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Abstract

Generating energy from nuclear fusion is an attractive alternative to energy sources that produce
considerable amounts of carbon dioxide or radioactive waste. The currently most advanced
concepts for a fusion reactor are based on magnetic confinement. In future fusion devices
the power deposited onto the divertor target plates can damage them, if not mitigated. The
necessary limitation of the plasma temperature in front of the targets to below about 4eV
can only be achieved by dissipating the fusion power before it reaches the target. In order to
increase the power losses by electromagnetic radiation, impurity species are deliberately injected
(or “seeded”) into the plasma. The seeding of impurities that increase the radiation power from
the region of open field lines, the scrape-off layer (SOL), and the divertor is an established
technique. However, to mitigate the power of devices like the future demonstration power plant
DEMO, the radiation losses from these regions are not sufficient and additional power losses from
the region of closed field lines are required. To avoid a degradation of the fusion performance
and the plasma stability by impurities in the plasma core, the impurity radiation in the confined
region should primarily be located in the edge, close to the separatrix. Currently, efforts are
made to investigate ways to increase the radiation power in the edge and the ways it affects
the core stability. This thesis contributes to these efforts by the analysis of data from neon-
seeded discharges in the currently largest tokamak JET and from numerical simulations of these
discharges with the SOLPS-ITER transport code package.

In many of the neon-seeded JET discharges, phases of a high energy confinement mode without
characteristic periodic edge instabilities (M-mode) were observed. During these M-mode phases
the radiation was concentrated in the edge close to the magnetic null (called X-point). The
density at the steep edge pressure gradient (pedestal) was degraded and the power flux onto the
divertor target plates was reduced (a state called detachment). These three phenomena seemed
to occur simultaneously during the M-mode phases and a correlation among them was assumed.
Furthermore, the neon seeding led to an increase of the core temperature as well as a reduction
of the influx of wall impurities into the core. The comparably low energy confinement time was
caused by the experiments’ setup, but was not further reduced by the neon seeding. The core
and edge radiation powers increased with increased neon seeding, whereas the divertor radiation
power saturated, similar to the total radiative power fraction. Due to the high confinement
mode in conjunction with high radiation powers and detached targets, this regime appears to
be promising with regard to future fusion devices.

To investigate the possibility of a correlation between the phenomena observed during the M-
mode phases numerical simulations were set up in SOLPS-ITER similar to the experiments. In
the simulations the neon seeding rate was ramped up until they became numerically unstable.
Like in the experiment higher neon seeding rates led to an increase in core radiation. Although
the radiation in the edge was increased as well, a pronounced X-point radiator was only found in
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cases that were not converged. At highest neon seeding rates the inner target was in detachment,
but the outer target was not and remained in the low recycling regime. The pressure losses at
the inner target necessary for detachment originated mostly from a region in the divertor close
to the target, whereas the pressure losses in the pedestal were much lower. A lack of divertor
neutral deuterium density due to the core fuelling assumed in the simulations as well as the
neglect of drift effects are discussed to be the main cause for the attached outer target as well as
for the low radiation powers in the simulations. Despite these limitations the simulations could,
at least partly, reproduce key experimental features. Their results imply that under the given
simulation conditions, the correlation between X-point radiator, the drop in pedestal pressure
and detachment of the targets is not as strong as the experiments suggest.
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Zusammenfassung

Kernfusion ist eine attraktive Alternative zu herkdmmlichen Energiequellen, die erhebliche Men-
gen an Kohlendioxid oder radioaktivem Abfall erzeugen. Die bisher am weitesten erforschten
Konzepte fiir einen Fusionsreaktor beruhen auf magnetischem Einschluss. Die in solchen kiinfti-
gen Fusionsreaktoren erzeugte Leistung ist in der Lage, die Targetplatten des Divertors zu be-
schidigen. Daher ist es notig, die Plasmatemperatur am Target unter circa 4 eV zu halten, indem
die Fusionsleistung auf anderem Wege abgefiihrt wird. Dies kann durch das gezielte Einbringen
(engl. seeding) von Verunreinigungen ins Plasma erreicht werden, die zusétzliche Leistungsver-
luste durch elektromagnetische Strahlung hervorrufen. Das Seeding von Verunreinigungen, die
die Strahlungsleistung im Bereich offener Feldlinien, der sog. Abschélschicht (engl. scrape-off
layer), und im Divertor erhohen, ist bereits ein gédngiges Verfahren. Um jedoch die Leistung
zukiinftiger Reaktoren, wie die des zukiinftigen Demonstrationskraftwerks DEMO, abzufiihren,
reichen die Strahlungsverluste aus diesen Regionen nicht aus, und es werden zuséatzliche Leis-
tungsverluste aus dem Bereich geschlossener Feldlinien benétigt. Die Verunreinigungen sollte
hierbei hauptséchlich im Randbereich nahe der Separatrix strahlen, um negative Beeintréchti-
gungen der Fusionsleistung und der Plasmastabilitdt durch die Verunreinigungen zu vermeiden.
Wie die Strahlungsleistung im Randbereich erh6ht werden kann und wie sie den Plasmakern be-
einflusst, ist Gegenstand der aktuellen Forschung. Durch die Analyse von Daten Neon-geseedeter
Entladungen am derzeit grofiten Tokamak der Welt, JET, und aus numerischen Simulationen
dieser Entladungen mit dem Transportcode SOLPS-ITER, tragt diese Arbeit zu dieser Forschung
bei.

In vielen der Neon-geseedeten Entladungen bei JET wurden Phasen einer Mode mit hohem
Energieeinschluss ohne typische periodische Randinstabilitdten (M-Mode) beobachtet. In den
M-Mode-Phasen war die Strahlung im Randbereich nahe des magnetischen Nullpunktes, des sog.
X-Punktes, konzentriert. Die Dichte im Bereich des steilen Druckgradienten am Rand (engl. pe-
destal) war verringert und der Leistungsfluss auf die Divertortargetplatten reduziert (das Target
befindet sich im sog. Detachment). Diese drei Phanomene schienen wihrend der M-Mode-Phasen
gleichzeitig aufzutreten, weshalb ein Zusammenhang vermutet wurde. Das Neon-Seeding fiihrte
desweiteren zu einem Anstieg der Temperatur, sowie zu einem geringeren Fluss von Wandver-
unreinigungen in das Plasma. Die vergleichsweise niedrige Energieeinschlusszeit war durch die
Konfiguration des Experiments bedingt, sie sank aber durch das Neon-Seeding nicht weiter.
Mit zunehmendem Neon-Seeding stiegen die Strahlungsleistungen aus Kern- und Randbereich
an, wohingegen die Divertorstrahlungsleistung in Sattigung ging, dhnlich dem Anteil der Ge-
samtstrahlungsleistung. Aufgrund des hohen Einschlusses in Verbindung mit hohen Strahlungs-
leistungen und der Targets im Detachment erscheint dieses Regime im Hinblick auf zukiinftige
Fusionsreaktoren vielversprechend.

Um zu erforschen, ob die wiahrend der M-Mode-Phasen beobachteten Phénomene zusammen-
héngen konnten, wurden, in Anlehnung an die Experimente, numerische Simulationen mit dem
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Transportcode SOLPS-ITER durchgefiihrt. In den Simulationen wurde die Menge geseedeten
Neons erhoht, bis sie numerisch instabil wurden. Wie auch im Experiment fithrte hoheres Neon-
Seeding zu einem Anstieg der Strahlung im inneren Plasma. Obwohl die Strahlung im Randbe-
reich ebenfalls anstieg, konnte ein ausgeprigter X-Punkt-Strahler nur in Simulationen beobach-
tet werden, die nicht konvergiert waren. Bei hochsten Mengen an Neon-Seeding war das innere
Target im Detachment, nicht jedoch das duflere, welches im Niedrig-Recycling-Regime verblieb.
Die fiir das Detachment notigen Druckverluste am inneren Target stammten {iberwiegend aus
einem Bereich des Divertors nahe des Targets; die Druckverluste im Pedestal hingegen waren
deutlich niedriger. Ein Mangel an Deuterium-Neutralteilchen im Divertor, bedingt durch die
in den Simulationen angenommene Versorgung iiber den Kern, sowie die Nichtberiicksichtigung
von Drifteffekten, werden als Griinde fir das nicht auftretende Detachment am &dufleren Tar-
get sowie die niedrigen Strahlungsleistungen diskutiert. Trotz dieser Einschrinkungen konnten
die Simulationen zumindest teilweise wichtige Eigenschaften des Experiments nachbilden. Thre
Ergebnisse legen nahe, dass unter den gegebenen Simulationsbedingungen der Zusammenhang
zwischen X-Punkt-Strahler, Einbruch des Pedestaldrucks und Detachment nicht so stark ist, wie
das Experiment vermuten lasst.
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1 Introduction and Basics

In the past 50 years the world’s energy consumption has more than doubled [1] and is projected
to further grow in the upcoming decades [2]. To avoid severe consequences arising from global
warming it is imperative to curtail the emission of COy [3] and hence transition away from fossil
energy sources. It is currently discussed if and how it is technically and economically feasible
to generate the world’s entire energy supply from carbon-free energy sources (e.g. in [4, 5] and
[6]), in particular from renewable sources like solar, wind, hydro, or geothermal energy. In this
light the construction of nuclear fusion power plants might be suitable, especially to provide a
base load which so far is being generated by power plants based on carbon or nuclear fission.
In contrast to the latter, a nuclear fusion power plant does not emit COo, is inherently safe to
operate, and produces significantly less long-lived radioactive waste than a fission reactor (cf.
[7, ch. 1.5] and references therein).

1.1 Nuclear Fusion

Nuclear fusion naturally occurs in the Sun and other stars [8]. In a fusion process two light nuclei
form a heavier nucleus. The mass difference between the educts and the products is released as
energy. This energy as well as the heavier nuclei up to 59Fe that were bred in long gone stars are
the basis for life on Earth. In order for the strong interaction to act, the nuclei have to tunnel
through the Coulomb barrier. This requires high kinetic energies of the nuclei, and thus high
temperatures that by far exceed the ionisation energies of atoms. The atoms are hence present
in the plasma state. The nucleus %He, also called alpha particle, has a particularly high binding
energy, which makes fusion reactions producing this nucleus favourable in terms of energy gain.
The predominant reaction in the Sun, the proton-proton reaction chain [9], is not eligible for
a reactor on Earth due to its very low cross-section as a result of the necessity for the weak
interaction to take effect [10, ch. 7][9]. Out of the suitable fusion reactions the reaction

2D+ 3T — 4He (3.5MeV) + In (14.1MeV) (1.1)

has by far the highest reaction rate for temperatures up to some 100 keV. Deuterium can easily
be found in water (natural abundance of deuterium: 0.000 115 [11]) of which is plenty available
on Earth. In contrast to deuterium, tritium is radioactive and decays with a half-life time of
12.32 years [12], rendering its extraction from natural sources unfeasible and its handling and
storage more challenging. One way to bypass these difficulties is to breed the tritium in the
fusion reactor’s blanket from lithium, exploiting the high-energetic neutron created in the fusion
process (Eq. 1.1). The most favourable reaction for this is [13]:
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*Li+ ¢n — 3He (2.1MeV) 4 3T (2.7 MeV) (1.2)

Current experiments are mostly run with only deuterium in order to avoid the enrichment of
radioactive material in the components by tritium itself or neutron bombardment of the plasma-
facing components.

The quotient of the thermal power gained by nuclear fusion Py (not to confuse with the electrical
power gain) to the external heating power Peyy

o Prys
P, ext

Q (1.3)

must be larger than 1 for a reactor to produce net energy. Considering that in reaction Eq. 1.1
80 % of the fusion power is transported away by the neutrons, @Q must at least be 5 in order to
produce energy. The reactor reaches ignition when it is able to sustain its temperature only by
the internal heating power of the alpha particles (P,) created in the fusion reaction, i.e. when
Poyt = 0 and @ — oo. Up to this date the maximum value in a fusion experiment is Q) = 0.64,
which was achieved during the 1997 JET deuterium-tritium campaign [14].

The conditions necessary for ignition can be estimated using the Lawson criterion (originally
introduced in [15]; derivations of modified forms can be found for example in [7, 16-18]). The
ability of a plasma device to confine the energy is represented by the energy confinement time

_ Win
Ploss - thh/dt

TE (1.4)

in which all the plasma’s thermal energy Wy, = [, % (neTs + n;T3) AV ! is completely dissipated.
In a fusion plasma the simple power balance Peat = Peat + Pa = Plogs must be fulfilled. In the
case of an ignited plasma P.yt = 0 and the relation P, > Py results in the triple product

_ 1272
n-T- -1 >
(ov) €q

(1.5)

with 7 and T being the average density and temperature, (ov) the reaction rate coefficient and
€o the energy carried by an alpha particle after the reaction. The resulting curve (see Fig. 1.1)
has a minimum at around 7 = 15keV, i.e. ignition is easiest to achieve at this temperature
under the condition

94 €V'S
0% 7

n-T-m5>3-1 (1.6)

While in inertial confinement fusion [19] it is tried to satisfy the Lawson criterion by compressing
the plasma with lasers to densities in the orders of magnitude around 1 x 1032 m™3 at very low

INote that in plasma physics temperatures are usually given in eV, hence the Boltzmann constant kg is omitted.
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confinement times of around 1 x 10712 s [20], magnetic confinement fusion operates at lower den-
sities of around 1 x 102° m~2 and confinement times around 1s. In this thesis only magnetically
confined plasmas are treated.

Fusion is taking place in a temperature range where the involved gases are in the plasma state and
can thus be manipulated using electromagnetic fields. In order to reduce the losses of particles
and energy occurring at the ends of linear devices [21, 22], the principal component of today’s
most advanced configurations for magnetic confinement is a toroidally closed magnetic field.
To avoid particle losses by drift effects, an additional poloidal field component is necessary (see
Fig. 2.1 and Fig. 2.2). While in stellarators this poloidal magnetic field is generated by the shape
of the three-dimensional field coils [23], in tokamaks it is created by the induction of a toroidal
current through a central solenoid [18] (see subsection 2.1.1). Since charged plasma particles
follow magnetic field lines, two major areas can be distinguished in a magnetic confinement
device: the confined region in which magnetic field lines are closed in itself, confining the charged
plasma particles and enabling the fusion reaction, and the scrape-off layer (SOL) in which the
open field lines transport particles and heat to the device’s wall with which they intersect. For
the purpose of this thesis the confined region is subdivided in the inner core region and the
outer edge or pedestal region. Most of the current tokamaks are equipped with a divertor (see
subsection 2.1.2), a configuration which allows to divert these fluxes into a region far from the
confined region and onto target plates. The flux surface separating the SOL and the confined
region is then called separatrix.

With a major radius of R = 2.96 m the largest tokamak in operation is JET (Joint European
Torus) [24], located in Culham (United Kingdom). The international experimental device ITER
(R = 6.2m) is currently under construction in Cadarache (France) and foreseen to produce its
first plasma in 2025 and to reach () = 10 in a later stage. Based on the results of ITER, a
demonstration power plant DEMO might be designed and constructed as subsequent step on
the road to a nuclear fusion power plant. In ITER and DEMO considerable amounts of fusion
power will be produced, which raises the issue of its exhaustion.

1.2 Power Exhaust by Impurity Radiation

In future fusion devices like ITER or DEMO the power load onto the divertor target plates has
to be limited due to tight constraints set by the material properties. The power originating
from the confined region must be exhausted before it reaches the divertor targets. This can
be achieved by electromagnetic radiation, which in a plasma mainly occurs in the form of line
radiation from atomic transitions and recombination, and synchrotron radiation/bremsstrahlung
(see section 2.3). The intrinsic radiation power losses of a plasma consisting of deuterium,
tritium, and the produced helium are not sufficient to dissipate enough power by radiation.
Additional radiative power losses can be achieved by the deliberate injection of impurity gases,
so-called seeding, into the plasma. The location in which atoms of a certain species radiate
depends on the temperature distribution. In the core, bremsstrahlung and line radiation of heavy
impurities prevail, in the SOL and in the divertor line radiation and recombination radiation of
light species like deuterium are dominant.
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The fraction of the total heating power (Ppeat = Pao + Pext = %Pfus + Pet) that has to be
dissipated is defined as

Paiss - Pheat — Pdiv,rnax
Pheat Pheat

fdiss = (17)

with Pgiv,max being the maximum power to be deposited onto the divertor target tiles, which
can be expressed as product of the maximum perpendicular power flux density onto the divertor
target tiles with the plasma wetted area:

Pdiv,max = {1 ,div,max * Ager = q1 div,max * Aint - 2R (18)

with Ajp¢ being the width of the target power load and R the major radius. The energy that
is deposited on the target can be reduced through low temperatures and low particle fluxes.
A regime in which the heat flux onto the target and the pressure between mid-plane and the
targets is reduced [25] is called detachment (see subsection 2.4.3). For future fusion machines
detached targets are indispensable.

Table 1.1: Rough key figures of ITER and DEMO for simple power exhaust estimates.

ITER | DEMO |
Pus 500 MW [26] 2GW [27]
P, 100 MW 400 MW
Pexs 50 MW 28] 100 MW
Pheat 150 MW 500 MW 27, 29, 30]
Qdiv,max <10MWm~2  [28] | 5-10MWm 2 31]
Aget 3.5m? [26] 1-2m? [27]
Paiv max 35 MW 5-20 MW
Prad sep 30-50 MW  [26,32] | > 350MW  (see text)
Prad,div/sol | 60-7T0 MW 26] ~100 MW [32]

In Tab. 1.1 the foreseen values that are most relevant for estimating the feasibility of power
exhaust in ITER and DEMO are listed. With these values it can be estimated from Eq. 1.7
that for ITER f4iss must be in the range of 0.60-0.75 [32]. According to Eq. 1.7 the dissipative
power fraction of DEMO must be larger than 0.95 [31, 32]. Such fractions can only be achieved
by additional loss mechanisms of which the most important one is electromagnetic radiation.

While for ITER it is predicted that major parts of Pye.t are either radiated by intrinsic core
radiation (mostly bremsstrahlung) and induced SOL impurity radiation or deposited on the
divertor [26], things will look different in DEMO. Assuming that DEMO has a similar capability
for SOL and divertor dissipation as ITER [32], the radiative power fraction inside the separatrix
alone must be
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nT 1 [keVm3s]

10 T keV] 100

Figure 1.1: Burn curve from the triple product for a pure deuterium plasma (black) and for different
tungsten impurity concentrations (at a helium particle confinement time of 7y, = 5-75). Small amounts of
tungsten can already hinder ignition, which is possible inside the burn curves. Taken from [33, Fig. 7(a)].

Pheat — Pdiv,max - Prad,div/sol

frad,sep = > 0.7 (19)

B heat

The seeding of impurities for the purpose of increasing the SOL and divertor radiation is a well-
researched technique. Seed impurities and their radiation might pose problems in the core region,
though: Additional power losses from the core, especially from high-Z impurities, including e.g.
tungsten from the wall, as well as the replacement of hydrogenic ions needed for the fusion
reaction by low-Z species can lead to conditions that reduce the operational space of a burning
plasma or even render the ignition of the plasma impossible. Additional power loss terms are
to be appended to the divisor on the RHS of Eq. 1.5, a dilution of the core plasma leads to a
decrease of n on the LHS. Both effects result in a deformation of the burn curve [33, 34], as
shown in Fig. 1.1, where the burn curves for various tungsten concentrations and a fix helium
confinement time are depicted. These considerations set strict limits to the allowed amount of
impurity atoms in the core and additionally induced radiation must origin in the edge, close to
the separatrix.

Impurity radiation from the confined region poses not only a limitation to the feasibility of a
nuclear fusion reactor but also causes operational problems. Power losses by radiation can lead
to a transition from a high confinement to a low confinement regime (see subsection 2.1.3). For
a power plant like DEMO the high confinement regime is foreseen [35] and impurity particles
transported towards the core will reduce the fusion performance [34]. Globally or locally high
radiation powers might be stable in some cases, for example the X-point radiator discussed later,
but they can also lead to the growth of instabilities and hence to the disruption of the discharge.
A disruption is characterised by a quasi-sudden loss of the stored energy and the plasma current.
Disruptions are to be avoided at all costs in future devices as they can cause massive damage
to the first wall, the coils, and other mechanical components. Nonetheless, high radiative power
fractions from inside and outside the confined region will be crucial to safely operate such a

future device.
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1.3 Scope and Outline of the Thesis

In recent years, scenarios with high divertor and SOL radiation have been examined extensively,
providing new knowledge regarding their suitability for ITER. The development of scenarios
with high edge radiation for DEMO is yet in an early stage and only few thorough analyses
of corresponding experiments are available. However, many studies performed so far focussed
on single aspects or were conducted on a specific range of discharge parameters. At JET the
new tungsten divertor allows to study new impurity seeding scenarios with relevance for ITER
and DEMO, for example high divertor radiation by nitrogen seeding [36]. The safe operation
of future machines like DEMO, though, requires much higher radiative power fractions and
radiation also from inside the separatrix. At JET the experimental campaigns M13-17 and
M15-20 were dedicated to investigate ways to increase the total radiative power fraction as well
as the impact of the poloidal radiation distribution on the confinement and the plasma stability.
The discharges were performed at high densities and a wide range of heating powers and puff
rates of various impurities (nitrogen, argon, krypton, neon) in order to reach fraq and Pheat/R
values as high as possible [37, 38].

In this thesis the neon-seeded discharges of these JET campaigns were examined with respect
to the characteristics of discharges with strong edge radiation. The analysis of neon-seeded high
radiation experiments was restricted so far to the analysis of only few (or single) discharges at
a time, mostly in similar ranges of heating powers, seeding, or fuelling. In this thesis a more
general approach is taken, evaluating the whole range of heating powers, fuelling, and neon
seeding applied in these neon-seeded high radiation discharges (see Appendix A for an overview
over these pulses). The availability of discharges with different heating powers ranging from 15
to 30 MW allows on the one hand the evaluation of single discharges, e.g. by a comparison of
different time points with few determined parameters varying between them or by a comparison
with other discharges, and one the other hand an evaluation of the complete set of discharges by
the implementation of a small database to reveal correlations not to be seen in single discharges
or a limited set of them. This broad range of discharges allowed to thoroughly examine, among
others, the radiation distribution and its development, the changes in the energy confinement
regime, the power fluxes to the divertor, the impurity content of the plasma, and the plasma
performance.

The experimental evaluations are supplemented by results of SOLPS-ITER [39, 40] simulations,
a numerical tool which couples a plasma fluid code to a Monte Carlo neutral particle code.
Using a set of SOLPS-ITER simulations permits to reproduce trends found in experiments and
explore new correlations that are inaccessible to experimental measurements, including two-
dimensional quantities and neutral particle physics. The simulations created for this thesis show
a radiation distribution similar to the experimentally observed, but with a less pronounced X-
point radiator. The inner target was in a detached state with the majority of the required
pressure loss originating close to the target rather than in in the edge. The outer target was not
in the detached state, which was attributed to strong asymmetries and a lack of neutral particle
density in the divertor.

The following chapters are structured as follows: Chapter 2 deepens the introduction of scrape-
off layer and divertor physics to allow a better insight into the power exhaust problem. The
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physics underlying the SOLPS-ITER code package are introduced in chapter 3. In chapter 4
the tokamak JET (Joint European Torus) and the most relevant diagnostics for the following
experimental analysis are introduced in brief, accompanied by a short summary of divertor
physics results in JET relevant for this thesis. The results of the neon-seeded JET experiments
are presented in chapter 5, first phenomenologically for discharges of different heating powers
and neon seeding strengths, followed by analyses of transport physics and impurity content. The
chapter is completed with a database analysis including all the examined discharges which allows
to depict findings related to density peaking, increasing energy confinement time, neutron rate,
impurity content, and radiation distribution. A correlation between some key observations made
in high heated, high seeded discharges is reported in this chapter. In chapter 6 the results from a
series of neon-seeded SOLPS-ITER simulations are shown, examining the radiation distribution,
the pressure drop towards the targets as well as the main and impurity ion distribution. Finally,
the results of experimental and numerical analyses are summarised in chapter 7 and a conclusion
for radiating regimes in future fusion machines is drawn.



2 Scrape-Off Layer and Divertor Physics

The divertor is a key element for power and particle exhaust in future fusion devices. Interactions
of plasma particles with the wall material as well as with other ionised or neutral particles
take to a particular degree part in the divertor. This chapter will first introduce the basics
of divertor tokamaks, followed by a discussion of the plasma-wall interactions and volumetric
processes. The basic divertor regimes are introduced, one of which is the so-called detachment
which is characterised by reduced particle and heat fluxes to the divertor and which is hence
the preferred regime for future reactors. Recent findings of experiments and simulations with
detached divertor, impurity seeding, and high radiation are presented. Finally, the aspects most
relevant for this thesis are briefly summarised.

2.1 Divertor Tokamaks

This section introduces the basics of the tokamak principle, along with its most relevant quanti-
ties and phenomena (subsection 2.1.1), the widely-used divertor configuration and its magnetic
topography (subsection 2.1.2) as well as the high confinement mode (subsection 2.1.3).

2.1.1 The Tokamak Principle

In a magnetic field a charged particle is forced onto a gyrating motion perpendicular to the field.
Its parallel velocity component, however, is not affected by the field, which allows to confine a
plasma by a closed magnetic field. Due to the closure of the magnetic field, a magnetic con-
finement device typically is shaped like a torus. One major magnetic confinement configuration,
and currently the most researched, is the tokamak.

Figure 2.1 shows the magnetic field components in a tokamak: The toroidal magnetic field By
(toroidal green arrows) is created by the toroidal magnetic field coils. Since inboard the coils are
closer to each other, the magnetic field strength is higher. From Ampere’s law the dependency
By < 1/R can easily be derived [18, ch. 3.1]. The inner side is therefore referred to as high-field
side (HFS), while the outer side is called low-field side (LFS). R denotes the major torus radius,
while in the following r shall denote the minor radius of the torus and a the minor radius of the
last closed flux surface (LCFS, see below). The aspect ratio is given by R/a.

The differences in the magnetic field strength between LFS and HFS give rise to drift motions
of the particles in vertical directions, resulting in a poloidal charge separation. To compensate
such a charge separation, an additional poloidal magnetic field has to be introduced, which
leads to a twisting of the magnetic field and along the field lines to Pfirsch-Schliiter currents
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Figure 2.1: Basic principle of a tokamak: The toroidal magnetic field By, is created by the toroidal field
coils, the poloidal magnetic field By is generated by a current driven I, by the central solenoid. Further
poloidal field coils are used to shape and stabilise the plasma. Figure taken from [41].

that compensate the charge separation. The poloidal field component is generated by running
a toroidal current through the plasma. This plasma current I, (red arrow) is induced by a coil
current in the central solenoid, leading to the formation of an additional poloidal magnetic field
By ~ % [42, ch. 1.3] (poloidal green arrow). The resulting twisted magnetic field B = By + By
(yellow arrows) provides a higher stability. Additional poloidal magnetic field coils are used to
shape and further stabilise the plasma. The induction of the toroidal current requires a steadily
increasing current through the central solenoid. This current is limited by technical restrictions
and tokamaks can therefore not be run continuously, but in pulses (also called discharges or
shots) of some seconds.

Global Tokamak Parameters
An important parameter for plasma stability is

nT

= B2/2p0’

(2.1)

the ratio of kinetic to magnetic pressure. In tokamaks it is in the range of some percent [43]. To
satisfy the Lawson criterion (Eq. 1.6) the density is ought to be high, while the magnetic field
is supposed to be low for economical reasons. Therefore a high 3 is beneficial [44, ch. 3.1.1 ].
High values for 8 can also be achieved by favourable shaping of the plasma. Due to magneto-
hydrodynamic (MHD) instabilities there is an upper stability limit to 5 [45] of
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I
< fBp—2- 2.2
B iz (2.2
with 8, = 2.8%. (B, can be compared to normalised values of /3 in the experiment [17]:
B
BN =75~ (2.3)
I,/ (aBy)

This thesis will follow the common convention that Sy is displayed in %.

Since the energy confinement time 7 depends on numerous transport processes [18, ch. 4.1]
an estimate from a first principle model for future fusion devices is unattainable. However, a
scaling over various engineering and physics parameters of current devices can give confident
projections. The most widely used scaling in these days is the IPB98(y,2) scaling [46]. The ratio
of experimentally measured 7 to the value 7gg(y ) predicted by the IPB98(y,2) scaling

TE

Hog(y,2) = (2.4)

T98(y,2)

gives an indication how an experiment is performing in terms of the energy confinement. To
reach @ = 10 in ITER it is required that Hgg(y9) = 1.0 is reached at Sy = 1.8 [47]. In high
radiation discharges the meaningfulness of the IPB98(y,2) scaling might be reduced, though, as
only discharges with fraq < 0.6 were included in the scaling [48].

Another limit to the operational space of a tokamak is posed by the density. From scalings it
was found [49, 50] that an upper limit for the line-averaged density is given by

I

~ P 2.5
naw ~ —5 (2.5)

with ngw being the Greenwald density in 1 x 1020 m—3, I, the plasma current in MA, and a
the minor radius in m. The Greenwald fraction is defined as ratio of the line-averaged density
in the experiment to the Greenwald density: fow = ne/naw.

Disruptions

Reaching an operational limit such as the Greenwald limit can lead to a sudden end of a plasma
discharge in a disruption [51, 52][18, ch. 7.7-7.9]. During a disruption the plasma confinement is
lost, leading to high heat and particle loads on the walls as well as to a loss of the plasma current,
which in turn induces magnetic and mechanical forces into the tokamak and its structure. Both,
enormous heat and particle loads onto the wall, and high mechanical forces are very undesirable
in fusion devices.

10
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Close to the density limit a further increase of density leads to increased power losses by impurity
radiation, analogously an increase of the impurity concentration will have the same result. Due
to temperature, density, and impurity distributions the radiation will first increase toroidally
symmetrical at the plasma edge, localised in a poloidal region of low temperature and high
density, as a so-called MARFE (Multifaceted Asymmetric Radiation from the Edge) [53][7,
ch. 3.5]. A MARFE can be unstable as the low temperatures in a MARFE cause a further
increase of radiation as well as a local increase in plasma resistivity. As a consequence, the
plasma current moves away from the edge and towards the core. This permits the development
of MHD mode instabilities and finally the disruption. Around the X-point, however, stable
MARFE-like regions with high radiation powers have been observed.

Also a drop of the heating power Pjeat below the total radiation power Pag ot can lead to a
disruption. This can be caused in experiment by the temporal, mostly partial breakdown of
the external heating systems. If the duration of this breakdown is, however, lower than 7w, a
disruption can be avoided.

Field Lines and Flux Surfaces

The magnetic field consists of a toroidal component By and a poloidal component By which
leads to the field lines being twisted. Their poloidal position will hence not be constant on
their course around the torus. A magnetic field line can be represented by the entire surface of
constant magnetic flux on which the field line lies. A poloidal cross-section of a tokamak (like
in Fig. 2.2 for JET) shows the nested surfaces of constant poloidal magnetic flux . Charged
particles move on these flux surfaces, parallel to the magnetic field lines, and are only transported
in perpendicular direction by collisions with other particles (classical/neoclassical transport) or
by turbulence (anomalous transport). The magnetic field lines that intersect with a plasma
facing component (PFC) are called open field lines, while the field lines that don’t are called
closed field lines. In between these two areas is the last closed flux surface (LCFS).

In experiment the normalised flux coordinate

v — \I"axis

2.6
\I’sep - ‘Ilaxis ( )

Ppol =

with W, being the flux at the magnetic axis and W, the flux at the separatrix is often used
as a coordinate to assign the flux surfaces coordinate values between ppo = 0.0 at the magnetic
axis and ppol = 1.0 at the LCFS. Sometimes also as pg, using the toroidal flux. The horizontal
plane through the magnetic axis is called the mid-plane.

2.1.2 The Divertor Configuration

Magnetic fusion devices are currently primarily operated in two magnetic configurations: the
limiter and the divertor configuration [42]. In the limiter configuration the LCFS is determined
by the intersection of the magnetic field lines with the material surface of the wall or limiters,

11
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Divertor Configuration
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Figure 2.2: Poloidal cross-section through JET divertor configuration with the magnetic flux-surfaces
(blue). The last closed flux surface, the separatrix (red), subdivides it into the confined region with closed
field lines and the scrape-off layer with open field lines (SOL, green area). To distinguish the central area
of the confined region with low tolerance for impurity concentration and radiation losses from the outer
area which is preferred for radiation, in the framework of this thesis they are called ”core” (orange area)
and ”pedestal area” or "edge” (yellow area). Note that these definitions might vary from such found
in other sources and that the sharp separation between core and edge is only for illustrative purposes.
The area with open flux surfaces below the X-point (purple area) is called private flux region (PFR).
The divertor region is indicated by the black box, but is usually not precisely defined. The divertor
configuration shown here and used in all experiments analysed in this thesis has the strike points on the
vertical divertor target tiles (VV configuration).

which were toroidally installed specifically for this purpose. Due to the high particle and energy
flux onto these surfaces, the surface material might be damaged, but more importantly material
particles extracted from the limiter by sputtering [54] as well as helium from fusion processes and
other impurities that recombined at this limiter surface can efficiently enter the confined region
and pollute the plasma, with negative consequences for the fusion performance and plasma
stability (see section 1.2).

In the divertor configuration the location of plasma-wall interaction is moved to a divertor region
far away from the LCFS in order to reduce the plasma-wall interaction and impurity influx into
the confined region. This is done by applying additional poloidal fields in a way that the LCF'S,
which in a divertor configuration is called separatrix, is no longer defined by its contact with
the wall but rather by the shape of the field itself (see Fig. 2.2). The lower temperatures in
the divertor are beneficial for the reduction of sputtering impurities (see section 2.2). Since the
plasma-wall interaction does not take place in close proximity to the confined region, impurities

12
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cannot directly enter the confined region anymore, no matter if they originate from sputtering,
recycling at the wall, or deliberate seeding. Instead the higher neutral pressures in the cold
divertor are assumed to facilitate a more efficient pumping of impurities and helium ash [55].
The spatial distance between the origin and the deposition location of power allows further to
remove power by volumetric loss processes (see section 2.3) more easily.

The magnetic null point that forms in a divertor configuration, i.e. where the poloidal magnetic
field is zero, is called X-point. Usually, modern tokamaks can be operated with one X-point being
located in the lower half of the poloidal cross-section (lower single null, LSN), in the upper half
(upper single null, USN) or with both X-points being located within the first wall (double null,
DN). The intersection points with the wall (the so-called strike points) are located on target tiles
which are specifically designed to withstand high heat loads. The magnetic field lines leading
from the X-point to the strike points are called divertor legs. On their way to the targets the
flux surfaces’ radial distance and hence the area of a flux tube changes (flux expansion). Below
the X-point an area with open field lines is formed, named private flux region (PFR). A measure
for the shape of the poloidal cross-section is given by the so-called triangularity J, which denotes
the horizontal distance between the magnetic axis and the X-point (see e.g. [56] or [18, ch. 14.14]
for a more detailed definition).

In modern plasma experiments the divertor configuration is predominant. The limiter config-
uration is often used nonetheless, especially during the ramp-up phase of a plasma discharge.
While current devices are mostly operated with a single-null divertor, alternative geometry con-
cepts like the snowflake divertor [57] with additional divertor legs or the super-X divertor [58],
with one leg being extended to allow increased flux expansion and stronger spatial separation
of the strike point from the plasma in the confined region, are currently being discussed and
implemented in experiments for further investigation [59-61].

2.1.3 H-mode

In the ASDEX tokamak, the predecessor of ASDEX Upgrade, it was found that exceeding a
threshold heating power leads to a transition to a regime with high confinement [62], the so-
called high confinement mode or H-mode, in contrast to the regime before this transition which
is called low confinement mode, or L-mode. The H-mode was since observed and examined in
many other major magnetic fusion devices.

The transition from L-mode to H-mode can typically be detected by the formation of an edge
transport barrier [63, 64], resulting in an increase of density and temperature gradients in the
edge. As a consequence, a pedestal forms on which the stiff core profiles [65] seem to lie, thus
elevating the core values (see e.g. Fig. 5.9 for L-mode and H-mode profiles of a neon-seeded
discharge treated in this thesis). The formation of the edge transport barrier is assumed to be
related to the suppression of turbulent transport by shear flows [66, 67]. It is envisaged that
ITER [68] and DEMO [69] are operated in H-mode.

There is no consistent theory to derive the L-H transition threshold power Py which the power
over the separatrix
PSOL = Psep = Pheat - Prad,sep (27)

13
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has to exceed in order to reach H-mode. Therefore, it is usually derived from scaling laws
that set the H-mode transition power in relation to physical and mechanical parameters of a
multitude of discharges. The currently most widely used multi-machine scaling is the Martin
or ITPA scaling [70], but also other scalings are used, depending on the specific machine or the
parameter range to examine, e.g. [71-73]. It should be considered that the data used to derive
such scaling laws can be restricted to certain parameter ranges or regimes. The I'TPA scaling for
example includes only data points with fi.q < 0.5 and should therefore be treated with caution
when applying it on high radiation discharges.

The transition to H-mode can also be triggered by sawteeth. A sawtooth oscillation is an insta-
bility arising close to the magnetic axis, characterised by a slow increase of the core temperature,
followed by a rapid decrease (hence the name) [18, ch. 7.6][22, ch. 5.3.3]. In the outer core re-
gions the contrary is observed: a drop in core temperature leads to a heat pulse, which can also
trigger the transition into the H-mode.

In the H-mode characteristic magnetohydrodynamic instabilities in the edge lead to a periodic
collapse of the pedestal [74, 75]. Due to the release of energy and particles into the SOL
concomitant with these edge localised modes (ELMs), they pose a threat for the wall and the
divertor target material. In future fusion devices ELMs will have to be mitigated (like in ITER
[68]) or completely avoided (like in DEMO [29]). ELMs are commonly categorised as type I, type
II, and type III according to their frequency, their impact on the energy confinement, and other
experimental characteristics [7, 75]. Type III ELMs for example are typically observed close to
the L-H power threshold. High-frequent type III ELMs have smaller amplitudes than type I
ELMSs, which typically have large amplitudes but lower frequencies [18, ch. 7.17]. The energy
confinement times of a type III ELMy H-mode is decreased with respect to type I ELMs, though.
Type I and type III ELMs can be distinguished by an increase (type I) or a decrease (type III)
of their frequency at an increase of heating power [75]. For type III ELMs, which typically
occur close to the L-H transition, this can lead to an ELM-free H-mode phase. However, such
a variation of heating power is not always feasible and in the case of strong radiation from the
confined region also difficult to judge.

A regime found intermediate between L-mode and H-mode is the M-mode. An M-mode is a
weak ELM-less H-mode regime found at JET [76, 77]. It can typically be observed right after an
L-H transition. In an M-mode a typical n = 0, m = 1, with n, m being the toroidal and poloidal
mode numbers, magnetic oscillation can be observed in pedestal, scrape-off layer, and divertor
measurements [78]. It has to be distinguished from type III ELMs which are less periodical than
the oscillation associated to the M-mode [78, 79]. The M-mode is similar or equal to plasma
states close to the L-H transition described in other experiments, e.g. at ASDEX Upgrade it is
called I-phase [80, 81], at EAST [82], and HL-2A [83] it is described as a Limit Cycle Oscillation.
The I-phase appears prior to all L-H transitions and exhibits oscillations which are considered
to be related to type III ELMs [84]. M-mode and I-phase are widely considered identical [78,
79, 85]. For the present study the M-mode is considered to be indicative for a situation where
the power flux through the separatrix is close to the L-H threshold power.

It was observed in experiment that a maximum density exists for which the H-mode is still able to
exist [86-88]. This maximum is typically found at Greenwald fractions of 0.8-1.1. Approaching
this H-mode density limit leads first to a transition from type I ELMs to type III ELMs or
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to a phase of dithering between H-mode and L-mode. In contrast to the Greenwald limit, the
H-mode density limit does not lead finally to a disruption, but to a back-transition into L-
mode. Even though phenomena like detachment or strong radiation close to the X-point were
observed as well in vicinity of the H-mode density limit, they do not seem to be the cause for
the back-transition from H-mode to L-mode [86-88].

2.2 Plasma-Wall Interaction

The interactions between plasma particles and wall material are fundamental for the operation of
fusion experiments as they heavily impact the power and particle balance: the walls constitute a
major power sink and a source for fuel and impurity particles. This section therefore introduces
several aspects of plasma-wall interaction, namely the sheath in subsection 2.2.1, the recycling
and sputtering of particles from the wall into the plasma in subsection 2.2.2, and the limit to
power deposited onto the wall material in subsection 2.2.3.

2.2.1 The Sheath

Due to the higher electron thermal velocity, an electric potential forms close to the wall. Within
a region of the size of some Debye lengths, called the sheath, this potential accelerates ions

towards the wall while electrons are repelled. According to the Bohm criterion [89-91] the ions

Te+7—’l
mi

However, the total power density deposited onto the target not only originates from the power

enter the sheath at velocities equal to or larger than the ion sound speed vse > ¢5; =

transmitted through the sheath with a sheath heat transmission coefficient v ~ 7-8, but also from
ions recombining at the targets, thus depositing their binding energy on them [17, ch. 16.2.3]:

Gtot = (’}’Tt + Wrec) It (28)

From Eq. 2.8 it becomes clear that reducing only the target temperature is not sufficient in order
to reduce the heat flux density but also a reduction of the total particle flux I'y is necessary.

2.2.2 Recycling and Sputtering

Depending on the initial energy Fy of an atom or ion striking the wall, it undergoes either
a reflection with energy £ < Ep, an adsorption at the surface or an absorption in the upper
layers of the wall and subsequent re-release into the plasma with a thermal velocity according
to the wall temperature, or an absorption at deeper layers of the wall where it will be trapped
(retention) [42, ch. 3]. In the first two cases an incoming ion is most likely to be re-emitted as a
neutral since the wall is charged negatively due to the higher electron thermal velocities. This
process is called recycling. In most cases the recycling flux from the walls constitutes the major
particle source of the plasma.
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In all of the above cases the particle transmits parts of its initial energy to the wall atoms. The
energy transferred in a collision between plasma and wall particle can exceed the binding energy
of the material’s atomic lattice and hence single wall atoms be extracted from the wall [92,
ch. 6]. This process is called physical sputtering. A measure for the sputtering is the sputtering
yield Y which denotes the number of sputtered particles per incoming particle. In the case of
physical sputtering Y (Ey, M1, Ms) depends on the impact energy as well as the masses M 2 of
the involved particles. Physical sputtering has only a low dependency on the wall temperature.
Generally, the physical sputtering yield for deuterium is lower the heavier the wall material
atoms are. Even though the physical sputtering yield is higher for incoming impurity ions with
a higher mass, the seeding of impurities can be necessary in order to reduce the impact energy
and the number of deuterium ions impacting onto the wall and hence reduce the sputtering of
tungsten particles which can migrate into the core and put the plasma stability at risk. This is
the case in the discharges examined in this thesis.

Chemical sputtering instead denotes the overcoming of the wall atom’s binding energy by a
chemical potential and the formation of molecules including wall and plasma atoms [54]. Espe-
cially in machines with carbon walls, the formation of hydrocarbons can strongly contribute to
the introduction of wall impurity atoms into the plasma. Chemical sputtering can take place
at low impact energies, depends strongly on the wall temperature, and the chemical sputtering
yield can reach the same orders of magnitude as physical sputtering. The chemical sputtering
yield decreases with increasing ion flux onto the wall [93].

Especially sputtered wall particles which got ionised and transported again towards the wall can
sputter more efficiently, the so-called self-sputtering. The re-deposition of sputtered material,
also at other than their original position, and also co-deposition of hydrogenic plasma particles,
which in a fusion experiment includes tritium, are possible. Due to its low sputtering yield at
typical edge temperatures, tungsten is foreseen as divertor material in ITER [94] and was tried
in many current machines like JET or ASDEX Upgrade in the past decade. It often replaced
the previously widely-used carbon, which also has the disadvantage of binding radioactive tri-
tium in hydrocarbon molecules, despite the harm it might create in terms of radiation (see
subsection 2.3.2).

2.2.3 Power Deposition Limit

In the development of the divertor in future machines, the peak heat flux density onto the
divertor target is one of the most relevant quantities. In order to avoid damages to the target, e.g.
by sputtering, melting or evaporation, the peak power flux has to be limited. It is distinguished
between the steady state heat load and the transient heat load which includes temporarily higher
fluxes due to ELMs or disruptions, which are to be mitigated or avoided in future machines
for this reason. Current tungsten targets in development for ITER are capable of tolerating
peak power fluxes up to 10 MW /m? (steady state) and 20 MW /m? (slow transient heat load).
For DEMO similar values are assumed with an active cooling by water or later maybe helium
[95] of the divertor target material. An overview over the material science behind the target
development is provided in [96]. However, in the case of DEMO the material additionally has
to withstand the bombardment of neutrons and radiation. This irradiation can cause further

16



2 Scrape-Off Layer and Divertor Physics

damages to the targets and enhance existing erosion mechanisms. The radiation power flux
density in the divertor is estimated to be below 2 MW /m? [31] (or even below 1 MW /m? [97]),
the power flux by neutrons around 1 MW /m? [31]. Including some security margin, this reduces
further the tolerable steady state heat load to about 5 MW /m? which requires high radiative
power fractions.

2.3 Volumetric Processes

Tonised and neutral particles not only undergo reactions with wall atoms but also amongst
each other. They constitute source and sink terms for the particle densities (including the
various charge states), momentum, and energy, and therefore determine the (local) state of a
plasma as well as the radiation characteristics. This section briefly introduces the different
types of ion-neutral interaction in subsection 2.3.1 and the ways in which a fusion plasma emits
electromagnetic radiation in subsection 2.3.2.

2.3.1 lon-Neutral Interactions

In a fusion plasma the following reactions have to be considered:

o Jonisation/Excitation: The impact of a free electron can either remove another bound
electron from a neutral or partially ionised atom or excite it from a lower-energetic level
to a higher-energetic level [98].

e Recombination: The recombination of an ion and an electron to a neutral or partially
ionised atom takes effect in three different ways [99, ch. 54-55]: radiative recombination,
dielectronic recombination, and three-body recombination. Due to the continuous kinetic
energy distribution of the electrons also the emitted radiation is continuous [100].

o Charge Exchange: At the collision of an ion and a neutral atom the ion can strip one of
the valence electrons from the atom, incorporating it in one of its energy states.

e Molecular Physics: Molecular reactions include dissociation of a molecule, dissociative
ionisation, molecular ionisation, dissociative recombination, and dissociative excitation

[18, ch. 9.6].

The reaction rates of these collisional reactions can generally be represented as

SZ' = Nning <UZ"U> (2.9)

where S; denotes the rate density of process i (in m™3s™!), (o;v) its temperature-dependent
reaction rate coefficient (in m3s~!, see Fig. 2.5), and n; and ns the densities of the respectively
involved species. The rate densities can also be interpreted as source or sink terms, which
plays an important role in coupling codes which separately calculate the fluid equations and the

17



2 Scrape-Off Layer and Divertor Physics

neutral particles. In coupled numerical simulations, elastic collisions between plasma particles
are treated in the fluid equations, e.g. as friction forces. However, elastic collisions between
neutral and ionised atoms also create friction and viscous forces [18, ch. 5.4]. Neutral-neutral
collisions can be ignored in current divertor plasmas [101].

2.3.2 Plasma Radiation

The sources of electromagnetic radiation, with discrete or continuous spectrum, depend directly
on the population densities that are governed by the interactions introduced above. In particular,
the dominating radiation sources in a plasma are:

o Line radiation: The de-excitation of an electron (spontaneous or by electron impact (di-
electronic recombination) [18, 99, 102]) causes the emission of a photon. The discrete
spectral lines and their profile shapes can be utilised for diagnostic purposes [103].

e« Recombination radiation: see above.

e Bremsstrahlung: An electron that is deflected by the electric field of an ion or partially
ionised atom emits bremsstrahlung. The total power radiated by bremsstrahlung can be
calculated to be [18, ch. 4.25][22]

Py = 5.35- 1075 n2 22 T2 Wm =3 (2.10)

The bremsstrahlung depends strongly on electron density and the effective charge

 YngZ*  YngZ?
S ngZ 0 ne

Zoft (2.11)
with nz being the ion density of the species with charge state Z and assuming quasi-
neutrality for the second equality. The bremsstrahlung spectrum is continuous. In DEMO
bremsstrahlung is foreseen to contribute about 90 MW to the radiation power [35] from
the confined region.

e Synchrotron (cyclotron) radiation: The gyro-motion of charged particles in the magnetic
field leads to the emission of synchrotron radiation. The characteristics of the synchrotron
radiation depends on local quantities, like temperature, density, and magnetic field. For
this reason, synchrotron radiation originates mostly from the region with the highest tem-
peratures, namely the core. Synchrotron radiation power is usually negligible in current
devices and only low in ITER, since the plasma is optically thick to the fundamental fre-
quency of the synchrotron radiation [18, ch. 4.25] and most of the radiation is re-absorbed
by the plasma. It can be used for diagnostic purposes, nonetheless. In future machines,
however, the synchrotron radiation power will be larger due to higher core temperatures
and therefore higher powers will be able to leave the plasma (26 MW in DEMO [35]; it
is even considered as a mean to increase the radiation power with less impurity seeding
[104]).
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The knowledge of population densities of the various charge states of an atomic species can
be used to determine the related radiative emissions. The population densities for each state
and the radiation power can be received from a collisional-radiative model which couples the
rate equations of the various states. The model can assume a wide range of complexity, de-
pending on the underlying assumptions and considered reactions. One of the simplest models
is the coronal equilibrium, which assumes a balance between electron impact ionisation and
excitation, and spontaneous de-excitation and recombination in a system with uniform densities
and temperatures [42, ch. 3.5]. It is assumed that the spontaneous decay occurs on a shorter
time-scale than excitation and that the excitation is only from the ground state [34, ch. 2.1.3].
The coronal equilibrium is independent of the density. However, the coronal equilibri