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Zusammenfassung

Fusionsplasmen enthalten Verunreinigungen, entweder intrinsische von der Wand, oder ab-
sichtlich injizierte mit dem Ziel die Wirmebelastung der Anlagenbauteile zu verringern, in-
dem der Wiarmefluss in Strahlung umgewandelt wird. Das Verstindnis und die Vorhersage
der Auswirkungen dieser Verunreinigungen und deren Strahlung auf den Plasmaeinschluf} ist
von dufBerster Wichtigkeit um hohen Einschluss beizubehalten. Zusétzlich ist es wichtig die
Auswirkungen von Pelleteinschuss auf die Plasma Leistung zu verstehen, da diese Technik
hohere Dichten im Kern ermoglicht, die erforderlich sind um die Fusionsleistung zu maxi-
mieren. Diese Arbeit leistet einen Beitrag zu diesen Bemithungen sowohl durch experimentelle
Untersuchungen als auch durch Modellierungen.

Die Experimente wurden an ASDEX Upgrade durchgefiihrt, das eine komplette Wolframwand
besitzt. Das Impfen mit Verunreinigungen wurde auf H-Moden angewandt, indem Stickstoff
und mittel-Z Verunreinigungen wie Kr und Ar injiziert wurden, um die Auswirkung sowohl
der Rand- als auch der Zentralstrahlung auf den Einschluss zu beurteilen. Eine Datenbank
aus 25 Entladungen wurde gesammelt und analysiert. Ein breites Spektrum an Plasmapa-
rametern wurde erreicht, bis zu ITER relevanten Werten wie hoher Greenwald- und hoher
Strahlungsanteil. Transportanalysen unter Beriicksichtigung der Strahlungsverteilung haben
gezeigt, dass Strahlung am Rand keinen wesentlichen Einfluss auf den Einschluss hat, solange
das H-Mode Pedestal erhalten bleibt. Die Injektion von N induziert einen hoheren Druck am
Pedestal, der sich auf Grund von Profilsteifigkeit in den Kern fortpflanzt. Zentrale Strahlung
muss begrenzt und kontrolliert werden um eine Verschlechterung des Einschlusses zu vermei-
den. Dies erfordert eine zuverlidssige Kontrolle der Verunreinigungskonzentration, aber auch
die Moglichkeit die ELM Frequenz zu beeinflussen. Diese muss hoch genug gehalten werden,
um eine unumkehrbare Verunreinigungsakkumulation im Zentrum und den daraus folgenden
Strahlungskollaps zu vermeiden. Die Schliisselrolle von frrys wird auch durch die Analyse der
N + He Entladungen bestétigt.

Nicht koronale Effekt beeinflussen die Strahlung von niedrig-Z Verunreinigungen am Plas-
marand. Aufgrund des radialen Transports, der steilen Temperaturgradienten und dem Auss-
chwemmen der Verunreinigungen durch ELMs, kann sich kein lokales Gleichgewicht ein-
stellen und die Strahlung wichst in dieser Region an. Um diese Effekte zu beriicksichtigen
wurde ein empirisches nicht-korona Modell entwickelt, das die Verweildauer der Verunreini-
gungen am Pedestal beriicksichtigt. Die Giiltigkeit dieser Annahme wurde durch das model-
lieren der Verunreinigungs- und Strahlungsevolution von ASDEX Upgrade H-Moden mit In-
jektion von Stickstoff durch die Kopplung des Tranportcods ASTRA mit STRAHL bestitigt.
Die zeitabhingigen Simulationen beinhalten die Strahlung der Verunreinigungen Stickstoff und
Wolfram und die Transporteffekte, die am Rand durch ELMs hervorgerufen werden. Die Ergeb-
nisse der Modellierung wurden mit den experimentellen Daten verglichen. Die modellierten
Strahlungsprofile zeigen eine sehr gute Ubereinstimmung mit den gemessenen, sowohl radial
als auch temporal. Vor allem der starke Anstieg der Stickstoffstrahlung, der durch die nicht-
koronalen Effekte aufgrund des ELM induzierten Transports hervorgerufen wird, wird sehr
gut reproduziert. Die Strahlungseigenschaften von Wolfram werden aufgrund des schnelleren
Erreichens des Ionisationsgleichgewichts nur sehr schwach von den nicht-koronalen Effekten
beeinflusst. Die W Strahlung, die sehr stark von fgrys abhingt, wichst aufgrund des Fehlens
von geniigend starkem Ausschwemmen dieser Verunreinigung sehr stark an, wenn fgrys ver-
ringert wird. Dies ist in Einklang mit experimentellen Beobachtungen und belegt, dass es fiir
die Stabilitdt und Leistungsfahigkeit der Entladungen essenziell ist, eine hohe ELM Frequenz
zu erhalten.



Analysen des hochdichte-Szenarios zeigen mit Pellets, dass mehrere Prozesse involviert sind,
wenn Pellets in das Plasma injiziert werden. Insbesondere wird ein, durch den kiihlenden Effekt
der Pellets bedingter, voriibergehender Abfall der im Plasma gespeicherten Energie beobachtet.
Dies wird durch einen Anstieg der Dichte kompensiert. Diese Prozesse treten vor allem am
Rand auf und pflanzen sich aufgrund der Profilsteifigkeit in den Kern fort. Dies erklart, we-
shalb der Einschluss wihrend der gesamten Entladung ungefahr konstant bleibt. Sowohl Ex-
perimente als auch Transportrechnungen zeigen, dass die Energieeinschlusszeit unabhéngig von
der Dichte ist und damit die derzeit verwendete Skalierung in diesem Regime nicht giiltig ist.
Die Ergebnisse dieser Arbeit werden zu einer Erweiterung der Einschlussskalierung beitragen,
die derzeit durchgefiihrt wird.



Abstract

Fusion plasmas contain impurities, either intrinsic originating from the wall, or injected will-
fully with the aim of reducing power loads on machine components by converting heat flux
into radiation. The understanding and the prediction of the effects of these impurities and their
radiation on plasma performances is crucial in order to retain good confinement. In addition,
it is important to understand the impact of pellet injection on plasma performance since this
technique allows higher core densities which are required to maximise the fusion power. This
thesis contributes to these efforts through both experimental investigations and modelling.

Experiments were conducted at ASDEX Upgrade which has a full-W wall. Impurity seeding
was applied to H-modes by injecting nitrogen and also medium-Z impurities such as Kr and Ar
to assess the impact of both edge and central radiation on confinement. A database of about 25
discharges has been collected and analysed. A wide range of plasma parameters was achieved
up to ITER relevant values such as high Greenwald and high radiation fractions. Transport
analyses taking into account the radiation distribution reveal that edge localised radiation losses
do not significantly impact confinement as long as the H-mode pedestal is sustained. N seeding
induces higher pedestal pressure which is propagated to the core via profile stiffness. Central
radiation must be limited and controlled to avoid confinement degradation. This requires reli-
able control of the impurity concentration but also possibilities to act on the ELM frequency
which must be kept high enough to avoid an irreversible impurity accumulation in the centre
and the consequent radiation collapse. The key role of fgrys is confirmed also by the analysis
of N+He discharges.

Non-coronal effects affect the radiation of low-Z impurities at the plasma edge. Due to the ra-
dial transport, the steep temperature gradients and the ELM flush out, a local equilibrium cannot
be establish an the radiation increases in this region. To account for these effects, an empiri-
cal non-coronal model was developed which takes the impurity residence time at the pedestal
into account. The validity of this assumption was verified by modelling the evolution of the
impurities and radiation for ASDEX Upgrade H-modes with nitrogen seeding by coupling the
ASTRA transport code with STRAHL. The time-dependent simulations include impurity radi-
ation due to nitrogen and tungsten and the transport effects induced at the edge by the ELMs.
The modelling results have been validated against the experimental data. The modelled radi-
ation profiles show a very good agreement with the measured ones over both radius and time.
In particular, the strong enhancement of the nitrogen radiation caused by non-coronal effects
through the ELM-induced transport is well reproduced. The radiation properties of tungsten
are very weakly influenced by non-coronal effects due to the faster equilibration. W radiation,
which is highly dependent on fgrs, strongly increases when fgry is decreased, due to the lack
of sufficiently strong flush out of this impurity. This is in agreement with the experimental ob-
servations and indicates that maintaining high ELM frequency is essential for the stability and
performance of the discharges.

Analyses of the high density scenario with pellets indicate that several processes take place
when pellets are injected into the plasma. In particular, due to their cooling effect, the tem-
perature drops as soon as pellets are injected. This is compensated by an increase in density.
These processes occur mainly at the edge and are propagated to the core via stiffness. This
explains why the confinement stays approximately constant during the whole discharge. Both
experiments and transport calculations reveal that the energy confinement time is independent
of the density indicating that the currently used scaling is not valid in this regime. The results
of this thesis will contribute towards an extension of the confinement scaling which is currently
being undertaken.
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Chapter 1

Introduction

This chapter introduces the fundamental principles of nuclear fusion with emphasis on the
divertor tokamak concept. It introduces the High confinement mode and Edge Localised
modes. Their behaviour under high radiation and high density conditions is investigated
in this thesis.

1.1 Nuclear fusion as energy source

In the search for a new CO;-free energy source able to satisfy the strong increase of energy
demand which characterises our time, fusion energy constitutes an excellent candidate.
The fusion reaction as a source of power on Earth involves two isotopes of hydrogen:
deuterium and tritium. They fuse to form helium and a neutron releasing 17.6 MeV per
fusion reaction:

’D+3T —* He(3.52 MeV) 4 n(14.07 MeV) (1.1)

Tritium is unstable, thus it is bred from lithium using the neutron from the fusion reac-
tion. The lithium in one laptop battery, complemented with half a bath of water, would
produce the same amount of electricity as burning 40 tonnes of coal [1]. Several key at-
tributes make fusion a desirable technology for power production: the almost unlimited
fuel supply readily accessible everywhere assures energy security independent of geopo-
litical situations; the intrinsic safe operation due to the small amount of fuel present in the
active volume; no chain reaction; the relatively short lifetime of the produced radioactive
isotopes; no CO, greenhouse gas emission.

Very high temperatures of about 10 keV are required to enable the particles to overcome
the Coulomb barrier and fuse together. At such high temperatures the electrons are not

1



CHAPTER 1. INTRODUCTION

bound to the nuclei and the matter is in the plasma state. While in the sun, the plasma is
confined by its own gravity, on Earth plasma can be confined by its own inertia (inertial
fusion) or by strong magnetic fields (magnetic confinement). The magnetic confinement
is currently a very promising approach. However one of its main challenges is to cope
with strong heat and particle losses due to radial transport which prevents the plasma
from reaching the necessary conditions to initiate a fusion reaction. In order to obtain a
net yield of energy the high temperatures must be sustained with a sufficient ion density
and with a sufficient confinement time such that the heating power needed to heat the
plasma is low enough. The threshold for ignition, i.e. the point where the heating of alpha
particles produced by the fusion reactions self-sustain the plasma temperature without any
additional heating is given by the Lawson criterion: the triple product of the ion density
n;, the temperature 7; and the energy confinement time 7z has to be > 5-102'keV m—3.
The required temperature is set by the fusion reaction cross section at about 10 keV for
D-T reactions. For the density an empirical limit exists. Therefore, increasing the fusion
triple product needs an increase of the energy confinement time, which itself requires an
understanding of the transport mechanisms in a magnetically confined plasma.

In absence of impurities (i.e. any ion which is not part of the fuel) the power balance
reads Py = Pryq + Prransp Where P, are the energy losses due to radiation and B gusp
the energy losses due to conduction and convection. The presence of impurities, either
intrinsic or deliberately puffed for radiative purposes, lowers fusion output through both
impurity radiation and through dilution of hydrogen. This necessitates a modification of
the Lawson criterion. An example of a modified Lawson criterion is given in Ref. [2]:

3ftot T
Ne -+ TE Z 2
4 < oprv > fH -Eqy —Lz(T)

(1.2)

where 7, is the electron density, f;,s = Z’;—’:’ < 1 is the ion-electron density fraction (dilu-
tion), T =T, = T;, < oprv > is the fusion reaction rate of the D-T reaction, fyg = 'rll—’:’ is
the fractional abundance of the hydrogenic species, Ey, is the kinetic energy of the alpha
particles and Lz the loss function due to line radiation and recombination of impurities
(if the nucleus is not fully stripped, line radiation and recombination are much stronger
than bremsstrahlung). Without radiation losses (Lz = 0) and dilution ( f;,; = fg=1) the
formula is the standard Lawson criterion.

1.2 The divertor tokamak concept

The tokamak is a well established magnetic configuration to confine plasmas. It consists
of three fundamental magnetic systems as illustrated in figure 1.1 a) :

* Toroidal external coils: to produce the toroidal magnetic field.

2



1.2. THE DIVERTOR TOKAMAK CONCEPT

* Ohmic transformer: to induce a toroidal plasma current which creates the poloidal
field component. The toroidal ohmic current is inductively driven, which limits the
tokamak to a pulsed operation.

* Vertical field coils: to define the shape of the plasma ring and control its position.
The superposition of the toroidal and poloidal component of the magnetic field leads to
an axisymmetric equilibrium where the pressure gradient 7 p is balanced by the magnetic
force: j x B=</p. For such an equilibrium the magnetic field lines lie on nested magnetic

surfaces (panel b)) where the pressure and the current j are constant.

a) OH-transformer b)

plasma current

. $ toroidal field coils magnetic flux surfaces
vertical field coil

magnetic field line

Figure 1.1: a) Schematic view of the tokamak with its magnetic components, b) Magnetic flux
surfaces defined by helical field lines.

Plasma performance is described in terms of 3, defined as the ratio of the plasma pres-
sure to the magnetic pressure. It is often expressed in terms of the normalised By, an
operational parameter indicating how close the plasma is to destabilising a magneto-
hydrodynamic activity: The normalised beta is defined as:

-B
BN=B“I— (1.3)
)4

where B is the toroidal magnetic field, a the minor radius, I, the plasma current. The
Greenwald limit is an empirical tokamak operation upper limit for the average density

[3]:
1

s ne.ow[10*°m ™3], I,[MA], a[m] (1.4)

Ne. GW =



CHAPTER 1. INTRODUCTION

Exceeding this density limit results in a disruption of the plasma current. However, this
limit can be regarded as an edge density limit. This means, while the pedestal top density
stays below -“— =1, higher core densities can be achieved, which is important for fusion
reactors. This aspect will be discussed in chapter 8. For successful tokamak operation, it
is essential to limit the entry of sputtered impurities from the wall into the plasma where
they give rise to radiation losses and dilute the fuel (see section 3). This requires an
effective insulation of the plasma from the vacuum vessel. Such an insulation can be
obtained with additional coils deflecting the outer field lines into the so-called divertor, as
can be see in figure 1.2. That way an X-point is introduced specifying the point where the
poloidal magnetic flux is zero. The flux surface containing the X-point is called separatrix.
The magnetic separatrix defines the last closed flux surface (LCFS) which separates the
confined inner region from the outer region called Scrape Off Layer (SOL). As shown in
figure 1.2, heat and particles diffuse from the plasma center towards the edge, cross the
separatrix and reach the divertor following the magnetic field lines. There the density of
neutrals, ions and electrons is strongly increased decreasing the local temperature. Typical
divertor temperatures are in the range of 10 eV. The power deposition at the divertor target
is localised in a very narrow region (~ 1 cm) and therefore the heat flux density is very
high. It has been estimated that the maximum limit of heat flux density tolerable for the
plasma facing components (PFC) is in the range of 10 MWm ™2 [4]. For future reactors
the heat flux will be much higher and well above this limit. Thus, a large fraction of
the power will need to be radiated in both divertor and core region in order to assure the
lifetime of the PFC (see section 3.3).

#29254

100 125 150 175 200 225 250
R(m)

Figure 1.2: ASDEX Upgrade poloidal cross section of magnetic surfaces in divertor configura-
tion.

The flux surfaces are contours of constant toroidal and poloidal magnetic flux and can be
labeled with the normalised poloidal and toroidal flux label serving as a radial coordinates:

4



1.3. HIGH CONFINEMENT MODE AND EDGE LOCALISED MODES

* Normalised poloidal flux radius p,,;:

= ; 1.
ppol lPs — ‘Pa > ( 5)

where ¥, and W are the poloidal flux at the magnetic axis and at the separatrix.

This coordinate is scaled so that p,,; = 0 at the magnetic axis and p,,; = 1 at the
separatrix. It is defined inside and outside the separatrix.

* Normalised toroidal flux radius p;,,:

P - P,
o, — P,

Dior = (1.6)

where ®, and P, are the toroidal flux at the magnetic axis and at the separatrix.
This coordinate is scaled so that p;, = 0 at the magnetic axis and p;, = 1 at the
separatrix. This coordinate is only defined inside the separatrix.

1.3 High confinement mode and Edge Localised Modes

A tokamak can operate in different regimes with different confinement levels. The regime
with a low confinement is dubbed L-mode. With sufficient heating power, the plasma
spontaneously transits from L-mode to H-mode. The H-mode was discovered at the AS-
DEX tokamak (Garching) [5] in 1982. With a confinement improvement of about a fac-
tor of 2 compared to L-mode, its discovery represented a revolutionary leap in plasma
scenarios. This regime is characterised by the formation of a narrow edge transport bar-
rier (ETB) just inside the separatrix in which the transport for both heat and particles is
strongly reduced. This creates high temperature and density gradients in the ETB leading
to the steepening of the pressure profile in this region. The steepening determines the for-
mation of a characteristic structure called pedestal (see figure 1.3). Its height determines
to a large extent the total stored energy of the plasma.

H-modes are usually accompanied by regular MHD instabilities, the Edge Localised
Modes (ELMs) [6]. Each ELM expels a significant amount of particles and energy from
the pedestal into the SOL during its short (~ 1 —2 ms) crash. Following the magnetic
field lines (figure 1.2) the expelled plasma reaches the divertor region depositing high
heat loads of the order of several MW/m? during a very short time in the order of few ms.
The pedestal is then re-established on a longer time scale. In current fusion experiments
the expelled energy can reach about 10% of the stored energy. However, in fusion re-
actors like ITER (International Thermonuclear Experimental Reactor [7, 8]) and DEMO
(DEMOnstration power plant [9]) the ELM-induced peak heat fluxes are estimated to

5
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Figure 1.3: Schematic comparison of pressure profiles of the L-mode and H-mode.

greatly exceed the tolerable limit of 0.05 GJ m252 [10]. On the other side, ELMs have
beneficial effects: by flushing out impurities they avoid an unacceptable high impurity
concentration in the plasma. Therefore, the understanding of heat and particle transport
during ELMs is an important goal for scenario development, especially in reactor condi-
tions. For such conditions a regime with frequent small ELMs could be more favourable
than one with large rare ELMs. This aspect will be discussed in chapter 7.

1.4 Motivation and outline of this work

For a burning plasma device like ITER and DEMO, main chamber radiation and divertor
radiation by impurity seeding will be mandatory to reduce power loads in the divertor
region. The spatial distribution of the radiated power is crucial. It has to be such that the
confinement is not degraded. Central radiation has to be applied inside the separatrix but
not in the very central region. Strong core radiation losses must be avoided because they
cool the plasma core and reduce fusion performance. To optimise the spatial radiation
distribution the use of at least 2 seeding species is required. However, the presence of
impurities affects fusion performance both through the impact of radiation losses as well
as through fuel dilution which lowers fusion output. At ASDEX Upgrade, divertor cooling
by nitrogen seeding has been extensively investigated and a confinement increase due
to the presence of nitrogen has been discovered. Despite the high radiation, the stored
energy of the plasma was found to increase. In this work the high radiation scenario was
investigated not only by means of nitrogen seeding but also by injecting medium and high-
Z impurities to assess the impact of central radiation. The relevant questions addressed in

6



1.4. MOTIVATION AND OUTLINE OF THIS WORK

this thesis are:

* What is the effect of high radiation and fuel dilution by impurities on heat transport
and energy confinement?

* How does the plasma respond to different impurities?

* Which parameter ranges have been reached in the experiments? Are they ITER
relevant?

* Is it possible to reproduce the experimental observations by modelling, predict and
control detrimental events such as W accumulation?

* Is it important to take non-coronal effects for radiation calculations into account?

To answer these questions transport analyses have been carried out taking the spatial
radiation distribution into account. Since edge radiation is affected by the so-called non-
coronal effects, a non-coronal model was developed in order to provide a reliable radia-
tion profile for transport calculations. The experimental investigations have been comple-
mented with extensive modelling to gain a better understanding of the complex physical
mechanisms which govern the evolution of radiation and impurities in presence of ELMs.

Besides the high radiation fraction requirements, future fusion devices will need to work
at high densities in order to maximise fusion performances. It has been demonstrated that
high core density can be successfully achieved by pellet injection. The relevant questions
addressed in this thesis are:

* What is the effect of high densities induced by pellets on energy confinement?

* Are the scaling predictions for ITER also valid in this regime?

This work is structured as follows: the basic physics of confinement and transport pro-
cesses in plasmas are briefly presented in chapter 2. Impurity radiation and the concept
of coronal and non-coronal equilibrium are described in chapter 3. Chapter 4 introduces
the numerical codes employed for the transport analysis and the modelling. The ASDEX
Upgrade tokamak, its heating systems and main diagnostics used in this work are pre-
sented in chapter 5. The experimental studies and transport analysis of the high radiation
discharges are presented in chapter 6. The modelling of the nitrogen seeded discharges in
presence of tungsten and ELMs is discussed in chapter 7. Chapter 8 deals with the high
density experiments. Summary, conclusions and outlook are given in chapter 9.
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Chapter 2

Confinement and transport

As indicated in section 1.1, the figure of merit for fusion performance is the triple product
n. - T; - 7. The energy confinement time Tg in steady state is defined as the plasma stored
energy divided by the heating power:

5 = w _ § ) f(neTe +niTi)ch)l
Pheat 2 Pheat

2.1)

Fusion efficiency requires high values of 7g, but plasma confinement is limited by the
loss of particles and energy through transport and confinement. Gradients in density and
temperature profiles lead to diffusive transport of particles and energy. In tokamaks, heat
and particle transport occurs perpendicular to the toroidal magnetic flux surfaces, called
radial transport. In fusion reactors, heat transport should be as low as possible to minimize
the required heating power. Particle transport should be low enough to reach the required
density without causing impurity accumulation of helium ash and high-Z elements [11].
The radial transport, together with the plasma edge (pedestal), determines the global en-
ergy and particle confinement. Hence, understanding the transport of heat, particles and
impurities is one of the main goals of fusion research.

Section 2.1 introduces the energy confinement scaling. The heat and particle transport
mechanism are described in section 2.2. The classical, neoclassical and turbulent transport
is described in section 2.3, 2.4 and 2.5. The relative importance of the transport processes
in the different plasma regions is discussed in section 2.6.

9



CHAPTER 2. CONFINEMENT AND TRANSPORT

2.1 Global energy confinement scaling

The theoretical and experimental complexity of the processes determining heat and parti-
cle transport renders first principles derivation of the dependence of energy confinement
on plasma parameters a difficult task which is not yet completed. Therefore, empirical
multi-machine scalings have been developed in order to describe quantitatively the varia-
tion of Tr with the change of plasma parameters across a wide range of plasma conditions.
Usually the so-called engineering parameters such as plasma current, toroidal magnetic
field, density and heating power are used. They are called engineering because they can
be controlled externally [12]. A large amount of data from different machines is collected
and fits to the data are performed. The design of future devices, such as ITER, is based on
these empirical scalings. The most widely used scaling for the energy confinement time
since 1998 is the so-called IPB98(y,2) [13] which is obtained from H-mode discharges in
presence of ELMs:

_ 0.78 70.93 p0.15 041 —0.69 pl1.39 0.58.
TE.,IPB98(y,2) =0.145-« 'Ip 'B[ "n, 'PL -R -a ;

1,[MA], B,[T),n.[10¥m ™3], PLIMW],R[m 3], a[m)] @2

Kk is the elongation and Py is the total heating power minus the temporal change of the
stored energy (Pheqr — ‘Z—VZV) not corrected for radiation.

The strong positive dependence of 7z on machine size R and toroidal plasma current 1,
indicates that future power plants must be large. Moreover, a confinement degradation is
observed with increasing heating power. This phenomenon, known as power degradation
of the energy confinement, is the natural consequence of the turbulent nature of transport
(see section 2.5). The favourable density dependence, predicted by the IPB98, is lost
when approaching the Greenwald density. This issue will be discussed in detail in section
8.2.2.

2.2 Heat and particle transport

Basic equation

Transport equations describe the temporal and spatial evolution of a quantity under the
influence of sources and sinks of heating and particles. To describe this evolution a fluid
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2.2. HEAT AND PARTICLE TRANSPORT

representation is generally used:

0
“u=V .
o= VL, +S, (2.3)

u represents the density of particles or thermal energy. S, stands for the source and sink
terms, and I, for the corresponding flux of the quantity u. The physics of transport is
contained in the relation between fluxes and gradients, as follows.

Heat transport

Heat transport for the electron and ion channel can be treated separately so that the flux
q; is given by:

5
qu—l’lj-)(j-VTj—FEFij—FU'l’lj-Tj 2.4)

with j = electrons or ions. The first term on the right hand side is purely diffusive, thus it
tends to level out temperature profiles. It can be explained by random walk processes of
the particles. The other two terms represent convective contributions. In general convec-
tion is low compared to diffusion and can be neglected (U = 0). Since the core particle
source is usually small, the contribution coming from energy convection due to a finite
particle flux I'; may also be neglected. Thus, the heat transport can be described in terms
of a purely diffusive process: q; = —n;x;VT;. The heat diffusion coefficient y; is de-
termined locally and contains the transport physics. It is different for electrons and ions.
The two channels are coupled by heat exchange due to Coulomb collisions. At high col-
lisionality this term is important and prevents an experimental separation of electron and
ions fluxes. In this case an effective diffusivity x.rs has to be used: x.rr = #i%vn.
In tokamaks the heat source is provided by ohmic and auxiliary heating and by heat ex-
change between electrons and ions. The last term is directed from the electrons to the
ions when 7, is larger than 7; and viceversa. The heat sinks are losses due to radiation and
exchange term. The energy conservation equation reads:

3d(n;-Ty) o o
T +div(g;) =S, (2.5)

It is combined with the expression of g; given from the flux equation. Considering only
the radial component, the 1-D heat diffusion equation is obtained:

39(n;-T))

5 3, —V(nj-2;-Tj) = Qj (2.6)
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CHAPTER 2. CONFINEMENT AND TRANSPORT

This equation describes the temporal and spatial behaviour of the temperature profile. The
heating and the power loss integrated over the volume inside a flux surface provide the
profiles of the heat flux. From the heat fluxes the heat diffusivities can be inferred from
2.7:

P— 2.7)

This approach is called interpretative analysis or power balance. This is generally done
by transport codes such as ASTRA and TRANSP used in this thesis (see section 4.1).

Particle transport

The particle flux is determined by both diffusion and convection, the latter important for
particles:
Fj = —Dan +vn; (2.8)

with j= electrons, ions or impurities. While the convective term is usually considered
negligible for heat transport, a net convective velocity is typically observed for particle
transport. Indeed, the peaked electron density profiles observed also in absence of a cen-
tral particle source cannot be explained by pure diffusion and imply the existence of an
inward convective velocity usually named pinch [14]. Particle sources in the center are
provided by neutral beam injection and pellet fuelling, at the edge by recycling and gas
puffing. Particle sinks are solely located at the edge. In the absence of core particle
sources (Q; = 0), the particle flux at steady state is strictly zero and density profiles are
determined by the local balance between (outward) diffusion and inward pinch. In this
case, the particle balance equation reads:

vn_ v 2.9)

In steady state a inward convective velocity leads to a density profile which is peaked in
the center. An outward velocity leads to a hollow density profile.

2.3 Classical transport

The transport produced by collisions of particles gyrating around neighbouring field lines
in absence of any inhomogeneity of the magnetic field is called classical transport and
can be described by a simple model using the random walk Ansatz, i.e diffusive transport.

12
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Therein the typical radial steps are assumed to be of the order of the Larmor radius py
and the time between two steps At by the inverse of the collision frequency. This is the

frequency until a particle is deflected by an angle of 90°. The following expression for the

diffusion coefficient is deduced: D = éAA’; =3 va Coulomb collisions between equal

particles do not play a role for the radial transport. Note that it is important to specify the
species involved in the collisions:

2
m; m;
D, = pg,e “Ve,i = (pL,i m_l) : Vi,e_l =D; (2.10)

e e

Using the random walk Ansatz the heat diffusivities can be predicted as well:

) /M 2 /M i
Xi NPL,i'Vi,iN\/_'PL,eVe,eN\/_'XeC (2.11)
nie ne

The heat diffusivities are estimated to be of the order of 103 m2 for ions and 10~

" for electrons. Thus, the energy loss is determined primarily by the ion confinement
t1me However experlmentally determined diffusion coefficients are found to be around
x5P ~ )(l. ~1-5 mT Therefore, the classical transport cannot be the dominant trans-
port process. Indeed, the effect of toroidicity on particle orbits also needs to be taken into

account.

2.4 Neoclassical transport

A collisional model which includes all drifts and phenomena arising from the toroidicity
is called neoclassical transport. Since the strength of the magnetic field in tokamaks
varies along the major radius with &, particles travelling along the magnetic field lines
will pass from regions with lower B; at the outer side of the torus, the low field side, to
regions with higher B; at the inner side, high field side. Depending of the ratio of the
parallel and perpendicular velocity, a maximum magnetic field strength exists, for which
particles are reflected before they reaches the innermost point of the flux surface. They

return along the field line: ” lLFs< 4/ ’:;‘* 1 (mirror condition). Thus, the particles

are trapped. Note that due to the gradient of the magnetic field, the particle experiences a
VB drift: downwards for electrons and upwards for ions (for typical AUG magnetic field
direction). Therefore, the trapped particles do not stay exactly on the same path. Since
the poloidal projection of this orbit recalls the shape of a banana, it is known as "banana
orbit" and it is shown in figure 2.1.

Since the orbit crosses several flux surfaces, the perpendicular transport is enhanced. The
particles complete the banana orbits only in plasmas with low collisionality v < €2 -vr -R-¢q
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Figure 2.1: Illustration of a 3D banana orbit (green and red) and its poloidal projection (yellow).

where € = 1% stands for the inverse of the aspect ratio, vy = \/% for the thermal veloc-

ity and q = “Bo_ for the safety factor. The diffusion coefficient due to banana transport
Ro-Bg

is determined by the radial extension of the banana orbit @y, and effective collisional
frequency V. between the fraction of trapped particles “:

K) q*
DBanana - ;wbo ' Veff = _§Dclass (212)
€2

According to the collisionality three regimes are identified. The banana regime takes place
at low collisionality. Particles subjected to many collisions before they can complete a
banana orbit are in the so-called Pfirsch-Schliiter regime. In this case, trapping of particles
on the low field side becomes negligible. The "Pfirsch-Schliiter" diffusion is important
due to the hoop force arising from the toroidal geometry of the plasma. Then a vertical
current, the so-called Pfirsch-Schliiter current is needed to balance this force. This current
will give rise to a perpendicular flow through the parallel electric field. The diffusion
coefficient for high collisionality can be written as: Dpg = 2¢° - Djqss. The collisionality
regime between banana (low v) and Pfirsch-Schliiter regime (high v) is called "Plateau
regime". The name comes from the fact that in this regime the diffusion coefficient is
almost independent of the collisionality forming a plateau in the plot of D vs v. The
neoclassical diffusion coefficient is dominated by the banana-plateau regime for low-Z
and by the sum of the classical and Pfirsch-Schliiter contributions for high-Z elements
[2]. In all regimes the values of the neoclassical diffusion are higher than the classical
ones.

In addition to the increase of the diffusion coefficient, the toroidal geometry leads to an
interaction of the inductive toroidal electric field used to generate the plasma current with
the trapped particle in banana orbits. In presence of this electric field, the trapped particles
are accelerated when traveling in direction of B and decelerated when they are on the other
side of the banana orbit. Thus, the electric field displaces the particles poloidally. The
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2.4. NEOCLASSICAL TRANSPORT

result is a net inward drift called the neoclassical Ware Pinch [15]:

E)

By (2.13)

Vware = _kware(v)

where the factor k4. (V) is collisionality dependent. This dependence takes into account
that at high collisionalities only a small part of the banana orbit can be completed before
a collision.

Using calculations based on a fluid treatment and summing up all contributions (classical,
banana, Pfirsch-Schliiter), a general form for the radial impurity flux can be obtained. In
the following the flux for an impurity ion with ionisation stage q is given [16]:

Vn vT
)2

1_—)‘CI = Z D, <—an—{—nq~q {7 — Hx T 1) = _Dneovnq+Vneo‘nq (2.14)

x=class,B,Ps

The diffusive flux (first term) is in the opposite direction to the impurity density gradient
and flattens the impurity density profile. The other terms represent convective fluxes

which depend on density and temperature gradients. The term o< % is directed towards

the plasma center leading to a peaking of the density profile. The contribution o< V—TT is

called temperature screening, it changes with the transport regime and points inwards
or outwards depending on the factor H,. H, is the collisionality dependent temperature
gradient factor and itself depends on the mass ratio between collision species, plasma
parameters and geometry. Since H, is usually positive and the temperature gradients point
in the same direction as the density gradient, this term is usually directed radially outwards
and reduces the impurity peaking arising from the first convective term. The application
of central ion heating to avoid central impurity accumulation is based on this effect. The
equation also shows a strong dependence on the charge state of the impurity. This leads
to a strong convection for high-Z impurities, in particular for W. This is an essential
factor for the modelling work presented in chapter 7. In the low collisionality regime, the
total flux is dominated by the Banana-Plateau terms, whereas in the high collisionality
regime, the Pfirsch-Schliiter transport is the main contribution. The presented equation
is a limiting case when only one impurity is present in the plasma. In reality, many
impurities are present and the friction between all of them needs to be taken into account.
This is computed by the numerical code NEOART in STRAHL (see section 4.2).
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2.5 Turbulent transport

Although neoclassical transport predicts higher transport coefficients than classical the-
ory, it still cannot explain the experimental observations, especially for the electron chan-
nel: experiments have a ratio of % close to one instead of the predicted square root of
the mass ratio [17]. Hence, another transport mechanism must be present which deteri-
orates confinement. Historically this additional transport has been termed "anomalous".
Today we know it originates from microturbulences of the density and temperature. Tur-
bulence is often associated with strong gradients, which represent free energy within a
system which can drive instabilities. The main candidates are the Ion Temperature Gra-
dient mode (ITG [18, 19]), the Trapped Electron Mode (TEM [20, 21]) and the Electron
Temperature Gradient Mode (ETG [22]). The scale lengths of the fluctuations are of the
order of the ion Larmor radius for ITG and TEM and of the order of the electron Lar-
mor radius for ETG. A common feature is that the instabilities occur if the temperature
gradient length Ly = VLT drops below a certain critical threshold k.. The heat diffusivity

strongly depends on k. and scales with T3 (Gyro-Bohm dependence). Above a certain

threshold, x increases with increasing VT, with a slope that is proportional to T>. Thus,
the profiles become stiffer at higher temperatures, as illustrated in figure 2.2:

A

Xo /

KC' VT /T |

Figure 2.2: Heat transport coefficient } vs. ?. Above a certain threshold k., y increases with
VT with a slope that scales as T3 (Gyro-Bohm dependence) (adapted from [11]).

For a fixed gradient length, the central temperature depends on the edge temperature
which is limited by edge instabilities [23]. This self-similarity of the temperature profiles
is called "stiffness" and has been evidenced experimentally. This behaviour is the origin
of the strong deterioration of confinement with heating power. The turbulent eddies are
quasi-perpendicular to the toroidal magnetic field while their effect on the parallel trans-
port is rather small. Therefore turbulence dominates the perpendicular transport. One
main feature of turbulence is the interaction between different time and length scales,
meaning that turbulent transport cannot be properly described by simple convection and
diffusion. Locally, however, this approximation can be valid, when space and time aver-
aged fluxes are considered [20, 24].
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2.5. TURBULENT TRANSPORT

Collisional transport is always present even when the turbulent transport dominates. Adding
the contribution from the anomalous transport I'y;, = —Dy, V4 + Vanny to the collisional
part, the total radial impurity flux of the charge state q can be obtained:

Ly = —(Ducog + Dang) Vg + (Vaco,g +Vang)ng = =Dy - Vg + Vg - ng (2.15)

When turbulent transport dominates, then D, << D,,. In general for particles and im-
purities the neoclassical transport is important. Due to the charge dependence of convec-
tion, for high-Z elements neoclassical effects are sometimes well visible in addition to the
turbulent transport and lead to strongly peaked density profiles.

Critical Gradient Model

The semi-empirical Critical Gradient Model (CGM) [25, 26] is a transport model pro-
posed to quantify the plasma behavior above the threshold k.. The CGM is based on
the existence of an instability threshold in the inverse temperature gradient length and of
a low transport below the threshold. It is characterised by three scalar parameters per
species: a threshold, a background diffusivity )¢ and a dimensionless stiffness factor y;.
It was initially developed for electron heat transport and it has been recently used also for
ions. In the CGM the thermal diffusivity is written as:

. s Tpr (—RVT —RVT
X=Xs"q? ¢B/R ( T Kc) H( T Kc) + X0 (2.16)

pr is the Larmor radius and the dependence on the safety factor ¢ has been introduced
to account for the experimentally observed dependence of confinement on plasma current
also supported by gyrokinetic simulations [27].

If the normalised gradient is below the threshold, the Heaviside function H(x) is zero
and only the background diffusivity yo remains. If the normalised gradient is above the
threshold, the stiffness factor x, quantifies the ratio between diffusivity and the difference
between the logarithmic gradient of the temperature and its critical value L7 . using an
appropriate normalisation. A strong stiffness corresponds to a large value of y;. The level
of stiffness characterizes how strongly the temperature profiles are tied to threshold. The
CGM was assessed against experimental data in different fusion devices [26, 28, 29]. In
this work it has been used to model the turbulent transport in the core (section 7.2).

17



CHAPTER 2. CONFINEMENT AND TRANSPORT

2.6 Transport in the plasma core and in the pedestal

In H-mode, the transport behaviour varies significantly with plasma radius so that the
pedestal is governed by different mechanisms than the plasma core. The transport at the
edge is dominated by the transport due to ELM crashes and an inter-ELM transport. The
latter determines the recovery time of the edge pressure in between ELMs. Within the
H-mode barrier, the transport can be described neoclassically [30], and a strong inward
convection is present. In the confined region, which lies between the ELM affected area
and the very core region (0.2< py, <0.8), microscopic turbulence and neoclassical trans-
port are dominant. The impurity diffusion coefficient here is turbulent. The very core
region, P, <0.2, 1s characterised by transport dominated by MHD events called saw-
teeth which are quasi-periodic reconnection in the plasma centre. These considerations
will be the basis of the modelling work presented in chapter 7.
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Chapter 3

Radiation processes

The radial radiation distribution is an essential component of the power balance in toka-
maks. It will be even more important in fusion reactors where a substantial fraction of
the energy will have to be dissipated through radiation. The presence of impurities in the
plasma has significant impact on fusion performance through dilution of the main ions
and radiation losses. The sources of impurities in a tokamak are the plasma-wall interac-
tion processes and the deliberate injection for diagnostic purpose or for radiative cooling.
In addition, future reactors will contain helium ash which will dilute the D-T fuel signif-
icantly and reduce the fusion efficiency. The impurities relevant for fusion experiments
can be classified into groups based on the emitted radiation, which in turn depends on the
number of bound electrons and the plasma temperature:

* Low-Z impurities such as carbon, oxygen, boron and nitrogen. They have only few
bound electrons and therefore are more easily stripped. Their radiation contribution
is mainly at the plasma edge since in the core they are fully ionised.

* High-Z impurities such as tungsten, iron and nickel. They radiate over the entire
plasma radius.

In addition a mid-Z ion class can be identify, which, depending on the plasma temperature,

may exhibit either high-Z or low-Z behaviour. Argon and krypton fall into the mid-Z
category.

3.1 Coronal and non-coronal equilibrium

Impurities enter the plasma as neutrals very localised at specific locations, but they effect
the plasma at a global level (e.g. confinement time). While diffusing into the plasma,
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they are successively ionised. If transport velocities are slow enough (but also depending
on the T, profile shape), the charge state distribution is governed by the balance between
ionisation by collisions and recombination by radiation, which depends only on the local
electron temperature, as in the solar coronal. Hence, this situation is denoted coronal
equilibrium. For two adjacent ionisation stages the following is valid:

nz+1 _ Sz (3.1)
nz Oz+1 '

where 0z is the (radiative plus dielectric) recombination rate coefficient of ions with
charge Z+ 1 and S the ionisation rate coefficients of ions of charge Z. Sz has the strongest
dependence on 7, and governs the electron temperature dependence of the equilibrium
[2]. In the coronal model, ions are excited by electron collisions and immediately decay
into the ground state. Therefore, the excitation rate coefficients are fully determined by
the local electron density and temperature. In a tokamak, coronal ionisation equilibrium
predicts a shell-like structure of the ionisation stages, dependent on the temperature pro-
file which increases monotonically from the edge to the centre [31]. Each shell appears
where T, is approximately one-third of the ionisation energy which is ~ (Z+ 1)2. This
quadratic dependence on the nuclear charge suggests that the concentration of heavy im-
purities must be kept as low as possible.

In the absence of transport, the sequence of ionisation shells starts with the neutral atom at
the plasma edge and ends with the most highly stripped ions further in the plasma center.
For low-Z elements, the innermost shell contains the fully ionised element. Ions with a
noble gas like electron shell (He-like, Ne-like) are very stable and occupy an especially
wide radial shell [2]. In steady state with negligible transport (coronal equilibrium), the
radiated power emitted by an impurity species is proportional to the impurity and the
electron density:

Prag =ne-nz-Lz (3.2)

where Ly is the radiative loss function for an impurity and is a function of the electron
temperature only. The data originates from ADAS, the most recent and complete atomic
database [32]. Lz(T,) curves have a principle maximum with additional subsidiary max-
ima. For light impurities all peaks are of similar magnitude. The principal maximum
occurs at low temperatures in the range of tens of eV (see figure 3.1). At 1 keV these im-
purities are fully stripped. In the plasma center they contribute to radiation only through
bremstrahlung. For high-Z impurities, instead, the first maximum occurs at higher tem-
peratures and therefore impurities are not fully stripped even at reactor temperatures [33].

However, especially at the plasma edge, impurities do not have enough time to reach the
coronal equilibrium. Due to radial transport and steep temperature gradients, the local
equilibrium cannot be established since the ionisation and recombination times are longer
than the radial transport time. This situation is denoted non-coronal equilibrium. In this
case, the shell structure is shifted inwards and the individual width of the ionisation shells
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Figure 3.1: a) Radiative loss function (Ly) for several impurities. b) Lz for possible seed impuri-
ties from the ADAS database [32].

is broadened (see figure 3.2).

Fractional Abundance
T T

— corona (without transport)
— non corona (with transport)

Figure 3.2:

Ionisation distribution of Kr: in red assuming a local balance between ionisation and

recombination (coronal conditions), in black considering the transport effects (non-
coronal conditions). Note the deviation from coronall conditions at the edge.

As example, the ionisation distribution of krypton is shown. In red for coronal conditions,
1.e without taking the transport effects into account and in black including them. In non-
coronal conditions the shells are shifted inward and this effect is more pronounced at the
plasma edge. In chapter 7 the fractional abundance of nitrogen is shown and the effects
of the shell structure-shift on radiation are discussed.

The radiated energy per atom can be calculated using atomic data and a collisional-

radiative model. This solves the time dependent ionisation equations as sum of bremsstrahlung,

line radiation, recombination and ionisation radiation. Thereby all atomic processes are
taken into account. A detailed review of the model can be found in [34]. In non-coronal
conditions, the radiative loss function is not only a function of the temperature but also
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of the parameter n, - t: L,(T,,n,- 7). The parameter n, - T represents the ratio of the
particle residence time 7 and the collisional-radiative evolution time which is inversely
proportional to n,. The mean charge state < Z > is a useful quantity when calculating the
number of additional free electrons produced during impurity ionisation. It is defined as

1
<Z>=—Ykn (3.3)
ny &

k stands for the charge state and n; for the total impurity density. The radiative loss
function Lz and average charge < Z > corresponding to different values of n, - T are
presented in figure 3.3.

The magenta line represents coronal conditions while the red one is the farthest from
coronal equilibrium, typical for divertor conditions. The plots indicate that non-coronal
effects are more pronounced for low-Z than for high-Z impurities. The Lz functions show
that the farther away the impurities are from coronal equilibrium, the flatter the radiation
profiles becomes. The reason is that, far from coronal equilibrium, the radiated power is
dominated by line radiation, which has a weak dependence on the electron temperature.
Moreover, for nitrogen the difference between coronal (magenta line) and non-coronal
red line) is one order of magnitude, whereas for the other impurities the difference is
marginal. The mean charge decreases with the decrease of the parameter n, - T (far from
coronal). Hence, the impurity ions have more bound electrons in a non-coronal regime
compared to the coronal conditions. Thus, they produce greater radiation losses. The
crucial task is the determination of 7 which has been addressed in this work: following an
empirical basis, a formula for 7 has been proposed and a model to calculate the radiated
power density in non-coronal conditions has been developed (see section 6.2).
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Figure 3.3: Radiative loss function and mean charge state <Z> of nitrogen, krypton and tungsten
for different values of n,7.
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3.2 Radiative processes

Radiation in tokamaks comes from electrons and their transition from higher to lower
energy levels. The presence of impurities results in energy losses through bremstrahlung
and the atomic processes of line radiation and recombination [13]:

* Bremstrahlung arises from the acceleration of electrons by the electrostatic field
of charged particles. The power density is given by:

1
Pg=535-10"""n}- 20 T2 [W-m’ (3.4)

In the formula the Gaunt factor which gives a quantum mechanical correction is
taken equal to one. The effective charge is defined as

7 YniZ;
Yz,

(3.5)

Since Z, ¢ increases with the impurity content, bremmstrahlung radiation also poses
a limit for the maximum impurity content of low-Z impurities in the plasma. The
energy loss by bremsstrahlung is proportional to Z.

* Line radiation arises from excitation by electron impact, radiative and dielectric
recombination followed by radiative decay of the excited state [13]. Since the bound
electrons in the ion shells can only exist in discrete energy levels, the spectrum
has a lines structure. It represents a major source of energy loss from the plasma
especially in presence of heavy impurities which are not fully-stripped. This poses
a severe restriction on the maximum level of impurity concentration that can be
tolerated.

* Recombination radiation consists of the emission of a photon after the capture of
an electron by an ion. Its spectrum is continuous above a threshold energy corre-
sponding to the binding energy of the captured electron.

Based on the described radiation features, the tokamak plasma can be divided into three
different regions, figure 3.4:

* Plasma core: the hottest region of the plasma. In absence of high-Z impurities, it
is dominated by bremsstrahlung. In presence of heavy impurities, such as tungsten,
the core can be affected by impurity accumulation [35, 36]. In this case a strong
radiation source is located in the core increasing not only bremmstrahlung but also
line radiation since heavy impurities are not fully stripped even at those high tem-
peratures. Impurity accumulation often leads to plasma disruption and therefore is
unwanted for plasma operation. Accumulation of tungsten and radiative collapse is
discussed in detail in chapter 7.
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Figure 3.4: Plasma regions based on the different radiation characteristics: in red the core region,

in yellow the intermediate zone and in green the SOL and divertor region.

* Intermediate region: in this region, which includes the H-mode pedestal, hydro-
gen and helium are fully ionised, whereas low Z impurities may be partly or fully
ionised depending on the plasma temperatures. Therefore line radiation can only
be emitted by medium, high-Z impurities and partly ionised low Z impurities. The
contribution from bremmstrahlung is also present. The difference with the plasma
core region is that more ions contribute to line radiation.

SOL and divertor: this region is characterised by relatively low temperatures be-
tween 1 eV and 100 eV. The radiation consists of recombination and line radiation
mainly emitted in the ultraviolet (VUV) spectrum. Neutral atoms and ions radi-
ate efficiently most of the power to the divertor walls. In order to reduce high heat
fluxes on the divertor tiles, low-Z impurities impurities are introduced in the plasma
as explained in the next section.

3.3 Impurity seeding and the power exhaust problem

In order to establish regimes with acceptable confinement and heat loads on the divertor
target plates several conditions must be fulfilled simultaneously:

* High edge and divertor radiation to reduce power loads on divertor components;

* Tuned level of core radiation satisfying power exhaust requirements and at the same
time avoiding impurity accumulation and central radiation losses;
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* Mild ELM activity to exploit their beneficial flush out of impurities but avoiding
the power overload problem on the divertor plates;

¢ Minimise dilution.

A well established technique to control the power fluxes into the divertor is the insertion
of low and medium Z impurities into plasma to convert the heat flux to radiation. The
portfolio of suitable elements consists of noble gases and nitrogen [37]. The crucial ques-
tion is: which is the most suitable impurity to radiate in the desired region of the plasma?
The atomic data contain the information necessary to determine which impurity is most
appropriate to radiate in which region of the plasma.

The radiative loss functions Lz for seeded impurities as a function of the electron tem-
perature are depicted in figure 3.1 b). It shows that nitrogen has the principal peak at
low temperatures typical for divertor conditions (= 10 eV), while krypton and argon still
radiate significantly at higher temperature. Therefore, N is the most suitable element for
SOL and divertor radiation, while Kr and Ar are the best candidates for main chamber
radiation. Ar has a more favourable profile with less radiation in the center. However, for
a similar radiation level, Kr has the advantage of smaller dilution compared to Ar. While
the combination of N and Kr appears the more adequate in current experiments, xenon
is also considered as a good candidate for future experiments. Both ITER and DEMO
will require high divertor radiation. In ITER high core radiation is not allowed since the
heating power (150 MW) is close to the L-H threshold. In DEMO strong core radiation of
about ~ 350 MW is foreseen. The combination of divertor and core radiation aims also to
maximize the power handling capability which is indicated by the ratio of the power flux
through the separatrix and major radius %. In AUG % of the value required for ITER

<% = 151‘%) has been achieved [38].
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Chapter 4

Numerical tools

The radial transport observed on confinement timescales can be modelled with radial
transport codes. In this chapter the numerical tools employed in this work to interpret the
experimental data and to model the plasma behaviour are presented.

4.1 TRANSP and ASTRA

TRANSP [39, 40] and ASTRA [41] are both time dependent transport codes for the anal-
ysis and the modelling of transport of magnetically confined plasmas. Both codes can
be used in a predictive or interpretative way. In the predictive approach, the diffusivity
terms are calculated self-consistently with kinetic profiles evolving in time and following
a given transport model. Sources and sinks must be provided. This approach is used to
validate transport models. In the interpretative way, the transport coefficients are com-
puted using the experimental profiles as input. The code inverts the transport equations to
infer the transport necessary to match the observed evolution of fluid plasma profiles.

In this thesis, the TRANSP code was used in the interpretative approach to perform power
balance analysis (section 2.2 and 8.2.1). The input for the code can originate from experi-
mental data or theoretical models. In the simulations performed in this work the following
input were provided time-dependent:

* Toroidal field, plasma current, toroidal loop voltage.
* Injected power for every NBI injector, every ECRH launcher, every ICRH antenna.

* LCFS based on the MHD equilibrium reconstruction given by CLISTE [42].
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* Initial condition for the safety factor based on the reconstruction of CLISTE.
* Kinetic profiles.
 Impurity density profiles when available and/or impurity relative concentration.

» Radiation distribution from the non-coronal radiation model developed in this work,
see section 6.2. This choice has been motivated by the fact that in TRANSP the im-
purity charge states are given only in coronall equilibrium. However, as discussed
in section 3.1, for low-Z impurities non-coronal effects are important and it is es-
sential to take them into account in order to not underestimate the radiation. Indeed,
an important aspect of this work was the inclusion of such effects in the calculation
of P,,q4. The result of these efforts was that, for the first time, TRANSP has been
fed with a non-coronal radiated power calculation.

TRANSP contains modules to calculate profiles of heating and current drive sources. For
the NBI deposition NUBEAM [43] is employed. NUBEAM is a Monte Carlo package
which provides a time dependent description of the particles, the power deposition, mo-
mentum transfer, driven current and losses of the neutral beam injection. The evaluation
of beam deposition takes into account the full range of atomic processes that affect beam
stopping. This makes NUBEAM one of the most accurate codes for the calculation of
NBI deposition. In this work, the results provided by the NBI routine in ASTRA were
compared with the results obtained with NUBEAM. No significant difference was found
for the high radiation scenario discharges. Instead, a discrepancy was found in the pellet
discharges (section 8.2.1) during the pellet train when the beam is deposited off axis due
to the high density. This feature is well reproduced by NUBEAM, whereas the NBI rou-
tine in ASTRA still delivers a rather central peaked profile. This motivated the choice to
perform the transport analysis with TRANSP in this thesis.

ASTRA (Automated system of transport analysis) code [41] is characterised by a modu-
lar organisation allowing the use of numerous existing routines for analyses of transport
processes. Another important feature is the graphical user interface, which allows the user
to look at the radial profiles and the time traces at each time step. This way the plasma
parameters can be changed and controlled during the simulation enabling the testing of
different transport models for heat and particles at run time. This feature, together with the
fact that ASTRA is an in-house development, motivated the choice to employ this code
for the validation of the radiation and impurity transport model in presence of ELMs, see
section 7.

4.2 STRAHL

The 1-D radial transport code STRAHL [44, 45] computes the radial transport of impuri-
ties and the associated radiation in the plasma bulk. The conservation law of the particle
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density n; z of an impurity / in ion stage Z may be written as:

0
oMz = —VI1z+ 017 4.1)

VI'; 7 stands for the flux density of the impurity (the transport term) and Q; 7 for the
sources and the sinks of the ion density n; z. For the flux density I z a diffusive and
convective Ansatz is usually used. Taking the flux surface average leads to the coupled
set of radial transport equation:

Py}

0 0
5,M2= "5, (D=—nrz—vnrz)+ Q12 4.2)

or

The term Q; 7 which couples the different ionisation stages via ionisation and recombina-
tion reads:

Q17 =—neS1z+ne0yz+nyay) niz
+ (neSrz—1) -nrz—1
+ (neQr z11 +1HO 711) iz 41
4.3)

where S; 7 is the ionisation rate of impurity species / in ionisation stage Z, 0y z is the
recombination rate coefficient for radiative and di-electronic recombination and o, is
the charge exchange recombination coefficients. The first line on the right side of the
equation represents the losses of n; 7 due to ionisation n,S; 7z, recombination n,0y z and
charge exchange recombination ny ;7. The second line on the right is the contribution
from the lower ionisation stages whereas the third line shows the contribution from the
higher ionisation stages.

STRAHL solves the set of couple equations 4.2 for each radial point, time point and
1onisation stage. The radial profiles of electron density and temperature are needed to cal-
culate the ionisation and recombination rates and are usually taken from the experiments.
The rate coefficients are taken from the ADAS database. The code contains the mod-
ule NEOART [46—48] which calculates the neoclassical transport for toroidal geometry.
Therefore, the neoclassical contributions D,,., and v,,, can be taken into account. One
important feature of NEOART is the inclusion of collisions of the considered impurity
with the main plasma ions and all other impurities. In STRAHL, the transport equations
are only solved for the ions while neutrals only act as a source for the first ionisation stage.
Wall recycling, transport of impurities between divertor, SOL and pump duct are treated
with a two chamber model. A sketch of the model is shown in figure 4.1.

The model consists of a valve which introduces the impurities, a wall, a plasma volume
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Figure 4.1: Recycling two chamber model used by STRAHL.

which is divided into core and SOL and a divertor volume which is connected to a pump.
The transport processes between the SOL and divertor are treated by the Ansatz of empir-
ical loss times. The parallel loss to the divertor is specified by a time constant Tso7 . 4iv
which is calculated from the parallel flow velocity and the connection length to the diver-
tor. Depending on their characteristics, particles in the divertor reservoir cause a recycling
flux rate %{Lﬁ and a rate of pumped particles %. An adjustable recycling parameter
R determines the ratio between the recycling fluxes and the fluxes to the wall. At the
edge, the recycled neutrals appears as an additional source. R can be set between 0 and
1 where R= 0 stands for non recycling whereas R= 1 stands for complete recycling. The
calculation of the radiative emissivity of the impurities is important for this work: radia-
tive recombination, bremmsstrahlung, line radiation and charge exchange contributions
can be calculated by specifying rate coefficients from the ADAS database.

4.3 Coupling between ASTRA and STRAHL

The time dependent transport code ASTRA and the impurity transport and radiation code
STRAHL have been presented separately. For a detailed time dependent modeling of im-
purities and radiation, which will be presented in chapter 7, the transport coefficients for
all impurities should be calculated during the transport calculations. For such a modeling,
an important element is the transport in the edge transport barrier (ETB). Measurements
of the impurity transport coefficients in the ETB have shown that between ELMs, the im-
purity transport coefficients are in agreement with neoclassical theory [30]. This means
that in the modeling, a new run of NEOART should be started, whenever the background
profiles change considerably. In this way, the correct evolution of D,,., and vy, for all
impurities is ensured during the whole simulation. This motivated the development of the
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coupling between ASTRA and STRAHL [49] which was extended during the course of
this work. The coupling of the two codes allows the inclusion of impurities in transport
calculations performed with the ASTRA code. In addition ASTRA is coupled to the equi-
librium transport code SPIDER [50], which in this thesis is prescribed in fixed boundary
mode.

The ASTRA-STRAHL coupling version exhibits a self-consistent interplay between im-
purity transport, radiation and the heat and particle transport of the background plasma.
Information about background profiles (7, T;, n.) and magnetic equilibrium are trans-
ferred from ASTRA to STRAHL which calculates the radiation, Z, s and the impurity
density evolution. The output of STRAHL is then used by ASTRA to evolve the back-
ground profiles to the next time step as shown in the flow chart 4.2. The turbulent coeffi-
cients Dy, are setin ASTRA whereas the neoclassical transport is computed in STRAHL
using NEOART. ASTRA and STRAHL are run simultaneously at each time step. The
time step of ASTRA is 1 ms while the time step of STRAHL is 1us. The time step of
ASTRA AtssTra, and the time step of STRAHL Afsrragy are synchronised such that their
ratio is an integer number: AAI”‘M = N. The radial grid consists of 500 equispaced points
for ASTRA and 500 radial points for STRAHL more concentrated in the boundary region
where strong gradients in the electron temperature and in the densities of the different
ionisation stages are present. ASTRA uses p;,, as radial coordinate, whereas STRAHL
uses Py,;- This means that the diffusion coefficient in STRAHL is written as:

apVol)2 ’ thor ’2

4.4
Pror | vaol ‘2 ( )

DstrarL = DASTRA - (

2 2
Since (%) % ~1, it can be omitted. The coupled version ASTRA-STRAHL is

the essential analysis tool used for the predictive-iterative modelling presented in 7.

the radial step size used in the numerical calculations needs to be around 1mm in the
boundary region, while in the central part of the plasma a grid resolution around 1 cm is
usually sufficient. It is advantageous to change the radial grid spacing from centre to edge
in order to keep the number of radial mesh points as low as possible.

Te, Ti, ne
ASTRA sl STRAHL
Ptor Equilibrium PVol
Dturb

14VOaN

Prad: Nz Zeff

neo

Figure 4.2: Flow chart of the coupling between ASTRA and STRAHL.
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Chapter 5

Experimental framework

5.1 The ASDEX Upgrade tokamak

This work is based on data collected at the ASDEX Upgrade tokamak, Garching, Ger-
many. ASDEX Upgrade (Axial Symetric Divertor Experiment Upgrade) is a medium
sized tokamak with a divertor configuration and a full tungsten wall. It has been oper-
ated by the Max Planck Institute for Plasma Physics since 1991. AUG was transformed
in stages from carbon into a tungsten device (1999-2006). In 2007 it demonstrated suc-
cessful H-mode operation with a full-W wall, the first tokamak to do so [51]. This is of
particular importance since future devices will have to operate with high-Z plasma facing
components (PFC) in order to simultaneously handle the high thermal loads and avoid
retention of tritium observed for carbon PFC.

ASDEX Upgrade has flexible plasma shaping possibilities and all heating systems fore-
seen for ITER. The elongated plasma geometry similar to the ITER design shape, the
powerful heating capability together with the all-W wall allows to investigate aspects of
ITER’s plasma operation. This makes ASDEX Upgrade well-suited for studies of high
performance plasmas and power exhaust by impurity seeding. Several impurities can be
injected in AUG through valves located in the divertor and the mid-plane. The device has
a major radius Ry of 1.65 m and a minor radius a of 0.5 m. The plasma current is in the
range of 0.6-1.4 MA, the toroidal magnetic field B;, created by 16 toroidal field coils, is
typically -2.5 T. The pulse length is around 10 s, which is a multiple of the global energy
confinement time 7 ~100 ms. ASDEX Upgrade is equipped with a large number of di-
agnostics measuring a wide range of plasma parameters. The most important diagnostic
and heating systems used in this work are presented in the following sections.
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5.2 Heating systems

The aim of auxiliary heating systems is to raise the plasma temperature towards the re-
quired values of fusion reactions. Besides ohmic heating from the plasma current inher-
ently present in tokamak, three different auxiliary heating systems are available at AUG:
the neutral beam injection (NBI) with 20 MW, the electron cyclotron resonance heating
(ECRH) with a source power of 6 MW and the ion cyclotron resonance frequency heating
(ICRF) with a source power of 8 MW. This work focuses on the investigation of high
radiation scenarios which require operation at relatively high power. Thus, typically all
three auxiliary system have been employed.

b)l ECE resonance|

Gyr 71\
Gyr 8—t
Gyr 5—¢
Gyréeg .

y [m]

1.0 15 rRm 20 25

Figure 5.1: a) Toroidal and b) poloidal cross section of ASDEX Upgrade with the used heating
systems.

5.2.1 Neutral beam injection

The NBI heats the plasma by transferring energy from fast particles to the plasma, typ-
ically deuterium as used in this work. Alternatively, hydrogen or helium can be used.
The ion beam is accelerated by means of high voltage and directed towards the plasma
after neutralisation of the fast ions by collisions with neutral hydrogen gas [52]. As the
neutral beam passes through the plasma, the fast neutrals are ionised by three collisional
processes: charge exchange; ionisation by ions and ionisation by electrons. The ions are
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trapped gyrating around the magnetic field lines. They are slowed down to thermal en-
ergy by collisions with the plasma, transferring their energy and heating both electrons
and ions. The fraction of power deposited in each species is dependent on the initial beam
energy and the plasma temperature and is typically 50:50. At ASDEX Upgrade, the NBI
system consists of two injectors, each with 4 neutral beam sources at 2.5 MW output
power. The set up of the two injectors is similar, but due to different currents and extrac-
tion voltages, neutrals from injector 1 have a full injection energy of 60 keV, while those
from injector 2 have 93 keV in order to achieve better penetration and current drive. The
path of the beams are shown in figure 5.1. In general, the NBI deposition profiles for both
electrons and ions are broad and span the entire plasma radius. The electron deposition
profile is rather flat whereas the ion profile is peaked in the centre. The computation of
the deposition profile of the NBI power has been calculated in this work time dependent
with the NUBEAM code inside TRANSP (section 4.1).

5.2.2 Electron cyclotron resonance heating

Radiofrequency heating is based on transferring energy to the plasma by electromagnetic
waves. In the case of electron cyclotron resonance heating [53] the electron cyclotron
frequency and its harmonics are used. The electron cyclotron frequency is the frequency
with which the electrons gyrate around the magnetic field lines:

‘B
W = 1! (5.1)

me

where e is the elementary charge, B;,; the magnetic field and m, the electron mass. It
depends on the magnetic field which decreases with % from the center to the edge in
tokamaks. Hence, the ECRH deposition is localised because the waves are only resonant
at a given magnetic field. At ASDEX Upgrade the electrons are heated using the second
harmonic in X-mode. The microwaves are generated by gyrotrons and are guided to the
vacuum vessel by oversized wave-guides. The launched waves accelerate the resonant
electrons which transfer their energy through collisions with the plasma electrons. At
AUG waves are launched at a frequency of 140 (or 105) GHz. With a typical B,=-2.5 T,
the ECRH deposition is close to the magnetic axis. Characteristics of the ECRH are its
local power deposition well suited for central heating and the fact that it heats only the
electrons. As for the ECE diagnostic, "the cutoff density" (see section 5.3.4) represents
an operational limit for the ECRH system. This is the reason for which in the pellet
discharges presented in chapter 8, the ECRH had to be switched off before the injection
of the pellet train due to the resulting high densities. The ECRH at AUG consists of 2
gyrotron systems. The first system has 4 units, gyrotron 1-4, each one able to deliver
up to 400 kW for 2 seconds. The second system has 4 gyrotrons (gyrotron 5-8) which
can deliver ]| MW each and operate at both 105 GHz and 140 GHz for 10 seconds. The
injection angles can be varied toroidally and poloidally. At AUG, it is calculated using
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the beam tracing code TORBEAM [54].

The ECRH is particular relevant at AUG because its centrally localised heating enhances
the radial outward transport of heavy impurities, in particular tungsten, preventing their
accumulation in the plasma core [55, 56].

Heating profiles

5 T T T
#29254 4.2 sec

af PICRH, e 1
PICRH, i
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NBI, e
NB, i

MW/m3
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Figure 5.2: Example of power deposition profiles for one of the analysed discharge from
TRANSP: in green ICRH to the ions, in magenta ICRH heating to the electrons, in
black ECRH to the electrons, in blue NBI heating to the electrons, in red NBI heating
to the ions.

5.2.3 Ion cyclotron resonance heating

The ion cyclotron resonance heating [57] exploits the ion cyclotron frequency and its
harmonics to heat the plasma. The ion cyclotron frequency is given by:

W, = — (5.2)

Z stands for the ion charge numbers and m; for the mass of the minority ions. The waves
lie in the frequency range of 30-120 MHz and are coupled via large antennas to the
plasma. As for the ECRH, the locations of these resonances depend on the magnetic
field strength. At AUG the minority scheme is generally used. In this scheme, the fast
wave transfers its energy mainly to the minority ions and fast ions are produced in the
plasma. Similarly to the fast ions of the NBI, they build a tail in the distribution function
and thermalise by Coulomb collisions with electrons and ions. The ICRH system at AUG
consists of four generators with an output power of 2 MW each connected to 4 antennas.
They are located near the equatorial plane on the low field side (figure 5.1). At AUG,
the ICRH is principally used to accelerate the hydrogen minority present in deuterium
plasmas at a frequency of ~36 (30) MHz with a typical B; =-2.5 (2.0) T [58]. The ICRH
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typically heats the innermost on-axis 15 cm of the plasma in both the electron and ion
channel. The broadness is in between the NBI and ECRH deposition profile. The ICRH
power deposition used in the modelling part of this work has been calculated with TORIC
inside TRANSP [58].

The comparison of the typical power deposition profiles of NBI, ECRH and ICRH to the
electrons and ions for one of the analysed discharges is illustrated in figure 5.2.

5.3 Diagnostics

ASDEX Upgrade is equipped with more than 70 different diagnostics. This section intro-
duces various diagnostics which have been used for the analysis of plasma discharges in
this work.

3
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Figure 5.3: a) Toroidal and b) poloidal cross section of ASDEX Upgrade with the used diagnos-
tics.

5.3.1 Interferometry

Interferometry is a well established method to measure density in fusion plasmas. Its prin-
ciple is based on the phase shift of an electromagnetic wave passing through the plasma.
In ordinary mode its refractive index is given by:
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w32 2-n
_ _%p. . _ e
N=1/1 pok with W, = 0 (5.3)

If the frequency of the electromagnetic wave, ®, is much higher than the plasma frequency
o), the phase shift between a beam of coherent radiation (laser) propagating through the
plasma and a reference beam propagating in the vacuum is proportional to the electron
density integrated along the beam probing the plasma [13]:

l l

P (e = 20rc [ e 5
= [ n.(x)dx = Agre | n.(x)dx .
¢ Amegmec? ) ¢ ]
0 0
Ao = 2Z¢ stands for the vacuum wavelength and r, = 475806% ~ 2.82-10~m for the

classical electron radius.

On one hand, long wavelengths are favorable to maximise the density resolution. On the
other hand, perturbing beam refraction by density gradients increases with A2 and phase
counting errors, so-called fringe jumps, can occur when the total phase shift exceeds 27
as explained later. In ASDEX Upgrade the phase shift is measured with a Mach-Zehnder-
type heterodyne interferometer, which works as follows (figure 5.4 a)): The beam from a
laser is split into two components using a beam splitter. One of this is shifted in frequency
by A using a blazed optical grating where A is proportional to the rotational speed of
the disc [59]. The other component is subdivided further (by another beam splitter) into
a reference beam and a probe beam. The shifted beam is combined on one side with the
reference signal and on the other side with the probe signal. Both the reference detector
and the probe detector receive the superposition of the two light waves with frequencies
o and ® + A®. The beat signal may be written as [60, 61]:

Ap-sin(or + @) + Ay -sin((0+ Aw)t) = (A] —Ay) - sin(wr + @)

20+ Aw Ao @ (5.5)
+2A2 . <Tl‘> - COS (Tt — E)

The detectors are not sensitive to optical frequencies <a), 2“’2“") , but only register the

slow (%) beat signal, which contains the desired phase information. The first term in-
dicates that the two amplitudes A| and A, are different resulting in a constant offset at the
output of the detector. The beat frequency limits the time resolution of the interferometer.
To have a good time resolution the beat frequency is usually in the range of 10 kHz up to
1 MHz limited by the maximum disc rotation speed. The DCN beat signals at AUG have
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a frequency of 10 KHz. The comparison between the phase of the two beat signals at the
output of the two detectors gives the line-integrated density. Because of the cosine de-
pendence of the detector signal it is not possible to determine unambiguously whether the
phase difference is ¢ or ¢+n -27. Hence, multi-radian phase detectors are used to count
all transitions of the beat signal from one period to the next. This implies a monitoring of
the density evolution from the beginning of the discharge making the measurement his-
torically dependent [61]. In presence of density changes faster than the time resolution,
counting errors by multiples of 27, can affect the measurement. These errors are known
as "fringe jumps". In post-discharge analysis a quick criterion to identify fringe jumps is
to check whether the measured phase does not return to zero. If this is the case then it
is clear that at least one fringe jump occurred. However, several fringe jumps can occur
whose amplitudes sum up to zero making the detection more complicated.
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Figure 5.4: a) Overview of the Mach-Zehnder interferometer; b) The three vertical lines of sight
of the CO,/He interferometer (blue) and the 5 lines of sight of the DCN (red). The
replacement of H-3 with H-0 (green) is also shown (adapted from [61]).

The interferometry system of ASDEX Upgrade consists of a g = 195 um DCN interfer-
ometer with five horizontal lines of sight and a 10.6 um / 633 nm two-color CO,/HeNe
interferometer with three vertical channels. The three vertical channels are named V-1,
V-2, V-3, however only two of them can be operated simultaneously. Until 2013 the
geometry of the DCN consisted of three horizontal channels H1- H3 parallel to the mid-
plane and two lines of sight crossing the plasma transversally, H-4, H-5. H-5 is referred to
as edge line integrated density and H-1 used to be referred as core line integrated density
(although it was not exactly crossing the plasma centre). The channels H-2 and H-3 were
situated symmetrically around the plasma centre giving a redundant information, whereas
no measurement in the very center of the plasma was available. Hence, H-3 was redi-
rected through the centre and renamed H-0. The lines of sight are shown in figure 5.4 b).
The line averaged density of the plasma in m ™~ is defined as the measured line integrated
density in m~2, divided by the length of the laser path inside the confined plasma [60].
At the wavelength of the vertical interferometer, beam refraction due to density gradients
is not an issue but its high noise level together with the limited number of lines of sight
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render the DCN measurements preferable. On the contrary, the wavelength of the DCN is
sensitive to beam refraction and fringe jumps sometimes affect the measurements heavily
(see appendix A).

5.3.2 Thomson scattering

Electron temperature and density at AUG can be measured with the Thomson scattering
(TS) diagnostic [62, 63]. It is based on the radiation as Hertz dipole of particles in the
plasma after interaction with an injected laser. The movement of the electrons due to their
temperature result in a Doppler broadening of the laser frequency. If the electrons are in
thermal equilibrium, the spectrum of the scattered light has a gaussian shape. The width
of the gaussian provides information on the electron temperature. The intensity of the
scattered radiation is proportional to the laser light intensity and to the electron density
following the formula [23]:

m __meV
Irs < n, MfT e ZpTe (5.6)
e

Therefore, a single measurement provides n, and 7, at the same position. This has the
advantage that the profiles are radially aligned and they can be used to realign profiles
from other diagnostics. The radial position of the laser beam and the vertical location of
the scattering zones determines the measurement locations. Typically the detectors are
located at a scatter angle of 90°. At ASDEX Upgrade simultaneous measurements of the
core and edge parameters are possible thanks to a recent upgrade of the TS system [63].
Four vertical Nd-YAG laser beams are used for the core and six for the edge system. Each
laser emits an energy of the order of 1 J per pulse, with a pulse duration of 15 ns and a
repetition rate of 20 Hz. This yields a snapshot of the profiles every 12.5 ms for the core
and every 8 ms for the edge. The measuring locations of the TS are shown in figure 5.3.

5.3.3 Lithium beam emission spectroscopy

Lithium beam impact excitation spectroscopy (LIB) [64] is based on the measurement of
Li radiation Lij(2s —2p) at 670.8 nm produced by lithium atoms injected in the plasma by
a lithium beam. The lithium neutrals are excited and ionised by collisions with electrons.
The measured line emission intensity is dependent on the electron density and the local
intensity of the beam. The beam is attenuated due to ionisation and charge exchange with
the background plasma particles, which limits the use of this diagnostic to the plasma
edge(typically p,,; > 0.95). A full collisional-radiative model is employed to model the
measured spatial line emission profiles. At ASDEX Upgrade lithium neutrals are injected
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horizontally into the plasma 30 cm above the mid plane from the low field side with
injection voltages of up to 60 keV. The diagnostic is equipped with 35 LOS which cover
the entire SOL and roughly the outermost 5 cm of the confined region depending on the
separatrix position. The radial resolution of 0.5 cm is determined by the the aperture of
the optical setup. The background radiation is subtracted from the measured signal by
chopping the Li beam periodically, 56 ms on and 24 ms beam off [65]. However, for
studies of fast events such as ELMs, the measuring frequency can be increased up to 2
kHz. The location of the lithium beam diagnostic is shown in figure 5.3.

5.3.4 Electron Cyclotron Emission spectroscopy

Electron cyclotron emission spectroscopy (ECE) [13] is a passive technique which mea-
sures the cyclotron radiation emitted by electrons while gyrating around the magnetic field
lines. This radiation occurs at discrete angular frequencies @ = n®., with n being the
harmonic number. The frequency w,, is proportional to the strength of the magnetic field
which decreases with % determining the location of the emitted radiation. In tokamaks,
the main part of the plasma is generally optically thick for electron cyclotron radiation.
The intensity / of the emitted radiation is proportional to the electron temperature (black
body radiation) and it can be described by the Rayleigh-Jeans law [13]:

2
0
Ig; = 8732 T, (57)

Accordingly, from the spectral radiance at the corresponding frequency, the radial profile
of the electron temperature along the line of sight can be obtained. The evaluation is based
on the assumption that the velocities take a Maxwellian distribution while the frequency
shifts due to relativistic and Doppler effects are neglected. However, at low density, espe-
cially at the plasma edge of H-modes, the plasma becomes optically thin and the observed
radiation temperature is not anymore equal to the local electron temperature [66]. This
phenomenon is known as "shine-through". The ECE measurements are not only limited
by this effect but also by the so-called cutoff density [67].

For extraordinary modes (X-mode) as in AUG, the maximum density at which 7, can be
measured is 1.2-10*°m~3 for B,= 2.5 T. In regions where the electron density is larger
than the cut-off density no electron cyclotron emission can be measured. This is the
reason why for high density experiments presented in chapter 8 only measurements from
the Thomson scattering diagnostic are available. At ASDEX Upgrade the ECE system
is a multichannel heterodyne radiometer. It measures the second harmonic extraordinary
mode (X-mode) at 60 different positions in the frequency range from 89 GHz to 187 GHz.
The diagnostic has a sampling rate of up to 1 MHz which allows to resolve fast electron
temperature changes, occurring for instance during ELM crashes.
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5.3.5 Integrated data analysis

Integrated data analysis (IDA) has been developed at ASDEX Upgrade with the aim of
estimating the electron temperature and density through a combination of several diagnos-
tics in the framework of the Bayesian probabilistic model [68]. The use of the Bayesian
probability theory allows the inclusion of the so-called prior information and weighting
of the data with the corresponding measurement errors. The standard application of IDA
combines data from ECE and optionally TS for the temperature measurements. LIB and
DCN are used for the density evaluation with optional inclusion of TS. Since there is no
information from the plasma core, the profiles are extrapolated quadratically using the
gradient of the profile at the last measurement channel and the fact that the profile gradi-
ent has to become zero at p,,,;= 0. The time resolution is limited by the time resolution of
the LIB diagnostic which is of the order of 1 ms or by the TS resolution. In this work IDA
has been used to obtain electron temperature and density profiles to insert into TRANSP
for the transport calculations. In addition, the density profiles obtained with IDA have
been used to validate the reliability of the fringe jump corrections made to the DCN data
especially during large perturbations induced by pellets. This part will be discussed in the
appendix A.

5.3.6 Charge exchange recombination spectroscopy

Charge exchange recombination spectroscopy (CXRS) is routinely used in tokamaks to
measure ion temperature, toroidal rotation and impurity densities. The diagnostic is based
on charge exchange collisions between neutrals and fully ionised impurity ions in the
plasma, which are in thermal equilibrium with the main ion species [69]:

AZt DO 5 AZ-D+x L pt _ AZ-D+ Ly 4 Dt (5.8)

Ionised impurities undergo a charge exchange reaction with neutral deuterium atoms from
the NBI beam.During the charge exchange an electron is transferred from a neutral D atom
to an impurity ion which is generally in an excited state. Line radiation is emitted during
the de-excitation of the impurity ion. In ASDEX Upgrade the neutral atoms are provided
by the NBI and therefore the optical system is aligned along the heating beams [69]. The
light emitted due to charge exchange reactions provides localised information on the fully
ionised impurity ion because it arises from the intersection of the line of sight with the
neutral beam. The Doppler width of the spectral lines yields the temperature of the impu-
rity ion, the Doppler shift provides the velocity along the line of sight. Impurity densities
are inferred from the radiance of the measured spectral line knowing the neutral density
ng. Depending on the impurity content, typically emission lines from low-Z impurities
such as boron, carbon or nitrogen are analysed.
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ASDEX Upgrade is equipped with 4 charge exchange systems: 2 core systems CEZ and
CHZ with a radial resolution of +2.5 cm and two edge systems, one toroidal (CMZ)
and one poloidal (CPZ). The toroidal and poloidal positions of the systems are shown in
figure 5.3. The toroidal core system CHZ looks at beam 8, it has an integration time of
20 ms and in this work it has been used to infer the carbon concentration when the CEZ
system (integration time of 5-10 ms) was measuring nitrogen. The three other systems
look at beam 3. Both edge systems with 8 LOS are installed at the low field side and have
a temporal resolution of up to 2.2 ms. They can resolve the pedestal of AUG with a radial
resolution of lcm. In this work the ion temperature has been obtained by combining the
data provided by the core and the edge systems into one single profile. The impurity
concentrations have been used to calculate and model the radiation. Helium can also be
measured at AUG with a core CXRS diagnostic (CAZ) looking at beam 3 with 15 lines
of sight, part of the ITER-prototype CX spectrometer [70].

5.3.7 Bolometry

In fusion devices, bolometers are used to measure the total radiated power from visible
light to the soft X-ray region. Bolometry is a crucial diagnostic because radiation rep-
resents a significant fraction of the power balance in tokamak. To measure absolutely
calibrated values of radiation, at ASDEX Upgrade detectors are installed in the vacuum
vessel using pinhole cameras [71]. Two different bolometry systems are available: foil
bolometers and diode bolometers. The first consist of 4.5 u absorbing foils of chemically
inert material such as platinum and gold, located above an isolating substrate. They work
by detecting the temperature rise of the material due to the energy deposited by photons.
The foils absorb all photon energies, therefore the measurement can be absolutely cali-
brated. The system has 112 LOS installed in 6 pinhole cameras which are mounted at
different poloidal locations in the vessel as is shown in figure 6.1 in section 6.1. Since
the measurements are line integrated, a tomography reconstruction or Abel inversion is
required to retrieve a 2D radiation distribution. Details about the tomography reconstruc-
tion are presented in section 6.1.

Various examples of tomography obtained in the course of this work are presented in
chapter 6 . The time resolution of the foil bolometers is in the range of a few milliseconds
and is set by the finite time the heat is diffusively transported through the foil [72]. How-
ever, many events such as ELM-induced radiation take place on a much shorter time scale.
Therefore a complementary system is needed. In 2010 diode bolometry, characterised by
a time resolution of a few microseconds, was installed [73]. The diagnostic principle re-
lies on the photocurrent generated by AXUV (Absolute eXtreme UltraViolet) photodiodes
which is proportional to the incident radiation. The diodes offer a better time resolution
than foil bolometers but they are not absolutely calibrated and they lack of sensitivity [72].
The diode set up at AUG consists of 256 LOS installed in eight different cameras which
cover the full poloidal cross section of AUG. Their high spatial resolution together with
a very high time resolution of 54 s makes them suitable to study fast radiation effects
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which cannot be resolved by foils bolometers. The toroidal and poloidal positions of the
foils and diodes are shown in figure 5.3. In this work diode bolometers have been used to
measure the ELM-induced radiation during nitrogen seeding experiments and to validate
the diffusive and convective ELM radiation models presented in chapter 7.

5.3.8 Tungsten diagnostic

Due to its radiation properties, the maximum allowed tungsten concentration in the plasma
core is of the order of 1075, Hence, it is crucial to be able to measure and control the
tungsten concentration in the plasma. Determining the W concentration is not an easy
task because the W spectrum spans over a wide wavelength range (from visible to X-
ray) with hundreds of spectral lines at similar wavelengths due to the high recombination
rate. At ASDEX Upgrade the tungsten concentration is derived from X-ray and VUV
spectroscopy [74]. Depending on the electron temperature, two radially separated mea-
surements are routinely available. In the spectral range around 5 nm a compound emission
of hundreds spectral lines emitted by ion stages between W57, and W35, forms the en-
velope of the quasi-continuum radiation. From the measurement of this structure the W
concentration in a 7, range of 0.5-1.7 keV is determined.

The emission of Ni-like Wyg, at 0.793 nm is employed to deduce the W concentration
in a T, range of 2.1-5.5 keV. Figure 5.3 shows the line of sight of the grazing incidence
spectrometer. The line is close to the midplane and crosses the plasma horizontally in the
poloidal plane (see figure 5.3). This ensures that the measurement includes the emission
from the center of the plasma. In this work the tungsten density is used to calculate and
model the radiation due to W.
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High radiation experiments

Impurity seeding is an essential element of the power exhaust in tokamaks used to in-
crease radiation. It is usually employed to limit power loads on machine components (see
section 3.3). Such a technique is already required in present tungsten machines operating
at high power levels and is extensively investigated in view of future reactors for which
it will be mandatory. In ASDEX Upgrade divertor cooling by nitrogen seeding has been
achieved (see e.g. [75]). A confinement increase due to the presence of nitrogen has
been discovered [76, 77]. During the 2012 - 2014 AUG operational campaigns the high
radiation scenario has been extensively explored not only by means of nitrogen seeding,
but also by injecting medium-Z impurities to radiate in the main chamber and assess the
possible impact of central radiation. In this chapter the effects of impurities on plasma
performance are investigated. These span from the negative effects of impurity accumu-
lation in the plasma core and radiative collapse, to positive effects such as reduction of
the power flux into the divertor; the reduction of ELM size and the improvement of con-
finement via reduced core transport and/or improved pedestal top values combined with
profile stiffness. An introduction to the tomographic method used to retrieve the 2D radi-
ation distribution and the development of a non-coronal radiation model are presented in
section 6.1 and 6.2. Section 6.3 introduces the experimental set up of the high radiation
experiments. The analysis of the radiated power and the transport properties of H-modes
seeded with nitrogen-only and nitrogen combined with krypton are presented in section
6.4.1 and 6.4.2. Since future reactors will contain helium ash, the impact of helium on
transport and confinement has also been investigated and results are shown in section
6.4.3. Finally an overview of the parameter dependencies of confinement based on data
collected during this work is presented in section 6.5.
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6.1 Tomography reconstruction

Bolometers measure the radiated power integrated along their lines of sight (see section
5.3.7). In order to extract as much information as possible from these measurements,
2D tomographic methods [78], which invert the line integrated measurements on a nu-
merical spatial grid, are usually used. However, due to the finite number of LOS, the
reconstruction of 2D profiles requires additional information: at AUG it is assumed that
the gradients of the emissivity perpendicular to the flux surfaces are higher than those
parallel [73]. Additionally, different gradients for different plasma regions such as the
confined plasma, the SOL, inner and outer divertor and the X-point can be used and var-
ied to optimise the reconstruction. The tomography algorithm minimises the error x?
between the measured signal and the actual reconstructed profile with a regularization
integra describing the curvature of the 2D profile [73]. In the present work such a method
was used to reconstruct the 2D experimental radiation profile which has been compared
with the calculated radiation profile using atomic data (see section 6.2).
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Figure 6.1: Cross section of ASDEX Upgrade: a) Lines of sight of the cameras used for the
tomography reconstruction in this work, b) 2D poloidal emissivity distribution, c)
Corresponding radial emissivity profile.

Figure 6.1 a) shows a cross section of ASDEX Upgrade with the lines of sight of the
foil bolometer cameras used in this work for the tomography reconstruction. In panel
b) an example of a 2D poloidal emissivity distribution is depicted where some artifacts
are visible (orange spots). These artifacts represent zones of negative radiation which are
unphysical. The code utilises them in order to avoid a higher reconstructed brightness
than the one actually measured. They are a sign of a non optimal reconstruction but they
can be minimised choosing appropriate parallel and perpendicular gradients locally in the
different plasma regions. Panel ¢) shows the radial profile of the emissivity obtained by
mapping the 2D poloidal deconvolution on a radial grid. The black points are the points of
the deconvolution while the red line represents the spline fitted radial profile. The spread
of the points at one radial position arises from the poloidal asymmetry of the emissivity.
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The very edge (pror > 0.9) is affected by large uncertainties and therefore values here are
unreliable. An example of a 2D radiation distribution before and after nitrogen seeding
is depicted in figure 6.2. Before nitrogen seeding (panel a)), no strong radiation in the
main plasma is detected, only rather weak radiation in the divertor region exists. During
nitrogen seeding, an increased radiation in the SOL and a very localised radiation in the
divertor is found (panel b), (see also section 3.3). However, the edge radiative ring is not
well resolved. With light impurities, as used in this work, the radiation is higher at the
edge and the reconstruction is difficult. The radiative ring in the core region is an artifact
of the tomography reconstruction which is attributed to the limited spatial resolution of
the bolometry. If excessive radiation is detected in the divertor, the tomography algorithm
redistributes the radiation over the main chamber to minimise the curvature and a ring
appears also in the centre even if no tungsten accumulation is present. Figure 6.2 b) illus-
trates that lines of sight of the vertical cameras looking into the divertor also cross at the
plasma core. Hence, divertor and main chamber reconstruction are "coupled". All these
uncertainties in the bolometry reconstruction suggest that a modelling of the radiation is
required. This is presented in the next chapter.
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Figure 6.2: Tomography reconstruction: a) before N seeding, b) during N seeding.

6.2 Development of a non-coronal radiation model

In section 3.1 it was shown that if the transport processes are sufficiently slow, the ionisa-
tion stages of the impurities are in equilibrium corresponding to the plasma temperature.
This coronal equilibrium occurs in the plasma core. Corrections must be made if trans-
port plays a role and this equilibrium is not reached, as happens at the plasma edge. In
this work a non-coronal radiation model was developed and assessed by comparison with
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bolometric measurements in order to provide a reliable radiation profile for transport cal-
culations. The model was dubbed PIRT which stands for "Pedestal Impurity Residence
Time". In the PIRT model the enhanced radiation due to non-coronal effects is described
using the parameter n, - T already introduced in section 3.1, such that Lz depends on both
T, and n, - 7. In the ionisation phase the radiation increases as T decreases.

In the calculation of the radial profiles of Lz for each impurity, 7, and n, are taken from
the experimental profiles whereas 7T is prescribed according to the following arguments.
In the pedestal, the ELMs flush out impurities and cause a reorganization of the profiles
at every crash. Therefore, the residence time at the pedestal cannot exceed the inverse of
the ELM frequency ﬁ This assumption takes into account not only the residence time
of the impurities but also the recovery of the pedestal profiles after the crash, as well as
the possible impurity influx during this phase. Furthermore, an appropriate function for
T must depend on the radius and satisfy two conditions: 1) in the core T must be large
to reflect the coronal equilibrium (n, - T = 1022 m—3 ms) and 2) in the edge region it has
to decrease to a small value, 7,.4. The hyperbolic tangent fulfils these constraints and is
used in this work. A good agreement with the experimental radiated power is achieved
using the following formula:

1
T =100 (—tanh(k - (Pror — Perit)) +§)+rped (6.1)
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Figure 6.3: a) The hyperbolic tangent as a function for the impurity residence time 7 in the PIRT
model. Prediction of the radiated power density: b) coronal conditions, ¢) non-coronal
conditions. Calculated radiated powers of carbon (orange), oxygen (magenta), nitro-
gen (black) and tungsten (blue). The sum of the radiated powers, P44 10r, 1S shown in
red. The comparison shows that if the non-coronal effects are neglected, the radiated
power at the edge is significantly underestimated.

The shape of 7 can be seen in figure 6.3 a). In the formula the factor 100 is required to
reach coronal values in the core, k characterises the slope of the tangent hyperbolic and
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Perir reflects the radial extension of the ELM depletion on the profiles, while 7,.; = fE_lLM is
assumed. Once 7 is defined, the n, - T profile is built and the non-coronal P, is calculated
as Prgg = L,(T,,n, - T) -n2 - ¢, where c; is given by the CXRS diagnostic.

Figure 6.3 shows the comparison of the P,,; calculations assuming coronal equilibrium
(panel a)) and non-coronal conditions determined by the model (panel b)). The core ra-
diation is dominated by tungsten while the edge is dominated by low-Z impurities (C, O,
N). Since non-coronal effects affect mainly the low-Z impurities at the edge (p > 0.8),
where the radiation is strongly enhanced, under coronal assumption, the radiated power
is significantly underestimated. Hence, for a correct calculation of the radiated power
it is crucial to take the non-coronal effects into account. The model is compared with
the bolometric measurements (figure 6.4). The mismatch between the calculated and the
measured radiation in the core (py,r < 0.2) is attributed to the limited spatial resolution of
the bolometry already discussed in section 6.1. At the very edge (p;,r > 0.9) the experi-
mental results are not reliable due to the uncertainties discussed in section 6.1(figure 6.1
c)). Because the tomography reconstruction has to minimize the 2D curvature, the 1-D
profile tends to be hollow as well. However, the comparison shows that indeed the edge
is better described by the non-coronal model. P,,; obtained with the non-coronal model
is used in the transport calculations presented in the next section.
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Figure 6.4: Radiation profile from bolometric measurements (black dots). Calculated P,,; using
coronal approximation (magenta), calculated P,,; using the non-coronal model (blue).
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6.3 Experiment set up

In the full-W AUG, a high fraction of the heating power can be radiated by varying the
seed impurity radiation distribution using dual seeding technique in feedback control and
feedforward [75]. Ar and Kr are injected through a midplane valve, N through valves lo-
cated in the divertor region and distributed toroidally. The exact location and the gas rate
are programmed before the discharge by the control system. In order to avoid central W
accumulation and obtain stable H-modes with a tolerable W level, high fractions of central
heating and a high deuterium gas puff of at least I' = 0.6 — 1 - 10?2 ¢ /s are required. Such

new
the achievable confinement (Hog =0.8). However, confinement can be recovered by puff-

ing N into the divertor as previously reported in [76] and as described in section 6.4.1.
The experiments presented here were conducted in the so called "Improved H-mode" sce-
nario [76] with a typical plasma current of /,= 1-1.2 MA and a toroidal magnetic field of
Br=-2.5 T suitable for 2" harmonic ECRH. The heating power was varied and covers a
wide range: 5 MW < F,,; <20 MW. In the 2012 campaign, a maximum heating power of
up to 23 MW was applied whilst maintaining good performance. In the 2014 campaign,
in order to ensure high quality of plasma measurements, experiments at lower powers of
10 and 15 MW were carried out in feed forward on N. In addition, 1 cm radial shift of the
plasma allowed high quality edge profiles and a full pedestal coverage to be obtained.

a high gas rate constrains operation at high plasma density (L =0.6— O.8> reducing

6.4 Transport analysis

It is of a major interest to understand the impact of impurity seeding on plasma trans-
port and confinement. In this regard, it should be pointed out that the formula 2.1 for the
energy confinement does not take the radiated power into account. The reason is that in
carbon machines, the effect of P,,; on 7g is assumed to be small because P, is strongly
hollow. However, in the case of central radiation, radiation losses have to be taken into ac-
count. Already in present tungsten machines, this high-Z impurity might radiate strongly
in the core and the inclusion of the radiation losses is therefore crucial. Note that in or-
der to avoid a reduction of the fusion gain, radiation losses occurring where the power is
deposited are not permitted. Main chamber radiation must be applied solely at the periph-
ery of the confined region. In future devices, like DEMO, where high P,,; will need to
be radiated also in the plasma core, P,,4 losses must be unavoidably considered. This is
the reason why the radiation distribution is included in the power balance analysis in this
work.
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6.4.1 Transport analysis of nitrogen seeded discharges

The analysed discharges were H-modes with about 15 MW of heating power in which
nitrogen was injected after the plasma reached its steady state. Figure 6.5 shows the
time traces of the main parameters of a nitrogen seeded discharge where all the heating
systems are employed: Pypj= 10 MW, Pjcrg= 2 MW and Prcrg= 2 MW. A strong D,
puff is applied (2.2-10?% e~ /s) such that Hog is only 0.8.

#29254

N
o

} b)

o ) Pheat a2
= 1 E b core
ol L 2 o
S sk ICRH ECRH o edge
o= 1T < o
12F 250
1049 d)
N 200 +
O.SW gwo +$W + w N ++*++
0.6 Plasma stored enert W
oal 9y 5100 E#t‘h ++ % R
02} = 50
0.0 1] S S S USSR
4 8
e) —
3 BN o ep P
, M’M 2 . CW core /\/-
[— y g
s~
1 O 2r
0 oL . . . . . .
25 h
- 319 Deuterium 20¢
R 2 . 1.5F Hos
% : Nitrogen 1.0},
= 0.5F
S0 0.0
2.5 3.0 35 4.0 4.5 2.5 3.0 35 4.0 4.5
Time (s) Time (s)

Figure 6.5: Time traces of main plasma parameters of discharge #29254: a) Heating and radiated
powers, b) Core and edge densities, ¢) Plasma stored energy, d) ELM frequency, e)
B, f) Core and edge tungsten concentration, g) N puff, h) Hog

Att =2.5 s nitrogen is injected into the plasma, the heating power is kept constant from
2.1 s onwards (figure 6.5 panel g) and a)). As expected, the radiated power increases with
N, but counterintuitively, the plasma stored energy also increases by about 40% (panel
¢)), as already reported in [76, 77]. By increases from 2 to 2.8 (panel €)) and the Hog from
0.8 to 1.2 panel h)). Note that W,,,;,; and By are both deduced from the equilibrium. In this
discharge frry (plot d)) does not vary with nitrogen (plot g)), but in other analysed cases
it does. In Ref.[79] it was shown that with N the ELM crash consists only of a drop at the
pedestal top. Another important feature of the ELM behavior with N is the reduction of
the relative energy loss per ELM shown in section 6.5. The edge tungsten concentration
decreases by a factor of 2 after nitrogen is injected due to the beneficial flush-out effect
of the ELMs. After r= 3.7 s both concentrations tend to increase due to the approaching
detachment phase (not shown here). The N concentration measured by CXRS is about
0.8 % in the first phase and 1.3 % in the higher gas puff phase. Z, ;s increases from 1.1
to 1.5 with nitrogen. Carbon concentration in the plasma is about 0.5 %, boron around
0.2 % and oxygen 0.3 %. In order to gain a better understanding of the heat transport in
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presence of nitrogen, power balance calculations taking into account the P,,; distribution
have been performed with the TRANSP code which was presented in section 4.1.
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Figure 6.6: Time traces of a) Plasma stored energy from AUG magnetic measurements (black)
and TRANSP calculation based on kinetic data ( orange); b) Confinement time deter-
mination from AUG (black) and from TRANSP (orange).

The consistency between measured global parameters and TRANSP calculations based
on kinetic data has been verified: as shown in figure 6.6 a), an excellent agreement for
the plasma stored energy is found between the temporal reconstruction based on magnetic
data (in black) and the TRANSP determination based on kinetic profiles (in orange). The
energy confinement time calculated from TRANSP and from AUG magnetic are also in
very good agreement (panel b)).

Measured electron and ion temperature profiles at the plasma edge before and during the
N seeding are shown in figure 6.7 a). Higher temperatures are reached during nitrogen
seeding in agreement with [76, 77]. Panel a) also reveals that the steep gradient zone of
T; extends further inside the plasma in the case of nitrogen. The N density profiles related
to the different phases are shown in panel b).

The results of the transport analysis are displayed in figure 6.8. The dashed lines represent
the ion channel, the solid line the electron channel. In black before the nitrogen seeding
(ref. phase), in red during the N seeding. Panel a) shows that the pedestal improvement is
propagated to the plasma core through stiffness: the higher temperatures are maintained
over the whole profile causing the higher energy content. Panel b) shows that the density
profiles are only weakly affected by the injection of nitrogen. The ratio Z—; (panel c¢))
is 0.8 in the unseeded phase and decreases to 0.7 in the seeded phase. Panel d) shows
the net electron and ion fluxes defined as Q¢ ner = Qe — Qei — Oraq and QO per = Qe + Qe
Q. and Q; are the electron and ion fluxes. Q; is the exchange flux term from electrons
to ions which plays an important role at high collisionalities. Q,,4 is the radiation flux.
As expected, Q. ner decreases at the edge due to the higher value of Q,,4 induced by the

presence of N. Panel e) reveals that ), and y; normalised by T% (see section 2.2) have
similar values before and during the seeded phase. This is a sign that the seeding is not
changing the core transport properties. Here the errors of ¥ and R/Ly, ; are estimated from
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Figure 6.7: a) Edge profiles of: T, from VTA (solid line), 7; from CXRS (stars) before N seed-
ing (black), during N seeding (red). b) Nitrogen and electron density profiles in the
reference phase (black) and in the N phase (red).

the uncertainties of the gradients of the temperature measurements. They are in the range
of 20%. As indicated in panel f), from the pedestal top inwards, R/Lz, and R/Ly, are the
same in both phases. This means, that since the profiles are bound to a fixed temperature
gradient, the profile stiffness transfers the confinement improvement from the edge to the
core.

The results of a sensitivity study of the radiation impact on transport are reported in figure
6.9. The integrated radiative power density Q,,, is compared to the electron heat flux Q..
Q,qq 1s much smaller than Q. in the central plasma, while it reaches about 30% of Q,
towards the edge. This means that the radiation is located in the outer part of the plasma
as indicated by the tomography reconstruction (see section 6.1). This explains why it has
almost no impact on global confinement. The transport analysis confirms that y, does not
vary in the core whether the radiation losses are taken into account or not (panel b)). A
sign that indeed the seeding is not changing the core transport properties. The fact that
the radiation is localised at the edge is beneficial, since high radiation losses in the central
plasma would reduce 7.

To summarise, the analysis provides evidence that N seeding increases the pedestal tem-
peratures while the density remains unchanged. Thus, higher pedestal pressures are
reached with nitrogen. The mechanism for which nitrogen increases the pedestal temper-
ature is not yet understood and currently under investigation [80]. Although the absolute
value of the temperatures are different, VTT is the same indicating the strong role of the
critical gradient lengths R/Ly in setting temperature profile features. This suggests that
the relevant quantity for transport is R/Ly (see section 2.5).
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6.4.2 Transport analysis of nitrogen and krypton seeded discharges

This section documents the analysis of the Kr seeded discharges where Kr is injected
during the N puff. The H-mode discharges in this study arerun at I, =1 MA, By =-2.5T
and a heating power of around 14 MW, 10 MW provided by NBI, the rest equally by ICRH
and ECRH as shown in figures 6.10 a) and 6.11 a). Figure 6.10 shows the time traces of
the main plasma parameters for discharge #31232 in which a stable phase (N+Kr) with
moderate confinement was achieved. During the N puffing, Kr is injected at 7= 3.6 s with
an initial I'x, ~ 0.5- 102! e /s which rises until 1-10>! e~ /s at r = 5.5 s (panel g)). The
important observations are: an increase in W4 of 13% during the N phase and another
3% when Kr is also added to the plasma (panel c)); an increase in Hog (panel h)) from
0.78 in the reference phase, to 0.86 in the N+Kr phase; an increase in the neutron rate of
17 % (panel h)) and a drop of frrs in the N+Kr phase from a value of about 150 Hz to
about 110 Hz.
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Figure 6.10: Time traces of main plasma parameters of discharge # 31232: a) Heating and radi-
ated powers, b) Core and edge densities, c) Plasma stored energy, d) ELM frequency,
in magenta fgy smoothed, e) By, f) Core and edge tungsten concentration, g) N and
Kr puff, h) Hog and neutron rate. The vertical dashed lines define the time interval
of Kr seeding.

If the amount of Kr is increased, the situation becomes unstable as illustrated in discharge
# 31230 (figure 6.11) where an excessive Kr concentration led to a radiation collapse at
t=4.5 s. Since the effects of Kr on plasma response are more evident in this latter dis-
charge, the analysis of this discharge #31230 is presented in the following. The analysis
of discharge #31232 leads to the same conclusions drawn in this section.

The main plasma parameters of discharge #31230 are shown in figure 6.11. Before the
radiation collapse, a short phase of increased confinement (~ 30%) with N and Kr can be
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Figure 6.11: Time traces of main plasma parameters of discharge #31230: a) Heating and radiated
powers, b) Core and edge densities, ¢) Plasma stored energy, d) ELM frequency, in
magenta fgzy smoothed, e) By, f) Core and edge tungsten concentration, g) D, N
and Kr puff, h) Hog and neutron rate. The vertical dashed lines defined the time
interval of Kr seeding.

identified (r = 3.5 - 4.2 s). The plasma stored energy increases from 0.6 MJ in the non
seeding phase, to 0.74 MJ during the N-only phase and to 0.88 MJ in the N+Kr phase
(before the collapse). By increases from 1.7 to 2.0 and to 2.4 in the N + Kr phase. The
core and edge densities increase by 5% during the N+Kr phase. Hog increases from 0.7
to 0.9 in the N-only phase reaching 1.1 in the N+Kr phase. The neutron rate increases
constantly throughout the discharge with a maximum increase of 40% in the last phase.
The main contribution to the neutron rate in ASDEX Upgrade comes from the beam-
target rate (Sp;) which is proportional to 7, and ”D [81]. The observed rise of the neutron
rate with N but in particular with Kr means that the increase in 7, and therefore in the
confinement, is larger than the dilution effect. Figure 6.12 a) reveals that the increase
in T, at p= 0.6 from the reference phase to the N+Kr phase is about 40 %, whereas the
decrease in the 2 is only about 10% (figure 6.16 c)). The increase in both electron and
ion temperatures ‘between the N-only phase and the N+Kr phase is also well visible: at
p= 0.6 T, increases of an additional 16 % and 7; of an additional 24 % (6.12 panel b)).

However, the Kr concentration in the plasma becomes too high and triggers tungsten
accumulation. This accumulation is a consequence of the reduction of the total heat flux
with higher P,,; (see 6.16 panel e)). A smaller heat flux means that less source is available
to drive turbulent transport making the effects of neoclassical transport more visible, as
anticipated in section 2.4. This is particularly true for high-Z elements such as Kr and
especially W since the neoclassical effect increases with Z. In addition, the temperature
screening, which tends to counteract the convective term (section 2.4), gets lower as well.
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Figure 6.12: a) 7, from VTA; b) T; from CXRS. Black (reference phase), red (N-only phase),
green (N+kr) phase for discharge #31230.

Indeed, panel f) of figure 6.11 shows that as soon as Kr is injected into the plasma, the W
concentration increases. Overall the core W concentration increases by a factor of 2 and
at t = 4.28 s plasma detachment occurs. Panel d) shows that the ELM frequency drops
by 50% when Kr is added to N going from about 150 Hz to 70 Hz. The fgry reduction
is a consequence of Kr radiation inside the pedestal which reduces the heat power flux
through the pedestal.

In this thesis the confinement improvement observed in the phase with N+Kr is interpreted
as follows: since frry gets lower, less power is available to recover the profiles after each
ELM crash. Therefore, with a longer inter-ELM phase, N can stay in the plasma longer
before it is flushed out with a consequent increase of its concentration in the plasma,
as shown in figure 6.14 b). Although other effects could play a role, the confinement
improvement is attributed here to the increase of the nitrogen concentration in the plasma
which is higher due to a lower gy (figure 6.13).

Figure 6.14 a) depicts the tomography reconstruction at r = 4.0, 4.2 and 4.5 s when N
and Kr are both in the plasma. In addition to the strong divertor radiation due to N,
the tomography illustrates that the plasma radiates across the entire plasma radius inside
the pedestal due to Kr. Note that with the increase of Kr radiation, less power goes
to the divertor (at 7= 4.5 s the divertor region is not longer red but green-blue) and a
higher contribution from the main chamber is evident until at # = 4.5 s an intense radiation
appears in the core indicating the onset of the radiative collapse due to both krypton and
tungsten accumulation.

Currently there is no diagnostic available to measure the Kr concentration. In this work,
the Kr concentration was estimated using the following method: the radiation due to Kr
is simulated with STRAHL assuming that only this impurity is present in the plasma.
The inputs to STRAHL are the equilibrium, the transport, the density and temperature
profiles and the impurity source. The integrated radiation along the midplane delivered
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Figure 6.13: N density profile in red during the N-only phase, in green during the moderate N+Kr
phase, in magenta at the onset of the radiation collapse. In dashed the corresponding
Me.

by STRAHL is used and its value compared with the one provided by the line integral of
the foil bolometry at the midplane. The difference of the P,,; measured by the bolometry
lines of sight of the FHC camera (figure 6.1 a)) at midplane before and during the Kr
injection provides the Kr contribution to the radiation. The Kr source in STRAHL is
varied till the corresponding radiation matches this difference.

Using this method it was possible to reconstruct the Kr concentration during the steep
increase of the radiation between t = 4.0 s and r = 4.3 s of the discharge #31230. The
evolution of the Kr radiation reconstructed by STRAHL in the time interval 4.0 - 4.3 s is
shown in figure 6.15. From the Kr and electron density at each considered time point, the
Kr concentrations were obtained. The Kr radiation, the relative impurity densities and the
concentrations in the time interval r = 4.0 s - 4.3 s are summarised in table 6.1.

time | Pryq xr[MW] ng, [1070m=3] | ek, [10%] | en[107]
4.0s | 0.20 2.4 1.9 1.1
4.1s | 0.27 34 2.3 1.2
4.2s | 0.32 4.0 3.3 1.2
4.3s | 0.44 4.9 39 1.3

Table 6.1: Radiation, density and concentration of Kr reconstructed by STRAHL in the time in-
terval 4.0 - 4.3 s for discharge #31230. The N concentration at the corresponding time
points is also reported.

The radiation values from which the Kr concentration was deduced have been cross
checked with the results given by the tomography reconstruction whilst considering that
the latter also contains the contributions from tungsten, nitrogen, boron, carbon and oxy-
gen. For discharge #31232 presented at the beginning, a Kr concentration of 1.7 -10™4
is estimated at t = 5.0 s. The gas puff is then further increased and a concentration of
3.2:10~*at t = 5.9 s has been estimated. As we have already seen for discharge #31230
a Kr concentration of 3.2 -10~* leads to a radiation collapse. On the other hand, from
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Figure 6.14: a) Tomography reconstruction for discharge #31230 at = 4.0, 4.2 and 4.5 sec. The
strong radiation ring in the centre at = 4.5 sec indicates the onset of the radiative col-
lapse, b) N density profile in the N only phase (red) and in the N+Kr phase (green).

the analysis of other Kr discharges it has been observed that a concentration > 1-10™* is
required to obtain a modest confinement improvement. Therefore, based on the results
obtained here, the region of Kr concentration which, together with an opportune N seed-
ing, can lead to a confinement improvement before the onset of impurity accumulation
lies around 2 -1074,

For discharges with K, the heat transport analysis is of utmost importance to understand
where the radiation losses take place. Figure 6.16 summarises the most important results
of the heat transport analysis performed with TRANSP in black during the non seeding
phase, in red during the N-only phase and in green during the early N+Kr phase before the
onset of the radiation collapse. As already seen in the previous section, higher pedestal
temperatures in both channels are reached during the N seeding which are then extended
to the core via stiffness (Panel a)). In addition to this improvement, the plot demonstrates
that a Kr concentration of about 1.9-10~% combined with N can lead to even higher tem-
peratures than obtained with N-only. At p= 0.6, the rise in 7, from the N-only to the
N+Kr phase is about 17% whereas the increase in 7; is about 26%. The electron density
increases slightly during the N-only phase, while the increase is more remarkable during
the Kr phase. This increase takes place at the pedestal. This is ascribed here to the fact
that less frequent ELMs are available to flush out particles at the edge. The decrease in 7%
(panel ¢)) is only 10% from the reference case to the N+Kr phase, indicating that d11ut10n
caused by Kr is rather small as expected from its low concentration.

The transport analysis reveals also that Q,,; increases by about 45% during the N+Kr
phase, playing an important role in the total heat flux. The "knee" observed in Q. (p=0.2)
is due to the presence of the ECRH which is important to avoid accumulation of heavy
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Figure 6.15: Kr radiation calculated with STRAHL during the steep radiation increase between t
=4.0 and 4.3 s in discharge #31230. Note the increasing scale. Kr radiates mostly
between p,,= 0.8 - 1.0. The contribution of all ionisation stages is also shown. Their
sum gives the total P, (written in blue).

impurities (section 5.2.2).

Both x, and y; normalised to T2 are lower during the Kr seeding as displayed in panel
f). The reduction is more pronounced in the ion channel. Note that they are almost un-
changed during the N-only phase, confirming the results of section 6.4.1. Although there
is no significant difference considering the error bars, a slight decrease in the core trans-
port cannot be excluded. The reduction of the core transport when a high fraction of the
power is radiated is consistent with the reduction in turbulence needed to drive the heat
flux. Thus, as mentioned above, the effects due to neoclassical transport become more
visible. At mid-radius both R/L7, and R/Lz, show similar values to those expected from
profile stiffness (plot g)). It is interesting to look at R/L,,, since the W and to a lesser
extent the Kr behaviour are determined by the evolution of the main plasma density pro-
file through the inward convection. The decreases of R/L,, around p = 0.4 when Kr is
injected (plot h)) indicates a more peaked density profile (as seen in plot b)). This is re-
lated to the increase of the Ware pinch (neoclassical effect) and points out that an influx
of heavy impurities (Kr and W) is taking place. Indeed, few ms later in the discharge,
this impurity influx causes impurity accumulation which is attributed to the fact that the
neoclassical inward convection is no longer counteracted by a sufficient anomalous diffu-
sion. In chapter 7 is shown that, starting from the assignment of the transport coefficients,
the impurity accumulation can be reproduced. The transport analysis of the discharge

60



6.4. TRANSPORT ANALYSIS

#31232 presented at the beginning of this section leads to the same conclusion as drawn
here. Finally in order to document the temperature behaviour both 7, from VTA and 7,
from CXRS are depicted in figure 6.12. In both electron and ion channels, higher pedestal
temperatures are obtained in the N+Kr phase. The increased ion pedestal is particularly
evident.

In summary, the experimental study conducted here shows that krypton efficiently radiates
inside the pedestal region. Due to its radiation properties, its concentration must be kept
low (in the order of 2 -10~*) and accurately controlled. In this case, combining it with
appropriate N seeding, this analysis shows: 1) higher pedestal temperatures are reached
induced by a higher N concentration. In this thesis this behaviour is attributed to a lower
feLm- 2) R/Lt, and R/Ly, do not change but a slight decrease in the heat diffusivities is
found albeit not significant outside the error bars. 3) An irreversible impurity accumula-
tion can occur above a certain level of radiation attributed to the reduction of the ELM
frequency and the corresponding lack of sufficient impurity flush out in the pedestal.
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Figure 6.16: a) Temperature profiles, b) Density profiles, c) Z—i, d) O,4a, ©) Electron and ion fluxes
Q. and Q;, f) Electron and ion heat diffusivities, g) R/Ly, and R/Ly, , h) R/L,,. In
black before N seeding, in red during N seeding, in green during the N+Kr phase. In
solid lines for electrons and in dashed lines for ions.
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6.4.3 Transport analysis of nitrogen and helium seeded discharges

In this section the analysis of experiments with both nitrogen and helium seeding is pre-
sented. Such analysis contributes to the investigations for scenario development relevant
for reactor operation. In future reactors “He will be produced in the core as a product of
the D-T reaction and therefore understanding its core transport properties is crucial. It
is estimated that ITER will have a He concentration of 5% in the main plasma [82]. It
is important to keep its concentration as low as possible because it unavoidably dilutes
the fuel reducing the fusion efficiency. Moreover, since it will be produced in the core
of the plasma, its accumulation must be avoided. Since in present tokamaks it is not
possible to study the He impact in burning plasma conditions, He is intentionally puffed
through valves into the plasma. Its concentration can be measured locally by charge ex-
change spectrometry as introduced in section 5.3.6. Note that helium is not injected as a
seeded impurity for radiation cooling purposes, its radiation capabilities are in fact lim-
ited. Rather it is puffed in order to simulate and study its global effect on the plasma.
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Figure 6.17: Time traces of main plasma parameters of discharge # 30423: a) Heating and radi-
ated powers, b) Core and edge densities, c) Plasma stored energy, d) ELM frequency,
in magenta gy smoothed, e) By, f) Core and edge tungsten concentration, g) N and
He puff, h) Hyg and neutron rate. The vertical dashed lines defined the time interval
of He seeding.

Figure 6.17 shows the time traces of the main parameters for discharge #30423 where
He was puffed during the nitrogen seeding. At f, = 1.00 MA, By=-2.5 T and a constant
heating power of about 15 MW, at t = 2.3 s N is injected into the plasma (with a puff of
roughly 'y = 1.7-10%2 e~ /s) inducing the typical observed confinement improvement.
Later in the discharge, precisely at ¢ = 4.6 s, a He puff of I'y, ~ 1.5-10?! e~ /s is added.
The He concentration measured by CXRS is ~ 10% and induces a plasma stored energy
drop of ~ 23%. The Hogg goes from 1 to 0.8. The degradation of the confinement is
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also expressed by the neutron rate (panel h)) which decreases by 27%. The decrease
in the neutron rate is attributed to the combined effect of dilution and lower central ion
temperature. The electron density increases by roughly 12 %. The ELM frequency goes
from about 145 Hz before N to roughly 190 Hz with N, reaching 210 Hz with He. The
W concentration before nitrogen seeding is about 4-107 at the edge and 2-107 in the
core. During the nitrogen phase both concentrations are about 2.5-107> and they decrease
slightly during the N+He phase. Their decrease is attributed here to the increased frr.

Figure 6.18 a) shows the impurity densities of He and N measured by CXRS during the
helium puff. While N exhibits a rather flat profile over the radius, the helium density
profile is at least as peaked as the electron density profile in agreement with [70]. It
reaches a significantly peak in the centre towards the end of the puffing. Of course such a
peaked profile in the plasma core where the fusion reactions take place is detrimental for
fusion performance. Panel b) compares the nitrogen profile in the N-only phase with the
profile during the N+He phase. In the latter case the N profile is lower than in the N-only
phase which here is ascribed to the increased fr)s flushing more often the impurities out
of the plasma.
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Figure 6.18: a) Impurity density profile for discharge # 30423 of nitrogen (green), helium (blue),
electron density from IDA (black, different scale). Note the peaked He profile. b) Ni-
trogen density profile in the N-only phase (red) and during the N+He phase (green).
In dashed n, from IDA.

Figure 6.19 a) and b) show the ion temperature measurements from CXRS, along the
whole radius and in the region 0.8 < p,,; < 1.05. Panel b) shows that for p > 0.96 the
T; measurements during the N-only phase and during the N+He phase overlap each other.
A decrease of the temperature during the He phase takes place from p,,; < 0.96 inwards.
The temperature gradients of the two phases appear to be the same but the width of the
pedestal during the N only phase is broader allowing higher ion temperatures already at
Ppor ~ 0.94 where T; ~ 1.3 keV compared to 7; ~ 1.1 keV measured during the He phase.
At ppo; ~ 0.4 the decrease of the ion temperature during the N+He phase is ~ 20%. The
electron temperature from IDA is illustrated in panel c) and d). In this case 7, in the N-
only phase and in N+He phase are identical only in the region 0.98 < p,,,; < 1.0. From
Ppor = 0.98 inwards the helium case is characterised by a lower temperature along the
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whole radius. During the He phase, both temperature pedestal profiles are still well above
the reference case while the core values are reduced. In particular, the decrease in 7; in
the confined region is significant as such that it is at the same level of the reference phase.
This suggests that a degradation effect in the core might also be present. This has been
assessed by the transport analysis.

4 #30423
a) ref [ b) ref
{ { — Nphase [ ——— Nphase
i
} { { { N+ He phase s r . N+ He phase
3k } ST .
{ ff i :
{ % i ! H
{ E H 3 i
—af } i i 10F i S
K} ISENTIAERE 3 o
— iz = 1 e
= PR = i
z % 11 %
s -5 osk 11 %{
I ?ﬁ
j [ I
1 1 Il 1 1 Il Il Il 1
0.0 0.2 04 | 06 0.8 1.0 08 085 poy 09 095 1.0
pol
6 3.0
<) ref rd ref
—— Nphase ——— Nphase
51 N+ He phase N+ He phase
4l
@
Sk
1k
" 1 1 1 1 " L
0.0 0.2 0.4 0.6 0.8 1.0 0.8 0.85 0.9 0.95 1.0
Ppol Ppol

Figure 6.19: a) T; along the whole radius, b) 7; in the region 0.8 < p,,; < 1.0, ¢) T, along the
whole radius, b) 7, in the region 0.8 < p,,,; < 1.0. In black (ref phase), in red (N-only
phase), in green (N+He phase).

The results from the transport analysis are illustrated in figure 6.20. Panel a) shows the
electron (solid lines) and the ion (dashed lines) temperatures for the three different phases:
reference phase without seeding (black), N-only phase (red) and N+He phase (green). In
the He phase the temperatures lie between the reference phase and the N only phase.
Hence, the confinement improvement obtained by nitrogen seeding is almost lost. In con-
trast to the Kr case, with He, the ELM frequency increases. In this case, the following
mechanism is proposed: the higher ELM frequency leads to a frequent flush out of im-
purities at the edge such that less nitrogen stays in the plasma and its beneficial effect is
partially lost.

The electron density increase compensates for the decrease in ion density. However, the
addition of He does not produce an additional substantial decrease in the ion density
compared to that in the nitrogen phase (panel b)). Panel c) shows 7. Overall the density
fraction decreases by 15% from the reference phase to the He phase of which 6% takes
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place from the N-only phase to the N+He phase. Panel e) shows the electron and ion
fluxes. Due to its radiation, Q, decreases with nitrogen as learned in section 6.4.1. The
He contribution to radiation instead is negligible such that the flux remains practically
unchanged when He is added to N. In more detail Q, at the very edge is higher than in the
N phase. This is attributed to the fact that there is a smaller contribution to the radiation
from nitrogen due to a lower concentration induced by the higher fg;y. The electron
and ion diffusion coefficients normalised by T2 are shown in plot e). The plot reveals
an increased ); along the whole radius. In the electron channel instead, the variation
of the diffusion coefficient is not as pronounced: X, lies in between the values of the
reference phase and the nitrogen phase. In both cases their variations are within the error
bars. In the He seeded discharges investigated in this thesis, no sign of W accumulation
was found. This means that peaked He profiles are not problematic in terms of impurity
accumulation. However, as mentioned earlier, the situation in a reactor will be different
because of the presence of a central He source from the fusion reaction. Since the impact
of the helium source on central fuel dilution is governed by the magnitude of the He
diffusivity, a higher core transport could be beneficial in avoiding He accumulation in the
core which is of concern in future devices. Panel f) displays R/Lg, and R/L7, which stay
at a similar levels in the N-only and the N+He phase. Their variations are within the error
bars indicating also in this case a critical gradient behaviour.
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Figure 6.20: a) Temperature profile, b) density profiles, c) Z—;, d) Electron and ion fluxes Q, and
Qi, e) Electron and ion heat diffusivities, f) R/Ly, and R/Lyg;. In black before the N
seeding, in red during the N seeding, in green during the N+Kr phase. In solid line
for electrons and in dashed lines for the ions.

The analysis presented here indicates that He concentrations in the plasma degrade fusion
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performances, particularly affecting the ion channel. This is in line with previous work
in Ref. [83] where a reduced pedestal width of 7; was found in presence of He-only. In
this thesis, the analysis of [83] is extended by the use of nitrogen and a conduction of a
transport analysis. This section provides evidence that in presence of He: 1) the pedestal
width of the ion temperature is reduced compared to the N phase, 2) the variations of
R/Lr, and R/Ly; are within the errors, 3) ¥, and x; are within the errors although a more
significant variation of ); along the whole radius is found, 4) the increase of the ELM
frequency with He leads to lower N concentrations.

In the cases analysed here the addition of He to N reduces the plasma performance such
that it lies between the reference and the N case. The reduction of the confinement is
attributed partly to a direct degradation induced by He [83] and partly to the reduction of
the N concentration caused by a lower fgy.
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6.5 Database of seeded discharges

A database of experimental data of seeded H-mode discharges performed at ASDEX Up-
grade in the 2012-2014 operational campaign has been collected. It contains discharges
with different core radiation levels induced by both Ar and Kr in combination with di-
vertor radiation obtained by different levels of N seeding. Each of the 79 points is an
average of the data taken in a time interval of at least 100 ms. The database spans from
low power phases (5 MW without seeding) to high power phases of about 20 MW passing
through 10, 15 and 18 MW combining the different radiators. Plasma current was in the
range of /,=1.0-1.2 MA and the toroidal magnetic field in the range of B,= 2.46-2.53 T.
Figure 6.21 shows the achieved parameter ranges and some important correlations of the
database.
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Figure 6.21: a) Hog vs ngiw, b) Hog vs upper triangularity, c) Hog vs total gas puff, d) Hog vs N
fuelling.

Plot a) shows the Hogg as a function of the Greenwald fraction ﬁ indicating that a wide
range of ﬁ has been obtained. Note that high Greenwald fractions of ﬁ =~ (.9 can be
reached keeping Hog near 1. Hog spans from 0.75 in the unseeded discharge at low heating
power, to 1.3 in N-only phases and in discharges where N has been combined with argon
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or krypton. Data points representing Ar seeding align very well. Some of them attain a
Greenwald fraction of about 0.85, which is the required value for ITER, still keeping an
acceptable confinement. The stagnation of H98 with increasing ﬁ is easily visible. It
will be discussed in detail in section 8.2.2.

Plot b) shows Hog vs. upper triangularity (0,,per). Triangularity characterises the plasma
shift between the X point and the magnetic axis. The plot indicates that confinement
increases with plasma shaping. An upper triangularity of 0.13 allows Hog values of 1.3 to
be reached with a heating power of 15 MW. However, note that § increases with  and
therefore Hog and 6 are partly correlated.

Plot ¢) displays the Hog vs. total gas puff as the combination of deuterium, nitrogen,
argon or krypton. The plot shows that a wide range of gas fuelling has been explored
while maintaining good performance. The highest confinement is obtained at 15 MW
both with N-only seeding or combining N with Ar or Kr at relatively low gas fuelling.
The highest confinement values are reached for a total gas puff of I' < 4.9 - 10%* e /s.
Higher gas puffs at even higher heating powers lead to a lower Hog.

Plot d) illustrates the relation between Hog and N seeding. It indicates that the improve-
ment of confinement is correlated with nitrogen fuelling. This is a well known effect
taking place at different densities and heating powers. While using only N, the improve-
ment is more pronounced at higher power: e.g. seen by comparing the green stars (N only
at 10 MW) with the red stars (N only at 15 MW). This is due to the fact that higher heating
power allows operation with a higher N concentration. For this reason, due to the limited
seeding possibilities at lower powers, the plot is characterised by a smaller spread at low
powers. When combining main chamber radiators with nitrogen the situation becomes
ambiguous: in some cases a better confinement than in the N-only phase can be attained,
in other cases the confinement is lower. This behaviour was well illustrated in section
6.4.2 where it was shown that the typical situation observed with Kr seeding exhibits
a first phase of confinement improvement followed by a radiation collapse. Given the
high radiative capability of Kr, it is important to determine the amount of Kr that allows
the plasma to reach and, more importantly, to sustain a stable confinement improvement
phase without rapidly causing a radiation collapse. In section 6.4.2 it was estimated that a
Kr concentration of 2-10~* at 15 MW allows the highest confinement. In a few discharges
the N puffing was intentionally increased drastically in order to investigate its effect on
plasma performances. Plots d) highlights that a confinement increase is obtained up to
Iy =2.6-10?2 ¢~ /s. A huge nitrogen puff of Iy ~ 3.5- 10?2 ¢ /s used alone or combined
with argon does not further increase the confinement. A limit of the maximum nitro-
gen puff still inducing confinement improvement can therefore be identified in the region
Iy=2.6-3.5-102¢"/s.

Figure 6.22 panel a) shows Hgg against the radiation fraction. Thus, discharges with
different heating powers can be compared, since the heating power is directly related to
the possibility of radiating at different levels. As shown in the time traces of the discharges
presented in this chapter, the confinement improves with increasing radiation fraction. At
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Figure 6.22: a) Hog vs fgrm, b) cw Vs ferm, ) Relative ELM energy loss vs fgray, d) normalised
ELM particle loss vs ferm

the same radiation fraction, at high heating power, krypton allows a higher confinement
than argon: the blue triangles (N+Kr at 20 MW) always lie above the blue squares (N+Ar
at 20 MW). The magenta triangles (N+Kr at 18 MW) are always above the magenta
squares (N+Ar at 18 MW).

A matter of interest is the impact of the seeding on fr;y and the tungsten concentration.
Panel b), representing HO8 vs. frra, highlights that Hgg > 1 can be reached with N-only at
15 MW, N+Ar at 15 MW and N+Kfr at 15 and 20 MW with an fg7y in the range between
80 and 160 Hz. For fgry > 160 Hz, Hog lies mainly below 1. Discharges with heating
powers of 18 MW lie mainly below Hgg = 1, both for Kr and Ar, whereas discharges with
Kr at 15 and 20 MW lie mostly above Hog = 1. Data points with argon at 15 MW also lie
above Hog = 1, while at 20 MW they are below. Ultimately, the plot illustrates the trend of
Hog to increase with decreasing fgry mainly at moderate heating power. This is in agree-
ment with the mechanism proposed in the previous sections for which lower frrys allows
higher N concentrations in the plasma. However, too low fgry leads to impurity accu-
mulation as discussed during this chapter and shown in detail in chapter 7. Therefore, the
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optimum fgzys is given by the balance between these two conditions. Panel ¢) shows the
tungsten concentration cy (average value between core and edge) cw vs fgry. The points
are distributed in two groups: group 1), circled in black, contains data points represent-
ing mainly discharges with N-only and with nitrogen combined with argon or krypton
at 15 MW. The tungsten concentration characterising this group spans from a value of
3-107 (seeded discharges) up to 5.3 -10™> (unseeded cases). The orange group, instead,
represents the high power discharges at 18 and 20 MW obtained by nitrogen plus argon
and krypton seeding. Their tungsten concentration is much lower than the concentration
of the red group with an average value of about 1.3 -107>. The plot shows that when
argon and krypton are injected at high powers, low W concentrations of about 1- 107>
can be obtained. Instead, when argon and krypton are injected at lower powers, the W
concentration is similar to the values which are reached with N only. For the magenta and
the blue points it is possible to identify a trend whereby the W concentration decreases
with a lower fgry (see arrows). The dependence of tungsten concentration on the ELM
frequency is modelled in chapter 7.

In this chapter it was mentioned that the improvement in confinement appears to be related
to the ELM frequency. To further investigate this point, the relative ELM energy loss ‘YVVﬁ%
is plotted against the ELM frequency in plot d). The ELM energy loss is calculated as
the drop of Wy, p associated with one ELM. Wy yp is calculated with CLISTE. The plot
demonstrates that impurity seeding reduces the average ELM loss. The group marked in
black contains a few non seeded phases at the highest Equ around 0.035 and mainly N
seeded phases performed at 10 and 15 MW with a reduced ELM energy loss. All of these
phases have a relatively high fgry between 170 and 220 Hz. The reduction of the energy
loss with nitrogen seeding has been already pointed out in previous works [79, 84]. In
[79], it was shown that nitrogen seeding allows values of % between 0.02 and 0.03.
In this thesis, not only this result is confirmed, but it is shown that seeding of medium-Z
impurities in addition to nitrogen injection allows further reduction of % by a factor
of 2.

The reduction of the energy loss per ELM with seeding is an important observation since
for large devices the energy impact on the plasma facing components can be so large to
cause melting and therefore it is desirable to reduce it. The effect of core seeding can be
broken into two different groups: the group circled in blue, which is characterised by a
very low energy loss value contains mainly discharges with Ar. The group in red contains
both Ar and Kr with an energy loss intermediate between the 2 other groups but with a
lower fery between 80 and 140 Hz. Thus, argon at very high powers allows a significant
reduction of WA’:;ZM but without a decrease in fgry. A relevant reduction of fryy with

slightly higher values of ELM 1s obtained with Kr at all heating powers and with argon
but only at 15 MW. In the case when a reduction of JfeLm 1s desired while keeping low
the ELM energy loss, Kr appears to be the better choice. Ultimately, the use of Kr can
improve the performance through a reduction of fgr,s but the latter must be controlled to
avoid an excessive high concentration in the confined region.
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6.6 Discussion

The confinement studies presented in this chapter provide evidence that edge localised
radiation losses do not impact the global confinement, whereas central radiation must be
limited and controlled. It was shown that, even using high-Z radiators, if the core radia-
tion losses are controlled and the ELM frequency is kept high enough to avoid radiative
collapse, an even higher confinement than possible with N-only can be achieved. The
results of the analysis conducted here are summarised in the following:

 Nitrogen concentrations in the plasma induce higher pedestal temperatures keeping
the density unchanged and therefore leading to higher pedestal pressure.

* The transport analysis indicates a strong role of the critical gradient length in setting
profile features. As a result the global confinement depends strongly on the pedestal
values. The pedestal confinement improvement obtained with N is propagated to
the core via stiffness. Note that a higher confinement can be reached with plasma
shaping which increases the density likely due to a reduction of frry.

* Key role of frra: - Discharges with N+Kr (stable cases) exhibit an increased con-
finement here attributed to the increase of the N concentration in the plasma due
to a lower frry. - Discharges with N+He are characterised by higher fr;y which
causes a reduction of nitrogen in the plasma contributing to a confinement degrada-
tion.

The confinement improvement observed with both low and high-Z radiators can be ex-
plained by an increased nitrogen concentration which increases the plasma stored energy
by increasing the temperature at the pedestal. However, since impurities contribute to
Z.sr, this might indicate that the higher Z, ¢, can also contribute to the confinement im-
provement, independent of the chosen impurity. The effect of Z. s, on the pedestal stabil-
ity is currently under investigation [80].
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”Per aspera ad astra sic igitur ad sidera.”

— Seneca, Hercules furens

Chapter 7

Modelling of the radiation and impurity

evolution in presence of ELMs

7.1 Motivation

In section 6.2 the non-coronal radiation model PIRT (Pedestal Impurity Residence Time)
developed during work was presented. In this model, the non-coronal effects are described
by the parameter n, - T, where n, stands for the electron density and 7 for the residence
time of the impurities. As we have seen, the crucial point is the determination of 7. In the
pedestal 7 is assumed to scale with the inverse of the ELM frequency: T,.q = 1/fELm.
This criterion is based on the fact that the pedestal is strongly influenced by ELMs: they
flush out impurities and cause a reorganisation of the profiles at every crash. Therefore
the residence time of impurities cannot exceed the inverse of the ELM frequency. Us-
ing Tpeq = 1/fELm, a very good agreement is found between the PIRT model and the
bolometric measurements at the edge where non-coronal effects take place. To assess
the validity of the assumption that frzy determines 7,.; and understand why under such
assumption the experimental behaviour is well reproduced, a time dependent modelling
of the radiation and impurities in presence of ELMs has been carried out with ASTRA
coupled to STRAHL (section 4.3). The aim is to model the radiation and the evolution
of the impurities from the separatrix inwards with particular attention to the pedestal re-
gion and ELM-induced transport: coupling the transport effects on the ionisation stages
with the reaction of the background profiles. At the beginning, the modelling effort was
focussed on reproducing the experimental discharge #29254 with nitrogen seeding which
exploits the high radiation scenario presented in section 6.3 and is analysed by power bal-
ance analysis with the TRANSP code in section 6.4.1. Because of the full tungsten wall
of ASDEX Upgrade, the model includes both N and W. The density and the radiation
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evolution of nitrogen and tungsten was simultaneously simulated for the first time. The
physics questions which are addressed in this modelling section are:

* What are the physical parameters required to reproduce the temporal evolution of
the impurities and radiation under non-coronal conditions?

Which ELM model is able to reproduce the experimental radiation behavior?

¢ What are the differences in the time evolution of N and W?

How do both impurities respond to a change of fgrs?

In order to answer these questions, a transport model was devised and parameters were
varied extensively until the experimental features of discharge #29254 were reproduced.
The ELM crash was modelled as a diffusive and a convective transport. Scans of frruy
were also performed in both diffusive and convective cases to investigate the effect of
JeLm on P.,;. The most representative case of frry=10 Hz for the lower part of the
JeLm scan is presented for both ELM models. For lower fgr)s values a radiative collapse
occurs. The modelled radiation was compared with the radiated power density measured
by diode bolometers described in 5.3.7. Finally, the comparison of the modelled radiation
with the PIRT model is shown.

7.2 Energy and particle transport model

The tasks described above require a complex modelling effort which was carried out with
ASTRA coupled to STRAHL.The boundary conditions in ASTRA are set at the separatrix
by experimental values while in STRAHL they are set at the plasma "limiter".

The following input parameters are given in ASTRA:

* Shape of the separatrix, I, and Br.
* Geometric quantities of vessel and plasma.

* Experimental electron density n,, electron and ion temperatures 7, and 7; which
were used to set the boundary conditions at the separatrix.

» Power deposition profiles of NBI to electrons and ions Pyp; . and Pyp;; and depo-
sition profiles of the driven current by NBI jyp; are calculated using NUBEAM.

* Power deposition profiles of the ICRH to electrons and ions Picry . and Picry i
obtained with the wave deposition model TORIC4 [85] inside TRANSP.
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» Power depositions profiles of the ECRH to electrons Prcgy and the driven current
(jEcry) calculated with TORBEAM.

The current profile is evolved assuming neoclassical resistivity and setting the experimen-
tal total plasma current as boundary condition. The bootstrap current is also taken into
account using the Sauter-Angioni formula [86]. The particle source takes into account the
ionisation from neutrals, the contribution of the NBI and of the recycling flux through the
separatrix. The radial distribution of the neutrals is calculated in the subroutine NEUT,
implemented in ASTRA, which solves the kinetic equation for a neutral distribution in
slab geometry [41]. To summarise, every STRAHL run needs:

* Plasma geometry provided by SPIDER.
* Plasma background profiles which in this work are provided by ASTRA.

* Atomic data for ionisation, recombination and emission of impurities taken from
the ADAS database.

 Transport coefficients as presented below.

7.2.1 Core and pedestal modelling

The electron and ion temperatures, as well as the electron density, are modelled in AS-
TRA. The impurity density transport and radiation are simulated in STRAHL which takes
the non-coronal effects due to transport into account. For the modelling the following
facts are important: in H-mode plasmas, the very steep gradients in the ETB collapse dur-
ing an ELM and recover during the inter-ELM phase. It was found experimentally that
the impurity transport between ELMs is well described by neoclassical theory including
both diffusion and pinch [30]. This implies that impurities in the ETB are subject to a
neoclassical pinch leading to steep density gradients which are flattened during ELMs.
Therefore, it is possible to identify two main temporal phases: the short phase during
the ELM, characterised by a strongly increased transport and the phase between ELMs
described by neoclassical theory. According to neoclassical theory, the inward pinch be-
comes stronger as Z increases. Consequently, each impurity has a different gradient in the
H-mode ETB.

The presence of heat and particle sources needed to rebuild the pedestal after an ELM
crash and the transport effects which determine the heat and particle profiles are essen-
tial factors in the simulations. Taking into account all these elements, a semi-empirical
transport model was built as follows.

* Core T,,T; modelling: In the core, T, and 7; are modelled assuming turbulent and
neoclassical transport. For the turbulent transport the critical gradient model has
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been employed (see section 2.5). For the neoclassical contribution, the neoclassical
electron heat conductivity has been used for the electrons, while the neoclassical

ion heat conductivity has been used for the ions, with ¥ M0 << )(lN EO

* Pedestal (ETB) T,,T; modelling: In the pedestal both 7, 7; are modelled assuming
neoclassical ion heat conductivity [86]. The neoclassical conductivity for the elec-
trons is in fact two orders of magnitude too low to explain the experimental data.
Therefore, the empirical choice ), = ¥; has been used. The pedestal is 2.5 cm wide
from the separatrix inwards. The diffusivities are prescribed such that they match
the ELM-averaged pedestal top temperature profiles. The boundary conditions are
set at the separatrix by experimental values.

* Core n, modelling: The evolution of 7, is obtained assuming purely turbulent trans-
port in the core. The turbulent part of the particle diffusivity D,, is chosen as a frac-
tion of X, ;. Since the particle source in the core is rather small in steady-state the

Vi

n ne .

With this choice the normalised experimental density gradients are well reproduced.

convection velocity V is chosen such that the drift parameter fulfills —— =

* Pedestal n, modelling: In the pedestal, the evolution of n, is obtained setting D =
0.7- xNEO. In the following section, whenever the density peaking is mentioned, the
following definition is used: 1, = <L with ng being the density on axis and

1 >Vol
< n >y, the volume-averaged density. Since frequent ELMs erode the pedestal, the

source is varied to maintain the pedestal top electron density at the target value.

* Core n, modelling: In the core, the turbulent particle diffusivity of the impurities is
chosen as a fraction of );. The turbulent convection velocity is set to zero.

* Pedestal n, modelling: The impurity pedestal transport is at neoclassical level. The
neoclassical contribution is computed in STRAHL using NEOART [47]. NEOART
produces the diffusion coefficient D,,,, and the convective velocities V., for all
impurity species for a given magnetic equilibrium, electron and ion temperature
profiles and density profile. The impurity turbulent convection is set to zero. The
impurities considered in this work are nitrogen (from impurity seeding) and tung-
sten (from the wall). Their source is set 2.0 cm outside the separatrix in STRAHL.
Its magnitude is chosen such that the experimental P,,; and impurity concentrations
are reproduced once the equilibrium is reached. The SOL is not modelled in AS-
TRA, but it is used in STRAHL for the impurity evolution to the separatrix and to
the limiter. The SOL parameters are adjusted in order to get the required impurity
concentrations in the pedestal. More details about the SOL can be found in [45].

Example profiles of the electron heat diffusivity ¥, and the electron particle diffusivity
D and electron particle convection V are shown in figure 7.1 a) and b). Profiles of the
neoclassical impurity diffusion coefficient D,,, and the neoclassical impurity convection
velocity Ve, are shown in figure 7.1 c).
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Figure 7.1: a) Electron heat diffusivity y. and electron particle diffusivity D, b) electron particle
convection V, c) impurity diffusion D,,, and impurity convection coefficients V.,
from NEOART.

7.2.2 ELM modelling

The ELMs can be modelled based on two different assumptions. Both consider the fact
that ELMs induce a high transport during their short crash.

* Diffusive ELM model: ELMs are simulated as an instantaneous increase in heat
and particle diffusivities in the "ELLM affected area" which is 2.5 cm wide (p;,r =
0.92 —1.0). The diffusive transport during the ELM flattens the profiles. They
steepen again during the inter-ELM phase due to sources and the presence of the
neoclassical inward pinch.

* Convective ELM: An outward convective velocity causes a loss of the impurity
content. The instantaneous increase of the convective transport coefficients in the
ELM affected area is applied to both particle and impurity convection velocities.

In both cases, the ELM frequency is set according to the experiments. In the following
simulations an ELM lasts for 2 ms. In this time interval the increase of the diffusivities
(diffusive case) or of the convection velocity (convective case) in the ELM affected area is
adjusted to reproduce the experimental variation of the line integrated density measured
by the H-5 channel from interferometer measurements and the stored energy obtained
from the equilibrium reconstruction.
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7.3 Modelling results

7.3.1 Diffusive ELM model

The diffusive ELM model is applied to the N seeded discharge #29254. Details about
this discharge were given in section 6.4.1. In the following analysis, we will refer to this
discharge as the reference case, characterised by an ELM frequency of 143 Hz.

Since we are interested in studying the impurity and radiation evolution in presence of
ELMs, the results presented in this section are focussed on the edge of the confined region.
This is illustrated by the behavior at several radial positions in the pedestal region: the
time evolution at psor = 0.80, pror = 0.90, pror = 0.95 and p;y = 0.98 is depicted in
figure 7.2. It presents the evolution of the electron temperature and the electron density
for all radial positions mentioned above. The oscillations of 7, and n, are correlated with
the ELM period. The ELM crash induces a drop of the electron temperature and density
which then recover until the occurrence of the next ELM crash.
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Figure 7.2: Evolution of a) electron temperature, b) electron density at different radial positions
in the pedestal: p;,, = 0.8 (in orange), P, = 0.9 (in blue), p;,» = 0.95 (in black) and
Pror = 0.98 (in red). The green zone represents the ELM crash.

The time evolution of both nitrogen and tungsten densities are shown in figure 7.3 a) and
c). At the ELM crash the impurity density of both species drops at p;, = 0.8, pror = 0.9
and at p;,, = 0.95. The densities during the ELM crash itself show different features at
different radial positions. At p;,- = 0.95 the drop is very quick while the recovery takes
place on a longer time scale. At p;, = 0.90 the drop is less steep, while the recovery
happens at the same time scale as for p;,, = 0.95. The radial position p;,, = 0.80 is, as
expected, less perturbed by the ELM crash compared to the other radial position, since
it is located outside the ELM affected area. The N density profile (panel b)) also shows
that at p;,, = 0.80, the inter-ELM phase and the ELM crash phase are in close proximity.
For N the onset of a saturation behaviour is already visible in these time traces. This
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aspect will be discussed in detail later. A different situation occurs at p;,, = 0.98 where
both impurities exhibit a peak in the time traces. This behaviour can be understood by
looking at the W profile in panel d). Panel b) and d) compare the density profiles of
nitrogen and tungsten during the inter-ELM phase, at the ELM crash start and at the
maximum ELM depletion: the diffusive nature of the ELM model leads to a flattening of
the density profiles during an ELM. At the pedestal top, the impurity density decreases
compared to the density in the inter ELM phase. However, near the separatrix the nitrogen
density increases. In more detail, the radial position at p;, = 0.95 is still dominated
by profile flattening, consistent with the drop observed in the time traces. The turning
point lies around p;,, = 0.96. From this position outwards, the density profile of both
impurities experience an increase which is also visible in the time traces. The reason
for this behaviour observed in both the time traces and in the profiles can be explained
by the fact that the ELM crash causes a transient perturbation which steep the gradients
transiently. In order to conserve the particle flux, the steepening of the gradients has
to be re-equilibrated by the transport. This is the reason why the profiles are flattened
further inside the ELLM affected area. This behaviour is consistent with the experimental
observation that the second crash phase is suppressed when introducing N seeding and
the gradients steep directly after the crash [79].

The time traces of the modelled radiation of nitrogen and tungsten are presented in figure
7.4 panel a) and d). For all radial positions, the N radiation from STRAHL is signifi-
cantly higher than that from coronal calculations (dashed) emphasising the importance
of non-coronal effects for low-Z elements at the plasma edge which was highlighted in
section 6.2. For W, coronal calculations yield a radiation very similar to STRAHL, in-
dicating that for high-Z elements the coronal equilibrium is a good approximation even
at the edge. This point is illustrated later in figure 7.6. The outermost region of nitrogen
radiation exhibits a saturation behaviour, which is not observed in the W radiation. This
saturation behaviour suggests that a change in fgr) may not change the nitrogen radia-
tion behaviour, while the tungsten flush out may depend on fgrjs. This was investigated
with the frry scan of which the most representative case (frry=10 Hz) is shown later.
For N radiation, the outermost radial position (p;, = 0.98) emits the highest radiation in
agreement with the fact that N losses occurs at the very edge through the line components
which give rise to the sharp peaks in the radiative loss function. For W, instead, it is the
innermost region (P;, = 0.80) to emit the highest radiation. This is consistent with the
fact that for high-Z impurities the bulk of the radiation comes from the interior of the
plasma: as the W ions penetrate deeper into the plasma, they reach regions with higher 7,
and therefore ions with a higher charge number take place and radiate strongly.

Interestingly, at the ELM crash, the outermost region of the N radiation shows a drop
in P,,4 while all other regions experience an increase. For W, instead, all radial positions
show a drop at the ELM crash while the outermost region exhibits a peak. Such behaviour
is a consequence of the combined effect of the decrease in temperature and density due to
the ELM crash with the reaction of L, at the ELM crash. This can be also seen in the L,
and P, profiles of figure 7.4 (panel e) and f)).

Panel b) and c) of figure 7.4 show the effect of the ELMs on the nitrogen radiative loss
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Figure 7.3: Time traces of a) N density, ¢) W density. In red at p;,, = 0.98, in black at p,,, = 0.95,
in blue at p;,, = 0.90, in orange at p;,, = 0.80. Effect of ELMs on b) nitrogen density
profile; d) tungsten density profile. The green zone represents the ELM-affected area.

function Lz and on the nitrogen radiation profiles: despite the flattening of the nitrogen
density profile caused by the ELM, the radiation increases. The increase in P, is caused
by the increase of Lz at the ELM crash.

Indeed, the radiation enhancement can be understood looking at the ionisation stage evo-
lution, figure 7.5. It shows the fractional abundance of nitrogen in the inter ELM phase
(in black) and during the ELM (in red) as a function of the radius. The zero point on the
x-axis represents the separatrix. The ELM-induced diffusion causes the broadening of
the shell-like structure of the ionisation stages symmetrically around the local ionisation-
recombination balance. Due to the high diffusion, the outer region of the ionisation shell
is flushed out at the separatrix while the inner region is broadened and the maximum is
shifted radially inwards. The radiation from impurities depends on their ionisation stage
and it comes mainly from non fully stripped ions during the ionisation processes (see
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a) N, d) W. Effect of ELMs on Ly profile of: b) N, e) W. Effect of ELMs on radiation
profile of ¢) N, f) W.

chapter 3). The ionisation stages number 5 (He like N) and 6 (H like N) shown in figure
7.5 are broadened by the radial transport and shifted inward. Hence, the ionisation stages
are at higher temperatures compared to the equilibrium one and accordingly they will be
less ionised giving rise to a higher level of radiation. This is the so-called non-coronal
radiation discussed in section 3.1 and 6.2. Panel b) and e) of figure 7.4 show also the Lz
evolution in coronal equilibrium (dashed lines). For nitrogen, the two calculations agree
very well for p;, < 0.6 (not shown). For p;, > 0.6 outwards they deviate significantly. It
is essential to stress that since coronal calculations do not take into account the transport
effects, the comparison between STRAHL and the coronal results enables the disentan-
glement of the contributions due to the temporal evolution of n, and T, profiles from the
transport effects as follows:

Panel b) of figure 7.4 reveals that in coronal equilibrium Lz changes only slightly from
the inter-ELM phase to the intra-ELM phase, while the STRAHL calculations show a
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Figure 7.5: Fractional abundance of N in the inter ELM phase in black and during ELM in red.
The zero point on the x axis represents the separatrix.

significant enhancement of Lz. This suggests that the radial transport during the ELM
phase, dominates the pedestal nitrogen radiation.

A different situation is found for tungsten. The effects of ELMs on Lz and radiation
profiles are shown in panel e) and f). In figure 7.3 d) it was shown that ELMs cause a
flattening of the W density profile as well as of the nitrogen profile (panel b). In general
there are two effects on Lz: one is the deviation from coronal values due to the shell
broadening and one is the temperature decrease which occurs during an ELM. In contrast
to nitrogen, tungsten is well described by the coronal equilibrium and accordingly the
variation of the tungsten Lz within the ELM phase is rather small. However, the effect
of the decrease in temperature during the ELM phase remains, which, given the tungsten
Lz shape in the considered temperature range, leads to a decrease of Lz when going from
the inter-ELM phase to the ELM phase (figure 7.4 e)). Following the trend of ny and
Lz, P,aq, decreases for p;,r < 0.95 during the ELM phase. An inversion of this trend is
observed for p;,, > 0.96 consistent withthe radiation increase observed in the time traces.

The reason why non-coronal effects are important for N but not for W is explained in the
following. First, the shape of Lz as a function of 7, as shown in figure 7.6. The shape of
Lz for N is such that a small deviation from coronal values leads to a significant change
in Lz for the low T, range of the pedestal region (100-500 eV). Lz also spans over a wide
range. This is due to the dominance of the line components for low-Z impurities where
the peaks and the troughs reflects the shell-like structure (see also section 3.1). The Lz
shape for W implies a smaller relative change when deviating from coronal values. For
W a deviation in the Lz — T, domain has a much smaller impact on Lz in the considered
temperature range.

Second, the recombination ;... and ionisation S;,, rates which were discussed in section
4.2 have to be considered. Their rates increase with the atomic number Z: Q. o< Z> and
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Sion. &< Z2. More in detail, the ionisation equilibrium equation reads:

a —>

E”z: -V-I:+0; (7.1)
where —V - fz is the transport term and Q; is the source term of the ion density n,. The
source term written in terms of the ionisation and recombination rates reads:

Q.= _(ne -S; +neaz> “nz+ (ne 'Szfl) N1+ (”e : az+1) S| (7.2)

The term fz = DVn — vn scales with Z, while the source term Q,, which contains the
ionisation S;,, and recombination o, rates, increases with Z>.

This means, that in case of W the ionisation equilibrium is reached much faster than for
nitrogen and explains why at the typical edge temperatures, W is in coronal equilibrium
while N is not. Note that due the high recombination rate, the spectrum of W is charac-
terised by hundreds of spectral lines at similar wavelength, such that the different shells
overlap forming a quasi-continuum.
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Figure 7.6: L; vs T,: a) Nitrogen b) Tungsten.
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Effect of ELM frequency in the diffusive ELM model

Figure 7.4 revealed differences in the behaviour of nitrogen and tungsten densities in the
inter ELM phase. In order to investigate the different responses of nitrogen and tungsten
to a change of fgru, a scan of frry has been performed. The reference discharge has
been modelled assuming different ELM frequencies while keeping the average ELM en-
ergy loss constant: 6W,, - fErLm = const, i.e. less frequent larger ELMs give the same
contribution as more frequent smaller ELMs [84, 87]. In the following, the case with the
lowest achievable fzrys (10 Hz) before the occurrence of a radiative collapse is presented.

fEL M= 10Hz, diffusion
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Figure 7.7: 10 Hz case. Time evolution of a) electron temperature, b) electron density at different
radial positions in the pedestal: p,,, = 0.8 (in orange), p;or = 0.9 (in blue), p;or = 0.95
(in black) and p;,, = 0.98 (in red).

Figure 7.7 depicts the time evolution of 7, and n, similar to figure 7.2. Since the aver-
age energy loss has been kept constant, here the ELM crash is much bigger than in the
reference case (fpry= 143Hz). It is important to stress that the profile recovery depends
on the radial position and on the amplitude of the crash itself. The greater the crash is,
the greater the changes in the local gradients are. In addition, the time interval between
two ELMs is long enough for each quantity to have time to develop its profiles. However,
saturation is still not reached. This is a consequence of the low inter-ELM neoclassical
transport coefficients. Note that in the fgrys scan these transport coefficients are the same
as used for the reference phase.

The evolution of the nitrogen and tungsten densities is shown in figure 7.8 a) and c¢) sim-
ilar to figure 7.3 a) and c¢). The nitrogen density stays at the same level, with a slight
increase only starting at 4.6 seconds probably due to a temperature effect caused by W
accumulation. The tungsten density in fact increases with time leading to radiation col-
lapse. The different behavior of N and W can be explained by the different peaking of the
edge impurity density profiles. In fact the neoclassical pinch in the inter-ELM phase, and

84



7.3. MODELLING RESULTS

ferm =10 Hz, diffusion

N N
2 T T T T T Ia) 008 T T T T T T
pl()l‘:O'SO ] Ptor:0~9 B b)
15t "t 006 / / / / /
~
2
& 2
£ z
= 1 2 004 Piorf0-2
2 2
E- 3 plme.S g
c 5
03 B oo N N S L
S A Oy e o
' { !
R RIS TR SO
S S W P R
0l ooobpt-oh- ot e
42 43 44 45 46 47 42 4374474570647
time (s) time (s)
W W
1 1 1 1 T T 0'5 T T T I T r
14 Q) d)
12 [Ptor 0.80 B 0.4F Pior=0-80
o
0f §
2 s 03
£ 8 / =
2 z
o =
= 6 £0.2
= X
c / _g
4 (o'
0.1
oL
0 1 1 Lusnl 1 1
42 43 44 45 46 47
time (s) time (s)

Figure 7.8: frr,,= 10 Hz case: Time traces from STRAHL at different radial positions. Impurity
density of a) N, ¢) W. Radiated power density of b) N, d) W. The corresponding dashed
lines represent the coronal values.

therefore the peaking factor, increases with the charge state of the impurity. This means
that W has a significantly more peaked profile than that of N. At low ELM frequencies,
W has enough time to develop the strongly peaked profile, unlike at high ELM frequen-
cies. This leads to W accumulation in the confined region. The increase in the tungsten
concentration in turn leads to higher radiation. The comparison of the tungsten radiation
in figure 7.4 d) with the radiation in 7.8 d) indicates that the radiation in the latter case is
higher by a factor of 4. This is due to the interplay between the heat flux and the tungsten
density and radiation. With a low ELM frequency, W density increases in the confined
region leading to higher radiation which reduces the heat flux. A smaller heat flux means
that less source is available to drive turbulent transport. Hence, the neoclassical transport
effects contribute more. This is particularly important for W since the neoclassical effects
increase with Z. In addition, the temperature screening, which tends to counteract the
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convective term, gets lower as well. Hence, a self-enhancing mechanism of the W den-
sity sets in: the reduced fgyys leads to higher W content and radiation in the confinement
region reducing the heat flux. The latter in turns leads to further W accumulation. Panel
d) shows that the radiated power density of W increases with decreasing frrs, while the
nitrogen radiation (panel b)) stays roughly at the same level as in the reference case (com-
pare with figure 7.4 a) and c¢)). The W radiation increase is reflected in the total radiation
and is so high that the simulation crashes (collapse by radiation): the radiation power
losses become larger than the sum of all heating contributions going to the electrons dis-
sipating 7, while 7; collapses due to the equipartition power forcing 7; — T,. Note that in
the condition described here, the plasma also crashes in the experiments.
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Figure 7.9: Comparison between the total radiated power of a) the reference case with frry= 143
Hz and b) the case with fr;y= 10 Hz.

For the reference case (fgry= 143 Hz), the different contributions from nitrogen and
tungsten are combined to the total P4 as follows: P,y at p;,r = 0.80 is governed by tung-
sten. The ELM contribution of W is modulated by the oscillations in a typical sawtooth-
like shape while the N contribution shows a slight modulation with a round shape. At
Pror = 0.90 the peak-like shape coming from nitrogen on the top of the W-sawtooth is
significantly more evident. The effect of nitrogen becomes gradually more important go-
ing toward the edge. At p;,, = 0.95 the ELM oscillations are dominated by N (in this
case a sharp peak). The region at p;,, = 0.98 is dominated by the nitrogen effect. In this
region the deviations from coronal equilibrium are also most significant. The comparison
between the total radiation of the reference case with P,,; obtained for the fry=10 Hz
case is displayed in figure 7.9. The total radiation increases from 0.11 MW/m?> to 0.4
MW/m3 at Pror = 0.80. The edge region, in particular p;, = 0.95, clearly shows the ELM
crash feature, while the radiation at p;,, = 0.80 is mainly affected by the recovery of the
profile. Additionally, figure 7.9 shows that in the fgr)s = 10 Hz case, the total P,,4 is com-
pletely dominated by W due to its accumulation. Therefore the non-coronal features of N
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radiation are not longer appreciable and the total radiation can be very well described by
coronal calculation. Note that in the reference case, the role of the non-coronal nitrogen
contribution is evident. The dashed lines of the coronal calculations are well separated
from the non-coronal ones. Also they deviate more and more with time.

The scan of frrys highlights the importance of fast ELMs to prevent W accumulation in
the confined region and the accompanied radiation collapse. This is in line with previous
studies [88, 89]. The tungsten radiation calculated here increases by a factor of 4 when
reducing the ELM frequency from 200 Hz to 10 Hz. This and the fact that in the outer
region the tungsten radiation does not saturate, suggest that W radiation depends directly
on the ELM frequency.

The nitrogen radiation on the other hand increases only by roughly 27% for the same
feLm range, indicating a more complex dependence. This increase takes place mainly at
the very edge (p;or = 0.98), where nitrogen radiation almost reaches the steady state value
at the end of each ELM cycle. As can been seen from the formula P,y =n;-n,-L,(T,n- 1),
several effects have to be taken into account: first, ny increases by about 50% when frry
is reduced to 10 Hz. This effect of increased nitrogen content with decreasing ELM
frequency is evident both in the modelling and the experiments (see chapter 6). Sec-
ond the contribution of Lz has to be considered: On one hand, the strong increase of
Tped = 1 / feLm also increases Ly via the parameter n - 7. For this assumption of Tpeq In the
PIRT model, 7,4 is increased by a factor of 15 going from fgzy = 143 Hz to 10 Hz. On
the other hand, it was shown experimentally that higher ny lead to higher pedestal temper-
atures (see chapter 6), which correspond to a significant reduction of Lz (see Lz-T, figure
7.6 a)). This temperature dependence overcompensates the effect of the ELM frequency
vian- 7T on Lgz, so that Lz decreases by roughly 25% going from 143 Hz to 10 Hz. This
again weakens the effect of the nitrogen density increase on P,,; and explains why the
nitrogen radiation does not respond strongly to such a severe change of fgry. Assuming
coronal equilibrium, which does not consider the 7 - T contribution for Lz, the increased
temperature would lead to a strong underestimation of P,,; in the calculation. Hence,
a non-coronal model should be applied for nitrogen radiation at the edge in presence of
ELMs, as discussed in section 6.2. For W instead, there is no term Lz(T) to counteract
the increase due to n- T when decreasing fgry. There is not an increase of the temperature
and the profile is rather flat making the P,,; of W really sensitive to a change in frry.
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Turbulent background scan

A scan of the turbulent diffusion background of the impurities has been also performed.
The aim was to demonstrate that the choice, motivated by experimental findings [30], of
using neoclassical theory in the pedestal is indeed valid. A turbulent diffusion background
Dy, for impurities which adds to the neoclassical contribution was introduced to the
model. The simulations were performed using D;,,, =0.001 m?/s, Dy, =0.01 m?/s,
Dyurp =0.1 m?/s and setting the turbulent Vimp=0 in the core. The main result is that when
the pedestal of impurities is dominated by the turbulent transport, the impurity density
profiles of both impurities are just flat over the whole profile, in contrast to experimental
observations. This property of diffusion occurs when the source is located at the edge. In
order to reproduce the experimental impurity density profiles in the pedestal, it seems that
the turbulent impurity particle transport has to be below the neoclassical level.

7.3.2 Convective ELM model

In this section, the convective ELM model is presented. In this model a high outward
convection is applied during the ELM in the ELM affected area. Since the outward con-
vection of each ELM expels particles, in this case the density of the cold neutrals needed
to match the experimental edge density is higher than in the diffusive ELM model. In
order to ensure the numerical solution of the transport equation, a discontinuity at the
separatrix must be avoided. Therefore, it was assumed that the diffusion and convection
velocities propagate in the SOL as well.

Figure 7.10 a) and c) show the time evolution of the impurity densities of nitrogen and
tungsten. At the ELM crash, the impurity densities of both species drop at p;, = 0.80,
Pror = 0.90 and p;,r = 0.95. At pys,r = 0.98, instead, both impurity densities exhibit an
increase, however different for the two impurity species. The nitrogen density experi-
ences a quick increase which then decreases again during the ELM crash. For ny the
quick increase is maintained for the entire ELM duration. At the end of the ELM cycle,
just as quickly as the increase, the impurity density decreases to the same level as in the
inter-ELM phase. Moreover, in the tungsten case, the impurity density at p;,,, = 0.95 has
already reached the equilibrium. The reason for which the density of both impurities ex-
hibits a peak, although with different characteristics, can be explained by looking at the
nitrogen and tungsten density profiles (panels b) and d)). Panel b) shows that the con-
vective ELM erodes the gradients of the nitrogen density. Interestingly during the ELM
cycle, for p;or > 0.97, the nitrogen impurity density first goes up and then down com-
pared to the inter ELM phase, while a "hole" around p;,, = 0.95 is detected. The hump
is likely an artifact of the model. Various tests have been performed, the hump can be
more or less pronounced but the qualitative behaviour remains a decrease in the confined
region and an increase near the separatrix. The W density profile at the very edge is more
defined than for N which is due to the stronger neoclassical pinch of tungsten compared
to nitrogen. Compared to the diffusive ELM case, the W profile is similar, while the N
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Figure 7.10: Time traces of a) N density, ¢) W density. Effect of ELMs on: b) N density profile;
d) W density profile.

profile is characterised by significant higher values at the outermost part of the confined
region and lower values of about 20 % in the core. These different behaviours can be ex-
plained by the neoclassical theory which predicts a neoclassical inward pinch increasing
with Z (see sections 2.4 and 7.1). This stronger neoclassical pinch is able to counteract
the convective effect which tends to expel particles and to erode the pedestal. The result is
that, compared to the nitrogen case, the tungsten pedestal is more pronounced and shifted
inwards by the stronger pinch. As for the diffusive case, the profiles flatten inside the
ELM affected area in order to re-equilibrate the flux. The global effect of convection on
both density profiles is to "remove" particles around p;,, = 0.95 and accumulate them
around p;, = 0.98. However, a common feature characterises both impurities and both
ELM models: the gradients flatten inside a certain turning point which is located around
Pror = 0.95. At the edge the particle losses are higher and this happens in the diffusive
case, as well as in the convective case. The reason is that this particle loss takes place due
to an additional transport, independent from the fact that the transport is of a diffusive or
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convective nature.

#29254, frrm=143 Hz, convection
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Figure 7.11: Time traces of the modelled radiation from STRAHL at different radial positions.
The corresponding dashed lines represent the coronal values. Radiated power den-
sity of a) N, d) W. Effect of ELMs on Lz profile of b) N, e) W. Effect of ELMs on
radiation profile ¢) N, f) W.

Figure 7.11 b) and e) display the nitrogen L and radiation profiles. Following the be-
haviour of the nitrogen density, P,,, increases slightly in the region p;,- > 0.98 at the
ELM crash start, while at the maximal ELM depletion the whole profile lies below the
inter-ELM phase. In contrast to the diffusive behaviour, both Lz and P,,; decrease during
the ELM crash. The effect of convection on the nitrogen ionisation stages is depicted
in figure 7.12. The ionisation shells are narrowed and shifted radially outwards, which
is the exact opposite situation than in the diffusive scenario. This explains the drop of
radiation occurring in the pedestal region (figure 7.11 c¢) and f)). The ionisation shells are
accumulated near the separatrix giving rise to the radiation peak observed at p;,- = 0.98.

The temporal response of the radiated power density of the two impurities is shown in
figure 7.11 a) and b)). As mentioned above, because of the gathering of the shells near the
very edge, the nitrogen radiation at p;, ~ 0.98 exhibits a much higher peak in magnitude
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than at the other radial positions. At all radial positions, the nitrogen radiation shows a
drop. The W radiation, instead, reveals a peak at p;, ~ 0.98 which follows the impurity
density and Lz behaviours. Lz and P,,; profiles for tungsten are depicted in figure 7.11 e)
and f).

N convection
1007~ TR L ST T T
7 fully stripped N 7
80 1 6 HlikeN i =
5 HelikeN E
()
(v}
S 60 .
So
o
© 40 1+
c
il
S inter ELM
= 20+ .
during ELM
0 .
-30 -20

r-I'sep (cm)

Figure 7.12: Fractional abundance of N in the inter ELM phase in black and during ELM in red.
The zero point on the x axis represents the separatrix.

So far we have discussed the impurity and radiation behaviour for both impurities for the
diffusive ELM model and for the convective ELM model separately. Now, it is worth
comparing directly the results of the two cases. Figure 7.13 shows the comparison for
nitrogen (panels a) and b)) and for tungsten (panels c¢) and d)) radiation. For the nitrogen
case, at the ELM crash, the diffusive model leads to a peak in radiation at all radial
positions, except Py, = 0.98. In the convective model, on the contrary, all radial positions
experience a drop (p;or = 0.98 as well).

In the diffusive case, P,,4 is dominated by the radiation emitted from the radial position
Pror = 0.98 (P..q=0.5 MW/m?>). However, the contributions coming from p;,, = 0.95 and
from p;,, = 0.90 are also not negligible (P4 ~ 0.03 MW/m?). Instead in the convec-
tive ELM scenario, because of the shell narrowing, P,,; is completely dominated by the
radiation occurring at Py, = 0.98.

A very different scenario arises when comparing the ELM diffusive model with the ELM
convective model for the tungsten radiation: Its behaviour is the same in both cases (panel
c) and d)). Only the magnitude of P, is, in the convective case, slightly lower than
in the diffusive model. The reason is the flush out effect of impurities characterising
the convection. In order to understand why P,,; of W experiences the same behaviour
in both cases, it is important to keep in mind what we have learned from the diffusion
case, namely that the ELM-induced transport is not the dominant term for W, while it is
extremely important for N and responsible for the non-coronal effects. Therefore, in the
case of tungsten, a change of the ELM transport type between diffusion and convection,
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does not change the global W behaviour. What matters for W is the change of fgyys as it
is shown in the next section.
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Figure 7.13: Radiated power density of a) N, ¢c) W for the diffusive model. b) N, d) W for the
convective model.
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Effect of ELM frequency in the convective model

For the convective ELM model a scan of fry,s was also carried out and the case with the
lowest fgrar before the radiative collapse (fgry= 10 Hz) is presented below. The time
evolution of the impurity densities and the radiation for both nitrogen and tungsten are
depicted in figure 7.14.
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Figure 7.14: fg;,,= 10 Hz case: Time traces from STRAHL at different radial positions. Impurity
density of a) N, c¢) W. Radiated power density of b) N, d) W. The corresponding
dashed lines represent the coronal values.

The nitrogen density (panel a)) is a factor of two higher than in the reference case,
feLm=143 Hz and approaches a saturated value. The W density is a little over a fac-
tor of 2 higher and shows a clear trend to accumulate in the confined plasma region (panel
¢)). Similarly to the diffusive ELM scenario, the radiated power density of nitrogen (panel
b)) is the same as in the reference case fgry=143 Hz, whereas the W radiation is a factor
of 3 higher, panel d). Note that in the diffusive case the increase was a factor of 4. The
flush out effect and the outward shift of the ionisation shells characterising the convection
behaviour can explain why the increase of P,,; in the convective scan is smaller than in
the diffusive one.
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The comparison between the total radiated power density for the reference case (fgry=143
Hz) and the fgry = 10 Hz case is illustrated in figure 7.15. The corresponding coronal
values are also indicated for completeness, showing no difference between them and non-
coronal values for W, while for N the difference is significant. Here, non-coronal effects
need to be taken into account. For fr;y=143 Hz, the radiated power at p;, = 0.8 is about
0.1 MW/m? while for the 10 Hz case P,y is 0.30 MW/m?. For the convective model the
W accumulation is significant, but it is a factor of 2 smaller than at the same time point in
the diffusive model. Hence, in the convective scenario, W accumulation takes place on a
longer time scale.
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Figure 7.15: Comparison between the total radiated power for the reference case (frry= 143 Hz)
and the total radiated power with fg;= 10 Hz.
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7.3.3 Comparison with bolometry

It has been shown that the radiated power exhibits opposite behavior depending on the
assumed ELLM model. In the diffusive case, the ELM crash causes an increase of the
pedestal radiation except in the region near the separatrix. In the convective case, it causes
a drop at all analysed radial positions. A matter of particular interest is whether the
diffusive or the convective ELM model is able to reproduce the measurements of the
line integrated radiation. Fast radiation events such as ELMs cannot be resolved by foil
bolometry which has a time resolution of 2 ms at AUG. However, the diode bolometer
system at AUG offers a high time resolution of down to 50 us, a wide spectral range
and a full coverage of the poloidal cross-section of ASDEX Upgrade [72], making them
suitable to study fast events like ELM induced radiation.

b)

Ptor~0-9

Figure 7.16: a) LOS at the low field side (LFS) chosen for the comparison between diode bolome-
ters and modelling results. The lines were chosen tangential to the radial positions
considered in the analysis, b) LOS at the high field side (HFS) tangential to the radial
positions considered in the analysis.

In order to validate the predictive capabilities of the simulations and to assess which model
is better suited to describe the experimental data, a comparison of the modelled radiated
power with the measured P,,; has been carried out. From the modelling side, such a
comparison can be attained by employing the synthetic bolometry diagnostic which has
been implemented in ASTRA. A synthetic diagnostic observes the calculated quantities
in the same way as the real diagnostic looks at the plasma. In this way the theoretical
predictions can be compared with the measurements. For the synthetic diagnostic, the
modelled P,,; given by STRAHL has been integrated along the experimental lines of sight
(LOS) of the real cameras. The choice of the LOS has been done with care avoiding lines
looking into the divertor and choosing lines tangential to the flux surface considered in
the analysis. Lines of sight at the low field side have been considered because, compared
to the lines at the high field side, they have a longer path in the pedestal plasma and a
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shorter path in the SOL which is characterised by high radiation and is not included in the
modelling. However, some lines of sight at the high field side have been also investigated
and the results will be discussed below. The cross section of AUG with the considered
lines of sight at the LFS and at the HFS is shown in figure 7.16 a) and b).

0.06 ASTRA Diffusion Diode bolometer LFS
' a) b)
0.12
N'g 0.05¢ N.g
g tor~0\90 E 0.1
= 0.04 =
3 A
é g 0.08
o 0.03} <
= ~0.95
5 Ptor’ 2 0.06
0
E 3
© 0.02 =
[@))] =
% 53004
‘o ptor~0.98 £
2001 ¢ 0,02
= i
0.0 0 ] ] ]
424 425 426 4.27 4.28 424 425 426 427 4.28
time (s)

time (s)

Figure 7.17: Integrated radiation of the same lines of sight at the LFS from the synthetic diag-
nostic a) and the measurements b). The diffusive ELM model is used. In red at
Pror = 0.98, in black at p;, = 0.95, in blue at p;,, = 0.90, in orange at p;,, = 0.80.

Figure 7.17 displays the modelled (panel a)) and the measured (panel b)) radiation emitted
at the different radial positions considered in the analysis when applying the diffusive
ELM model. Both the modelled P,,; and the diode bolometers exhibit a radiation peak
at the ELM crash, except at p;, = 0.98 where a drop occurs for both. The comparison
indicates that the modelling reproduces the temporal P,,; evolution well but the radiation
measurements are systematically higher than those of the model. This discrepancy can be
explained by considering that the measurements unavoidably take into account also the
contribution of radiation in the SOL, which is small at the low field side, but still present.
In sight of this fact, the results can be considered to be in reasonable agreement. The
situation is different for the lines of sight at the high field side. For these lines the path in
the SOL is almost comparable with the path through the plasma (see figure 7.16 for the
geometry).

Figure 7.18 shows that the diode signals at p;, = 0.98 depict small spikes before the drop
which are also visible in the model. The modelling reproduces the temporal evolution
but the radiation level is significantly higher: (Pruq measured ~ 3 * Prad,modeliea)- In addition,
very pronounced peaks are detected at all other radial positions. The pronounced peaks
are a consequence of the long path made by the lines of sight in the SOL which is almost
comparable with the path through the plasma.

To make this point clear and to demonstrate that these pronounced peaks do not originate
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Figure 7.18: Integrated radiation of the same lines of sight at the HFS from the synthetic diagnos-
tic a) and the measurements b). The diffusive ELM model is used.

from the pedestal but are rather a SOL effect, lines of sight in the upper SOL at the high
field side have also been evaluated, see figure 7.19 a) for the geometry. The line integrated
brightness measured in the pedestal is shown in panel b). Panels ¢) and d) display the line
integrated brightness measured in the upper SOL. The pronounced peaks are also visible
in the upper SOL and exhibit the same shape as found in the pedestal. The signals in panel
c) are measured just outside the separatrix and exhibit high radiation values as expected
when applying N seeding. This is reflected in the signals inside the pedestal. Indeed,
this comparison sheds light on the fact that the pronounced peaks present in the HFS
measurements originate from the SOL. This motivates the choice to consider the low field
side measurements in order to reduce the impact of the SOL on pedestal radiation.

The comparison of the radiated power density using the convective model is presented
in figure 7.20. In this case, the modelled P,,; (panel a)) drops at the ELM crash at each
radial position contrary to the behaviour detected by diode bolometers (panel b)).

To summarise, in this chapter the hypotheses of a diffusive and a convective ELM models
were investigated. The best agreement with the experimental measurements is found with
the diffusive ELM model, while the convective ELM model clearly does not succeed in
describing the experimental data.

The reasons for which in presence of nitrogen the diffusive ELM model describes better
the experimental trend of the radiation might be explained with the following arguments:
In the general picture, ELMs eject heat and particles into the SOL through filaments
which are toroidally non-symmetric plasma structures aligned to the magnetic field. Their
structure have been observed in several tokamaks [90, 91]. These filaments have mainly

97



CHAPTER 7. MODELLING OF THE RADIATION AND IMPURITY EVOLUTION
IN PRESENCE OF ELMS

0.3

0.2

0.1

~ 0.0 . . Pedestal hligh field sidle
£ 5
= q Upper SOL high field side
= 4
wv
3 3
£
< 2
A=
=
e 1
xe]
w 1
©
GS.? 0.12t9 upper SOL high field side
=
£
Q
k= 0.08
3

0.02

434235 A%6 427 498
time (s)

Figure 7.19: a) Geometry of the lines of sight at the upper SOL at the HFS b) Measured pedestal
radiation at the HFS c) and d) Measured upper SOL radiation at the HFS.

convective properties [84] and are subjected to radial forces. In AUG they are expelled
within 3 ms after the ELM crash but their energy content was found to be insufficient to
account for the total expelled pedestal top energy [91]. If the heat and particles expelled
by the filaments (convective nature) are low, this implies that the diffusive nature is also
playing an important role. In particular, it has been observed that in presence of nitrogen
the number of filaments is reduced [79, 92]. This observation is supported also by the
modelling which suggests that it is the change in the SOL parameters induced by nitrogen
leading to a reduction of the number of filaments [93]. In more detail, short ELMs during
nitrogen never have more than one filament and in most cases none filaments at all. The
discharge modelled in this chapter has nitrogen and tungsten. In the previous sections
it was shown that for W diffusive and convective models predict similar behaviour and
from what is reported above the convective nature of the filaments is highly reduced in
presence of nitrogen. All this can explain, why for the discharge investigated in this
chapter the diffusive ELM model is more suitable than the convective one to describe the
experimental observations. A model which combines both the diffusive and convective
ELM model could be envisaged. However, since the diffusive ELM model reproduces
all the experimental observations, it appears that diffusion dominates the radial ELM
transport for the examined cases with N seeding. The combination of the two models
is likely to give only a slight modulation to the results obtained in the purely diffusive
case. A different ratio of diffusive to convective components in the ELM may be found in
cases without N seeding which is responsible for changes in the SOL parameters.
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Figure 7.20: a) Integrated radiation of the same lines of sight at the high field side from the syn-
thetic diagnostic a) and the measurements b). The convective ELM model is used.
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7.4 Comparison with the PIRT model

As indicated in section 7.1, one of the aims of this work was to investigate the evolution
of impurities and radiation in the pedestal in order to answer the following question:
Why does the assumption of fgry = 1/Tp.q assumed in the PIRT model provide a good
calculation of the radiated power in non-coronal conditions? The answer requires several
considerations: in the peeling-ballooning model for ELMs [94], the ELM is driven by the
pressure gradient and the ELM period is determined by the recovery of the profiles until
the critical pressure gradient is reached again. This time is governed by both sources and
radial transport of particles and energy at the edge of the plasma. It also depends on the
heating power since an increase in the heating power results in a faster transport which
in turns leads to higher frry. Hence, fgra reflects the impurity residence time through
transport effects which determine the recovery of the profiles until the next ELM crash.
This is the reason that the inverse of fgr is a good estimation of the impurity residence
time at the pedestal.
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Figure 7.21: a) Total radiated power density profiles: From the PIRT model in blue, from
STRAHL in red, from coronal in dashed orange; b) Nitrogen radiated power pro-
file; ¢) Tungsten radiated power profile.

The very good agreement of the PIRT model with the radiation from STRAHL is shown
in figure 7.21. Panel a) compares the total P,,,; profile obtained from the PIRT model
with STRAHL and with coronal calculations. Panel b) shows the comparison between
the different models for nitrogen radiation, emphasising again the non-coronal effects at
the plasma edge. Panel c) shows the comparison for tungsten. Note that the agreement
depends on the plasma radius. At the very edge (p;or > 0.95) the PIRT model shows
constant radiation density with increasing radius which is in agreement with what was
discussed in section 6.2. In figure 7.22 a), in addition to the total radiation from PIRT,
STRAHL and coronal, the radiation contribution from W and N is also illustrated. Panel
a) for the entire radius, panel b) zoomed in the region 0.7< p;,, <1.0. The important point
here is that the radiation in the core is dominated by W while N dominates for p;, > 0.9.
Moreover, these plots indicate that the non-coronal effects already start to play a role at
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Pror = 0.7. As pointed out in section 7.3.1 the n - T dependence of Lz has an important
contribution to the radiation and explains why the N radiation does not change with fry

as significantly as for tungsten.
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Figure 7.22: a) Total P,,; profile from the PIRT model in blue, total P,,; from STRAHL in red,
total P44 from coronal in dashed orange; W only contribution in green, N only
contribution in violet; b) zoomed of the edge region 0.7 < py, < 1.0.

The question arises what happens when fgry goes towards zero. At low frry severe
W accumulation occurs in the experiment as well as in the modelling. The STRAHL
calculations showed that with fgr3/=10 Hz, W accumulates in the confined region and the
simulation crashes. This is an indication about the excellent predictive capability of the
simulations: they are able to reproduce the experimental behaviour in detail and therefore
they encounter the same limitation of W accumulation as the experiments. Scenarios
which foresee a mitigation or suppression of the ELM activity could also be considered:
stationary cases with mitigated ELMs by B-coils [95] or quiescent H-modes, i.e H-modes
without ELM activity [96]. In this cases a modification of the transport Ansatz would be
required to account for their different transport properties compared to the analysed cases.

7.5 Summary and discussion

Time dependent modelling of kinetic profiles, impurities and plasma radiation in pres-
ence of ELMs has been presented for an AUG discharge. The simultaneous evolution of
nitrogen and tungsten has been simulated for the first time. One of the important achieve-
ments of this modelling effort is the capability to reproduce the experimental discharge
behaviour feeding the simulations only with transport coefficients and heat and particle
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sources. A supplementary finding is the ability to predict W accumulation at low ELM
frequencies starting from a transport Ansatz. Such achievements open a path towards a
predictive use of the model which can allow the extrapolation of the impurity and radia-
tion behaviour to other devices and to other impurity species. The modelling highlights
the importance of high ELLM frequency for the pedestal screening of the neoclassical in-
ward pinch. It shows that an fgry > 10 Hz is required to prevent collapse by radiation
due to W accumulation. This is in agreement with the results reported in Ref. [97] where
an experimental minimum fgrs of 12 Hz was found necessary to avoid W accumulation
in AUG.

The results emphasise that while W radiation is to a large extent determined by frry
(Prad,10Hz ~ 4 * Prad,143H2), the N radiation is less affected. A possible explanation for
this behaviour was given in section 7.3.2 and takes into account the dependence of the
nitrogen Lz on T, and the observed temperature pedestal increase due to nitrogen. The
strong enhancement of nitrogen radiation caused by the non-coronal effects through the

ELM-induced transport is well reproduced and is in the range: Tiadnocoronsl |, (2-5).

Pradﬁcoronal

The different behaviour of N and W suggests a charge dependence of the impurity trans-
port. In fact, the ETB is dominated by collisional radial transport which is characterised
by a strong inward pinch that increase with impurity charge. This determines the strong
peaking of the W profile causing W accumulation in the confined region. The effective-
ness of ELMs to flush out tungsten from the confined region depends on the nature of
particle transport during the ELM crash, namely if the ELM transport is diffusive or con-
vective. Both hypotheses of a diffusive and a convective ELM transport were investigated.
Both models show that low ELM frequencies lead to W accumulation, whereas convec-
tion appears favourable over diffusion in terms of impurity accumulation. The different
effects of diffusion and convection on the ionisation stages of nitrogen were also shown:
broadening and inward shift in the diffusive case, narrowing and outward shift in the con-
vective case. In the convective scenario, this implies that the radiation is localised at the
very edge with less radiation localised at the pedestal top.

A matter of particular interest is, whether the ELM behavior is of diffusive or convective
nature. The comparison with diode bolometry reveals that the temporal evolution of the
radiation is well reproduced by the diffusive ELM model, while the convective ELM does
not succeed in describing the data. In section 7.3.3 a possible explanation for that has
been attempted which considers the filamentary nature of the ELMs and the fact that in
presence of nitrogen the number of filaments is reduced or even equal to zero. This means
that convection is reduced such that diffusion dominates. Beside the considerations above,
the results of this chapter are also in line and complementary to earlier studies dedicated
to the measurement of the impurity transport coefficients [98]. Such studies have shown
that an edge transport model with a diffusive transport during ELMs and an inward pinch
in the inter-ELM phase yields the best description of the measurements.

For the future, it would be interesting to investigate these hypotheses from an experimen-
tal point of view as well. For instance, one could study the temporal profile evolution of
nitrogen during an ELM while changing the ELM frequency.
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Chapter 8

High density experiments with pellets

Future devices will have to operate at high core density to maximize fusion power. How-
ever, high edge temperatures and densities will strongly reduce the penetration of neutrals
coming from gas puffing and therefore the particle source. The repeated injection of
frozen deuterium pellets is a well established and powerful technique for high density op-
eration which will be mandatory in ITER and DEMO to reach the operational densities.
The upgraded pellet launcher system at ASDEX Upgrade with a versatile set of diag-
nostics is well suited for such studies. Section 8.1 introduces the high density scenarios
obtained with pellet injection. Profile, transport and confinement analysis for an example
discharge are discussed in section 8.2, 8.2.1 and 8.2.2.

8.1 Experiment set up

The high speed inboard pellet injection system at ASDEX Upgrade [99] consists of a
storage cryostat type pellet source, a centrifuge accelerator and a guiding tube system
(figure 8.1 left). The system delivers pellets with different sizes, speeds and repetition
rates up to 70 Hz on a shot to shot basis. Pellets are launched into the plasma from
the centrifuge launcher through a 17 m curved guiding tube. They are injected from the
magnetic high field side (HFS) at an angle of 72 degrees to the mid plane. The HFS
injection, although technically more complicated, allows to exploit the VB drift which in
this case accelerates particles towards the plasma core [100].

An example where the full fuelling capability of the new pellet system has been exploited
is shown in figure 8.1 Right). The plasma parameters were set to I, = 1.0 MA, B, = -
2.5 T with a total heating power of 12 MW (panel a)). Besides the NBI, central heating
is important to avoid impurity accumulation. However, for machine protection, during
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Figure 8.1: Left: The pellet launching system setup at AUG as operated in the campaigns 2012-
2014 [101]. Right: Time traces of a typical high density discharge with pellets: a)
Prea: (black), NBI, ECRH, ICRH heating (red, orange, violet); b) W4 (green) and
pellet monitor (blue); ¢) density (H-1 channel).

the pellet train ECRH cannot be used because of strong power reflections at high density
cut off layers. For the same reason, the ECE diagnostic is also not in operation. Hence,
during the pellet train and also after this phase, core heating is provided solely by ICRH.
At constant heating power a total number of 73 pellets of the largest available size were
injected into the plasma at the maximum rate of 70 Hz with a speed of 572 m/s. The
chosen velocity is the result of a balance between the maximum pellet penetration and
pellet mass reduction [101]. The entire ice reservoir was consumed in one go enabling a
pellet train of about 1.3 s from = 2.9 s to 4.2 s (panel b)). During the pellet phase a high
core density is reached and kept until the very last pellet (panel c)). When the last pellet
is consumed all plasma parameters return to their initial values and the discharge can be
ramped down safely. Except for a transient decrease at the very first pellets, the plasma
stored energy stays constant during the discharge (panel b)). Its value is only around 0.6
MI due to the moderate heating power. The transient behaviour at the start of the pellet
train is analysed in detail in the following section 8.2.

8.2 Temperature and density studies

In order to gain a better understanding of the transient phase occurring at the start of
the pellet train, time traces and profiles of both electron temperature and density of the
presented discharge #29714 are analysed (figure 8.2).

The stored energy drop (panel c)) is caused by the faster temperature response compared
to the density response, as indicated in panel a), b), d) and e). The first pellets induce
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Figure 8.2: Time traces of a) T, b) n.. In red in the plasma core, in black at mid-radius, in violet
at the plasma edge. c) Stored energy and pellet monitor. d) T, profile , e) n. profile, )
pressure profile. In blue before the pellets, in green at the first pellets (at the minimum
of W,na), in orange during the pellet train.

a drop of the pedestal temperature which propagates quickly towards the centre through
profile stiffness. The pellets cool the plasma significantly such that the electron tempera-
ture is reduced by about 50 %. It should be underlined that due to this drop in 7, caused
by the first pellets, the penetration depth of the following pellets into the plasma is in-
creased. This favours the particle fuelling. The experimental temporal behaviour of the
temperatures over the discharge is well reproduced by the critical gradient model pre-
sented in section 2.5 indicating the importance of the profile stiffness in determining the
global plasma performance.

The density increase starts at the edge, while the increase in the core is slower. This is due
to the low particle diffusion and due to the fact that an increase in density requires a given
amount of particles which can only be delivered by the pellets on a longer time scale.
This behaviour is well visible in panel b) (r= 2.9-3.2 s): the density at mid-radius (black)
increases quickly while the core (in red) follows more slowly. As a result the profile is
hollow in the center (panel e), green)). The pressure is similar before the pellets and after
the transient phase when the density has reached its steady-state value (panel f)). This
is consistent with the constant plasma energy. The recovery of the stored energy follows
the density build up. After about 100 ms the core density also starts to rise and steadily
increases until it reaches values of 2.3:1020 m—3 (panel b)). In this time range the effect
of diffusion become effective and the profiles in the centre are not hollow any longer
(panel e) in orange). Towards the end of the pellet train (= 4.0-4.2 s) the core density (in
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red) keeps increasing while the density at mid-radius appears to stay constant (panel b)
in black. The effect might be attributed to the Ware pinch (section 2.4) which plays an
important role at high collisionality [102]. Interestingly, at mid-radius the density starts
its decay right after the last pellet (due to the absence of the particle source), while the
density in the core stays high for other ~ 600 ms. This behaviour, where two different
time scales seem to be involved was also found in the other analysed discharges (for
instance the discharge presented in appendix A) and provides an important input for a
particle transport analysis which is outside the scope of this work. The change in the
density gradient indicates that the particle deposition is located around p,, = 0.6. Note
that in ITER this is estimated to be around p,,; = 0.8 which raises concerns about the
effectiveness of pellet fuelling to reach sufficient core densities. This point is discussed
in section 8.2.2.

To summarise, after the injection of pellets several processes occur in the plasma on dif-
ferent time scales: while the response of T, is fast, the density builds up on a longer time
scale. One possible reason for the faster response of 7, at the edge involves convective
losses. Thereby plasma energy is spent on heating and ionising the ablation cloud of the
pellet. The convective process is faster than both pellet delivery or particle diffusion, both
processes on which the density build up depends on. This gives rise to a transient phase
with reduced plasma energy right at the beginning of the pellet train. The described phe-
nomena are fast, whereas diffusion and relaxation of the profile after the injection take
place on a time scale of the order of the confinement time.
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8.2.1 Transport analysis

The relation between pellet penetration and confinement is a crucial question and requires
the understanding of plasma transport under such conditions. In the following the trans-
port analysis for discharge #29714 is presented.

0 #29714  Plasma energy 0 Neutron rate
a) b)

0d. Wtot_magnetic (AUGD) 1 L total neutrons

04 w! Wtot_kinetic (TRANSP)]
We_TRANSP

0. beam-target neutrons
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Figure 8.3: a) Contributions to the total stored energy W,,, from kinetic data (red): W, (green),
W; (magenta), energy from fast perpendicular ions Wy,,pp (blue), energy from fast
parallel ions Wy, pa (yellow). W, from magnetic data (blue) agrees with TRANSP
calculations. b) Total neutron rate from TRANSP (red) with its contributions: beam-
target neutrons (green), beam-beam neutrons (blue), thermonuclear neutrons (yellow).

Similar to the analysis procedure adopted for the high radiation scenario (section 6.4),
first the consistency between magnetic and kinetic data is verified. Also in this case,
an excellent agreement between the magnetic plasma stored energy W;,; and the kinetic
reconstruction from TRANSP is found. Both reveal that the stored energy remains con-
stant throughout the discharge despite the strong density increase (excluding the transient
phase at the beginning of the pellet train discussed in section 8.2). Figure 8.3 a) displays
the stored energy components from TRANSP calculation. The main contributions are the
thermal components W, and W;. Additional contributions consist of a perpendicular and a
smaller parallel fast ion component. Note the decrease of the fast ions due to the increased
collisionality (figure 8.4 c¢)). Panel b) shows the contributions to the neutron rate calcu-
lated from TRANSP. Three different contributions can be distinguished: the beam-target
neutrons, the beam-beam neutrons and thermonuclear neutrons. Plot b) indicates that in
AUG the main contribution comes from the beam-target where the beam is provided by
the NBI. This is in agreement with Ref. [81], in which this contribution is identified as the
dominant one in NBI heated discharges for Pyp;> 5 MW. The significant decrease of the
neutron rate during pellets can be understood in terms of the smaller fast ion contribution
due to the lower temperature and higher collisionality, the latter increasing by one order
of magnitude during the pellet phase (figure 8.4 b)).

Results of the transport analysis are shown in figure 8.4 in black for the reference phase, in
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red during pellets and in green for the post-pellet phase. Panel a) displays the NBI power
deposition. It shows off-axis power deposition during the pellet train due to the high
density and the consequently reduced beam penetration depth. Moreover, the TRANSP
calculations indicate that during the pellet train the power deposited to the ions is lower
than the power deposited to the electrons, in contrast to what happens in the pre and
post pellet phase. The reason is that the fraction of heat going to electrons and ions is
dependent on the beam energy and the plasma temperature. This relation is expressed by
the parameter E.,;; which is proportional to 7, [103]. In the case of low T, (pellet phase),
the heat is deposited more to the electrons.

Changes in temperature and density affect the collisionality which is directly proportional
to the density and inversely proportional to the temperature. Panel b) illustrates, as ex-
pected, that collisionality increases significantly during the pellet phase by about one or-
der of magnitude. As the other parameters, it returns to its initial values in the post-pellet
phase.

Panel c) displays the effective heat diffusion coefficients for the three different phases. In
this case of high collisionality, it is not possible to separate the electron and ion channels
and an effective diffusivity has to be used 2.2. The power balance shows that x. s during
the pellet train agrees well with its value before pellets inside the error bars for p;,, >
0.5. For 0.3 < pror < 0.5, X.rr exhibits an hump (in red) probably related to the off-axis
deposition of the NBI to the electrons (panel a)). In the post-pellet phase X, s returns to
similar values as in the initial phase. Panel d) shows that during pellets R/Ly, and R/Lr;
change dramatically. This is attributed to the steep gradient modification and to the off-
axis deposition. In the post pellet phase R/Ly, and R/Lt, return roughly to their initial
values.
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Figure 8.4: a) NBI deposition, b) collisionality (log scale), ¢) Xers, d) R/Lz, and R/Ly,. In black
for the pre-pellet phase, in red during pellets and in green for the post-pellet phase.
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8.2.2 Confinement analysis

Calculations of 7g from both kinetic (TRANSP) and magnetic data (AUG) reveal that
the confinement time remains constant during pellets despite the density increase (figure
8.5 red and black). In contrast to this, the IPB98 scaling (section 2.1) predicts a strong
overestimation of 7g during the pellet phase due to its proportionality 7z ~ n04. A
scaling describing the roll-over of 7z with respect to T has been proposed in Ref. [104].
This so-called HO6 scaling improves the empirical ELMy H-mode confinement scaling
from 1998 based on a standard dataset provided by a number of conventional and by two
spherical tokamaks. The scaling reads:

0.77
TE Ho6 = 6.94- 10~ 7 Mff 037 (@) . A 248205
qcycl
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M, s is the effective atomic mass of the ions and allows the disentanglement of the in-

teraction effect of the isotopic species. k, = 27:2VW; A= § is the aspect ratio. The

dependence on the plasma shape is included by f = %. The density dependence is such
cyc

that the exponent changes sign for densities > ng,,.

The main difference between the two scaling is that in 1998, when the IPB98 was put
forward, no data at high densities were available, whereas in 2006, when the HO6 scal-
ing was proposed, high density data were available. Therefore the data were fitted by
a parabola which describes exactly the saturation of 7z with increasing density for val-
ues n, > 0.85 - ngw. This deviation above 0.85-ngw is of particular importance since the
calculation to achieve the maximum Q value (fusion power divided by external heating)
for ITER were done assuming a confinement time of 4 s at ngy= 0.85. Additionally, it
had been already observed that the H-factor was decreasing slowly with the density for
low triangularity but faster at high triangularity showing the importance of this parameter
[105, 106]. However, the inclusion of the triangularity from all the different machines is
not an easy task. In the HO6 scaling this was accomplished using f = q%i[ which has also
the advantage of taking the magnetic shear and the current at the pedestal into account
[107]. Note that the triangularity is important also for the high radiation scenarios. For
instance, in section 6.5, it was shown that confinement improves with plasma shape.

The confinement time for discharge #29714 calculated from kinetic data (red), from mag-
netic data (black) and both predictions from the IPB98 (violet) and the HO6 scaling (green)
are displayed in figure 8.5. The time trace of the H-1 density channel is also shown to
relate the 7r changes to density changes. The comparison shows that the IPB98 is not
suitable to describe 7g in the high density regime, whereas the HO6 turns out to be more
appropriate.
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Figure 8.5: Comparison between Tz from TRANSP (red), 7z from AUG (black), g from IPB98
(violet) and t¢ from HOG6 scaling (green). The density increase in the H-1 channel is
also shown (dashed magenta).

Beside the importance of validating a scaling in a new scenario, it is crucial to understand
the observed behaviour of 7z in this high density regime. One observation is related to
the pedestal pressure. For a given pressure, when the density profiles are flat, operation
at low density is favorable. This allows higher pedestal temperatures which are then
transferred to the core via stiffness. Conversely, operation at high density implies that the
temperature is necessarily lower. In that case, the pressure is dominated by the density
which, unlike the temperature, does not have a stiff profile. The change of pressure profile
is an important question also in the case of peaked density profiles as presented here. In
this case the key question is if the peaking of the density profile leads to a flattening of the
temperature profiles. Indeed, the results of this thesis show that the temperatures remain
stiff which is beneficial for an increased fusion output.

Another consideration is that the higher the density is, the more the NBI heats the plasma
off-axis due to a reduced beam penetration. This condition is not favourable to increase
the plasma temperature and therefore the confinement. In ITER this effect might only
play a minor role due to the central o particle heating. In a reactor the power will be
not an external adjustable input parameter as in present devices, but it will be an intrinsic
plasma parameter. A third consideration is related to machine size. On one hand one
has to consider that a reactor will be a much larger machine, with a larger B, and I,
leading to a better confinement. On the other hand, because of the bigger dimensions, it
is estimated that pellets will penetrate only up to around p,,; ~ 0.8. Hence, the important
question is whether such an off-axis pellet deposition can still lead to high central density
in order to reach sufficient fusion power. Central high densities can be achieved only
with a peaked profile such that the edge density stays below the Greenwald limit. For
low collisionality, which are a characteristic of a future reactor, such peaking could be
generated by the turbulent particle pinch [14]. Indeed, peaked profiles at zero loop voltage
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were observed [108] which exclude the occurrence of the Ware pinch and give indication
of a non neoclassical pinch component.

The results presented in this chapter can contribute to an improvement of the scaling law
for 7, contributing to the understanding of the underlying physics in high density sce-
narios. The HO6 scaling describes the presented high density experiments at AUG, while
the IPB98 does not. Possible improvements to the scalings must be based on a better un-
derstanding of the physics and an extended experimental database for n > 0.85 ngw. The
discharges carried out during the course of this thesis were performed at constant heating
power. The results presented here suggest that performing experiments exhibiting steadily
increased central power would clarify the extent to which increasing heating power raises
core temperature.

112



Chapter 9

Summary, conclusion and outlook

This work is dedicated to the study of high radiation and high density tokamak scenarios
which are essential for future reactor operation. The high radiation fraction is required to
limit power loads on machine components, whereas the high density is needed to max-
imise fusion performance.

The impurity seeding technique is typically employed in order to reduce heat loads to
tolerable levels, whilst maintaining acceptable confinement. This thesis investigates the
effect of impurities on plasma confinement properties through experimental and mod-
elling means. In the experiments carried out over the course of this work the impurity
seeding was applied to H-modes by means of nitrogen seeding, but also by injection of
medium-Z impurities in order to radiate in the main chamber and assesses the possible im-
pact of central radiation on confinement. Additionally, since future reactors will contain
helium ash, the impact of helium on transport and confinement was also investigated.

High radiation experiments

Since edge radiation for low-Z impurities is subject to non-coronal effects, a non-coronal
radiation model (PIRT) was developed and compared to bolometric measurements in or-
der to provide a reliable radiation profile for transport calculations. Considering that
ELMs flush out impurities and lead to a reorganisation of plasma profiles at each crash,
the PIRT model uses the inverse of the ELM frequency as the residence time of impurities
at the pedestal. The validity of this assumption was verified by modelling the evolution
of the impurities and radiation with ASTRA coupled to STRAHL.

Transport analyses taking into account the spatial radiation distribution were performed
for nitrogen seeded discharges and for discharges where N was combined with Kr and
He. These confinement studies provide the following results:
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N concentrations induce higher pedestal temperatures whilst keeping the density un-
changed and therefore leading to higher pedestal pressure. Understanding the increase
in the pedestal temperature and the link to pedestal stability is currently a major chal-
lenge in this field. A further confinement improvement can be obtained by increasing the
triangularity. Likely this reduces fgrys leading to a density increase.

The transport analyses conducted here indicate a strong role of the profile stiffness in
setting the temperature profile features, as the pedestal improvement obtained with N is
propagated to the core via stiffness. Hence, also with impurity seeding the edge temper-
ature is an essential parameter of the profile behaviour and consequently for the global
confinement.

The ELM frequency is key in controlling impurity concentrations in the plasma. In the
N+Kr phases analysed here fgrp is reduced due to the Kr radiation inside the pedestal
which reduces the heat power flux through the separatrix. With a lower fgry the N con-
centration in the plasma increases. This is interpreted here as a result of the weaker impu-
rity flush out due to a lower frry. The higher N concentration in the plasma leads to fur-
ther confinement improvement than obtained with only N as long as the Kr concentration
is kept low enough such that fr;js remains high enough to avoid impurity accumulation
in the confined region. The avoidance of a radiation collapse due to excessive impurity
accumulation requires accurate control of the Kr concentration in the plasma. This thesis
provides an estimate of the Kr concentration simulating its source in STRAHL and com-
paring it with bolometry measurements. This method offers an estimation of the amount
of Kr above which the discharges terminate in a radiation collapse. However it would be
desirable in the future to have spectroscopic measurements of this impurity. It would be
also useful to identify the impact of Kr on confinement and on the critical fgr) without
N. A modelling approach could be applied to estimate the critical fg;ys below which Kr
accumulates, as was performed for W in the modelling section of this work.

Discharges with N+He are characterised by higher frr). Here the increase of frry in-
duced by the presence of He leads to a reduction of the N concentration in the plasma
reducing its beneficial effect and thus reducing the plasma performance. The analysis
reveals that the width of the ion temperature profile is larger in the N-only phase than in
the N+He phase. However, the ion core temperature in the N+He phase returns to the
reference values suggesting also a contribution to degradation coming from the confined
region. A slight increase in the ion heat diffusivity is found which is however not sufficient
to account for the observed degradation. Since the case analysed here are complicated by
the presence of nitrogen, experiments with He only are recommended to identify the ex-
tent of the He impact on energy fusion performance.

In light of the aforementioned findings, edge localised radiation losses do not impact the
global confinement as along as the H-mode pedestal is sustained, whereas central radia-
tion must be taken into account and kept at a level which is significantly lower than the
local heating power density. Even using high-Z radiators, if the core radiation losses are
controlled and the ELM frequency is kept high enough to avoid the radiation collapse, an
even higher confinement than the one obtained with N-only can be achieved. The con-

114



finement improvement when using both low and high-Z radiators might be explained by
an increased nitrogen concentration raising the plasma stored energy by increasing the
temperature at the pedestal. However, since impurities contribute to Z, ¢z, this might indi-
cate that the higher Z, ¢, (independent of the chosen impurity) can also contribute to the
confinement improvement. The effect of Z, sy on the pedestal stability is currently under
investigation [80]. However, the key role of the critical gradient behaviour for the regu-
lation of the profile characteristics suggests that, in addition to a pedestal improvement,
optimisation of fusion performance could originate from acting on the profile stiffness.
This could be achieved for instance through g-profile shaping as currently investigated in
so-called "improved H-modes" or hybrid scenarios.

The analysis of the collected database based on 79 seeded H-mode discharges with dif-
ferent radiators, radiation levels and heating powers shows that a wide range of plasma
parameters was achieved. In particular ITER relevant values for the radiation fraction and
the Greenwald fraction have been achieved keeping Hog close to 1. This is of particular
importance because the working points of ITER and DEMO lie outside the currently used
IPB98 database (on which the scaling is based) for at least these two quantities: radiation
fraction and Greenwald fraction. This work contributes to collect data points in these re-
gions, which are presently sparsely populated, and to the understanding of the underlying
physics.

High radiation modelling

In order to gain a better understanding of the complex physical mechanisms which govern
the behaviour of radiation and impurities in the presence of ELMs, an extensive mod-
elling of the analysed N-seeded discharges was performed. This has been achieved by
coupling the ASTRA and STRAHL codes. These time-dependent simulations include the
self-consistent interplay of heat and particle transport of the background plasma and of
impurities, radiation and transport effects induced at the edge by ELMs. The simultane-
ous evolution of nitrogen and tungsten was simulated for the first time. The experimental
discharge behaviour was reproduced providing only transport coefficients and heat and
particle sources. ELMs are modelled based on the two different assumptions of a diffu-
sive and a convective transport individually. W accumulation at low ELM frequencies was
successfully predicted by both ELMs models. Since the modelling was validated against
experimental data from AUG, a predictive use of the model can be envisaged to determine
the impurity and radiation behaviour of other impurities species and of other devices.

The model underlines the importance of high ELM frequency for the pedestal screening
of the neoclassical inward pinch through exhibiting a radiation collapse when fgry < 10
Hz. This value is comparable to Ref. [97] where W was found to accumulate in AUG
when frry was below 12 Hz. Furthermore, the model demonstrates that W radiation is
highly dependent on fgrys while N exhibits only a weak frr) dependence. A possible
explanation was offered whereby the role of L, and its dependence on 7, is the reason for
the difference in fgr)s dependence. It has also been found that ELM induced transport is
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the main factor determining the N radiation characteristics. Increases in N radiation due to
non-coronal effects are reproduced accurately illustrating the prominence of non-coronal
effects in N radiation. These effects are not important for highly charged impurities such
as W because of their higher ionisation and recombination rates leading to a faster equi-
libration. A comparison between the modelling results and the non-coronal PIRT model
shows that the assumption 7,,s = 1/ fg1um is a good approximation for the residence time
at the pedestal because fgry reflects the impurity residence time through the transport
effects which determine the recovery of the profiles till the next ELM crash. It is crucial
to take non-coronal effects into account in order to correctly estimate the radiation at the
plasma edge.

The peaked nature of the W profile, responsible for its accumulation in the confined re-
gion, is determined by the strong inward pinch which is due to the dominance of colli-
sional radial transport and the high Z. The degree to which W is flushed out depends on
whether the ELM transport has a diffusive or a convective character. Both models exhibit
W accumulation at low fry, however this effect is lower in the convective model. The
diffusive case predicts a broadening and inward shift of the N ionisation stages whilst the
convective model shows a narrowing and outward shift. The latter is consistent with less
localised radiation at the pedestal top and more at the very edge.

From comparison with diode bolometry it appears that only the diffusive ELM model de-
scribes the experimental data for the cases analysed here (with N). This could be due to a
reduction in the number of filaments in the presence of N which would reduce convection.
In absence of N seeding the convection may instead play an important role. Investigating
which ELM model is more suitable in presence of impurities other than N could be an in-
teresting topic of future work. From the experimental point of view, the temporal profile
evolution of the considered impurity could be studied while fg,s is varied.

High density experiments

Operation at high density can be achieved either with strong gas puff which leads to a
reduction of the confinement, or by injection of frozen deuterium pellets such that central
high densities are reached keeping the edge density below the Greenwald limit. The
analysis of the high density experimental data conducted in this thesis has shed light on
three main issues pertaining to this scenario:

Multiple independent processes take place when pellets are injected into the plasma, in
particular a transient drop of the plasma energy at the beginning of the pellet train is
observed. The plasma energy is spent on heating and ionising the pellet cloud. Hence,
the drop in 7, is faster than the density build up. As the density is increased, the plasma
stored energy recovers. This process can explain the observed loss in plasma energy.

During the pellet train the collisionality increases and the NBI deposition becomes off-
axis during the high density due to the weaker beam penetration. This leads to dramatic
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change in R/Lz, and R/Lg,. The transport analysis shows that the temperature profiles are
also stiff under such conditions. Hence, stiffness appears to be a very general property of
the plasma, not only does it characterise the profiles in L-mode and H-mode, but also in
presence of N, Kr, Ar, He and pellets. This is beneficial in order to obtain an increased
fusion output. The question of whether such an off-axis pellet deposition can still lead
to high central densities in order to reach sufficient fusion power is naturally of major
interest. For low collisionality, which is a naturally characteristic of future reactors, such
peaking could be generated by the turbulent particle pinch. The extent to which the heat-
ing power could raise the central temperature may be identified performing experiments
varying the heating power.

A detailed correction of fringe jumps in the DCN data allowed the reconstruction of the
density profiles immediately after the injection of the last pellets. Two different time
scales were identified in this decay phase which are promising starting point for particle
transport studies in transient phases.

Concerning predictions for future devices, the energy confinement time remains constant
at high densities. Hence, the confinement improvement ~ n%*! predicted by the IPB98
scaling is not observed. A scaling which foresees the roll over with respect to the Green-
wald fraction turned out to be more appropriate. The results presented in this thesis can
contribute to the understanding of the underlying physics in high density scenarios.

This work has fulfilled the goal of providing a coherent understanding of some aspects
of the high radiation and high density scenarios. These studies, contributing to the un-
derstanding of the effects of impurities and pellet injection on confinement, provides a
basis for comparison with studies of these effects in other devices. An extension of the
confinement scaling is currently undertaken by the multiple-machine database group. The
recent results of this thesis will contribute to this activity.
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Appendix A

Development of an algorithm for fringe

jump corrections

In chapter 8 it was shown that pellet injection is a powerful tool to reach high densi-
ties. However, the strong transient local perturbations caused by pellets impact several
diagnostics at AUG, in particular the DCN interferometer measurements which provide
indispensable information on n,. In this section the algorithm developed in this work for
fringe jump corrections is presented. As discussed in section 5.3.1, the DCN interferom-
eter measures the phase shift between the reference and detector signals providing a line
integrated measurement of n,. Up to now, the phase shift and the counting of the integer
multiple of 27 have been achieved with two generations of hard-wired readout electronics
[60, 109]. Both sets of readout electronics band-pass filter the raw signals before further
processing them. In the presence of pellets, the two available sets of DCN readout elec-
tronics behave differently: the old one drifts away towards negative density as a result of
not detecting the pellet-related density rise. Whereas the new electronic detects a constant
density increase as a result of massively overestimating the density rise by pellets (figure
A.1 a)). These observations motivated the development of a detection approach based on
the acquisition of raw data and phase reconstruction by software. Hence, raw signals for
all 5 DCN channels for a few pellet discharges have been digitised with a sampling rate of
1 million samples per second. The analysis of the raw signals shows that the injection of
fast and large pellets causes a sudden local density rise (due to the gas sublimating from
the pellet surface) and a drop of the signal amplitude which slowly recovers (figure A.1 b).
This effect is more enhanced for the edge channels. The phase is determined by the zero
crossing of the signal. If a pellet arrives in the plasma, the signal does not cross the zero
line for several oscillations (A.1 b)). This explains the behaviour of both the hard-wired
phase detectors which use zero-crossing detection. All oscillations taking place above the
zero line are cut off so that useful information is lost. Depending on phase counter design,
the temporary lack of zero-crossings is either interpreted as strong density rise or as signal
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perturbation, in whose presence constant density is assumed by default. This leads to the
observed density time traces.
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Figure A.1: a) Comparison between the old and new electronics: while the old electronic (in red)

drifts towards low density values, the new one (black) drifts towards high density
values. b) Raw detector signal of channel H-5 for discharge #28403. Pellet injection
causes a drop of the amplitude. The signal does not cross the zero line for several
oscillations.

The reconstruction of the phase from the raw signals was achieved in the following steps:

The time traces of the raw signal are split into segments of the same length, each
containing at least one full period.

A sinusoid of the form A - sin(wr + ¢) + B is fitted to the signal in each segment
using a Levenberg Marquardt least square method. For the fit initial values for the
amplitude A, the phase ¢ and the offset B are required. These values are provided
by finding the maximum and minimum within a segment: the offset B is given
by the arithmetic mean of maximum and minimum, whereas the amplitude A is
obtained calculating half the difference between maximum and minimum. The zero
crossing provides the phase.

The algorithm iterates until it finds the best fit parameter values which reduce the
RMS of the errors between the measured data points and the calculated sinusoidal
function.

The desired phase shift modulo 27 is determined by the difference between the
fitted phase and the reference phase. For the counting of the integer multiples of
27, the phase variation from one segment to the next is considered to be always
below half a period.

The residue of the fit indicates whether there are any signal perturbations. In normal
conditions, i.e. in absence of pellets, MHD activity or ELMs, the probe signal
is a normal sinusoid and the residue of the Levenberg-Marquardt fit is low. In
presence of one of the mentioned perturbations, the residue of the fit increases.
Each perturbation exhibits a specific fingerprint determining which method has to
be employed for fringe jump correction.
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The effect of band-pass filtering the raw signals, as done by the hard-wired electronics,
has been studied by applying a digital filter algorithm to the raw signals before perform-
ing phase reconstruction. In case of MHD activity the 10 KHz beat signal experiences
a periodic amplitude modulation with a frequency fygp. It has been found that narrow
band-pass filtering is suitable to remove MHD frequencies, provided that fy;gp is not
too close to 10 kHz, but prevents detection of fast density changes. On the contrary, a
broad band-pass is more suitable for pellet disturbances but it restricts the ability of the
interferometer to provide a stable density measurement in presence of MHD activity. The
hard-wired phase counters have a fixed bandwidth and therefore have to make a compro-
mise between both goals. In this situation the advantage of using digital filtering becomes
evident: it allows the adaption of the bandwidth selection depending on the desired object
of analysis. For MHD-quiescent pellet discharges, large bandwidth (or not filtering at all)
provides better results then the output of the the hard-wired electronics for two reasons:
First the detrimental effect of the band-pass filter is avoided. Second, oscillation periods
taking place entirely above the zero line ( = 1.918- 1.9123 s (yellow box) in figure A.1
b)) can be registered by the fitting algorithm, whereas they are lost in zero-crossing de-
tection as applied in the phase counting electronics. The fitting algorithm delivers reliable
results for small medium size pellets. For large pellets, however the perturbations are so
strong that detecting the fast phase change due to pellets seems impossible without any
additional information. In figure A.1 b), for example, phase tracking fails in the time win-
dow r =1.913- 1.917 s (blue box). Therefore, in order to correct the DCN time traces and
provide the density profile for a high-density pellet discharge, a manual post-discharge
approach was used. In the course of this work several attempts were made to manually
correct high-density discharges starting from the density rise caused by the arrival of pel-
lets. The most representative example is given by discharge #29714 illustrated in section
8.1 where 73 pellet-fringe jumps each for 5 channels were corrected. However, an am-
biguity in the correction of channel H-5 still persisted, so that the exact density profile
evolution throughout the pellet phase remains uncertain. The results presented in the fol-
lowing are instead obtained by beginning at the end of the discharge and performing fringe
jump correction backward in time. In order to apply such a method, the discharge must
not terminate in a disruption, nor exhibit perturbative events such as strong MHD activity
after the last pellet. This condition was dubbed "soft-landing". A discharge with a rather
soft-landing, to which this method was applied and the density profile reconstructed, is
discharge #29674.

For this discharge, fringe jump corrections were required due to a minor MHD activity
for the time window t= 7.65 - 7.85 s for all 5 DCN channels (figure A.2 a)). The pellet
phase is excluded because of heavy perturbations of the DCN measurements. After the
last pellet (at 7= 4.21 s) measurements become available again. Since after the pellet train
the discharge returns to its initial conditions, the fringe jump corrections in the post-pellet
phase have been carried out such that they have the same density level as in the pre-pellet
phase. Comparison with similar discharges was also used. After all fringe jumps had been
corrected, an IDA profile based on this DCN data was calculated. The fitting procedure
used to generate IDA profile can verify whether the fringe jumps corrections were indeed
correct. The result, illustrated in figure A.2 b), shows a very good consistency of the DCN

121



APPENDIX A. DEVELOPMENT OF AN ALGORITHM FOR FRINGE JUMP
CORRECTIONS

ra
(s

T
a 29674 b) #29674

o
@
|

i
sH
T

IDA" VTAcore VTAedge (during pellets 4.284 s)

~
T

IDA  VTA core (after pellets 6.038 s)

T
o ™
T T

|
ne(1€20 m-3)

e

Line integrated Density [1019 m™2]

[T = T R S S

0 1 2 é 4‘ 5 6 ¥ 8 9 10 OAO‘“02“‘0.4‘pp‘0|‘0.6“‘0.8“‘1AO
Time[s]

Figure A.2: a) Time traces of the 5 DCN channels corrected for fringe jumps. The gap between

t=2.94 - 4.21s was intentionally not corrected. The important zone is the density

decay right after the gap; b) Comparison between the density profile obtained with

IDA using the reconstructed DCN density and the VTA during the pellet train and

after the pellet train. Note the very good agreement.

LOS with the TS data for both the time windows before and after the pellet train. The
core density reconstructed by IDA gives a record core density of up to 3-ngw. Note that
no measurements are available for p,,; < 0.1. It should be pointed out that this discharge
has been carried out with the old DCN geometry (H-3 instead of H-0, see section 5.3.1).
In the future it would be worth repeating this discharge with the new geometry where
the density in the very core can be measured. Interestingly, after the injection of the last
pellet, it takes about 300 ms until the density effect of the pellets has decayed outside
about p,,= 0.4. Instead, for p,,< 0.4, the density profile is still rather peaked at that
time and it takes further 500 ms until the density in the core is flat again. This means
that two different time scales are involved as discussed in section 8.2.
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