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Samenvatting

De door de zon en de sterren uitgestraalde energie wordt verkregen door het samensmelten van Iichte atoomkernen: kernfusie. Dit is een bijzonder efficient proces, dat
we op aa rde proberen te beheersen omdat bet en een schone manier is om energie
op te wekken voor de toekomst en wetenschappelijk enorme uitdagingen biedt. De
verst ontwikkelde machine voor bet beheersen van kernfusie is de ' tokamak' . In deze
reactor worden de zeer hete, geladen deeltjes (plasma) die moeten fuseren, opgesloten
door middel van een ringvormig magneetveld.
In het ideale geval bestaat het magneetveld van een tokamak uit een verzameling in
elkaar gescboven torusvormige scbillen. De bewegingsvrijbeid van de geladen deeltjes
is dan beperkt tot de schil waarin ze zitten. Aileen door botsingen kunnen deeltjes
zich van schil tot schil bewegen (radiaal transport) . Om te garanderen dat de in bet
plasma gegenereerde warmte lang genoeg in het plasma blijft zitten om fusie efficient
te Iaten optreden, is bet noodzakelijk dat bet radiale transport klein is. Het radiale
transport in deze ideale situatie vormt de ondergrens voor het transport dat men kan
verwachten in een tokamakplasma. Dit m.inimale transport wordt bescbreven door
een in detail uitgewerkte tb eorie, de zogenaamde neo-klassieke transporttheorie.
In de praktijk blijkt dat het radiale transport gewoonlijk 10 tot 100 keer sneller
verloopt dan neo-klassieke voorspellingen. In experimentele scenario's waarbij bet
tokamakplasm a op een speciale manier wordt opgebouwd, blijkt dat er lagen in bet
plasma kunnen ontstaan waarin bet radiale transport vee! kleiner is dan in bet omliggende plasma; deze lagen worden 'transportbarrieres' genoemd. In experimenten
is gebleken dat bet mogelijk is dat bet radiale warmtetransport door de zwaardere,
positief geladen deeltjes (ionen) in transportbarrieres bet neo-klassieke transportniveau
bereikt. Hiervoor is inm.iddels een tbeoretisch beeld gevormd, dat de waarnemingen
goed lijkt te bescbrijven. Hierbij speelt de radiale variatie van de stroomsnelbeid van
bet plasma een doorslaggevende rol voor bet bereiken van een plaatselijk, laag (neoklassiek) transportniveau. Het warmtetransport via de ionen lijkt dus aardig begrepen,
en kan experimenteel worden beheerst.
Voor de Iichte, negatief geladen deeltj es (elektronen) is dit echter totaal niet bet
geval. In bet bijzonder blijkt dat in de gebieden waar het radiale warmtetransport door
ionen is teruggebracbt naar het neo-klassieke transportniveau , bet radiale warmtetransport door de elektronen nog steeds 10 tot 100 keer sneller verloopt dan de neov
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klassieke verwachting! Dat betekent dat het overheersend de elektranen zijn die (althans in deze situatie) verantwoordelijk zijn voor het warmteverlies uit het plasma.
Daarom is het erg belangrijk om grip te krijgen op de pracessen die zorgen voor de
snelle (anomale) warmtegeleiding door de elektronen.
De puzzel is zelfs nog ingewikkelder, want het is experimented wel degelijk mogelijk om sterke warmtetransportbarrieres te ITlaken voor de elektranen! Hieraan
liggen kennelijk andere fysische principes ten grandslag dan degene die de transportbarrieres voor de ionen beheersen.
Met de Rijnhuizen Tokamak Project tokamak (RTP) werd een voor de wereld
uniek experiment uitgevoerd, waarin werd aangetoond dat er een hele reeks transportbarrieres voor warmtetransport door elektranen bestaat in tokamakplasma's. Uit
de experimentele gegevens werd opgemaakt dat de barrieres waren gekoppeld aan
plaatsen in het plasma, waar het magnetische windingsgetal q specif1eke waarden aannam (magnetische veldlijnen gaan als 'schraefdraden' rond de torus en als een veldlijn
op zichzelf sluit na een keer de lange weg rand de torus en een keer de korte weg,
neemt het windingsgetal de waarde 1 aan). Gebaseerd op deze waarnemingen werd
op Rijnhuizen een revolutionair model geformuleerd, waarin het radiale warmtetransport door de elektranen niet meer direct afl1angt van de plaats in het plasma, maar
van het windingsgetal. Dit model wordt het 'q-comb' (q-kam) model genoemd.
In dit proefschrift wordt de rabuustheid van het q-comb model bepraefd. Ten
eerste gebeurt dit door het model te toetsen aan honderden plasma-ontladingen van
RTP, middels computersimulaties. In het bijzonder leren we hieruit, dat het q-comb
model in staat is aile ontladingen zowel kwalitatief alsook kwantitatief te beschrijven.
We vinden simpele schalingswetten, waaruit de invloed van verschillende plasmacondities (dichtheid en totale plasmastraom) op de parameters van de q-comb beschrijving duidelijk wordt. Tevens wordt bepaald hoe de verschillende aannames van het
q-comb model van invloed zijn op de uiteindelijke q-comb oplossing.
Ten tweede Iaten we zien dat het q-comb model ook met succes kan worden
toegepast voor het beschrijven van plasma-ontladingen van andere reactoren QET Joint European Torus, Engeland- en TEXTOR -Tokamak Experiment for Technology Oriented Research, Duitsland).
Een van de karakteristieke eigenschappen van het q-comb model is dat het voorschrijft dat er een gelaagde structuur zit in het radiale warmte transport door elektronen: De warmte die vanuit het centrum van het plasma naar buiten straOITlt,
gaat door afwisselend goede en slechte warmtegeleidingslagen, waarbij de mate van
warmtegeleiding bepaald wordt door het magnetische windingsgetal in zo'n laag.
In het algemeen is er ook een fijnstructuur waar te nemen in de topologie van het
magneetveld dat het plasma opsluit. Er zijn drie gebieden te onderscheiden: Gebieden
waarin het magneetveld nog vrijwel ideaal is; Gebieden waarin het magneetveld lokaal
opsplitst en magnetisch eilandketens vormt; Gebieden waarin het magneetveld chaotisch van aard is. Aangezien de elektranen zijn 'vastgeplakt' aan het magneetveld,
zullen zij in gebieden die topologische verschillend zijn zich ook anders gedragen.
Centraal in dit proefschrift staat de vraag of de fijnstructuur van het q-comb model
voor de warmtegeleiding door elektranen te identiftceren is met de f0nstructuur van
de topologie van het magnetische opsluitveld. Daartoe zijn speciale computerprogramma's ontwikkeld die met grate nauwkeurigheid tokamakmagneetvelden kunnen
oplossen. Met deze computerprogramma's is het radiale transport berekend in de

meest uiteenlopende magnetische topologien. De enige manier waarap we zo daadwerkelijk transportbarrieres hebben kunnen vormen, is in het geval dat er een reeks
hele brede eilandenketens, die elkaar niet raken, in het plasma aanwezig is. Zulke
grate magnetische eilanden zouden experimented waarneembaar zijn, maar worden
doorgaans niet gezien. Klaarblijkelijk is het plaatje nog niet compleet.
Er zijn recente theoretische ontwikkelingen die erap wijzen dat er in de nabije
toekomst wel een fundament kan worden gelegd onder de empirische beschrijving
van warmtetransport via elektranen in tokamakplasma's.
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Summary

The sun and the stars radiate the energy which is released when light atomic nuclei
'melt together': nuclear fusion. This is an extraordinarily efficient process, which we
try to control on Earth because it is a clean way to generate energy in the future
and also because it is a huge challenge for science. The so-called ' tokamak' is the
most advanced machine for controlling nuclear fusion. In this reactor, the very hot,
charged particles (plasma) that are to be fused, are confined by means of a magnetic
field, which has the shape of a ring.
Ideally, the magnetic field of a tokamak consists of a series of nested toroidal
shells. The motions of the charged particles are restricted to the shells in which they
are located. Particles can move from one shell to another (radial transport) only by
collisions. To guarantee an efficient fusion process, the heat that is generated in the
plasmas needs to stay in the plasma for a long time, and therefore the radial transport
has to be small. The radial transport that occurs in this ideal situation is in fact the
lower limit to transport that can be expected in tokamak plasmas. This minimal
transport is described by a detailed theory, the so-called neo-classical transport theory.
In practice, it is commonly found that transport is 10 to 100 times faster than the
neo-classical predictions. In experimental scenarios in which the tokamak plasma is
engineered in a special way, it appears that layers can exist in the plasma, in which
the transport is much reduced with respect to the rest of the plasma. These layers are
called 'transport barriers.' It has been found from experiments that it is possible that
the radial heat transport by the heavy, positively charged particles (ions) reaches the
neo-classical transport level in transport barriers. A theoretical picture has already been
formed for this process, which appears to be in good agreement with the observations.
In this picture, the radial variation of the flow velocity of the plasma plays a dominant
role in obtaining a local, low (neo-classical) transport level. It thus appears that the
heat transport by the ions is well understood, and can be controlled experimentally.
However, for the light, negatively charged particles (electrons) this is not the case
at all. In particular, in the regions in which the radial heat transport by the ions is
reduced to the neo- classical transport level, the radial heat transport by the electrons
is still 10 to 100 times faster than the neo- classical prediction! This means that, at least
in this situation, the electrons are predominantly responsible for the loss of heat out of
the plasma. Therefore, it is very important to get a grip on the processes that lead to
IX
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SUMMARY

the fast (anomalous) electron heat conduction.
The puzzle is even more complicated than that, because it is indeed possible to
create strong heat transport barriers for the electrons! Obviously, the physics that
underlie these barriers are different from those that control the transport barriers for
the ions.
With the tokamak of the Rijnhuizen Tokamak Project (RTP) a worldwide unique
experiment was carried out, in which it was shown that in tokamak plasmas a whole
series of transport barriers for the electron heat transport exists. It was concluded
from the experimental data, that the barriers were linked to the locations of specific
values of the magnetic winding number in the plasma (magnetic field lines go round
the torus 'like a screw' and if a field line closes upon itself after one time round the
torus the long way round, and one time the short way round, the winding number is
1) . Based on these observations, a revolutionary model was formulated at Rijnhuizen,
in which the radial electron heat transport is no longer explicitly dependent on the
position in the plasma, but rather it is a function of the winding number. This model
is called the 'q-comb' model.
In this thesis, the robustness of the q-comb model is tried. Firstly, this is done by
testing the model for hundreds of plasma discharges of RTP, by means of computer
simulations. Specifically, we thus find that the q-comb model is able to describe all
discharges both qualitatively and quantitatively. We discover simple scaling laws that
clarify the influence of different plasma conditions (density and total plasma current)
on the parameters of the q-comb description. Also it is established how the different
assumptions of the q-comb model have an influence on the actual q-comb solution.
Secondly, we show that the q-comb model can also be applied successfully to describe plasma discharges of other reactors OET -Joint European Torus, Englandand TEXTOR -Tokamak Experiment for Technology Oriented Research, Germany).
One of the characteristics of the q-comb model is that it prescribes a layered finestructure for the radial electron heat transport: Heat flowing from the core of the
plasma to the edge encounters alternating layers of good and bad heat conduction;
it is the magnetic winding number in such a layer that determines the level of heat
conduction.
In general, one can also observe a fine-structure in the topology of the magnetic
field that confines the plasma. There are three regions to be distinguished: Regions
of almost ideal magnetic field; Regions in which the magnetic field locally degenerates into chains of magnetic islands; Regions of chaotic magnetic field. Since the
electrons are 'glued' to the magnetic field, they will behave differently in regions that
are topologically different.
Central to this thesis is the question if the fine-structure of the q-comb model
for electron heat conduction can be identified with the fine-structure of the topology
of the confining magnetic field. To that end, special computer programs have been
developed, which can meticulously resolve the tokamak magnetic fields. With these
computer programs we have calculated the radial transport for the most diverse magnetic topologies. We could only form barriers this way, if there is a series of broad
chains of islands present in the plasma, which do not overlap. Islands of these sizes
should have been observed experimentally, but mostly this is not the case. Apparently,
the picture is not com.plete yet.

Xl

Recently, there have been theoretical developments that indicate that in the near
future there will be a foundation for the empirical description of electron heat transport in tokamaks.

C:1
Introduction

Outline
In this chapter, a brief description of the physics of thermonuclear fusion is given.
Next, the workings of nuclear fusion devices as used for the experiments in this thesis
are sketched. These descriptions are necessary for the remainder of this chapter, where
the specific area of thermonuclear fusion research to which this thesis contributes is
defmed.
[

Section 1.1

Thermonuclear Fusion
Nuclear fusion is the energy producing process that takes place in the stars. The
fusion takes place in the core of a star, where a high temperature (more than 10
million degrees Celsius) and a high density provide the necessary conditions for fusion
reactions to occur. The energy released in this process is enormous. Indeed it stretches
the imagination to realize that life on earth is sustained by the tiny fraction of the
nuclear fusion energy produced by our own star, the sun, that reaches the earth, about
150 million kilometres away!

C!.JJJ

Plasma

In nuclear fusion, light atomic nuclei 'melt together' to form a heavier nucleus. The
state of matter in which electrons have been separated from the ions (atomic nuclei) is called 'plasma,' and can be regarded as the fourth state of matter (after 'solid,'
'fluid,' and 'gas'). Since the ions are electrically positive, they experience a repulsive Coulomb force. To overcome this repulsion, the ions must have high velocities
(i.e. high temperature) and they must be intrinsically close together (i.e. high density)
1
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2

3
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coils for plasma position control
and coils of primary winding transformer

He

T

Figure 1.1: The most suitable fusion reaction occurs between the nuclei of two isotopes ofHydrogen: Deuterium (D) and Tritium (T).

---<+--+--- plasma
column
I
I

in order to have many close encounters. Both these conditions are fulfilled in the sun
by its own gravitational force. To use gravitation to ignite nuclear fusion, one needs
an object of mass, about ten times larger than the planet Jupiter.
Therefore, to make a fusion reactor possible on earth, we do things differently
from the sun in two ways. Firstly, we make use of the most suitable (i.e. the most
easily achievable and high energy gain) fusion reaction (see Fig. 1.1), where the nuclei
of two heavy forms (isotopes) of Hydrogen, Deuterium (D) and Tritium (T), collide
and form a Helium nucleus (He) and a neutron (n), releasing 17.58MeV energy:
D +T

---+

He + n +Energy.

Secondly, instead of gravitation, we use the second force of nature to reach fusion
conditions: the electro-magnetic force.

[

Section 1.2

Tokamak
The most widely used thermonuclear fusion device, is the so-called 'tokamak,' origmally proposed by Sakharov and Tamm [1]. The word 'tokamak' is an acronym for
'Toroidalnaya Kamera i Magnitnaya Katushka,' which is Russian for 'toroidal chamber
with magnetic coils.' The concept of the tokamak device is shown in Fig. 1.2.
A plasma with minor radius a is created in a vacuum toroidal vessel with major
radms Ro. A transformer is used to induce a current Ip along the axis of the plasma
column. The transformer yoke is situated at the origin ofR 0 , making the plasma torus
the secondary coil of the transformer. The induced toroidal current gives rise to a
pol01dal field Be around the plasma, resulting in a pinching of the plasma column.
Poloidal coils surrounding the vessel generate a toroidal field B</> in the plasma, which
IS for tokamaks much larger in magnitude than Be. The addition of a small vertical
magnetic field Bv gives some control of the position of the plasma column with respect
to the horizontal plane.

I
I
I

I

-=~======~~~~~------------J
poloidal crosssection

vacuum vessel
diagnostic port

poloidal coils

helical field lines

Figure 1.2: Schematic drawing of a tokamak, showing the specific geometry, and the
basic concepts, and some of the parameter definitions used throughout this thesis.
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Magnetic Topology

Adding the poloidal and toroidal field, the resultant magnetic field lines are wound
helically (i.e. are spiralled) around the plasma, as is sketched in Fig. 1.2. The magnetic
winding number q expresses the number of toroidal orbits m over the number of
poloidal orbits 11, completed by a field line before it closes upon itself. In an ideal
situation, this would result in an infmite set of nested toroidal surfaces, where each
surface consists of magnetic field lines with the same winding number. In Fig. 1.3
three of these smfaces, corresponding to different values of q, are sketched.
A small perturbation of the magnetic field, when resonant with q = 111/11, leads
to the break-up of the corresponding magnetic surface, fornung chains of so- called
'magnetic islands' (see Fig. 1.3). Where islands originating from different q smfaces
overlap, a region of chaotic magnetic fteld forms. Since perturbations of these kinds
are unavoidable, the generic topology of the n1.agnetic tokamak field consists of good
smfaces, and chains of islands, and chaotic regions. The smfaces most sensitive to
n1agnetic resonances are those corresponding to simple rational values of q. The
winding number is also called the 'safety factor' in the literature, because the plasma
column is susceptible to all kinds of instabilities which can frequently be associated to
specific q values present in the plasma.

4

INTRODUCTION

Figure 1.3: Left: Sketch of three magnetic smfaces of an ideal magnetic tokamak field.
The surfaces form nested tori on which field lines of the same magnetic winding
number lie. Right: The flux surface in the middle is degenerating to form a
chain of two nugnetic islands.

11.2.21

Heating

Apart from generating the pinching poloidal field Be, there is a second role to play for
Ip: plasma heating. The resistivity of the plasma is small, but finite, leading to Ohmic

dissipation. Through this heating mechanism, the plasma can achieve temperatures of
about 1 keV (~ 107 K). The plasma can be heating further by auxiliary methods, which
are available in two flavours: neutral-beam injection (NBI) and electro-magnetic wave
heating. There are three conunon ways to apply electro-magnetic wave heating: ion
cyclotron heating (ICH), electron cyclotron heating (ECH), and lower hybrid heating
(LH) .
NBI puts high velocity neutral particles in the plasma. Neutral particles can penetrate deeply in the plasma, without being interrupted by the magnetic fields. There
the high velocity neutrals can become subject to charge-exchange reactions with low
velocity ions in the plasma, with as a result that the high speed neutrals become high
speed ions, and the low speed ions become low speed neutrals, which effectively
brings up the plasma temperature.
Electro-magnetic wave heating makes use of microwaves resonant with fundamental electron and ion frequencies in the plasma. For ECH this means that the power
can be deposited much more localized in the plasma than is possible by NBI.

11.2.31

Transport

Assuming only Coulomb collisions between the plasma particles in a plasma cylinder,
transport of particles and energy can be calculated from classical theory. When the
toroidal geometry of the tokamak is taken into account, the extended theory is called
'neo-classical' theory. Experimentally one cannot hope to achieve transport below

1.2 Tokamak

5

the neo-classical level, and consequently the neo-classical prediction is the maximum
attainable confinement of energy.
However, experiments in tokamaks show that ion and electron energy losses are
anomalous: the electron heat transport exceeds the neo-classical prediction by up to
two orders of magnitude, whilst the ion heat transport is anomalous up to one order
of magnitude. As a result of this, fusion reactors need to be larger than neo-classically
predicted. Since the cost of the development of a reactor roughly scales linearly with
its volume, a large effort in fusion research is dedicated to understanding why the
energy transport is so high. It is believed that turbulence, which is not taken into
account in neo- classical theory, is responsible for the observed anomalies.
There is an ongoing development of tokamak operation scenarios of so-called
'enhanced performance,' to obtain better energy confinement of the plasma. Typically,
these advanced scenarios involve the presence of 'transport barriers,' i.e. regions of
reduced transport, in the plasma . The discovery of these transport barriers (the first
one to be discovered was the 'H-mode' barrier [2]) is one of the greatest advances in
tokamak research of the last two decades.
There is now an extensive experimental experience with ion heat transport barriers. In particular, the plasma can be prepared in such a way that heat transport in the
'ion channel' reduces to the neo-classical level over (large) parts of the plasma. For
this reduction of turbulent heat transport through ions an understanding is emerging.
It is thought that a strong gradient in the flow velocity of the plasma tears turbulent
eddies apart before they can grow to a size that affects transport [3].
Interestingly, it has been found that electron thermal transport behaves quite differently from thermal transport by ions. When transport barriers are formed for one
species, this does not automatically result in a transport barrier at the same location
in time or place for the other species. Indeed, in the advanced scenarios in which
ion transport is reduced to the neo- classical level, the electron energy losses are still
anomalous. This underscores the importance to improve our understanding of the
electron heat transport processes in the plasma, because now that we are able to bring
down the ion heat transport to the lowest possible level, the electron heat transport
becomes the dom.inant heat loss channel.

11.2.41

Performance

The three condition.s necessary to reach plasma ignition, high ion temperature Ti , and
high ne, and good energy confinement, are combined in the triple product neTETi
to form a figure of merit for tokamak pe1formance. Here TE denotes the energy
confinement time, defined in steady state by the ratio of stored energy over the input
power. For a working fusion reactor the neTE Ti > 5 X 1021 ke V s m - 3 .
At present, the best tokamak performance has been achieved in high power experiments at JET Qoint European Torus, Culham, UK) which have delivered 16 MW
of fusion power, and reached neTE Ti "" 9 X 1020 ke V s m- 3 [ 4].
Dased on proven technology of today, a design has been nude for the prototype reactor ITER (International Thermonuclear Experimental Reactor), which is expected
to deliver ~ 500 MW of power at an energy gain ;:: 10. ITER is expected to come
into operation in 2012.
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Sect;on 1.3

This Thesis

The work described in this thesis is carried out to resolve some of the many questions dealing with the incomplete picture of transport in thermonuclear devices. In
particular we focus on the phenomena of transport barriers (i.e. narrow regions of enhanced confinement). Transport barriers can be observed in all present day tokamaks
and stellarators, and different types ofbarriers can be distinguished. A first distinction
is made as to where the barriers form: at the edge of the plasma (edge barriers) or
in the core of the plasma (internal transport barriers). A second classiftcation specifies
whether the barriers diminishes the transport of electron heat (electron thermal barriers), of ion heat (ion thermal barriers), or of particles (particle barriers). The type
of barrier we concentrate on in this thesis is the internal thermal electron transport
barrier.
The tokamak of the Rijnhuizen Tokamak Project is particularly well suited for
experiments which are focused on electron barriers. Firstly, the small dimensions of
the tokamak practically decouple the ions and electrons (i .e. exchanging heat between
ions and electrons takes longer than the time of energy confmement of the system),
so that we have a 'clean electron experiment.' Secondly, the machine is equipped
with high-resolution electron diagnostics, which gives us very accurate information
on the electron temperature (Te) and density (ne)· Moreover, RTP has a high-power
strongly localized auxiliary heating system, which gives us the means to investigate
in detail the transport structure of a tokamak. An overview of the RTP device and
its diagnostic equipment, together with the basics of thermal transport theory, are
supplied in Chapter 2.
Adequate knowledge of the most basic ingredient of a tokamak, the helical magnetic field , is essential for any transport study. Generally a tokamak field exhibits a
structure of layers of different topological characteristics: 'good' magnetic surfaces,
chains of magnetic islands and chaotic regions. Each layer has its own characteristic
impacts on transport. Especially the electrons are susceptible to local variations in the
magnetic field. Particles are only impartial to field perturbations they cannot 'see,'
which means for the electrons that they are affected by all perturbations with length
scales larger than the electron radius of gyration around the magnetic field lines (the
so-called Lannm· radius). Because the gyroradius scales linearly with the mass of a
particle, the electron gyroradius is very small, and hence electrons are susceptible to
even small variations of the magnetic field. Since the small details determine the type
oflayer, it is necessary to have the means to accurately describe the magnetic field. In
Chapter 3, the fundamental properties of magnetic fields in a tokamak geometry are
outlined . A substantial part of the work for this thesis was dedicated to the development of a comprehensive set of numerical tools to accurately describe the magnetic
field including small perturbations, which is described in Chapter 4.
Making use of the unique equipment of RTP, we developed an experimental
scheme that resulted in the discovery that the electron heat conductivity in the plasma
has a distinct fine-structure. More precisely, we found that the plasma is characterized by a sequence of internal thermal electron transport barriers. We were able to
construct an empirical model (the so-called q-comb model) which can describe ECH
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(electron cyclotron heating) heated discharges of RTP._ both qualitatively and :uantitatively. One of the eye-catchers of the model is that It p:escnbes a layered sti ~cturle
of transport in tokamak plasmas, where the type of layer IS determmed by the etai s
of the local magnetic field.
.
The central question that forms the basis of this thesis stems fro~1 the ob:erva~lOI~
that both the maO'netic field and the heat conduction display a distmct strauficanon.
Is 'it possible to obtain the layered heat conduction directly from the layered magnetiC

tiel~~

order to answer this question, we have to be certain of the robustness of .the
efore Chapters S-7 are dedicated to test the the q-comb agamst
q-comb mo del . Tl1er
,
dd
h
·
.
a large experimental database of discharges. In particular we a ress t e questiOns.
• Can we find an accurate q-comb solution for every RTP discharge?
• How unique are q-comb solutions?
• How do the parameters of the model depend on the plasma conditions?
• Is the applicability of the model restricted to the RTP machine?
• Can we use it to describe other types of barriers?
· [;
·1
·n the possession of a unique
.
If we can answer these questions sans acton y, we are I
. .
f
inventor of.tools: A robust empirical model which gives a complete descnpu~n o
d b
f discharO'eS (of RTP) and a set of numencal codes speohcally
t I1e w 110 e ata ase o
' .~
,y, d
11 t realize that we are
develo ed to resolve magnettc fine-structures. vve o we · . o
.
certain1y not the first to attempt to derive transport charactensucs directly from the
ro, erties of the magnetic topology of a tokamak. Chapter 8 gives an overview
pon pl
· th I's fteld , which places the q-comb mechanism m the nght
t 1e d eve 1opments 111

i

·n d t . · 1e
perspective.
. W
In Chapter 9 we address the central question of the thesis.
e WI . e elmm
· · 1ayers o f t h e magne t'IC topology
throuO'h
simu
auons
the influence of the charactenstLc
~
~
.
.
£
with our specialized codes. The outcome is compared to our q-comb prescnpuon or
transport.
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Publications

The work carried out in the progress of this thesis has contributed to a number of
. .
A list of these publications is given below. Entnes marked With number
pu bl Icauons.
·
1
b
in the bullet are included in this thesis as the chapters correspondmg to t 1ese num ers.
Publications

HoO'eweiJ. N.J. Lopes Cardozo, M.R. de Ba. ar, A.M.R. Sc. hilham, A
1
• G .MD
· ·
~
'
model
for electron
transport barriers in tokama k s, teste d agams t ex·penmentJ'
data fi-om RTP, Nuclear Fusion 38 (1998), 1881
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0 M. de Rover, A.M.R. Schilham, A. Montvai, N.J. Lopes Cardozo, Test particle

transport in perturbed magnetic fields in tokamaks, Physics of Plasmas 6 (1999),
2443

• P. Mantica, G. Gorini, G.M.D. Hogeweij, N.J. Lopes Cardozo, A.M.R. Schilham, and the RTP team, Heat Convection and Transport Barriers in Low Magnetic Shear Rijnhuizen Tokamak Project Plasmas, Physical Review Letters 85
(2000), 4534
8 A.M.R. Schilham, G.M.D. Hogeweij, N.J. Lopes Cardozo, VV Parail, C. Gormezano, Application ofthe RTP transport model to the JET tokamak, Nuclear
Fusion submitted, May 2001
CD A.M.R. Schilham, G.M.D. Hogeweij, N.J. Lopes Cardozo, Electron thermal
transport barriers in RTP: experiment and modelling, Plasma Physics and Con-

trolled Fusion submitted, July 2001
Apart from the given publications, parts of the thesis have been presented at several
conferences. A list of these contributions in published conference proceedings is given
below.

Proceedings
• G.M .D. Hogeweij, M.R. de Baar, N.J. Lopes Cardozo, A.M.R. Schilham ,
Transport barriers and the q profile, in Conji11ement and Exhaust, Czech Republic, Prague, 1998
• A.M.R. Schilham, M.R. de Baar, G.M.D. Hogeweij, N.J. Lopes Cardozo, and
the RTP team, Transport barriers and the q profile, in 1998 Intcmationaf Congress
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and Plasma Physics, Czech Republic, Prague, 1998
• G.M.D. Hogeweij , N.J. Lopes C ardozo, M .R. de Baar, M.N.A. Beurskens,
F.A. Karelse, A.M.R. Schilham, and the RTP team Experimental evidence for
electron thermal transport barriers in RTP, in EU-US Ti'ansport Task Force Workshop, Goteborg, Sweden, 1998
• A.M.R. Schilham, G.M.D. Hogeweij, M.R. de Baar, M.N.A. Beurskens, F.A.
Karelse, N.J. Lopes Cardozo, and the RTP team Modelling of bifi.zrcations and
barriers in RTP, in EU-US Ti'ansport Task Force Workshop, Goteborg, Sweden,
1998
• A.M .R . Schilham, M.R. de Baar, M.N.A. Beurskens, G.M.D. Hogeweij, F.A .
Karelse, N.J. Lopes Cardozo, and the RTP team Transport barriers in RTP:
dependence on fp and n e, in EU-US Tiwzsport Task Force Workshop, Goteborg,
Sweden, 1998
• A.A .M. Oomens et. a/, including A.M.R. Schilham, Progress in EC heating
and current drive physics and technology at RTP in 17th Imemational Corifcrencc
on Plasma Physics and Controlled Nuclear Fusion Research, Yokahoma, Japan, 1998
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Cardozo, R.F.G. Meulenbroeks, A.M.R. Schilham, and the RTP team, Transport barriers in RTP, in Workshop Modelling ofJET Optimized Shear Plasma , JET,
Culham, United Kindom, 1999
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RTP, JET and Basic Transport
Theory
Outline
In this chapter the two tokamaks, RTP and JET, at which experiments were carried
out for the data presented in this thesis are described and compared. The experimental
data was acquired by a combination of several sophisticated diagnostics installed at
the two machines, and the diagnostics most crucial to the work in this thesis are
addressed. This chapter is concluded with a thumb-nail sketch of classical transport
theory in tokamaks, in order to build a framework of reference for the transport
analysis presented in Chapters 5, 6, and 7 of this thesis.
[

SecHon 2.1

RTP
The Rijnhuizen Tokamak Project (RTP) is a tokamak with a circular cross-section ,
dedicated to the study of the electron transport anomaly. Its machine parameters are
listed in Table 2.1 . Olunic heating typically amounts to central electron temperatures
(Te (0)) of 0.7 keV The in stalled auxiliary heating by ECH can bring Te (0) up to
4keV
12.1.1 I ECH System

The microwave generator ofRTP's ECH system is a 110 GHz gyrotron (pulse duration
< 200 m s, effective output power~ 400 kW) , which produces microwaves for injection
in X-mode from the low-field side of the tokamak. The waves are absorbed at the
second harmonic of the electron cyclotron frequency W ee . i.e. the frequency at which
electrons gyrate around magnetic field lines. The launcher of the system features a
tiltable mirror, which can be used to drive current (electron cyclotron current drive
11
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Table 2.1: A comparison of machine characteristics ofRTP and JET.

Machine
Parameter

Symbol

Major radius
Minor radius (horizontally)
Minor radius (vertically)
Toroidal magnetic field
Plasma current
Pulse duration
Ohmic heating
Auxiliary heating

Ro

a
b
B,/>
Ip
7pu1se

Po
PNB!
PrcH
PECH

RTP
Value

JET
Value

0.72
0.164
0.164
<2.4
<0.15
<0.5
<0.3

2.96
1.25
2.1
<3.45
<7
<70
<3
<21
<22

0.4

.

</>, Since

p

Gyrating electrons emit radiation at the cyclotron frequency. The 1/ R dependence of
(Eq. 2.1) makes it possible to uniquely localize the place of origin of the ECE. Te
at the place of origin can be derived from the intensity Ice of the measured radiation.
In RTP, a 20 channel system tor second harmonic X-mode ECE with a spatial
resolution of about 1.5 em is installed [2] . A high-gain antenna collects the ECE radiation and feeds it into a broad-band detector. In two steps, the original frequency
band of 86-146 GHz is down-converted to the range of 0-1.5 GHz, that can be processed further. In the poloidal section of the high-gain antenna, absorbing Macor is
mounted on the vessel wall to damp spurious reflections. Assmning a Maxwellian
velocity distribution, the measured Ice in this setup is proportional to Te at the place
of origin through
(2.2)
W ee

Unit
n1
111
111

T
MA
MW
MW
MW
MW

with 7 the optical thickness of the plasma. In second harmonic X-mode, 7 is proportional to the electron pressure; for the core region of the RTP plasma 7 is in the range
l-3.

deposition can be vaned honzontally by tunina
b

eB1,

We e = - )!111e
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Heterodyne ECE radiometry

theE~~~~-o~~~e~:~~~~0~1~teo::J~ical, the location where the power is deposited in
the toroidal field B

2.2 jET

(2.1)

;~~~;alt~~~a;:~~t~~o~e~2a;ged;~r~~;e~e:t:~istic_ facto~·:

and me the electron mass. The
tuning of the location ;[ depo <.t.
I TlmJ_Jdor ra _ws R as 1/ R,_ which allows for the
SJ IOn.
1e epositwn profil
·
Gaussian with a full-width-half-maximum (FWHM) f b tells approximated by a
o a out em (< a/10).
j2.1.2 j Diagnostics
RTP features a comprehensive set of d.
.
Of
the work presented in this thesis are th~:~~~o~~cs.
_these, the ones most _crucial for
and the set of electron cyclotron emission (EgCEre)soldutwn Thomson scattenng system
ra 10n1eters.
Thomson Scattering

Th
. ·I
e pnncip e of Thomson scattering is the scatterina of photo b fi
1
Thomson scattering diagnostic measures the h
b
ns y ree e ectrons. A
pulse is 'shot' through a
d.
Th
p otons that are scattered when a laser
me Ium.
e number of
d 1
·
the electron density (ne) in the diaanosed
d"
counte p 1otons IS a measure of
the scattered light gives the electronbtempei~:r~u!~') and the Doppler broadening of
The RTP Th
·
.
.
e·
twice within 20-~~g~~ s:~~~eramtgtd!JagnlostJ]c [1 ]husefs a ruby laser that can be pulsed
r ,
' o a pu se engt o 40 ns FWMH
d
.
total energy of ? 5 J Th
an a max11num
1
b.
.
e system measures Te and 11e simultaneously at 350
.
a ~lg a ;ertical ch~rd of 300 mm, with a spatial resolution of 3 mm (i e ? o/c f )po;~ts
ac Jeve accuracy Is 3-4% forTe (for n "" 5 X 1019 m-3)
d ? 3o" c . . - o o a .
e
e
an -- :10 10r 11 e .

Magnetics

RTP has a set of 12 flux loops to measure the poloidal dependence of the radial flux.
The poloidal (Be) and radial component (B,.) of the magnetic field are measured by a
set of small pick-up coils; 12 for the Be and 12 forB,.. The position of the plasma is
controlled by a feedback loop from a set of 12 saddle loops. The current through the
plasma column and the vessel is measured by a Rogowski-coil.
Interferometry

Two interferometers are mounted on RTP [3, 4]. Firstly, a single chord interferometer
at a wavelength of 2mm is used in combination with a gas-feed system for density
feed-back . The 2 mm intetferometer is also used for absolute calibration of the density
profiles measured with the Thomson scattering diagnostic. Secondly, a 19 channel
interferometer is available for measurements of the temporal evolution of the density
profile ne(r, t). A slab beam at a wavelength of 432 pm is injected vertically into the
plasma. Phase delays are measured at 19 positions, with a time resolution of 2 ps. An
Abel-inversion can be applied to the data to retrieve the local density from the phase
profile. After the Abel-inversion, the estimated error on the local ne is 5%.

[
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JET
The Joint European Torus OET) is the largest tokamak in the world [5]. So far it
has achieved a triple product of 11 e 7E Ti = 9 X 1020 m- 3 s keV [6]. The main goal
of research at JET is the study of near-reactor conditions. A comparison between
machine parameters of JET and RTP is given in Table 2.1. The installed set of
auxiliary heating systems allows for electron temperatures of about 15 keV and ion
temperatures up to 40 keV
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I

Diagnostics

JET is equiped with a large set of diagnostics, to gain information on both ions and
electrons. The two diagnostics most used for the work described in thesis are the JET
Lidar Thomson scattering system and the ECE radiometer. The latter one is a 48
channel diagnostic of a similar type as used at RTP (see Section 2.1.2), with a spatial
resolution of routinely 2 em and a time resolution that can be as low as 8 ps.

2.3 Basic Thermal Transport Theory

the minor radius r only. The fluxes are either perpendicular (e.g. heat diffusion) or
parallel to the surfaces (current density j).
The flux densities (f for particles, he and hi for electron and ion heat, and j for
current) are all related to the thermo-dynamic forces (Vnc, VTe, VTi, and the parallel
electric field E,,,), and can be represented in a matrix notation as:

Lidar

The Lidar (light detection and ranging) Thomson scattering diagnostic (7] combines
Thomson back-scattering with a time-of-flight method to measure radially resolved
Tc and 11e proftles. A 300 ps ruby laser pulse is shot along the major radius of the
plasma. The back-scattered photons are measured as a function of time as the light
crosses the plasma, and analysed as described in Section 2.1.2 to resolve Te and 11e .
The diagnostic has a 12 em spatial resolution and a repetition time of 0.25 s, with an
accuracy of typically 7% of Teo ·

15

a12

a13

Xe

a23

a32

Xi

a12

a13

The diagonal terms in this matrix are referred to as diffusive terms: particle diffusivity
D, heat diffusivities Xe and Xi, and current diffusivity (conductivity) u. Of the offdiagonal terms, W (the Ware-pinch) and 13 (the bootstrap current) are generally taken
into account in transport analyses. For the remaining off-diagonal terms (aij) non-zero
neo-classical expressions do exist.
Assuming that collisions in the plasma can be represented by a random-walk process, neo-classical theory yields that typically for tokamaks
(2.5)

Basic Thermal Transport Theory
with me and
In the classical, ideal picture, magnetic field lines in tokamaks are confined to closed
surfaces, that form a set of nested flux tori. The energy confinement time T E is
determined by the radial transport , i.e. transport across these surfaces. In classical theory this so-called 'cross-field' transport is restricted to radiation, charge exchange and
collision induced diffusion and convection. Of these processes, collisional transport
seems to be the least controllable, and is therefore the main cause for transport in
(neo-)classical theory. The main difference between classical theory and neo-classical
theory, is that the latter explicitely takes into account the toroidal geometry of the
system, which causes plasma particles to experience a larger 'stepsize' after collisons.
Neo-classical theory gives the lowest level of transport that can be achieved. Any
process that leads to fluctuating E fields or to the break-up of the ideal magnetic flux
smfaces will enhance transport.
12.3.1

I

Neo-classical Transport

For the transport addressed, the conservation of electron energy (and analogously for
the ions) reads (8]:

dt GnekTe) = -\1 · he- \1 · (~kTefe)- 11ekTe \1 · (~:) + Se,

fe

(2.4)

(2 .3)

where
is the convective electron particle flux density, k is Boltzmann's constant,
he is the conductive electron heat flux density and Se is the net power density to the
electrons.
Averaging both the thermo-dynamic forces and the fluxes over a magnetic surface,
neo-classical transport reduces to a 1-D problem, where all quantities are functions of

111i

the electron and ion mass respectively.

12.3.2 1 Anomalous Transport

Findings from experiments in tokamaks show that typically
Xe ~Xi ~ (3- 5)0 ~ lm 2 /s,

(2.6)

which does not agree with the neo-classical prediction (Eq. (2 .5)) . Moreover, the scaling of the transport coefficients with machine parameters is not understood. Hence,
the observed transport in tokan'laks is referred to as 'anomalous transport .' The anomalous cross-field fluxes are in stark contrast with the parallel fluxes, that in experiments
appear to be well described by the neo-classical prediction: The experimentally found
values for the parallel current conductivity uu and 13 are in agreement with the theory.
The usual suspects for causing the observed anomalies, are the existing small-scale
fluctuations of electric and magnetic fields in tokamaks. Both types of fluctuations
can drive particle fluxes and cause turbulent transport. Fluctuations of the electric
field , referred to as 'electrostatic turbulence,' gives rise to small scale Ex B drifts. Magnetic field fluctuations ('magnetic turbulence ') c:m break the toroidal symmetry of
the system and destroy the nested flux surfaces, causing enhanced transport, because
(charged) plasma particles 'flow' along magnetic field lines. Since both types of fluctuations are intrinsically present in tokamaks , they are both expected to be responsible
for part of the transport anomalies that are observed in experiments.
12.3.31

Transport Barriers

When certain plasma conditions are met, the formation of so-called 'transport barriers' can be observed. These barriers are regions in the plasma, where transport is
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significantly reduced. The plasma edge barrier that is the basis of the so-called 'Hmode' [9], i.e. a mode of enhanced operation of the tokamak, was the first barrier to
be discovered . Since then n1any barriers have been accessed, at positions both inside
the plasma (hence called 'internal transport barriers' -ITBs) and at the plasma edge.
As stated before, the origins of the anomalous transport are ascribed to plasma
turbulence. Hence, the occurrence of transport barriers must be put down to a local
suppression of the level of turbulence ('turbulence quenching') . As there exist two
flavours of turbulence in tokamak plasmas, there are also two theoretical pictures for
the formation ofbarriers, and both are expected to have an impact on transport.

Electrostatic Turbulence Quenching
Electrostatic turbulence is quenched by suppressing the growth of turbulent modes
present in the plasma [1 0]. Various mechanisms that can produce this class of turbulence have been proposed in the literature, amongst them pure ion temperature
gradient (ITG) or 77i modes and electron temperature gradient (ETG) or 77 e modes.
Quenching oftbe turbulence can be achieved through ExB sheared flow suppression.
From the balance of radially directed forces , the radial electric field E,. can be
derived for any plasma particle species a as
(2.7)
with Ptt the pressure, na the density, Zae the electric charge per particle, vq,,a the
toroidal flow velocity and ve,a the poloidal flow velocity; the index a denotes that the
accompanying quantity is to be evaluated for each species separately.
Assuming isotropy of turbulence in the plane perpendicular to the magnetic field,
the characteristic rate of decorrelation of the turbulence through the E x B sheared
velocity in the outer mid-plane of the tokamak is given by:
)!ExB =

E,. (2._ JE,. _ _!__ JBe _ _!_).
B E,. JR
Be JR
R

(2.8)

Turbulence quenching takes place when the characteristic rate of turbulence decorrelation is larger than the maximum growth-rate of the dominant turbulent mode
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Magnetic Turbulence Quenching
As will be discussed in more detail in Chapter 3, the general topology of a perturbed tokamak field consist of three elements: i) surviving intact flux smfaces (with a
higher chance of survival for higher order irrational surfaces, i.e. surfaces corresponding to higher poloidal and toroidal mode numbers); ii) magnetic islands (at locations of
broken-up simple rationals); iii) chaotic seas (where islands originating fran< different
smfaces overlap). The clear separation of topology characteristics makes predictions
for magnetic field line trajectories complicated. Furthermore, in the step from field
line trajectories to actual particle trajectories, the interactions between plasma particles
must be taken into account.
In the absence of electro-static turbulence, the intact surfaces are regions of 'good
magnetic behaviour' and should not incite a deviation from neo-classical prescriptions.
If the magnetic turbulence can be suppressed in certain regions of the plasma, the
fraction of the plasma governed by good surfaces will increase and hence bring down
the overall level of transport.
It follows from 'quasi-linear' theory that the radial excursions of field lines caused
a perturbing field of strength bE = BIB = 10-4, significantly enhance electron heat
transport. Measurements of the magnetic fluctuations in the Tore Supra tokamak [16]
did yield bE ~ w-s to w- 4 , while high resolution measurements of the Te profile in
the RTP tokamak [17] show coherent structures compatible with perturbing fields of
bE ;S w- 3. As theory predicts that a smaller level of bE is expected for a machine with
a larger major radius, the findings of the two machines are in agreement with theory
and enhancements of Xe are likely to be observed.
There is an extensive literature on (test particle) transport in chaotic magnetic
fields (see e.g. Ref. [18-22]). A common assumption is that in a chaotic region,
neighbouring field lines diverge exponentially. As the test particle flows along the
magnetic field lines, it gradually moves away from its initial field line (e.g. due to
collisions). After some time Td (the decorrelation time) the separation between the
particle and its initial field line exceeds a characteristic distance (e.g. the Larmor radius)
and the test particle is said to be fully decorrelated from the initial field line.
The radial distance travelled, is then obtained from a suitable model of the field
line excursions. Usually, the Rechester and Rosenbluth [18] formula for the scaling
of the diffusivity x with the test particle velocity vii along the field line, is used to
compute test particle transport in a stationary chaotic field:

()!~~x),

(2.9)
which is known as Waltz' rule [11] . Indeed the proposed mechanism has been identified to bring about thermal transport barriers for ions [11-13]. The barrier formation
is then associated with the observed damping of density fluctuations, which from
Eq. (2.7) is seen to reduce the fluctuations in E,. and as a result )!ExB will be diminished as is clear from Eq. (2.8). Moreover, when the density fluctuations drop below
the detection limit, this mechanism can bring Xi down to its neo-classical estimate,
which has been confirmed experimentally (as is presented in e.g. Refs. [14, 15]). Interestingly, although the absence of density fluctuations is so favourable for ion beat
confinement, its effect on electron heat transport is much less pronounced and in fact
Xe is observed to be anomalous still.

The 'magnetic diffusion coefficient,' OM, can be approximated by the quasi-linear [23]
estimate OM ~ Lcllb;, when b<' Lcll « Lc1., with Lcll and LcJ. denoting the longitudinal
and transversal correlation lengths of the perturbing magnetic field. Formula (2. 9)
pertains to the so-called 'collisionless diffusion' regime, which is applicable when T dis
smaller than the collision time. The validity ofEq. (2.9) and the quasi-linear estimate
of OM have been subjects of much discussion in the literature (e.g. Ref. [22, 24-26]).
But transport is not only enhanced in chaotic regions: The islands result in enhanced transport as well. Although an island does exhibit a certain 'stickiness' for
magnetic field lines, its effect on collisions between particles trapped in a magnetic
island is quite the opposite: The radial step-size experienced after a collision is of the
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order of the island width, in contrast with a 'normal' collisional step-size of about a
gyroradius. Consequently, confinement in the presence of islands will be worse.
At a first glance, observations of the formation of barriers seem at odds with this
exposition, for barriers are most frequently reported to grow at locations associated
with simple rational q numbers, i.e. the very spots where islands are expected to
form. However on second reflection, this seeming contradiction can be put right. It
is noted that the most stable flux smfaces are the highest order irrational ones, and
mathematics shows these to be found just next to the simplest rational surfaces. It is
impossible to directly measure the locations of the barriers relative to the rational flux
surfaces with sufficient accuracy to state how close to the rational smfaces the barriers
are. However, indirect evidence obtained at RTP [27] points out that barriers are
predominantly located just before (and not including) rational qs, which resolves the
mentioned controversy.

2.3 References
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Magnetic Topology of Tokamaks

Outline
The magnetic topology of an ideal tokamak, in the literature referred to as the 'standard model ,' is easy to derive and is addressed in Section 3.1 below. Real thermonuclear devices are prone to interior and exterior perturbations which affect the
magnetic topology. The essential theoretical means to deduce the resultant topology
is supplied in Sections 3.2-3.6 of tills chapter. Firstly, the concept of 'magnetic field
lines' is introduced in Section 3.2. A description of the magnetic field in terms of
'magnetic fluxes' and how this relates to Hamilton's equations is the topic of Sections 3.3 and 3.4. Finally, through some basic properties of Hamiltonian mechanics
(reviewed in Section 3.5) the generic topology of the tokamak field is deduced in
Section 3.6 and the most important conclusions of this exercise are summarized in
Section 3.7 .

[

SecHon 3.1

Standard Model
The magnetic field in an ideal tokamak consist of two components: an externally
applied toroidal field B,1, and an induced poloidal field Be . The resultant field lines
are helically wound along the torus. The current density that gives rise to Be is not
uniform across the poloidal plane, but it is peaked towards the centre of the poloidal
cross-section . Consequently, the pitch of the field lines depends on the position in
the plasma. The form of the helical tokamak field without perturbations is

Bo(x,e) = 1

Bo

+ XCOS e
21

( ed>- -X()ee )
'

q

X

I

(3.1)

22

MAGNETIC TOPOLOGY OF TOKAMAKS

Furthermore, the degree of symmetry displayed by Eq. (3.1) is technically impossible to realize. Most notably, the lack of a cp dependence in the standard model
is very unlikely to be produced if only a limited number of external field coils are
used. In actual thermonuclear devices, perturbing components to the fields are always
present, both of internal and external origins. To understand the influence of these
perturbations on the magnetic field in the tokamak, more background on magnetic
field topologies in toroidJl geometry is given in the following sections.

~ ..... e
:

•
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3.2 Field Lines
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Sect;on 3.2

Field Lines

....
I

Figure 3.1: Definition of the toroidal coordinate system used throughout this thesis.
in the right-handed toroidal coordinate system (X = r I Ro, cp, B), i.e. the ratio of the
distance to the magnetic axis over the nujor radius , the toroidal angle and the poloidal
angle, with orthonormal basis vectors ex, e</> and ee (see Fig. 3.1). At the magnetic
axis, which is located at R = Ro (with R the major radius of the torus), B,,0 , which has
a reciprocal dependency on R, is of strength Bo.
The tokamak field given by Eq. (3.1) is known in literature as the 'standard
model' [l], giving the correct magnetic field in the large aspect ratio approximation,
i.e. afRo« 1 with a the minor radius of the tokamak, and satisfying V · Bo = 0.
The safety factor q(x) is a dimensionless function, expressing the normalized pitch
angle of the magnetic field lines. For a cylindrical plasma carrying a plasma current
Ip(x) = 2nR6
j(x')x' dx', with j(x) the current density, q is written

J;'

q (x)

= qcyl =

2nx2RoBo
I ( ) .
~~o P

x

The field lines of J given mJgnetic field B(r) are the integral curves that Jre solutions
of the differential equJtion dr / dT = B(r) (where T is an arbitrJry running coordinate along the field line) . For a generic coordinate system (a 1 , a 2 , a 3 ), the chJnge of
coordinate a; (with i = 1, 2, 3) along the field line is given by
(3.4)

Thus the equations of the field lines Jre:
da;
dai

B (r) · Va;
B(r)·Vaj·

For an orthogonal coordinate system,Va; = Aj 1 e;, where ;\; and e; denote respectively the scJle factor and the unit vector corresponding to the coordinate a;. So, in
the orthogonJl coordinate systems introduced in Sec. 3.1 the field line equations are
written:

(3.2)

For RTP plasmas with central heating, a good approximation for q(x) is the so-called
'natural' profile [2] which is a parabolic profile,

In cylindrical coordinates ( R, cp,z ) :

(3.3)

In toroidal coordinates
with q0 (the value at the magnetic axis) related to {/a (the safety factor at the plasma
edge, 2.0 < (/a < 10) as (/O = qal (qa + 1). The torus dimensions of RTP are given by
Ro = 0.72 m and a = 0.16 m.
The standard model is at best a simplification of the real magnetic field in a tokamak. Most notably, the finite aspect ratio a/ Ro of real tokamaks results in a 'shifted'
magnetic equilibrium. For a finite aspect ratio, balancing the magnetic force and the
force due to the plasma pressure yields a magnetic equilibrium in which the nugnetic
axis does not coincide with the geometrical axis of the tokamak. Rather the magnetic axis is shifted outwards. The standard model does not take this displacement (the
so-called 'Shafranov shift') into account.

(3.5)

{

dR =RBI<
dcp
B,?
dz = R B:
dcp

(3.6)

B,1,

dx = (1 +xcosB)B,.
dcp
B,f>

(X, cp, B) :
{

dB _ (1 + x cos B) Be
dcp xB ,

(3.7)

1

For the nugnetic field of the standard model (Eq. (3.1)), Eqs. 3.7 yield that the
field lines obey the following relations:
dx
dcp = 0,
dB
dcp

1 + xcosB
q (x)

(3.8)
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3.4 Magnetic Flux Coordinates

e

e,

with a poloidal coordinate, which does not need to be identical to
as will be
discussed in Section 3.4. Through a gauge function G that obeys dxC = AxAx the
vector potential is rewritten to

t/J 1 and t/Jp functions of (x, <fJ, e), defined through BoR~ljJ 1 = -AeAe + deG
and BoR~t/Jp = A>A¢, + J,,,G. Using ( tj; 1, </J, e) as a new orthogonal coordinate system,

with both

the magnetic field is given by
(3.9)
and the fteld line equations are written
Figure 3.2: Topology of the 'standard model ' : The magnetic fteld lines lie on magnetic
flux smfaces; these surfaces form a set of nested tori.

The equations in Eq. (3.8) show two interesting characteristics. Firstly, fteld
lines starting at radius r stay at radius r, and trace out helical orbits on nested twodimensional toroidal surfaces (see Fig. 3.2 for an artist's impression). Secondly, field
lines corresponding to rational values of q(x) close upon themselves after a finite number of turns around the torus; fteld lines with irrational q(x) never close.

dt/Jt
d</J
de
d<fJ

dt/Jp

= - Je'
=

dt/Jp
dt/Jt

(3.1 0)

Equations (3.10) are derived by using Eqs. (3.5) together with the relations for the Jacobian J for the transformation between the coordinate systems (X, </J, e) and ( t/Jt, </J, e),
I.e.

[

SecHon 3.3

Hamiltonian Description

and the identities

Vt/Jp
At some point in hi s or her studies, any student in physics will have encountered
the Hamilton equations, describing a wide variety of textbook examples of physics
problems. Clearly, there is a vast knowledge of Hamiltonian systems (some of this will
be reviewed in Section 3.5), and a lot can be learned if the equations of field lines of
axially symn<etric fields can be written in Hamiltonian form. Straightforwardly, one
could try to ftnd a Hamiltonian H (x, <fJ, e) such that Hamilton's equations satisfy the
field line equations,

dx
d</J
de
d</J

=

dt/Jp
dt/Jp
dt/Jp -=;-Vt/Jt + --:lV<fJ + --:;-=-Ve.
ot/Jt
o</J
oe

(3 .11)

The field line equations in Eqs. (3.10) are indeed Hamiltonian. In this case, the
Hamiltonian is given by the function t/Jp (t/J 1, </J, e), and </J is regarded as the equivalent
of a time coordinate. In Section 3.4 t/J 1 is identified as a 'radial coordinate.'

Magnetic Flux Coordinates

()H

Je'
=

()H

dx '

but in practical cases, such a function H will not exist. Fortunately, transformations to
coordinate systems in which the field line equations are Hamiltonian exist [1,3,4].
Generally speaking, the magnetic fteld can be written as the curl of a vector potential A: B = V x A. The vector potential A in a orthogonal coordinate system (x, </J, e)
can be written in the form

For the discussion of magnetic fluxes, it comes in useful to defme the term 'magnetic
surface' as a surface in space, described by a function S (r) = canst. for which the
relation B · VS (r) = 0 holds everywhere. From Eqs. (3.9) and (3.11) it is derived
that t/Jp = const. and tj; 1 = canst. can only be magnetic smfaces simultaneously if
t/Jp = t/Jp (tj; 1). Field lines will then be restricted to lie on nested magnetic surfaces. The
existence of such surfaces in tokamak plasmas is supposed to be good for confinement
(diffusion along B is 12-14 orders faster than diffusion perpendicular to B). Generally,
t/Jp is a function of ( t/Jt, </J , e), SO ~'P = canst. and ~'t = canst. cannot be identified
simultaneously with magnetic surfaces.
In what follows, it is made clear that the functions t/Jp and tj; 1 can be identified with
respectively the poloidal and toroidal magnetic flux functions [3, 4]. The location of
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3.5 Basic Hamilton Mechanics
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and the Hamiltonian !f;p is given by

!f;p (!f;t) =-

l

1

.p,

0

d!f;;-(-)"
q !f.;;

(3.17)

Identifying the flux function rj; 1 as a radial coordinate, it is recovered that fteld lines
for the standard model are straight in the canonical coordinates ( rj; 1, 8), with a pitch in
the ( cp,
plane, given by d!f;p/ drj; 1 = -1/ q ( rj; 1). Indeed, substituting Eqs. (3.15)-(3.17)
into Hamilton's equations (Eqs. (3.10)) reproduces the field line equations in Eq. (3.8)
for the standard model.
In conclusion, in the Hamiltonian description of the magnetic field, the canonical
coordinates are defined by Eqs. (3.15) and (3 .16) and the corresponding unperturbed
Hamiltonian is given by Eq . (3 . 17) .

8)

Figure 3.3: Poloidal (!f;p) and toroidal (rj; 1) magnetic fluxes.

[
zero flux is chosen to coincide with the magnetic axis for both !f;p and rj; 1• Since the
poloidal flux through an infinite (equatorial) plane is zero, the poloidal flux is defined
as the total magnetic flux through the ribbon bounded by the magnetic axis and r,
as is indicated by the light grey area in Fig. 3 .3. The poloidal flux can be calculated
from the volume integral of B ·VB, over the volume bounded by the magnetic surface
given by rj; 1 (r) = rj; 1 = const.

Sect;on 3.5

Basic Hamilton Mechanics
This section briefly describes some basic properties of Hamiltonian mechanics, as it
can be found in many textbooks (e.g. [5-7]). The starting point is a given time
dependent Hamiltonian H (p, q, t) in a 2N-dimensional phase space constructed of
N canonical momentum coordinates Pi and N canonical space coordinates qi (with
i = 1, . .. , N) . Hamilton's equations describe the time evolution of the system as

(3 .12)

()H
Pi=

An analogous volume integration of B · Vcp gives the relation

-1
2n

l

~,,

-

d!f;;dcpde JB · Vcp = 2nBoR 02 !f;t .

ifi =
(3.13)

For the standard model (Eq. (3.1)) any smface function 5 (x) is a magnetic surface.
Choosing tjJ 1 = 5 (x) and substituting the standard model (Eq. (3.1)) and the Jacobian

into Eq. (3.13) gives

!f;t =

1
4n 2 BoR 02

re de'

j0

l

_xBoR~ Je
dxdcpde-----=·
~·,
R Je

1
e
1+xcos '

with the dot representing the time derivative.
If a given canonical coordinate set (p, q) is inconvenient for the problem under investigation, it is possible to perform a canonical transformation to another coordinate
set (P, Q) which is again canonical. If the Hamiltonian in the new coordinate frame
is denoted by K = K (P, Q, t), the relation between the two sets of coordinates is given
by
(3.18)

(3 .14)

The integrand in Eq. (3.14) is a function ofx only, if
[) =

dqi '
dH
dpi '

~ e-X sin e.

(3.15)

This leads to a toroidal flux

with F (p, q, P, Q, t) the so-called 'generating function ' of the transformation.
There is a class of Hamiltonian systems, called 'integrable systems,' for which a
transformation to so-called 'action-angle variables' (/, 8) is possible. For these systems
the Hamiltonian Ho is a function of the new momentum coordinates J only, making
the equations of motion particularly simple:

r = o,
.

(3 .16)

ei =

dHo

dh = wi.
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(lik))

where the superscript (k) indicates the k-th time of crossing. Substituting I]
=min
·
e(k+lll)
e(k)
2
·
·
·
h
1
·
1
f
d.
J
g1ves 1
= 1 - nn, I.e. m pomts appear m t e pot on a ore eo ra Ius 1·
Indeed the motion of a phase space point on aN= 2 integrable system (as sketched
in Fig. 3.4) looks very much like the trajectory of a magnetic field line in the standard
model for a tokamak field in real space. However, there are two important differences:
i) The Hamiltonian t/Jp (t/J 11 cp, e) is generally explicitly dependent on the 'time' qJ; and
ii) The magnetic field Hamiltonian is of N = 1 nature. The two systems can be
made to match exactly, because it can be proven that the motion described by a time
dependent Hamiltonian H (p ql t) in 2N-dimensional phase space is equivalent to the
motion of a time independent Hamiltonian in a (2N + 2)-dimensional phase space [8].
Therefore it can be concluded that the motion described by a N = 2 Hamiltonian
system is completely analogous to the description of magnetic field line trajectories
by the Hamiltonian t/Jp ( t/J 1, cp, e).
1

Figure 3.4: Motion of a phase space point of an integrable system with two degrees
of freedom: The motion is described by two angle variables 8 1 and 8z and the
smfaces are 'labelled' by the action variable ]I (on each torus, both action variables
h and Jz are constant).

For integrable systems, the momentum coordinates are constants of motion and hence
motions are restricted toN-dimensional subspaces of the 2N-dimensional phase space.
If such a N-dimensional subspace has a finite volume, it is topologically equivalent to
a N-torus. Considering the case with N = 2, and taking lz = const. and Ho (h~ Jz) =
const. = E (with E the energy), it follows that J1 is fixed as well, such that the angles
81 and 82 are the 011ly time dependent variables, which indeed describes a set of
nested tori as is sketched in Fig. 3.4. Trajectories on the tori characterized by h
move by 2nwdw 2 in the direction of positive 8 1 for each complete turn of 8z. So
if wifw 2 = 11Im with both 11 and m integers, a trajectory will close upon itself after
n revolutions in positive el direction and having completed m turns in positive ez
direction. If the ratio 111 In is not a rational, the trajectory never closes upon itself.
Instead the trajectory will pass arbitrarily close to every point on the surface infinitely
many tin'les. These motions are called 'ergodic on the torus.'
A common tool to study the time evolution of the system is the Poincare plot.
Such a plot consists of the intersections of the trajectories with a fixed surface. For
theN= 2 systems, the fixed surface taken is a 8 2 = const. surface. Closed trajectories
corresponding to w 2 1w 1 =min will appear in the Poincare plot as m dots. In contrast,
ergodic torus motions appear as full circles.
Moser's twist map [8] is a formal prescription of the Poincare plot. In Moser's twist
map the surface of intersection is 8 2 = const., and both Ho (! 11 Jz) and Jz are fixed, so
the ratio w 2 1w 1 is a function of]!: w 2 1w 1 = -q (JI). Successive crossings of a trajectory
with the Poincare surface are then described by
e(k+1) = e(k) ~
1 I]

1
(k+l)
J1

=

J(k)
j

I

(lik))

I

(3.19)

[

Section 3.6

KAM Theorem
In order to study non-ideal magnetic tokamak fields, Hamiltonian systems that are not
integrable should be studied. To this end the magnetic field B is considered to consist
of the standard model Bo with additionally a small perturbing field BE. Analogously the
Hamiltonian to be studied consists of the integrable Ho (h~lz) plus a non-integrable
part HE(!1, h el, 8z). The resultant Hamiltonian H (JI, h el, 8z) is not integrable. As
an illustration, the small HE is assumed to be harmonic:
(3.20)

Using the generating function Fz = !1 81 +fz8z+Ef3nlll (!1, h) sin (m81 + n8z), a canonical
transformation (/ 8) ~ (I, a), which should be close to the identity transformation,
is performed, resulting in a new Hamiltonian K which is close to H:
1

(3.21)

where only terms up to first order in E have been kept, and Wi still refers to the
unperturbed frequencies Wi = Wi (!1, Iz) = JHo U11 Iz) I Jh Now, if (mw 1 + nwz)
0,
the angle dependencies can be removed from the Hamiltonian by choosing f3mn =
- fmnl (mw1 + nwz). This means that although the flux tori are distorted in the original
coordinates, topologically speaking they are still nested closed tori surfaces. Whenever
E{3 11111 is not small, i.e. lmw 1 + nw 2 1 <<
the canonical transformation petformed
1111
differs significantly from the identity transformation. The small band of frequencies w 1
and w 2 for which this inequality holds, corresponds to a region with frequency ratios
lw2 1w11 ~min, where flux tori are significantly distorted from the Ho tori. Rephrased,
lmw1 + nwzl « lc'f;, 11 ,1 gives a resonance condition that couples the perturbation to
tori that have unperturbed frequencies in the range indicated. For small E j 11111 these
resonance zones are narrow, and consequently in a major part of the phase space the
perturbed trajectories are close to the unperturbed ones.

*

lc}; 1,
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The situation becomes more complicated if the perturbation consist of several
modes of different mode numbers 111 ; and n;. A non-linear interaction between the
modes takes place, resulting in resonance zones around the ratios m;/n; , and also
around the ratios of the combined mode numbers
+ 111 i) I
+ ni ), and so on, in
fact resonance zones appear around the whole Fibonacci sequence of ratios. All tori
corresponding to frequency ratios in these resonance zones are destroyed, albeit that
the resonance zones are more narrow for subsequent orders in the Fibonacci sequence.
Although arbitrarily small perturbations do break up resonant tori, the fact that
resonance zones are more narrow for higher order in the Fibonacci sequence guarantees that parts of the phase space where intact surfaces exist will remain, if the
level of perturbation is sufficiently small . This was proven by Kolmogorov, Arnol'd,
and Moser [5], the so-called 'KAM theorem,' and hence the surviving tori are called
'KAM tori.'
To find out what happens to the motion in phase space of field lines in the resonance zones, it is illustrative to consider the case of a single mode perturbation, of the
form given in Eq . (3 .20). Using the generating function F2 = (m8 1 + n82 ) h + 8 2 I 2 to
perform a canonical transformation (/, 8) ___. (I, a), the transformed Hamiltonian K
is given by

(m;
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X

0

X

(n;

(3 .22)

and the equations of motion in the a 2 = 8 2 = const. plane for I 2 = const. are written
as
()K
dHo
dit = dit + O(c-)'

I

I

KAM curve

I

JJ ...m

---:-------e-----1

I

I

I
I

separatrix
separatrix
KAM curve

Figure 3.5: Sketch of the characteristic motions in the 82 = const. plane that occur
due to one harmonic perturbation to an integrable Hamiltonian system. The
points indicated with 'X ' are the hyperbolic points (also called 'X-points') and
the one indicated with '0' is an elliptic point (also called '0-point') . The dashed
horizontal line annotated with ft. 11111 indicates the location of the original KAM
curve, as it existed in the integrable system, which now has degenerated into (a
chain of) islands.

(3.23)

()K

jl = - ~ = Ej"'" (mit,Iz + nh)sinat.
U(\:[

At the resonant surface I 1,11111 with frequency ratio w 2 /w 1 = -m/n, the derivative
dHo/dit = mw1 + nwz = 0, so the points (I1, a 1) = (h 11111 , 0 mod n) are fixed points of
the equations of motion. Transformed back to the original coordinates (/, 8), these
points correspond to a total of 2m fixed points of the equations of motion . If the pitch
I] Ut) = -wz/ w 1 increases with the 'radial coordinate' I 1, points starting at I 1 > 11,11111
will move in the positive a1 direction and points starting at It < It ,11111 will move in the
negative a 1 direction.
Expanding around the resonant surface I 1,1111 " Eqs. (3.23) give to good approximation, for points starting at I 1 close to I 1,11111 , i.e. flit= (I1 - I 1,1l111 ) ~ E,
d't ~

()2KI
()I2
1

ll"It ~

E

j 11111

L'llt,
f t,l//1/

k,, sinal.

(3.2-t)

Close to the ftxed points (!1,11111 , 0 mod n) these equations can be further approximated
to
fla1 ~ FM1,

flit ~ ± Gfla1,

(3.25)

where fla 1 = a 1 - 0 or a1 - n, depending on which fixed point is investigated. The
functions F and G are dependent on It,11111 and I2 only, and are assumed to be positive. In

that case, the equations of motions around the fixed point with a 1 = 0 are hyperbolic:
Points start to move to the fixed point, without ever reaching it, and are repulsed from
the fixed point later on. In contrast, the equations of motions around the fixed point
with a 1 = n are elliptic, tracing out an ellipse with an aspect ratio of yGjF in the az
plane, or equivalently the ratio of the semi-axes, fl] tf fl8 1 , in the (J, 8) coordinates in
the ez plane, is given by
(3.26)

The picture that arises is sketched in Fig. 3.5. This picture also highlights some
definitions frequently used in Hamiltonian mechanics. For obvious reasons, the KAM
curve that was present at It,11111 in the unperturbed case is now said to be degenerated
into an 'island' (or chain of islands). The elliptic points of the equations of motion
are commonly called '0-points' and the hyperbolic points are named 'X-points.' Not
only the curves at the bottom and the top of Fig. 3.5 are KAM curves, but the
closed ellipse is one as well. Actually, the connection between the two X-points as
indicated by curves in Fig. 3.5 is an artifact resulting from the approximation of the
equations of motion by Egs. 3.24; in reality this connection does not exist. However
these curves, forming the so-called 'separatrix,' can be used to compute the maximum
radial excursion, flit,max· This value, also called the 'island width' (although it is in
fact half the width of the island), is calculated to be flhmax = 2 -YGTf or in (/, 8)
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coordinates

1/2

f1j

,= 2

l ,max

I

Efi'"' (fl, lz)
()2 Ho I ap

(3,27)
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which occurs for the angles 81 = n/m mod 2n/11L
For increasing th e level of perturbation, the island widths increase too, which
makes islands originating from different KAM curves grow towards each other. When
islands start to overlap, the last KAM surface between the islands is destroyed (this
criterion was first formulated by Chirikov [9] and is called the 'Chirikov criterion').
In fact, non-linearly produced secondary islands result in a destruction of the last
KAM surface earlier on, but the Chirikov criterion is a good approximation and is
much easier to calculate. When the last KAM surface is destroyed, the field line
trajectories in these regions of overlap become stochastic. As a net result, the sizes of
the originating islands no longer appear to reach their nuximum widths , and are now
embedded in a chaotic sea.
[

3.7 References

SecHon 3.7

Conclusions
Two important conclusions can be drawn from the discussion in this chapter. Firstly,
the axially symmetric m agnetic field of the tokamak can be described by a time dependent Hamiltonian , allowing for a comprehensive treatment of actual tokamak fields.
The second conclusion follows from the first , an d states that the generic topology
of a perturbed magnetic tokamak field, provided that the levels of perturbation are
sufficiently small, consists of three different regions: i) Regions with intac t KAM
surfaces; ii) Regions where magnetic islands exist; iii) Regions of stochastic fields,
where field lines are no longer bound to lie on integral surfaces, but they fill the finite
volumes enclosed by the other two types of regions .
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Test Particle Transport in
Perturbed Magnetic Fields in
Tokamaks

Abstract. Numerical calculations of nugnetic fteld line
trajectories in a tobmak are used to investigate the common hypotheses that (t) fteld l-ines in a chaotic fteld m ake a
Gaussian random walk and (it) that the poloidal component
of the magnetic fteld is uniform in regions with a chaotic
magnetic field. Both hypotheses are found invalid in typical
tokamak conditions. A test particle transport model in the
so-called 'collisionless diffusion' limit is presented, based on
the fteld line excursions in numerical simulations. Decorrelation mechanisms that effectively enhance the transport
in a stochastic fteld, are investigated.

Reprinted with permission from
M. de Rover, A.M.R. Schilham, A. Montvai, and N .j . Lopes Cardozo,
"Test particle transport in perturbed magnetic fields in tokamaks,"
Physics of Plasmas 6(6), 1999, pp 2443-2451
Copyright 1999, American Institute of Physics.
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Sechon 4.1

Introduction
Tokamaks [1] confme thermonuclear plasmas in a torus by a helical magnetic field .
To good approximation, the field lines lie on nested toroidal surfaces, so-called flux
surfaces. Transport perpendicular to those surfaces is 10 to 12 orders of magnitude
smaller than the transport along the field lines, so that the flux surfaces are effectively
isothermal and isobaric smfaces. Experimental observations show that the cross-field
ion heat conduction is a few times larger than predicted by neo-classical theory, which
assumes that radial transport only arises when particles move from smface to surface
by collisions. For the electron heat transport the anomaly is even one to two orders
of magnitude.
Generally, electrostatic turbulence is invoked to explain the anomaly [2]. Recently,
conditions have been achieved in the DIII-D tokamak [3], in which the ion heat
conduction dropped to the neo-classical value, while the electrostatic turbulence level
became vanishingly small. However, the electron heat conduction did stay strongly
an01nalous.
A possible cause for the anomalous electron heat conduction is magn etic turbulence (see e.g. Ref. [4]) . A rough estimate shows that the radial excursions of field
lines due to a perturbing field bE = BIB = w-..1 , could significantly enhance the electron heat transport. Measurements of the magnetic fluctuations in Tore Supra [5]
did yield bE ~ w-S tO w- 4, while Ultra-high resolution measurementS of the electron
temperature proftle in the Rijnhuizen Tokamak Project (RTP) [6] show coherent
structures compatible with perturbing fields of bE ::::; w-3 . Thus, there is an incentive
for investigations of thermal transport in a tokamak plasma with a slightly perturbed
magnetic field.
Concerning the magnetic field, it should be noted that the field line equations for a
time independent magnetic field in a tokamak are analogous to Hamilron 's equations:

dt/Jr
d<f>
d8
d<f>

dt/Jp
- CJ8'
dt/Jp
dt/Jr

(4.1)

In this , we have to make use of a coordinate system (r, <f> , 8) , expressing the minor
radius , the toroidal angle and a poloidal angle, which is like the conventional poloidal
angle e. Then 2nt/J 1 and 2nt/Jp can be identified as the toroidal and poloidal magnetic
fluxes in the magnetic field picture, or we can regard Eq. (4.1) as Hamilton 's equations,
with t/Jp(t/J 1, <f>, 8) the Hamiltonian and <f> the time coordinate.
From this analogy, it can be concluded that it is a generic, mathematical property
that smfaces on which field lines close back on themselves after a finite number of
toroidal turns are topologically unstable [7]. So-called ' magnetic islands' will form as
is apparent in the universal representation of slightly perturbed Hamiltonian systems
near closed trajectories [8] . Where islands overlap, regions with chaotic field line
trajectories will arise. For sufficiently small bE, these regions are limited, so that good
surfaces remain (KAM theorem [8]). Hence, the generic topology of the field in a
tokamak consists of magnetic islands, regions with good smfaces and chaotic regions.

4.2 Numerical Implementation
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There is an extensive literature on (transport in) chaotic magnetic fields (see e.g. Refs.
[9-13]). These papers use the assumption that in a chaotic region , neighbouring
field lines diverge exponentially. The exponential divergence shows up in the time
needed for a particle to decorrelate from a field line. The process is often visualized
by following the evolution of the cross-section of a bunch of correlated field lines on
their way around the torus . The cross-section, which is taken circular (with a radius
equal to the perpendicular correlation length of field lines) at the start, is assumed to
develop into a complex structure of thin long arms spreading in various directions.
A particle moving along the bunch of field lines gradually moves away from its
initial field line (e.g. due to collisions), while at the same time the bunch deforms into
a shape with ever thinner arms. A particle is said to be completely decorrelated from
the initial field line when its distance from this field line equals the width of the arms
at that moment. This defmes the decorrelation time T, and the parallel decorrelation
distance z(T).
The radial distance travelled, p (z (T)) , is then obtained from a suitable model of
the field line excursions. Usually, the Rechester and Rosenbluth [9] formula for the
scaling of the diffusivity X with the test particle velocity vii along the field line, is used
to compute test particle transport in a stationary chaotic field :
(4.2)

The 'magnetic diffusion coefficient', DM, can be approximated by the quasi-linear [7]
estimate D!VJ ~ Lcll~, when bELcll « Lc.1 , with Lcll and Lc.l denoting the longitudinal
and transversal correlation lengths of the perturbing magnetic field. Formula (4.2)
pertains to the so-called 'collisionless diffusion' regime, which is applicable when
td < Tc. Here Tc is the collision time and v 11 td is the length along a fteld line after which
a radial displacement by one gyroradius (Pc) is sufficient to move the test particle to an
uncorrelated field line. The validity ofEquation (4.2) and the quasi-linear estimate of
D!Vl has been subject of much discussion in the literature (examples are Ref. [4, 13 , 14]),
regarding the decorrelation mechanisms involved and the resulting time and spatial
scales lengths.
Summarizing, there are three essential ingredients for calculating test particle transport: (1) The model for the decrease of the arm widths; (it) The model for the radial
excursions of fteld lines; (iii) The assumption of a stationary chaotic fteld. In this
letter, we will investigate the validity of the first two assumptions. To this end, we will
use arguments arising from a sophisticated numerical code as well as analytical ones.

Numerical Implementation
To generate large numbers of different magnetic field realizations we developed a
set of con1puter programs based on so-called mapping functions [15, 16]. Dividing
the torus in a number of cross-sections, covered with rectangular grids, we compute
the magnetic field on each grid point, as the sum of an ideal field B 0 and a (small)
perturbing part B Ethat causes the chaotic behaviour of the fteld lines (technical details
of the numerical procedures can be found in the Appendix at the end of this chapter).
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Fo r the unperturbed tokamak field of our numerical model we used
Bo (x, 8) = l

Bo

+ XCOS 8

( e,p - -x() ee)

q

(4.3)

X

in the right-handed toroidal coordinate system (x = rj Ro, cp, 8) , i.e. the ratio of the
distance to the m agneti c axis over the major radius, the toroidal angle and the poloidal
angle, with orthonormal basis vectors e x, e1, and e 8 . This tokamak field (4.3) is known
in literature as the standard model [17] , giving the correct magnetic field in the large
aspect ratio approximation aj Ro « 1 with a the minor radius of the tokamak, and
satisfying V · Bo = 0.
The safety factor q(x) is a dimensionless function, expressing th e norm alized pitch
angle of the magnetic field. For a cylindrical plasma carrying a plasma current lpJ(X) =
2nR6

.£' j(x')x' dx', with j(x) the current density, q is written
q (x) = l]cyl =

2nx2 RoBo
I ( ) .

po

pi

x

(4.4)
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For our model, q(x) takes the (realistic) parabolic form [18]
(4.5)
with qo = 0.8 the value at the magneti c axis an d !Jn = 4.5 at the plasma edge. For the
torus, parameters ofRTP are used: Ro = 0.72 m, Bo = 2.2 T, nlinor radius 0.16 m.
For the perturbing field, two limiting cases have bee n used in separate simulations:
(I) very localized perturbations to the current density profile induced by small closed
current filaments [16] and (ii) the conventional model of less localized, 'global; perturbations to the magnetic flux in the form of a sum of Fourier components resonant
at surfaces with rational q.
Current filaments are modelled as closed current carrying wires running parallel
to magnetic field lines on rational surfaces of the unperturbed field. A set of filaments
is chosen such that their total current is zero. The perturbing field is the sum of the
fields of all filaments. Using a current (rather than flux) distribution to compute B ,
has the advantage that unphysical situations (e.g. often the flux perturbations taken
in the literature (see e.g. Ref. [19]) have no radial dependence, which corresponds
to a diverging current density on the magnetic axis) are avoided. Moreover, this set
up provides a way to numerically handle systems that in a flux representation would
require extremely long Fourier series.
Knowing the magnetic field on each grid point, the field line equations are solved
between cross- sections to construct m apping fun ctions. With simple but effective
interpolation schemes, these mapping functions give the position of a field line at
a particular cross-section given its position at the previous cross-section . As all the
information of the field is stored in the mapping functions this method allows to trace
any number of field lines simultaneously. The CPU-time consumed in the rnapping
construction process is paid off by the interpolation process, making this method
faster than conventional schemes that integrate the field line equations for each field
lin e individually.

Figure 4.1: Poincare plot for a magnetic field perturbed by a large number of small cu rrent
filaments producing a perturbation level b, :::: 10- 3 . For the unperturbed magnetic field,
parameters of the Rijnhuizen Tokamak Proj ect are used: minor radius a = 0.16 m, major
radius R = 0.72 m: toroidal magnetic field B=2.2 T: q(r) = q(O) + (q(a) - q(O))r2 ja 2 • q(a) =
4.35, q(O) = 0.8. The 60 orbits plotted here for 600 transits each, are denoted by crosses
after one transit.
Both the filaments and the Fourier series perturbations produced the generic layered topology, with islands and stochastic regions (Figs. 4.6a,d for the system with
filaments). However, the Fourier perturbations needed a larger b, by a factor 10, than
the filaments to produ ce chaotic zon es of similar width. This results from the fact that
global modes con tribute to bt also w here they are not resonant, i.e. w here they do
not cause fteld stochastization, w hereas the effect of the filaments is concentrated near
their resonances.
For the perturbations, we used Fourier mode numbers up tom = 15 or up to 21
filaments.
As an example of a chaotic magnetic field generated with the code, Fig. 4.1 gives
the Poincare plot for a field perturbed with a set of 19 filaments each carrying on
average 0.05% of the total plasma current. The perturbing field had a strength b,
B, /Bo : : : 10-3 . This is an upper limit for what is expected in a tokamak (10-.1 is
m easured by Zou ct a/. in Ref. [5]) , and is suitable to make our points clear.
Section 4.3 - - - - - - - - - - - - - - - - - - - - - - - - - -

Importance of Shear in Chaotic Magnetic Fields
Theories of transport in chaotic magnetic fields commonly neglect the effect of magnetic sh ear (i.e. a non-uniform q) in the chaotic regions (see Ref. [9, 12, 13], and
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the shear is not reduced. The perturbing fields do give rise to statistical variations in
.
q, as can be judged
from the values of CJ(q) = (q)- 1 [ (q 2 ) - (q)2 ]1 /2.
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Figure 4.2: (q) as a function of the average radial coordinate (r) of a field line. Gray line:
unperturbed magnetic field: circles: results for 150 initial radial positions, averaged over
100 initial angles 8 each and 100 toroidal turns, forb , :::: 10- 3 (See Fig. 1): boxes: standard
deviation O (q) of (q) .

for very weak shear see Ref. [10]). In tokamaks, m agnetic shear results from the
non-uniformity of the poloidal component. In an ideal magnetic field topology with
nested toroidal surfaces, the field line pitch 1s a swface property, expressed by the
fun ction q(r).
However, our calculations demonstrate the existence of finite shear in perturbed
topologies, by following 150 field lines with different initial radii (inside and outside
chaoti c regions), for N transits around the torus, with M initial poloidal angles for
each starting radius.
The average q value, defmed as
M

(q)

= M- 1 L fj;, with i'j; = 2nN8j 1 (N),

(4.6)

i= 1

is computed as a function of the average radius (r),

Ll
M

(r) = (2nNMr 1

i=1

We have found these results to be independent of N in the range 1 ::; N ::; 200
and independent of the spectrum (toroidal mode numbers up to 13 and poloidal
mode numbers up to 14) and amplitude (ranging from 5 · 10-5 to 5 · w- 3) of the
perturbations. The limit N = 200 is chosen on plasma physical grounds: A few
hundred toroidal turns is an upper estimate of the mean free path of a thermal electron
in the hot core of a tokamak. As the outcome is independent of N, the absence of
shearless regions cannot be explained by a limited wandering of the field lines in the
radial direction in chaotic regions. Indeed, we have found identical results for fields
with stronger perturbations, where the field lines could cross large chaotic regions
within 10 toroidal transits. Hen ce, we have demonstrated that shear does exist in the
regions with chaotic magnetic field. In fact, the existence of finite shear in a chaotic
layer is to be expected. The poloidal field component Be still exists after adding the
1 versus bE <
3.
perturbations and is much larger than the perturbation: Bel Bo ::::
The answer to the question how Be can change in a region which is filled by a single
field line, is that the field line does not visit every point in this region with the same
frequency.
We now have to consider the effect of shear on transport: How does the presence
of shear influence the divergence of the field lines? In the following, we assume the
profile q(r) to monotonically increase with r , and consider the cf>-evolution of the
cross-section of a bunch of correlated field lines, which is initially circular with a
radius s. Compared to the radial position rc of the centre of the circle, s is small.
We follow a set of field lines that, at 4> = 0, lie on the circle. In an unperturbed
field, we observe that at cp 0 the circle is stretched in poloidal direction. The reason
is the difference in q values of the surfaces on which the field lines lie, and not the
hyperbolicity of the system. With the assumed q(r)-proflie, the field line started at r c +s
will 'move' slower (and the field line started at rc - s will move faster) in the poloidal
direction than the central field line. Due to the conservation of the magnetic flux
through the deformed circle, the stretching in the poloidal direction is accompanied
by a reduction of the width in the radial direction.
Obviously, the stretching does not give rise to an exponential divergence of field
lines. Hence, in a chaotic magnetic field with a realistic shear, the divergence of
field lines has a non-exponential contribution (due to the shear) and an exponential
contribution (due to the chaotic motion). The latter appears when a perturbing field
is added. We compared the growth rates of the arm lengths in cases with and without
perturbing field. For a toroidal length scale of one to two transits, we found an increase
3
. For more transits the chaotic behaviour distorts the
of only 5% [16] for bE ~
appearance of the circle in the radial direction, so that a comparison of growth rates is
not feasible anymore. Exponential divergence will win in the long run, but also here
the effect of shear still plays an important role as we will demonstrate.
In Figs. 4.3 and 4.4 two examples are shown, to illustrate the combined effect of
an ideal magnetic field with an additional small perturbation. We started 2 · 105 points
on a small circle, for various fteld perturbations produced with current filaments. The
radius of the circle was chosen to be the average distance between the perturbing
filaments. It is clear that shear plays a major role in the deformation of the circle;
deformation is obviously biased towards the poloidal direction, in contrast with the

*

w-

2Nrr

r(cf>, 8;)dcf>,

(4.7)

0

w ith cp the toroidal angle. Here 8;(N) is the running poloidal angle, which started
at 8;, after N turns. The result is shown in Fig. 4.2, for the perturbing field w ith
bE :::: 10-3 (shown in Fig. 4.1), and N = M = 100.
In this plot, the positions of the large islands can be recognized by the gaps in the
string of circles. The important co nclusion of Fig. 4.2 is that in the chaotic regions

w-
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Figure 4.3: Deformation of the cross-section of a bunch of field lines in a chaotic region of the
field shown in Fig. 4.1. Yellow, red, magenta, dark blue, light blue and green correspond
to one to six toroidal transits. The branch extending clockwise is close to the q = 1
magnetic island, and shows the well-known stickiness of the island (almost no chaotic
deformation).

assumption that deformation is as strong in the radial as in the poloidal direction,
which is made in the cited literature.
Qualitatively the plots in Figs. 4 .3 and 4.4 can be understood with arguments
similar to those we gave earlier for the deformation of the circle in an ideal sheared
magnetic field. Starting with a circle with radius s « rc, the field lines with r < rc
'move' faster in the poloidal direction and the field lines with r > rc lag behind.
Initially the chaotic movement due to the field perturbation is of secondary importance: Stretching is the dominant effect. However, following the field lines over
a longer interval, the elongated cross-section becomes distorted due to the chaotic
movements in the radial direction. More arms will result from these distortions, and
each individual arm will be subject to the effect of shear. This process is schematically
illustrated in Fig. 4.5. A comparison with rolling water waves comes to mind.
An important observation is that the stretching is now a strongly inhomogeneous
process; some parts of the bunch of field lines remain compact, while other parts
undergo very strong stretching. This comes about because the majority of field lines is
trapped in 'rolling wave' patterns, that become more and more compact and complex
as a result of the repeated folding of the branches (e.g. Fig. 4.4b) . Consequently,
the arms connecting these compact structures become infinitely thin. Because of the
compact regions connected with infinitely stretched regions , it is unclear whether or

0.05
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0.0

N

-0.05

R (m)

Figure 4.4: Comparison of the deformation of a bunch offteld lines in the perturbed magnetic
field of Fig. 4.1 and an unperturbed field. Conditions as in Fig. 4.3. but with the centre
of the bunch at a larger radius. Gray curves: the effect of shear alone; in black: combined
effect of shear and chaotic motion, for (a) one and five and (b) 10 toroidal transits. The
gray circle in panel (a) is the initial bunch of field lines.
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co

not exponential divergence is a correct picture for the decorrelation processes. Since
the divergence due to shear alone is in a first approximation linear in cf>, the combined
effect the two processes is at least linear. However, if it is exponential, characteristic
lengths for a sheared field should play an important role in the exponential decay
length.
Krommes et a/. [1 0] investigated just this in the framework of quasi-linear theory
for a magnetic field with a relatively weak background shear. The tokamak, however,
is in the region with relatively strong shear.
Although we have restricted ourselves to tokamaks in this discussion, the conclusions are in fact generic for Hamiltonian systems with shear.
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Bearing in mind that we should take shear into account in the chaotic regions, we
will now have a closer look at the behaviour of the field lines in these regions.
In the literature, a 'Brownian' motion of the field lines is usually assumed, described by an Ornstein-Uhlenbeck process. Inherent in such a process, is an infinite
spectrum of perturbing modes, frequently approximated by a large number of peloidal
mode numbers m (as for example in Ref. [19]), or toroidal mode numbers n (for example in Ref. [20]), or both.
With such a spectrum of modes, a fundamental problem arises. In a tokamak,
the perturbing fields are generated by the current distribution inside the plasma. The
current perturbations must be field aligned or nearly so. Hence, the allowed modes
for current perturbations have mjn ~ q, where q is the local safety factor. Since highm current perturbations have a short range, at any place in the plasma only low mode
numbers and mode numbers centred around mjn = q are felt. Thus, a wide, global
spectrum of perturbing modes, and so the assumption of Brownian field line motion ,
is unphysical.
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Figure 4.6: For a slightly perturbed ~agnetic field with the perturbing part induced by 19
CUrrent filaments, With b, 0C 2 ' 10 and b, OC lQ-3 for the top panels and the bottom panels
respectively, Figures (a) and (d) show Poincare plots and (b) and (e) show the average
displacement or0(¢) as a function of the initial radial position r0 . For clarity, (c) and
(f) show proJectiOns of the contour plots (b) and (e) respectively, for 5 different starting
positions ro each. The colors of the contour plots run from blue via yellow to red, where
dark blue sigrufies the smallest values of or0 (up to 0.5 mm) and pink the large t ( >
14 mm). The Poincare plots were produced from 60 orbits with 600 transitions e~ch~rO
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4.5 Test Particle Transport

By inspection of the field line distribution as a function of the number of toroidal
transits, boundary effects were excluded as a cause of the roll-over.
The same procedure has been carried out with different sets of current filaments,
and also with global perturbations (mode numbers up to m = 12) instead of current
filaments, and with our sets of initial conditions for the field lines, the qualitative
behaviour of ( o (
was always the same.
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Figure 4 .7: The average displacement (a) in chaotic regions, as a function of the toroidal angle
¢ , as observed in numerical simulations. The solid lines represent the data for values of b,
between w-s and 10- 3 , scaled to the b, = 10- 3 data. For rr < cp < 20rr a good fit is given
by a~, oc In (1 + 0.2¢) and for large cp by a 1; 4 oc ¢ 1 ' 4 . The dashed line labelled a 112 is the
quasi-linear diffusion prediction for b, = 10- 3 , using a numerically determined value for
Len·

Figures 4.6b,e show contours of the r.m.s. radial displacement (o) of a field line as a
function of its starting radius ro and the toroidal angle cp, averaged over 500 field lines
with the same ra. This representation highlights the layered structure of the magnetic
topology: Layers in which field lines make large radial excursions alternate with layers
with 'good' surfaces. The same quantity is plotted for five starting positions of field
lines in Figs. 4.6c,f, to show that three types of behaviour can be discerned: field
lines that stay close to ra (non-stochastic or very thin stochastic regions); field lines
that exhibit oscillatory behaviour (caught within or very close to magnetic islands);
and field lines taking large radial steps for a few toroidal transits and traveling much
more slowly thereafter (chaotic regions) . Importantly, none of these three types of
excursions can be characterized as a Brownian motion.
Although DM can only be properly defined in the long time limit of the OrnsteinUhlenbeck process, we can ask whether concentrating the discussion on the chaotic
regions could result in a useful DM. Selecting field lines in these regions and averaging their trajectories, results in an average displacement as a function of toroidal
angle,
as depicted in Fig. 4.7. Curves are shown for different levels of be,

(o(cf>)),

cp))

demonstrating that the shape of ( o (
is almost independent of be. Clearly, this
displacement is not a Gaussian random walk, which would have (o) oc cp 112 , so DM
cannot be defined. A good fit to the curves is given by
(o) oc {

ln(l + 0.2¢) n < cp < 20n
¢ 114
cp > 20n
·

(4.8)

Making the step from field line behaviour to test particle transport, we follow the
classical treatment [9], using two modifications. Firstly, the probabilistic description
of a non-Gaussian process is too complex to define a value for DM, forcing us to resort to the numerical results of our simulations for the average field line behaviour in a
chaotic field, i.e. the 01n and O!j4 curves shown in Fig. 4.7. Secondly, because the fteld
line trajectory is super-diffusive on the short track, but sub-diffusive in the long run,
we need to distinguish between discrete collisions (a discrete radial step of size Pc after
a time Tc) and continuous small angle scattering. The latter process gives the dominant
contribution to the effective collision frequency in a hot plasma. For the actual decorrelation of the test particles from their field lines, various mechanisms are proposed
in the literature, which combined with our findings so far, lead to different scalings
of X with vu. Several mechanisms are discussed below, and the resulting scalings can
2 (z (td))) I (2td), with
be found in Table 4.1. The diffusivity is calculated from x
td the decorrelation time, z the distance travelled along the magnetic field line and o
given by 4.8 for non-diffusive field lines and

=(o

z >La
z <La

(4.9)

for diffusive field lines, with La the correlation length along the magnetic fteld line.
Note that discrete collisions and continuous scattering do only lead to different scalings of X with vufor the case of sheared non-Gaussian field lines.
In the case of snull angle scattering, the distance (5 (t) between the test particle and
the field line it started on, increases in time as t 112 . Simultaneously, due to the chaotic
motion of the field lines, the step D(c{>) needed to move to an uncorrelated fteld line,
decreases. This decrease is exponential in a shearless, fully chaotic field . However, as
is demonstrated in Section 4.3, with perturbation levels in a realistic range (b e :S w- 3 ),
shear remains important in chaotic layers and is indeed the dominant cause for the
divergence of field lines.
A test particle now makes a random radial step when at t = td the gyroradius
Pe = 6(¢). Through Pc, the perpendicular velocity, V_1_, enters into the expression for

X·
Table 4.1 shows that using numerically determined fteld line trajectories instead of
a Brownian motion of fteld lines and the quasi-linear estimate of the associated D !VI,
results in a weaker scaling with vii (except for discrete collisions).
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Table 4.1: The effect of using non-Gaussian behaviour of magnetic field lines combined with
sheared decorrelation , as compared to the classical picture of Gaussian field lines being
exponentially decmTelated, for three different decorrelation mechanisms. The velociry
parallel (perpendicular) to the magnetic field B is denoted vii (v.L) and the EX B dnft
velociry is written VE . The sheared non-Gaussian case corresponds to ryp1cal tokamak
conditions.
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For realistic values of bE :S 10-3 , the value of x due to collisional decorrelation in the
chaotic magnetic field is lower than the experimental value X ~ 1 m 2 s- 1 , as can be seen
in Fig. 4.8. Therefore, it cannot explain the measured anomalous electron transport .
Additional decorrelation mechanisms are called for if magnetic turbulence is to cause
the electron transport anomaly.
One obvious decorrelation mechanism is a time dependence of the magnetic field
perturbations. While in the above a static field was assumed, in a tokamak plasma
the field perturbation must be regarded as magnetic turbulence. Expenmental spectra_
of mao-netic fluctuations measured in Tore Supra typically extend to frequencies f ot
"'
several hundreds of kHz. Crudely assunung that particles are decorrelated from the
field every 10 flS, results in a significant increase of x, with a factor~ 2, bringing it in
the rano-e of the experimental values forb[ = w- 3 (see Fig. 4.8).
As a"'new mechanism enhancing x, synergistic effects of electrostatic and magnetic
turbulence are proposed. In this case, the fluctuating EX B drifts cause the test particle
to decorrelate from the field line. Now the electrostatic fluctuations cause the decorrelation, while the step-size is determined by the excursions of the m.agnetic field
lines. To make a rough estimate of this effect, a constant drift velocity VE = 500 m/s,
based on experimental work in the Texas Experimental Tokamak TEXT [21], can be
used. This results in decorrelation times of 2-20 toroidal turns, enlargmg X w1th a
factor~ 5, bringing it in the range of experimental values (X~ 1 m 2 s- 1) (see Fig. 4.8).
The resulting scaling of x is put in Table 4.1 for comparison.
[
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SecHon 4.6

Conclusions and Discussion
In summary, we have found that the divergence of field lines in a chaotic field in
a tokamak differs essentially from the picture by Rechester and Rosenbluth [9] and
subsequent papers by others. A strong poloidal background field results in a divergence

Figure 4.8: The diffusion coefficient X is plotted as a function of the velociry v11 parallel to the
magnetic field for a magnetic perturbation level b, ~ w- 3 Three different deem-relation
mechanisms are plotted here: collisions, electrostatic fluctuations (with ExB drift velociry
vE) and temporal fluctuations (with frequency f). X .L and XE have been plotted as well
for comparison. For the computations li e = 4 · 10 19 m- 3 , VE = 500 ms- 1 and f = 100kHz
are used . Changing V£ or f within a factor of 10, changes the curves for electrostatic and
temporal fluctuations by a factor of 1.5 and 3, respectively. A change of 11 , over a factor 3
does not bring significant changes.

of field lines that is dominated by simple stretching. Only after many toroidal transits
does the perturbing part of the field show its influence. The efiects of a sheared field
in the poloidal direction with an additional small perturbing field on the resulting
picture could be understood qualitatively. From our computations and arguments it
does not seem to be justified to neglect the effect of shear when considering chaotic
magnetic fields.
Also, we find that even at perturbation amplitudes as high as bE = 10-3 , the tokamak field does not become fully chaotic, but retains a structure of nested shells. In the
chaotic regions, the excursions of field lines differ essentially from Brownian motions.
The behaviour goes from super-diffusive to sub-diffusive as the toroidal angle grows.
Test particle transport is significantly smaller than predicted by Eq . (4.2), unless additional mechanisms are invoked to decorrelate the test particles from the field lines,
such as temporal fluctuations of the magnetic field or electrostatic fluctuations. Interestingly, the scaling of test particle diffusivity with vii is weaker than linear, which is
significant in the view of the observation that runaway electrons often show superior
confinement [22].
Based on our findings, transport theories in chaotic magnetic fields should deal
with three adjustments: (1) The divergence of field lines is not exponential; (it) The
folding and stretching process is very complex, resulting in inhomogeneous divergence; (iii) Decorrelation of the particle inside a compact structure may not lead to
actual decorrelation, as field lines that were correlated at the start are still close by. In
contrast, other parts of a bunch of field lines undergo very strong stretching, which
might lead to fast decorrelation and result in a strong contribution to transport.
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To finish the discussion, we stress that although in this work we have restricted
ourselves to regions of stochastic field line trajectories, a complete description of
transport in a tokamak should incorporate both regions of chaotic field and regions of
quiescent magnetic field. Until recently, it has been beyond experimental capabilities
to distinguish between these regions. Now, in [23] it has been reported that the picture
of a tokamak plasma consisting of alternating layers of good and bad confinement
can in fact be reproduced experimentally, putting experiment and theory into better
agreement.
[
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Figure 4.9: Graphical illustration of the mapping technique used for computing the magnetic
topology. The field lines are mapped from a grid point (i, j) on section k to section k+ 1 by
integration of the field line equations. Also shown are the directions of the unit vectors.

Appendix
The numerical techniques for calculating the perturbed magnetic tokamak field are
based on the mapping techniques first presented in Ref. [15]. This procedure was
originally developed to solve Hamiltonian systems and can be sketched as follows.
Assume that the magnetic field B is known in toroidal coordinates (R, <!J, z) (see
Fig. 4.9 for the coordinate definitions). The magnetic field may have the axially
symmetric form of Eq. (4.3), but any type of perturbation may be added. The 3-0
toroidal space is covered by a grid of N <l, planes, equally spaced in the <fJ coordinate
with angular separation 1'1</J = 2n/N,i, and each plane is covered with a rectangubr
grid in the R and z coordinates. The n1.inimum size of the grid is chosen to cover
the entire plasma volume. Using indices ijk, the coordinates of the grid points in
the coordinates (R, <fJ, z) are labelled Rk.lj and zk.lj on cross-section k at the toroidal angle
<fJ = (k- 1)1'1</J. The magnetic field B is evaluated on each grid point.
The next step is the construction of the mapping functions M~,(R, z) and M;(R, Z).
These functions compute the position (Rk+l,zk+l) = (M~,(Rk,zk),M;(Rk,zk)) of the field
line intersection with the (k + 1)th plane, knowing that it has crossed the kth plane
at (Rk, zk). This set of functions is created by numerically integrating the field line
equations

(4.1 0)
from a grid point (Rk,
zk.) on the kth plane to the point on the (k + 1)th plane
IJ
lj
zk.), M~(Rk, zk.)) (see Fig. 4. 9).
(M 1k,(Rk,
'
II
I]
I)
IJ

Spline interpolation schemes between grid

points are used to construct the functions over the whole plane. In this way the function M~,(R, z) gives the R coordinate at plane (k + 1) for a field line started at (R, z) on
plane k, and similarly for M;(R, z) and the z coordinate. The functions M~< and M~
with k = N,? complete the circle in the toroidal direction.
For the integration scheme, we use the generic Hamiltonian property of conservation of area to ensure numerical accuracy. The magnetic field components are
interpolated with a spline interpolation scheme over the poloidal planes and with a
fourth order Lagrange polynomial interpolation between planes.
Using the mapping functions, the motion of a field line is described by the series
of points (Rc, zc), for C = 1, ... , NrorN,/, , of crossings with the poloidal planes, starting
from the initial point (R 1, z 1 ); Nror gives the total number of revolutions around the
torus.
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Abstract. Experiments in which very localized Electron
Cyclotron Heating (ECH) is scanned through the RTP
plasma show sharp transitions, in which the electron temperature profile abruptly changes shape. The phenom.enology -the profiles shapes, the sharp transitions- can be
reproduced with a transport model which features electron transport barriers near all (half-) integer q values. This
model is tested against ECH deposition scans in 7 series of
typically 60 discharges. Between the series q11 and (ne) were
varied: 4 < qn < 10 and 1.5 < (ne) · 10 19 m- 3 < 4.5. For
a single scan, the model parameters are fixed. The model
is capable of reproducing all data sets. A sensitivity analysis
shows that the determination of the strength of the ban·iers at integer q values is very stable. These barriers show a
trend Xe (barrier) ~ (ne) - 1 , while the dependence on f/ 11 is
weak. The model reproduces the (ne) and qn components
of L-mode scaling of global confinement.
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[

Sect;on 5.1

Introduction
Under normal conditions, radial transport ofheat and particles in tokamaks is anomalous; the ions and electrons are at transport levels of respectively 1-5 and 10-100 times
the neo-classical prediction. Advanced scenarios for tokamak operation allow the creation of so-called 'transport barriers,' i.e. localized regions of reduced transport [1-5).
Most promising results have been obtained in scenarios with an edge transport barrier combined with an internal transport barrier (ITB). In DIII-D conditions were
achieved in which, throughout the plasma, transport in the ion channel did indeed
reach the neo-classical prediction [6, 7). The physics responsible for the observed
ion transport reduction is mostly sought in a strongly sheared E X B flow [8], which
suppresses micro-instabilities. Interestingly, in the same conditions, the electron transport does not show a similar reduction, indicating that the physics responsible for the
anomalies is not the same for the ion and the electron channel.
The Rijnhuizen Tokamak Project (RTP) is well suited for a detailed study of electron transport. As the tokamak is small (minor radius of a = 0.16 m and major radius
of R = 0.72 m) the electron-ion energy exchange time Tei is much larger than the
energy confmement time T£. Therefore, the coupling between ions and electrons
is relatively unimportant. Furthermore, the contribution of the ions to the plasma
energy balance is small, since the electron temperature (Te) is much higher than the
ion temperature (Ti). The tokamak is equipped with a comprehensive set of electron diagnostics, with high spatial and temporal resolution s, including a 19 channel
interferometer, a 20 channel heterodyne ECE system (operating in second harmonic
X-mode) and a 5 camera, 80 channel soft X-ray tomography system. Crucial is the
high-resolution double pulse Thomson scattering system. This diagnostic measures
the full radial profiles of both density (ne) and temperature of the electrons twice
within 0.8 ms, with a spatial resolution of less than 3 mm [9]. Additional heating is
provided by Electron Cyclotron Heating (ECH) delivering up to 500 kW at 110 GHz,
in second harmonic X-mode. This exceeds the total Ohmic dissipation by a factor
of four (for off-axis heating) to seven (for central heating) . The ECH deposition can
be localized to within 10% of the minor radius, allowing for detailed studies of the
influence of the deposition location on transport.
With the availability of high-resolution diagnostics and strongly localized heating,
an experimental scenario was developed at RTP in which fme-tuning of the normalized power deposition radius (Pdep) allows for studying in detail where and when
electron barriers are formed in the plasma [1 0, 11]. The results of this experiment
suggest strongly that the electron heat transport is governed by a series of narrow
tran sport barriers, separated by regions of good heat conduction. The safety factor q
determines the formation and width of a transport barrier. These two observations
are combined in a conceptual heat transport model [12) , which describes the electron
thermal heat conductivity X e as an explicit function of q rather than radius. With this
model, called the q-comb model, we are able to simulate all the salient features of the
mentioned experiment, in spite of strong simplifications inherent in the model.
By scanning Pdep from central to far off-axis deposition , the Te profile in RTP goes
from strongly peaked to very hollow. With the q-comb model, all profile shapes in
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this range are described while keeping all model parameters fixed.
In Ref. [13) evidence was given for the transport barriers, as observed in the RTP
experiment, to be of convective rather than diffusive nature. All data presented in this
paper are obtained in the stationary state of the discharges. In stationary state, the only
observable difference between convective and diffusive barriers is a 5-10 mm shift of
the ECH deposition. Since a model in which barriers have both a convective and a
diffusive part has too many free parameters, in this paper we choose to represent the
barriers as layers of reduced conduction.
In Ref. [12) the q-comb model was fmt put to the test. For one scan in Pdep > it
was demonstrated that the model was capable to qualitatively capture the experimental
details , and also so far unexplained phenomena such as the observation of sharp offaxis maxima on the Te profile.
In this paper we exploit the uniqueness of the RTP experiment, exhausting the
machine parameter space to gain as much information as possible on electron thermal
transport barrier formation . For different plasma currents (and thus qn) and density
levels, separate Pdep scans were performed, amounting to hundreds of discharges . This
database has been analysed and forms the experimental foundation of this paper. The
aim of this analysis is to address the following questions: i) Can a paran1eter set be
found for every data set, that results in a good match of simulation and experiment?
ii) If so, how unique is the solution? What are the critical assumptions and how do
they affect the outcome? iii) If the solution is sufficiently unique, what trends in the
model parameters can be observed?
The paper is organized as follows. Section 5.2 describes the generic RTP Pdep
scan. Section 5.3 briefly delineates the q-con1b model. In Sec. 5.4 datasets resulting
from 7 different combinations of ((ne), qn) are presented and the model is used to
simulate each of these. This exercise results in 7 sets of model parameters (i.e. values
for thermal conduction in the barriers). In Sec. 5.5 the uniqueness of these solutions
is investigated, so that in Sec. 5.6 a meaningful discussion of trends of the levels of
thermal conduction in the barriers with qa or (ne) can be given. Section 5. 7 sunmurizes the findings of this paper, and places the model and the results we have obtained
with it in a wider context.

Experimental Technique
The location of the deposition of the ECH in the RTP tokamak can be controlled by
varying the toroidal magnetic field B,/>· Alternatively, Pdep can be varied by tilting the
mirror of the ECH launcher. The latter method gives poor localization of the ECH
for Pdep > 0.3. Deposition on the high field side suffers from poor localization as well.
Therefore, power deposition on the low field side and varying Bq, is the preferred
scenario for our Pdep scans.
If all plasma parameters, except B,i,, are kept fixed, it is observed that the Te profile
does not change smoothly moving from central to far off-axis heating. Rather, it
'jumps' in discrete steps through a series of distinct proftle shapes, changing abruptly
from one proftle to the next. Interestingly, these transitions come about by a step of
1% of the minor radius in Pdep> while the Full Width Half Maximum of the power
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deposition profile is 10% of the minor radius of the plasm a [1 OJ.
To show clearly the abrupt transitions of the Te profile, it is illustrative to plot the
steady state central electron temperature, Te(O), against Pdep· An example of such a
picture is seen in Fig. 5.1, where we have also indicated the width of the deposition
profile. The 44 discharges shown in Fig. 5.1 have the same line averaged density (11.,)
and edge safety factor qn, within 10%. The Te profiles of the individual shots comprising each plateau all look very similar; these profile classes are shown in Fig. 5.2 .
The data presented in Fig. 5.2 calls for some additional information. Firstly, the
gap around p = 0 is due to the Shafranov shift of the plasma centre. The Shafranov
shift causes the Thomson laser beam, which passes along a vertical chord through the
geometrical centre of the torus, to n'iss the plasma centre, resulting in a gap in the
data. The Shafranov shift was estimated at 0.1 in p for all discharges.
Secondly, the Te proftles of levels B to E show a pronounced hollowness. A local power balance analysis shows that this hollowness cannot be accounted for by
electron-ion energy exchange or radiation losses and hen ce will be ascribed to an
outward convective heat flux for modelling purposes [11, 14].
As described in detail in Refs. [1 0, 11 , 14], the following observation can be made:
In the flanks of the Te profiles a number of distinct steep gradients are seen (one such
regio n is highlighted in Fig. 5.3) . These small regions of steep gradient are in fact the
transport barriers referred to throughout this paper.
From the Te profiles of the discharges in this scan (Fig. 5.1) q profiles were calculated, assuming full current penetration, neo-classical resistivity, uniform Z efi, and
taking the bootstrap current into account. The calculated q profiles were in agreement
with polarimetry and tangential Thomson scattering [15] measurements. Comparing
the q proftles of the di sc harges of one level to the next, we discovered that a discrete
jump of the Te profiles was accompanied by the loss of a (half-) integer q surface:
e.g. for the discharges of the class denoted by Bin Fig. 5.2, q reaches just below 2; the
discharges of class C have q just below 2.5 everywhere [10]. The transition from B to

Figure 5.2: Experimental T, profil e shap es corresponding to the platea ux seen in Fig. 5.1.
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Figure 5.4: Schematic drawing of a q-comb to show the definitions of its parameters.
C is thus directly linked to the loss of a transport barrier near q = 2. Similarly, we can
link the other transitions to rationalq surfaces.
Thomson scattering profiles of the two intermediate sublevels A ' and A" of the
transition for A to B are rare. The two sublevels show up clearly in ECE data, as
plateaux where a discharge lingers for a while in its transition from A to B. As the
Thomson scattering m easurements are mostly towards the end of the discharge, the
sublevels are easily missed. From the observations of magnetic islands and MHD
modes, these two levels are thought to be linked to q = 4 / 3 and 3 / 2.
In conclusion, we have found barriers linked to q = 1, 4/3,3/2, 2, 5/2 and 3. We
have obtained confirmation of these values of q from the observation of (off-axis)
sawtooth activity [16], and the occurrence of magnetic islands and MHD modes.
These experimental observations lead to the concept of describing transport barriers as an explicit function of q. This concept was tested in R ef [12] for one dataset
(the Pdep scan in Fig. 5. 1) and proved successfuL In this paper the model is put to the
test with a much larger dataset, consisting of sca ns with different combinations of ne
and Ip .
[
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It is noted that the important barrier paran1eter is the 'strength' of a barrier, i.e. th e
ratio of its width (extent in real space) and its depth Xe,q (the value of Xe in the barri er
associated to this q number). This trade-off between w idth and depth introduces a
certain degree of arbitrariness in the q-comb solution, w hich we solved by takin g a
fixed W q. Thus, within limits, a q-comb with a slightly smaller Wq an d all barriers
deeper by the same amount leads to an equally good solution and is for the simulations indistinguishable. However, the allowable variation in w q is not large, because
the barriers must remain separated (there are e.g. 3 barriers between q = 1 and I} = 1.5)
while barriers that are physically thinner than a banana width loose their significance.
Also, choosing Wq too small may result in values of Xe below the neo-classical limit,
which is unrealistic. An advantage of the choice of a fixed wq is that the plot of the
q-comb gives an immediate graphical representation of the relative strength of the
barriers.
The second choice we make is to take a uniform value x~igh for the high, anomalo us, transport. This introduces a second trade-off in the q- comb solution, because
commonly a significant part of the plasma (for a level A discharge about 50% of the
hi ~h
hi ~h .
.
I
. h
11 d ecrease
. 111
. aXe"
p Ias1na ) IS
area, an d hence X e"
I S a constituent payer 111 t e overa
.
of Te from the centre to the edge of the plasma. Thus an mcrease
o f X ehi "crh sh ou ]d
reflect in a decrease of the parameters X e,q . This trade-off is investigated in Section
5.5.
Based on the extensive experiments in RTP (see previous section and Ref. [12]) ,
the barriers are located just below all (half-) integer numbers of q, with the exception
of the first barrier, which is positioned just above q = 1. Additionally, there is a barrier
just below q = 4 / 3, which is also in accordance with the observations. The positions
of the barriers in q space are fixed for all simulations, they are not free parameters of
the modeL Although we have only experimental evidence ofbarriers up to q = 3, the
model also uses barriers placed just below the (half-) integer q smfaces for I} > 3, up
to a maximum of 13 barriers in totaL
To test the concept of the q-comb model, a fully implicit fmite differences code
was constructed. The code solves in one dimension in cylindrical geometry selfconsistently the time evolutions of Te and the current density j through the set of
equations:

SecHon 5.3

q-Comb Model

dt GnekTe)
flodt (aEu +}boor)

As is comprehensively described by Hogeweij ct a/. in Ref. [12], the q-comb model
was specifically developed to describe electron thermal transport by making use of the
observations shown in Section 5.2 . In particular, Xe is a function of q, as is shown in
the schematic drawing in Fig. 5.4. The model presc ribes low values of X e for radii
where I] is in one of the specified 'barrier ranges,' i.e. close to simple rational values,
and a high value x~igh everywhere else. The m agnetic shear at the barrier loca tions
determines the radial extent of the barriers through the finite width w q of the barriers
in q.
The number of free parameters in the model is reduced by making two simplifications. The first choice we make is to take the width w q the same for all barriers .

-d,.he =

J;Eu

a,. (~kTefe)- nekTedr (~: ) + Se

(5 .1 )

(5.2)

where f e is the convective radial electron particle flux density, a is the conductivity,
E11 is the parallel electric field and }boor is the bootstrap current density. Se is the net
power density to the electrons. As a boundary condition we set Te(P = 1) to the
experimental value. The 11 e profiles used are the actual profiles, which are measured
at one time in the stationary phases of the discharges, and hence do not evolve in time
in the simulations.
For the heat flux he we use the general form
(5 .3)
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where he.conv is a generalized outward convective heat flux of the form

P<

Pdep

P~

Pdep

(5.4)

From our simulations it follows that the convective velocity 'amplitude' vc, which
is fixed for all the discharges in a Pdep scan, needs to be between 50 and 150 m/s
(depending on the plasma parameters of the series) to reproduce the hollowness of
the off-axis heated Te profiles. Typically, higher values of Vc are needed for scans of
higher qa.
The code has seen some improvements over the original one as presented in [12].
The differences are mainly in the treatment of the applied ECH: i) The fraction of
absorbed ECH power is calculated from the empirical relation found in [17] and ii)
We have used an empirical relation for the variation of Pdep with Bq, based on the
RTP electron cyclotron emission (ECE) diagnostic data. There is a small, systematic
uncertainty in the Pdep ( B4,) relation partially due to the Shafranov shift. The result of
this uncertainty is analyzed in Section 5.5 .

Results
At RTP seven scans of Pdep were performed. Between these scans, l]n and (ne) were
varied. The left-hand side of Table 5.1 displays the experimental characteristics of
the Pdep scans petformed at RTP. The range in l]n displayed shows about the limits of
the RTP machine. Similarly the range in (ne) spans the practical range of operation
for the experiment at hand: Higher densities lead to problems with ECH diffraction .
The column labelled PEc H gives the ECH power deposited into the plasma. Typically
a set consists of about 60 discharges, and Pdep is varied from 0 to 0.5 .
The following strategy is used to match the model to the data .
. to filX t I1e va l ue Xehiah
·1·
.
The fi1rst step 1s
" . I n ord er to £ao1tate
mutua I con1panson
of the q-comb solutions ofthe different scans, we take the same value x~igh=10m 2 / s
for all the simulations. Choosing a different value of x~igh does influence the q-comb
solutions, as will be discussed in Section 5.5.
The next step is to determine the parameter v c and the Xe values of the barriers
linked to the highest I] numbers. For both determinations, we make use of the discharges that lie on the lowest level in the staircase representation. The lowest level
discharges, i.e. the discharges with farthest off-axis ECH, exhibit the most hollow
Te profiles. They are used to determine the lowest value of v c, that is still able to
reproduce the observed hollowness. Within limits, a higher value of Vc can also acceptably reproduce the hollowness of the Te proftles, as will be discussed in Section
5.5. The parameter Vc is fixed for all discharges in a scan, but it is allowed to vary
between scans. The alternative strategy, to fix Vc for all simulations, is not desirable,
because that would produce hollow Te proftles for off-axis discharges of scans VI and
VII, which is not observed in the experiments. Moreover, it is guite acceptable that
Vc should depend on plasma parameters such as (ne) and IJa·

Table 5.1: Overview of the characteristics of the Pd<p scans performed at the RTP tokamak
and presented in this paper. The left-hand side lists experimental parameters and the righthand side shows a selection of q-comb parameters for the simulations of the scans. The
headings Xe1, X<2 and X e3 refer to the values of Xe in the barriers linked to q = 1, 2 and 3
respectively.

Set
I
II
III
IV

v

VI
VII

qa

(B,/>

= 2.1 T)
10
6.5
6
5
5
4
4

(ne)
[1019m-3]
2.3
1.5
2.7
2.6
2.9
2.7
4.5

PEcH

[kW]
320
300
340
350
300
340
330

hiah
Xe"

I [m2 / s]
10
10
10
10
10
10
10

X e1

[m2 / s]
0.7
0.9
1.0
0.6
0.5
0.8
0.5

Xez
[m2 / s]
0.9
1.3
1.0
0.9
0.8
1.7
1.1

X e3

[ni l s]
1.0
2.5
1.6
1.8
1.6
3.1
1.9

Vc
[m/ s]
80
70
70
50
50
0
0

In the staircase picture, the minimal (half-) integer q surface present in the plasma,
differs by a half-integer going from the discharges of one level to those one step
further down. Consequently, the lowest level discharges have the smallest number
of q- comb barriers present in the plasma. The q-comb parameters for these barriers
are ill- determined, as there is no further information available on the individual X e,q
values of the barriers present in these discharges. Therefore we set them to the same
'average' value. By trial and error we determine this value and the parameter v c such
that the simulated hollowness and the flanks of the Te proftles of the discharges of this
level match well with the experimental profiles.
Compared to the discharges of this Te profile class, the discharges of one staircase
level higher have only one extra barrier present: the one linked to q = qmin - 1/2.
So, when the parameters of the lowest level discharges are known, the parameter
Xe,q for q = qmin - 1/2 can be found by trial and error, with the criterion that the
transition between these two levels in the staircase picture occurs at the experimentally
found location. By 'climbing the staircase step by step,' the remaining X e,q values are
determined analogously.
When the staircase is completed, the reproductions of the individual Te profiles
are checked. If the model parameters Vc and X~igh have been chosen correctly, these
proftles will all match. As will be addressed in more detail in Sec. 5.5, there is a range
in both x~igh and vc for which the matching process described gives acceptable results.
If one (or both) of these two parameters is out of its bounds, the individual Te profiles
of the experiment and the simulations will not agree anymore (and the staircase match
is poor as well).
In the following pages, the results of q-comb simulations of the series in Table
5.1 and their comparisons with the experiment are presented. 'Fingerprints' of the
sets are shown, consisting of a staircase comparison, and the comparisons of data and
model for two individual Te proftles (one centrally and one off- axis heated discharge),
and the q- comb used for the simulations of all the discharges in each series.
qmin,
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The Thomson scattering profiles for all series extend to p = 1, so that we can use
the measured Te(P = 1) as a boundary condition. However, for series I and II 11 e at the
edge is very low, making the Te measurements there inaccurate. Therefore we choose
a point more inwards for the boundary conditions for these series. This is artificially
accommodated for by setting xe near the edge of the plasma to a high value, as can be
seen in Figs. 5.5 and 5.6.
From these fmgerprints (Figs. 5.5-5.11) we conclude the following for the results
obtained with the q-comb model: i) The n1.odel is successful for all scans. ii) The
reproduction of the central Te values is good , albeit that the experimental profiles are
somewhat more tapered than the simulations. ii) The flanks of the proftles match well,
although the flanks in the simulations show up as a series of small steps which are not
always so pronounced in the experiment.
The right-hand side of Table 5.1 lists a selection of parameters of the q-combs
that were used in the simulations of the different Pdep scans. Before we can address
the question of trends in these q-comb solutions, the issue of uniqueness of q-comb
solutions must be addressed.

r19971216.048

1.0

~ 0.6

5.5 Uniqueness of q-Comb Solutions
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Figure 5.11 : Fingerprint of scan VII: q.(Bcp
elements analogous to Fig. 5.5.

= 2.1 T)

""4 and (n. )"" 4.5 · 1019 m-3 Figure

In total, there are four elements that allow for some freedom in the obtained solutions.
Two of these have already been mentioned in Section 5.3: the trade- offs arising from
fixing wq and x~igh. The third one, the influence of the value of V c (fixed within
a scan), was introduced in Section 5.4, and is discussed below. The last sensitivity
analysis to be carried out, is that of the uncertainty in the mapping of the measured
B,p to the parameter Pdep·
The trade-off between Wq and X e,q is a trivial one, within the limits explained in
Section 5.3, and will not be further pursued here.
,
.
hicrh an d X e,q, we 111.a d e a scan o f X ehi"h
To mvestigate
t h e tra d e-ouDf b etween X e"
" va ] ues
for which we could still fmd fmd a q- comb solution for one P de p scan (scan III), such
that an acceptable reproduction of the staircase is obtained. Solutions were found for
hi"h rangmg
.
firom ~ 6 to ~ 13 m 2 / s, as sI1.own 111
. F.1g. :>.
- 1')
Xe"
-· For Xehi""h va 1ues sma 11 er
2
than~ 6m / s, X e,q values arise that are larger than x~igh and the steps in the simulated
staircase become unacceptably higher than experimentally observed. For x~igh values
larger than ~ 13m2 I s, the heat is transported out of the system too quickly, so that
the achieved levels are too low.
As can be seen in Fig. 5.12, the trade- offbetween X~igh and X e,q shows two different
· vane
· d : 1") For mteger
.
responses o f X e,q as X hi
e "" h IS
va Iues o f q, X e,q d oes not sh ow
a dependence on x~igh . ii) For non-integer values of q, there is a reciprocal relation
between the x~igh and the values of X e,q· Barriers linked to q values larger than 4 are left
out of the analysis, since they are ill-determined (see Sec. 5.3). This interesting result
suggests that barriers can be classified as either 'main' (or 'stable') barriers (q = 1, 2, 3),
or 'secondary' barriers (non-integer values of q). Also it gives us the incentive to
restrict the analysis of trends of q- comb parameters with qa and (ne) in Sec. 5.6 to the
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Figure 5.12: Dependency of the barrier X< values on the value of i'~h for Po<!' scan III (l]a(B,, =
2.1 T) ""6 and (ne) ""2.7 ·10 19 111- 3 ). Figure 5.7 is produced using the values corresponding
to x~·~h =10 1112 s-J The labels put next to each trend line correspond to the I] surfaces of
the barriers.
three main barriers only. It is noted that the main barriers are the deepest barriers in
the q-comb only for low values of x~igh.
The values for the scan parameter V c given in Table 5.1 are the n1inimal values
needed to reach agreement on the hollowness of the Te profiles. Values up to 40%
higher give good results as well, and require little or no adjustments of the X e,q parameters. Ifvc is increased by more than 40%, mismatches of the flanks of the Te profiles
result.
The fourth element that is of influence on the actual values of X e in the barriers
of the q-comb solution is the used empirical relation between Pdep and B,p · Since
this experiment has come about through the observation that a change of 1% in Pd ep
can make the difference between one Te profile class or the next, the Pdep location
needs to be determined accurately. The Pdep dependence on the tuning machine
parameter B,f, can be resolved with good accuracy experimentally through analysis of
modulated ECH (MECH) experiments, as was done in Ref. [13]. That way it was
found that the power is deposited just on the outside of the barrier that showed up
most prominently in the data. However, MECH experiments have only been carried
out for a small fraction of the machine conditions used in the presented Pdep scans.
For the experiments in this paper we have determined the Pdep(B,p) relation through
resolving the positions in the plasma of the two ECE channels surrounding the ECH
frequency. The uncertainty in the localization of an individual ECE channel is estim ated at 5 mm. Figure 5.13 shows the necessary changes of the main X e,q values for
one series (scan IV), if we add or subtract 5 mm (i.e. 0.03 in p) to the values of Pdep
obtained from resolving the positions ofECE channels in the plasma.
Figure 5.13 shows that the X e,q of the main barriers are all affected similarly by a small
offset to the Pdep(B,,,) used. We have consistently used the same technique for the
determination of Pdep for all data sets, which resulted in different Pdep(B,p) relations for
different plasma parameters t]n and (ne). Then, from the Pdep(B,i,) sensitivity analysis
performed in this section, we conclude that (at least for the main barriers), the occur-

-0.04

-0.02

0.00
Pdep

0.02

0.04

offset

Figure 5.13: Spread in barrier Xe values of the main barriers, as a result of adding (or subtracting) 5 nm1 (i.e. 0.03 in p) to the empirical Pd<J'(B,,~ ) derived from the positions ofECE
channels in the plasma.
renee of trends of q-comb parameters with t]n and (ne) are qualitatively unhampered
by an extra offset to P dep·
From the sensitivity analyses in this section it appears that is meaningful to look
for trends in the model results. If the trend analyses between different q-combs are
restricted to the main barriers, unambiguous results can be obtained.

Trends
For the individual q-combs of Figs. 5.5-5.11 we observe that the X e,q values are
roughly increasing with increasing associated q, i.e. the higher q, the less pronounced
the barrier. Concentrating on the integer q values, the relation is roughly X e,q oc t] .
We note that, even in the deepest barriers (at t] = 1,2), the value of X e,q is always well
above the neo-classical value.
We now examine the trends of the X e,q values under variation of (ne) and t]n·
Section 5.5 shows that we best restrict the analysis to the barriers linked to q = 1, 2
and 3, as the determination of these X e,q is very stable. The experimental results are
listed in Table 5.1.
Comparing scans with the same qn but different (ne), we see that for fixed t]n
the X e,q values are inversely proportional to (ne) (see Fig. 5.14) . In other words, the
barriers are more pronounced at higher densities.
Figure 5.15 shows the values of x;,q = X e,q . ( (ne) I (2.7. 10 19 m- 3 ) ) , as function of t]n.
Thus, using the (ne)- 1 dependence of X e,q, all values have been scaled to the medium
density (ne) = 2.7 · 10 19 m- 3 . Here the trend is less clear. The barrier near q = 1 is
independent of q0 , while those at higher t] may have a weak qn dependence.
The question now arises , how this scaling compares with the scaling of global
confinement. It has been shown earlier [11] that the confinement data of RTP are
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Figure 5.14: The barrier A< values of the barriers linked to q= 1,2 and 3 (indicated by their
q numbers in the plot) show a reciprocal dependence on the parameter ( 11<) . Th e values
plotted are the A<,q values ofTable 5.1 , for the i]n = 5 series (indicated by circles) and the
i]n = 4 series (indicated by triangles).

Figure 5.16: Comparison between L-mode scaling predictions and experiment (tri:mgles) and
simulations (circles) of the energy confinement tin1e T£ . For the ion contribution toT£ , it
was assumed that ll i = 11 < and we used a slightly modified parabolic ion temperature profile
T, (p) = (T, 0 - Tw) · (1- (1- Tl(, ) p2 - T,a p~) +Tin , with T,0 = 0.4 keV, Ti n = 0.03 keV and
T, a = -1.2.

well compatible with L-mode scaling. Therefore, knowing that the simulations with

q-comb model produce profiles that closely match the experimental profiles, we must
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Figure 5.15: The influence of the parameter i]n on the barrier A< values of the barriers linked
to q= 1 ,2 and 3 (indicated by their q numbers on the left). The values plotted are the A ;,q
values , 1.e. the values of Table 5.1 scaled via the reciprocal (11<)-scaling to reflect the values
expected if all sets had the same (11 <)=2.7·10 19 m -3

expect the q-comb model with the parameter scaling as given above, to be in agreement with L-mode scaling. Figure 5.16 shows that for the data set at hand, indeed
both the experimental data and the simulations are in agreement with L-mode scaling.
The relevant dependencies in L-mode scaling are T E ex: qa - 0·96 (ne)040 [18]. Both
dependencies are fully consistent with the scaling of the barriers presented above.
Interestingly, the q"- 1 scaling of global confinement follows from the q-comb model
under the assumption of central power deposition, as it should be in L-mode scaling.
In this condition, the q profile of a tokamak is well approximated by the so-called
natural profile [19] :

(5.5)
Taking this form for the q profile in the q-comb model, the T£ ex: qn- 1 of L-mode
scaling is recovered. For this derivation to hold, it is essenti al that the strength of
the barriers do not depend on q0 • As was shown above, this is true for the strongest
barrier, near q = 1. The weak qn dependence of the other barriers somewhat weakens
the 1] 11 dependence of global energy confinement, but this effect is small.
Turning now to the T£ ex: (n e )0.40 dependence of L-mode scaling, we note that
although in the model the strength of the barriers scales as (ne), the intermediate
regions do not have a density scaling. This leads to an off-set linear scaling of the
confined energy with (ne). In the relevant (ne) range this comes close to the (ne)0 ·4
L-mode scaling.
Thus, with X e,q ex: (ne) as the dominant scaling, the q-comb model produces the qn
and (ne) dependencies ofl-mode scaling.

76

EXPERIMENTAL BARRIERS AND SIMULATIONS: RTP

Finally, the question should be addressed whether the dependence of Xe ,q on (ne)
should be interpreted as a global, parametric, scaling, or indeed as a local scaling. As
the radial position of the barriers is usually further out for larger q values, the increase
of X e,q with q could be a masked 11 e dependence.
[

SecHon 5.7

Summary and Discussion
In this paper we have extensively tested the q-comb model, which is characterised by
transport barriers associated with simple rational q values. The distinguishing property
of the model is that the barriers have a fixed 'depth,' while their width is entirely
determined by the q profile. This model was tested against 7 'Pdep scan' data sets,
i.e. consistent sets of typically 60 discharges in which the ECH deposition was varied
from central to far off-axis, while keeping other plasma parameters fixed. The 7 sets
represented scans of (ne) and qn. A procedure is described according to which the
model parameters are determined, in order to give a good match of the 'staircase,'
i.e. the characteristic, discontinuous relation between Pdep and Te (0) .
The main conclusion of this exercise is that for all data sets model paran1eters
were found that gave a good match to the experimental staircase. This result is not
trivial, since the number of parameters in the model allows to match the values of
Pdep for which transitions occur, but not for matching of the Te (O) values of the
plateaux. Moreover, it turned out that by fixing the model parameters in this way,
the measured Te profiles were quite well matched, both for central and off-axis ECH.
In the region inside the q = 1 barrier, the measured profiles are often more slender
than the model predicts, but otherwise the match is good. Also striking features such
as the pronounced off-axis maxima in the Te profile under off-axis ECH, are well
reproduced by the model.
Naturally, the transport barriers in the model result in steps in the simulated profiles. These are mostly of the order of the experimental error bar, so that one could
not expect to see the same discrete steps in the measured profiles. Nonetheless, in
many cases the measured profiles do show small plateaux, which are especially well
resolved in the more central part of the profile. These correspond reasonably well
to the steps in the simulated profiles. The measured steps are not always symmetric
on both sides of the profile, and may be caused by small magnetic islands. We shall
further discuss the possible physical origin below.
While the experimental data set presented here is by far the most comprehensive set to which the q-comb model has been applied, it should be n1entioned that
the model has also been applied elsewhere. At JET, the model was built into the
local transport code JETTO, and used in the analysis of optimized magnetic shear discharges. Here, the model was found capable of predicting the time of formation, the
location and the height of the electron transport barriers, while also giving a fair representation of the Te profile [20]. Further, the model has been applied to ECH heated
discharges in TEXTOR, and also there the agreement with the measured proftlcs was
good [21].
Apart from matching the model parameters to different datasets, also a sensitivity
analysis was carried out. Two straightforward dependencies were found , i.e. between

5.7 Summary and Discussion

77

the relation Pdep(B,p) and the depth of the barriers, and between the width and the
depth of the barriers. These have no bearing on the discussion of trends in the model
parameters. Further, it was demonstrated that the parameter Vc, which describes
the outward convection in the region inside the ECH deposition and is necessary to
explain the hollow Te profiles, is to large extent independent of the barrier parameters.
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presented in this paper were done with x~igh=10m2 /s, it was found that by choosing
a lower value (but not lower than 6m2 Is) the q-comb has strong barriers at q = 1, 2, 3
and much weaker barriers at the half-integer q values. For both classes the trend is
that barriers at higher q are less pronounced.
By restricting the analysis to the 'stable' barriers at q = 1, 2, 3, trends in the barrier
depths with (ne) and qn were investigated. The result is that the barrier Xe decreases
with increasing (ne), and slightly decreases with increasing qn . These trends have as a
result that the model follows L-mode scaling.
The model has been introduced as a conceptual model, and its aim was primarily
to investigate whether transport barriers linked to specific q values could explain part
of the phenomenology of the RTP Pdep scan data (discrete transitions, hollow profiles
with 'ears'). The fact that the model performs so well, with such a consistent set
of parameters, in such different plasma conditions, strongly suggests that rational q
values do play an important role in electron heat transport. However, the model does
not contain any physics yet, and should not be mistaken for a physics based transport
model.
Several models have been proposed in the past that bear some similarity to the
q-comb model, some of which were also purely empirical, while others had a physics
basis. Rebut et a/. [22, 23] have proposed a transport model in which chains of islands
acted as 'bad' regions, which were separated by layers of good confmement. In the
various formulations of this model, mechanisms determining the width of the islands
were described. The model was mainly used to predict global confinement, i.e. the
RLW-scaling law [22, 23] . Along similar lines, Dominguez and Waltz proposed the
'Venetian blinds' model [24], while Hegna and Callen proposed an 'interacting islands'
model [25]. Closer to the experiment is the interpretation of the occurrence of
transport barriers by Razumova et al. [26], who suggests that low shear shifts chains
of magnetic islands apart so that the interaction and consequent field stochastization
is suppressed. Also, for recent results obtained in JET and Tore Supra, models for
electron transport barriers have been proposed in which the rational q surfaces and
the local shear play a prominent role [27-29] . These empirical models are more
complex than the q-comb model, and it remains to be investigated whether they can
be reconciled.
The role of the magnetic shear is particularly interesting. As we showed in this
paper, the depth of the barriers for different values of qn can be unifted by scaling
the barrier depth with the local shear. There must be a limit to this dependency, for
zero shear at least neo-classical transport must remain. A model in which such a shear
dependence is explicitly described is due to Brake! [30]. This is an empirical model
designed to describe the well-known strong q (or 1) dependence of confinen1ent in
stellarators. This model assumes that transport is high across chains of magnetic islands
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Figure 5.17: Comparison of the prescriptions of the Xc profile from the q-comb model and
Brakel's model. The ry-comb displayed is the one used for p,~c 1 , scan Ill (l]a (B,,·, = 2.1 T)"' 6
and (n e) "' 2.7 · 10 19 m - 3 ) , with two modifications over the one displayed in Fig. 5.7: i)
The q-comb for the lowest x~ugh value was used: ii) The Xc,q values have been reciprocally
scaled to reflect the same average density (nc) = 4 · 10 19 m- 3 as was used for the Brakel
model. The shown X c for the Brake! model is a slightly moditled version of the one given
in Ref. [30]: i) The correct parameters for the Brake! model were used (the values given
in Ref. [30] are the logarithmic values): ii) The neo-classical and anomalous 'offset' Xo
contributions are removed from the Xc protlle displayed here: iii) The shear factory was
set to 0.
and low in between. Though different in starting point, it turns out that in effect this
model is very similar to the q-comb model. In Fig. 5.17 we compare the two models
and notice a striking correspondence: i) The models agree on the positions of the
barriers; ii) The global trend for barriers to be less deep for increasing q is produced
by both models; iii) The distinction between main barriers (integer q values) and
secondary barriers (non-integer q values) arises from both models.
We also note that, while the Brake! model was designed for the almost shearless
W7-AS stellarator, very recently high resolution Te measurements showed fine scale
structures in the TJ-II torsatron [31], which does have significant shear.
It is interesting to note that while in the Brakelmodel the rational surfaces are the
'bad regions' whereas in the q-comb the barriers are associated with rational q values,
both models effectively have low transport around the simple rational q. The reason
is that the density of low order rational numbers shows gaps right next to the simple
rational numbers.
All of these models or interpretations have the magnetic topology as the underlying
structure determining transport. This has a natural origin. As is well known, the field
line equations in a torus have a Hamilton form, and under small perturbations the ideal
topology of nested toroidal flux surfaces undergoes a transition and becomes a mix of
chains of islands and regions of chaotic field, separated by regions with good surfaces.
Such a mixed topology is already obtained at relative perturbations of the magnetic
field of10- 4 , as has been demonstrated in several numerical studies (e.g. [32]).
Though the mathematics of the topology is certainly correct, it does not predict
the width of island chains in tokamaks or stellarators, nor a selection rule for the q
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values at which island chain formation occurs, let alone the ensuing transport. An
attempt at deriving a barrier prescription based on the so called 'tokamap,' a model
system for the field in a tokamak, is proposed in Ref. [33].
However, it should be pointed out that there are alternative interpretations, in
which the transport is not determined by pure magnetic turbulence or chains of islands, but by electro-magnetic modes. These can concentrate on rational surfaces, as is
e.g. brought out in the work by Hidalgo [34] and Thyagaraja [35]. Recent simulations
ofThyagaraja [private communication] ofRTP discharges show a striking agreement
with the experimental data, and hold a lot of promise for future work.
To get more insight in the physical mechanisms of the transport barriers, nwre
detailed experimental investigations are needed. As mentioned in the introduction,
experiments with modulated ECH in RTP showed that the transport barriers are
layers of strong inward heat convection. No mechanism has been proposed for this
observation, which may find its explanation in either the occurrence of chains of
magnetic islands or the electro-magnetic modes. Further experiments on this topic,
and in particular in both tokamaks and stellarators, are badly needed.
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Experimental Barriers and
Simulations II:
Application of the RTP Transport
Model to the JET Tokamak
Abstract.

The peculiarities of the electron temperature
profile under dominant on- and off-axis heating in RTP
were successfully described by a 'shell model.' This model
features electron transport barriers that are associated with
simple rational values of the safety factor (G.M.D. Hogeweij
ct a/., Nuclear Fusion 38 , 1881 (1998)). This model is
now tested against JET data. To this end, the model is incorporated in the JETTO code, which is used to sinmlate
JET Optimized shear discharges with pronounced electron
transport barriers. lt is found that the model is successful
in reproducing the time and location of barrier formation,
as well as the subsequent evolution of barrier location and
strength.
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6:1 Introduction
10.01---~~

Introduction
One of the outstmding problems in tokamak physics remains the radial transport of
energy and particles. As is well-known, the heat conduction normally exceeds the
neo-classical prediction by up to one (for ions) or two (for electrons) orders of magnitude. Much effort has been spent in developing alternative, so-called advanced, scenarios for tokamak operation, in order to obtain plasmas of enhanced petformance. A
promising development is the creation and sustainment of 'transport barriers,' i.e. localized regions of low radial transport. Therefore, transport barriers, either for the
ions, the electrons, or both, have been an active field of research for the last couple of
years [1-9] .
In large tokamaks, the separate study of electron and ion heat transport is often
difficult because of the strong coupling of the two species. Moreover, since large
tokamaks usually work in regimes with Ti » Te, the contribution of the electrons
to the energy balance is limited. Therefore, transport studies have mainly focused on
reduction of the ion radial transport losses. Successful scenarios have been developed
in which an internal transport barrier (ITB) forms in the ion channel. In particular
when this is combined with a plasma edge transport barrier, it was shown to be possible to achieve ion heat transport close to the neo-classical prediction throughout the
plasma [1 0 , 11] . The reduction of ion transport is generally attributed to stabilization
oflon Temperature Gradient (lTG) modes by a strongly sheared flow velocity [12] .
Interestingly, in the same conditions the reduction of electron transport is much
less pronounced [13]. It appears therefore that the anomaly of the electron heat
conduction at least partially has another source than that of the ions. There have
been several experiments in which a relation between electron transport barriers and
rational values of the local safety factor q was found, often with low magnetic shear as
a second condition [2, 10, 11, 13-17]. This suggests that the magnetic topology plays
an important role in electron transport, as it is known to do in stellarators [18, 19] .
Other recent experiments that concentrate on electron transport studies with electron heating, that should be mentioned here are Refs. [6, 7, 20, 21] .
In smaller experiments, such as the Rijnhuizen Tokamak Project RTP, it is possible
to concentrate research on electron heat transport, since the electron-ion coupling is
relatively weak. Using Electron Cyclotron Heating (ECH), pure electron heat transport experiments can be done. Experiments with strong off-axis ECH in RTP showed
a discontinuous variation of the Te profile as a function of the heating radius. Analysis
of MHO activity, and reconstructions of the q profiles showed that the Te profile transitions were associated with simple rational q values: 1, 4/ 3, 3 / 2, 2, 5/2, and 3 [14].
A conceptual model was constructed [22], in which the electron thermal diffusivity
X e consists of a series of alternating shells with high (anomalous) and low (transport
barriers) conductivity. Figure 6.1 shows how the barriers are directly associated with
q instead of radius: The Xe profile follows from the q profile, which in turn is determined by the Te proftle, which -closing the circle- follows from the Xe profile and
the heat source profile. Because of the comb-like appearance of X e (q), the model has
been dubbed the 'q-comb model'.
The q-comb model is successful at describing a range of transport related obser-
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Figure 6.1: The q-contb as used for electron cyclotron heated RTP discharges with
l]n = 4.9 and line averaged electron density of3 ·10 19 m- 3 .

vations in RTP Scans of the ECH deposition radius have been carried out at RTP,
resulting in a wide variety of Te proftle shapes (from very peaked for central deposition to very hollow for far off-axis heating). The (typically 60) discharges of a scan
could all be reproduced with the same q-comb, without changing a single parameter.
Moreover, the dynamic evolution during a scan of the deposition radius is well reproduced, as are certain salient features such as the formation of 'ears' on the Te profile
which occurs for a few very specific values of the ECH deposition [22]. Figure 6.2
illustrates the working of the model for two RTP plasmas with on- and off-axis ECH,
respectively. It should be said that the model is conceptual in the sense that it allows
for rather much variation in e.g. the value and radial profile of the 'high' X e values.
The significant features are the barriers that are located near rational q values: These
produce bifurcations of the Te profile under variation of the ECH deposition.
The aim of the q-comb model is mostly to describe a wide variety of discharges.
However, once the q-comb of a particular type of discharge has been found, the
q-comb model can predict what will happen to the discharge for different heating
profiles.
Detailed experiments with modulated ECH have shown that the transport barriers have a convective component, i.e. they are layers of inward convection rather
than low diffusivity [23]. For the modelling the two descriptions are in practice indistinguishable. In a steady state, it is certainly impossible to distinguish a diffusive
transport barrier from a layer of inward convection, while in a dynamic situation the
differences are very small. Only in phenomena much faster than the diffusive time
scale, the diffusive and convective components can be separated; e.g. in experiments
with modulated ECH, the convective component can be derived from asynm1etries
in the phase and amplitude profiles of the induced heat waves.
Simulations have been carried out with convective barriers instead of diffusive
barriers. It was shown that it is indeed possible to obtain the same results with the
two models. However, since there must always be a background diffusion, the model
with convective barriers has more free parameters, which lead to ambiguity of the end
results. This problem is even more severe when combined convective and conductive
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Figure 6.2: Two RTP discharges with central (left) and off-axis (right) power deposition. Upper panels: The dots represent high resolution Thomson scattering
measurements, the solid line represents the simulation of the di scharges using the
q-comb in Fig. 6.1. Lower panels: The corresponding q profile (thick line) and
Xe proftle (thin line). In these plots, p denotes the normalized minor radius.
barriers are allowed.
Since for the experiments described in this paper, the convective or conductive
nature of the barriers does not influence the simulation results, we choose for purely
diffusive barriers throughout. However, we stress that this does not at all exclude the
possibility of convective barriers.
In this paper we test the conceptual q-comb model against data from JET experiments. The reasons to do so are firstly to check whether the same model -with
adapted parameters- can capture the dynamics of electron ITB formation in JET as
well as in RTP. If this is successful, it suggests that elec tron ITBs are governed by the
sam.e physics in plasmas which differ greatly in e.g. ion temperature and collisionality.
Secondly, from the difference in the model parameters needed to describe the two
plasmas, insight in the underlying physics m ay be obtained. To this end we select
JET optimized shear discharges in which prominent electron ITBs develop. We test
whether the model correctly describes the time and location of the ITB formation, as
well as its subsequent evolution: displacement, broadening, and strengthening. The
simulations are performed with the JET transport code JETTO, in which the q-comb
model was implemented for this study.
Section 6.2 - - - - - - - - - - - - - - - - - - - - - - - - - - - - ,

Electron Thermal Transport Barriers in JET
In the RTP experiment individual electron therm.al barriers were highlighted by
shifting the deposition radius Pdep of the ECH . Using steps of 1% in Pdep, regimes
of prominence of the different barriers were identified, corresponding to classes of
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Figure 6.3: Time evolutions of the plasma current (Jp), additional heating powers
(PNBI, PLHCD, PicH), ce ntral electron density (neo), central electron temperature
(Teo), neutron yield (Rnr) and the D" em.ission sign al. The discharge is a typical
JET optimized shear discharge (pulse #46716) .

Te proft!es. All classes are reproduced by simulations using a fixed q-comb.
A similar experiment cannot be performed at JET. We can, however, set up simulations ofJET ITBs and make a comparison of the time and position of the formation
of the barrier and the evolution thereof. To that end we need a selection of JET
discharges exh.ibiting strong electron thermal barriers that are diagnostically well resolved.
In JET, the most prominent ITBs are observed in the so-called 'optimized shear'
(OS) discharges [24, 25] . The standard OS scenario typically starts with the application 1 MW of Lower Hybrid Current Drive (LHCD) power durin g 1 s to ensure
reliable plasm a breakdown. The plasm a current is ramped up at a rate of typically
0.4 MA/ s with a lower single null X-point magnetic conftguration formed after the
plasma breakdown during the low power phase of the discharge. Then Ion Cyclotron
Heating (ICH) is applied, using a fundamental hydrogen minority heating scheme
with the resonance located near the plasma centre. During this phase of low additional heating called ' pre-heating' the central electron density 11 eO is kept at a relatively
low value: neo ~ 1.5 · 10 19 m- 3 . The main heating phase starts with the applicotion
of the Neutral Beam Injection (NBI) power, combined with enhanced ICH power,
triggering a transition of the plasma to a state with reduced transport coefficients. An
example of the wave forms of a typical OS discharge is shown in Fig. 6.3 .
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Table 6.1: The list of selected JET optimized magnetic shear discharges, modelled
with the q-comb model. The discharges are all standard JET OS discharges,
with the exception of the marked discharge where Argon puffing and 2.2 MW
of LHCD power were added to the OS scenario. About halfway in the main
heating phase the ICH power for discharges #46050 and #46133 was switched
to the value in brackets.
NBI

Bq,

40847
45623
46664
46669
46716

19
16
16.5
16.5
18

ICH
[MW]
6
6
6
6
6

46050
46133*

16.2
17.5

6.2(2)
5.0(3)

3.4
3.4

2.5
2.5

49015
49017

12.2
12.1

5.1
5.2

2.5
2.5

2.5
2.5

Discharge

[MWJ

[T]
3.4
3.4
3.4
3.4
3.5

Ip
[MA]
3.3
3.3
3.4
3.4
3.5

The experimental Te profiles used in our analysis are measured with an Electron Cyclotron Emission (ECE) radiometer, with a spatial resolution of routinely 2 em and
a time resolution that can be as low as 8 ps. The ne profiles needed as input for the
simulations are tneasured by the JET Lidar Thomso n scattering diagnostic (12 em spatial resolution and 0.25 s time resolution) . The ion temperature profile is obtained
from a charge-exchange spectroscopy diagnostic that has a radial resolution of 10 em
and a time resolution of 10 ms. The ICH power deposition profiles are calculated by
the PION code [26]. The q proftles that result from our simulations are compared
to those obtained by the magnetic reconstructions from the EFIT code [27] . For
the discharges analyzed in this paper the motional Stark effect diagnostic was not yet
operational.
Table 6.1 displays our selection of discharges from the JET database. The selection criteria were the display of a prominent electron ITB and the availability of the
diagnostic signals mentioned.
The range in plasma parameters covered by the discharges in Table 6.1 is a total of
five different configurations of (B 4,, Ip), a neutral beam power variation of more that
40% and an ICH power variation of 20% between discharges. Additionally, there is
a discharge with LHCD and Argon puffing and two two-level ICH power heating
discharges. Based on the EFIT reconstructions, the discharges of Table 6.1 were all
categorized as discharges featuring q = 2 barriers, except #4605 0 and #46133 , which
were classified as exhibiting a t] = 3 barrier.
In the RTP experiment individual barriers linked to t] = 1, 4/ 3,3/2, 2, 5/2, 3, 7/2
and 4 could be investigated. This will not be the case for the JET data. Mostly the
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Te profiles of JET OS discharges show only one stron g barrier, or in rare cases two.
As only the q = 2 and q = 3 barriers are reported for the discharges investigated in
this paper, we should expect to find only information regarding these two barriers.
According to the q-comb model, the q smface linked to the most prominent ITB is
the lowest barrier q smface present in the plasma. H ence we should not expect to
fmd details about the q = 1, 4/3 and 3/2 ITBs for JET from this list of discharges.

[

Section 6.3

Data Analysis
The q-comb model prescribes low values of Xe for radii where q is in one of the
specified 'barrier ranges ,' close to simple rational values. The magnetic shear at these
locations determines the radial extent of the barriers through the fixed fmite width
wq of the barriers in q. The width wq is taken the s:1me for :1ll b:1rriers. It is noted
that the important barrier parJmeter is the 'strength' of the barrier, i. e. the ra tio of its
width (extent in real sp:1ce) and its depth (the value of Xe in the barrier). The trade-off
between w idth and depth introduces a certain degree of arbitrariness in the q-comb
solution, which we solved by taking a fixed wq. Thus, within limits, a q-comb with a
slightly smaller w q and all barriers deeper by the san1e amount leads to an equally good
solution and is for the simulations indistinguishable. However, the allowable variation
in wq is not large, because the barriers must remain separated (there are e.g. 2 barriers
between q = 1 and q = 1.5) while barriers that are physically thinner than a batuna
w idth loose their significa nce. Also, choosing w q too snull may result in values of X e
below the neo-classical limit. An advantage of the choice of fixed Wq is that the plot
of the q-comb gives an immediate graphical representation of the relative strength of
th e barriers. A second choice we make is to take a uniform value x~igh for the high,
anomalous, tran sport. The reason for introducing this simplification is to reduce the
number of free parameters in the model. The justification is that the value of X~igh is
not a critical parameter: The Te profile slup e is determined by the steep sections, the
actual gradient in the 'flat' sections is of much less importance.
Based on the extensive experiments in RTP (see [22]) , the barriers are located just
below all (half-) integer numbers of q, with exception of the first barrier, which is
positioned just above q = 1. Additionally there is a barrier just below q = 4/3, which
is also in accordance with the observations. The positions of the barriers in q sp:1ce
are fixed for all simulations, they are not free parameters of the model.
To run simulations using this model as the model for the electron heat diffusion,
a transport code must be supplemented with a q-comb transport module, which is a
straightforward procedure if the q profil e is self-consistently evolved in the code.
The 1.5-D transport code JETTO has been develop ed at JET to model discharges
and forecast the outcome of alterations to used plasma scenarios. The JETTO configuration used in this paper takes initial profiles and parameters of an actual discharge
and simulates their evolution. The deposition profiles of the additional heating are
calculated by external codes and used throughout the simulation. The transport core
of JETTO consists of modules of different transport models than ca n be combined
at will for the electron and ion channels separately. This makes the addition of our
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q-comb module, or indeed any new transport module, particularly easy and allows for
direct comparison of the outcome.
If the mixed Bohm/ gyroBohm model [28] is used for heat transport, JETTO
can reproduce ion ITBs in optimized magnetic shear discharges [29] . At the time
of our research, the mixed Bohm/ gyroBohm model in JETTO generally failed to
do so for prominent electron ITBs (recent work [30] has shown that the mixed
Bohm/ gyroBohm model can reproduce electron ITBs).
The parameters of the q-comb need to be determined by running the code on a
number of different discharges. Firstly, because of the different spatial resolutions of
the various input profiles of JETTO, the value of w q has been fixed to 0.15, corresponding to a reasonable effective spatial resolution. Secondly, the simulations turn
. . to t he exact va I ue o f Xehia" h 111
.
. I I
out to b e not very sensitive
agreement wit
1 t 1e resu I ts
2
of modelling RTP discharges. We picked a value of 4.5 m /s for JET because the
electron temperature gradient towards the outside of the plasma is then in agreement
with the measurements. It should be noted here, that all our modelled JET discharges
are L-mode discharges.
Analogously to the RTP experiment, the barriers are placed just below (half)
integer q values. The remaining parameters X~ 1 1 " for the depths of the barriers corresponding to each q = mIn surface are determined by running simulations of a selection
of discharges and demanding that there is a solution of the q-comb that is able to reproduce the time evolutions of the Te prof1les of the selection of discharges without
changing the set of parameters.
The profiles JETTO uses as initial conditions for the simulations are all taken
from well before the main heating phase, so well before the onset of barriers. At the
time of our experiments, JETTO had no reliable method to determine the LHCD
current distribution in the plasma, which is why we use as the initial q profile the
EFIT calculation of about .5 s before the main heating phase, while the LHCD phase
occurs at about 3-4 s before this. The simulations are terminated at the end of the
main heating phase.
The q-comb model was developed to describe electron thermal transport, and is
not expected to accurately describe ion thermal transport or transport of particles.
As mentioned before, the successful reproduction of the ion temperature profile evolution by the mixed Bohm/gyroBohm model without a similar agreement for Te is
indicative of different origins of the anomalies of the transport channels. Indeed we
find that the q-comb model is able to produce the strong electron ITBs, but that it
does not result in ion temperature profiles that agree with the experiment. Although
the coupling between the ions and the electrons is strong in most cases (especially for
high densities), the coupling is sufficiently weak that when a barrier forms in one
channel it does not automatically produce a barrier in the other channels. Thus it appears safe to concentrate on an individual transport channel at a time. Therefore, we
choose to take the ion temperature and the density as they result from the experiment
and compare the simulated evolution of the electron temperature and the q profile to
the experimental observations.

6.4 Results
[
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Section 6.4

Results
Using the JETTO code with the q-comb module as described above, all discharges
listed in Table 6.1 were modelled. A typical result is given in Fig. 6.4, showing the
measured and computed profiles of Te (the p coordinate in these and subsequent
figures denotes the square root of the flux function , with p = 0 denoting the plasma
centre and p = 1 indicating the plasma edge) for 6 times in the discharge. Figure
6.5 gives the corresponding q profiles, together with the X e profiles. Note that the
latter are mappings to real space of the q-comb given in Fig. 6.6, where the mapping
is determined by the q profile as it is calculated self-consistently using the evolving
Te profile in JETTO. We note the following:
• The computed Te profile, which is matched to the experimental profile at t =
3.7 s and then left to evolve, follows the measured Te profile rather well during
many seconds in which dramatic changes to the profile take place.
• In particular, an electron ITB forms close to where it is observed experimentally.
• The time of barrier formation is determ.ined in the model by the moment q = 2
is reached. Although we cannot expect to get this moment with good accuracy,
if only because the q profile at the start of the simulation is not well known, the
moment ofbarrier formation predicted by the model is well within the expected
uncertainty.
• After the formation, the evolution of the ITB is well described, both in height
and position.
As said before, all parameters in the electron transport model were kept fixed
during the entire simulation. Figure 6.5 illustrates clearly the mechanics of the model,
in which details of the q profile can result in splitting the barrier in several closely
packed narrow barriers.
Thus, we conclude that the simple prescription that X e is a function of q, with
a barrier for q just below q = 2, is sufficient to describe the JET experimental data
at hand. This in a dynamic situation, in which q = 2 is born during the simulated
period, and in which the shear at q = 2 is changing.
Simulation results of similar quality were obtained for all analysed discharges. Interestingly, it was found that the discharges could be grouped, where all discharges in
a group could be described with the same q-comb. The groups were defined by the
ratio Bf1 / Ir, or the cylindrical q at the edge (l] cy!).
Thus, discharges with different power levels and wave forms, having quite different
Te profile evolutions, but with the same Bq, / Ir, are well described with exactly the
same q- comb. We describe the results for the different groups below.
16.4.1

I

Bq,/Ip

=1 T/MA

Discharges #46664, #46669, #46716, #49015, and #49017 all belong to the same
B,1,/Ip = 1 T/MA group, and can be reproduced using the q-comb displayed in
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Figure 6.4: The panels show th e time evolution of the electron temperature profile
of a characteristic JET OS discharge (#49017), in th e B,1,=2.5 T, Ip=2 .5 MA scenario. The solid lin es are interpolated radiometery measurements (48 cha nnels).
The dashed lines are th e JETTO simulation results, using the q-comb model.
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Fig. 6 .6. We ren1ark that in most discharges only one barrier stands out clearly in
th e observed T0 profiles, so only the particulars of th e most prominent barrier can be
determined directly with accuracy. The following one or two barrier values are then
derived by matching the strongest barrier in all discharges of the same gro up with
one q-comb. The remaining barriers have all been given the same average depth that
reflects the value needed to acceptably reproduce the 'w ings' of the T e profile. Hence,
no particular significance should be attached to the valu es of those barriers.
In Figs. 6.4 and 6.5 an example of a simulation of a discharge of this class is shown .
The main heating phase starts at t = 4.2 s, and the simulation is initiated 0.5 s before
that. From the Te profile comparison in Fig. 6.4 we co nclude that the simulation
agrees well with the experiment for the formation and growth of the barrier. In the
Xe evolution in Fig. 6.5 the concept of the q-comb model is highlighted: The low
magnetic shear region just below q = 2 grows in time, effectively making a wider and
thus stronger barrier, as is reflected in the corresponding T e evolution. One might
argue that the barrier evolves somewhat faster in the simulation than is observed in the
actual discharge, bringing the cen tral temperature up too much. Overall, this q-con1b
reproduces the barrier of this particular discharge, and it works equally well for any
o ther discharge in the list given above.
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Figure 6.5: The upper panels show the time evolution of the q profile (dashed
lines) and Xe profile (solid lin es) corresponding to the Te evolution in Fig. 6.4.
This disc harge is a characteristi c JET OS discharge (#49017) , in the B,;,=2 .5 T,
Ip=2.5 MA scenario. Both q and Xe shown here are simulation results from
JETTO using the q-comb model for electron thermal transport. The lower panels compare the evolution of the simulated q profile (dashed lines) and the EFIT
reconstruction (solid lines). The horizontal lines indicate the ranges in q where
barriers are located.
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Figure 6.6: The q-comb needed for reproducing those discharges in Table 6.1 with
B,1,/Ip = 1 T/MA.
Looking at the reproduction of the q pro6J e (Fig. 6.4) the result seems much
poorer. However they do agree on the location of the q = 2 surface, which is also the
location of the foot point of the barrier. It should be pointed out here that the EFIT
configuration most commonly used , produces an a priori smooth pro6le, making
it impossible to yield the local plateaux needed for strong barriers in the q-comb
description. Furthermore, the error on the EFIT reconstruction of the q pro6le is
considerable, especially in the central part of the plasma .
The discharges #45623 and #4084 7 have B,;/ Ip slightly larger than 1 T I MA. U sing
the q-con'lb of Fig. 6.6, still does an acceptable job reproducing the Te evolutions of
these discharges.

16.4.21

B<t>/ Ip = 3.4/2.5 T/MA

The most interesting class to simulate is the one with B,1,; Ip = 3.4/2.5 T / MA, encompassing discharges #46050 and #46133 of Table 6.1. The q-comb needed to
reproduce this class is depicted in Fig. 6. 9. The remarks made for Fig. 6.6 above hold
in this case too. Additionally, we note that the discharges in this category have neither
a q = 2 nor a q = 3 / 2 surface in the plasma, and consequently there is no information
to be obtained for these barriers. For comparison only, we indicated in this 6gure the
values of the q = 2 and q = 3/2 barriers of the B,;,/Ip = 1 T / MA class .
Comparing this q-comb with the one for B,;,l Ip= 1 T / MA, it is seen that all barriers
need to be deeper by a factor of 1.4 to 3, where the difference is largest for the inner
two barriers (q = 2.5 and q = 3). Thus, it appears that the only strong paramete r
dependence to come out of this study, is the trend for all barriers to be deeper for a
larger ratio of B,pl Ip.
Interestingly, the barrier that appears in these discharges is simulated by the model
as a double barrier, i.e. adjacent barriers at q = 2.5 and 3. Unfortunately, the resolution
of the Te proftle in the barrier is not sufficient to experimentally test the hypothesis
that the observed barrier is in fact a double barrier. It is interesting that the model,
with two barriers and a self-consistently computed q proftle, does produce a fair re-
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Figure 6.7: The panels show the time evolution of the electron temperature pro6les
of a characteristic JET OS discharge (#46050), in the B,1,=3.4 T, Ip=2 .5 MA scenario. The solid lines are interpolated radiometery measurements. The dashed
lines are the JETTO simulation results, using the q-comb model.
production of the Te proftle and its evolution . The q pro6le in the simulation evolves
rather differently from the one computed by EFIT, but again, the latter has not been
se t up to allow the formation of q plateaux. Since such plateaux are an essential feature
in the q-comb model, a detailed comparison seems out of place.

Summary and discussion
Summarizing, we have shown that an electron transport model which has as a main
feature that there are transport barriers associated with ftxed ranges of q, close to simple
rational q values, is capable of reproducing the main characteristics of JET discharges
in which electron ITBs from . The model performs well on the following points: i)
time and place of barrier formation; and ii) evolution of the barrier: place, width and
height as function of time.
Note that in this model the local shear does not appear explicitly, but implicitly,
because it determines the width of the barrier in real space. The fact that these simulations capture the barrier dynamics while using such a simple assumption, suggests
that the q pro6le does indeed play a determining role in the electron thermal barrier
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Figure 6.10: Comparison of the q profile for discharge #46050 just before the end
of the main heating phase according to EFIT (solid line) and JETTO with the
q-comb module (dashed line).
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a another JET OS discharge (#46133), in the B1,=3.4 T, Ip=2.5 MA scenario. The
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JETTO simulation results, using the q-comb model. This case was accompanied
by Argon puffing and 2.2 MW LHCD heating, but modelled with the same
q-comb as was used for the discharge in Fig. 6. 7.
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Figure 6.9 : The q-comb needed for reproducing those discharges in Table 6.1 with
B,~ / lp = 3.4/2.5 T / MA. The q = 2 and q = 3/2 surfaces are never reached in this
scenario; the values given here (dashed) are taken from the B1,/ lp = 1 T / MA case
and here for comparison only.

Also note that in the q-comb model the existence of a low magnetic shear region near the simple rational q surface is the crucial ingredient for the formation of a
prominent electron barrier. The presence of a barrier in the q-comb model is guaranteed if its corresponding q surface is present in the plasma. The role of low shear
at the barrier location is to maximize the width of the barrier. In this light, the explanation for the absence of the formation of a prominent electron barrier in 'regular'
(i.e. non-OS) JET discharges is that there is a barrier, but it fails to grow to sizeable
proportions due to the absence of a low shear region at the barrier location.
In the q-comb model, the electron ITBs are always present, but only the ones in a
low shear region become prominent. In particular, this means that there is no power
threshold for the electron ITBs. Interestingly, it has become clear that also in the
experiment there is no power threshold for electron ITB formation (see e.g. Ref. [31]
for recent experimental results from JET, which show clearly electron ITB formation
down to the lowest power levels). This is in contrast with the formation of ion ITB,
for which a threshold is universally found.
It is noted that JET discharges with electron ITBs, using LHCD alone exist [32],
which would be id~al discharges for modelling with the q-comb model. However, at
the time of our research, the JETTO code had no (reliable) way to include information on the LHCD profile. As we perform a self-consistent modelling, in which the
q profile plays a crucial role, we did not attempt to model these discharges.
The analysis of the JET OS discharges showed that discharges with the same value
of qcvl can be modelled with exactly the same q-comb. There is a pronounced trend
for b·arriers to become stronger for increasing qcvl·
The q-comb model was developed on the ba.sis of experiments with off- axis ECH
at RTP These experiments allowed the determination of a series of barriers. In JET,
the only barriers in the present dataset, that could be determined reliably are at q = 2,
5/2 and 3. Comparing the two experiments, we find that i) ,t~igh is lower at JET than
at RTP and ii) the barriers are deeper at JET.
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The q-comb model is a conceptual model. The rectangular shape of the barriers
(Xe as function of q orr), as well as the fact that the background X e was taken uniform,
cannot be expected to represent a realistic physical situation. Moreover, as discussed
before, the value of X e in the barriers depends on their width in q space: There is a
trade-off between depth and width. The latter is taken the same for all barriers, which
again is a simplification. Changing any of these assumptions, however, has little effect
on the essential workings of the model. It does affect the actual value of X e in the
barriers.
It is interesting to compare the value of Xe in the barriers with the neo-classical values. Here we stress again that, due to the trade-off between barrier width and depth,
there is considerable freedom in assigning the value of Xe in the barriers. However,
the barrier xe values as used in our modelling are still at least an order of magnitude
above neo-classical.
In the barrier model , a large fraction of the energy confinement is due to the barriers . With the proposed model, it is clear that by tuning the q profile confinement
can be optimized. However, as long as a large part of the current is driven inductively, the system is non-linear through the coupling transport barriers ~ T e profile
~ q profile ~ transport barriers. The effect of this non-linearity is self-regulating, it
leads to a form of profile control. Naturally, this can be transiently broken, on the
time scale of current diffusion .
Apart from this application to JET, the same model was also applied to ECH
heated discharges in TEXTOR. There it was found that the same q-comb used for
RTP, with only an overall scaling factor of 0 .85 according to L-mode scaling, gave a
very good reproduction of the Te profiles [33].
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This chapter is n1eant to give a summary of our findings fi·om simulations with the
RTP q-comb model of tokamak discharges. Apart from the work on RTP discharges (which is comprehensively reported in Ref. [1]) and the analysis ofJET optimized magnetic shear discharges through the JETTO transport code (see the report
in Ref. [2]), we have carried out two other experiments.
We start with the description of the latter two experiments, i.e. the application of
the model to discharges of the TEXTOR-94 tokamak (Section 7 .1) and an attempt
to simulate RTP discharges with the q-comb model which is modified to describe
inward convective barriers instead of diffusive barriers (Section 7.2).
In Section 7 .3 we present a complete summary of our experiences w ith the
q-comb model. This includes both the conclusions from Refs. [1] and [2] and the
outcome of the two experiments addressed in this chapter.
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SecHon 7.1

TEXTOR-94
After the shut-down of the RTP tokamak in the autumn of 1998, the tokamak physics
resea rch of the FOM-Jnstituut 'Rijnlmizen ' concentrated on the TEXTOR-94 machine at Forschungszentrum Jiilich (Germany), which is the central device of the
Trilateral Euregio Cluster (TEC).
The TEXTOR-94 (Tokamak EXperiment for Technology Oriented Research,
last upgrade in 1994) tokamak is a medium-sized limiter device which was originally
dedicated to the research of plasma-wall interaction. Collaboration with the TEC
partners has widened the scope of the TEXTOR scientiftc progranm1e, to encompass
global confinement, MHO, and turbulent processes in the plasma . The main charac101
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Table 7.1: A comparison of the machine parameters ofRTP and TEXTOR-94.

Machine
Parameter

Symbol

Major radius
Minor radius
Toroidal m agnetic fteld
Plasma current
Pulse duration
Ohmic heating
Auxiliary heating

Ro
a
B,;,
Ip
Tpulse

Po

RTP
Value

TEXTOR
Value

Unit

0.72
0.164
< 2.4
< 150
< 0.5
< 0.3

1.75
0.46
< 2.9
< 800
< 10
< 0.5
2 X 1.5
2x2.2
0.4

n1
n1
T
kA
s
MW
MW
MW
MW

PNBI

P1c H
PEcH

0.4

Table 7.2: A comparison of plasma parameters of TEXTOR discharge #87646 and
RTP scan IV

Parameter

TEXTOR
#87646

RTP
Scan IV

Ip

200
2
1.75/0.46
1.2
2
370

80
2
0.72/0.16
2.6
1
350

B,;,

Ro/a
(ne)

Metr
p
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7:1 TEXTOR-94

of JET optimized magneti c shear disc harges were carried out through JETTO using
a q-comb electron transport module [2) .
Because the TEXTOR geom etry is essentially the same as RTP, albeit that the
dimensions are larger, we can use the HACD code to simulate ECH-only heated
TEXTOR discharges. Since both the ECH system and the Thomson scattering system at TEXTOR are the ones form erly used at RTP, the only necessa ry modifications
to the HACD code are substitutions of the correct major and minor machine radii.
We want to simulate the centrally ECH heated TEXTOR discharge #87646, of
which the parameters are listed in Table 7.2. As a q-comb for TEXTOR we take the
q-comb for RTP scan IV (qn- 5 and ( ne) = 2.6 · 10- 19 m- 3 ; see Table 5.1 on page 62)
and scale it appropriately.
For RTP scans we found that q-comb solutions of scans of different ( n e) and t]n
were related by a simple scaling [1), which proved to be in accordance with ITER
L-mode scaling. As TEXTOR plasmas differ from RTP plasmas in more respects
than current and density alone (see Table 7.2), we will use the full ITER L-n10de
scaling instead of the simple RTP scaling to determine the scaling factor between the
q-combs ofRTP and TEXTOR.
ITER L-mode scaling is given in Ref. [3) as:
(7.1)

Unit
kA
T
10-19 m-3
AMU
kW

teristic parameters of TEXTOR are compared to the corresponding RTP values in
Table 7.1.
The small dimensions of the RTP tokamak result in T ei » Tf (where Tei is the ionelectron heat exchange time and T E is the energy confinement time) , which makes
the coupling between the ions and the electrons relatively unimportant. The large
dimensions of JET lead to the opposite: T ei « Tf. The medium-sized TEXTOR
machine is in the regime between these two extremes, where the two time-scales
are of the same magnitude: T ei "'=' Tf. Because the q-comb analysis was successful in
reproducing the observed electron thermal transport barriers in both RTP and JET
(see Refs. [1] and [2]) , it is to be expected that application of the model to TEXTOR
is fruitful as well.
It has been shown in Ref. [1) that for simulations of RTP discharges it is sufficient
to implement the q-comb model in a fully implicit finite differences code (the code
developed at RTP is called HACD -Heat And Current Diffusion) . To handle the
more complicated geometry of the JET tokamak, the more sophisticated JETTO
code is available at JET. Successful simulations of electron thermal transport barriers

w here Me 1r denotes the effective ion mass in AMU and P (in MW) denotes the total
power (sum of auxiliary and Ohm.ic power) put into the plasma. The global heat
diffusivity X is derived from th e global energy confinement time T E as
2

a
x-- 3-4 Tf.

(7.2)

We use the parameters in Table 7.2 together with Eqs. (7.1) and (7 .2), and we find
that the q-comb for TEXTOR discharge #87646 is 0.83 times the q-comb for RTP
scan IV; note that both the barrier Xe levels and the x~igh level are subject to the
multiplication factor.
Figure 7.1 compares the outcome of the HACD simulation with the L-mode
scaled q-comb to the experimental Te profile of the TEXTOR discharge. The ftgure
shows that the L-mode scaled q-comb is remarkably successful. In particular it is
noted that the simulation correctly reproduces the location of the q = 1 barrier and
the central Te.
It should be stressed that no experiment to highlight individual barriers has been
carried out on TEXTOR yet an d we have only simulated a small number of discharges. For the RTP P dep scan scena rio it is essential that PEc H » Po and that the
q proftle has the time to change within the duration ofECH . The gyrotron currently
installed in TEXTOR lacks on both accounts.
Therefore, in spite of the apparent success of the shown simulation, we should not
place too much confidence in the absolute values of the q-comb parameters used for
the simulation in Fig. 7 .1. However, the fmdings so far make us conftdent that we
will fmd q-combs which accurately reproduce TEXTOR di sc harges, once we have a
larger database ofTEXTOR discharges.
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Section 7.2

Convective Barriers
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Figure 7.1: Top: Simulated (line) and measured (dots) T< profile of a centrally ECH heated
TEXTOR discharge. Bottom: The corresponding simulated Xc protlle (blocky line) and
q profile (single line). The q-comb used in the simulation is a L-mode scaled version of
the actual RTP q-comb for scan IV (qa ~ 5 and ( 11 <) = 2.6 · 10- 19 m- 3 : see Table 5.1 on
page 62).

Local heat transport coefficients in plasmas can be measured through local power balance analysis in steady state and from the evolution in space and time of temperature
perturbations. These perturbations can occur naturally, for example as a result of sawtooth crashes, but they can also be introduced artificially, by modulating the heating
power level. When the latter method is used, and information is available on different
modulation frequencies, the nature of the heat transport (be it convective, diffusive or
a mixture ofboth) can be determined [4].
The application of modulated ECH (MECH) at different frequencies to RTP
discharges was used by Mantica et al. (see Ref. [5]) to investigate specifically the
nature of transport across barriers. Remarkably, the outcome from that analysis is that
transport across barriers is dominated by inward (i.e. up the temperature gradient)
heat convection.
We have used this observation as an incentive to attempt to reproduce RTP discharges with a model which is very similar to the q-comb model, but prescribes large
inward convective transport (instead of low diffusive transport) at the narrow barrier
regions in q. In practice, the q-comb model is straightforwardly modified to change
the nature of the barriers from diffusive to convective.
The major drawback for using the convective q-comb model, is that we still have
to supply a background Xe profile, which introduces more free parameters in the
model. Indeed, it can not be ruled out that both convective and diffusive barriers
exist, which increases the number of parameters that have to be fitted even further.
Given that MECH data is available for only a limited number of discharges, it is
impossible to uniquely determine the necessary model parameters. However, as a
proof of principle, we have attempted to model the discharges of RTP Pdep scan IV
(qa(Bq, = 2.1 T)"" 5 and (ne) = 2.6·10- 19 m- 3 ; see Table 5.1 on page 62) with convective
barriers. For this particular experiment we used as a background X e profile, a simple
quadratic prescription: Xe (p) = Xo + (X 1 - Xo)p 2 , with Xo = 2.5 m 2 I s and X1 = 12 m 2 /s.
The convective velocities in the barriers were adjusted until an acceptable agreement
was reached in the staircase representation of the discharges.
The result is shown in Fig. 7.2. We will not discuss the values of the parameters
of the convective q-comb, for we have only performed this experiment as a proof
of principle and we have not carried out any sensitivity analysis on the parameters.
Figure 7.2 does show that by using the convective q-comb model, it is possible to
describe the electron thermal transport barriers observed in the RTP experiments.
Not only can we reproduce the 'big steps' (i.e. the staircase representation as can be
seen in the lower panel of Fig. 7 .2) with the convective q-comb model, but we can
also reproduce -to some extent- the small steps that can be observed in individual
Te proftles (as shown in the top panels of Fig. 7 .2).
The reason that both diffusive and convective barriers can be used successfully to
describe the same barriers in the Te profile, lies in the fact that we sim.ulate steady
state Te profiles. In steady state the processes of convection and diffusion are practically indistinguishable, except that for convective barriers the power deposition is
located slightly further outwards [5]. With this exception, the two methods to de-
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scribe barriers should be regarded as equivalent descriptions of the same phenomenon.
One advantage of usin g the X e (q) prescription, is that the model contains fewer free
parameters .
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In summary, experimental observations at the RTP tokamak prontpted the formulation of the q-comb hypothesis that Xe should be regarded as an explicit function of
q. We set ourselves the task to validate if this hypothesis is sufficient to describe the
transport barrier phenomena observed in RTP If this is indeed the case, how do the
model parameters depend on the plasma conditions? And can we apply the model to
other machines as well?
As to the first question , without fail we could reproduce the whole database of
ECH heated RTP discharges with the q-comb model, so indeed the hypothesis is
sufficient to describe the transport barrier phenomena observed in RTP Regarding
the second question, we present a list of the trends and characteristics that could be
distinguished by analyzing sim.ulations of the RTP database of Pdep scans:

0.70

4. The q-comb transport barriers can be subdivided in two classes: main barriers

(integer q) and seco ndary barriers (non-integer q). The difference between the
two classes is that secondary barriers scale linearly with x~igh, whereas main
«
db y X ehi"h
.
. unaaecte
barners
renum
" .
5. In individualq:-combs, (main) barriers tend to be deeper for lower associated q
surfaces. For high 1/n scans this is more pronounced than for low 1/n scans.
6. The minimal V c needed to account for the hollow Te profiles in a sca n decreases
for increasing IP; in particular the scans of highest Ip (lowest qn) do not show
hollow Te proftles and consequently Vc = 0 m /s .

P..,

Figure 7.2: 'Fingerprint' of scan IV: q. (Bcp = 2.1 T) "" 5 and (ne) "" 2.6 · 1019 m-3 . Top:
Te profiles of one centrally (left) and one off-axis (right) ECH heated discharge; Thomson
scattering data (do ts) and simulation (line). The lower parts show the inward convective
velocity V c (blocky line) and q (single line) of the simulations. Bottom: experimental central Te values (triangles) for discharges of the scan and corresponding simulations (circles).
The inset shows the convective q-comb used; broken lines indicated ill-determined or
unavailable barriers.

7. The barrier Xe values are still above neo-classical predictions.
To the third question, we can state that indeed we have successfully applied the
q-comb model to discharges of other m achines. Preliminary work on TEXTOR
disc harges shows a lot of promise. In particular, the modelling of optimized magnetic
shear (OS) discharges from JET was very fruitful. JET OS discharges were modelled
with the JETTO code, which was extended with a q-comb transport module. From
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the selection of JET OS discharges that have been analyzed we could conclude the
following:
1. JET OS discharges with the same value of B,/>1 IP can be modelled with the same
q-comb.
2. In individual q- combs, barriers tend to be deeper for lower associated

q surfaces.

3. We have only analyzed two ratios of B,:,lIp, and found that for the larger ratio,
the Xe,q values are lower.
4. The barrier Xe values are still above neo-classical predictions, which indicates
that there is still some 'background' anomalous transport in the barriers.
5. Applying the model to describe ion transport barriers fails.
We can compare these results to the results gained from RTP, but we need to be aware
that the RTP discharges are very different from the analyzed JET discharges. Most
importantly, the modelled RTP discharges were all in steady state, whereas the JET
discharges were simulated in the ramp up phase of the discharge. Consequently, in
contrast with the RTP simulations, we cannot say anything about the influence of the
density on the modelling of JET OS discharges. The results from RTP and JET that
we can compare are all in agreement.
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Relating Barriers to Magnetic
Topology
Outline
The incentive to seek the explanation for anomalous transport in the prop erties of
the perturbed magnetic topology of thermonuclear devices has amounted to a lot of
models in literature. In many of the proposed models - be it empirical or physics
based- the transport is determined by pure magnetic turbulence, or chains of magnetic islands. Of lately, promising models have surfaced in which concentrations of
electro-magnetic modes lead to anomalous transport levels.
This chapter tries to give a con~prehensive overview of the diversity of models
found in literature, with an emphasis on models that link anomalous transport to
non-ideal elements of the magnetic topology of fusion devices. Section 8.1 outlines
the most basic models, namely the famous work ofRechester and Rosenbluth on test
particle diffusion in fully stochastic magnetic fields and the work of Kadomtsev and
Pogutse, who used a fluid approach to make predictions on the occurrence of different
regimes of transport, associated to different levels of perturbation and collisionality.
Section 8.2 addresses models which make use of chains of magnetic islands as the
origin of bad confinement. Section 8.3 and 8.4 focus on recent models that try to
reproduce the formation of transport barriers. Section 8.3 addresses empirical models,
and Section 8.4 covers some physics based models. Where appropriate, the addressed
model is compared to the q-comb model.
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Sect;on 8.1

Basic Models
The basic model calculations presented in this sec tion only apply to fully stochastic
plasmas. As such the models cannot be compared to the q-comb model, which makes
specific use of regions with different transport properties, which cannot correspond
111

RELATING BARRIERS TO MAGNETIC TOPOLOGY

112

to a uniformlv chaotic plasma. Still, the models are addressed here, since they provide
us with simple limits to the transport that is expected to be found in magnetized
plasmas. Therefore these models can be regarded as limiting cases of overall transport
in plasmas.

~

8.2 Bad Islands Models
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Table 8.1: Diffusion coefficients for ditTerent regimes according to the Kadomtsev and
Pogutse model.

Diffusion

Fluctuation Level

Xe""

b<L 11 /LJ.

vXIIXJ.b;Lu/L.L

«1

»1

XII (b;L 11 /L.Lt
X11bEL.L/L11
.Jxux.Lb<

«1
>1

» L.L (b;L11r
> L11 /L.L
» b; l

Rechester and Rosenbluth

The most basic work on transport in stochastic magnetic fields was presented by Rechester and Rosenbluth in 1978 [1]. Their famous result for the scaling of the electron
test particle diffusion coefficient x with the test particle velocity vu along the field
lines, as a result of the radial excursions of stochastic magnetic field lines,

Transport Level

-vxu!XJ.
1

»1

(8.1)
introduced the so-called 'magnetic diffusion coefficient' DM. The assumptions underlying this result are twofold. Firstly, the magnetic field is supposed to be externally
imposed, and static, and fully stochastic. Secondly, the decorrelation length of the
field lines is supposed to be much shorter than the mean free path length.
As a best approximation of D~v1 , the quasi-linear estimate [2]

(8.2)
is proposed, with bELcll « LcJ_, and Lcll and Lc1. denoting the longitudinal and transversal correlation lengths of the perturbing magnetic field, which has a magnitude bE
relative to the main magnetic field strength Bo.
The validity the Rechester Rosenbluth expression, Eq. (8 .1), and the quasi-linear
estimate ofDM, Eq. (8.2), have been subject of much discussion in literature (examples
are Refs. [3-6]), with regard to the decorrelation mechanisms involved and the resulting time and spatial scale lengths. Also, experimentally, measurements of the magnetic
fluctuations generally show a broad band turbulent spectrum, indicating that the field
line topology is not static, which severely limits the applicability of Eq. (8.1 ).
As reported in Ref. [6), even for perturbation amplitudes as large as bE = 10-3 ,
the tokanuk field does not become fully chaotic, but retains a structure of nested
shells, with regions of intact flux surfaces, chains of islands and regions of stochastic
m agnetic field . In the chaotic regions, the excursions of field lines are not Brownian
motions. In particular, a strong poloidal background field results in a divergence of
field lines that is dominated by simple stretching. Only after many toroidal transits
does the perturbing part of the field show its influence. The field lines motions go
from super-diffusive to sub-diffusive as the toroidal angle grows. The result is tl:a~ test
particle transport is significantly smaller than predicted by Eq. (8.1), unless add1t10nal
mechanisms are invoked to decorrelate the test particles from the field lines, such as
temporal fluctuations of the magnetic field or electrostatic fluctuations.
18.1.21

low fluctuation levels and for regimes of both high and low perpendicular transport,
X.L, as compared to parallel transport XII; X.L = p~/Tc, and XII = ;\~,tj:>/Tc, with Pe
the electron gyroradius, i\ 1111t, the mean free path along a field line, and Tc the time
between collisions. Table 8.1 gives an overview of the different regimes investigated
by Kadomtsev and Pogutse, and the corresponding Xe dependencies on bu Xe.L' Xell
and the correlation lengths L.L and L1 for the directions perpendicular to and along
the magnetic field lines respectively.
For the plateau and banana regimes , in the limit b<L11 /L.L - 1, L11 = Rq, and L.L
c/wpe, the expression for Xe becomes

Xe =

L2.L
Rq'

with q the safety factor, R the major radius, c the speed of light and
frequency.

[

(8.3)
Wpe

the plasma

Section 8.2

Bad Islands Models
A large fraction of models tnentioned in literature gives special attention to the occurrence of chains of islands in the plasma. A selection of three basic models that make
explicit use of the islands as 'bad' regions in the plasma are treated here to highlight
the overall properties of these 'bad islands models.'
A comparison with the q-comb model is straightforward. A cursory glance at the
q-comb model might give the wrong impression that it prescribes good confinement
on the rational surfaces. However, the q-comb picture gives good confinement just
in front of -and not including- the rational surfaces. In this respect both the
q-comb model and bad islands models agree on the positions of the regions of worse
confmen1ent.

Kadomtsev and Pogutse

Expanding upon the results of Rechester and Rosenbluth, Kadomtsev and Pogutse
[7] calculated the transport in a specifted set of static magnetic field fluctuations by
a fluid approach. Their approach gives meaningful expressions for both high and

Vrh.e
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Rebut-Lallia-Watkins

Inspired by the observation of confinement degradation in tokamaks with increasing
input power, the so- called 'power degradation,' Rebut ct a/. [8, 9) developed a semi-
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empirical model, in which chains of islands are surrounded by chaotic field lines
that radially connect the regions on each side of the island chain. A nun1ber of
formulations of this model exist, using different prescriptions for calculating the widths
of the islands. Originally, the model was formulated as follows.
A critical VTe mechanism is used to explain the onset of magnetic fluctuations ,
resulting in an effective Xe, which is given by:

Xeefi =

Xneo

+X an ( 1 - ('VTe)c)
'VTe H ['VTe- ('VTe)c] H ['Vq ] ,

(8.4)

where Oc denotes the critical value of the parameter in brackets. The function H
is the Heaviside step function and Xneo is the neo-classical thermal diffusivity. The
anomalous diffusivity term is given by
(8.5)

with r the minor radius, R the major radius, and B,;, the toroidal magnetic field . The
critical electron temperature gradient is given by

. BC,>3

]17

(8.6)

with k 8 Boltzmann 's constant, 17 the plasma resistivity, and j the current density. The
constants a and~ have to be determined by fitting the model predictions to a database
of actual discharges.
The model was mainly used to predict global confmement, with as a result the
RLW-scaling law [8, 9] .
In comparison with the q-comb model, a stark difference is the explicit appearance
of the shear Vq. Its main function here is to characterize the influence of the islands: If
the shear is too high , islands will be too small to have an effect. There is no emphasis
on transport barriers in this model, as only the H-mode barrier was known to exist
when it was developed.

j8.2.2j
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Interacting Islands

Hegna, Callen, and Gian akon proposed an 'interacting islands' model, starting from
the ansatz that the transport across island regions (an explicit prescription of the island
widths is used) is fast due to parallel transport along the stochastic magnetic field lines
about the separatrix of each chain of islands [11]. These stochastic separatrix regions
come about through interactions of the enclosed island chains with island chains at
nearby locations is the plasma .
Furthermore, the model distinguishes chaotic and non-chaotic regions of the
plasma, by assigning a high x = 104 m 2 / s to chaotic areas and a low X = 1 n12 /s to
non-stochastic regions. For the islands, the transport is then dominated by the diffusion coefficient of the chaotic encapsulation , effectively providing short circuits from
the regions enclosed by chains of islands to the outside.
Simulations of auxiliary heated discharges with this model result in stepped (temperature) profiles, with flat regions corresponding to the locations of islands, connected by (narrow) regions of rather steep gradient.
The interacting islands model and the q-comb model have two characteristics in
common. Firstly, both models distinguish 'good' and 'bad' regions present in the
plasma, and assign to them different levels of x. Secondly, simulations with both
models result in stepped (temperature) profiles, with plateaux of fast transport separated by narrow regions of steep gradients of better confinement; the formation of
stepped profiles is a direct consequence of the structure of the x profile, which makes
discrete steps between low and high levels.
[
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ITB Models
As all present day machines, be it large or small, observe the formation of layers
of reduced (heat) diffusivity -or so-called transport barriers- the more recently
developed models have the accent shifted towards understanding and reproducing
these transport barriers. A common observation is that internal transport barriers
form in the vicinity of low order rational surfaces, a feature that can be exploited in
the formulation of transport models, as indeed has been done for the q-comb model.

Venetian Blinds

Along lines similar to those used by Rebut ct a/., Dominguez and Waltz proposed
the 'Venetian blinds' model [10]. This model, which uses electro-static drift waves
as a turbulence mechanism, introduces the concept of 'short circuits' from integer q
surfaces to q + b, with b a number ~ 1 and q 2:: 2, to resemble low transport through
islands, and high transport through the X-points in island chains.
Just like the Rebut-Lallia-Watkins model , the Venetian blinds model was mostly
applied in attempts to reproduce the observed global energy confinement of tokamaks.
Contrary to the q-comb model, the Venetian blinds place the good regions right
behind the integer q numbers, and gives special consideration to q = 2, 3, and 4 only. In
correspondence with the q-comb model, the magnetic shear does not enter explicitly
in the Venetian blinds model.

j8.3.1 j

Razumova

Razumova et a/. [12] use observations on the formation of transport barriers in the
T-10 tokamak to formulate a principle mechanism for transport barrier formation.
They observe that when the magnetic shear dq/dr becomes nearly zero in an extensive
region and the minimum q value, qmm, reaches a specific value in the vicinity of the
rational surface, a steady state transport barrier can exist. In all cases, qntin is less than
the q of the close-by rational smface, which is verifted by observing the MHD activity
of the plasnu.
From this , Razumova ct a/. put forward the hypothesis that low shear shifts chains
of magnetic islands apart, so that the islands interaction and consequent field stochastization is suppressed, and thus a transport barrier is forn~ed . This hypothesis agrees
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with the q-comb concept, but it also needs an explicit role for the magnetic shear
for a barrier to exist, whereas the q-comb model only needs specific q surfaces to be
present in the plasma.

18.3.21
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data . By setting y = 0, the explicit shear dependence of the model is removed. This
expression for Xe combines three common observations of stellarator plasmas:
1. Confinement is optimal in the absence of rational +values.
2. Confinement degrades when shear is low in the presence of rationals.

Recent JET Results

From observations of so-called optimized magnetic shear discharges that lead to internal barrier formation at JET, empirical models have been developed as combinations
of standing theory and observed characteristics of transport, as e.g. in Refs. [13-15]).
These model have in common that local shear (and possibly rational q surfaces too)
plays a prominent role in the process of barrier formation.
These empirical models are more complex than the q-comb model, and it remains
to be investigated whether they can be reconciled.

3. Confinement re-improves when shear is increased.
The model gives good agreement for the Te profile and global confinement, if the
following set of parameters is used:

Parameter
111max

18.3.31

()

Brakel Model for Stellarators

y

Confmement in stellarators is known to be strongly dependent on the safety factor
f = 1/q.
Recently, Brakel ct a/. developed an empirical model [16] for the thermal electron
diffusivity in the almost shearless W7 -AS stellarator, starting from the hypothesis that
Xe is enhanced close to rational surfaces. Furthermore, in this model the magnetic
shear enters explicitly as a model parameter (but it can be set to zero) . Both properties
are quite different from the basics of the q-comb model, but as we will show, in
practice, both models are very similar.
The reason for this seeming contradiction, is the fact that the density oflow order
rational numbers shows gaps right next to the simple rational numbers, so both the
q-comb model and Brakel's model prescribe that improved confmement regions are
to be found close to (but not on top of) simple rational surfaces.
The prescription of X e by Brake! is given by

q, or rather on the in stellarator physics more commonly used parameter

Xe (r,t.,/) = Xneo (r) + Xo (r) +

L

Xmn (t.,t.')

(8.7)

with Xo accounting for the 'offset' anomalous transport that still exists at optimum
confinement,
(8 .8)
Xo (r) = exp
c; (r/a)i),

(L

and Xneo is the neo-classical diffusivity. The functional dependence on r is chosen
arbitrarily, and the parameters c; are adjusted to match an experimental Te profile in
the absence of resonances. The starting point that X e is enhanced close to rational
surfaces, f = n/m, is expressed by the term
(8.9)

which provides enhancements that are exponentially damped with increasing absolute
value of the shear t.' = dt./dr, and with distance between the radial position rand the
radius of the rational surface r11111 •
The constants a 111, , b, y and the maximum m number 11lmax to be considered in
the sum over the rationals, have to be determined by comparison with experimental

awn

co
c2
C6

other c;

Value
20
0.004
1.1
1.1 g;,,},
-0.23
-2.3
4.6
0

Unit

with g11111 the degeneracy of a n/m value, i.e. each rational number is only counted
once.
Except for the very centre of the plasma and at the plasma edge, the shape of
the Brakel's Xe is dominated by the term I. X11111 • In the comparison below we will
therefore ignore the terms Xo and Xneo·
Using the parameters in the table above, but setting )' to zero to remove the
explicit shear dependence of the model in order to make a better comparison with
the q-comb model, the Brake! model has the Xe(t.) profile displayed in Fig. 8.1.
It is seen from Fig. 8.1 , that the Xe levels are notably lower that those used in
simulations ofRTP discharges with the q-comb model. However, as was discussed in
Ref. [17] (Chapter 5 of this thesis) the x~igh level of the q-comb can be fixed to a value
as low as 6m 2 I s, if we scale the Xe values in the non-integer barrier reciprocally, and
keep the integer barrier levels fixed. Furthermore, we can also apply the reciprocal
density scaling from Ref. [17] (Chapter 5 of this thesis) to make the q-comb reflect
the same density (ne) = 4 ·1019 m- 3 , as is used for Brakel's model. If these two scalings
are applied to the RTP q-comb for qa(B 4, = 2.1) ""6, and (ne) ""2.7 · 10 19 m - 3 , the
comparison in Fig. 8.2 results.
It is interesting to find that a model which starts from a quite different ansatz
than the q-comb n1.odel produces a Xe profile that is very similar to the q-comb
model. Both models are empirical models based on observations of actual discharges.
Therefore the fact that these models can reproduce those specific discharges is not
totally unexpected. However, the true power of these models manifests in the ability
to successfully reproduce a large database of discharges, and even more so by their
successes for machines different than the one they were developed for. Chapters 6
and 7 of this thesis reported the success of the q-comb model for the large tokamak
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JET and the medium sized tokamak TEXTOR, and this section makes it conceivable
that the q-comb model is applicable to the stellarator W7-AS too.

10.000

1.000

Non-Empirical Models
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Misguich

It is tempting to connect the occurrence of transport barriers directly to the mathematical topology. An attempt at such a description is carried out by Misguich in
Ref. [18]. Using a field line mapping procedure called the ' tokamap ' to model perturbed magnetic fields, he finds that transport barriers form on irrational, 'noble' q
surfaces. Noble numbers are irrationals N;,J given by
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I
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1.0
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Figure 8.1: The sum of resonant terms .L X11111 of the Brakelmodel, for
20,8 = 0.004,)1 =Om, a 11111 = l.lg~,~,m 2 /s.

N;,J

=i + (j + 1/Gf

1

(8.10)

,

with G the 'Golden number' defined as
111max

=

nmax

=
1
G

=1 +

10.0

1
1+---1
1+-1 + ...

VS+1
2

This formation of transport barriers on these positions is not in contradiction with
experimental findings, where barriers are observed to 'live' near low order rational
q, since the irrational, noble q surfaces are indeed near low order rational q. In the
calculations by Misguich the barrier turns out to be composed of two permeable
Can tori (i.e. broken KAM smfaces) with irrational 'most noble' q values that surround
a main rational value. The most noble numbers a between the rationals (m + 1)/m and
(m + 2)/m for integer 111 is given by a= N 1,111 • In experiments this would be observed
as a barrier of a certain width positioned on the noble q smface.
The concept looks very attractive indeed, and might provide firm basis for the
q-comb hypothesis.

1.0

0.1~~~~~~~~~~~~~~~~~~~

0

1

2

3
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5

q
Figure 8.2: The sum of resonant tern1s .L X11111 of the Brakel model, for 111max = nmax =
20, c) = 0.004, y = 0 m, a 1111 , = 1.1 g~,~,m 2 I s in comparison with a modified version
of the RTP q-comb of the RTP Pdep scan with qn (B,p = 2.1) "" 6 and (n e) ""
2.7. 10 19 m- 3 . The RTP q-comb is modifted in such a way that it reflects the
same (ne) as was used as the basis for the Brake} model displayed, and also the
· the two
parameter set for the lowest allowable value of Xehiah
" was use d to bnng
models closer together.

18.4.21

Electro-Magnetic Modes

Quite differently from models based purely on magnetic topology characteristics, recently models have been proposed that point to an alternative origin of the anomalous
transport: In these models the transport is not determined by pure magnetic turbulence or chains of islands, but by electro-magnetic modes. These modes can concentrate on rational surfaces, as is e.g. brought out in the work by Hidalgo [19] and
Thyagaraja [20].
A major hindrance for extensive testing these models, is the complexity of the
many equations that need to be solved by numerical codes. However, preliminary
simulations of on- and off-axis heated RTP discharges by Thyagaraja in Ref. [20],
show that at least transiently, typical features of RTP discharges can be reproduced
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(hollow Te profiles and the influence of barriers associated with simple rational q
surfaces).

[

Sect;on 8.5

Conclusions
In conclusion, it is found that the q-comb model is a unique model from a conceptual
point of view, but the way the models works out in sim.ulations has a lot in common
with other empirical models found throughout literature. Presently, physics based
models that look promising for providing a physics based justification for the q-comb
concept start to appear.

8.5 References

121

References
[1] A.B. Rechester and M.N. Rosenbluth , Physical Review Letters 40, 38 (1978).
[2] M.N. Rosenbluth, R.Z. Sagdeev, J.B. Taylor, and G.M. Zaslavsky, Nuclear Fusion 6, 297 (1966).
[3] RJ. Bickerton, Plasma Physics and Controlled Fusion 39, 339 (1997) .
[4] J.H. Misguich, M. Vlad, F. Spineanu, and R. Balescu, in Ti·ansport, Chaos and
Plasma Physics 2, Marseille, edited by S. Benkadda, F. Doveil, and Y. Elskens
(World Scientific, Singapore, 1996), p. 209.
[5] E. Vanden Eijnden and R. Balescu, Physics ofPlasmas 4, 270 (1997).
[6] M. de Rover, A.M .R. Schilham, A. Montvai, and N.J. Lopes Cardozo, Physics
ofPlasm as 6, 2443 (1999).
[7] B.B. Kadomtsev and O.P Pogutse, in Plasma Physics and Controlled N uclear Fusion R esearch, lnnsbruck (International Atomic Energy Agency, Vienna, 1979),
Vol. 1, p. 649.
[8] P.H. Rebut, M. Brusati, M. Hugon, and PP Lallia, in Plasma Physics and Con trolled Nuclear Fusio11 Research, Vol. 2 of Proceedings if the 11th lntematiollal Conferel!ce, Kyoto (IAEA, Vienna , 1987), p. 187.
[9] PH. Rebut, P.P. Lallia, and M.L. Watkins, in Plasma Physics a11d Controlled Nuclear
Fusion Research, Vol. 2 of Proceedings if the 12th lntemational CotifCrence, Nice
(IAEA, Vienna, 1989), p. 191.
[1 0] R.R. Dominguez and R.E . Waltz , Nuclear Fusion 27, 65 (1987).
[11] T.A. Gianakon, J.D. Callen, and C. C. Hegna , Physics of Plasmas 1, 2245 (1994).
[12] K.A. Razumova eta/., Plasma Physics and Controlled Fusion 42, 973 (2000).
[13] X. Litaudon eta/., Plasm.a Physics and Controlled Fusion 41, A733 (1999).
[14] VV Parail eta/:, Nuclear Fusion 39, 429 (1999).
[15] E. Joffrin et a/., in 27th Europea/l Physical Society Confermce on Controlled Fusion
and Plasma Physics, Europhysics Co11jercnce Abstracts, Budapest, edited by K. Szego,
T.N. Todd, and S. Zoletnik (European Physical Society, Geneva, 2000).
[16] R. Brakel et a/., in 25th European Physical Society Coriferencc on Controlled Fusion
and Plasma Physics, Prague (European Physical Society, Geneva, 1998), Vol. 22C,
p. 423.
[17] A.M.R. Schilham, G.M.D. Hogeweij, and N.J. Lopes Cardozo, Plasma Physics
and Controlled Fusion submitted, May (2001) .
[18] J.H. Misguich, Physics ofPlasmas 8, 2132 (2001).

121

RELATING BARRIERS TO MAGNETIC TOPOLOGY

[19] C. Hidalgo ct a/., Plasma Physics and Controlled Fusion 42 , A 153 (2000).
[20] A. Thyagaraja, Plasma Physics and Controlled Fusion 42, B255 (2000).

Transport in a Mixed Magnetic
Topology
Outline
In Chapters 5 and 6 of this thesis, the q-comb model has been conceived, formulated
and tested. The model is based on the hypothesis that the electron heat transport
coefficient Xe is an explicit function of the safety factor q. The fact that simulations
with the q-comb nwdel successfully reproduce the electron temperature (Te) proftles
of a wide variety of discharges seem to justify the hypothesis.
The q-comb model exhibits a layered x e structure. A similar plasma stratification
is found for the magnetic topology of a tokamak. The strong connection between the
q-comb model and the magnetic field as well as the stratified characteristics of both
suggest a causal relation .
In this chap ter we wi ll provide a means to answer the question whether it is
conceivable that the q-comb is in fact a manifestation of the perturbed magneti c
topology of a tokamak. In particular we want to determine if we can explain the
occurrence of transport barriers near integer I] surfaces from the m agnetic topology.
[
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Introduction
In order to investigate the magnetic topology of a tokama k, it is essential to realize
that magnetic field lines in a tokamak correspond to the evolution of a Hamiltoni an
system with two degrees of freedom (see e.g. Chapter 3).
Literature on recent developments in solving transport in H amiltonian systems
shows rhat the theory is far front complete. An excellen t overview of the basic techniques used in these studies is given in Ref. [1]. The devised techniques [1, 2] are
directly applicable to the investigation of the long term evolution of the stochastic
component of a static m agnetic tokamak field. However, they cannot be used to
123
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study heat or particle transport rates, because particles are quickly decorrelated from
the field lines by collisions.
The tact that particles decorrelate from the field lines due to collisions, might
actually prove to be an advantage, since this only requires knowledge of the short and
medium term behaviour of the Hamiltonian system, while the computations of the
long term behaviour are avoided.
The quick particle decorrelation is, for example, used in the model by Rechester
and Rosenbluth [3], which explicitly uses the chaotic characteristics of a perturbed
Hamiltonian system. Thus an explicit relation is found, expressing the particle transport rate as a function of the level of perturbation. The validity and applicability
of the Rechester and Rosenbluth model have been tested and criticized in literature
(see e.g. Ref. [4]). For the problem we address in this chapter, the major weakness
of the Rechester and Rosenbluth model lies is the fact that it is (by definition) only
applicable to fully stochastic fields , which is generally not a complete description of
a tokamak magnetic field. As a rule, the generic topology of the tokamak field is of
mixed nature, with areas reminiscent of the unperturbed topology (i.e. intact KAM
tori), chains of magnetic islands and regions of chaotic field.
The qualitative behaviour of magnetic islands is exploited in models that explicitly
describe the magnetic islands as short circuits between the plasma regions on both
sides of the islands (e.g. the 'Venetian blinds' model by Dominguez and Waltz [5] and
the 'interacting islands' model by Hegna, Callen and Gianakon [6]). Intuitively, this
is the kind of transport effect that can be expected if there are chains of islands in the
plasma. These model are restricted by the physics used to specify which island chains
(and their sizes) are present in the plasma and the formulation of transport near islands.
Theoretically, it is conceivable to construct a model prescription that incorporates
the quantitative behaviour of all three types of magnetic topology characteristics. It
is then necessary to do some kind of 'topology segmentation' which requires a detailed prescription of the island chains present in the system. Rather than following
this course, we will attempt to solve the problem of transport in a mixed topology
numerically. Explicitly, we are interested only in thermal radial transport through the
system when the system is externally heated.
In order to carry out this numerical exercise we need the following: i) An accurate
magnetic field tracer, extended with an implementation of particle collisions and ii) An
algorithm to determine an effective one-dimensional radial transport coefficient. The
latter step is needed to make the connection between experimental findings (where
transport is analyzed as a one-dimensional problem) and the simulations in which the
transport has a two-dimensional character (e.g. flows around magnetic islands). It is
noted that the complete transport problem is three-dimensional.
The magnetic field tracer required in step i) has already been developed and is
extensively described in Ref. [4]. It is a straightforward exercise to include particle
collisions in the codes. Although we have exact knowledge of the positions of a large
number of particles at all times, the two- dimensional radial diffusion coefficient is
not easily determined, because the motion of particles is in fact three-dimensional,
while we only observe the particles as they pass through a fixed poloidal plane. Indeed the main challenges we face in this research are to find a way to calculate the
two-dimensional radial diffusion coefficient and to translate it to a one-dimensional
quantity.

9.2 Experimental Results

The remainder of this chapter is organized as follows. Section 9.2 briefly outlines
the results obtained with the q-comb model and the incentives to pursue the perturbed magnetic field as the origin of the transport barriers described by the q-comb
model. Section 9.3 discusses the developed numerical environment for the analysis of collisional transport in perturbed magnetic topologies. Next, in Section 9.4,
the methods to resolve numerically the two-dimensional diffusion coefficients are
described and tested for a number of (analytical) test-cases. Relevant scenarios are
addressed in Section 9.5 and the chapter is concluded with a discussion on how to
proceed (Section 9.6).

Experimental Results
The q-comb model is an empirical model, based on observations of RTP discharges
heated with electron cyclotron resonance heating (ECH). The underlying concept of
the model is that the electron heJt transport coefficient X e is an explicit function of
the safety factor q. In particular, it prescribes low transport for fixed, narrow regions
in q (representing transport barriers) and high transport in the rest of the plasma.
From the experimental findings, the barriers are known to be located adjacent to
low order rational values of q. MHD analysis (rotating modes, off-axis sawteeth) and
measurements with polarimetry and tangential Thomson scattering have identified the
following q surfaces to have an associated barrier: q = 1, 4/3,3/2, 2, 5/2, and 3 [7, 8].
The model has been tested extensively against a vast experin1ental database ofRTP
discharges in Ref. [9], a limited number of JET optimized magnetic shear discharges
in Ref. [10] and one TEXTOR discharge in Ref. [11] (also in Chapter 7). In all
cases, simulations making use of the q-comb for the prescription of the electron heat
transport, were successful in reproducing the electron temperature profile as a whole,
and in particular the evolution of the strengths and locations of the electron thermal
transport barriers in the discharges.
Typically, the q-comb for RTP takes the shape depicted in Fig. 9.1. This q-comb
shows that the barriers associJted with integer q (specificJlly for q = 1, 2, Jnd 3) appear
to be deeper thJn their surrounding non-integer barriers. Indeed we have shown in
Ref. [9] that the we can separate the barriers into main barriers (those associated with
integer q values) and secondary barriers (associated with non-integer q). The main
distinction for this classification is that the xes of the secondary barriers are sensitive
to x~igh (the value of Xe outside the barriers) while the main barriers are independent
( . h.
. ).
o f X ehiah
"
Wit 111 sens1.bl e l.111llts
Summarizing, the q-comb nwdel has been developed using observed properties of
transport barriers in ECH heated RTP discharges. The model prescribes low values
of Xe near simple rational q, which results in a structured plasma with alternating layers
oflow and high transport, with the local q determining the type ofbyer.
As a possible physics underlying the q-comb model , the generic mixed magnetic
topology springs to mind, in which a similar picture of nested shells Jrises, with
typically three types of characteristic regions, namely regions with intact flux surfaces
(KAM tori), chains of magnetic islands and stochastic seas. From the KAM theorem
[12] it follows that this is the generic structure of the mJgnetic field topology in a
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satisfies V · Bo = 0:
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X

This equation expresses the magnetic field (with Bo the strength of the field at x = 0)
in the right-handed toroidal coordinate system (x = r / Ro, cp, B), i.e. the ratio of the
distance to the magnetic axis over the major radius, the toroidal angle and the poloidal
angle, with orthonormal basis vectors ex, e,i, and ee.
For the work presented here, we use a parabolic safety factor q(x):
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Figure 9.1: The q-comb as used for simulations of electron heat transport in RTP
discharges with qn(Bq, = 2.1 T) ""6 and (ne) ""2.7 · 10 19 m - 3 . The dashed lines
indicate barriers that have not been determ.ined properly.

tokamak, provided that the perturbation of the magnetic field is sufficiently small.
Furthermore, for the topology it also holds that the characteristics of the layers are
predominantly determined by the safety factor: Islands form on locations with rational
I] and chaotic fields form where chains of islands originating from different KAM tori
start to overlap.
This all prompts us to try to investigate if the formation of regions of in1proved
confinement near rational (integer) I] surfaces, arises naturally from the underlying
magnetic topology.

Numerics
We use the numerical codes described in Ref. [4] to trace the field lines of a perturbed
Hamiltonian system in toroidal geometry. Schematically, we do the following.
The torus is divided in a number (typically 50 or 100) of poloidal smfaces, equidistant in toroidal angle c/J. On each of these surfaces a grid M (r, B) is defined (typically
50 x 50 points) and for all grid points of each surface the magnetic field is calculated
as a sum of an ideal part Bo and a perturbed part B<. A con1.bination of an integration
and an interpolation scheme provides us with a set of mapping functions from any
position on any poloidal cross-section to the next, and thus the evolution of magnetic
field lines along the torus is traced.
For the unperturbed tokamak field Bo we use the so-called standard model [13],
which gives the correct magnetic field in the large aspect ratio approximation a/Ro «
1 (with a and Ro the minor and major radius of the tokamak, respectively), and which

x2R6
l]o + (qn - qo) - 2 ,
a

(9.2)

which is realistic for centrally heated RTP discharges [14]. In Eq. (9.2) l]o denotes the
value of I] at the magnetic axis and i]n is the safety factor at the edge. Equation (9.2)
takes the so-called 'natural' form if l]o and i]n are related by l]o/l]a = (qn + 1)- 1 . For all
parameters in Eqs. (9 .1) and (9.2) we adopt typical RTP values: l]o = 0.8, qn = 5.5,
Ro = 0.72m, Bo = 2.1 T, and a= 0.16m.
We make use of current filaments to generate the BE field . Current filaments are
modelled as closed current carrying wires running parallel to magnetic field lines on
rational surfaces of the unperturbed field . The perturbing field is the sum of the
fields of all filaments. Using a current (rather than flux) distribution to compute
B< has the advantage that unphysical situations are avoided (frequently in literature
(e.g. Ref. [15]) the flux perturbations have no radial dependence, which corresponds
to a diverging current density on the magnetic axis). Also, filaments give localized
resonant perturbations, so that we do not need a large overall b< to account for the
occurrence of regions of stochastic magnetic field (in contrast with Fourier modes
perturbations which have a very wide resonant spectrum and consequently need a
large b<).
We have constructed three 'standard sets' of filaments for the investigation of transport in a perturbed topology. Details of the sets are displayed in Table 9.1 and the top
panels of Figs. 9.4, 9.5, and 9.7 show the Poincare plots corresponding to the three
configurations. The sets are constructed to represent a 'single island perturbation ' 1
(OneFil), a 'principal island chains configuration' (PrirneFil) and a 'dense resonances
set' (Dens Fil). The single island perturbation will be used to investigate the influence
of an isolated island (i.e. without interactions with other chains of islands) on transport. The principal islands set provides us with a perturbed field which is governed by
chains of islands. In the dense resonances configuration we have placed filaments on
all simple rational!] values between I] = 1 and I] = 11/2 corresponding to halfs, thirds,
fourths and fifths, with a total of 46 filaments (one filament on each rational surface).
This perturbed field displays much overlap of island chains, resulting in a prominent
fraction of chaotic magnetic field in the topology.
19.3.1

I

Collisions

If we want to solve particle transport, it is necessary to resolve the evolution of an
ambipolar particle flow. However, the problem of thermal transport is much easier and
1
In fa ct a perturbation resulting in a single island is impossible, because secondary island cluins are
always generated around primary islands.
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Table 9.1: Three sets of filaments are used to generate perturbed magnetic fields of
perturbation level b.. Filaments are located on rational flux surfaces q = 111 In of
the unperturbed magnetic field (one filament for each rational smface). The current through a filament is denoted ht· All filaments are chosen to pass through
(e, cp) = (0, 0). Optionally be can be tuned to any requested value b; by multiplying all ftits with b;lbe.

=min
m = 1; n = 1

Set

OneFil
PrimeFil
DensFil

q

111

111 = 1, · · · , 5; n = 1
= 1,··· ,27; n = 1,··· ,5

Ifil [A]
100
100,100,70,50,40
751 yn:z:n

w- 4
w-4

For RTP plasnus we shall use the followina typical parameters: Z = 1 T (0) =
19
..
b
'
e
1 keV, ne(O) = 2.5 · 10 m-" and lni\ = 15. Using these values results in a mean free
path length of

(9.5)
or

Amtp

L

Wee

Tc -

1.8755 ·10 7 ~Te lkeV [mls].

(9.3)

keV

)1/2 IB ,

q> '

(9.7)

(9.8)

with vuo the maximum parallel velocity of the particle in the banana orbit, q the safety
factor of the plasma, and R and r the major and minor radius of the particle (at the
location of Vuo). For the problem we address in this paper, wb is the sensible choice
for Dcol· For the purpose of finding a link between the positions of barriers and the
underlying magnetic topology we can ignore the population of untrapped particles.
For RTP plasmas we will use vuo = vth.e. B,p = 2 T, R0 = 0.72m. Evaluating the
parameters r, R, and q at 'mid-radius' of the plasma, typically results in r = al2 =
2
8. w- m , R = 0.8 m and q = 2. We then find that W[J is typically 10- 20 times larger
than rL. Therefore, we will use Deal ~ w- 3 m for our simulations ofRTP discharges.

Diffusion
We now proceed to calculate the radial diffusion coefficient from the output of the
codes. The process of collisions we have introduced in the plasma is a diffusive process
with a collisional step-size Dcol and a collision time T c. which has a characteristic
diffusion coefficient given by [17]

1 2

3 (2n)

3
3) 1
3/2Eo2 ( kBmeTe

(9.9)

niZ2e4Jn i\

with Eo the vacuum permitivity, ni the ion density, Ze the charge per ion and ln i\ the
Coulomb logarithm. For convenience we rewrite this equation to
T c ::e

(9.6)

~2kBTe ,

Collisions that are important for transport, are those between electrons and ions.
The characteristic collision time for this process is given by

-

.

R02 -vuo
W!J=q--,
rR Wee

with kB Boltzmann's constant, Te the electron temperature and me the electron mass.
In practice we prefer to express Te in keV and vth.e in m/s, so we write:
::e

1 · 102 toroidal turns.

with Wee the electron cyclotron frequency. The RTP discharges we have analyzed
with the q-comb are all in the 'banana regime,' in which particles trace banana shaped
orbits, with the banana width w/1 as the typical radial extent of an orbit. The banana
width is given by (see e.g. Ref. [16]):

111e

Vth.e

::e

v
( T
r = ~
::e 1 07 · 10-4 _ e_

w- 3

we can restrict the analysis to the transport of test particles. Test particles are imaginary
particles that in the absence of other dec01-relation processes follow (or trace) the
magnetic field lines exactly (which is why they are also called 'tracer particles'). It
should be noted here, that in our analysis the particle drifts were not taken into
account. In a more realistic situation, heat is not only transported along the magnetic
field lines, but because of collisions between particles, heat is also transported across
the field lines.
Collisions are implemented in the code as randomly occurring displacements of
the tracer particles. The displacements take place in the poloidal plane, with the
plane of the collision and the direction of the displacement randomly chosen for each
particle. The collisions are characterized by a fixed collision time T c (or equivalently, a
fixed mean free path ;t 111 tp) and a fixed step-size Dcol· These parameters can be chosen
to depend on the actual position of a tracer particle, which is more physical, but for
simplicity we have made them constants of the simulations.
Tracer particles are assumed to travel along the field lines with the electron thermal
velocity
Vth.e ::e
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The smallest fundamental Dcol which is still meaningful, 1s an electron Larmor
radius rL, which is given by

bE
2.45.
5.21·
2.21·

9.4 Diffusion

T
1.08 . 10-3 ( ke ~

)3/2(1019n;11-3 z2Jn i\ )-1

[s].

(9.4)

=

It is convenient to define ;\~,tp
;tmtpl (2nRo), which expresses the mean free path
in units of revolutions around the torus, and a modified diffusion coefficient D* =
2
Dcot I (4;\~ntp)' which only contains parameters of the collision process. For our convenience we will call both D* and D the (radial) diffusion coefficient.
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In a tokamak, the magnetic field also has a bearing on the radial displacements of
the particles. We then define the radial diffusion coefficient through
D

{}

= -4Tc =

{i

10

- - V r h . et

4 i\mip

(9 .1 0)

where D denotes the total displacement, which is a combination of Deal and a magnetic
component DM. In Eq. (9 .1 0) T c (and thus ;\ 111 rp) is still the collisional quantity.
As we explicitly follow tracer particles, we know the (radial) position of each
particle at any time or equivalently at any toroidal angle cp. We can thus directly
calculate the radial diffusion coefficient at any position (r, e) from the radial distance
travelled by a tracer particle after ;\ *mp
t. times round the torus. In practice one divides
the peloidal cross-section at cp = 0 in a mesh of N x N cells (with typically N = 200),
so that D* (r, e) is calculated from the average radial distance travelled by M particles
(typically M = 25) initially in the cell centred around (r, e) after a number T of mean
free paths:
"M-1 [r . _ r. ]2
D* ( e) = L..k=O k,T
k,O
(9.11)
SF

r,

2MTi\* .

mtp

This method will be termed the 'straightforward method ' throughout the remainder
of this chapter.
19.4.1

I

Unperturbed Magnetic Field

For an unperturbed magnetic field the sketched procedure should yield D = Do everywhere in the plasma . The concept can simply be tested by using an unperturbed
magnetic field with an artificially modified D 0 . In Fig. 9.2 we present the outcome of
two such test-cases. For the simulation shown in the top panel of Fig. 9.2, we chose
Deal in the region 0.31 < p = r/a < 0.63 to increase with a factor YW with respect to
the value of Dcol in the rest of the plasma . This results in an increase in D with a factor
10 in this region of enhanced Deal· As Fig. 9.2 shows, the straightforward method is
well capable of reproducing the correct D.
A similar scenario was deployed for the simulation shown in the lower panel of
Fig. 9.2. Here we forced Deal to decrease linearly from the centre of the plasma to the
edge, with a factor ..ff6 difference between p = 0 and p = 1. The resulting D thus
has a quadratic dependence on p, with a total decrease of a factor 10 from the centre
of the plasma to the edge. Again, the straightforward method has no difficulties to
recover D.
For these test-cases, no complications are encountered in the translation of the
2-D resolved diffusion coefficient to an effective D (r) . Because both the unperturbed
magnetic field and the nwdified Deal (r) are cylindrically synm1etric (in the peloidal
plane), the radial particle displacements are independent of e. Therefore, we obtain
D* (r) by averaging DSF (r, e) over e.
19.4.21

Perturbed Flux Surfaces

Now that we know that collisions are correctly implemented in the code, we proceed
towards the real problem: thermal radial transport of heat in a mixed magnetic topol-

1.0

-:;r-~--

--~---~
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0.0
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Figure 9.2: The relative diffusion coefficient D (r) /Do for two test-cases. Here Do
is defined as the diffusion coefficient due to collisions only. In both cases the
perturbed magnetic field Br = 0. For the simulation (thick line) in the upper
panel the collisional step-size Deal was artificially enhanced with a factor ..ff6 in
the region 0.31 < p < 0.63 and the exact D/Do as compared to the value on axis,
is indicated by the thin line. The simulation (thick line) in the lower panel used a
linearly decreasing Deal• with a factor ..ff6 difference between the centre and the
edge of the plasma; the thin line indicates the exact D/Do.

ogy. When the perturbation level is increased from zero, flux surfaces start to deform.
Wherever perturbations are resonant, chains of magnetic islands start to form, and
wherever magnetic islands start to overlap, chaotic regions will arise.
In regions in which flux surfaces are unperturbed the straightforward method can
be used to recover D = Do . If the flux surfaces are deformed but still intact, the
problem is more complicated. In the absence of collisions, revolving tracer particles
originating from the same flux surface at cp = 0 are confmed to this flux smface.
Although individual particles have experienced different radial steps every time they
return to the plane at cp = 0, there has not been any radial flux across the flux surface.
Hence, in regions with deformed flux surfaces D = D 0 . The straightforward method
will not yield this result, because the radial displacements are not measured with
respect to the originating flux surfaces, and the averaging is not carried out over flux
smfaces.
The problem becomes even more con1plicated when we look at chains of islands.
There are two ways that test particles can cross an island chain: They can cross the
islands by collisions, or it can cross through the X-points. If we want to obtain a
single number to express the transport across the island chain, the averaging of the
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two transport channels should take into account that transport through an island is
very slow compared to the transport through X-points, and hence a substantially
larger fraction of the flow crosses through X-points. To weight the two transport
channels we need to resolve the two-dimensional flow across the chain of islands.
In truth however, this flow is a three-dimensional phenomenon, of which we see J
two-dimensiozul projection in the <P = 0 plane. This means that from one toroid:~!
revolution to the next, J test particle does not h:~ve to return to a nearby location in
the <P = 0 plane, but it can also make large excursions in e. Therefore, resolving the
two-dimensiozul flow is not a case of solving the individual test particle flows, but it
involves knowledge of the originating flux surf:~ces too.
In fully chaotic regions, no flux smfaces exist. Here, the diffusion coefficient c:~n
only be determined from the transport of an ensemble of test particles.
To solve the problem of radial heat transport, we need :~n algorithm that works
for all types of topological regions: Straight and deformed flux surfaces, and chains of
magnetic isbnds, :~nd chaotic regions.
The first thing we have to do, is to specify to what radius 0 (r) should refer; both
flux smfaces and ensembles of test particles cover (generally speaking) a range in radii.
The mean radius (r) of the flux surf:~ce (or for chaotic regions the average radius of
the initial ensemble of test particles) is an obvious choice. This is similar to what is
done in a real experiment, when we e.g. calculate Te as a function of r:~dius r: We
:~ssume Te is constant on a flux surface and r refers to the average radius of this flux
surface.
For the remainder of this work, it is useful to defme the concept of 'equivalent
points.' If in the absence of collisions, two toroidally revolving tracer particles originating from different points result in distributions of return points with the same
:~verage radius (r), the two starting points are referred to :~s equivalent points. In
particular, all points that lie on the same flux smface are equivalent points.
We propose the following procedure to compute 0 as a function of the average
radii of ensembles of equivalent points.
In the poloidal plane at <P = 0 we define a mesh of N X N points (ro 1 e0 ), with
typically N = 201. In one of these mesh points we start a tracer particle -which we
will refer to as a 'first particle ' in the remainder of this research- and let it evolve
M times around the torus (with typically M = 201) without collisions. Assuming
that the first particle started on a flux surface, this effectively traces the cross-section
r = 5 (ro~ eo) (see Fig. 9.3) of the flux surface in the Poincare map, on which the first
particle started. We now have an ensemble of M equivalent points which are all part
of the same flux smface. When we use this ensemble (denoted (r; e;)) as our initial
points for a simul:~tion with collisions, we will end up with a distribution of tracer
p:~rticles (denoted
8;)) which in the poloidal plane at <P = 0 form a cloud :~round
5. The initial ensemble is centred in r around (r), with a spread K 0 in r defined as
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r

- <r>

e
Figure 9.3: Without collisions, a tracer particle started a (r e) = (ro eo) traces out a
curve r; = 5 (ro~ eo; e;) in the Poincare map. When collisions are active, tracer
particles originating from 5, form a cloud f; around 5 after a couple of collision
times.
1

1

We are interested in the resultant spread Ky around the initial distribution, for this
gives the radial diffusion coefficient 0*:

Ky
0 * ( r; ro~ eo ) = 2MT1

(9 .14)

with M the number of particles.
If (f) = (r) (which will be the case if the particles are displaced by random collisions only and stay within one topologically distinct type of region), we rewrite
f; = 5 (ro~ eo;
+ o, with o a random function taking values between -6 0 and +6 0 .
Equation (9.13) can th:~n be solved:

8;)

Ky

=

L

Because 0 is a random

[f;- (r)

v:~riable

+of= Ko +

L o + 2 L [o (r;- (r))].
2

(9.15)

centred around 0, for large M we have

-

"'2

Ky = Ko + L..o

(9.16)

I
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(r;l

Ko

=L [r; - (r) f .
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After T collision times the ensemble has a spread Ky around (r) given by
Ky

=L.. [r; - (r)]
"'

-

2

.

(9.13)

and therefore

Ky

-

= Ky -

Ko

"'2

= L.. o

I

(9.17)

which gives indeed the expected result for 0*, i.e. pure diffusion. If both the initial
and the final particle distributions are Gaussian, the equality in Eq. (9.17) is exact. We
assume for the renuinder of this research tlut the p:~rticle distributions are (approximately) Gaussian, which we believe to hold for (most) practical situations. In deriving
Eq. (9.16) we h:~ve determined how the spread in the initial ensembles contributes to
the spread in the fmal ensemble and in Eq. (9.17) we correct for that.
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Only when a significant fraction of the particles can traverse from one topologically distinct type of region to another within T collision times (e.g. going from an
(almost) intact KAM surface to inside an island) do we expect (f) to differ from (r).
If (f) (r), we have a fraction a of fi for which we can write fi = r + b and for the
rest (assuming there are only two regions) we write fi = r' +b, where r' = S (r~, 8~; ei)·
Equation (9 .13) then gives:

*

Kr =a {Ko +

L

b2 + 2

I

Defining K'

L [b

(ri - (r))]} + (1- a)

L[r'-

I

(r) + b]

2
.

(9 .18)

I

=L [r' - (r') f, this is rewritten to
Kr =aKa+ (1- a) (K' + M ((r')- (r))

and thus

Kr

2

)

+

Lb

= Kr- Ko = (1- a) (K'- Ko + M ((r')- (r)) 2 ) +
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(9.19)
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As both Ko and Kr are readily calculated, we now have an efficient algorithm to
calculateD* (r0 , 8 0 ) as a function of the coordinates of the first particle used to generate
the ensemble S. However, since S consists of particles covering a range in r, the
thus calculated D* should be assigned to (r) rather than (ro, 8o) . When applying the
sketched procedure to all N X N points of the mesh, we will generally end up with a
number of ensembles with the same (r), which originate from different first particles.
It is then straightforward to define D' ((r)) as the average value obtained from all the
ensembles with the same (r). This gives us exactly what we were looking for: a means
to translate D' (r, 8) to an effective D' (r). In the remainder of the text, we will refer
to this procedure as the 'mean radius algorithm.'
To convince ourselves that the given algorithm does indeed provide the correct
D, we will first analyse what to expect for the three characteristic regions of the
magnetic topology separately. In the presentation of our simulations in Section 9.5,
we can again distinguish these three types of regions, and when they show up in the
simulations, we will compare their behaviour to the expected analysis below.
Intact Surfaces

In the absence of collisions, particles starting on intact flux surfaces will stay on those
surfaces forever. If the surfaces are deformed, individual particles continuously experience radial displacements, but they will return to their initial positions after some
time. Therefore these surfaces as a whole are fixed in time and thus particles originating from these surfaces will not experience radial displacements that result in transport.
When collisions are active, displacements of these particles that are relevant for
transport are only those caused by collisions. Consequently, particles starting on intact
flux surfaces will be characterized by D = Do.
As long as the collisions result in jumps from one intact flux surface to another,
the reasoning above will hold. In particular, it does not matter how many mean free
paths we follow the tracer particles, or what the actual value of A111 tp is; always we will
retrieve D = Do.
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As we have shown in Section 9.4.1, the straightforward method indeed provides
D = Do for regions with intact, straight flux surfaces. In Fig. 9.4 we have analyzed
a simulation with the OneFil ftlaments set with the mean radius algorithm. For
this filaments set, the magnetic field away from the island up to the plasma edge is
practically unperturbed and in the lower panel we see that the mean radius algorithm
indeed retrieves D = Do in this region.
Magnetic Islands

Basically, the transport properties of particles starting inside islands and particles starting on intact flux surfaces is the same, because islands consist of nested intact flux
surfaces. In the absence of collisions, the particles are confined. When collisions are
switched on, only the displacements due to collisions will contribute to transport and
thus we tlnd that as long as the particles stay inside magnetic islands D = D 0 .
When collisions cause particles to leave an island or to jump from an intact flux
surface into an island, the net effect will be that the particles experience a displacement
due to the collisions plus a displacen1ent of the order of half the width of the island.
Therefore these particles are characterized by D » Do (of course particles will only
'see' islands of widths larger than 2DcoJ). Now it is important how many mean free
paths we follow the particles: Particles starting at smfaces further away from an island
can enter an island if the experienced number of collisions is larger. For this process,
the actual value of A111 tp is not important.
The last step of the main radius algorithm is to straightforwardly average over all
ensembles with the same (r). In doing so, it is implicitly assumed that ensembles with
the same (r) have sin1ilar transport properties. However, chains of islands consist of
both islands and X-points, which both result in the same (r), but they do not have
similar transport behaviours. Specifically, transport across islands is through collisions
only, while transport through X-points is analogous to particles jumping in and out
of islands.
Because the area occupied by islands in chains of islands is substantial, the number
of fmt particles located in islands in this area is substantial too. Therefore, in the
last averaging step of the mean radius algorithm we add a small number of large
contributions to D' (from first particles located in X-point regions) to a large number
of small radial contributions to D' (from the islands). The net result is that we obtain
a value for D' at the mean radius of the island chain, which is substantially lower
than the value found for the adjacent radii, where particles are jumping in and out of
islands.
If we had taken into account (as we should) that the major part of the heat flow
will cross the island chain through the X-points, we would have obtained a diffusion
coefficient which was dominated by the transport through the X-points, which is
similar to the transport that occurs when particles jump in and out of islands.
In conclusion, the mean radius algorithm will give a large D for radii adjacent to
islands, and a value substantially lower than this large D at the island chain. Therefore,
the island chains will show up as dips in D surrounded by high shoulders. It should
be realized that this dip in D is not present if we could correctly take into account the
separate contributions of islands and X-points. As a first order correction, we could
remove these dips in the islands and just replace them by horizontal lines.
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Chaotic Regions

As the regions of chaotic magnetic field are formed because islands overlap, particles
starting in these regions continuously 'jump from one island into another.' In this
interpretation it should be realized that the width of an island is now not given by
the last closed surface, but includes the surrounding chaotic region . Tracer particles
starting in these regions then must have D » 0 0 , because the contribution of the
magnetic field to the radial displacement of particles dominates over the collisional
contribution.
Frequently, chaotic zones are separated fron' each other by only a very narrow
(partial) barrier. The number T of mean free paths a tracer particle is allowed to
travel is then of the utmost importance to the outcome of the mean radius algorithm.
In order to obtain a value representing the local D, T should be as low as possible.
The actual value of A111 tp is now important too, because for larger values of A111 tp the
contribution of the radial displacement due to the magnetics to the total displacement
Dis larger too (up to a certain limit). The latter is in contrast with regions with intact
flux surfaces and islands, in which the magnetic displacement is independent of ;lmfp·
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how the outcome of the simulations is affected by picking smaller values of A ~11 ti> In
particular, we want to validate the predicted effect for chaotic regions.
As we want to obtain local information from the plasma, the number T of collision
times should be as small a possible. On the other hand, if particles travel only one
collision time around the torus, the fraction of particles that will not have collided
is significant. As a compromise our simulations will follow the tracer particles three
collision times around the torus. In particular, this means that the smallest islands we
can resolve are less than 3 mm (using (\ 01 = 1 mm) which we fmd acceptable.
19.5.1

I

Single Island Perturbation

Figure 9.4 shows the outcome of applying the mean radius algorithm to a tokamak
simulation with a perturbed magnetic field generated by the OneFil filaments set (see
Table 9.1 for details). The particles travel around the torus for three collision times,
with ;\ *mtp. = 50 and (\o! = w- 3 m.
The Poincare plot in the top panel of Fig. 9.4 shows us basically an overall quiescent magnetic field with one big island located at q = 1.

---

--~--

0.2
0.0

From the analysis of the particle behaviour in the three characteristic regions of the
magnetic topology at the end of Section 9.4, it is clear that the values ofT and A111 tp
can have an impact on the outcome of the mean radius algoritlm1. In Section 9.3.1
we derived that A*mtp- ~ 100 is a meaningful value. However, the size of Amfp is only
expected to play a role in chaotic regions. As the computational time scales linearly
with A*~"',
we prefer to use a smaller value than the suggested ;\ *~• = 100, but not
p
too small, because this could influence the outcome of the simulations too much. We
have chosen to use A*mrp
, = 50 for the best simulations, but we will also investigate
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Figure 9.4: The top panel shows the Poincare plot of the perturbed magnetic field
as gener:~ed by the One Fi l filaments set (only one filament and globally b< =
2.45 · 10 ) . The rmddle panel giVes the average normalized radius (p) of the
ensembles of Imttal particles which where formed from single particles starting at
p; the value of (p) giVen herns averaged over poloidal angle e. The lower panel
displays two lines : The red lme shows the effective radial diffusion coefficient
D (scaled to the collisional _diffusion coefficient Do) as resolved by the mean
radms algonthm; The blue lme gives the same quantity without correction for
the spread of the initial ensembles. Particles were followed for 3 collision times
3 m . The sharp dip in o at the
around the torus, with A:mr = 50 and
1 =
position of the main radius of the island is an artificial result of the mean radius
algorithm.
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In the middle panel of Fig. 9.4 we have plotted the average normalized mean
radius (p), which is defined here as the average of the normalized mean radii of the
initial ensembles of tracer particles. The averaging is carried out over first points with
the same p, but with different poloidal angle e. In other words, the shown (p) is the
mean p of all initial ensembles originating from the same radius. We see that across the
majority of the plasma we have (p) = p, as it should be for an unperturbed magnetic
field, which reflects our observation from the Poincare plot in the top panel. Across
the island (p) deviates strongly from p, and in fact the island shows up as a plateau.
The lower panel of Fig. 9.4 is produced by the mean radius algorithm. In blue
the diffusion coefficient without correction for the spread in the initial distribution
is shown. The red line shows the corrected effective diffusion coefficient. In the
outer half of the plasma, the perturbed part of the magnetic field is negligible and
thus there is no spread in the initial ensemble of particles. Hence both lines show that
D = Do. On the inside of the island, the magnetic surfaces are mostly intact, but they
are deformed. This is reflected by the blue line that does not quite reach D = Do in
this area; the red line shows that correcting for the spread in the initial ensemble does
result in the correct answer D = Do.
Effectively, the whole two-dimensional island and its accompanying X-point are
collapsed into one point (p). The fact that the 'X-point area' is only small compared
to the area of the island shows up in the depth of the fall of D at the (p) location of
the island chain. If there were no X-point, the mean radius algorithm would have
yielded D = Do at that value of (p ). The big shoulders that enclose the island dips
are the predicted results of particles jumping into the island from the 'good' surfaces
around the island (and the other way round).
For this simulation we conclude that the answers retrieved by the main radius algorithm are in complete agreement with the expectations (see Section 9.4.2). This
includes the predicted wrong diffusion coefficient in the chains of islands. The erroneous handling of the islands show up very clearly in the simulations as localized dips
in D, and as a simple correction we propose to manually replace these sharp dips by
horizontal lines.
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Principal Island Chains Configuration
0.0

If the perturbed part of the magnetic field is generated by the PrimeFil filaments set
(see Table 9.1 for details) we arrive at the results given in Fig. 9.5.
The Poincare plot (top panel) and the plot of (p) (middle panel) show that for this
configuration, there are two extended regions of the plasma in which the magnetic
topology consists of (slightly deformed) intact flux surfaces: the area located between
the q = 1 and the q = 2 island chains and an area on the inside of the q = 1 island.
The rest of the Poincare plot is predominantly occupied by chains of magnetic islands.
The principal island chains show up in the plot of (p) as distinct plateaux.
For this simulation, the mean radius method produces the D shown in the lower
panel of Fig. 9.5. The relatively unperturbed magnetic field located between the q = 1
and q = 2 island chains does indeed show up as a zone with D = Do. Actually, all the
regions in between the principal island chains show up as dips in D. These are the
local drops in D that are intuitively associated with transport barriers: They represent
the remaining (almost intact) magnetic flux surfaces in an overall perturbed magnetic

0.2

0.4

<p>

Figure 9.5: The top panel shows the Poincare plot of the perturbed magnetic field as
ge~;rated by the PrimeFil filaments set (five filaments and globally b< = 5.21 .
10. ) .. The rruddle panel gives the average normalized radius (p) of the ensembles
of Initial. particles which where formed from single particles starting at p; the value
of (~) given here IS averaged over poloidal angle e. The lower panel displays two
lines .. The red line shows the effective radial diffusion coefficient D (scaled to the
collisiOnal diffusion coefficientDo) as resolved by the mean radius algorithm; The
blue line giVes the same quantity Without correction for the spread of the initial
e~se~bles. Parncle~ we': followed for 3 collision times around the torus, with
i\.mip - 50 and Deal - 10 3 m. The sharp dips m D at the positions of the main
radii of the islands are artificial results of the mean radius algorithm.
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Figure 9.6: The effective radial diffusion coefficient D as determined by the main radius algorithm for a magnetic tokamak field perturbed by the PrimeFil filaments
set (five ftlaments and globally b" = 5.21 · w- 4). The colours represent runs with
different values for A.~ (denoted by A. in this plot) and the number of mean free
paths (#) particles travel around the torus.
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field.
Again we see dips in D at the average radii of the island chains, which are incorrectly resolved by the main radius algorithm. These dips do not represent the thermal
transport barriers for the problem we investigate in this thesis.
It is interesting to note that although the global magnetic perturbation level b" =
5.21 · w- 4 is substantial, D does not reach dramatically high levels: The maximum
level of D obtained for this ftlaments set is less than 50 times the neo-classical value
Do.
In Fig. 9.6 we have investigated how the outcome of the main radius algorithm
for the PrimeFil filaments set is affected by the size of A.mtp and the number T of
mean free paths that particles can travel. As there is very little chaotic magnetic field
present in this configuration, we do not expect a pronounced effect for varying Arntp ,
but we do expect that the value ofT will make a difference (see Section 9 .4.2) . The
most salient feature of Fig. 9.6 is that all simulations with the same value for T lie on
top of each other, and that the actual size of A.mtp has a very small influence. Only
in the zones around the q = 3, 4, 5 islands, where we find a thin layer of chaotic
magnetic field (as can been seen in the Poincare plot in the top panel), does A.rnfp play
a noticeable role: For larger values of Amtp, the dips at the chains of islands become
less pronounced, and they can even disappear. The observed effects are in agreement
with the predictions of Section 9 .4.2.
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Figure 9. 7: The top panel shows the Poincare plot of the perturbed magnetic field as
generated by the DensFil filaments set (46 filaments and globally b" = 2.21 ·10-3 ) .
The middle panel gives the average normalized radius (p) of the ensembles of
initial particles which where formed from single particles starting at p; the value
of (p) given here is averaged over poloidal angle e. The lower panel displays two
lines: The red line shows the effective radial diffusion coefficient D (scaled to the
collisional diffusion coefficient Do) as resolved by the mean radius algorithm; The
blue line gives the same quantity without correction for the spread of the initial
ensembles. Particles were followed for 3 collision times around the torus, with
A.~ = 50 and <\ol = w-3 m.
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Figure 9.8: The effective radial diffusion coefficient D as determined by the main
radius algorithm for a magnetic tokamak field perturbed by the DensFil ftlaments
set (46 filaments and globally be: = 2.21 · 10-3 ). The colours represent runs with
different values for i\~ (denoted by i\ in this plot) and the number of mean free
paths (#) particles travel around the torus.
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Dense Resonances Set

For the simulation with the DensFil filaments set (see Table 9.1 for details) we retrieve
the results shown in Fig. 9.7.
The Poincare plot (top panel) shows that there are no zones of unperturbed magnetic field left. In the plot of the average normalized radius (middle panel) the q = 1
island still shows up as a plateau; to a lesser extent this is also the case for the q = 2 and
the q = 3 island chains. Noticeably, the region on the inside of the q = 1 island bears
the closest resemblance to an area of unperturbed magnetic field (which would show
up as (p) = p).
In the lower panel ofFig. 9.7 we do see that the main radius pro cedure does indeed
recover the predicted high D in the chaotic zones. All the strong dips in D can be
related to chains of islands and it is clear that the islands which are most pronounced
in the Poincare plot result in the deepest dips in D.
In Fig. 9.8 it is shown how the outcome of the main radius algorithm for the
DensFil filaments set is affected by the size of ilrn.tp and the number of mean free
paths that particles can travel. In stark contrast with the PrimeFil filaments set, D is
now predominantly determined by the size of ilrn.tp: Higher levels in D are reached
for larger ilrn.tp. The only noticeable effect of a larger number of mean free paths is
a smoothing of the D profile in between the dips at the chains of islands. We can
estimate how strong D depends on ilrn.tp from the values of D at p = 0.6 in Fig. 9.8
which yields D/Do ~ (il~f, with a= 0.9 ± 0.1. Using that Do~ 1/i\~ this gives
the result that D is approximately constant with respect to ilrn.tp.
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Discussion
Transport phenomena in thermonuclear devices are strongly influenced by the details
of the confining magnetic field . This is widely realized, and many attempts have been
made to derive transport characteristics directly from the properties of the magnetic
field. Given that the RTP q-comb model assigns a decisive role for electron thermal
transport to the local characteristics of the magnetic field , it is a logical step to try to
detenTline if the q-con1b model structure of electron heat conduction, corresponds to
the structure seen in the magnetic topology. In particular we intend to find out if we
can reproduce the formation of transport barriers near rational surfa ces, directly from
the n1.agnetic topology. We are then primarily interested in solving the heat transport
that enables us to answer the question: How much power do we need to put into th e
plasma in order to keep it heated?
To this end we have developed a set of numerical codes to trace the time evolution
of test particles which experience random collisions in a perturbed magnetic field.
We have constructed an efficient algorithm, the so-called 'mean radius algorithm,' to
deduce from this system, a one-dimensional radial diffu sion coefficient as a function
of radius.
We have tested the mean radius algorithm and we are confident that we understand
the diffusion coefftcient that comes out of this algorithm and that it is a meaningful
quantity. In particular, the procedure recovers the characteristic behaviour of the
three topologically distinct domains: Purely collisional diffusion for (almost) intact
KAM surfaces and also inside islands, and high diffusion coefficients in regions of
chaotic magnetic field. However, it should be noted that the procedure does not give
the correct diffusion coefficient through island chains automatically, but since there is
only a limited number of island chains in our simulations, we can correct for this.
The mean radius algorithm is able to recover barrier-like regions from our simulations, i.e. localized drops in D. However, the algorithm also produces dips in D
located in the chains of magnetic islands. The latter dips (type II dips) are of no interest to the problem under investigation in this research, and they should be replaced
by horizontal lines by hand.
The dips that remain after the removal of the type II dips, are certainly barriers:
They represent the remaining good confinement regions of the plasma, that are associated with (almost) intact KAM smfaces in the plasma. In theory, the diffusion
coefficient in these regions can drop to the (neo-)classical diffusion level, which is
indeed reproduced in our simulations.
Now we will proceed to consider the results of the simulations and investigate the
possible connection to the q-comb modeL It is noted that the formation of barriers
in our simulations is strongly dependent on the particulars of perturbed magnetic
field . If the magnetic perturbation is strongly localized (as is the case with the OneFil
filaments set) we obtain the trivial result that the overall diffusion coefficient (away
from the perturbation) drops to the (neo-)classical value. If the magnetic perturbation
is such that the majority of the magnetic field is chaotic, we do not recover any
barriers at alL
From the simulations we have carried out, the PrimeFil filaments set yields the
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radial diffusion coefficient (see Fig. 9.5) that shows the most sin1ilarities to the q-comb
representation of the thermal electron diffusivity (which is shown in Fig. 9.1). One
might conclude that this indicates that discharges successfully modelled with the
q-comb model for electron heat transport, will have magnetic fteld perturbations similar to the perturbations caused by the PrimeFil filaments set. However, the PrimeFil
filaments set results in very large magnetic islands, which is not in agreement with the
experimental observations.
To show that it is essential for the existence of barriers in our simulations that we
have large islands without much overlap, we carried out a simulation with a modified
version of the DensFil filaments set: The currents through the filaments were all
reduced with a factor 10, resulting in b" = 2.21 · 10- 4 and many small island chains
without much overlap. The result of this simulation is shown in Fig. 9. 9. Note that
for this simulation, we took ;\ *mtp. = 10 which is smaller than the value we used for
the simulations presented in Sec. 9.5 . However, since the Poincare plot (top panel
of Fig. 9.9) shows that there is very little chaos in this topology, taking a larger or
smaller value for A* . will not make a significant difference. From the bottom panel
mtp
of Fig. 9.9 it is concluded that this set up does not give a good match with the q-comb
model at all, since the whole plasma is more or less in agreement with (neo-)classical
theory, and hence the distinction of good and bad confinement regions is irrelevant.
Comparing the transport barriers of the simulations with the PrimeFil filaments
set with those of the q-comb model , we see that they agree on a number of points.
Firstly, the barriers depend strongly on q. For the simulations this is understandable,
because the barriers are related to the perturbations, which have a strong dependence
on q (the filaments are located on speciftc q surfaces and the magnetic shear is of great
influence on the level of overlap of islands).
Obviously, if there are areas with low magnetic shear dq I dp, the (principal) islands
will be further apart in these regions. As the island width scales as -vdq I d p, this has as
a consequence, that it will be more difftcult for these islands to overlap. Therefore the
existence of a barrier (and its radial expansion) is facilitated by low magnetic shear, in
agreement with the mechanism proposed by Razumova ct a/. [18] . Similarly, in the
q-comb model the widths (in real space) of the barriers are controlled by dqldp .
Secondly, the simulations can indeed produce a layered structure in the heat diffusivity, but this depends on the details of the spectrum of perturbations.
The most important disagreement between the q-comb barriers and the barriers
in the simulation, is that the barriers in the q-comb model have well determined q
numbers, whereas it depends on the strengths and the spectrum of the perturbations
where exactly (and if) barriers are formed in the simulations presented in this research. In particular, we have not been able to form thermal transport barriers located
adjacent to integer q values.
In conclusion, we cannot make a complete match between the thermal heat diffusivity of the q-comb model and the underlying magnetic topology. At least we need
an additional mechanism that can account for thermal transport barriers located near
integer q surfaces. A possible candidate is the Ex B shearing of flows that are induced
by plasma fluctuations. As Hidalgo ct a/. [19] show, these flows can concentrate on
rational surfaces. It is also worth to mention the work of Thyagaraja [20], who shows
in a numerical study that transport barriers form spontaneously in a self-organized
process, in which corrugations of both the sheared radial electric field and bootstrap

9.6 Discussion

145

2.0

1.5

<§ 1.0

0.5

~:8
0.8

A 0.6

~ 0.4
0.2
0.0 --1-<':::.........~-~-+--~·~~-+--------f--~~---+-~~~----1

0.0

0.2

0.4

0.6

0.8

1.0

0.6

0.8

1.0

p

10

s
~

1
0.0

0.2

0.4
<p>

Figure 9.9: The top panel shows the Poincare plot of the perturbed magnetic field
as generated by the DensFil filaments set, but with the currents through the
filaments reduced by a factor 10 (46 filaments and globally b. = 2.21 - 10-4 ) . The
middle panel gives the average normalized radius (p) of the ensembles of initial
particles which where formed from single particles starting at p; the value of
(p) given here is averaged over poloidal angle 8. The lower panel displays two
lines: The red line shows the effective radial diffusion coefficient D (scaled to the
collisional diffusion coefficient Do) as resolved by the mean radius algorithm; The
blue line gives the same quantity without correction for the spread of the initial
ensembles. Particles were followed for 3 collision times around the torus with
i\.~ = 10 and <'>col = 10-3 m.
'
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currents result in a damping of turbulence, which in turn lowers the radial transport.
The mean radius algorithm does not contain any explicit knowledge of the decorrelation mechanisms at work in the plasma. As long as we have a good prescription
for the decorrelation process, this can be incorporated in the code. For future work
it might well prove fruitful to add to the codes a module for decorrelation due to
electrostatic turbulence, in order to investigate the synergy of the two turbulence
mechanisms, or to include the effects of flow stabilization due to E x B shearing.
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Evaluation

Outline
In this chapter we repeat the goal we set ourselves in this thesis. The questions
explicitly asked in Section 1.3, and the answers provided in this research are addressed.

[

Sect;on 10.1

Goal
With the work described in this thesis , we have tried to answer some questions dealing
with the longstanding issue of the incomplete picture of transport in thermonuclear
devices. In particular, we have focussed on the phenomena of thermal electron transport barriers in tokamaks.
At the FOM-Instituut 'Rijnhuizen' we have constructed an empirical electron
thermal transport model (the q-comb model) which successfully describes the whole
spectrum ofRTP ECH heated discharges. The q-comb model prescribes a structured
electron heat transport, exhibiting layers of alternating low and high transport. In the
model, the local details of the underlying magnetic fteld determine if the layer is good
(low transport, or transport barrier) or bad (high transport).
In a tokamak, energy and particles are conftned by a helical magnetic fteld. Generally, the magnetic fteld of a tokamak shows a structure oflayers of different topological
characteristi cs, which have their own characteristic impacts on transport, especially on
electron transport. There are three topologically distinct regions: i) Regions with intact flux surfaces; ii) Chains of magnetic islands; iii) Regions of chaotic magnetic
fteld.
The central question that forms the basis of this thesis stems from the observation
that both the magnetic fteld and the heat conduction display a distinct stratification:
149
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Is it possible to obtain the layered heat conduction directly from the layered magnetic
field?

-ro.2 Questions and Answers
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• Is the applicability of the model restricted to the RTP machine?
• Can we use it to describe other types of barriers?

[

SecHon 102

Questions and Answers
Before the central question can be answered, we have to validate (the robustness of)
the q-comb model. In Section 1.3 we formulated a number of questions regarding
the strength of the q-comb model, which we will address below.
• Can we find an accurate q-comb solution for every RTP discharge?
• How unique are q-comb solutions?
• How do the parameters of the model depend on the plasma conditions?
In Chapter 5 we have extensively answered these three questions. We found that indeed it is always possible to find a q- comb solution to numerically reproduce an ECH
heated RTP discharge. Series of discharges generated by changing the location of the
power deposition and keeping all other plasma parameters fixed can be reproduced
with same q-comb.
The q-comb solutions are not uniquely determined. In total we have found four
elements that allow for some fi-eedom in the obtained solutions. Firstly, we have fixed
the widths in q of all barriers to the same value W q. Within sensible limits, taking Wq
a little larger and scaling all X e,q (the values of X e in the barriers) with the same factor
will result in an equally good q-comb solution.
Secondly, x~igh, i.e. the value of the uniform high level of Xe, can be varied in the
range from ~ 6 to ~ 13m 2 /s. In this range we can still find q-comb solutions that
accurately reproduce the data sets, if the q-comb solution is modified in the following
way: All X e,q are multiplied by 10/x~igh, with the exception of the barriers linked to
integer q values , which remain unmodified.
Thirdly, there is an additional parameter V c to the q-comb parameters, which controls the hollowness of the Te profiles. The parameter Vc is fixed for the discharges
within one scan, but it can vary between scans. As a rule, we use the lowest possible
value of V c, which is still able to account for the hollowness of Te profiles. Taking a
value of Vc up to 40% higher also gives good results, and requires little or no adjustments of the q-comb parameters.
Finally, there is an uncertainty in the determination of Pdep · For our research we
have derived Pdep consistently from the locations of the two ECE channels on either
side of the ECH frequency. The uncertainty in the localization of an individual ECE
channel is estimated at 5 mm. Offsetting all Pdep values of the discharges of a scan with
Smm results in offsetting Xe,q with 17 - 22%.
The q-combs of RTP Pdep scans with different ftxed average (electron) densities
are related: The Xe levels inside the barriers scale as (n e}-l . The influence of the edge
safety factor !]n on the q-comb parameters is unclear: If there is a dependency on l]n
of the X e levels inside the barriers at all, then it is such that X e drops less than linearly
with increasing !]a·

These two question were addressed in Chapters 6 and 7. In Chapter 6 we applied the
q-comb model to the JET tokamak by implementing it in the JETTO code. We found
that the q-comb model could successfully reproduce the evolution of electron thermal
transport barriers. However, attempts to describe ion heat transport with the q-comb
model did not result in Ti profiles that were in agreement with the experimental
findings.
In Chapter 7 the q-comb model was used to model a TEXTOR discharge. Although the simulated Te profile agrees well with the observation , it is preliminary to
draw conclusions from the result of only one discharge.
In conclusion we state that the q-comb model is indeed a robust model. We
are confident that the model gives an accurate description of ECH heated RTP discharges.
Central Question
In Chapter 9 we have addressed the central question of the thesis. We have determined
the influence of the characteristic layers of the magnetic topology through simulations
with our specialized codes. The outcome was compared to our q-comb prescription
for transport, from which we concluded the following:
• It is possible to generate thermal transport barriers directly from the magnetic
topology.
• The thermal diffusivity can exhibit a layered structure similar to the q-comb
model.
• However, the particulars of the barriers depend strongly on the details of the
magnetic field. In particular, if the perturbed topology consists of large chains
of islands which do not overlap, we obtain a layered structure of the thermal
diffusivity, with strong barriers. In this case, the sizes of the islands need to
considerable, which is not in agreement with experimental findings.
From the latter observation we have to conclude that it is not likely that a magnetic
topology with large islands is the explanation for the q-comb model. Therefore our
answer to the question Is it possible to obtain the layered heat conduction directly
fi·om the layered magnetic field? must be negative.
This result is not too surprising, because in our research we have restricted ourselves to one isolated plasma physics mechanism, i.e. the effect of a static perturbed
magnetic topology on thermal electron transport. For a more comprehensive plasma
physics description , one should concentrate on the effects of fluctuating magnetic and
electric fields. However, when we use fluctuating electro-magnetic ftelds, it is not so
obvious how we can relate the formation of transport barriers to rational q values.
Recently, new ideas have surfaced that might provide a connection between rational q values and the synergy of the electric and magnetic ftelds in a plasma. Hidalgo
ct a/. [1] have shown that it is possible that concentrations of electro-magnetic modes
form on rational surfaces, which will result in stabilizing sheared EX B flows that will
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locally reduce the electron thermal transport. In addition, Thyagaraja has constructed
an electro-magnetic two-fluid code called 'CUTIE,' which seems capable of giving
a very close description of RTP discharges [2]. CUT IE requires a lot of computer
power, which has only just become available. Therefore, it appears that in the near
future we can expect a proper description of the electron thermal transport for RTP.
Since the q-comb model seems to be successful for both the 'pure electron transport' experiments at RTP and the 'coupled ion-electron transport' experin1ents at
JET, we might speculate that indeed a comprehensive description of electron thermal
transport in tokamaks is in sight.
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Werken op een wetenschappelijk instituut draait geheel om mensen. Zonder de positieve stimulans van enthousiaste mensen en de aangename stemm.ing op de werkvloer
die daardoor ontstaat, is het welhaast onmogelijk degelijk werk af te leveren. Ik grijp
deze gelegenheid aan om aile mensen te bedanken met wie ik vee! te maken heb
gehad, en die allemaal op hun eigen wijze een bijdrage hebben geleverd aan het tot
stand komen van mijn proefschrift. Daarnaast wil ik aile mensen bedanken die ik niet
bij naam noem , maar die tijdens mijn aanwezigheid op JET en R.ijnhuizen ook daar
aanwezig waren, en hebben bijgedragen aan de goede werksfeer en -omgeving.
Allereerst wil ik Hajnal en Gherardo bedanken voor de geweldige dagen , avonden
en nachten die we samen doorbrachten. Geheel spontaan ontstond hier een vriendschap waar ik ontzettend van heb genoten, en waarvan ik hoop dat ik die nog lang
mag genieten. Hela as kun je deze dingen niet bedingen in je arbeidsvoorwaarden,
want bet is toch zeker een van de mooiste dingen , waar je op kan hopen in een baan.
Niek verraste m e steeds weer met zijn unieke inzichten in bet werk waar we n1ee
bezig waren. Tijd voor een werkoverleg wist hij altijd te maken; of hij nou met een
mobiele telefoon op de fiets zat, of dat hij thuis op kinderen paste. Dank je voor je
inzet!
Dick had immer een geweldige bibliotheek van eigen programmatuur om de
moeilijkste en meest essentiele gegevens uit de data te halen en ik heb zijn spullen
dan ook altijd 'actief geleend '. Daarnaast wist je mijn prangende wetenschappelijke
vragen altijd snel te beantwoorden, of anders kon je me prima verwijzen naar een
artikel waar ik bet antwoord wei kon vinden.
Van mijn kamergenoten heb ik immer enorme steun genoten. Attila kon erg goed
kritisch naar mijn voortgang kijken ('This is crap, my boy!') en ik heb van hem enorm
vee! tips aangereikt gekregen voor verbeteringen. Frank en ik deden zo ons best om
goed gemotiveerd te werken om de an der maar te stimuleren in de vorderingen van
bet proefschrift, dat we het allebei nog tot een geweldig einde brachten ook! Ik vond
bet fantastisch om tegelijk met jou die laatste run te maken voor bet proefschrift.
De mede-OIO's en studenten die sa men met mij de nieuwe generatie vormden
van bet fusie-onderzoeksteam op R.ijnhuizen kan ik natuurlijk niet vergeten. GertJan,
Erik, Eric, Tarik, Marc, Marco, Jaco, Leon, Jos, Francisco (en graag wil ik hieraan ook
onze eigen 'oudere jongere' Hennie toevoegen) : Allemaal ontzettend bedankt voor
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de leuke tijd.
Met Marco had ik toch wel een hele bijzondere tijd op JET, waarin vaak bleek
dat we gelijkgestemde zielen waren. De lampe humor die we samen konden spuien
heeft misschien niet altijd positief bijgedragen aan onze CV, maar het was wei leuk!
Hartelijk dank, ook voor je 'nazorg' toen ik weer terug in Nieuwegein was enjij nog
in Engeland zat.
Ook met Marc had ik een geweldige tijd in Engeland, met als hoogtepunt toch
wei ons optreden als 'Cucumber Nol and Mario Holandaise' in the EL11 Tree. Ik
geloof dat we daadwerkelijk de eersten zijn die ze daar ooit van het podium hebben
gehaald.
Then I want to thank all the people that were part of the new 'young' JET / Culham
generation when I was there. Special thanks to Lucca , Yanick, Patrick, Marie-Line,
Carine, Celso, Emilia, Mathias, Tuomas, Simon, Anders, and Candida. You all helped
to turn my time at JET into a great memory of how people can and should interact in
an international collaboration. In particular I am grateful to Emilia for introducing me
into the joy of climbing and just for being Emilia. Thanks to the 'french connection'
(i.e. Marie-Line, Patrick, and Yanick) for never complaining about my coffee; I really
appreciate that. In particular, I want to express my gratitude to Yanick for all the fun
we had together while being in Oxford.
Of course I want to acknowledge the 'old' JET /Culham generation as well. Vasilli,
David, Gerard, James, Claude and Chippy: Thank you very much for the effort you
put into helping me out when I was having trouble with JETTO, for the clearheadedness in spotting the bottleneck in my work, for bringing me back to earth when
I was too enthusiastic about my results, and for seeing and believing in what I was
trying to accomplish.
Het 'Rijnhuizer Sinterklaas Cabaret' is echt een heel bijzondere belevenis, waarvan
ik oprecht hoop dat-ie nog lang een traditie zal blijven op Rijnhuizen. Met 'De
Jonge Honden' van 1998 had ik een geweldige toffe ervaring op de pbnken . Marlies,
Peter, Jeroen, Kristof en Frits: Ik zal nog lang met plezier terugdenken aan onze
uitspattingen.
De systeembeheerders van Rijnhuizen verdienen mijn uitdrukkelijke dank. Andre
en Erik: Zander jullie inzet en kunde had ik letterlijk geen getalletje of lettertje in dit
proefschrift kunnen zetten.
Last but not least bedank ik ook de mensen die meehielpen met het draaien van
de RTP machine en het data verzamelen tijdens de lange nachtdiensten: Bart, Oge,
Paul, Raymond, Cor, Ben, Chris, Theo, Dave, Bob en Frans.

Curriculum Vitae

Op 10 mei 1972 zette ik voet op aarde in Amersfoort, alwaar het gezin bestaande uit
mijn ouders, Martin en Roelie Schilham, en mijn broer Robin, mij reeds verwachtte.
Mijn lagere schooljaren heb ik doorgebracht op de Astronautjes en de Apollo in
Hoevelaken, wat misschien nujn studiekeuze later in mijn Ieven al enigszins bepaalde.
Alhoewel ik samen met Marco van Dusschoten het Apollo-songfestival won met het
nunm1er Als Wij sAvonds Laat Naar de Disco Gaan, leek het toch verstandig om niet
direct een zangcarriere te ambieren, maar gewoon naar de middelbare school te gaan.
Voor mijn middelbare schooljaren ging ik weer terug naar Amersfoort, en wel
naar het Corderius College. Op aanraden van mijn scherpzinnige lerares Duits koos
ik voor een 100% beta pakket, wat in 1990 uitmondde in een Gymnasium diploma.
Niet geheel onverwacht besloot ik een betastudie te gaan volgen, en dat werd de
studie natuur- en sterrenkunde aan de Rijks Unversiteit Utrecht. De studierelevante
hoogtepunten van die tijd waren mijn onvergetelijke, winterse sterrenkundestage op
bescheiden hoogte in het Zwitserse Ausserbinn (onder begeleiding van Hans Heintze)
en het afstudeerwerk getiteld 2-D (M)HD Turbulence in Accretion Disks (onder
begeleiding van Bram Achterberg). In april 1996 haalde ik mijn bul theoretische
sterrenkunde op, en inmiddels was de dienstplicht afgeschaft zodat ik mij volledig kon
orienteren op de toekomst.
Na wat rondneuzen in het buitenland kwam ik erachter dat dichter bij huis ook
hele leuke onderzoeken zijn te doen. Zodoende ben ik in oktober 1996 op Rijnhuizen begonnen aan mijn promotieonderzoek. Thans leest u van het daaruit voortgevloeide proefschrift de laatste zin.
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Stellingen behorend bij het proefschrift Stratified Thermonuclear Plasmas

1. De formatie en evolutie van barrieres voor warmtetransport door
elektronen in een tokamak, is niet af te lei den uit aileen kennis
van de magnetische topologie [Dit proefschrift, Hoofdstuk 9) .

5. Voor de lokale verwarrning van het hoofd door het gebruik van
mobiele telefoons is het niet van belang of de telefoon aan- of
uitstaat.

2. Het model van Brakel voor warmtetransport in thermonucleaire
plasma's [R. Brakel et al., in 25th European Physical Society Conference on Controlled Fusion and Plasma Physics, Prague (European
Physical Society, Geneva, 1998), Vol. 22C, p. 423), waarin slechte
warmtegeleiding wordt geassocieerd met rationele waarden van
het magnetische windingsgetal, is zo succesvol omdat het goede
warmtegeleiding associeert met rationele waarden van het magnetische windingsgetal.

6. In tegenstelling tot wat in de tokamakfYsica vaak wordt aangenomen, hoeft een ingrijpende verandering van de magnetische
topologie niet gepaard te gaan met een grote verandering in de
magnetische energie U. Bergmans and T.J. Schep, in Merging of
Plasma Currents, submitted, Physical Review Letters).

3. De aanwezigheid van een inwaartse deeltjesflux 'de berg op' in
zowel tokamaks als stellarators geeft aan dat het toroi:dale elektrische veld niet belangrijk is voor deze flux [U. Stroth et al.,
Physical Review Letters 82, p. 928 (1999)).
4. Het multi-puls Thomsonverstrooiingssysteem dat thans voor
TEXTOR wordt ontwikkeld zal in grote mate bijdragen aan het
in kaart brengen van de dynarnica van de kleine structuren in
tokamakplasma's.

7. De effectieve warmtegeleidingscoefficient in therrnische berekeningen met discrete bloedvaten van het menselijk lichaam is niet
gelijk aan de intrinsieke warmtegeleidingscoefficient.
8. Het aantal verkeersongevallen dat wordt veroorzaakt doordat de
bestuurder van een auto bezig is met bellen, eten, of drinken, is
een goede graadmeter voor hoe veilig men zich voelt op de weg.
9. Een goed praktijkvoorbeeld van hoe een systeem van gekoppelde
vergelijkingen tot chaotisch gedrag kan leiden, is het douchesysteem van Squash Utrecht.

