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het is even goed een soort van waar”

Spinvis, ”De talen van mijn tong”

Voor Mariska, zonder wie niets ooit gebeurt.





Zelforganisatie in tokamak
turbulentie

Het onderzoek dat wordt beschreven in dit proefschrift draagt bij aan de wereldwij-
de inspanning om kernfusie te ontwikkelen tot een bruikbare energiebron. Kern-
fusie is het versmelten van lichte atoomkernen tot zwaardere, waarbij veel energie
vrij komt. Dit proces is de energiebron van de zon en sterren, en zou opaarde op
grote schaal elektriciteit kunnen genereren uit ruim voorradige brandstoffen. Het
proces stoot geen CO2 of andere schadelijke stoffen uit, en is inherent veilig.

Om de fusie-reacties te laten verlopen moet de brandstof tot 150 miljoen graden
Celsius worden verhit. Onder deze omstandigheden zijn de atomen volledig geı̈oni-
seerd en vormen een plasma. In de tokamak, het meest veelbelovende concept voor
een fusie-reactor, wordt dit hete plasma vastgehouden door een sterkmagneetveld.
Dit magneetveld heeft de vorm van een autoband (een torus) en wordt voor een
deel opgewekt door een stroom die in het plasma zelf loopt.

In een werkende reactor helpt de energie die wordt opgewekt met de fusiereac-
ties om het plasma op de benodigde temperatuur te houden. Het is dus van belang
om het energieverlies van het plasma te minimaliseren. Dit energieverlies wordt
voornamelijk veroorzaakt door turbulentie, chaotische wervelingen in het plasma.
In plasmaturbulentie spelen verstoringen van zowel dichtheid en temperatuurals
van de elektromagnetische velden een rol, in een sterke onderlinge samenhang.

Turbulentie in een tokamak is min of meer tweedimensionaal, doordat in de
richting evenwijdig aan het magnetische veld weinig verstoringen kunnen plaats-
vinden. Dit type turbulentie wordt gekenmerkt door het samengaan van kleinere
structuren tot steeds grotere. Een bekend voorbeeld van een systeemmet twee-
dimensionale turbulentie is de atmosfeer, waarin reusachtige orkanen kunnen ont-
staan uit kleine verstoringen. In een tokamak beperkt de vorm van het magneetveld
de afmeting van de gevormde structuren tot de zogenaamde mesoschaal. Structuren
op de mesoschaal zijn beduidend groter dan de kleinste wervelingen in hetplasma,
maar niet zo groot dat ze de hele machine omvatten.



Deze mesoschaal structuren kunnen worden beı̈nvloed door zelforganisatie van
de schijnbaar chaotische turbulentie. Deze zelforganisatie is het hoofdonderwerp
van dit proefschrift. Het draait hierbij om de vraag hoe zelforganisatie het warmte-
transport in het plasma beı̈nvloedt, en of zelforganisatie een aantal onbegrepen
meetresultaten in tokamaks kan helpen verklaren.

Twee effecten van de turbulentie blijken in dit onderzoek zeer belangrijk.Het
eerste is de zogenaamde dynamo-stroom, een elektrische stroom opgewekt door de
interactie van turbulente stromingen en turbulente magneetvelden. Het tweedeef-
fect is een gelaagde rotatiestroming, een zogenaamde “zonal flow”, die voortkomt
uit een samenspel tussen kleinschalige turbulente wervelingen.

Om grip te krijgen op deze complexe materie wordt een wiskundig model
bestudeerd, het cilindrisch model voor elektromagnetische twee-vloeistofturbu-
lentie (CEM2FT model). Dit kan beschouwd worden als het eenvoudigste model
dat toch de complexe interacties tussen turbulentie, transport en de eigenschappen
van het plasma beschrijft. Het model bevat de fysica van dynamostromen en “zonal
flows”. Om het CEM2FT model met tokamak experimenten te kunnen vergelijken
is het in een computermodel voor numerieke simulatie gevat,CUTIE genaamd.

Om een betere beschrijving van de deeltjesbron in het CEM2FT model te
verkrijgen, is een eenvoudig eendimensionaal diffusiemodel voor neutrale deel-
tjes inCUTIE gebouwd. De simulaties tonen echter aan dat de situatie in de kleine
tokamaks waar deze studie zich op richt te gecompliceerd is voor zo’n eenvoudig
model.

In het proefschrift worden de belangrijkste mesoschaalstructuren diein de
CUTIE simulaties voorkomen beschreven en vergeleken met waarnemingen in toka-
maks. Het CEM2FT model blijkt niet alleen algemeen waargenomen verschijnsel-
en, zoals magnetische eilanden en “ballooning” structuren te beschrijven,maar
ook specifieke zelfgeorganiseerde structuren, zoals niet-centrale zaagtanden en het
vlak trekken van hetq-profiel. Het wordt aangetoond dat in die laatste gevallen de
dynamostroom een belangrijke rol speelt.

Het is mogelijk de rand van een tokamak plasma af te koelen door er een bol-
letje waterstof ijs in te schieten. Uit experimenten blijkt dat in dat geval de tem-
peratuur in het centrum van het plasma vaak juist omhoog gaat. In simulaties met
CUTIE wordt door het ijsbolletje een “zonal flow” opgewekt: een regio waarin het
plasma door zijn snelle rotatie de grote turbulente structuren stuk trekt. Deze regio
beweegt naar binnen en zorgt zo tot in de kern van het plasma voor eensterk ver-
minderde turbulente warmtestroom naar buiten. Hoewel de grootte van het effect
en de tijdschaal waarop het zich afspeelt niet overeenkomen met de daadwerkelijke
metingen, levert het onderdrukken van turbulent energieverlies wel een verklaring
op voor de temperatuurstijging in het centrum van het plasma.

Een andere manier om een stationair plasma te verstoren is het uitschakelen van
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de microgolfverhitting. Uit experimenten blijkt dat het centrale deel van hetplasma
zijn warmte tot enige tijd na het uitschakelen vasthoudt, en dat dit samenhangtmet
een vermindering van turbulentie rond dit gebied. Simulaties van deze experi-
menten laten inderdaad zo’n vermindering zien, maar doordat het niet is gelukt de
vorm van het magnetische veld precies te reproduceren gebeurt dit opeen andere
plaats. Duidelijk is echter wel dat bepaalde oppervlakken in het magneetveld een
cruciale rol spelen en dat de onderdrukking van de turbulentie samenhangt met een
“zonal flow” die wordt aangedreven door versterkte magnetische turbulentie.

De algemene conclusie luidt dan ook dat zelforganisatie, met name via de dy-
namostroom en “zonal flows”, een belangrijke rol speelt bij turbulent transport in
tokamaks.
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Self-organisation in tokamak
turbulence

The research described in this thesis is part of the worldwide effort to realise nu-
clear fusion as a future energy source. Nuclear fusion, the merging oflight atomic
nuclei to form heavier ones, is an attractive option for large scale energy produc-
tion. Fusion powers the sun and stars, and could on earth produce electricity from
abundantly available fuels, without CO2 or other hazardous emissions.

For the fusion reactions to occur, the fuel needs to be heated to 150 million
degrees centigrade at several times atmospheric pressure. Under these conditions
the atoms are fully ionised and form a plasma. In the most promising reactor
concept, the tokamak, this hot plasma is contained inside a toroidal vessel bya
strong magnetic field. Part of this magnetic field is generated by a current that runs
in the plasma itself.

In a working reactor, the energy generated by the fusion reactions helps to keep
the plasma at the required temperature. Hence it is important to minimise the rate at
which energy is lost from the plasma. This energy loss is mainly caused by chaotic
plasma motions called turbulence. Perturbations of the density and temperature
as well as of the electromagnetic fields play a role in plasma turbulence and show
strong interactions.

The strong magnetic field in a tokamak suppresses the dynamics directed along
it, rendering tokamak turbulence more or less two dimensional. This type of tur-
bulence is characterised by the formation of large structures from the merging of
smaller ones, like for example the emergence of hurricanes from small disturbances
in the atmosphere. In the tokamak the size of these structures is limited to interme-
diate scales, the so called mesoscales, by the shape of the magnetic field.

Mesoscale structures may influence the transport, which in turn can modify
the driving forces for the turbulence. Since the turbulence creates the mesoscale
structures, a feedback loop is set up through which self-organisation can occur.
This self-organisation is the object of study in this dissertation. The main ques-



tions addressed by this work are to what extend heat transport in the plasma is
influenced by self-organisation, and whether self-organisation can explain certain
observations in experiment that are not yet fully understood.

Two coherent phenomena emerging from chaotic turbulent interactions are
considered of prime importance: Current generated by the interaction of turbulent
flows and turbulent magnetic fields, the dynamo current, and layered rotational
flows emerging from small scale turbulent motions, the zonal flows.

A model for tokamak turbulence is studied, the Cylindrical ElectroMagnetic
2 Fluid Turbulence (CEM2FT) model, which is arguably the simplest model to
capture nonlinear interactions between turbulence, transport and plasmaproperties
in a tokamak including the physics of dynamo currents and zonal flows. In order
to compare the CEM2FT model with tokamak experiments, it is implemented in a
numerical code,CUTIE.

A simple one dimensional diffusive model for neutral particles was imple-
mented in theCUTIE code to provide a better description of the particle source.
However, the simulations show that in the small tokamaks this study is aimed at
the situation is too complicated to be described by this simple model.

The most important mesoscale structures emerging fromCUTIE simulations are
described and discussed. These are compared to actual observationsin tokamaks.
It is shown that the CEM2FT model not only describes generally observed phe-
nomena such as magnetic islands and ballooning structures, but also reproduces
specific self-organised structures such as off-axis sawteeth and flattenedq-profiles.
The dynamo current is shown to be of particular importance in the latter.

The edge of a tokamak plasma can be cooled by injecting a hydrogen ice pellet.
In such experiments, it is often found that the central temperature rises. InCUTIE
simulations the pellet induces a zonal flow that decorrelates turbulent eddies and
moves inward. This suppresses the turbulence over an area extending into the
centre of the plasma. Although the magnitude and time scale of the effect do not
correspond to the experiment, the suppression of turbulent heat loss could explain
the rise of central plasma temperature.

Another way of perturbing a steady-state plasma is by switching off the mi-
crowave heating of the plasma. In experiments, it is found that the central plasma
retains its heat for some time after the switch-off, which is attributed to a reduction
of turbulent heat loss. The simulations do indeed show such a reduction, but at
a different position due to the fact that the magnetic configuration of the experi-
ment could not be reproduced in detail. It is clear, however, that the suppression
of the turbulence is caused by a zonal flow that is driven by enhanced magnetic
fluctuations.

In general it is concluded that self-organisation, in particular via the dynamo
current and zonal flows, plays an important role in turbulent tokamak transport.
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Chapter 1

Introduction

1.1 Fusion energy

The world needs energy, currently about the equivalent of 200 million barrels of oil
(800.000 TJ) a day. In the coming decades, demands will only rise, due to agrow-
ing world population and emerging economies such as China and India striving to
reach western energy consumption levels. Currently, fossil fuels provide the bulk
of energy for human use. These fuels have a number of serious drawbacks, most
notably CO2 emissions that perturb our climate, political tension related to the lo-
calisation of fossil fuel reserves and the threat of fuel shortages in the foreseeable
future. It is thus desirable to move away from the fossil fuel driven economy and
all options for non-fossil energy production on a global scale should be thoroughly
investigated.

An attractive option isnuclear fusion, the merging of light atomic nuclei to
form heavier ones. This process powers the sun and stars, and couldon earth
produce electricity without CO2 or other hazardous emissions from abundantly
available fuels.

In a laboratory or industrial setting, the most feasible fusion reaction is the
fusion of the hydrogen isotopes deuterium (D) and tritium (T) to form helium(He)
and 17.6 MeV of energy:

2
1D+3

1 T →4
2 He+1

0 n. (1.1)

Tritium can be bred from the widely available metal lithium (Li) inside the reactor,
using the neutrons produced in the fusion reaction. Known, minable supplies of Li
ores are enough to provide the world for 3000 years of energy at the 1995 level.
Winning from seawater is feasible and would provide for millions of years.

Enough easily extractable deuterium is present in ocean waters for tens of
billions of years. However, this time frame is only applicable if lithium can be
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Figure 1.1:The design for the ITER tokamak. Published with permis-
sion of ITER.

avoided. It is possible to fuse two deuterium nuclei in the D–D reaction, butthis
is technically more challenging than the D–T reaction. Current research therefore
concentrates on the D–T reaction. The amount of energy needed for winning any
of these fuels is negligible compared to their fusion energy potential.

1.2 Fusion research

To overcome the mutual electric repulsion of the nuclei a sufficiently dense D–T
gas mixture should be heated until the thermal energy of the particles reaches
15 keV. Note that this is more than 150 million Kelvin, 10 times hotter than the
interior of the sun. At these temperatures, the mixture is completely ionised (i.e.
ions and electrons move separately, although not independent due to electromag-
netic forces) and forms aplasma.

In the last fifty years, enormous progress has been made in harnessingfusion
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reactions by understanding and controlling this plasma. Dozens of laboratories
around the world are working on the project in close international collaboration,
and the power multiplication factor (the ratio of fusion power over input power)
achieved in fusion reactors has increased by seven orders of magnitude and is
presently around unity (“break-even”). Plasmas of the required temperature and
density can now be made and controlled in several large machines world wide,
either confined in strong magnetic fields or fired up by immense laser systems.
The ever-improving theoretical understanding and technical control ofplasma be-
haviour has been an important factor in the success of fusion research.

The most promising reactor concept today is thetokamak[50]. In this device,
the plasma is confined by strong magnetic fields in a torus-shaped vessel. In1992,
a record 16.1 MW of fusion power was produced [26] in the Joint European Torus
(JET), the largest machine of this design at present. In these experiments, break-
even was approached, 25 MW of power being needed to sustain the reaction. With
this result, JET exceeded its design goals.

To make the next step towards an energy producing fusion reactor, a scaled-up
version of JET is needed. This is ITER (fig. 1.2), which is currently beingcon-
structed in Caderache, France, by a large international collaboration. This machine
is designed to routinely operate with a D–T fuel mixture and aims for a power mul-
tiplication factor of 10. The goal of ITER is to demonstrate the physics feasibility
of fusion energy production.

1.3 Transport and turbulence

Considering the enormous thermal velocities of the plasma particles, the magnetic
field in a tokamak is extremely effective in confining them. It reduces heat loss in
the direction perpendicular to the field by 12–14 orders of magnitude. Nevertheless
some transport of heat and particles perpendicular to the field is inevitable due to
Coulomb collisions and subtleties of the particle orbits. Thisneoclassicaltransport
can be calculated precisely and is considered the lower limit of tokamak transport.
Experiments show, however, that transport is oftenanomalous, exceeding neoclas-
sical predictions by 1–2 orders of magnitude. Understanding and controlling this
anomalous transport is one of the spearheads of current fusion research, as the
global confinement of heat determines the efficiency of the reactor.

In the electrically conducting plasma electric and magnetic fields are intimately
interwoven with plasma motion and parameters such as temperature and density.
Strong heating and fuelling are needed to achieve fusion conditions, leading to
large gradients in these parameters. Together with the current running through
the plasma, these provide an ample source of free energy to destabilise waves and
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enhance random fluctuations, leading toturbulence. Turbulence can produce extra
transport and could thus be responsible for anomalous losses.

Fluctuations in density, temperature, electrostatic potential and magnetic fields
have indeed been measured in tokamak experiments. A crucial question is whether
the measured fluctuation levels are sufficient to explain the observed anomalous
transport. This is not a trivial problem because not only the frequencyand wave-
length spectrum of fluctuations must be measured, but also the relative phase be-
tween e.g. density and potential fluctuations.

Diagnostics capable of obtaining these measurements have come on-line only
fairly recently, but first results are in general agreement with this picture. More-
over, correlations in space, time and parametric dependence between measured
fluctuation levels and transport coefficients point in the same direction. Therole of
turbulence in anomalous transport is thus becoming well established.

In the literature on tokamak turbulence a distinction is often made between
electrostatic and magnetic turbulence. Inelectrostaticturbulence, waves or other
perturbations in the density of one of the charged species lead to fluctuatingelec-
tric fields. Although Maxwell’s equations imply that magnetic fluctuations are in
general associated with turbulent electric fields, these magnetic fluctuationsare of
minor importance for this class of perturbations. Electrostatic turbulence canin-
duce plasma flows with radial components that allow transport across the magnetic
field. The importance of this type of turbulence for transport and confinement is
generally accepted.

Magnetic turbulencedeals with the fluctuations in the magnetic field. In an
ideal tokamak all magnetic field lines are parallel to the walls of the vessel, but
plasma perturbations can create radial components of the field. Since heattrans-
port parallel to magnetic field lines is up to 12 orders of magnitude larger than
perpendicular to the field, even small perturbations can increase radial heat trans-
port dramatically. It can be shown that for fluctuations 4 to 5 orders of magnitude
smaller than the ambient magnetic field, the field can become chaotic in some re-
gions.

Although large magnetic perturbations are observed in tokamaks and clearly
have a tremendous effect on the transport, precise measurement of smallamplitude
magnetic fluctuations inside a 10 keV plasma is a challenge not met by present-
day diagnostics. The importance of small scale magnetic turbulence in anomalous
transport is therefore not generally accepted, and a subject of intense research.
However, a full picture of tokamak turbulence will most probably include both
electrostatic and magnetic turbulence on a large range of scales, in strong,nonlinear
interaction with one another. This will be calledelectromagnetic turbulence.
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(a) (b)

Figure 1.2:Simulations of turbulence in tokamak plasmas. Shown are
density fluctuations in a poloidal cross section of two different tokamak
experiments: (a) The Rijnhuizen Tokamak Project (RTP) in Nieuwegein,
the Netherlands and (b) Tokamak 10 (T-10) of the Kurchatov Institute
in Moscow, Russia. Yellow areas have a density equal to the poloidally
symmetric equilibrium value. Blue/green areas have higher density, and
red areas have lower density. Note that the turbulence organises into
mesoscale structures.

1.4 Self-organisation

A characteristic property of turbulence in general is the importance of a wide range
of length and time scales. In tokamak plasmas this range is particularly wide,
since dissipative mechanisms such as viscosity and resistivity are small. It would
then be suspected that tokamak turbulence, given the time, will fully develop into
a homogeneous, chaotic state. However, the strong magnetic field in a tokamak
makes the turbulence basically two-dimensional. This type of turbulence has the
tendency to form large coherent structures with a relatively long lifetime, asis
illustrated by figure 1.2. The scale of these structures is determined to a large
extent by inhomogeneities in the magnetic topology, and is roughly in between the
smallest and largest length and time scales relevant for a tokamak. This scaleis
referred to as themesoscale. These coherent mesoscale structures are expected to
be an important factor in tokamak transport.

Gradients in the plasma parameters are the main drive for turbulence, but are
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themselves determined by transport across the magnetic field. Since this transport
in turn depends on the turbulence, a feedback loop is formed that is capable of self-
organisation. This is a rather general term used to describe macro- and mesoscale
structures that are spontaneously generated and maintained by the interactions be-
tween turbulence and global plasma parameters.

One of the simpler examples of self-organisation is provided by the critical gra-
dient paradigm: at a certain value of for example the ion temperature gradient, any
increase in the gradient will lead to an enhancement of the turbulence; the resulting
extra transport will immediately lower the local gradient again, thus keeping itat a
fixed “critical” value.

Other examples of turbulence generated mesoscale structures include zonal
flows and internal transport barriers.Zonal flowsare plasma rotations in poloidal
and toroidal direction, localised to a small radial region. These can be driven by the
Lorentz force induced by fluctuating currents and magnetic fields, and a turbulent
mechanism calledReynolds stress.

An internal transport barrier(ITB) is a region in the plasma where anoma-
lous transport is absent or significantly reduced [6]. Transport barriers are found
in most modern day tokamaks and they are extensively studied. They will proba-
bly play a key role in ITER experiments, as they allow a higher core temperature
and increased reactor efficiency. An ITB is characterised by the localsuppression
of turbulent fluctuations, and is truly self-sustaining in the sense that its presence
changes local plasma parameters in such a way that turbulence is further reduced.
Zonal flows and self-organised adaptations to the magnetic topology also appear
to play a major role in ITB formation and sustainment. In the self-organisation of
magnetic topology thedynamo current, a toroidal current induced by the fluctuat-
ing flow of plasma in a (turbulent) magnetic field, may be an important mechanism.

1.5 This thesis

In this thesis I will study tokamak transport induced by fully developed electro-
magnetic turbulence. I am especially interested in mesoscale structures, formed
by self-organisation of this turbulence. The main question to be addressedin this
work is therefore:

What is the effect and relative importance of self-organised mesoscale
structures in turbulent tokamak transport?

In addressing this question, I will study in particular the structures briefly men-
tioned in the previous section. ITBs in particular influence transport. Zonal flows
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are thought to be an important driver for ITB formation, and should thus be in-
cluded in the studies. At the other hand, ITBs have been found to be linkedto
the magnetic topology in tokamaks. For this topology the turbulence-generated
dynamo current will probably be important, and this should therefore also be ad-
dressed. Another interaction between transport, the resulting gradients and the
magnetic topology is via the bootstrap current, which is driven by density gradi-
ents. A last class of mesoscale structures that can be of interest to transport and
self-organisation in a tokamak are the magnetic islands, generally created bylarge
scale magnetic instabilities.

The emphasis in the studies for this thesis is on electron heat transport. Neo-
classical transport for electrons is at least an order of magnitude smallerthan for
ions, while operational regimes have been found in tokamaks where (locally) the
ion heat transport is reduced to its neoclassical level. In these discharges the elec-
trons remain strongly anomalous, and it can be said that in general electrontrans-
port is more anomalous than ion transport. Electron transport is thus very suitable
to study anomalous transport on a fundamental level.

To address the main question stated above, a model was studied that captures
the basic ingredients of electromagnetic tokamak turbulence. Taken the complexity
of the problem, no attempt at completeness can be made, and the model should
concentrate on the essentials. These are sketched below.

Self-organisation depends critically on interactions between turbulence, trans-
port and (local) gradients of plasma parameters. These interactions wouldtherefore
have to be a main feature of the model. A local approach would not suffice since
the relevant physics interact at the mesoscales and structures can extend all the way
to the machine size. Therefore, the full spatial tokamak domain should be covered.
However, advantage should be taken of the fact that the magnetic field in a tokamak
has a dominant direction, and the three spatial dimensions do not have to be treated
in equal detail.

Describing the plasma as a fluid yields considerable simplifications over the
more complete kinetic description. However, to allow fordrift waves, an important
class of plasma instabilities, ions and electrons should be treated as separatefluids
with a different temperature.

This study concentrates on electrons which, due to their much smaller mass,
have a higher thermal velocity than ions of comparable temperature. Therefore
they follow magnetic field lines over longer distances, and thus “see” more of
the magnetic structure, including its possible perturbations. While fluctuations of
the electric field play an important role in all tokamak turbulence studies, mag-
netic fluctuations should be taken into account as well by the model that is sought
for here. Moreover, electric and magnetic perturbations should interactwith each
other. Electromagnetic effects such as the dynamo current should be described by
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the model.
At UKAEA in Culham (UK), a model that fits these criteria is developed by

Dr. A. Thyagaraja. This model, that here will be referred to as the Cylindrical
ElectroMagnetic 2 Fluid Turbulence (CEM2FT) model consists of a set of non-
linear three-dimensional two-fluid magnetohydrodynamics (MHD) equations, and
is described in detail in the first part of chapter 4. The equations cover the basic
physics from first principles, including a number of waves and instabilities that are
thought to be elements of tokamak plasma turbulence. Sufficient ways for self-
organisation are provided by the dynamo currents and zonal flows self-consistently
described by the model. Electrostatic and magnetic fluctuations have strong non-
linear interaction, making the turbulence essentially electromagnetic. The mathe-
matical complexity of the model is considerably reduced by adopting a cylindrical
geometry and simplified magnetic topology, but the most important toroidal effects,
such as neoclassical transport terms and toroidal mode coupling, are included.

Since the full nonlinear interactions described by this model are too complex
to capture analytically, the equations are implemented in a numerical code:CUTIE.
This code time-steps through the equations of the CEM2FT model, while treating
two of the three spatial dimensions in Fourier space. Sufficiently small time reso-
lution is more important than capability to simulate the full duration of a tokamak
discharge, since the studied self-organisation takes place on relatively short time
scales of typically a few ms. To limit the required computational resources, a large
eddy simulation (LES) approach is adopted inCUTIE: only the larger fluctuations
are resolved, while the smaller scale turbulence is taken into account as a viscous
damping term on these.

The CUTIE code was brought to Rijnhuizen, where it was adapted and opti-
mised for the computer systems of the Dutch scientific computing centre SARA
in Amsterdam. A number of improvements to the code have been made, and the
effects of some numerical adjustment parameters have been investigated. Charting
the possibilities and limitations of the model turned out to be a large part of the
research. TheCUTIE code and its numerical behaviour is described in the second
part of chapter 4.

One attempted improvement to theCUTIE code was the inclusion of a more
refined model for the particle source. A simple one-dimensional diffusion model
for the penetration of neutral particles and its implementation in the code are de-
scribed in chapter 5. Unfortunately, this model appears to be too simple for the
specific tokamak regimes considered in this thesis.

As a first step in our study of self-organisation, the general features of the
CEM2FT model and theCUTIE code have been studied. Self-organised struc-
tures such as magnetic islands, low shear regions and zonal flows, generated by the
model are described and as much as possible explained in chapter 6. Mechanisms
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operating in the model are isolated and identified, to serve as building blocks for
later studies. Where possible, these are compared to known tokamak phenomena.

Direct simulations of selected experiments are presented in chapters 7 and 8.
Although theCUTIE code calculates relevant parameters with sufficient detail to
allow direct comparison to experiments, no quantitative agreement is expected.
Several effects known to be of importance to global transport are omitted inthe
CEM2FT model, while the chaotic nature of the problem itself implies that ar-
bitrarily large differences in outcome may result from small differences in initial
conditions.

Perturbative experiments are particularly suitable for this type of study. The
reaction of a plasma to external perturbations provides a refined research tool, that
could bring correlations between different parameters to light that can not be found
in a steady state. Moreover, obtaining a correct steady state is in fact a formidable
task for any numerical simulation, since details of the transport have to be cor-
rectly modelled. Simulations of perturbative experiments on the other hand allow
the study of qualitative behaviour of modelled parameters; if this is comparableto
experimental behaviour, the model can provide insight in the underlying interac-
tions, even if the quantitative results are not fully correct.

To clearly separate out different effects and concentrate on electrontransport,
it is important that electrons and ions are decoupled in the studied experiments.
This is obtained by strong heating of the electrons; at a higher electron temper-
ature, collisions with, and thus coupling to, the ions is reduced. Of course,the
selected experiments should be well diagnosed, so that enough informationfor a
comparison is available.

Two specific experiments are considered:

Cold pulse The edge of the plasma is transiently cooled by shooting in a hydro-
gen ice pellet. This induces a cold pulse travelling inward at a diffusive speed.
However, it is widely observed that it also leads to a “nonlocal effect”: the cen-
tral electron temperature of the plasma rises, often on a time scale faster than
predicted by simple, local diffusion models. A suppression of the turbulence is
thought to be responsible for this, and a coupling to the magnetic topology of the
tokamak is suspected. This was studied on the RTP tokamak, and is described
in chapter 7 of this thesis.

ECH Switch-off It was found that after auxiliary heating with microwaves (ECH)
is switched off, the central electron temperature stays high for more than an
energy confinement time under the right conditions. The effect is attributedto
a self-organised change in the local magnetic field topology, resulting in a local
suppression of turbulence. This effect was first described on the Russian T-10
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tokamak at the Kurchatov institute in Moscow, and further investigated on the
German TEXTOR machine. This is discussed in chapter 8.

TheCUTIE simulations closely follow the experimental scenario. The discus-
sion focuses on whether self-organisation of the turbulence can be used to explain
the observed counter intuitive phenomena. Suggested links with magnetic topology
and magnetic turbulence, which are both hard to measure, have been studied in the
CUTIE simulations. Parallels and discrepancies with experimental measurements
are discussed.

In the final chapter, chapter 9, the results are summarised and general conclu-
sions are drawn based on the findings in this thesis. Also, some recommendations
for future research into this field are given. But first, a brief overviewof toka-
mak physics (chapter 2) and of turbulent transport in tokamak plasmas in general
(chapter 3) is given.
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Chapter 2

The tokamak

2.1 Basic principles

With the international ITER project in progress, the tokamak (fig. 2.1) is the most
promising device for future energy production from nuclear fusion. The tokamak
concept was proposed by Soviet scientists Igor Tamm and Andrei Sakharov in 1951
and the first working prototype (dubbed T-3) was built at the Kurchatovinstitute in
Moscow, then USSR, in 1968.

At the heart of a tokamak is a hot plasma of up to several hundred million
Kelvin. In tokamak physics, temperatures are usually expressed as the thermal
particle energy in eV; 108 K roughly corresponds to 10 keV. At these energies the
plasma is fully ionised, and the ions and electrons form two distinct populations
with their own temperaturesTi andTe, respectively. Since every charge separation
is quickly compensated by the fast moving electrons, the plasma isquasi-neutral.
This means that, on a length scale large compared to the so-called Debye length
(typically in the order of 0.1 mm in a tokamak plasma), the space charge is small.
In other words,ne ≈ ni in a plasma consisting of hydrogen isotopes.

This plasma has to be confined for sufficiently long and at appropriate pressure
for the fusion reactions to balance the energy losses from the plasma. Thequality
of confinement is measured by theglobal energy confinement time,

τE =
Z

Vol

3
2n(Te+Ti)

Ptot
, (2.1)

with n the particle density. The numerator is integrated over the plasma volume
and the total power inputPtot includes the power produced by fusion reactions. For
a power producing tokamak reactor a particle density of about 1020 m−3, andτE in
the order of seconds should be obtained.
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Figure 2.1:The basic setup of a tokamak.

At the same time, the plasma has to be kept away from any material wall.
Contact would cool the plasma and pollute it with atoms sputtered from the wall,
which in turn would deteriorate rapidly. In a tokamak both these requirements are
met by employing a strong magnetic field, configured in the shape of a torus.

The coordinates used to describe a torus are illustrated in figure 2.2. The central
line of symmetry is themajor axis. The angle of rotation about this axis isζ, the
toroidal angle. The distance from the major axis is called themajor radius R. A
circle around the major axis with given major radiusR0 defines theminor axis.
The angle of rotation about the minor axis called thepoloidal angle, θ, while the
distance from it is called theminor radius, r. The surface at fixed minor radiusa
defines the torus.

A torus is thus fully characterised by its major radiusR0 and its minor radiusa.
Their ratioR0/a is called theaspect ratio. Every point inside a torus is identified
by the three coordinates(r,θ,ζ). Instead ofr often the normalised minor radius
r/a is used.

The vacuum vessel of a tokamak is surrounded by magnetic coils to produce
the toroidal magnetic field,Bζ. This field is weaker further away from the major
axis due to a larger spacing of the coils on the outboard side of the torus:Bζ =
B0R0/R, whereB0 is the field on the minor axis. A poloidal cross section through
the tokamak (a projection of the(r,θ) plane at fixedζ) thus has a high field side
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Figure 2.2:The toroidal coordinate system, used to describe a tokamak.

(HFS, the inboard side) and a low field side (LFS, the outboard side).
The Lorentz force that the plasma particles experience in this field causes them

to gyrate around the field lines with cyclotron frequencyωc = eB/m. Herem is the
mass of the particle, while in a fusion plasma consisting of electrons and hydrogen
isotopes the charge is±e. The particle orbit is called theLarmor orbit, with Larmor
radiusρ = v⊥/ωc, wherev⊥ is the thermal velocity perpendicular to the magnetic
field. The particles are not hindered in their motion parallel to the magnetic field.
They are thus effectively tied to the field lines; the plasma is confined and kept
away from the walls as long as the magnetic field lines are.

However, this picture of confinement is too simple. The charged particles in the
magnetic field of the tokamak are also subject to systematic motions perpendicular
to the field, calleddrifts. These drifts are typically the cross-product of a force with
the magnetic field. One of the most important drifts is theE×B drift, resulting from
the Coulomb force in an electric fieldE. It has constant velocity

vE×B =
E×B

B2 . (2.2)

This drift is independent of mass, charge or energy of the particles, and therefore
the whole plasma is subject to it.

Another drift, thecurvatureB drift, is perpendicular to both the radius of cur-
vature and the direction of a field line, and is in opposite directions for ions and
electrons. In a purely toroidal field it therefore causes a vertical charge separation.
Th resulting electric field leads to anE×B drift that tends to increase the major
radius, and thus smash the plasma against the vessel wall. To avoid this, apoloidal
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magnetic componentBθ is added to give the resultant field a helical shape. Since
resistivity parallel to the field lines is negligible, poloidal currents can effectively
short-circuit the vertical electric field and the charge separation is avoided.

In a tokamak this poloidal field is produced by the toroidal plasma current
Ip, which is induced in the plasma by using it as the single secondary winding
of a huge transformer. This transformer action limits operation to half a cycle of
the AC current provided to the primary winding, which ranges from less than a
second in small machines to fifteen minutes in ITER. Other ways of driving the
plasma current are being developed in present-day experiments with the aimto
remove this limitation and eventually allow continuous operation. An important
contribution comes from thebootstrap current, a toroidal current following from
neoclassical theory (see section 3.2) and proportional to the pressuregradient in
the plasma. In specifically designed experiments, the fraction of the total plasma
current that is generated by the bootstrap effect can be up to 80%.

2.2 Magnetic topology and the safety factor

The helical magnetic field lines in a tokamak form a set of nested tori, known asflux
surfaces. Thelast closed flux surface(LCFS) defines the boundary of the confined
plasma, outside of which lies thescrape-off layer(SOL) where the plasma is in
direct contact with the wall. The SOL has a thickness of only a few cm, almost
independent of the size of the plasma. The radius of the LCFS is usually denoted
by a. The innermost flux “surface”, withr = 0, is referred to as themagnetic axis.
Smaller flux surfaces are usually shifted outward (to larger major radiusR) with
respect to the centre of the LCFS by theShafranov shift∆ (see figure 2.3(a)). This
is a result of the fact that the pressure is usually peaked in the plasma centre.

Since transport along the field lines is orders of magnitude larger than transport
perpendicular to them, most macroscopic plasma parameters can be considered
constant on a flux surface. In particular the pressure and temperature(and thus
also the density) are constant on a flux surface, at least in equilibrium situations.
These quantities are therefore often described as radialprofiles, assuming poloidal
and toroidal symmetry.

An important radial profile is that of the safety factorq, the helicity of the field
lines on a given flux surface. This is the number of toroidal rotations a fieldline
makes before completing a full rotation in the poloidal plane, and is defined by

q =
1
2π

I Bζ

RBθ
dl, (2.3)

where the integral is carried out over the poloidal circumference of the flux surface.
For circular cross section and large aspect ratio, a cylindrical approximation forq
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∆
HFS LFS

Figure 2.3: (a) Flux surfaces with smaller r are shifted towards the
LFS by the Shafranov shift∆. (b) On a resonant q surface (q= 3 in
this case), a tearing mode can destroy the surface topology and create
magnetic islands.

can be used,

q =
rBζ

R0Bθ
. (2.4)

In general, the helicity of the magnetic field becomes stronger towards the mag-
netic axis, andq is a monotonically descending function. It varies fromq = 2–6
near the edge to typically around 1 in the centre. In fact,q could be used to label the
flux surfaces, and one can therefore speak ofq surfaces. The change in alignment
of the field lines is calledmagnetic shear, quantified by

s=
r
q

dq
dr

. (2.5)

Theq profile and its gradient, the shear, play an important role in plasma stability
and the spatial organisation of tokamak turbulence.

Sinceq is a smooth function of the radius, it passes through rational and ir-
rational values. Flux surfaces at whichq is a low order rational number are par-
ticularly sensitive to plasma instabilities. On these surfaces, the field lines close
upon themselves after a small number of turns around the torus. A plasma distur-
bance with anm-fold poloidal symmetry and ann-fold toroidal symmetry (called
anm/n mode) is resonant on aq surface withq = m/n and can become unstable
and grow exponentially. However, theq value some distanceδr away has changed
by approximatelysδr, and is no longer resonant with the mode. Thus the radial
extend of the mode is limited by magnetic shear. If we consider turbulence to be
made up of a large number of such modes, it becomes clear that its structure and
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radial length scale are to a large extent determined by theq profile. However, the
turbulent transport in turn affects the distribution of current in the plasma,and thus
q ands. Nonlinear coupling between modes with different mode numbers may
further complicate this picture.

The q = 1 surface is especially prone to instabilities. This is becausem= 1,
n = 1 instabilities can cause convection of the entire plasma within theq = 1 sur-
face, without requiring much energy for the associated magnetic perturbation. For
example, thesawtooth instability[50], which consists of a periodic slow rise fol-
lowed by a fast crash of centralTe, is generally observed at this surface.

Another instability occurring in low rationalq surfaces is thetearing modethat
can “tear” the flux surfaces and form magnetic islands (fig. 2.3(b)). These islands
are closed tubes of magnetic field lines that themselves have a toroidal topology.
They have their own magnetic axis, which spirals around the original magneticaxis
in the centre of the torus.

2.3 Auxiliary systems

2.3.1 Controlling and perturbing the plasma

The plasma current is the primary means of heating the plasma. The small but finite
resistance of the plasma leads to Ohmic dissipation, which will heat the plasma up
to about 107 K (≈ 1 keV). Due to diminishing resistivity at higher temperatures,
additional ways of heating have to be employed to reach the required plasma ener-
gies.

An often used method is electron cyclotron heating (ECH). Microwave radia-
tion is sent into the plasma at a frequency resonant with gyrating plasma electrons
at a specific magnetic field. These electrons pick up the energy of the microwaves,
and transfer this to the bulk of the plasma by collisions. Since the microwaves can
be focused to a small spot size, ECH is strongly localised. The electron gyration
frequency depends on the magnetic field, so it changes over a the major radius as
the field has a 1/R dependence in a tokamak. The frequency of the ECH beam
is fixed, but by changingB0 the resonant layer can be shifted through the plasma.
Another possibility is tilting the beam in vertical direction, so it can be aimed at
the desired location inr. These features make ECH very suitable for investigating
local transport effects.

Injection of energetic particles is another way of heating. Since charged par-
ticles can not get past the strong magnetic field, neutralised beams must be em-
ployed. Once inside the plasma column, the particles are ionised by charge ex-
change and electron impact, and transfer their energy via collisions to the bulk
of the plasma. Neutral beam injection (NBI) has become the dominant heating
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scheme for most large tokamaks. NBI also transfers torque to the plasma (mainly
toroidal rotation) and acts as a particle source.

It is essential to maintain some control over the particle content of the plasma.
This is complicated by the presence of a wall, which in a tokamak represents a
huge reservoir of particles; a few monolayers of hydrogen on the walls may contain
more particles than the plasma itself. An ion that is lost from the plasma will hit the
wall, gets neutralised and will return to the vessel with the temperature of the wall.
The recycling coefficient is near unity. Other materials present in the wall may
also enter the plasma as impurities, increasing radiation losses and enhancingthe
effective ion mass-to-charge ratioZeff. Several methods to control these processes
are used.

In large tokamaks such as JET and ITER, a magnetic configuration called a
divertor is used. Particles that pass the LCFS are guided by magnetic field lines
to a region where they can be pumped away before they are absorbed bythe wall.
This limits the plasma-wall interactions to the divertor region, and has proven to
be an excellent way to maintain control over density and purity of the plasma.

The tokamaks in this thesis do not feature a divertor. Instead, they use mate-
rial limiters to define the edge of the plasma. Again, the main aim is to reduce
the area of plasma-wall interaction. Moreover, good conditioning of the wall is
essential; baking to evaporate gaseous components from the wall, carbonisation
or boronisation to cover absorbed particles by a protective layer and prevent them
from entering the plasma, and glow discharge cleaning to sputter particles out of
the wall are some of the techniques applied.

When uncontrolled entering of neutral particles is sufficiently reduced, con-
trolled injection of fuels becomes possible. Neutral beams can be used for that, but
other methods are more flexible. The simplest is puffing neutral gas from theedge,
possibly combined with a density diagnostic for control by a feedback system to
keep the density at a prescribed level. However, atoms ionise at the edge of the
plasma and rely on not fully understood transport mechanisms (anomalous particle
pinches on top of the neoclassical Ware pinch) to be transported furtherinto the
core of the plasma.

A more sophisticated method is shooting inpelletsof hydrogen ice. In the
plasma the pellet ablates due to heating by the impact of plasma electrons. The
large velocity of the pellet enables it to penetrate deep into the plasma before it
is fully ablated. This results in a more central particle source. Pellets can also
be used for perturbative experiments (cold pulses) since ablation lowersthe local
temperature of the plasma. To control the extent of the cooled area, the pellets can
be shot in under an angle. This enables control of the impact parameter, the closest
approach to the magnetic axis.
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2.3.2 Diagnostics

Measuring of plasma properties is an important aspect of fusion research. Dedi-
cated diagnostics have been developed over the years, some of which are standard
tools, while others are specific for a certain machine or a line of research.

The simplest measurement technique is to stickprobesinto the plasma. These
can measure electric or magnetic fields, as well as e.g. particle fluxes. Usingarrays
of probes, one can obtain spatial correlations of fluctuations in these quantities.
However, due to the harsh conditions in a tokamak, probes can only be used in the
very edge of the plasma.

Interferometry uses the phase shift of a laser beam due to its passage through
the plasma to determine the plasma density. Often, the interferometer is coupled
to a gas valve in a feedback system, thus providing a way of keeping the average
densityne,av at a predetermined level. With several laser beams parallel to each
other it is possible to reconstruct a density profile.

In reflectometry the fact is used that for every frequency of electromagnetic
wave there exists a critical electron density in the plasma where the wave is re-
flected. By launching a wave into the plasma and detecting the phase change of
the reflected signal, the position of the critical density layer can be obtained.By
sweeping the probing frequency over a wide range or launching several frequen-
cies, a density profile can be reconstructed.

In general, density fluctuations that corrugate the critical density surface hinder
reflectometry by scattering the reflected wave. However, when the scattered signal
is measured under several angles, the cross correlation of these measurements can
yield important information (wave vector, poloidal correlation) of the fluctuations.
This last technique is used o.a. in the T-10 tokamak. Three frequencies are used,
scattering from three different density layers, thus yielding information onradial
correlation length of density fluctuations.

The plasma itself also generates radiation that can be used for diagnostic pur-
poses. Gyrating electrons send out electron cyclotron emission (ECE), which is in
the millimetre range for tokamak plasmas. The frequency of the ECE depends on
the local magnetic field and, in the case of an optically thick plasma (sufficiently
highne andTe), the intensity of the radiation is linearly proportional toTe.

An ECE radiometer collects this radiation and splits it into several frequency
bands to obtainTe measurements at certain values of the magnetic field with high
temporal resolution. To translate the intensity measurements into absolute temper-
atures, a calibration is necessary. The ECE radiometer is a standardTe diagnostic
on tokamaks.

Another way to obtain spatialTe information is by imaging ECE radiation from
a vertical cord in the plasma onto an array of radiometers. Each radiometer insuch
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an ECE-imaging (ECEI) diagnostic looks at its own radial section of the plasma.
By combining both techniques [31], two-dimensionalTe data can be obtained from
an array of pixels.

For more detailed radialTe profiles a technique called Thomson scattering is
often employed. Photons have a small chance of scattering from electrons. Due to
the Doppler effect, the frequency of a photon scattered on a fast movingelectron is
changed, yielding a broadening of the scattered spectrum proportionalto the elec-
tron velocity distribution. The number of scattered photons is directly proportional
to the number of electrons, i.e.ne. Since the scattering cross-section is small, pow-
erfull lasers have to be used to get sufficient measurement signal. In most cases,
photons scattered perpendicular to the laser cord are detected. Thomsonscattering
gives an absolute measurement ofTe, which can therefore be used for calibrating
otherTe diagnostics such as ECE.

As was mentioned before, an important parameter in magnetic turbulence stud-
ies, but also in overall tokamak stability, is the safety factorq and its radial deriva-
tive s. Estimates of the location of specific resonantq surfaces can be obtained
by looking at the occurrence of instabilities known to be linked to these surfaces.
In the presence of a sawtooth instability, for example, theq = 1 surface can be
pinpointed to theinversion radiusof the sawtooth; withinq = 1 the sawtooth is
characterised by a slow temperature rise and a fast, periodic crash. Since this tem-
perature crash corresponds to a fast outward transport of heat, thetemperature out-
side theq = 1 radius quickly rises at the crash, to slowly decrease afterwards. This
is the sawtooth inversion. Interpretive modelling can calculateq profiles based
on measured values ofTe, ne andZeff. These models have reached a high level
of sophistication, but still depend on certain assumptions for e.g. the resistivity.
Turbulent effects such as dynamo currents are not taken into account.

Using the effects of magnetic fields on emission lines of excited atoms (in par-
ticular, the motional Stark effect, MSE), direction and magnitude of the local mag-
netic field, and thusq, can be measured. The necessary exited atoms are provided
by NBI or by specific diagnostic atom beams. MSE measurements ofq provide
enough information for identifying e.g. MHD resonances or non-monotonous q
profiles. However, determining the local shear requires a level of detailthat is not
within reach of present day diagnostics.

2.4 Small versus large machines

A fusion reactor will have a certain minimum size, since confinement of the plasma
increases with machine size. However, the heat load on the vessel wall scales as the
ratio of volume and radius (∝ R2

0) and the neutron flux through the wall as the ratio
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RTP T-10 TEXTOR JET ITER
R0 (m) 0.72 1.50 1.75 2.96 6.2
a (m) 0.16 0.30 0.45 0.9 2.0
b (m) 0.16 0.30 0.45 1.5 3.5
Ip,max (MA) 0.15 0.18 0.50 4.8 15.0
B0,max (T) 2.4 2.6 4.5 3.5 5.3
Paux (MW) 0.4 2.1 5.0 25 130
T̄e (keV) 0.4 0.5 0.5 3.0 5.0
T̄i (keV) 0.2 0.2 0.3 3.0 5.0
n̄e(×10−19 m−3 3.0 3.0 3.0 10.0 10.0
a/ρs 314 553 517 487 830
a/V̄A (ns) 14 37 56 129 273
τE (ms) 2.7 10 35 600 3700
τei (ms) 50 55 120 500 1940
τres (s) 0.12 0.37 1.25 110 1500

Table 2.1: Comparison of typical parameters for different tokamaks.
The minor radii a and b are the horizontal and vertical cross sections
of the LCFS, respectively. Ip,max,B0,max and Paux are the maximum ob-
tainable plasma current, magnetic field and heating power (excluding
fusion power). Values of̄Te, T̄i andn̄e are typical values, averaged over
the plasma volume. Note that these strongly depend on experimental
settings and the values taken here are only indicative. The time scales
are the global energy confinement timeτE, the electron-ion energy ex-
change timeτei and the global resistive or current diffusion timeτres

for typical plasma parameters. Values for ITER are estimates based on
scaling laws.

of volume and surface area (∝ R0). This limits the size of a fusion reactor. The ideal
size will be slightly larger than the size of ITER (see table 2.1). Other properties
of the first tokamak reactors will most probably include a D-shaped poloidal cross
section and adivertor. All the large tokamaks currently operated in the world (JET,
ASDEX Upgrade, JT-60, DIII-D) and ITER have these features.

The research for this thesis was all done on three relatively small machines
(RTP, T-10 and TEXTOR, table 2.1). These have a circular cross section, and no
divertor. Instead, they uselimiters to define the outer boundary of the plasma.
The choice for these machines, that clearly lack important features of an energy
producing reactor, deserves some argumentation.

First of all, reactor relevant plasma regimes feature a strong coupling between
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electrons and ions (Te ≈ Ti), due to the fact that the energy exchange time between
ions and electrons (which is independent of the system size)τei . τE. This makes it
harder to study pure electron heat transport effects. In smaller machines, τei ≫ τE

(see table 2.1), and electron heat transport is basically decoupled fromion heat
transport. This is an essential condition for the subject of this thesis.

A second point is that smaller machines are more suited for doing perturbative
experiments. Effectively a steady state is never reached in large machine,since
the time in which theq profile relaxes, the resistive timeτres, is generally longer
than the duration of a discharge. This makes perturbative experiments harder to
interpret. On smaller machines such a steady state can be reached, forming the
ideal background to which perturbations can be applied.

The present large experiments rely for their heating mainly on NBI. This is
an effective heating scheme, but it is not a very precise experimental tool. It
has a broad heat deposition profile and induces several effects otherthan heating
(toroidal rotation, fuelling). In general, NBI mainly heats the ions.

The three machines in this thesis all feature ECH as the main heating system.
This is a strongly localised, flexible source, that purely heats electrons. On RTP
and T-10, ECH is dominant over ohmic heating by almost a factor 10, while on
TEXTOR the ECH power is still typically 80% of the total heat input.

On the larger machines, the research is (with ITER in mind) strongly aimed
at performance improvement. Studying turbulent self-organisation in electron heat
transport with perturbative experiments is a rather fundamental, physics based en-
deavour; the aim is to get a better understanding of turbulent transport. Smaller
machines are more flexible, and devote more of their experimental time to these
kind of physics experiments.

From a modelling perspective, the extra symmetry in circular cross-section
plasmas considerably simplifies the system. The moderate size of the studied ex-
periments limits resolution of (and therefore computational time), since the rele-
vant smallest scale, the Larmor radiusρs, does not scale with machine size.

Finally, these machines are obvious choices for research at Rijnhuizen.RTP
was the former tokamak at Rijnhuizen itself (closed down 1998). TEXTOR is
currently operated by the Trilateral Euregio Cluster (TEC), in which Rijnhuizen
is partner with Forschungzentrum Jülich (Germany) and the Ecole Royale Mili-
taire (Brussels, Belgium). With the Kurchatov Institute (Moscow, Russia) a long
standing and successful collaboration is established, centred around experiments
on the T-10 tokamak. These strong ties with the institute make it relatively easy to
conduct experiments on these machines or access data from existing experiments.

All in all, these machines that are in themselves rather far from the reactor rel-
evant regime are very well suited for studying reactor relevant physicssuch as e.g.
electron ITBs and electromagnetic transport in electron heated tokamak plasmas.
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Chapter 3

Transport and turbulence in
tokamaks

3.1 Magnetohydrodynamics

The simplest way to view a plasma is as an electrically conducting fluid. A de-
scription in terms of fluid dynamics, combined with Maxwell’s equations to in-
clude electric and magnetic effects seems an obvious choice. This description is
called magnetohydrodynamics (MHD) [13, 12]. MHD self-consistently describes
the evolution of the plasma densityρ = nimi +neme, the fluid velocityv, the kinetic
pressurep and the magnetic fieldB:

∂ρ
∂t

= −∇ · (ρv) , (3.1)

ρ
(

∂v
∂t

+v ·∇v
)

= j ×B−∇p, (3.2)

∂p
∂t

= −v ·∇p− γp∇ ·v, (3.3)

∂B
∂t

= −∇×E, (3.4)

whereγ is the ratio of the specific heats (in general,γ = 5
3). The current densityj

and electric fieldE are given by

µ0j = ∇×B, (3.5)

E = −v×B+ηj . (3.6)

Since there are no magnetic monopoles∇ ·B = 0. The resistivityη provides a
dissipative mechanism. The plasma is considered quasi-neutral, so space charge is
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neglected.
MHD is at the basis of tokamak physics. Firstly, it describes the force balance

between plasma pressure and magnetic force in equilibrium. Secondly, it describes
a number of experimentally observed plasma instabilities, operational limits and
some driving mechanisms for turbulence.

However, MHD has several limitations. In equations (3.1)–(3.6), the plasmais
described as a single fluid. There is a set of low frequency plasma wavesfor which
the electrons and ions move separately. Thesedrift waves[20] are thought to be
very important in tokamak transport (see section 3.4.1). For the modelling of drift
wave phenomena, at least two sets of fluid equations, one for electrons and one for
ions, are required.

The fluid description of MHD also requires local thermal equilibrium, i.e. the
distribution function of the thermal velocities should be Maxwellian. In a hot
plasma the collisionality can be so low that this condition is not satisfied. If one
wants to model physical phenomena stemming from non-Maxwellian distribution
functions, the field of fluid mechanics should be left altogether and a statistical
description of the kinetic equations is required.

To simplify kinetic models, the particle motion is usually averaged over the
Larmor orbit. Thus the motion of theguiding centre, the imaginary point around
which the particle gyrates, is studied, resulting in so-called gyro-kinetic models
(e.g. [5]). Hybrid models are also possible, where for example a fluid model is used
for the electrons while the ions are described in the gyro-kinetic approximation.

3.2 Neoclassical and anomalous transport

The basic transport processes in a magnetised plasma are caused by Coulomb col-
lisions, and can be best considered in a gyro-kinetic picture [50]. It is assumed that
the direction in which the gyrating particle moves is completely randomised in a
collision, and thus the guiding centre makes a random walk with the Larmor radius
ρ as the step size. The particle diffusion coefficient for the electrons can then be
estimated byD ∝ ρ2

e/τe, whereτe is the electron collision time. Heat diffusion can
be shown to behave similar to particle diffusion, and thusχe ≈ D. The diffusion
coefficient for ion thermal transportχi ≈ (mi/me)

1/2χe.

An important property of plasmas isτe ∝ T3/2
e , i.e. the collision frequency

decreaseswith increasing temperature. This also means that e.g. the resistivity of a
plasma decreases withTe. Since alsoρe ∝ T1/2

e , it can be concluded thatχe ≈ D ∝
T−1/2

e , i.e. thermal and particle diffusion decrease with increasing temperature.
This description of collisional transport across a straight, uniform magnetic field is
calledclassicaltransport.
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Figure 3.1:Poloidal projection of the orbits traced by particles in the
field of a tokamak. R denotes the distance to the major axis of the torus,
the major radius, r is the minor radius. A passing particle and a trapped
particle are visible. The dashed circle is a flux surface. Note the de-
crease in Larmor radius when moving from the LFS (the right hand side
of the picture) to the HFS. Reproduced with permission from [9]

In a tokamak, however, the field strengthBζ is not uniform due to its toroidal
shape. When moving from the LFS to the HFS, a particle will experience an in-
creasing field, and this can lead to amagnetic mirroreffect. The magnetic moment
µ = mv2

⊥/2B is a constant of the motion, sov⊥ will grow when moving into a
region of higher field. Since the total kinetic energy is also conserved, theparal-
lel velocity v‖ is reduced. For some particlesv‖ becomes zero before the HFS is
reached, and these will bounce back and forth between points with a given maxi-
mum magnetic field; they are trapped on the LFS. Poloidal projections of the orbits
of a trapped and a passing (not trapped) particle are sketched in figure3.1. Note
that the guiding centre of the passing particle does not stick to a flux surface. It
follows an orbit that is shifted by curvature and∇B drifts. The surface traced out
by the guiding centre of a passing particle is called adrift surface. These same
drifts are responsible for the finite width of the trajectory of the trapped particles;
because of the resulting shape, trapped particle orbits are referred to as banana
orbits.

Trapped particle collisions lead to a random walk with the width of the banana
orbit as the step size, which is larger than the Larmor orbit by a factor≈ q2ε−3/2.
Here,ε = r/R0 is the local inverse aspect ratio at radiusr, which is proportional
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to the fraction of particles that is trapped. Particle trapping thus leads to stronger
cross field diffusion.

This only holds when the particles can complete their banana orbits before
being subject to a collision, i.e when the (dimensionless) collisionality

ν∗
e =

qR0

τe
√

Te/mi
< 1. (3.7)

This is called the banana regime; most tokamak plasmas (apart from the very edge)
are sufficiently hot to be in this regime. Other, more complicated, descriptions exist
for transport in toroidal plasmas not fulfilling equation (3.7); they obey similar
enhancements over classical transport such as the banana regime.

This description of a plasma in a toroidal magnetic field with trapped particles
is calledneoclassicaltheory. Apart from the neoclassical diffusion coefficients, it
also yields several effects that are absent in straight field line plasmas. The most
important are thebootstrap current, a toroidal current driven by a radial pressure
gradient [32], and theWare pinch, a radially inward particle flux resulting from a
toroidal electric field [49]. Neoclassical transport can not be avoided, and is thus
the minimum level of transport obtainable in a tokamak.

Unfortunately, experiments have demonstrated that tokamak heat transport is
10 to 100 times larger than neoclassical theory predicts. Whereas in neoclassical
theory the ions are the main heat loss channel, in tokamak experiments the heat
losses via electrons and ions are comparable. Under some conditions, electron
heat transport is even the dominant factor.

This enhancement over neoclassical theory is calledanomaloustransport. It
should be noted that this anomaly is seen in plasmas that are MHD stable, so MHD
instabilities are not the prime cause of it. Therefore it is conjectured that the cause
of the enhanced transport lies in the presence ofmicro-instabilities. These are
instabilities with relatively small wavelength, which in general result from two
fluid or kinetic effects. These coexisting and interacting micro-instabilities areat
the basis of tokamak turbulence.

Before embarking on the theory of tokamak turbulence, we first summarise
experimental results that supply evidence of the occurrence of micro-instabilities.

3.3 Experimental observations of tokamak turbulence

Turbulence at the plasma edge is most easy to measure because probes can be
inserted in this relatively cool region. Langmuir probes can measure fluctuations
of potential (̃φ/φ), density (ñ/n) and temperature (̃Te/Te); magnetic probes give
(B̃/B).
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Core measurements are less straightforward. It is relatively easy to measure
ñ/n by collective scattering, beam emission spectroscopy or correlation reflectom-
etry. Measurement of̃φ/φ in the core require expensive heavy ion beam systems,
while ECE-imaging diagnostics can be used to measureT̃e/Te. Magnetic fluctua-
tions can be measured by cross polarisation scattering.

Measured values for ˜n/n, T̃e/Te andφ̃/φ in the edge of the plasma are found to
be tens of percents. In the core, these fluctuations are at least an order of magnitude
smaller, around 1%. Values for̃B/B are typically 10−4 over the whole radius.

There has been considerable debate about the crucial question whether the mea-
sured fluctuation levels are sufficient to explain the observed anomalous transport.
To answer this question, detailed information on the fluctuations is necessary. For
example, the radial electron heat flux carried by electrostatic fluctuations ispro-
portional to〈T̃eφ̃〉, where the angled brackets denote averaging over poloidal and
toroidal angle. It is clear that the value of this depends not only on the amplitude
of the fluctuations, but also on the relative phase ofT̃e and φ̃. Measuring all the
relevant quantities is far from trivial.

Nevertheless, there are strong indications that indeed the measured levelsof
ñ/n andB̃/B are sufficient to explain the observed anomalous transport.

A strong argument in favour of the role of fluctuations in anomalous transport is
that both are observed to scale similarlyin time(e.g. at the transition to an enhanced
confinement regime a reduction of turbulence is observed),in place (e.g. near a
region of reduced thermal diffusivity also the level ofT̃e/Te is strongly reduced),
and insystematic parameter scans(e.g. when scanning over input power,χe and
(B̃/B)2 increase in the same way with input power).

3.4 Tokamak turbulence theory

Given the externally applied fields and assuming perfect toroidal symmetry,the
global confinement topology in a tokamak can be calculated from MHD theory[12].
This yields the equilibrium state of the plasma, characterised by the plasma pres-
sure and the current density, or equivalently the magnetic topology brieflyde-
scribed in section 2.2. However, the (large) gradients in current densityand pres-
sure provide free energy to perturb the equilibrium and drive plasma waves. These
waves are the building blocks of turbulence.

Waves in the plasma are characterised by theirdispersion relation, linking the
frequencyω to the wave vectork. In general, the frequency may be complex, with
thegrowth rateγ = ℑ(ω) yielding information on the stability. A negative growth
rateγ < 0 means the wave is damped, whileγ > 0 represents an instability, growing
in amplitude.
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In a plasma, a very rich and complex wave spectrum exists. Slow ion acoustic
waves (the plasma-equivalent of sound waves) and fast electron oscillations (elec-
tron displacements driven back by their own electric field) are the only oscillations
in a non-magnetised plasma. Ideal (i.e. non-resistive) MHD in the presence of a
uniform magnetic field yields three more basic plasma waves: Theshear Alfv́en
wave, which is a transverse wave that propagates parallel to the magnetic field with
theAlfvén velocity VA = B/

√
µ0ρ, and twomagnetosonic waves, one faster and one

slower than the Alfv́en wave. Increasing the physical sophistication of the model
(including toroidal geometry, resistivity, two fluid effects etc.) similarly increases
the complexity of the wave phenomena encountered.

Since the toroidal geometry of a tokamak implies periodicity in two of the
three spatial dimensions, spatial fluctuations may be well represented by a Fourier
expansion in these dimensions:

F(r,θ,ζ, t) =
∞

∑
m=−∞

∞

∑
n=−∞

Fm,n(r, t)e
i(mθ+nζ). (3.8)

The Fourier components are referred to asmodes, and the parametersm = kθr
andn = kζR are the poloidal and toroidal mode numbers, respectively. SinceF
describes a physical quantity it must be real, and the Fourier components will obey
the reality conditionF−m,−n = F∗

m,n, the asterisk denoting the complex conjugate.
The modes withn = 0 represent the (toroidally symmetric) equilibrium. The

(n = 0,m= 0) mode describes the plasma properties as radial profiles on the flux
surfaces, while (n = 0,m= 1,2,3) modes represent the Shafranov shift, ellipticity
and triangularity, respectively.

In isotropic three-dimensional turbulence, interaction between the fluctuations
leads to smaller and smaller structures. Kinetic (or magnetic) energy is transported
from the larger to the smaller scales by a process called adirect cascade. Eventu-
ally, the energy is dissipated by viscosity (resistivity) at the smallest length scales.
This break-up in ever smaller scales is for example observed in the smoke rising
from a cigarette.

In a tokamak the strong magnetic field introduces a preferential direction, and
turbulence is not isotropic. Due to the small resistivity of the hot plasma, bending
of field lines requires a lot of energy; the field lines are said to befrozeninto the
plasma. This strongly damps fluctuations parallel to the magnetic field. Parallel
rearrangement of the field lines, on the other hand, does not require somuch energy,
and fluctuations in the poloidal plane remain present. Therefore, the dynamics has
a closer resemblance to two-dimensional turbulence, which is characterised by an
inverse cascade: Interacting vortices merge together to form larger structures, in
principle up to the system scale. A well known example of the inverse cascade is
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seen in global atmospheric turbulence, where hurricanes with length scales of up
to a thousand kilometres may be formed from local perturbations in atmospheric
parameters.

The final state of tokamak turbulence is not a single large vortex covering the
full system scale, though. Due to the radial variation of theq profile (magnetic
shear), the localisation of the modes is determined by resonant surfaces where
q = m/n. Outside these surfaces, the amplitude of the mode falls off quickly. Ra-
dial coupling of modes resonant on differentq surfaces is possible, but this in gen-
eral requires relatively highm modes, that are thus localised in poloidal direction.
Hence the turbulence in a tokamak orders itself on themesoscale, in between the
smallest (Larmor radius) and largest (system size) scales.

The modes making up the turbulence are often split intoelectrostaticandmag-
neticperturbations. This distinction will be briefly discussed in the next two sub-
sections. However, in the final subsection, some arguments against this distinction
are presented.

3.4.1 Electrostatic turbulence

The micro-instabilities considered in this sections are of thedrift wavetype. Most
of these are electrostatic in nature, i.e. magnetic fluctuations do not play a signifi-
cant role in their dynamics.

Drift waves [20] rely on a description of ions and electrons as separatefluids,
as opposed to the single-fluid MHD description. Any perturbation in the ion fluid
(e.g. an acoustic wave ˜pi) gives rise to a fluctuatioñφ in the electrostatic potentialφ.
When the frequency of the initial perturbing wave is low compared to the electron
thermal velocity, it will be compensated by electrons flowing along the magnetic
field lines to re-establish a Boltzmann density distribution,

ne = ne0exp(eφ̃/Te) ≈ ne0

(

eφ̃
Te

+1

)

. (3.9)

In this equation,ne0 is the ambient electron density in absence of the perturbation,
while ne = ne0+ ñe. It follows that the perturbation ˜ne ≈ ne0eφ̃/Te is in phase with
the electrostatic potential fluctuation.

Due to theE×B drift, plasma will rotate around theφ maximum created by the
perturbation. It can be shown that this will cause a movement in a direction perpen-
dicular to the density gradient. This movement goes with theelectron diamagnetic
drift velocity

vde =
Te

eBLn
. (3.10)
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In this equation,L−1
n = −d lnne0/dr. A similar equation can be formulated for the

ion drift velocity. Associated with this velocity through the poloidal mode number
m is thediamagnetic frequency

ω∗s =
mTs

erBLn
≪ ωi , (3.11)

where the subscripts labels the species, electron or ion. These drift waves are slow
compared to the ion gyration frequency,ωi .

When resistivity or temperature fluctuationsT̃e are taken into account, a phase
difference between the density and electrostatic perturbations will arise. It is found
that this leads to transport perpendicular to the density gradient. Moreover, the out-
of-phase density fluctuations create an electric field that, in the case of a positive
phase difference ( ˜ne leadingφ̃), increases the original electrostatic fluctuation. This
leads to an instability with growth rateγ proportional to the phase difference. A
negative phase difference leads to a negativeγ (stabilisation), and thus a phase shift
of 1

2π yields the maximum growth rate. This is the observed phase shift in saturated
drift wave turbulence.

In this section, some particular micro-instabilities associated with drift waves
will be discussed. Magnetic perturbations do not play a role in the dynamics of
these instabilities, and they are therefore called electrostatic.

ITG: The ion temperature gradient (ITG) mode is an instability involving a cou-
pling of ion sound waves with an ion diamagnetic drift-like mode, with a
frequencyω ≈ ω∗iηi . In this equation,ηi is the ratio between the ion tem-
perature and density gradient lengths,

ηi =
Ln

LTi

. (3.12)

This mode becomes unstable, but with a rather low growth rate, whenever
the ion temperature gradient is sufficiently steep,ηi > 1.

ETG: The mechanism that destabilises the electron temperature gradient (ETG)
mode is similar to the ITG, but with the roles of ions and electrons inter-
changed. The ETG mode generates magnetic as well as electrostatic fluctu-
ations with scale lengths of only a few electron Larmor radii. In the core of
a fusion deviceρe is in the order of a tenth of a millimetre, putting up a great
challenge for direct numerical modelling of the ETG mode and associated
magnetic fluctuations.

TEM: Trapped electrons are very restricted in their parallel motion; they bounce
back and forth between their mirroring points. This hinders the adiabatic
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response of equation (3.9), and is thus another destabilising mechanism. In
a correct description of the trapped electron behaviour in the presenceof a
fluctuating electrostatic potential inertia, the gradientB drift and collisions
that free the trapped particles are crucial. The thus calculated phase lag leads
to thetrapped electron mode(TEM). Trapped electron modes are considered
an important micro-instability for anomalous transport, but in general high
poloidal mode numbers and (hence) small wavelength make it hard to nu-
merically model the dynamics.

Ballooning: Unlike the above mentioned modes, ballooning modes can be de-
scribed in single fluid MHD. They are pressure driven electrostatic instabil-
ities with relatively high poloidal mode numberm and stability conditions
that are different on the HFS and LFS of the tokamak. They tend to form
into finger like structures that bend towards the LFS. Due to their radial
elongation, they can strongly increase radial transport. Ballooning modes
are discussed in more detail in section 6.3.

All of these instabilities are thought to play a role in anomalous transport. Nu-
merical modelling based on drift wave turbulence is gaining ground in tokamak
physics, and very satisfactory results have been obtained. However,electrostatic
fluctuations are not the whole story of tokamak turbulence.

3.4.2 Magnetic turbulence

The magnetic topology as sketched in section 2.2 can be perturbed by fluctuations
in the magnetic field. Global instabilities, such as tearing modes described by
the single fluid MHD equations can create steady state changes in the magnetic
topology such as magnetic islands (see fig. 2.3 b).

More subtle micro-instabilities can lead to the formation of smaller islands,
with higher mode numbers. Such islands were recently detected at the TEXTOR
tokamak [11] and can have a dramatic effect on the global magnetic topologydue
to nonlinear interactions. If the magnetic perturbations are large enough, islands
on neighbouring flux surfaces can overlap. The magnetic surfaces in between over-
lapping islands will be destroyed, locally creating a chaotic field. The largerthe
island overlap parameter (the width of the islands divided by their separation), the
less of the island structure remains and the more chaotic the field becomes.

Magnetic transport in the case with relatively small (but larger than 1) over-
lap parameter, with remnants of islands in a chaotic sea, is particularly hard to
describe analytically; it can be shown [10] that the island remnants alter the field
line trajectories and magnetic transport significantly. A mathematical description
of the case of island remnants in a chaotic sea was attempted by Isichenko [24].
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He found that very thin regions of the thus perturbed magnetic field are responsi-
ble for most of the transport; island remnants let a small fraction of the field lines
“percolate” through. It is shown that the field lines in both the island remnantsand
the surrounding chaotic region have a fractal structure.

All the above is true for static magnetic fields. In a tokamak, the situation is fur-
ther complicated by the time dependence of the magnetic perturbations. Fast mag-
netic fluctuations(magnetic flutter)create time dependant radial field components,
while islands grow, saturate and decay, leading to overlap parameters changing in
time.

The relevant question for the study of tokamak transport is how much the to-
tal transport is affected by magnetic turbulence. Particles follow a field line (or
more accurately, a drift surface) only for a finite time. Drifts, collisions andelec-
tromagnetic turbulence in combination with the fluctuations of the magnetic field
decorrelate the particle from its initial field line after somedecorrelation time td.
When the magnetic fluctuations have perpendicular and parallel correlationlengths
Lc⊥ andLc‖, respectively,td can be defined as the time after which the particle has
moved a distanceLc⊥ away from its initial field line. Moreover, if the particle has
travelled along the field line for a distanceLc‖, the field line itself looses its identity,
and the particle can be considered decorrelated from it as well.

Determination of a magnetic transport coefficientχm thus hinges on estimates
of these correlation lengths and times. Several regimes can be distinguished, and
determination of the corresponding expressions forLc‖, Lc⊥ and td is a field of
active research.

One general conclusion from these studies is that sensitivity to magnetic fluctu-
ations increases with parallel velocity; Particles with highv‖ have a relatively long
mean free path (λmfp > Lc‖) and large collision time (τcol > td), and thus follow
the perturbed field lines relatively closely. Magnetic turbulence is therefore, at a
given amplitude of magnetic perturbations, more important to the electrons than it
is to the ions, and more important in the hot core than it is at the cooler edge These
considerations mean that for the research in this thesis (electron transport in the
core), magnetic turbulence should be taken into account.

With the assumption of hot, collisionless particles, and with the extra assump-
tion that shear can be neglected1, the magnetic diffusion coefficient is often ap-
proximated by the quasi-linear estimate [23, 36]

χm ≈ v‖Lc‖B̃
2/B2

0. (3.13)

The parallel correlation lengthLc‖ still needs to be estimated.

1De Rover [10] showed that even in the region of chaotic magnetic field, shear can be very
important.
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3.4.3 Electromagnetic turbulence

In a real tokamak, both electrostatic and magnetic fluctuations play a role, and
so for a full description of anomalous transport instabilities of both kinds should
be taken into account. However, the picture is more complicated than that. It
is generally accepted that in a tokamak the drift wave instabilities described in
section 3.4.1 do not co-exist as separate modes. Instead unstable drift waves are
expected in which several driving mechanisms contribute to the instability, these
mechanisms varying in importance depending on the plasma parameters. Descrip-
tions only taking into account the most unstable mode are therefore very limited in
their scope.

Moreover, interactions between electrostatic and magnetic turbulence can play
an important role. For example, a change in calculated stability criteria, saturation
levels and transport of the (electrostatic) ITG mode is found when magnetic effects
are included in the modelling [51]. Experimentally it is observed that electrostatic
(ñ/n) and magnetic (̃B/B) turbulence appear to scale similarly with plasma param-
eters, which might also indicate that they are coupled.

All of this points in the direction that turbulence in tokamaks is truly electro-
magnetic in nature. For a full, comprehensive description electrostatic and mag-
netic perturbations and most importantly, their interactions should be considered.
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Chapter 4

Physics model and numerical
implementation

4.1 The Cylindrical ElectroMagnetic 2 Fluid Turbulence
model

As was argued in the previous chapter, the physics of anomalous transport presum-
ably includes electrostatic as well as magnetic effects. Most probably, interaction
between the two is crucial. This is studied in this thesis using the Cylindrical
ElectroMagnetic 2 Fluid Turbulence (CEM2FT) model, a mathematical model de-
scribing electromagnetic turbulence in a tokamak [40, 41, 43, 44]. This model is
largely based on equations found in [15].

The CEM2FT model represents the driven, dissipative dynamics of a two-fluid,
quasi-neutral plasma. Note that in such a system there are no constants ofthe mo-
tion and no conservation laws apply. The model is kept as simple as possible,with
the aim to capture the effects believed to be associated with electromagnetic turbu-
lence and transport in tokamaks. Since it omits important effects such as particle
trapping, kinetic corrections and physics related to the edge (radiation andother
atomic physics), it should not be expected to give quantitatively correct predic-
tions. However, it captures many nonlinear interactions and could as suchprovide
valuable insights into qualitative behaviour of tokamak turbulence.

The nonlinear two fluid resistive MHD equations are considered in a peri-
odic cylinder with length 2πR and coordinates(r,θ,ζ). Tokamak ordering is used
throughout the model. One of the main approximations of this ordering isBθ ≪Bζ,
while B̃θ, B̃r ≫ B̃ζ. The frequencies resolved are those smaller than the ion gyra-
tion frequencyωi = eB

mi
. This includes the shear Alfvén, ion acoustic, electron col-

lisional and drift waves. The wavelengths well resolved by the model arerestricted



38 CHAPTER 4. MODEL AND IMPLEMENTATION

to those significantly larger than the ion gyroradius. It is known from experimental
observations that the largest amplitude fluctuations are in this range, withk‖ ≪ k⊥.

Each of the modelled parametersf (r,θ,ζ, t) is split into an equilibrium profile
f0(r, t) = 〈 f (r,θ,ζ, t)〉 and a three dimensional fluctuating partf̃ (r,θ,ζ, t). The an-
gled brackets denote averaging overθ andζ, i.e. over a flux surface. Note that this
is not a linearisation, as the fluctuations are not necessarily small and all nonlinear
terms are retained.

The nonlinear equations for the fluctuating quantities govern the turbulent elec-
tric and magnetic fields, density perturbations and currents. From these, transport
coefficients for the evolution of the profiles are obtained. The resulting gradients of
the profiles in turn drive the turbulence, and thus the full profile-turbulence interac-
tion is captured. This is significantly different from the more common micro-mode
approach, in which only the effect of the most unstable mode, often calculated
from pre-described and/or time-independent profiles, is included. However, at the
same time turbulence in the CEM2FT model is not easily described in terms of
well-defined instabilities, as different instability mechanisms can mix.

Equilibrium flux surfaces are assumed to be concentric cylinders aroundthe
magnetic axis atr = 0, without Shafranov shift. This yields a suitable approxima-
tion of the circular, relatively large aspect ratio tokamaks considered in thisthesis.
The plasma is considered quasi-neutral, so within the model∇ · j = 0 andne = ni .

The electromagnetic fields are described in terms of two scalar potentialsΦ
andΨ. A strong magnetic guide fieldBζ is present along the axis of the cylinder.
This component ofB is not evolved, neglecting parallel magnetic fluctuations. The
other components ofB are determined byΨ in the CEM2FT model:

Br =
1
r

∂Ψ
∂θ

and Bθ = −∂Ψ
∂r

. (4.1)

The fluid is described by the particle (electron) densityne, the temperatures of
the two particle speciesTe andTi and the fluid velocity parallel to the magnetic
field, v‖. Perpendicular velocities are mainly due toE×B flow. Theζ-component
of the angular momentum of the plasma due to itsE×B motion is referred to asΘ,
and is defined as

Θ = ∇ ·
(

N∗∇⊥
Φ
B0

)

. (4.2)

In this definitionN∗ = ne0(r, t)/ne0(0, t), the normalised density profile. The space
integral of Θ2 is a global measure of the (electrostatic) turbulence level. Note
that although the latter quantity resembles theenstrophy, it is not conserved in the
driven dissipative system described by the CEM2FT model.
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4.1.1 Fluctuating quantities

The equations resulting from the above sketched considerations will not be derived
here. A very clear derivation can be found in [40].

In the equations of motion for the fluctuating quantities, several parameters oc-
cur regularly: representative Alfvén and thermal velocities̄V2

A = B2
0/µ0mine0(0, t)

andV̄2
th = (Te0(0, t)+ Ti0(0, t))/mi with mi the ion mass and the temperatures ex-

pressed in energy units (J), a dimensionless combination of these two velocities
β = V̄2

th/V̄2
A and a representative Larmor radiusρs = V̄th/ωci whereωci = eB0/mi .

Using these parameters, the fluctuating quantities are written down in non-
dimensional form, denoted by an asterisk:

φ∗ =
φ̃

V̄thρsB0
, (4.3)

ψ∗ =
ψ̃

ρsβ1/2B0
, (4.4)

Θ∗ =
ρsΘ̃
V̄th

, (4.5)

n∗ =
ñ

ne0(0, t)
, (4.6)

λ∗
i,e =

T̃i,e

Te0(0, t)+Ti0(0, t)
, (4.7)

ξ∗ =
N∗ṽ‖
V̄th

, (4.8)

j∗ = ρ2
s∇2

⊥ψ∗. (4.9)

The last equation defines the fluctuating current density perpendicular tothe field
lines. The pressure profile for both speciespi,e0 = ne0Ti,e0, neglecting the contri-
bution from the ˜nT̃i,e term. The same term is neglected in the fluctuating pressure,
which in dimensionless form yields

p∗i,e = n∗T∗
i,e+N∗λ∗

i,e. (4.10)

In this equation, the temperature profiles for both species are normalised bythe
same representative temperature,T∗

i,e = Ti,e0(r, t)/(Ti0(0, t) + Te0(0, t)). The total
pressure fluctuation is defined byp∗ = p∗i + p∗e.

In the nonlinear equations, the mode-coupling terms often take the form of a
Poisson bracket,

[ f̃ , g̃] =
1
r

∂ f̃
∂r

∂g̃
∂θ

− 1
r

∂ f̃
∂θ

∂g̃
∂r

. (4.11)



40 CHAPTER 4. MODEL AND IMPLEMENTATION

To model effects of the curved magnetic field in a tokamak, driving a.o. balloon-
ing instabilities, toroidal terms are included in the cylindrical equations. Non-
uniformity of Bζ in the (r,θ)-plane is accounted for, soBζ = B0/R∗, whereR∗ =
1+(r/R0)cosθ. Curvature effects in the nonlinear equations usually take the form

[R∗, f̃ ] =
1
R0

(

cosθ
r

∂ f̃
∂θ

+sinθ
∂ f̃
∂r

)

. (4.12)

The parallel gradient is split into a part along the unperturbed magnetic field,
∇‖ = 1

R0R∗ (
1
q

∂
∂θ + ∂

∂ζ), where curvature is taken into account through the1
R0R∗ fac-

tor, and a contribution of the magnetic fluctuations,∇̃‖ = − 1
B0

eζ ·∇ψ̃×∇. The
(radial) derivative of one dimensional equilibrium quantities is denoted by aprime,
f ′ = df/dr.

The fluctuating electric potential̃φ is calculated from the definition ofΘ in
equation 4.2. The fluctuations ofΘ are evolved according to

∂Θ∗

∂t
+v0 ·∇Θ∗ +V̄A∇‖ j∗ = V̄Aρs

1
r

∂ψ∗

∂θ
µ0ρs

B0
j ′‖0

+V̄thρs[ψ∗, j∗]+V̄thρsN
∗[Θ∗, p∗i ]−2V̄thρs[R

∗, p∗]

+ρ2
sΘ′

0
1
r

∂φ∗

∂θ
+V̄thρs[Θ∗,φ∗]+ΣΘ. (4.13)

In this equation, the poloidal velocityv0 = vE×B + eθ p′i0/ene0B0, where the sec-
ond term is the ion diamagnetic velocity,vE×B = −eθEr0/B0 + b0v‖0 is theE×B
velocity andb0 is the unit vector parallel to the unperturbed magnetic field.

The evolution of the fluctuating magnetic potential is described by

∂ψ∗

∂t
+ve0·∇ψ∗ +V̄A∇‖φ∗ =

V̄A

(

T∗
e

N∗

)

∇‖n
∗ +V̄thρs[ψ∗,φ∗]−V̄thρsN

∗[ψ∗, p∗e]+Σψ. (4.14)

The relevant advection velocity for the magnetic perturbations isve0 = vE×B −
eθ p′e0/ene0B0, which is similar tov0, but now with the electron diamagnetic veloc-
ity added to theE×B flow.

The equation of for the density fluctuations is

∂n∗

∂t
+ue0·∇n∗ +V̄A∇‖ j∗ +V̄th∇‖ξ∗ = V̄Aρs

1
r

∂ψ∗

∂θ
µ0ρs

B0
j ′‖0

+V̄thρs[ψ∗, j∗]+V̄thρs[n
∗,φ∗]+V̄thρsN

∗′1
r

∂φ∗

∂θ
+2V̄thρsN

∗[R∗,φ∗]−2V̄thρs[R
∗, p∗e]+Σn, (4.15)
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whereue0 = vE×B −b0 j‖0/ene0.
The fluctuating parallel velocity is evolved according to

∂ξ∗

∂t
+vE×B ·∇ξ∗ +V̄th∇‖p∗ = N∗v′‖0ρs

1
r

∂φ∗

∂θ
+V̄thρs[ξ∗,φ∗]

−V̄thβ1/2ρs
p′0

p0(0, t)
1
r

∂ψ∗

∂θ
−V̄thβ1/2ρs[p

∗,ψ∗]+Σξ. (4.16)

The fluctuating temperatures are given by

3
2

∂λ∗
i

∂t
+

3
2

vE×B ·∇λ∗
i +V̄th

T∗
i

N∗ ∇‖ξ∗ =
3
2

V̄thρsT
∗
i
′1
r

∂φ∗

∂θ

+
3
2

V̄thρs[λ∗
i ,φ

∗]+2T∗
i V̄thρs[R

∗, p∗i ]+2T∗
i V̄thρs[R

∗,φ∗]+Σλi
, (4.17)

3
2

∂λ∗
e

∂t
+

3
2

ue0 ·∇λ∗
e +V̄th

T∗
e

N∗ ∇‖ξ∗ =
3
2

V̄thρsT
∗
e
′1
r

∂φ∗

∂θ

+
3
2

V̄thρs[λ∗
e,φ

∗]−2T∗
e V̄thρs[R

∗, p∗e]+2T∗
e V̄thρs[R

∗,φ∗]

−V̄A
T∗

e

N∗ ∇‖ j∗ +Σλe. (4.18)

TheΣ-terms in all these equations contain the (turbulent) viscosity, and in the
temperature equations for speciess, the divergence of the parallel heat flux,

∇
q‖s

ne
= −∇χ‖s∇‖Ts = −∇qRvth,s∇‖Ts, (4.19)

alongperturbedfield lines is included to account for magnetic flutter transport.

4.1.2 Radial profiles

Interactions between the fluctuations described in the previous section feed back
on the radial profiles in the CEM2FT model. The equations for these profilesthere-
fore contain flux surface averages of the product of two fluctuating terms,〈 f̃ g̃〉, to
represent this feedback.

The radial equilibriumΦ0 profile is defined by the evolution ofEr0, since

Er0 ≡−Φ′
0 =

1
ene0

p′i0 +v‖0Bθ0−vθ0B0, (4.20)

where the poloidal velocity,

∂vθ0

∂t
= −1

r
(r〈ṽr ṽθ〉)′ +

〈 j̃‖B̃r〉
mine0

−µnc(vθ0−vθnc). (4.21)
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The first two terms here are theReynolds stressand the Lorentz force, respectively.
The neoclassical damping term is taken to beµnc = 2

3R/rτi , andvθnc is the neo-
classical poloidal rotation. The poloidal velocity can be strongly varying with r,
resulting in so-calledzonal flows. In the work described in this thesis,v‖0 = 0.

The equilibrium poloidal magnetic fieldBθ0 is evolved according to the induc-
tion equation 3.4, which here takes the form:

∂Bθ0

∂t
=

(

ηnc( j‖0− jbs)−〈ṽr B̃θ − ṽθB̃r〉
)′

. (4.22)

This includes the inductively driven plasma currentj‖0 = (rBθ0)
′ /µ0r and the neo-

classical bootstrap currentjbs. The last term is thedynamo current, driven by the
turbulent fluctuations. This term allows fluctuations in theq = rB0/R0Bθ0 profile
that are much faster than current diffusion.

The density profile is given by the electron continuity equation

∂ne0

∂t
= −1

r

(

r(Dnc+Dtp)n
′
e0

)′− 1
r

(r〈ṽr ñ〉)′ +Sn, (4.23)

where the neoclassical particle diffusivityDnc includes the Ware pinch, and the
source termSn accounts for fuelling of the tokamak. The temperature profiles are
derived from the energy equations,

3
2

∂ne0Ti0

∂t
= −1

r

(

rne0
(

χnc,i +χtp
)

T ′
i0

)′

− 3
2

ne0

r

(

r〈ṽr T̃i〉
)′− 3

2
Ti0

r
(r〈ṽr ñ〉)′ +Pi , (4.24)

3
2

∂ne0Te0

∂t
= −1

r

(

rne0
(

χnc,e+χtp +χm
)

T ′
e0

)′

− 3
2

ne0

r

(

r〈ṽr T̃e〉
)′− 3

2
Te0

r
(r〈ṽr ñ〉)′ +Pe. (4.25)

The turbulent advective transport for particles and heat is describedby flux surface
averages over the fluctuations, where

ṽr = − 1
rB

∂φ̃
∂θ

. (4.26)

The source termsPrmi,e include electron-ion heat exchange, ohmic heating and
auxiliary heating sources such as ECH. The neoclassical diffusion coefficient for
speciess is χnc,s, and the electron energy equation contains a magnetic diffusion
coefficientχm of the type described by equation 3.13.
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Density and temperature profiles have fixed values atr = a, but effectively
the last closed flux surface is atr/a = 0.9. Beyond this, an extra transport term
proportional toτ−1

i accounts for losses in the SOL, such as radiation and parallel
transport over field lines intersecting the wall. For geometrical symmetry reasons
the gradient of equilibrium profiles has to be zero atr = 0.

The poloidal magnetic field is zero at the magnetic axis, and at the edgeBθ0 =
µ0Ip/2πa, whereIp is the prescribed plasma current. All fluctuations vanish at
the magnetic axis, except them= 1 modes ofB̃r and ṽr , which have a vanishing
gradient atr = 0. The fluctuating quantities have zeroes imposed atr = a, but may
still have a finite value at the SOL.

4.1.3 Trapped particles

Although trapped particles are not explicitly taken into account in the CEM2FT
model, some of their effects are included. Neoclassical transport terms and effects
such as the Ware pinch and the bootstrap current are examples of these.

Moreover, a very simple estimate of trapped particle effects on turbulent trans-
port is taken into account in equations 4.23, 4.24 and 4.25. It is assumed that the
fluctuations calculated within the CEM2FT model imply a radial diffusivity of the
trapped particles in the order of

χtp = Dtp = γ〈Θ̃2〉qr
ρpol

ωci
. (4.27)

In this equation,Cs =
√

(Te0+Ti0)/mi is the sound speed andρpol = ρsqR0/r. The
terms are proportional to the square of the vorticity fluctuations, as an estimateof
the decorrelation time by turbulent eddies. The empirical factorγ takes into account
the trapped particle fraction, and is taken to beγ ≈ 0.1–0.125 in the current work.

4.2 Numerical implementation: CUTIE

The fully nonlinear interactions described by the CEM2FT model can not bestud-
ied in any detail analytically. Therefore, the equations are implemented into a
computer code,CUTIE. This code self-consistently and simultaneously solves the
equations for given experimental conditions, starting from provided initialprofiles,
often taken from experiment.

The flux surface averaged equations 4.22–4.25 are finite-differenced and evalu-
ated at an equally spaced radial grid using a semi-implicit tridiagonal Gauss-Jordan
elimination process. The equations are written in the form

Ar,t
D Xr,t+∆t = Ar,t

L Xr−∆r,t+∆t +Ar,t
U Xr+∆r,t+∆t +Sr,t , (4.28)



44 CHAPTER 4. MODEL AND IMPLEMENTATION

whereXr,t and Sr,t are the elements of two column vectors, whileAr,t
U , Ar,t

L and
Ar,t

D are the elements of the upper, lower and central diagonal, respectively,of a
tridiagonal matrix. The system should be well conditioned, i.e.|Ar,t

D | > |Ar,t
U |+

|Ar,t
L |, and therefore the diffusive, second-order terms are included in the tridiagonal

matrix (the implicit part), while the first order terms and sources are included inthe
Sr,t term (the explicit part). The system can then be solved by standard numerical
techniques [22].

The five dimensionless fluctuating quantitiesΘ̃, φ̃, ψ̃, ñ andξ̃ are Fourier trans-
formed according to (compare 3.8)

f̃ =
mmax

∑
−mmax

nmax

∑
−nmax

fm,nei(mθ+nζ) (4.29)

and evaluated in Fourier space. The componentf0,0 ≡ 0 here, since this repre-
sents the equilibrium profile. In fact, all fluctuations withn = 0 (poloidal shaping
of the plasma) andm = 0 (sausage like instabilities) are neglected. The equa-
tions 4.2, 4.13–4.16 are then evaluated simultaneously, using a semi-implicit block-
tridiagonal system for eachm,n harmonic separately. The block-tridiagonal sys-
tem is equivalent to equation 4.28, but each elementAr,t of the tridiagonal matrix
is now itself a 5×5 matrix containing the coupling terms between the fluctuating
quantities, whileXr,t andSr,t are column vectors containing the fluctuations to be
determined and the sources, respectively.

For the time progression an iterative predictor-corrector scheme is used.This
means that first the nonlinear interactions between the fluctuating fields, i.e. the
Poisson brackets not involvingR, are evaluated in real space. These are Fourier
transformed and used to solve the fluctuations in Fourier space at timet + ∆t, but
based on the profiles at timet. These fluctuations yield the transport coefficients
used to calculate the profiles att + ∆t. This is thepredictorstep. Now the fluctu-
ations can be recalculated, using the predicted profiles att + ∆t, which are in turn
used to recalculate the profiles in acorrectorstep. This process could in principle
be iterated until the difference between the predictor and corrector values is below
a prescribed limit. However, it was found that forCUTIE a single iteration yields
satisfactory results.

Discretisation of the domain is a trade-off between practicality and physics
reliability. Since the CEM2FT model does not include the physics of the small
scale ETG mode, the radial grid is chosen to resolve the ion gyro-radiusρs, at least
in the hotter, central part of the plasma; typicallya/∆r ≤ a/ρs = 100–200. A fully
explicit scheme would only be stable for values of∆t that satisfyV̄A∆t/∆r < 1.
No such hard limit exists for the semi-implicit scheme used inCUTIE, but it is
found that for a typical run, reducing∆t beyondV̄A∆t/∆r ≈ 100–150 does not
significantly improve the results.
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A typical RTP run features a spectral resolution of(mmax,nmax) = (16,8), cor-
responding to 32×16 spatial points in poloidal× toroidal direction. For the larger
T-10 machine, a spectral resolution of(mmax,nmax) = (32,16) was found more
appropriate. To avoid unphysical effects at such relatively limited spectral resolu-
tions, precautions have to be taken. These are discussed in the next subsection.

4.2.1 Large Eddy Simulation

A challenge in numerical turbulence modelling is the fact that a large range of
length and time scales plays a role. In tokamak turbulence, for example, the small-
est scale possibly of interest is the electron Larmor radius, which is in the order of
a µm, while the related time scale would be the GHz range of the electron gyra-
tion frequency. Simulating a full tokamak (size in the order of a meter) at a three
dimensional grid resolving these scales for even a few milliseconds requires an
amount of computing power (or an amount of patience) not generally available. In
particular, the nonlinear, three-dimensional part of a code likeCUTIE takes large
computational resources.

Not all the smallest possible wavelengths will need to be taken into account,
though. At the smallest scales (the highest wave numbers) dissipation by viscosity
or resistivity damps the amplitudes and they will go to zero naturally. This damping
results from second derivatives, and thus has on am2 dependence in Fourier space.
Given the small values of dissipation in tokamak plasma turbulence, this approach
would still require computational resources not realistically available for decades.

When the spectral domain is cut off at smaller mode numbers to save resources,
a problem may occur at the edge of the domain. The direct cascade transfers energy
(wave amplitude) from low to high mode numbers. At the edge of the domain this
energy can go nowhere, and it will pile up in the highest computed mode numbers,
which will thus start to dominate the spectrum. This is in fact due to a lack of
resolution in the spectral domain, i.e.mmax is too small.

To avoid this effect, the highest wave numbers should be damped strongerthan
by physical dissipation. Simply increasing the overall dissipation would quench
turbulence at the larger scales as well, unavoidably yielding unphysical results.
Therefore, a numerical technique calledhyperviscosityis often employed. As the
name suggests, this introduces damping terms with higher (even) powers ofm,
typically m6. This way, the highest mode numbers are strongly damped while the
low mode numbers are retained.

Another method is employed byCUTIE, the Large Eddy Simulation (LES).
Only the large scale eddies and fluctuations are explicitly calculated. When the
fluctuation spectrum of a turbulent fluid is studied, it can be observed thatfor
smaller scales the spectrum becomes linear, i.e. the turbulence becomes more self-
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similar. For these scales it is thus possible to estimate the effects of the turbulence,
such as the transport coefficients and viscosity, without explicitly calculating it.
This modelling of the scales smaller than the used computational grid was first
suggested by Smagorinsky for global weather simulations [39]. For MHD turbu-
lence several sub-grid models have been developed. A very generaldiscussion is
given in [3], section 4.1.3. A more in-depth comparison between differentsub-grid
models can be found e.g. in [30].

A relatively simple and straight-forward sub-grid model is used inCUTIE. The
main effect of the smaller scales on the modelled fluctuations is a turbulent kine-
matic viscosityµturb, estimated to be

µturb = γt
a

ρs+ r
Csρs

(

Bpol

B0

)2
[

a2R0

ρsC2
s
〈Θ̃2〉+

(

µ0a
Bpol

)2

〈 j̃2〉
]

. (4.30)

Again, γt denotes an empirical factor. In general,γt is taken as low as possible.
The flux surface averaged vorticity〈Θ̃2〉 is taken as an estimate of the viscous
damping, while the averaged current density fluctuations〈 j̃2〉 estimate resistive
damping. Together with the resistivity and electron diffusivity,µturb is included as
a damping factor in theΣ terms of equations 4.13–4.16.

In fact, a dissipational term is applied to the whole spectrum, but this dissipa-
tional term has a physical basis; it models the effect of small scale fluctuations.
However, if this dissipational term is too small, piling up of energy in the largest
mode numbers could still occur. For this reason, the inclusion of a hyper-viscosity
intoCUTIE has been considered. It is dismissed for two reasons. First, the magnetic
geometry of the tokamak implies that turbulent modes are generally characterised
by m/n = q. The largest problems occur in the corners of the domain, where both
m andn are close to their maximum values. These corners, however, are only of
interest at theq surface whereq= mmax/nmax. Adding an unphysical damping term
to all high mode numbers, only to avoid problems at such a small region in param-
eter space is not considered necessary. Second, hyper-viscosity infact damages the
LES approach. The wave amplitude of the highest wave numbers isnot expected
to go to zero in a LES. The modes withm> mmax do contribute to the physics, they
are just not explicitly calculated.

Hyper-viscosity is sometimes used to avoid problems with over-developed tur-
bulence in the initial phase ofCUTIE runs. However, once a quasi steady-state is
reached, it should be switched off in the actual simulation.

4.2.2 Initial phase of the runs: conditioning

Before the code reaches the regime of a more or less realistic plasma state, it
evolves through a relatively long initial phase. During this phase, the turbulence
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has to develop from initial random seed fluctuations. In general, turbulence levels
(characterised e.g. by the enstrophy) are low, and consequently confinement times
are unrealistically long, resulting in high temperatures. Overshoot of the fluctua-
tions can occur due to the fact that the large gradients related to the higher tem-
peratures strongly drive the developing turbulence. Runaway effectsmakeCUTIE
prone to numerical instability in this phase, resulting in a crash of the code.

After the turbulence is fully developed, a more physical evolution phase begins.
In general, however, temperatures by this time have reached a value that isfar from
steady state, and far from the experimental value under the simulated conditions.
It therefore takesCUTIE some more time to reach a steady state, which in general
matches the experimental conditions rather well.

The code is started with initial profiles forTe, Ti , ne andq taken from experi-
mental data. From these, other profiles are calculated more or less self-consistently.
Some very low levels of initial perturbations are introduced as well. These initial
fluctuations act as a source of “noise” to the system rather than as realisticestimates
for turbulent modes. It turns out that introducing stronger fluctuations hardly in-
creases the development of the turbulence, sinceturbulence that does not exactly,
self-consistently fit the system dies out quickly.

In the very first time steps of the evolution, this can be seen clearly: The low,
noise level fluctuations quickly decrease even further, and only after afew thousand
time steps, fluctuation levels start to increase again. This self-generated turbulence
clearly has a different mode spectrum then the introduced fluctuations, strongly
depending on the equilibrium profiles in the simulation.

This phenomenon also makes it hard to start from a well-developed simulation
and adapt the conditions of the run. This approach could in principle savetime, as
the turbulence does not have to evolve from scratch, but only has to adapt slightly.
As long as relatively physical changes are involved (changes inTe, Ti , ne, Ip, PECH

etc.) this approach can work well. However, more drastic changes in the physical
model, geometry or numerical grid require a full restart from scratch.

To mitigate the dangers of numerical instability in the first phase of the sim-
ulation, several measures have to be taken. It works best to start the simulation
with an increased level of turbulence viscosity, i.e. the factorγt in equation (4.30)
is taken typically 3 orders of magnitude higher than in realistic simulations. This
has the effect of strongly damping the fluctuations, and thus avoiding largeover-
shoot effects. The value ofγt is then brought down in steps until fluctuation levels
correspond roughly to experimental estimates.

In the initial phase the dynamo current is a major source of numerical insta-
bility. Overshoot in amplitudes of̃ψ andφ̃ leads to large values of〈B̃× ṽ〉, which
is the driving force of the dynamo effect. The resulting large and very localised
dynamo currents disrupt theq profile by creating a spike on it. A spike may very
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Figure 4.1:Contributions to electron transport for high setting of the
turbulent viscosity term. The dashed line is the “trapped particle” term
χtp, the drawn line is the turbulent flux〈p̃eṽr〉. (a) Simulation of RTP
with γt = 0.5. (b) Simulation of T-10 withγt = 0.5.

locally (often not resolved, i.e. in a single radial position) pierce a low rational
value. Even stronger resonant modes can thus be excited at this radial position,
driving more dynamo current. Eventually, an unrealistically high value of thetotal
enstrophy (dominated by this single point) will make the code crash.

The dynamo current is therefore halved in equation (4.22), or removed from
the code entirely during the initial phase. When a steady, realistic plasma state is
reached, the full dynamo current can be re-introduced.

In the initial phase the code is also more prone to problems with aliasing and
pile-up of energy in high mode numbers. If a strong mode at the edge of the spec-
tral domain develops (usually, as sketched in the previous section, around the reso-
nant surface whereq = mmax/nmax), it is well possible that a self-organised steady
state develops in which this (unphysical) mode is prominent. To avoid this, hyper-
viscosity may be temporarily employed in the initial phase. Once an acceptable
physical state has developed, this should be switched off again.

4.2.3 Contributions to transport

Once a steady-state is reached, the different transport coefficients can be studied.
Different values for the empirical factors, in particularγt in equation 4.30, have
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been tried and will be briefly discussed here.
For high values of the turbulent viscosity damping term,γt = 0.5, it is found

that most of the heat transport is due to theχtp term over the largest part of the
radius. The explicitly calculated turbulent flux,〈p̃eṽr〉 is in general smaller, but
shows much stronger radial and temporal fluctuations. Examples are shown in
figure 4.1.

Lower values of the damping term, down toγt = 0.001, have been investigated.
However, if too low a value is taken, the turbulence in the simulations will fluctuate
too wildly, leading to unphysical behaviour and numerical instability. In the range
found suitable for most simulations (γt ≈ 0.0125), the relative importance of the
different heat flux contributions is roughly comparable to figure 4.1.

Note that the explicitly calculated turbulent fluxes are still very important to
the transport in the simulations. Since their contribution in the overall transport
is limited, and probably underestimated, exact quantitative correspondenceto ex-
perimental temperatures and transport coefficients should not be expected of the
CEM2FT model. Locally, however, these terms can be much larger than theχtp

terms. The explicitly calculated turbulent terms react more strongly and more di-
rectly to perturbations and are more prone to self-organisation. It is indeed ob-
served that locally they are responsible for remarkable and interesting details in
the transport. They are therefore considered of prime importance to the subject of
this thesis.
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Chapter 5

Modelling neutrals in CUTIE

5.1 Introduction

In the version ofCUTIE as it was taken to Rijnhuizen, a predefined and fixed profile
for the particle sourceSn was implemented. It is considered useful to get a more
realistic estimate of this source, especially since this turns out to be of some rele-
vance to the RTP cold pulse experiments described in chapter 7. Moreover, a self-
consistent calculation based on a few machine parameters allows for easy switch-
ing between different tokamaks. Therefore, a comprehensive and self-consistent,
simple diffusive model for the penetration of neutral particles in a plasma cylinder
is considered. The time dependent neutral distribution calculated from this model
is then used to obtain sources and sinks to the density and temperature profiles in
CUTIE. This model is partly based on a slab model in [27], section 6.3.

Unfortunately, the model for the neutrals penetration proved to be too sim-
ple for the small machines modelled withCUTIE. Nonetheless, the considerations
leading to this result are included here.

5.2 One-dimensional neutrals model

Let us consider two neutral particle species, hot and cold neutrals, respectively.
Each is represented by a radial density profile in the CEM2FT model.

Cold neutrals (with densitync(r)) are the particles coming directly from the
wall and from the gas puff of the density feedback. Only hydrogen is considered,
i.e. every neutral particle will contribute a single electron to the electron density
when it is ionised. Hydrogen molecules are neglected, since they are assumed to
dissociate at a small distance from the wall. These particles have a single tempera-
ture, the wall temperature, and simply move inward with a corresponding thermal
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velocity. This velocity has constant magnitude, since the only interactions with
the plasma considered here will directly remove the particles from the population
of cold neutrals. The radial component that is considered hereis a function ofr
however, since the particles can move in any direction. For a correct description of
the effective radial velocity elliptic integrals of(a2/r2) are needed, but to a good
approximation a linear dependency can be assumed:

veff
c = vc

r
a
. (5.1)

In this model two plasma interactions are dominant: The electron-impact ion-
isation in which an incident electron scatters the bound electron from the neutral
Hydrogen:

H+e− → H+ +2e−, (5.2)

and the ion-impact charge-exchange in which an electron is transfered from the
neutral particle to the plasma ion:

H+H+ → H+ +H. (5.3)

The cross-sections for these processes are weak functions of the temperature of
both neutrals and plasma.

The reactants and products in the charge-exchange reaction are in fact the same,
but the main importance lies in an energy exchange: The plasma ion has become
a hot neutral, and the (cold) neutral has become a cold plasma ion. This means
that the charge-exchange reaction creates a second neutral population with a much
higher temperature (comparable to the localTi). This population is referred to as
hot neutrals, with a densitynh.

If thermal equilibrium between the hot neutrals and the plasma ions is assumed,
the hot neutrals move around in the vessel with the ion thermal velocity. However,
the neutrals undergo charge exchange collisions with plasma ions all the time, and
this results in an effective scattering of the hot neutrals. The hot neutralstherefore
perform a random walk with a step size equal to the mean free path for charge
exchange. This results in a diffusive behaviour of the hot neutrals, witha charge-
exchange diffusion coefficientDcx defined as

Dcx ≈
v2

th,i

νcx
. (5.4)

Note that this diffusion coefficient can be a function of minor radius and time,
Dcx = Dcx(r, t).
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We can now write the time evolution for both neutral species, with the density
of the species a one dimensional function of the radius.

∂nc

∂t
=

vc

ar
∂
∂r

(

r2nc
)

−nc(νcx +νi), (5.5)

∂nh

∂t
=

1
r

∂
∂r

(

Dcxr
∂nh

∂r

)

+ncνcx−nhνi . (5.6)

In these equationsνcx, andνi are the frequencies for charge-exchange and ionisa-
tion respectively. Ionisation of hot and cold neutrals is at the moment considered
equal, since the thermal motion of the neutrals can be neglected compared to the
electrons anyway. An empirical formula forνi can be found in [21], and in our
case can be written as

νi = 10−5 ne(Te/Eion)
1
2

E
3
2
ion(6.0+Te/Eion)

exp

(

−Eion

Te

)

, (5.7)

in which Eion is the ionisation energy of hydrogen, 13.6 eV, andνi is in s−1. The
charge-exchange frequency can be very generally written as

νcx = neσcxvth,i . (5.8)

The cross-sectionσcx is a weak function of temperature, but this temperature de-
pendence is neglected in the model for now.

5.3 Boundary conditions

In order to solve the equations (5.5) and (5.6), suitable boundary conditions need
to be chosen.

The cold neutrals in the model enter the plasma column from the edge, atr = a.
It is therefore natural to define the boundary condition at this edge in termsof the
influx of particles,Γc,edge. This flux consists of two parts.

For the first part, a dynamic equilibrium between the plasma and the wall is
assumed. All plasma particles that leave the plasma are cooled and neutralised
in their contact with the wall, and re-enter the plasma as cold neutrals. The cold
neutral influx is thusΓc,wall = Γout, where the outflow of plasma ions is given by
Γout =

1
2vth,i(a)ne(a).

The second part of the neutral influx is dictated by active control. The density in
most tokamaks is controlled by a density feed back system, which allows an extra
puff of gas to enter the vessel when the density becomes too low. This is included
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in the model as an adjustable gas puff fluxΓc,puff. The boundary condition fornc

thus yieldsnc(a) = Γc,edge/vc, whereΓc,edge= Γout+Γc,puff.
For the hot neutrals we take an edge density of zero, since it is assumed that all

are lost to the walls or return as cold neutrals. It is possible that recycled atoms are
not cooled so much by the wall, and a fraction re-enters the plasma column as hot
neutrals, but this is not included in the model. For geometrical reasons, the radial
gradient ofnh at the magnetic axis should vanish, yielding the second boundary
condition fornh.

Initial conditions are calculated from the steady-state of equations 5.5 and 5.6,

1
r

∂
∂r

(r2nc) =

(

νcx +νi

vc

)

anc, (5.9)

1
r

∂
∂r

(

rDcx
∂nh

∂r

)

= nhνi −ncνcx. (5.10)

These are solved with the initial profiles forne, Ti andTe as input. From than on,
nc andnh are evolved in time.

5.4 Effect on other profiles

From the density profiles of the two neutral species, sinks and sources tothe con-
tinuity and energy equations 4.23, 4.24 and 4.25 are calculated. These arethen
included intoSn, Pe andPi , respectively.

The essential reason for wanting to model neutral particles inCUTIE is to pro-
vide an alternative to the currently included feedback particle sourceSn. Since the
only neutral particles considered here are hydrogen (or deuterium) atoms, every
ionisation of both hot and cold neutrals yields a single ion and a single electron,
and the source to the particle equation takes on a rather simple form:

Sn = ncνi +nhνi . (5.11)

Ionisation happens in electron collisions, and the electrons have to providethe
ionisation energyEion, giving rise to a sink on the electron energy. Although this
energy is small (13.6 eV) compared toTe in most of the plasma (in the order of
a keV), it can play a role at the edge of the plasma and in cases of (artificially
induced) neutral density peaking such as for pellet modelling. It is therefore taken
into account. Together with other effects that are already included in the code such
as the ohmic heatingPΩ, neoclassical electron-ion equilibrationPei and auxiliary
heating sources (such as ECH)Paux,e, the source on the electron energy can be
written as

Pe = PΩ +Paux,e−Pei− (ncνi +nhνi)Eion. (5.12)
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Ionisations also create ions, and these have (on average) the energy of the neu-
trals they are created from. For hot neutrals that is equal to the local ion tempera-
tureTi , for cold neutrals it is1

2miv2
c. The charge exchange collisions also have an

effect on the ion energy that needs to be taken into account. When a plasmaion
charge-exchanges with a cold ion, the ion effectively changes its temperature from
Ti to the cold neutral temperature causing an ion energy sink. In case of charge
exchange with a hot neutral, the case becomes a bit more complicated. At a charge
exchange collision, it is implicitly assumed that the neutral particle gets the local
ion temperature. When this hot neutral now makes its random walk, its tempera-
ture is constantly adapted to thelocal Ti . This is in fact an extra energy diffusion
caused by the hot neutrals, although it is not explicitly stated in the formulae. It
should therefore be balanced by an ion energy diffusion term in oppositedirection.
The source on the ion energy, including electron-ion equilibration and possibly
auxiliary heating, then becomes

Pi = Pei +Paux,i +Tinhνi +
1
2miv

2
cncνi

− (Ti − 1
2miv

2
c)ncνcx−Ti

1
r

∂
∂r

(

rDcx
∂nh

∂r

)

. (5.13)

5.5 Numerical implementation

In order for the model to be included inCUTIE, it has to be evaluated on a finite
radial grid, and marched in time with a finite time step∆t. The profiles ofnc andnh

at the new timet are evaluated before the profiles ofne, Ti andTe, so that the sources
and sinks calculated from the neutral densities can be included in the evaluation of
these profiles. Sincene, Ti andTe change slowly compared to∆t, νi , νcx andDcx

(which are weak functions of these profiles) can be calculated using values of the
previous time step,t −∆t.

From equation 5.1, it can be seen that the effective radial velocity of the cold
neutrals goes to zero at the magnetic axis. The cold neutrals can thereforenot
cross the axis, and all neutrals along a given radius move from the wall towards
the centre. This allows an implicitdownwind differencingscheme for evaluation
of equation 5.5, in which only the value on the down wind grid point is taken into
account.

The hot neutrals move in a diffusive way, and there is no preferential direction.
Therefore, down wind differencing can not be applied, and the more generalcen-
tre differencingtechnique is employed. This can be evaluated implicitly using a
tridiagonal matrix system like described in 4.2.
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5.6 Results from neutrals modelling

The model described above was implemented inCUTIE and tested. It turns out that
the described model does not yield the desired results.

The reason for the limited applicability of the model is an unfortunate relation
between the plasma size and the mean free path lengths of hot and cold neutrals.
For the cold neutrals coming from the wall,λmfp,c is short, so that they undergo
a charge exchange collision before penetrating deep into the plasma. Afterthus
becoming a hot neutral, with the typical thermal velocity of a plasma ion,λmfp,h ≈
a, causing it to fly out of the plasma before getting the chance to ionise. These
escaping particles get recycled, but this overall behaviour can not bewell described
by a diffusion equation. The result is that ionisation only occurs for cold neutrals,
yielding a particle source that is only active in the edge.

A kinetic description may be more appropriate for the neutrals, but this is far
beyond the scope of simply estimating a more realistic particle source forCUTIE.
Other effects may also play a role in realistic plasmas. It is assumed that an anoma-
lous particle pinch, on top of the neoclassical Ware pinch, exists in most plasma
regimes. This effect may be dominant for neutrals penetration in small machines,
and to obtain realistic density sources and profiles it may be necessary to estimate
this pinch. However, in the modelling this boils down to a “fudge factor”, and this
would defy the reason for modelling the neutrals inCUTIE in the first place.

The neutrals model is therefore not included in the simulations described in
this work.



Chapter 6

Physics described by the
Cylindrical ElectroMagnetic
2 Fluid Turbulence model

6.1 Introduction

The CEM2FT model introduced in chapter 4 describes a rich spectrum of modes
and instabilities present in tokamak plasmas. The physics of the ITG mode is
present in the equations, and therefore the ion Larmor radius should be resolved,
at least radially. Inclusion of ETG modes would require a description at themuch
smaller electron Larmor radius scale, and these are therefore not included. Trapped
particles are modelled in the form of added neoclassical transport terms and neo-
classical effects such as the Ware pinch and bootstrap current, but are not explicitly
taken into account in the turbulent fluctuations. Trapped particle modes such as the
TEM are therefore absent in the description, as is the neoclassical tearing mode (i.e.
a tearing mode driven unstable by poloidal variations in the bootstrap current). The
visco-resistive branch of the cylindrical tearing mode, which allows reconnection
of field lines due to viscosity and resistivity effects, is included. As described in
section 4.1.3, a rough estimate of transport due to interactions of trapped particles
with turbulent passing particle modes is included in an extra transport term. Bal-
looning instabilities are present, driven by the terms that explicitly include poloidal
dependence in equations (4.13)–(4.18).

The modes described in the CEM2FT model interact nonlinearly to produce
physical phenomena of importance for mesoscale tokamak turbulence. Someof
these phenomena have been observed in tokamak experiments, while othersare
known or suspected to be present but are hard or impossible to measure.In this last
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(a) (b)

Figure 6.1:Examples of magnetic islands inCUTIE simulations of the
T-10 tokamak. (a) Level plot of a global magnetic perturbationψ̃. The
white circle marks the q= 2 surface. (b) Magnetic islands resulting
from the perturbation in (a). Only the vicinity of the resonant surface
is shown. The X-points of the islands correspond to the maximum inψ̃
(blue in (a)), the O-points to the minimum (red).

case,CUTIE simulations may provide new insights into nonlinear interactions and
mechanisms for self-organisation.

The following sections will describe and study in some depth several observa-
tions onCUTIE simulations. Where appropriate, comparisons with experimental
results will be made, although the described runs are mostly not direct simulations
of existing tokamak discharges.

6.2 Magnetic islands

6.2.1 Single (2/1) island

Regions where magnetic field lines are reconnected in a way that they qualitatively
change the magnetic topology, so calledmagnetic islands, are of great importance
to the transport properties of the plasma. It is therefore useful to investigate if these
islands are described correctly by the model, and if so, if something can be learned
about the dynamics of the islands.

Perturbations in the magnetic potential in general have a global character;they
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stretch out over a large area of the plasma. An example is shown in figure 6.1(a) for
an MHD mode with mode numbersm= 2,n= 1. This is taken from a simulation of
a T-10 plasma, with EC heating atr/a= 0.45 and relatively high radial and spectral
resolutions (a/∆r = 150,mmax= 32,nmax= 16). Note that the strongest amplitude
of the mode is inside the resonant magnetic surface withq = 2/1, indicated by the
white circle in figure 6.1(a). The amplitude of the mode decreases asr−2 outside
this surface.

At a resonant surface, finite resistivity allows the field lines to break up, and
reconnectin a topologically different configuration. This is the way a magnetic
island is formed, as shown in figure 6.1(b). This only happens locally around the
resonant surface, as further away the reconnection process takesmore energy due
to magnetic shear. The extent of the reconnected area, the island widthw, is thus
limited by shear and can be expressed as

w≈ 4

√

ψ̃R0

B0

qres

sres
, (6.1)

wheresres is the magnetic shear around the resonantq surface. For the magnetic
perturbation corresponding to figure 6.1,w ≈ 2 cm is found, consistent with the
observed width in the figure.

To visualise magnetic islands, the shape of flux surfaces should be outlined.
However, in the helical, toroidal field of a tokamak, constantΨ surfaces do not
exactly represent flux surfaces. Therefore, ahelical transform, appropriate for the
vicinity of the resonant surface, should be constructed:

Ψ∗ = Ψ− B0r2

2R0qres
, (6.2)

whereqres is the resonant value ofq andΨ = Ψ0 + ψ̃. In fact thisΨ∗ represents
the magnetic potential as a mode on the field line withqres “sees” it. Figure 6.2(a)
gives an example ofΨ∗ profile, constructed forqres= 2.

The islands exhibit a poloidal rotation. By looking at the motion ofΨ∗ con-
tours, the rotation frequency of the islands in the shown example can be deter-
mined to be 5.7 kHz, corresponding to 7.1 km/s at the resonant surface. From
equation (4.14) it is seen that magnetic perturbations are advected with a poloidal
velocity ve0 = vE×B −eθ p′e0/ene0B0, i.e. the electron diamagnetic velocity on top
of theE×B velocity. These velocities are shown in figure 6.2. In the area around
the island indeedve0≈ 7 km/s is found. However, a dip is observed invdia at the
exact resonance, caused by a local reduction in∇Te. This flat region inTe results
from enhanced magnetic diffusion by theχm term in equation (4.25). It can thus
be concluded that the island (the magnetic perturbation) rotates with the velocity
ve0 at its boundaries. The reconnected region itself just moves with this rotation.
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Figure 6.2:(a) Helical transformΨ∗ used to reconstruct flux surfaces
in the vicinity of the q= 2 surface in figure 6.1(b)
(b) Velocity of magnetic perturbations, ve0 (drawn line), and its compo-
nents, vE×B (dashed) and vdia (dotted). The vertical dotted line indicates
the q= 2 surface.

Other fluctuations associated with the island, such asT̃e andφ̃ (see figure 6.3)
rotate with the same velocity, clearly indicating that they are linked to the magnetic
perturbation. When looking at the normalised fluctuations inTe, figure 6.3(a), it is
seen that the island X-points are slightly cooler than the O-points. However,the
m= 2 perturbations inTe are not restricted to the islands, and no significant increase
in pressure inside the islands is found.

6.2.2 Double islands

In simulations very similar to the ones described in the previous section, two
magnetic modes existing simultaneously have been investigated. In this case, a
(m/n)=(3/2) MHD mode is present inside theq = 1.5 surface early on in the simu-
lation. The location of this resonant surface corresponds to the location of the EC
heating,rECH. It can thus be assumed that the mode is driven by this localised heat-
ing. After a fast initial growth, the mode remains at almost constant amplitude over
at least ten milliseconds. It forms a magnetic island, as shown in figure 6.4(a). The
rotation of the islands varies slightly, but in general it rotates slow (< 1.2 kHz),
as the electron diamagnetic rotation is at the resonance counteracted by a strong
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(a) (b)

Figure 6.3:Examples of fluctuations associated with the islands. Con-
tour plots of (a)T̃e and (b) φ̃. The white circles mark the width of the
islands. Red indicates a negative value while green/blue indicates a
positive value.

negative spike in theE×B velocity; see figure 6.5. At times the island is almost
stationary.

Transiently, a strong magnetic (2/1) mode is formed inside theq = 2 surface,
also forming an island as shown in figure 6.4. It can be seen that the (3/2) island is
deformed by the (2/1) mode, but the latter may grow so strong as to dominate the
(3/2) mode completely. In fact there are hardly any instances where both islands
coexist. Although the amplitude of the (3/2) mode itself is not diminished, the
m= 3 symmetry atq = 1.5 is completely erased, and one can no longer speak of a
(3/2) island.

The transient (2/1) island rotates very fast, as theE×B velocity is strongly
peaked and adds to the electron diamagnetic direction since they are in the same
direction (figure 6.5(b)). Closely associated with both islands is a narrow and
strongly shearedE×B zonal flow. In particular the (2/3) island creates a strong
velocity shear as theE×B rotation changes sign over a very small region just out-
side the island. This zonal flow quenches turbulent fluctuations, in particular ṽr , T̃e

andΘ̃. This does not happen in the previously described case with a single island
(compare the dashed lines in figures 6.2(b) and 6.5(b)), and it should therefore not
be concluded that this is a general property of magnetic islands.

It is shown in this section that the CEM2FT describes magnetic islands that
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(a) (b)

Figure 6.4: Two co-existing islands in high resolutionCUTIE simula-
tions. (a) A steady-state m= 3, n= 2 island and (b) a transient m= 2,
n = 1 island. In both cases, only the vicinity of the relevant q surface is
shown.

rotate at the magnetic advection velocityve0. This velocity is hardly affected by the
nonlinear interactions described by the model. The fact that relatively large islands,
which are in general considered bad for global confinement, can drive a zonal flow
that quenches turbulent transport, is a surprising result. This could possibly shed
new light on the role of rationalq surfaces, and the instabilities associated with
these, in the formation of transport barriers.

6.3 Ballooning structures

While the lowm modes discussed in the previous section have a strong radial lo-
calisation, determined by their resonant magnetic surface, ballooning modesman-
ifest themselves as radially elongated but poloidally localised structures, see fig-
ure 6.6(a).

Pure ballooning modes are pressure-driven, electrostatic modes with relatively
high poloidal mode numbers. For a large enough value of the pressure gradient,
their stability is determined by a balance between the magnetic curvature and−∇p.
On the LFS of the tokamak, the outboard side, these are in the same direction, lead-
ing to a growth of the modes. On the HFS the terms are in opposite direction, and
the curvature works stabilising. Therefore, a ballooning eigenmode has ahigher
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Figure 6.5:(a) Magnetic perturbation corresponding to figure 6.4. The
white circles indicate the q= 1.5 and q= 2 surfaces. (b) Poloidal ve-
locity of magnetic perturbations ve0 (drawn line) and its components:
TheE×B velocity u0 (dashed line) and the electron diamagnetic veloc-
ity vdia (dotted line). The vertical dotted lines indicate the location of
the q= 1.5 and q= 2 surfaces.

amplitude on the LFS than on the HFS.
An instability resonant on a rational surface withq = m/n, can couple to a

neighbouring instability withm±1 and equaln (and thus resonant on a different
surface) if its radial extend is larger then the distance between the resonant sur-
faces1:

wm,n ≥ ‖rm±1,n− rm,n‖. (6.3)

Since higher order rationalq surfaces are radially closer to each other than lower
order ones, and higherm modes have a relatively large radial extension, the radial
coupling of ballooning (high-m) eigenmodes is particularly strong, and thus they
form cells with a large radial elongation.

To investigate the role of ballooning modes in radial tokamak transport, a
CUTIE simulation with typical RTP parameters, heated by 350 kW of ECH lo-
cated atrho = 0.25, is studied. We will look at the possible radial flow caused by
the ballooning structures.

1It should be noted that due to drifts caused by magnetic field curvature and gradients, even modes
that do not satisfy equation (6.3) can have side bandsm±1 of the primary poloidal mode number
m. Those sidebands have an effect on the radial structure and the complex frequency of the mode.
Sidebands withm±2,3, . . . are usually negligible.
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(a) (b)

Figure 6.6: (a) Ballooning in aCUTIE-simulation; level plot of nor-
malised density fluctuations̃ne/ne0(0). (b) A simple mathematical
model to reproduce the finger shape of ballooning modes. See text for
details.

In the density fluctuation plot obtained from the simulation, figure 6.6(a), the
characteristic finger-like shape of the ballooning modes is observed. Thepoloidal
dependence of the ballooning mode growth rate combines with theq profile to
produce this shape. In toroidal geometry, other (electrostatic) modes with relatively
high m may behave in a similar way, and thus contribute to the ballooning-like
structure.

The generality of these ballooning structures is illustrated by figure 6.6(b),
where a similar shape is reconstructed from simple geometrical considerations.
The ingredients for this picture are just(i) the fact that all eigenmodes have the
same phase and maximum amplitude atθ = 0 (the LFS) and(ii) theq profile. The
figure is simply a level plot of the function

f (r,θ) =
cos(m(2πk+θ))

cosh(m0(2πk+θ))
, −kmax≤ k≤ kmax, (6.4)

wherek is an integer and the function is wrapped 2kmax+ 1 times around the
poloidal domain−π < θ ≤ π. The radial dependence is throughm= nq(r), and a
realisticq profile is derived from the simulation in figure 6.6(a). The toroidal mode
numbern is a fixed integer;n = 4 in the figure. The factorm0 is a parameter that
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Figure 6.7:Mode spectrum (m number versus r/a) of density fluctua-
tions,ñe/ne0(0), corresponding to figure 6.6(a). The “mountain ridges”
of connected modes at different radii create the ballooning “fingers” in
figure 6.6(a).

determines how strong the cosine function is damped by the cosh function away
from its strongest instability atθ = 0. In this graph,m0 = 0.6.

At the LFS (θ = 0, right), all modes are aligned and interfere constructively to
produce a strong, radially extended structure. At the HFS (left), modes at different
radii are out of phase and an interference pattern is observed with hardly any radial
coherence left.

Sinceq increases withr, so doesm. In a mode spectrum, a plot ofm number
versusr/a, see figure 6.7, ballooning structures show up as ridges of increasing
m values towards largerr. Note that in the simulation not a single ridge appears,
but several, each corresponding to a toroidal mode numbern. The shape of the
simulated ballooning structure is rather well reproduced by equation 6.4, even if
only a singlen value is taken into account.

The large radial extent of the ballooning structures observed in figure 6.6sug-
gests the possibility of strongly enhanced radial transport. Indeed, similarstruc-
tures in the fluctuations on the electrostatic potentialφ̃ (figure 6.8(a)) represent
radially extended eddies ofE×B flow, which is the main plasma flow and in prin-
ciple follows equipotential lines ofφ. However, particles do not follow these ed-
dies indefinitely. Poloidal (E×B) rotation, driven by the equilibrium potentialΦ0,
decorrelates the particle flow from the ballooning eddies.

A more complete picture of the plasma flow is therefore presented in fig-
ure 6.8(b), where the total electrostatic potentialΦtot = Φ0 + φ̃ is plotted. Again,
plasma flows along the contour lines. Although the finger-like ballooning eddies
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(a) (b)

Figure 6.8:Contour plots of (a) fluctuations on the electrostatic poten-
tial, φ̃ and (b) the total electrostatic potential,Φtot = Φ0 + φ̃. Plasma
E×B flow is mainly along contour lines ofΦtot.

are not so clear anymore, it is seen that significant radial excursions are still possi-
ble. Where figure 6.8(a) gives an overestimate of radial plasma flows by ignoring
decorrelation due to poloidal rotation, figure 6.8(b) may underestimate radial ex-
cursions, since the ballooning eddies themselves may (partially) follow the plasma
rotation.

6.4 Role of the dynamo current

In CUTIE simulations with off-axis ECH, a very low shear region is often formed
inward of the heating radius. Figure 6.9 shows an example, from an RTP simulation
with ECH at r/a = 0.25. The value ofq in these low shear regions is always
“clamped” to a simple rational value.

The dynamo currentjdyn = eζ · 〈ṽ× B̃〉/ηnc plays an important role in the for-
mation of this region by altering the current density profile. Its asymmetric distri-
bution over the inner region of the plasma (alternating in the positive and negative
direction with respect to the plasma current) flattens the totaljζ profile. Inter-
actions between modes residing in the zero shear region (r/a < 0.25) drive jdyn.
Figure 6.10 shows the mode spectra of the potentials related toB̃ andṽ.

The importance of the dynamo current for the clamping of theq profile is il-
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Figure 6.9:(a) Profiles of safety factor q and current density jζ in sim-
ulated RTP discharge with off-axis heating (rECH/a = 0.25). (b) Non-
inductive currents (the dynamo current jdyn and the bootstrap current
jbs), in the same simulations. Drawn lines indicate normal simulations,
including the dynamo current. Dashed lines indicate simulations with-
out dynamo current. The dotted line in (b) indicates the dynamo current
in the simulation where it is taken into account.

lustrated byCUTIE simulations from whichjdyn is removed. These are shown as
the dashed lines in the figures. After switching ofjdyn, the current density pro-
file quickly peaks, and theq profile relaxes into a more monotonous shape with
q(0) < 1.

In the case without dynamo current, a strong increase inm= 1 mode activity
in the central region occurs. It thus appears that the zero shear region at q = 1
limits the growth of this mode. Probably the strong gradient in current density,
that is large in the simulations without dynamo and almost zero in the simulations
with dynamo, provides the free energy for the mode activity. The increased m= 1
modes in the runs withjdyn = 0 drive a strong outward convection of particles and
heat, and the profiles ofne, Te andTi (and thus the pressure profiles) are completely
flat insiderECH/a. This is shown in figure 6.11.

Note that for the simulation with dynamo current, the temperature profile is
hollow, i.e. it features an off-axis maximum. The turbulent heat flux〈p̃eṽr〉 is
positive (i.e. outwards) over the whole radius, which implies that heat is transported
“up the hill”, against∇Te, a necessary condition to sustain a steady-state hollowTe
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Figure 6.10:Mode plots ofψ̃ (top) andφ̃ (bottom) in simulations that
include the dynamo current. The front side is closest to the magnetic
axis. Interactions between the low m modes of both these fields, in par-
ticular m= 1 and m= 2, drive jdyn that lowers the shear in the inner
region.

profile. This is not the case in the simulation without dynamo current. A low shear
region thus appears to be instrumental to a hollowTe profile.

Experiments in the RTP tokamak under conditions similar to the simulations
discussed here did indeed measure hollowTe profiles [16, 17, 19]. Although no
direct measure of theq profile was available in these experiments, calculations
based on measuredTe andne indicate a low shear from the ECH deposition inwards.
Such calculations do not take the dynamo current into account, since this requires
detailed measurements of the turbulence that are not easily obtained. Calculations
with CUTIE thus provide information that is not easily accessible experimentally.

In conclusion, it is illustrated in this paragraph how the dynamo current plays
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Figure 6.11:Profiles of (a) electron temperature Te and (b) turbulent
heat flux〈p̃eṽr〉. Drawn lines indicate simulations with and dashed lines
without dynamo current.

an important role in the self-organisation of the plasma. It not only directly affects
the current density andq profiles, but via these influences the turbulence and trans-
port. It is shown to be essential for steady-state hollowTe profiles in theCUTIE
simulations.

6.5 Off-axis and on-axis sawteeth

In long running (more than 50 ms) simulations of the RTP tokamak with far off-
axis heating (rECH/a = 0.55, PECH = 350 kW), periodic oscillations of the off-
axisTe maximum (“off-axis sawteeth”) were produced [8]. This correspondswell
with actual experimental observations on RTP, where indeed off-axis sawteeth were
observed [7, 16, 17]. The time scale of these events (rise time≈ 3 ms, crash time
≈ 0.3 ms) is comparable to the experiment (rise time≈ 1.5–2 ms, crash time≈ 0.2–
0.5 ms).

The simulations obtainTe profiles in reasonable agreement with experiment
(25%–40% higher than ECE measurements) at a densityne,av = 3.0×1019 m−3.
The off-axis maximum inTe is sustained in the simulations by an outward turbulent
advective heat flux in the core. This transports heat up theTe gradient in the region
inside the heating radius, while it features a minimum atrECH. This last feature



70 CHAPTER 6. PHYSICS DESCRIBED BY THE CEM2FT MODEL

creates the off-axisTe maximum.
Periodically, the level of turbulence strongly increases, leading to enhanced

transport of heat down the gradient, away from the heating radius in bothdirections.
Thus, the off-axisTe maximum is quickly reduced: The sawtooth crash. The heat
flowing inward causes the centralTe to rise; this was also observed in experiment.
In the simulations, the interaction between a (4/1) and a (3/1) mode are found to
be responsible for the periodic bursts of MHD activity. These modes drive dynamo
currents and magnetic fluctuations, which cause oscillations in theq profile. The
value ofq at rECH fluctuates between 2.8 and 3, while it varies between 2.8 and 3.7
at the magnetic axis. The (time averaged) magnetic shear is close to zero fromthe
magnetic axis torECH with q = 3 everywhere in this region; compare section 6.4

Simulations under ohmic conditions in RTP were able to produce oscillations
in centralTe, reminiscent of the centralq = 1 sawteeth commonly observed in
tokamak experiments [43]. No other first-principles based model has beenable to
describe these sawtooth effects to date.

6.6 Conclusions

In this chapter, several self-organised effects included in the CEM2FTmodel are
investigated with theCUTIE code. It is demonstrated that magnetic islands are well
described by the CEM2FT, even though the neoclassical destabilising mechanism
is missing. A sheared rotation, driven by the magnetic perturbation associated
with the island, is often observed in the simulations. The quenching of turbulent
fluctuations by this rotation shear could play a role in sustaining transport barriers.

Ballooning modes allow plasma flows with a considerable radial extend in the
simulations. This can clearly accommodate radial particle and heat transport.

A unique feature of the CEM2FT model is the self-consistent inclusion of the
dynamo current. It is shown that this effect plays an important role in hollowTe

profiles, sawteeth phenomena and the associated transport. The CEM2FTmodel
is therefore a unique tool for studying self-organisation and its effects on tokamak
transport.



Chapter 7

Turbulence simulations of
nonlocal transport in RTP cold
pulse experiments

7.1 Introduction

One way of experimentally investigating the transport properties of a tokamak
plasma is by applying perturbations to the steady state profiles. The propaga-
tion characteristics of these perturbations yield valuable information on the plasma
transport mechanisms and properties, that can not be obtained by analysing the
steady state itself. A much studied example is the plasma response to a sudden
lowering of the edge electron temperatureTe, i.e. an edge cold pulse. This is gen-
erally achieved in either of two ways. One method is by ablating material of a
metal target with a laser. The material enters the plasma and cools it by means
of radiation, ionisation and charge exchange. The other method is shootinga hy-
drogen ice pellet into the edge of the plasma. Material of the pellet is ablated and
ionised, locally cooling the plasma and providing a particle source.

Several such experiments on different tokamaks show a ”nonlocal effect” [4]:
The local cold pulse yields a global response in the plasma parameters. Often,
the centralTe is observed toincreasetransiently, andbeforethe edge perturbation
diffuses in. This can not be explained by diffusive transport or a local change in
turbulence, and can for example not be ascribed to Ohmic power redistribution [4].
A global modification of the turbulence, decreasing the transport coefficients far
away from the perturbation, is commonly invoked as a cause of this phenomenon.

To get more insight in the physics underlying the nonlocal effect and to study
the role of turbulent transport, numerical simulations have been performed with
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the two-fluid codeCUTIE. In this chapter, a comparison between experimental ob-
servations on the RTP tokamak and the simulations is presented, and the role of
turbulence in the mechanism of this nonlocal effect is discussed.

7.2 Experimental setup and observations

The experiments referred to in this chapter were performed on RTP, the circular
tokamak (see table 2.1 for RTP parameters) at the FOM-institute for plasma physics
Rijnhuizen in the Netherlands. The experiments and their results are extensively
discussed in references [18, 29]; a short overview of the results relevant to this
study will be given here.

The studied RTP discharges (figure 7.1) concern plasmas with off-axis ECH.
Up to 350 kW of heating was provided, focused to a spot size with diameter<
2 cm. The normalised deposition radiusrECH/a was varied between 0.0 and 0.4
by changing the toroidal magnetic fieldBζ. The maximum coreTe rise (∆Te) was
found for 0.15≤ rECH/a≤ 0.25. If the ECH heating was placed further outwards,
the q = 1 surface disappeared from the plasma, andq(0) ≈ 1.5. Edge cooling
was obtained by oblique injection of a hydrogen ice pellet with a velocity of≃
1000 ms−1 and≃ 5× 1018 atoms per pellet. This is comparable to the average
plasma particle content in RTP, making the pellet relatively large. The pellets were
injected under an angle of 8◦ with the mid-plane, resulting in an impact parameter
(radius of closest approach to the magnetic axis) of 11.2 cm (r/a = 0.68).

The coreTe rise observed in these ECH experiments could be very large, up to
∆Te = 1.6 keV, an increase of 80%. It was found that the rise was brought about
by a local increase of∇Te. This steepening was shown to be strongly linked to the
region betweenq = 1 andq = 2.

Calculations with a 1-D time-dependent power balance model (ASTRA, [33])
of the RTP experiments were performed. TheASTRA code evolvesTe(r,t) and
j(r, t), with ne(r,t) taken from the experiment. An educated guess is used forTi(r,t),
which is relatively unimportant since the electron-ion coupling is weak. A reduc-
tion of diffusive transport coefficientχe in the region 1< q < 2 during the tran-
sientTe peaking, together with an increased inward convection in the region where
r < rECH, could reproduce the observed effect very well [18]. Particularly striking
is the observation that the best results were obtained by reducingχe almost instan-
taneouslyby a factor of nearly 3. The increase in inward convection occurs more
gradual and lags behind by about a millisecond.

The core response time was observed to be much smaller (0.15–0.2 ms after
the pellet was injected) than the diffusive propagation time of sawteeth induced
heat pulses from the core to the edge (0.6 ms). The increase of coreTe was only
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Figure 7.1: Results from the RTP cold pulse experiments, discharge
r19980618.027. Top panel: Electron energy content (We), Hα sig-
nal and line averaged density. The peak in Hα indicates when the
pellet enters the plasma. Bottom panel: Electron temperature from
ECE at several radii. The inversion of the pulse (magenta lines) takes
place around r/a ≈ 0.4. Plasma parameters: Ip = 80 kA, qa = 4.8,
rECH/a = 0.225, ne(0) = 3.0×1019m−3 before pellet injection. Figure
reproduced from [18].

transient and lasted for about 5 ms, i.e. 1–2 energy confinement times.

The densityne was found to be an important parameter in the nonlocal re-
sponse, on RTP as well as on other machines (e.g. [28, 38]). At lowne, the rise
in Te was strongest, while for increasing density the effect got weaker. When the
line averaged densityne,av in RTP was larger than 2.5×1019 m−3, the effect disap-
peared completely.
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7.3 Simulation setup

Several simulations withCUTIE are done, with parameters close to RTP discharge
r19980618.027 (see figure 7.1), i.e.Ip = 78 kA, Bζ = 2.125 T, q(0) = 0.85 and
q(a) = 4.85. Parameterisations of the measured profiles are taken as initial profiles
of q, ne (parabolic),Te andTi (Gaussian). These profiles are rather strongly de-
formed during the initial phase of the simulation, while turbulence is not yet fully
developed. Eventually this results in profiles consistent with the calculated turbu-
lent fluxes. Edge values are kept fixed atTe(a) = Ti(a) = 50 eV andne = 1.0×
1019 m−3. In all simulations, the effective ion chargeZeff is taken constant over the
radius, withZeff = 2.0. For all simulations presented here,ne,av = 2.0×1018 m−3,
rECH/a = 0.25 andPECH = 300 kW were used. Like in the experiments, hydrogen
was used as the filling gas.

These simulations have been performed withCUTIE not taking full account of
all curvature effects. In particular, the[R∗,φ∗] term is omitted from equation (4.15),
while in the temperature equations (4.17, 4.18) both curvature terms[R∗,φ∗] and
[R∗, p∗] are ignored. Moreover,Ti fluctuations are neglected in advection of equa-
tion (4.13), i.e.T∗

i [Θ∗,n∗] was used instead of[Θ∗, p∗i ].
The density in the plasma is feedback controlled (see chapter 4) to yieldne,av =

2.0×1019 m−3. For the (centrally peaked) particle source profile a simple parabola
is assumed, with a sink in the SOL.

To resolve the ion Larmor radius (except in the cold edge, whereρi becomes
very small) a radial grid size of 100 points is found to be sufficient. Poloidaland
toroidal resolutions in these simulations were chosen to be 32 and 16 grid points,
respectively. This means maximum mode numbers aremmax = 16 andnmax = 8.
Although modes with mode numbers close tommax still have considerable am-
plitude with these values, this does not lead to problems with aliasing (see sec-
tion 4.2.1). The time step for the simulations is taken to be∆t = 25 ns, as it was
found that a smaller time step did not yield significantly different results.

The edge perturbation was modelled in either of two ways. A “pure cold pulse”
was modelled by temporarily (0.4 ms) adding a loss term to the electron energy bal-
ance, equation (4.25). This loss term is equivalent to the SOL loss term butlarger,
and for the duration of the cold pulse active in the outer 25% of the plasma. This
results in an effective lowering to the edgeTe value over this region. No change in
particle source is included in these simulations; The feedback controlled source is
the only particle source active during the edge cooling and the developmentafter-
wards.

To also study the possible effect of the density change provided by the pellet,
a slightly more realistic model introduces a Gaussian particle source in the outer
25% of the plasma. This source is active for 0.25 ms, comparable to the time-of-



7.4. SIMULATION RESULTS 75

flight of the pellet through the plasma. The total amount of particles is matched
to the size of an RTP pellet. Ablation is assumed to be at a constant rate, and
the source does not move, unlike the fast-moving pellet. The feedback source
switches off right after the introduction of the pellet source, since this is much
larger and strongly overcompensates for the particles lost at the SOL. Thus,ne,av

will increase even though the feedback source will be zero. After the pellet source
has become inactive, the density will decrease again, and the feedback source will
come back into action whenne,av has dropped below the control density.

7.4 Simulation results

After an initial phase of several tens of milliseconds, a quasi-steady state was ob-
tained with the parameters sketched in the previous section. The self-consistent
profiles are in relatively good correspondence with the experimental results, as is
shown in figure 7.2(a). The electron temperatureTe is about 30% higher than in
experiment.

It is found thatTe is kept low by the omission of the curvature effects, since
this causes an overestimate of perpendicular heat transport. Due to the omitted
curvature terms there is a mismatch between the flux surfaces experienced by elec-
tromagnetic (̃φ andψ̃) and temperature fluctuations. When these RTP simulations
are continued with the improved curvature effects, overall enstrophy goes down
and an immediate rise inTe results. ReasonableTe and related to thatq are consid-
ered more important than a complete inclusion of all curvature effects, and these
are therefore left out of the simulations.

The ne profile is triangular and theq profile is flat from the centre up to the
heating radius, clamped toq ≈ 1 by dynamo current action, as described in sec-
tion 6.4. The presence of theq= 1 surface confirms that the simulation parameters
are within the experimentally found regime relevant for the nonlocal effect.The
confinement timeτE ≈ 3.5 ms, also about 30% higher than in experiment.

Note thatTe exhibits a steady state hollow profile, with the maximum just inside
the heating radius. Such hollowTe profiles were a common feature on RTP [16, 17].
By far the largest heat source is the ECH, which is located at. Ohmic heating isalso
smaller in the core than atr/a ≈ 0.25. To sustain steady-state hollowTe profiles
however, a central heat sink is necessary. Heat loss to the ions provides such a
sink and is peaked in the centre due to the peaked density profile, but it is far too
small to explain the effect. TheCUTIE simulations do show that there is an outward
turbulent heat flux〈p̃eṽr〉 that is positive everywhere and thus drives heat out of the
centre up against theTe gradient, see figure 7.2(b).

Time traces from the “pure cold pulse” (edge cooling without particle source)
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Figure 7.2:(a) Profiles of Te, q and ne calculated byCUTIE just before
the edge cooling. The ECH deposition profile is also shown. (b) Out-
ward turbulent heat flux qe = 〈p̃eṽr〉.

simulations are presented in figure 7.3. The edge cooling starts att = 86.6 ms and
lasts for 0.4 ms, as indicated by the vertical dashed lines. It is seen that the cold
pulse travels inward quickly; after 0.25 msTe at r/a = 0.35 starts to decrease. The
core temperatureTe(0) (the red line in figure 7.3) starts to rise 0.2 ms after the start
of the edge cooling. However, the temperature averaged over the plasma volume
decreasesfrom T̄e = 0.43 keV toT̄e = 0.37 keV, which is about 14%.

The density reacts in the opposite way; it decreases in the centre while the
volume averaged value increases. After a millisecond bothTe andne recover. The
temperature even slightly increases after that; the maximum value ofT̄e = 0.45 keV,
an increase of about 5%, is reached 1.7 ms after the start of the edge cooling. The
energy content of the plasma (indicated by the plasmaβ) andτE behave likeTe;
they first drop, recover after a millisecond and slightly “overshoot” to a small,
transient increase of about 5%.

The global turbulence levels, measured by the normalised volume averaged
values ofB̃2

r andṽ2
r , are strongly suppressed, as shown in figure 7.4.

Results obtained by introducing a pellet-like particle source in plasma edge,
starting from identical initial conditions, are shown in figures 7.5 and 7.6. The
cooling effect of the pellet at the edgeTe of the plasma is less strong than in the
experiment. This is due to the fact that radiation losses are not taken into account
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Figure 7.3: (a) Simulated time traces of Te at several radial positions
for simulations with edge cooling. The edge cooling is active from 86.6
ms to 87.0 ms, as indicated by the dotted vertical lines. The red line cor-
responds to the magnetic axis, the yellow line corresponds to rECH/a=
0.25. The other colours indicate more outward radii. The horizontal
dotted lines indicate the Te value at t= 86.6 ms.

in CUTIE, while they are important for the cooling effect by the pellet, particularly
at the edge. The energy needed to heat the particles fromTpellet≈ 0 keV to plasma
temperatures is also neglected.

Even though the cold pulse is less pronounced, the apparent nonlocal effect is
stronger in these simulations. With∆Te/Te ≈ 15% in the core, the rise inTe(0) is
larger than with the pure cold pulse. The increase inβ andτE is comparable to the
pure cold pulse simulations, although no initial lowering is observed.

Due to the increased particle source at the edge (the pellet), the normally ac-
tive, centrally peaked particle sourceSp is switched off by the density feedback in
CUTIE. The main effect is thus a shift of the maximum in particle source from the
centre to the edge, and a corresponding change of density profile fromcentrally
peaked to almost flat. With a constant value forne,av, this means an increase inne

at the edge and a decrease in the centre. Assuming for simplicity a perfect steady
state in the energy balance,∂neTe/∂t = 0, a decreasene is immediately reflected
by an increase inTe. It appears that this is the main “nonlocal effect” in these
simulations.

This is confirmed by a simulation run where onlySp is reduced to zero for
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Figure 7.4: (a) Time trace of〈ṽ2
r 〉/v2

drift (top) and 〈B̃2
r 〉/B2

0 (bottom),
measures of magnetic turbulence and turbulent radial velocity, respec-
tively. The vertical dotted lines indicate the time a heat sink is added in
the plasma edge (“pure cold pulse” simulations).

0.4 ms, without compensating it with a pellet particle source in the edge. Indeed,
ne(0) drops whileTe(0) rises, by a similar amount as in the pellet simulations.
Moreover, a simulation was performed with a pellet particle source in the edge
while Sp is not controlled by the feedback mechanism, but kept at a fixed value
throughout the pellet ablation and the evolution afterwards. In this case,ne(0)
actually rises, and a drop inTe(0) is observed.

The most important effect of the edge perturbation in both simulations however,
is a strong suppression of the turbulence, as can be seen from figures7.4 and 7.6.
This is not reproduced by only settingSp = 0, and it is therefore considered a
genuine effect of the edge perturbation. The mechanism of the turbulence reduction
will now be discussed.

In all RTP simulations presented here, strong ballooning-type vortices areob-
served (figure 7.8), as discussed in section 6.3. As they are the main structures
outside the core region of the plasma, they are to a large extend responsiblefor
the turbulent radial heat flux in this region. In the core region itself, mainly low-
m modes are present, in particularm= 1,2. Modes driven unstable on the flanks
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Figure 7.5:(a) Simulated time traces of Te at several radial positions. A
pellet like particle source is active in the edge from 86.60 ms to 86.85
ms, as indicated by the dotted vertical lines. The red line corresponds
to the magnetic axis, the yellow line corresponds to rECH/a= 0.25. The
other colours indicate more outward radii. The horizontal dotted lines
indicate the Te value at t= 86.6 ms.

of the ECH heating sustain a strong zonal flow via Reynolds stresses. Thiszonal
flow, rotating in opposite direction to both the electron diamagnetic rotation and
the plasma on both sides of the heating radius, has a shearing rate in the order of
a MHz. This effectively isolates the turbulence in the core from the rest ofthe
plasma.

When the pellet particle source becomes active, the poloidalE×B rotation in
the pellet region is increased, driven by an increase in the ion pressuregradient
due to larger electron-ion heat exchange and larger edge density. theE×B rotation
velocity increases from 1.5 km/s to about 3.0 km/s, yielding a local velocity shear
in the order of a MHz, as can be seen in figure 7.7(a). This sheared velocity region
suppresses turbulence and decorrelates the radially extended ballooningeddies.
This effect is most clearly illustrated by a poloidal cross-section of the density
fluctuations (figure 7.7), but also works for e.g.φ̃ andT̃e.

After the pellet source is switched off (i.e. the pellet is fully ablated), the high
∇pi region moves inward. This also transports the region with increasedE×B
velocity (and its sheared region) inward. The turbulence is thus quenched over
an area that is much larger than the area where the pellet is originally ablated.
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Figure 7.6: (a) Time trace of〈ṽ2
r 〉/v2

drift (top) and 〈B̃2
r 〉/B2

0 (bottom).
The vertical dotted lines indicate the time a pellet-like particle source is
active in the edge.

This reduction in turbulence also reduces the turbulent heat flux. However, as was
indicated in section 4.2.3, this is only a small part of the total heat flux. The largest
contribution to heat transport is fromχtp ∝ Θ̃2. The fluctuations iñΘ are not found
to be strongly reduced in the simulations. This would explain the very limited
effect of the turbulence reduction onβ andτE.

The suppression of̃φ fluctuations over a large area is clearly illustrated by
poloidal cross sections of the total electrostatic potential,Φtotal = Φ0 + φ̃. In such
plots, the contour lines correspond to the lines ofE×B flow. After the switching on
of the pellet source and the onset of the edge rotation, the flow lines in the region
outside the core become almost concentric circles (figure 7.8), indicating that the
E×B flow in that region hardly makes any radial excursions. The large density
of contour lines in the outer half of the plots indicate a strong radial electric field,
indicative of poloidal rotation.

The bottom part of figure 7.8 shows them-mode spectrum of the contour plots.
It is clearly seen that the ballooning structures (the “mountain ridges”) present
before the pellet are almost absent less than a millisecond later. Even the modes in
the plasma core (the lower left corner of the spectrum plots) are strongly reduced.
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(a) (b)

Figure 7.7:(a) TheE×B rotation after the injection of the pellet. The
pellet particle source is active in the outer 25% of the plasma and drives
up the ion density gradient in this region. The vertical lines indicate the
region of strongest velocity shear. (b) Level plots ofñe, after the pellet is
introduced, corresponding to the same time as in (a). The white circles
correspond to the vertical lines in (a). Note that the turbulent ballooning
eddies are decorrelated in the velocity shear region.

7.5 Summary and Conclusions

In conclusion, we have investigated the effect of a cold pulse on the turbulence
using theCUTIE code.

A strong suppression of the turbulence is found, starting in the edge, butmov-
ing inward within a millisecond. Eventually turbulence is suppressed over the full
poloidal cross section. The duration of this reduction in turbulence is shorter than
the observed nonlocal effect in the experiments. The suppression is theeffect of
a zonal flow driven by an increase in the ion pressure gradient. The sheared rota-
tion of the zonal flow decorrelates turbulent eddies with a ballooning structure (i.e.
eddies with relatively large radial extension) and moves inward after the pellet is
ablated.

The resulting effect onTe, τE andβ is more difficult to evaluate for two reasons.
First, the way the density control is implemented creates a nonlocal change in
Te, simply by instantaneously reducing the central particle source. Second,the
turbulent component of the heat flux is a relatively small part of the total heat flux.
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(a) (b)

Figure 7.8:Contour plots (top) and mode spectra (bottom) ofΦtotal =
Φ0 + φ̃ (a) just before pellet injection and (b) 0.57 ms after pellet in-
jection. Contour lines correspond to flow lines ofE×B flow. In the
mode spectra, amplitude of the m modes is plotted as a function of mi-
nor radius. The lower left corner indicates the plasma core. In (a) the
ballooning structures in the outer region are clearly observed. These
are suppressed in (b).

Although it is shown that this turbulent component is strongly reduced, the effect
on the total heat flux, and thus onTe, τE andβ is small.

Overall it can be said that theCUTIE simulations give a plausible qualitative
description of the effect of an edge cold pulse by pellet injection. A quantitative
agreement was not obtained, but is outside the scope of these simulations.



Chapter 8

Turbulence Modelling of T-10
ECH Switch-off Experiments

8.1 Introduction

An internal transport barrier(ITB) is a region in the plasma where anomalous
transport is absent or significantly reduced [6]. Such a region can bebrought about
by the local suppression of turbulent fluctuations. Regimes with ITBs are found
in most modern day tokamaks, in both electron and ion heat transport, and these
regimes are extensively studied. They will probably play a key role in ITERexper-
iments, as they allow a higher core temperature and better reactor efficiency.

Detecting an ITB can easily be done by looking for a region with a high
temperature gradient. However, to allow the comparison of ITBs in different
machines, a well-defined criterion in the form of a dimensionless parameter, is
now commonly used for analysis of ITBs [45]. This criterion can be expressed
asρ∗ = c

√
Tsmi/eB0LTs, whereLTs is the gradient length of theTi or Te profile,

LTs = |∇ lnTs|−1. When this exceeds a critical value,ρ∗ ≥ ρ∗
ITB = 1.4×10−2, one

can speak of an ITB.
At least as important as the identification of ITBs is finding experimental meth-

ods for barrier formation. Although no straightforward recipe for creating ITBs
has been found, several favourable conditions are generally accepted. Shear in
the poloidal rotation (E×B or zonal flows) is one such feature, consistent with
theoretical arguments attributing suppression of drift wave turbulence to sheared
flows [14].

A strong dependence on theq profile and magnetic shear is another often re-
ported favourable condition for ITB formation. A criterion for electron ITBs for-
mulated by Razumova [35] states:
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Figure 8.1:(a) Te(t) measured by ECE in the T-10 tokamak. After ECH
switch-off at t= 620ms, Te outside the q= 1 surface (blue line) starts
decreasing immediately, while the decrease in central Te (red line) is
delayed. (b) Similar measurements on TEXTOR.

The necessary condition for the appearance of zones with reduced
transport is a low value ofdq

dr in the vicinity of rationalq surfaces with
low mandn numbers.

The mechanism for this relation betweenq profile and barrier formation can be
found in the density of simple rational numbers on the real axis. It can be shown
that this density is smallest in the vicinity of integer values. This means that near
an integer value ofq the amount of other simple rationalq surfaces, which are
more prone to instabilities, is limited. If the shear is also low, this further reduces
the density of unstableq surfaces, and could thus limit the amount of possible
instabilities.

8.2 Switch-off experiments

The T-10 tokamak at the Kurchatov Institute (Moscow) is a medium sized limiter
tokamak (see table 2.1) with circular cross-section. The machine features two pow-
erful ECH systems operating at different frequencies (130 and 140 GHz), that can
deliver about 900 kW each to the plasma at two variable (although not independent)
well defined locations.

It is possible to locate the ECH off-axis, at such a radial position that the cen-
tral q value is just above 1. This suppresses the sawtooth instability, which is
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resonant atq = 1. In the experiments described in this chapter, a low density
plasma (typically, ¯ne = 1.8×1019m−3) is heated in this way, with 400 kW ECH
at r/a≈ 0.4 [34]. It was found that switching off the heating doesnot result in an
immediate decrease of the central electron temperatureTe (see figure 8.1). Instead,
it remains at the level before switch-off for up to 20 ms. On a global scale,energy
is lost from the plasma typically in an energy confinement time,τE. In other T-
10 plasmas without ECH,τE ≈ 9 ms, so in this case the energy is confined more
than two times as long. Outside the core region,Te does decrease normally on a
diffusive time scale, and thus∇Te increases.

Similar experiments have been conducted at the larger TEXTOR tokamak (see
table 2.1), which is operated by the Trilateral Euregio Cluster (TEC) and is also a
circular limiter machine [34]. TEXTOR features a 140 GHz ECH system with a
maximum absorbed power in the plasma of about 800 kW. The heating radiusrECH

can be varied independent ofB0 by means of a launching mirror that can be tilted
in poloidal direction. The obtained results confirmed the T-10 observations(see
figure 8.1(b)), although the longest delay of the centralTe decay was still shorter
with respect toτE (about 35 ms≈ τE) than in T-10.

The delay of heat loss from the core and the accompanying local increase
of ∇Te/Te indicate the transient formation of an ITB. By studyingTe profiles
measured with ECE the region of strongest∇Te increase in T-10 could be lo-
cated around theq = 1 surface, determined from the sawtooth inversion radius
in the ohmic phase. Indeed, in this region the dimensionless criterion discussed
in section 8.1, is found to increase from below the critical value during ECH
(ρ∗ ≈ 1.0×10−2) to above it (ρ∗ ≈ 1.8×10−2) right after switch off.

Density fluctuations are measured on T-10 with O-mode reflectometry [47, 48].
Since reflectometry (see section 2.3.2) measures the position of a surface with
given density, error bars should be horizontal. This also means that towards the
centre of the plasma, measurements become less reliable since∇ne becomes small.

The relative amplitudes of density fluctuations,〈ñ2〉 1
2 /ne before and just after

switching off the ECH are shown in figure 8.2. The fluctuation levels in the ohmic
phase are included as a reference. Note that the angled brackets heredenote aver-
aging over about 10 ms, and not over a flux surface as in most of this thesis. It can
be seen that during ECH the amplitude of the fluctuations strongly increases.How-
ever, directly after switching off the ECH, the fluctuations just outside the sawtooth
inversion radius decrease to a level even below the ohmic one.

Interpretive modelling was done using theASTRA [33] andCOBRA [1, 2] codes.
TheASTRA transport code can be used to calculateχe, j andq profiles from steady
statene, Te andTi profiles. This was done for the profiles during ECH in both T-10
and TEXTOR. Aq profile with central value just above 1 is found byASTRA, which
is in agreement with the suppression of sawteeth found in the experiments. The χe
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Figure 8.2:The normalised density fluctuation level and in the frequency
band 35–400 kHz, measured with O-mode reflectometry in T-10. With
ECH heating the fluctuations increase over the full measured range
(blue points). A few ms after switching off the ECH the fluctuations
decrease just outside rs, the sawtooth inversion radius (black points).
Fluctuations in the ohmic phase are plotted for comparison (red points).
Figure taken from [34].

profile found byASTRA was used as initial value for theCOBRA code, which calcu-
lates dynamicχe profiles after the switch-off. Results ofCOBRA indicate that the
effectiveχe decreases immediately after switch-off over the whole plasma radius,
but particularly in the region just outsideq = 1.

A mechanism based on the relation betweenq, s= dq
dr and ITB formation as

formulated in [35] was put forward in [34]. Switching off the ECH leads to a
local decrease inTe, increasing the local resistivity. The inductive current density
is therefore pushed out of this region into the hotter core, thus decreasing q there.
Since the current penetration goes slow, a flatj profile is formed, leading to almost
zero shear att = 637 ms, see figure 8.3. The low shear region nearq = 1 creates
(or strengthens) the ITB. However, due to the better confinement,Te stays high
inside the barrier and decreases outside, and steadily more current diffuses into the
core region. Eventually the core value ofq drops further below 1, dragging the low
shear region down with it (t = 655 ms in figure 8.3).
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Figure 8.3:ASTRA calculated current density and q profiles during EC
heating, (t= 615ms), during the delay after switch-off (t= 637ms) and
in the Ohmic phase (t= 655ms) of the same T-10 discharge as presented
in figure 8.1. In the Ohmic phase sawteeth exist which can modify the
current density during a crash, but these are not taken into account in
the calculations. Figure taken from [34].

8.3 Simulation parameters and setup

To further study the role of turbulence in these experiments and to test the proposed
role of theq profile, numerical calculations have been done withCUTIE. The simu-
lations have been limited to T-10 experiments, since the studied effect is strongest
in this machine, and the smaller size of the machine allows smaller resolution, and
thus shorter run times.

The ion Larmor radius is radially resolved in most of the plasma by taking
∆r = a/150= 0.2 cm. With the standard spectral resolution ofmmax = 16 and
nmax= 8 (corresponding to 32 poloidal and 16 toroidal grid points) it turns out that
for a machine the size of T-10 the highest (m= 16) modes are not damped enough,
which results in pile up of energy in the modes with highest mode number (see
section 4.2.1. This creates an unphysical mode structure (see figure 8.4). Increasing
mmax alone turns out not to be sufficient, since the problem persists inn-space.

Therefore a spectral resolution ofmmax = 32 andnmax = 16 is found to be
needed, resulting in almost four times more CPU time consumption of the code.
This is partly compensated by the fact that a longer time step∆t = 60 ns could be
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(a) (b)

Figure 8.4:(a) Poloidal cross-section of density fluctuations in aCUTIE
simulation of T-10 with mmax = 16 and nmax = 8. Particularly in the
outer region, modes with m≈ 16 without the characteristic curved bal-
looning shape are dominant. (b) Poloidal Fourier components (m num-
ber) versus radius of the density fluctuations in (a). The pile-up of en-
ergy in the highest wave numbers indicates that either the Smagorinsky
turbulent viscosity or the spectral resolution is too low.

taken, compared to∆t = 25 ns for RTP simulations.
For the simulations described in this chapter,CUTIE was started from profiles

corresponding to T-10 shot number #32917, just before the ECH switch-off. Note
that this is not the same shot as pictured in figures 8.1(a) and 8.3, but rather similar.
This includes information onTe (Te(0) = 1.35 keV),ne (ne(0) = 2.25×1019m−3)
andZeff (average value 3.25), and the profile of the absorbed ECH power (470kW
at r/a= 0.46 with a width of about 3 cm). ForTi , a Gaussian profile with a FWHM
of 33 cm and a central value of 625 eV is assumed, since no measurements of
this quantity were available for T-10. No ohmic phase before ECH switch-onwas
simulated.

It should be stressed that precise information about theq profile, apart from
the position ofq = 1 from the sawtooth inversion, only comes from theASTRA
calculations, while the proposed mechanism depends critically on details ofq. As
a first estimate, inCUTIE a simple parabolicq profile with qa = 3.9 andq0 = 1.1
(values from theASTRA calculation) is taken as initial condition. The code then
evolvesq self-consistently.

The simulations described in this chapter were done with a reduced version of
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Figure 8.5: Te-profiles calculated byCUTIE. (a) in steady state (con-
tinued ECH, after about 35 ms run time) and (b) just before switching
off ECH (black line), after switch-off (coloured lines) and of the control
run with continued ECH (dashed lines). The red and blue lines corre-
spond to 8.2 ms and 12.5 ms (i.e. 2.2 ms and 6.5 ms after switch-off)
respectively.

the code. A transport term, the turbulent advection due to temperature fluctuations
〈T̃i,eṽr〉, is neglected in the energy transport equations. Instead of equations (4.24)
and (4.25), the energy equations in these runs read

3
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Thus, only energy advection due to density fluctuations is taken into account. This
means that temperature effects of turbulence damping will be less pronounced.

8.4 Results of the simulations

A simulation under the conditions sketched in the previous chapter is performed
with continuous ECH. This run reaches a quasi-steady state inTe after about 35 ms,
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Figure 8.6:Time traces showing the evolution of Te after switching off
the ECH, as calculated byCUTIE. (a) Switch-off while still evolving,
after 6 ms. It is seen that the central Te remains at its initial value,
while close to the heating radius (rECH = 13 cm) the temperature drops
quickly. (b) Switch-off when steady state is reached after 35 ms. The
central q value is far away from 1, and the delay in cooling is consistent
with diffusion. No switch-off effect is observed.

with aTe value 20–25% higher than in the experiment (figure 8.5(a)). Theq profile
at this time also does not correspond well to the experimental profile calculated
by ASTRA, and the central value ofq is with 1.22 too far away from 1. Therefore,
a simulation of the ECH switch-off long before the quasi-steady state is reached,
at t = 6 ms, is studied first. At this instant, the centralq value is still close to 1
(q(0) = 1.06), while theTe profile corresponds well with experimental conditions.
The density profile shows no strong evolution over the run, and remains close to
its initial (experimental) profile. Confinement times are considerably higher than
in the experiment: at 35 ms, in quasi-steady state,τE ≈ 27 ms.

In figure 8.5(b), simulatedTe-profiles are plotted at several instances. Shown
in black is the profile just before switching off the ECH, at 6 ms. The simulatedTe

develops an off-axis maximum at the heating location, that is not observed inthe
T-10 experiments. This is a transient effect, as the profile at 35 ms is almost flat
from the heating radius inward.

The coloured lines in figure 8.5 showTe profiles at later times. Red lines show
Te at t = 8.2 ms, i.e. 2.2 ms after switch-off, while blue lines correspond tot =
12.5 ms, 6.5 ms after switch-off. The dashed lines show, with colours coding for
the same times, theTe profiles of the control run with continued ECH.
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Figure 8.7: Overall fluctuation levels in the simulated switch-off (red
lines) and in the control run (green lines). Electrostatic fluctuations
(〈ṽ2

r 〉/v2
drift , top) show a clear reduction after the switch-off (at 6.0 ms),

while magnetic fluctuations (〈B̃2
r 〉/B2

θ0, bottom) increase.

After switching off the ECH power no immediate decrease in centralTe is ob-
served, while closer to the heating radius a strong drop inTe is observed. This is
illustrated in figure 8.6(a), where time traces ofTe from theCUTIE simulations at
the same locations as in figure 8.1(a) are shown. However, the control run shows a
pronouncedrise in Te(0), and the value ofTe(0) in the switch-off run is rather close
to the ohmic value in the experiments. It could therefore be argued that the central
value ofTe in CUTIE has, unlike in the experiment, hardly deviated from its ohmic
value, and has no reason to drop after switching off the heating. A quantitative
reproduction of the experimentalTe behaviour is therefore not obtained, but this is
not surprising given the limitations of the CEM2FT model.

More importantly, a significant change in turbulence levels within a millisecond
after switching off the ECH (at 6 ms) is observed in theCUTIE simulations. Ampli-
tudes ofñ, φ̃, andT̃i,e are all found to decrease. A global measure of electrostatic
turbulent fluctuations is〈ṽ2

r 〉/v2
drift , where the average is over the whole plasma

volume andvdrift = Te(0)/eB0a is a representative drift velocity. This quantity is
shown in figure 8.7, both for the switch-off case (red line) as for the control run
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Figure 8.8: Surface plot of the difference in density fluctuations
〈ñ2〉 1

2 /n(0) between switch-off and control run. Yellow indicates no dif-
ference, red a reduction in turbulence while green and blue indicate an
increase. The upper dashed line indicates the location of the q= 2 sur-
face, the lower dashed line is the deposition radius of the ECH.

(green line).
Together with a reduction in electrostatic turbulence, the magnetic fluctuations

(measured here by〈B̃2
r 〉/B2

θ) strongly increase, as can be seen in the bottom part
of figure 8.7. This rise inB̃r can be attributed to the growth of anm/n = 2/1
tearing mode forming a magnetic island on theq = 2 surface (r/a = 0.65). This
mode was already present before the switch-off but increases in amplitude; it is also
responsible for the low∇Te region atq= 2 in figure 8.5. The magnetic perturbation
with m= 2 covers the plasma inside theq = 2 surface up to the magnetic axis.

Like in the T-10 runs, the reduction in electrostatic fluctuations is rather lo-
calised. This can be appreciated by looking at figure 8.8. The main reduction is in
the area 0.45< r/a < 0.65, i.e. in between the heating radius and theq = 2 sur-
face. Outside theq = 2 radius the fluctuations actually increase. The effect is also
transient; after about 10 ms the most pronounced effects wear off. However, the
overall fluctuation levels remain lower in the ohmic phase than in the EC heated
plasma, as can be seen in the later part of figure 8.8.

Transport coefficients are reduced by the decrease of turbulent fluctuations, as
would be expected. In figure 8.9 a surface plot is presented of the turbulent heat
transport term〈p̃eṽr〉 as calculated for the switch-off run. As was mentioned in the
previous section, this term is not taken into account in this version of the code, and
thus is no direct measure for the actual heat transport in the simulation. However,
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Figure 8.9:Surface plot of turbulent transport coefficient〈p̃eṽr〉. A clear
reduction in the region between rECH = 0.46 and the q= 2 surface at
r/a= 0.65 for at least 10 ms is observed after the ECH is switched off at
6 ms. Note that this transport coefficient is omitted from the simulation.

it suggests that the turbulent heat transport would have been strongly reduced if
it were taken into account. The terms thatare taken into account (particularly
Γturb = 〈ñeṽr〉 and the TEM-like term in equation (4.27), are similarly reduced.

A strong zonal flow is observed in theCUTIE simulations, coinciding with the
suppression of the electrostatic turbulence, see figure 8.10(a). Wherejust before
the switch-off at 6 ms the plasma is rotating with less than 0.5 km/s in the electron
diamagnetic direction, at 12.5 ms it rotates with 2 km/s in the opposite direction.
This zonal flow is absent in the control run and strongly correlates with thereduc-
tion in fluctuation levels both in space (0.45< r/a < 0.65) and time (7 ms< t <
15 ms).

A look at equation (4.21) reveals two candidates for driving the zonal flow:
The radial gradient in the Reynolds stress〈ṽr ṽθ〉 and thej×B or Lorentz force
〈 j̃‖B̃r〉. Comparing ˜vr and B̃r in figure 8.7 alone does not tell the whole story;
phase relations between the fluctuations can play an important role in the actual
size of the driving terms. However, direct comparison of the relevant terms reveals
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Figure 8.10:(a) Profiles of the poloidal rotation of the plasma. A strong
zonal flow just outside the heating radius and overlapping with the re-
gion of δn-reduction is set in after ECH switch off (drawn line). It is
absent in the control run (dashed lines). (b) Profiles of the magnetic
shear.

that the gradient in the Reynolds stress hardly changes after the switch-off, while
the j×B term increases by more than a factor of 3 in the region betweenrECH and
theq = 2 surface.

It thus appears that the growth of the 2/1 tearing mode after switching off ECH,
via an increase in thej×B force, drives a zonal flow on the inside of its resonant
surface, which in turn reduces the electrostatic turbulence in this region.

The proposed explanation for the experimental observations, discussed in sec-
tion 8.2, focuses on a reduction in magnetic shear in the vicinity of a low order
rationalq surface. The magnetic shear in the switch-off case and the control run
is plotted in figure 8.10(b). AtrECH the shear is reduced by the heating, and this
reduction diminishes after the switch-off. However, more to the inside, the shear
continues to decrease in either case. It is clear that no strong flattening ofthe q
profile inside the heating radius is found in the simulation after switch-off.

However, the local minimum in shear around theq = 2 surface is enhanced in
case of the switch-off, while it tends to disappear in the control run. This effect is
probably due to normal current re-distribution, as no clear effects in thebootstrap
or dynamo currents are found in the simulations.

A switch-off at a later instant (35 ms) in the control run is also simulated. At
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that time, theTe profile is in quasi-steady state (figure 8.5(a), as is theq profile,
with a central value of 1.22.

After switching of the ECH, no significant change in the turbulence is observed.
The Te profile relaxes into a Gaussian shape in a diffusive way. No anomalous
delay in cooling of the centre is observed, as is shown in figure 8.6(b). The central
q value starts to very slowly decrease after the switch-off, but noq = 1 surface
appears within the duration of the simulation.

8.5 Discussion

In the T-10 experiments, the strongest decrease in density fluctuations is measured
between the heating radius and the sawtooth inversion radius, i.e.inside rECH. In
the simulations, on the other hand, this appears betweenrECH and theq = 2 sur-
face. Since in both the control run and the switch-off at 6 ms the centralq value
keeps increasing, noq = 1 surface is formed. The “most rational”q surface in the
simulations, theq = 2 surface, thus becomes the surface of interest.

A strong zonal flow is present in the simulations right after the switch-off, asso-
ciated with thisq = 2 surface. Zonal flows are known to be capable of suppressing
electrostatic turbulence [25], and it is therefore thought that this is the mechanism
for turbulence suppression in the simulations. Them= 2 tearing mode grows in
amplitude due to the reduced shear aroundq = 2. This increases the current and
radial magnetic perturbations, thus driving the zonal flow by a turbulentj×B force.

It is unknown what the underlying mechanism for the reduction in density fluc-
tuations in the T-10 experiments is. It could be that a reduction in the shear near
the q = 1 surface increases the growth of a magnetic perturbation here. Via the
samej×B mechanism as in the simulations, this drives a zonal flow and reduces
the local turbulence. Eventually the shear increases again, so that thej×B drive
diminishes, and the the plasma returns to its normal ohmic state. Alternatively,
the barrier could be destroyed if the magnetic perturbation grows so strongthat it
triggers the sawtooth instability. This would fit the TEXTOR observations, where
the decrease ofTe after the delay generally starts with the first sawtooth crash, see
figure 8.1(b). Note that in T-10, the sawteeth only re-appearafter the centralTe has
come down.

In the experiment, it was found that if the heating was on for too long, the
delay in heat loss from the core becomes less pronounced. This was systematically
shown in TEXTOR, by applying 4 ECH pulses of different length (400, 200, 100
and 50 ms respectively) during a single plasma shot. The delay in cooling after
switch-off was the longest in the 50 ms ECH pulse. This is consistent with the idea
that a very specificq profile is needed for the delay to be observed. The timing of
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the switch-off determines theq profile, since it is still evolving when theTe profile
has reached a quasi-steady state.

In the simulations, it is indeed found that the evolution ofq continues whileTe

has reached a quasi-steady state. It appears that theq profile at that moment, 35 ms
in the simulation, has drifted away from the profile needed for a switch-off effect
to be seen.

The behaviour ofTe appears quite different from the T-10 experiments. How-
ever, it is stressed again thatTe depends on the details of the turbulent transport,
and no quantitative correspondence to the experiment was aimed for.

In the simulations, transient off-axis maxima aroundTe (often dubbed “ears”)
are observed, that were not present in the T-10 experiments. However, at the
switch-off experiments on TEXTOR, earshavebeen observed right after switch-
ing on off-axis ECH [46]. Ohmic heating, ECH and electron-ion heat exchange
added together feature a minimum (in the simulations) at the location where the
local minimum inTe is observed. It should be noted that the temperature of this
minimum is also rising (in fact, it is being filled up), so that no heat flux “up the
hill” is needed to explain this transient effect in these simulations1.

8.6 Summary and Conclusions

Simulations of the change of turbulent behaviour after ECH switch-off in theT-10
tokamak have been presented and discussed.

A reduction in electrostatic fluctuations is found in the simulations right after
the switch-off. A strong zonal flow induced between the heating radius and the
q = 2 surface is held responsible for this turbulence suppression. This zonal flow
appears right after the switch-off and is driven by the turbulentj×B force, which
increases due to strong magnetic turbulence around theq = 2 surface. In the ex-
periments, a similar mechanism could play a role at theq = 1 surface, that was not
present in the simulations.

Due to a limited role of the turbulence driven heat flux in these simulations and
difficulty in obtainingq profiles that are estimated for the experiments, the corre-
spondence between simulation and experiment inTe behaviour is limited. Simi-
larly, no clear effect of the switch-off on theq evolution or the magnetic shear is
observed in the simulations.

1The CEM2FT model is however capable of producing such turbulent fluxes “up the hill”, and
can thus accommodatesteady stateoff-axisTe maxima, as were measured e.g. in RTP. See [8].



Chapter 9

Discussion and conclusions

9.1 Evaluation of the model

The main objective of this thesis is to study self-organisation in tokamak turbu-
lence, and its influence on the transport properties of tokamak plasmas. Toget a
grip on this complex matter, a model is studied, the Cylindrical ElectroMagnetic
2 Fluid Turbulence, which is arguably the simplest possible model to capture the
most important nonlinear interactions between turbulence, transport and profile
gradients.

The numerical implementation of the CEM2FT model, theCUTIE code, allows
simulations of realistic experimental scenarios. Although, due to the simplified
physics, no quantitative agreement with experiments can be expected, it is auseful
tool to study turbulent transport mechanisms and the role of e.g. the dynamo current
and zonal flows. No other code known to the author includes these effects in a
full global simulation and allows for self-consistent interactions with transport and
profiles.

At the end of chapter 4, The importance of different contributions to the trans-
port in the CEM2FT model is analysed. The largest contribution comes fromthe
trapped particle termχtp, discussed in section 4.1.3, equation (4.27). Since trapped
particles are not explicitly included in the CEM2FT model, theχtp term depends
only in a non-specific sense on the level of turbulence,Θ2. The absence of trapped
particle modes such as the TEM leads in general to an underestimation of global
transport. Self-organisation remains important to the transport and resulting pro-
files however, since locallyχtp can be dominated by more specifically modelled
terms like〈p̃ṽr〉.

Reasonably realistic experimental conditions are in general obtained inCUTIE
simulations. An exception in this respect are the RTP pellet injection discharges,
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which combine low density with high ECH power. These experimental condi-
tions lead to a low collisionality in the plasma, and the fluid approach central to
the CEM2FT model becomes doubtful under these conditions. The simulations
produce underestimates of transport coefficients, leading to higher temperatures
which enhance the problem. Artificially increasing the transport coefficients does
not help, as together with these the damping of high frequency modes is increased.
This results in lower turbulence levels, and thus less anomalous transport. As a
result, calculated values ofTe andTi are up to twice as high as experimental values.
This in itself is not a problem, but it strongly affects plasma resistivity and thusthe
evolution of theq profile. The reproduction of magnetic topology related transport
effects thus becomes hard, although general observations on the effect of resonant
surfaces can still be made.

Another simplification in the CEM2FT model is the use of a fixed shape for the
particle source, the absolute size of which is controlled by a feedback on the aver-
aged density. This is a useful approximation and yields good results for relatively
slow density changes. However, in cases with density perturbations suchas pellet
injection, the shape and magnitude of the particle source will show strong spatial
and temporal evolution that may influence the transport dynamics. This is ignored
by the fixed shape particle source.

Therefore a one-dimensional, diffusive model for neutral particles was imple-
mented and tested in theCUTIE code, as described in chapter 5. Simulations with
this model result in a particle source that is almost zero anywhere but at theedge
of the plasma. This is due to the fact that in the small tokamaks discussed in this
dissertation, the mean free path of the hot neutrals is in the order of the minor ra-
dius. They thus undergo only one or two charge exchange collisions in theplasma,
too few for a diffusive approach, but too many to be described as a non-interacting
background gas. A kinetic description of the neutrals would yield more reliable re-
sults but is, for our purposes, too demanding in terms of computational resources.
The fixed profile particle source is therefore adopted in all simulations described.

9.2 Conclusions

Having explored the realm of applicability of the model, and the boundaries thereof,
the model is used to investigate a number of manifestations of self-organised struc-
tures in the simulations in chapter 6.

In section 6.2 it is shown that magnetic islands are formed inCUTIE simula-
tions, with a slightly higherTe in the O-points than in the X-points. These islands
rotate at the magnetic advection velocity,ve0 = vE×B + vdia,e. The rotation of the
overall structure is thus not affected by any of the nonlinear effects included in
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the CEM2FT model. However, in some cases the magnetic perturbation associated
with the island is shown to drive a strongly shearedE×B rotation via the Lorentz
force, just outside the actual island region. This zonal flow suppresses turbulent
fluctuations, and rotating magnetic islands may thus help in reducing anomalous
transport.

Turbulent modes with a ballooning structure are shown to be produced by the
model, and play an important role in the radial transport due toE×B flow. It is
shown that the typical ballooning shape (“fingers” that bend towards theLFS) is
determined fully by theq profile and geometric considerations.

Another example of self-organisation is the formation of low shear regions at
rational values ofq. These regions typically stretch from the magnetic axis to
the ECH deposition. The dynamo current is a key player in the dynamics, driven
by small magnetic modes tailoring the current density profile by small magnetic
modes on the low shear region. The flatjζ profile seems topreventstrong MHD
activity in the region; in a test case with the dynamo current removed from the
model, a monotonousq profile, very sharply peakedjζ and strongm = 1 MHD
activity in the centre occur.

In simulation of RTP cold pulse experiments (chapter 7) a strong reduction of
turbulent fluctuations is observed over a radius that is much larger than theregion
where the modelled pellet is ablated. This is caused by a local increase in the
E×B velocity, and the resulting flow shear. This region moves inward after the
pellet is ablated. The observed increase in core electron temperature is attributed
to the behaviour of the particle source. This is diminished (in the case of pureedge
cooling) or completely reduced to zero (in the case of a pellet modelled as a particle
source), thus reducing the central density.

Simulations of T-10 experiments (chapter 8) show a strong reduction in density
fluctuations and transport coefficients after ECH switch-off. The effect of this on
the temperature is limited, due to an overall underestimation of the relative con-
tribution of transport due to explicitly calculated turbulence. The experimental
observation that central cooling is delayed after switching off the ECH is thus not
reproduced. The suppression of turbulence is restricted to the region between the
heating and theq = 2 surface, and can be attributed to the onset of a strong zonal
flow. This zonal flow is driven by an enhancement of the (2/1) island after the
switch-off and the resultingj×B force, rather than Reynolds stresses.

Overall it can be concluded that self-organisation is an important factor in
anomalous tokamak transport. In particular mesoscale structures that formdue
to self-organisation of the turbulence, such as ballooning structures, zonal flows
and the dynamo current, can have a strong influence on the plasma dynamicsin a
tokamak. These effects should therefore be included in every model thatattempts
to describe global tokamak turbulence.
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9.3 Future work

The Cylindrical ElectroMagnetic 2 Fluid Turbulence is unique in the sense that it
not only describes tokamak turbulence and its effect on transport, but really allows
interaction between the transport coefficients, the resulting gradients andtheir ef-
fects on the turbulence. The self-consistent inclusion of parallel transport along
magnetic field lines, zonal flows and dynamo currents makes the CEM2FT model
also truly electromagnetic. It would certainly be worthwhile to continue the study
of self-organisation and its role in anomalous tokamak transport with the aid ofthis
model.

The emphasis in these continued studies should remain on smaller tokamaks.
As was argued in section 2.4 of this thesis, these machines are very well suited
for studying the physics of turbulent transport in magnetised plasmas. A lotof
smaller tokamaks are operated throughout Europe, such as TCV (Lausanne), FTU
(Frascati) and the T-10 machine discussed in chapter 8 of this thesis. Interesting
perturbative experiments to probe the nature of tokamak turbulence are done on
these machines, and simulations withCUTIE could clearly provide new insights in
the interpretation of these experiments. Promising preliminary results have been
obtained withCUTIE at FTU [37].

In a broader sense theCUTIE code could be used as an educational tool to
introduce students and researchers to the fascinating field of tokamak turbulence.
However, one of the bottlenecks of the current implementation of the code, the
long run times, would then have to be addressed. Parallelisation of the code would
be a major step forward. A parallelisation scheme like the one designed for the
CENTORI code [42], which is closely related toCUTIE, would probably work very
well.

Turning to slightly larger experiments, the TEXTOR tokamak provides good
opportunities. The Dynamic Ergodic Divertor (DED) in this machine is an excel-
lent tool to study the effect of magnetic field perturbations. By adding a source to
the magnetic field inCUTIE that simulates the DED, these effects could be simu-
lated. Experiments show that the magnetic perturbations of the DED can induce
magnetic islands at rational surfaces that are not directly resonant with the (m/n)
structure of the DED perturbations. The dynamics of this process appears to be
something that could be studied withCUTIE.

For this purpose, the destabilising mechanism of the neoclassical tearing mode,
which is currently not included in the CEM2FT model, should be incorporated.
This mechanism is based on a reduction of the bootstrap current in the O-points
with respect to the X-points, which increases the mode. In the CEM2FT model,
the bootstrap current is a one-dimensional profile, with no poloidal variation and
thus no difference between O-points and X-points. It would be relativelyeasy
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to introduce a three-dimensional bootstrap current, driven by the local pressure
gradient.

In summary, the CEM2FT model, implemented in a parallel code, is a very
useful model to study generic properties of electromagnetic turbulence in mag-
netised plasmas. It does not claim to provide a full, quantitative description of
tokamak transport, but it is unique in describing the interaction between nonlinear
effects of the turbulence such as zonal flows and the dynamo current, and self-
organising, mesoscale structures such as transport barriers and magnetic islands in
a self-consistent way. As such, it could be a valuable element in a set of tools that
together constitute the integrated modelling of turbulence in tokamaks.
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and Kees Theunissen for their help with Linux and Unix issues. The highly skilled
team at SARA made sure I had something to write about. And at Culham there was
always Peter Knight, who helped me with all possible aspects of doing science on
a computer.

I shared a lot of advice, complaints and banter about being a Ph.D. student
over coffee or a beer with Reda Akdim, Jaco van Gorkom, Alexei Merkulov, Tarig
Abdalla, Eric Arends, Victor Veremiyenko, Zahoor Ahmad, Victor Land, Sanjeev
Varshney, Jan-Willem Blokland, Ivo Classen, Maarten de Bock, Hans van Eck,
Dagmar de Rooij, Jeroen Westerhout and Wouter Vijvers. Thanks for that!

I really appreciated the way my former room mates Dave ‘I apologise for my
president’ Moore and Simon Kuyvenhoven distracted me from my work during our
micro-breaks. Emiel ‘Middle names are my middle name’ van der Plas, my present
room mate, is thanked for all the mental support, small talk about big ideas, shared
experiences of fatherhood, the inspiring wallpaper, irritating noises andfriendship.

I thank Hajnal V̈orös for her warmth; entering her room always feels a bit like
coming home. The Rijnhuizen Swimming Team, under the inspiring supervision of
Eric Louis, is thanked for keeping my body sound enough to house a sound mind.
Mark Tiele Westra, Marc Beurskens and Amy Shumack showed me how much fun
it is to explain my work to non-scientists. I learned a lot from them.

My friends have not seen much of me lately. I thank Margot, Karen, Mar-
ijn, Roelof, Micha, Blerik, Verik, Ingrid, Lourens, Carola, Irene, Martijn, Meta,
Shirley, Berrie, Tommy, Leontien, Leo, Asma, Ruby and Sjors for their patience
and ongoing support.

I am very lucky to have the best parents anyone could wish for. They have
helped me to become the person I am. Thank you for your good care over all these
years. I thank my brother Michiel, for all the words of encouragement and tips
on how to become a doctor, and his wife Dorien. Rogier and Janneke are thanked
for letting me turn their house into my second office. My ‘extended family’ has
never let me down. Hein (with his endless stream of “gratis tips”), Jettie, Patrick,
Dominique, Hein-Jan (who greatly assisted in refurbishing the attic room so Icould
work even closer to home) and Marjo: thank you.

Whenever I was stressed out or despairing about this whole endeavour, there
was always Sebas with his irresistible smile, or Leon with his endless stories. And
there was always, always Mariska. Without you, nothing ever happens. I love you.



Curriculum vitae

I was born on the 26th of June, 1975 in Hoorn in the Netherlands. In and around
Hoorn I also attended elementary school “De Woelige Hoek”, primary school the
“St. Josef School” and secondary school “Oscar Romero”.

After obtaining my Atheneum diploma in 1993, I went on to study physics
at the Vrije Universiteit in Amsterdam. I was an active member of the board of
the physics student association Aik, one year as chairman. The research for my
Masters thesis was done at the FOM-Institute for Plasma Physics Rijnhuizen,and
I received my Masters degree in 1999.

After that, I lived in the small town of Asankrangwa in Ghana for two years,
where I was a teacher of physics, general science and ICT at Asankrangwa Senior
Secondary School (Asanco).

Back in the Netherlands I returned to Rijnhuizen to work on my Ph.D. under
supervision of prof.dr. N.J. Lopes Cardozo. The results of this research are put
down in this dissertation.

I am currently employed by the public information department of Rijnhuizen.



112 CURRICULUM VITAE


	Zelforganisatie in tokamak turbulentie
	Self-organisation in tokamak turbulence
	Contents
	1. Introduction
	2. The tokamak
	3. Transport and turbulence in tokamaks
	4. Physics model and numerical implementation
	5. Modelling neutrals in CUTIE
	6. Physics described by the cylindrical electromagnetic 2 fluid turbulence model
	7. Turbulence simulations of nonlocal transport in RTP colde pulse experiments
	8. Turbulence modelling of T-10 ECH switch-off experiments
	9. Discussion and conclusions
	Bibliography
	Acknowledgements
	Curriculum vitae

