELMs are often driven by a
peeling modes. Su h

ombination of ballooning and

ombined ballooning-peeling ELMs are most often triggered by

a ballooning mode instability, whi h by redu ing the pressure gradient renders the
plasma peeling mode unstable, given that the
erably more slowly than the pressure gradient

urrent redistribution o

urs

onsid-

ollapse. As a result of this, the ELM

ontinues in a lengthy peeling mode phase, whi h lasts until

urrent redistribution

renders the plasma stable again.

A major re ent appli ation in whi h the

ad ho

ELM models have been used for

qualitative study has been the modelling of the ee ts of ripple-indu ed thermal
ion losses in H-mode plasmas des ribed in Se . 3.5.
the installation of ferriti
neti

Given that ITER even with

inserts designed to redu e the inhomogeneity of the mag-

eld will feature a level of toroidal magneti

eld ripple

onsiderably higher

than JET and that re ent experiments and modelling indi ate that this,

ontrary

to the previously held view, is a non-negligible issue, investigating the ee ts of
ripple losses has re eived

onsiderable attention re ently. The work on ripple losses

presented in this thesis, however, was initiated already prior to these realizations
owing to the fa t that no other ee ts seemed to be able to explain the results of a
series of dimensionless pedestal identity experiments at JET and JT-60U, in whi h
there was a

onsiderable dis repan y between the two ma hines in terms of plasma

performan e and ELM frequen y.
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Based on orbit-following simulations with the Monte Carlo orbit-following

ode AS-

COT, predi tive transport simulations of s enarios with both losses due to diusive
transport and non-diusive ripple losses were set up.
tions indi ate that both types of losses

The orbit-following simula-

an be important and, furthermore, that

non-diusive losses tend to be very edge-lo alized, whereas losses due to diusive
transport result in noti eable additional ion thermal transport well beyond the top
of the pedestal.

En ouragingly, predi tive transport modelling with JETTO making use of a simple
model for non-diusive losses reprodu es the JT-60U results. It has been demonstrated that the highly edge-lo alized non-diusive losses lead to an ee tive narrowing of the pedestal by removing plasma parti les from the layer just inside the
separatrix, and therefore to a lower pedestal height, whi h through prole stiness
translates into lower
the redu ed energy

ore pressure and thus into redu ed

onnement. Thanks to

ontent following from the lower pedestal height, the ELM size

de reases, at least with the assumptions of the simple

ad ho

model for ELMs used

in the study. As a result of this, the ELM re overy time de reases, despite a weaker
tenden y of the in reased edge losses to lead to a longer ELM re overy time, and
the ELM frequen y,

onsequently, in reases.

A tempting

on lusion is that non-

diusive ripple losses at JT-60U lead to the redu ed performan e and more frequent
and benign ELMs in this ma hine in

omparison to JET. Apart from that, it seems

obvious that ELM mitigation te hniques based on magneti

ripple

ould be devised

and perfe ted.

Interestingly, the opposite result with improved performan e and less frequent, presumably more dangerous ELMs is obtained, if one makes the assumption of a prole
of enhan ed transport

onsistent with that obtained for losses due to diusive trans-

port in the orbit-following simulations. In this

ase, the tenden y of the enhan ed

losses at the edge to lead to a longer ELM build-up time is the dominating ee t,
whereby the ELM frequen y de reases. The longer ELM re overy time results in a
higher average top-of-the-pedestal temperature and thus in higher average top-ofthe-pedestal pressure, whi h through prole stiness translates into improved overall
performan e. In identally, a behaviour resembling this qualitatively was observed
in a series of experiments with enhan ed ripple at JET in 1995 for small ripple
amplitudes.

In addition to providing a plausible explanation for the striking dieren e in plasma
performan e and ELM properties between JET and JT-60U in dimensionless pedestal
identity experiments between the two ma hines, the modelling implies that there is
a trade-o between performan e and benignity of ELMs, so that improved performan e

omes at the expense of more violent ELMs and vi e versa.

The results

may have sizable and widely felt impli ations, not least be ause ITER is planned to
operate with a level of ripple

onsiderably higher than JET. In fa t, the European

Fusion Development Agreement and Fusion for Energy, the newly formed European
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legal entity for ITER, have re ently laun hed a task to investigate ripple losses in
ITER, mainly by means of orbit-following simulations, in response to the attention
given to ripple losses in re ent experimental and modelling work, in luding the efforts des ribed in this thesis. It should also be noted ELM mitigation is going to
be an un ompromisable ne essity in future large tokamak rea tors, if the H-mode
is to remain as an operational s enario. Here, the result that ELM mitigation by
magneti

ripple may be a viable s heme is ushered in as a wel ome prospe t.

Modelling transport phenomena inside the last

losed magneti

tively straightforward, be ause here the problem

surfa e is

ompara-

an be redu ed to one dimension.

To some extent this thesis has also dealt with the inherently even more

omplex

task of modelling transport in the s rape-o layer, i.e. outside the magneti

sep-

aratrix, where the problem requires two-dimensional treatment. In parti ular, the
propagation of a heat pulse indu ed at the outer midplane has been studied with the
integrated transport

ode COCONUT, whi h

EDGE2D with the 1.5D

ore transport

ouples the 2D edge transport

ode

ode JETTO. In this work, balan ing the

perpendi ular transport a ross the eld lines with the mu h faster parallel transport
along the eld lines turned out to be more deli ate than expe ted and still

ould

not reprodu e the experimentally observed uxes at the divertor targets. The analysis has led to the

on lusion that uid approximation alone, whi h des ribes the

plasma in terms of ma ros opi
to be

quantities, is insu ient during transients and has

omplemented by the more fundamental kineti

approa h, whi h makes use of

a distribution fun tion obtained by solving fundamental equations.

On the whole, the work des ribed in this thesis gives a demonstration of the

om-

plex interplay of edge transport phenomena and ELMs in parti ular with the plasma
as a whole and how te hniques of various sophisti ation
explain these intri ate

an be used to study and

onne tions. As has been shown, even

useful in predi tive modelling and

rude models

an be

ontribute to revealing the fundamental dynami s

behind intri a ies su h as the inuen e of ripple transport on ELM

hara teristi s

and plasma performan e. Indeed, given that ELMs and similar phenomena are not
understood at an in-depth level, present models will without ex eptions be simpliations of various degrees,
for the ee ts

apable at their best to provide qualitative explanations

on erned. Despite having been used very su

essfully in predi tive

transport modelling to predi t and explain various physi s ee ts, present ELM
models la k the true predi tive

apability of resolving the

hara teristi s of indi-

vidual ELMs. Even predi ting the ELM frequen y, let alone the destru tiveness of
individual ELMs, often proves to be too

omplex a task even for the most rened

and perfe ted of today's ELM models. Getting there may be a long and arduous
path to pro eed along, and may perhaps even eventually be ome a goal of lesser
urgen y with the development of satisfa tory ELM mitigation te hniques and ELMfree modes of operation.
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