UNIVERSITA

Tuscia

Universita degli Studi della Tuscia di Viterbo
Dipartimento di Economia, Ingegneria, Societa e Impresa (DEIM)

Corso di Dottorato di Ricerca in
Engineering for Energy and Environment - XXXVI ciclo

Energy load on tokamak plasma-facing components and its
dependence on plasma regimes

s.s.d. FIS/03
Tesi di dottorato di:
Dott. Andreas Redl|
Coordinatore del corso Tutore
Prof. Andrea Facci Prof. Giuseppe Calabro

Co-tutore
Dott. Thomas Eich

Dott. Nicola Vianello

A.A. 2023/24






Das Plasma gegen die Wand fahren.
Dr. Michael Faitsch

(©Andreas Redl






Contents

[Estrattol vii
[Abstractl ix
(1 Why do we need fusion power plants and what are the challenges?| 1
(1.1 _Thermonuclear Fusionl . . . . . . . . . ... ... ... ... ..... 1
(1.2 The tokamak, a magnetic confinement device|. . . . . . . .. ... ... .. 5
(1.3 The H-mode, the foreseen regime for I'T'ER and future fusion reactors . . . 9
(1.4  How to deal with the power exhaust?| . . . . . . .. ... ... ... .... 12
(1.5 'The renaissance of the Type-II ELMy H-mode| . . . . . . . ... ... ... 14
(1.6 Scope of this thesis| . . . . . .. ... .. ... ... ... . ... 16
2 What do we need to describe a plasma?| 19
2.1 The AUG tokamak and its operational capabilities|. . . . . . . . . .. ... 19
[2.2  An overview of exploited AUG diagnostics| . . . . . . . .. ... ... ... 23
2.3 The JET tokamak and its operational capabilities| . . . . . . . ... . ... 32
[2.4  An overview of exploited JE'T diagnostics[. . . . . . . ... ... ... ... 33
[2.5 The SepOS-theory, a novel theory to describe the plasma pertormance{. . . 34
[3 Introduction of the recommissioned calorimetry diagnostics of AUG| 41
[3.1 Hardware update of the entire data acquisition as requirement for the revi- |
| sion of the AUG calorimetry diagnostics| . . . . . ... .. ... ... ... 41
[3.2  The AUG cooling water calorimetry|. . . . . . ... ... ... ... .... 43
[3.3 The AUG wall thermometry| . . . . . . . . . ... ... ... ... ..... 52
[4 A new attempt to achieve the global energy balance in AUG] 63
4.1  The global energy balance of the AUG tokamak|{ . . . . ... ... ... .. 63
[4.2  Validation of the AUG global energy balance assumptions] . . . . . . . .. 72
4.3 The novel attempt on the JET global energy balance] . . . . . . . .. . .. 76
4.4 Implications for empirical scaling laws| . . . . . .. ... ... ... .. .. 82
[> Analysis of SOL properties in ASDEX Upgrade| 83
[>.1 Setup of the high-o discharge database] . . . . . . . . ... .. ... .... 83
[5.2  The distribution of energy loads on AUG in-vessel components| . . . . . . . 86




vi Abstract

[5.3  The evolution of upstream and downstream SOL profiles| . . . . . . . . .. 95
[>.4  Evolution of the breaking point in the SOL density profile] . . . . . . . .. 106
[>.5  Estimation of the parallel conductive heat flux reaching the first wall PFCs| 108
[>.6 The radial filamentary heat transport in high-o discharges| . . . . . .. .. 109
6 Summary| 123
BI_Outlookl . . . . . . . 126

[Acknowledgement)| 156




Estratto

Il concetto di fusione nucleare e visto come una possibile fonte di energia a bassa emissione
di CO,, che potrebbe un giorno sostituire la fissione nucleare e i combustibili fossili. Una
sfida fondamentale per la realizzazione di un possibile reattore a fusione commerciale e la
corretta gestione dei carichi termici sui componenti esposti al plasma.

Questa tesi presenta un’analisi dei carichi energetici sui componenti del deviatore e del
non deviatore nel Tokamak di aggiornamento ASDEX Upgrade (Garching, Germania).
L’impatto dell’aumento del trasporto dei filamenti, che puo dominare il trasporto convet-
tivo radiale nello strato di raschiamento (SOL) verso la prima parete, & studiato utilizzando
plasmi H-mode dedicati con un equilibrio magnetico caratterizzato da un’alta triangolarita
superiore 9, e un’alta elongazione k. Il database presenta una variazione del fattore di si-
curezza q cambiando il campo magnetico toroidale By, e un’ampia copertura nello spazio
operativo di densita cambiando il livello di alimentazione del feed-forward flattop in base
ai colpi. Sono stati acquisiti modi H a bassa densita associati a modi localizzati ai bordi
(ELM) di tipo I e modi H ad alta densita associati a un maggiore trasporto convettivo
radiale. Quest’ultimo scenario € noto anche come regime di scarico quasi-continuo (QCE).
Sono incluse un’analisi delle proprieta dei filamenti e una stima dell’erosione delle prime
componenti della parete.

Come prerequisito per una scalatura affidabile dei carichi energetici in ASDEX Upgrade,
il bilancio energetico globale e stato stabilito utilizzando la calorimetria dell’acqua di raf-
freddamento rivista. Oltre alla calorimetria rivista, per ottenere un bilancio energetico
globale rappresentativo ¢ necessario considerare i contributi della radiazione del plasma e
delle perdite di iniezione del fascio neutro. Sulla base delle nuove conoscenze, il compito
di ottenere un bilancio energetico globale ragionevole e stato ripetuto al Tokamak JET
(Culham, Regno Unito).

Gli esperimenti hanno rivelato che i carichi energetici normalizzati dei componenti del de-
viatore e del non deviatore sono correlati in modo lineare con il parametro di controllo
della turbolenza o4 che definisce la forza del motore di interscambio. La transizione da un
regime QCE ad alta densita a uno scenario ELMy H-mode di tipo I presenta un andamento
lineare coerente. Una generalizzazione della scala ottenuta e stata realizzata estendendo
il database con scariche di aggiornamento ASDEX Upgrade con diverse caratteristiche del
plasma.

Contemporaneamente, sono stati osservati cambiamenti sostanziali dei profili SOL a monte
e a valle. L’ampiezza del flusso di calore nella SOL subisce un significativo allargamento,
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riducendo il picco del flusso di calore e aumentando ’area su cui si deposita il flusso di
calore parallelo. Inoltre, ¢ stata dimostrata una riduzione del trasporto conduttivo paral-
lelo mediante misure con termocoppia, anche se non del tutto coerente con informazioni
simili ottenute da sonde di Langmuir montate a parete. Le misure della pressione neutra
e della densita di flusso neutro nella camera principale indicano un andamento lineare con
oy, mentre per le misure nel divertore ¢ necessaria una diversa dipendenza da gey1 Bior-
Allo stesso tempo, 'ampiezza della spalla di densita valutata da un qualificatore di densita
SOL si satura quando oy supera ~ 0.55 all’interno di questo database. La lunghezza di
decadimento della densita di e-folding A\, che descrive il comportamento della densita nello
strato vicino al raschiamento rivela una tendenza simile.

L’analisi delle proprieta dei filamenti, misurate sfruttando teste di sonda dedicate in
prossimita della prima parete, mostra un andamento lineare comparabile del contributo
convettivo dei filamenti ai flussi di calore e di particelle con 'aumentare di «y. Allo stesso
tempo, e stato identificato che la causa dell’aumento del trasporto filamentoso in modalita
H per gli scenari QCE ¢ un aumento del flusso di particelle, causato principalmente da un
aumento della densita dei filamenti e della frazione di impaccamento. E degno di nota il
fatto che la temperatura del filamento per gli ioni e gli elettroni rimanga costantemente
alta, senza variazioni sostanziali, ogni volta che si raggiunge il regime di alta densita. Un
bilancio di potenza basato su misure di sonda e calorimetria suggerisce che il contributo del
flusso di calore del filamento rimane costante, per lo piu al di sotto del 25 %, per I'intero
database.

La stima dell’erosione grossolana sulla prima parete indica che ’erosione e dovuta ai con-
tributi di fondo e non ai filamenti. Un’erosione significativa e causata solo in presenza di
impurita nel far-SOL. Inoltre, I'erosione lorda sembra saturare quando oy supera =~ 0.55
in questo database.



Abstract

The concept of nuclear fusion is seen as a possible low COy source for power genera-
tion which could one day replace nuclear fission power and fossil fuels. A key challenge
in realizing a possible commercial fusion reactor is the proper handling of heat loads on
plasma-facing components.

This thesis presents an analysis of the energy loads on divertor and non-divertor compo-
nents in the ASDEX Upgrade Tokamak (Garching, Germany). The impact of enhanced
filament transport, which can dominate the radial convective transport in the scrape-off
layer (SOL) to the first wall, is investigated using dedicated H-mode plasmas with a mag-
netic equilibrium characterized by a high upper triangularity ¢, and high elongation x. The
database features a variation in the safety factor ¢ by changing the toroidal magnetic field
Bior and a large coverage in the density operational space by changing the feed-forward
flattop fuelling level on a shot-to-shot basis. Low density H-modes associated with type-
I edge localised modes (ELMs) and high density H-modes associated with an increased
radial convective transport have been acquired. The latter scenario is also known as quasi-
continuous exhaust (QCE) regime.

As a prerequisite for trustworthy energy load scalings in ASDEX Upgrade, the global en-
ergy balance has been established using the revised cooling water calorimetry. In addition
to the revised calorimetry, contributions from plasma radiation and from neutral beam
injection losses need to be considered to achieve a representative global energy balance.
Based on the novel understandings, the task in achieving a reasonable global energy bal-
ance has been repeated at the JET Tokamak (Culham, United Kingdom).

The experiments have revealed that the normalized energy loads of divertor and non-
divertor components correlate linearly with the turbulence control parameter o defining
the strength of interchange drive. The transition from a high-density QCE regime to a
Type-I ELMy H-mode scenario exhibits a consistent linear trend. A generalization of the
achieved scaling has been realized by extending the database with ASDEX Upgrade dis-
charges with different plasma characteristics.

Simultaneously, substantial changes of up- and downstream SOL profiles have been ob-
served. The width of the heat flux in the SOL undergoes a significant broadening reducing
its peak heat flux and increasing the area on which the parallel heat flux is deposited. Fur-
thermore, a reduction of the parallel conductive transport is proven by means of thermo-
couple measurements, although not fully consistent with similar information obtained from
wall mounted Langmuir Probes. The neutral pressure and neutral flux density measure-
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ments in the main chamber indicate a linear trend with oy, whereas for the measurements
in the divertor a different dependence on gey/Bior is necessary. At the same time, the
density shoulder amplitude assessed by a SOL density qualifier saturates when oy exceeds
~ (.55 within this database. The e-folding density decay length A, describing the density
behaviour in the near-SOL reveals a similar trend.

An analysis of filament properties measured by exploiting dedicated probe-heads near the
first wall show a comparable linear trend of filamentary convective contribution to heat
and particle fluxes with ay. At the same time, it has been identified that the cause of
the enhanced filamentary transport in H-mode for QCE scenarios is an increase in particle
flux, primarily caused by an increase of filament density and the packing fraction. It is
noteworthy that the filament temperature for ions and electrons remain consistently high
without substantial variation whenever the high density regime has been achieved. A power
balance based on probe and calorimetry measurements suggests that the filament heat flux
contribution remains constant, mostly below 25 %, throughout the entire database.

The estimation of the gross erosion on the first wall indicates that the erosion is carried
by the background contributions and not by filaments. Significant erosion is caused only
in the presence of impurities in the far-SOL. Furthermore, the gross erosion appears to
saturate when oy exceeds ~ 0.55 within this database.



Chapter 1

Why do we need fusion power plants
and what are the challenges?

1.1 Thermonuclear Fusion

In times, in which the question of environmentally friendly energy supply has not yet been
conclusively clarified, the search for alternative ways of generating energy is inevitable.
Until today, and for the foreseeable future without much change, a considerable part of
our energy is covered by burning of limited fossil resources (oil, natural gas, coal). In
the last 40 years, the worldwide energy demand has more than doubled, with the same
share of fossil resources for energy production [bpb23], and will continue to increase due
to the rising industrialization of so-called newly industrialized countries and third world
countries. This is associated with a continuous increase in emission of so-called greenhouse
gases, mainly CO,. In addition to the climatic changes and damage caused by the increased
fraction of greenhouse gases in the atmosphere, the limited energy resources, colliding
with the increasing global energy demand, are among the greatest challenges since human
recollection. One promising candidate, which could contribute to solve the future human
energy demand, is nuclear fusion.

Nuclear fusion is the physical process in which lighter nuclei fuse into a heavier one by
releasing energy. It thus corresponds to the reverse process of induced nuclear fission in
which a heavy nucleus is split into lighter nuclei. The approach of fission has already been
used for many decades in research, in commercial power generation as well as for military
atomic weapons.

The amount of energy released per fission is about six to seven orders of magnitude greater
than in chemical reactions such as burning of fossil fuels, but nuclear fission also has its
risks. Although no COs; is generated during power generation, the fuel rods are problematic
to handle. These rods consist of highly radioactive uranium, which causes serious damage
to the health of living organisms. Furthermore, the nuclear waste produced by fission
reactions is also still highly radioactive making storage extremely difficult. To date, there
is no suitable concept for the final storage of nuclear waste.
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Nuclear fusion would have the advantage that no long-lived radioactive end products would
be generated and the fusion reaction would be interrupted by slightest changes in its
boundary conditions. The first proof of nuclear fusion was provided by Ernest Rutherford
in 1919 [Rutl9]. In 1920 Arthur Eddington was able to use this process to conclusively
explain the energy production of the sun [Edd20]. Nuclear fission was experimentally
proven in 1938 by Otto Hahn [HS39] and theoretically described a year later by Lise
Meitner [ME39].

The reason, why these nuclear reactions of fusion and fission are possible at all, can be
explained by the binding energy released per nucleon. Protons and neutrons that are bound
(forming an atomic nucleus) are in a more energetically favourable state than free ones.
If the binding energy per nucleon of the resulting nucleus is greater than of the original
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Figure 1.1: Left plot: binding energy per nucleon as a function of the atomic mass number
A [GGGHII]. Right plot: reaction rates for possible fusion reactions in dependence on
temperature [MTT74].

ones, energy is released. Fig. (left plot) shows the dependence of the binding energy
per nucleon. As seen the curve has a broad maximum around an atomic mass number of
about 60. The element with the highest releasing binding energy per nucleon is ®Ni and is
a characteristic separator that divides the graph into two areas: the side to the left of the
maximum characterizes the energy surplus in fusion processes, the side to the right of the
maximum describes the case for fission processes. It can easily be seen that nuclear fusion
releases much more energy per nucleon than nuclear fission. The highest energy gain could
be achieved with the fusion of hydrogen to helium:

H+H—D+v.+e"+0.42 MeV
H+ D —3 He + 7 + 5.49 MeV (1.2)
5He +5 He —3 He + 2p + 12.9 MeV

This reaction chain dominates the energy production processes in the sun, where the tem-
perature of the solar center is less than 1 keV. Four protons fuse to form a helium core and
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release in sum 26.7 MeV of energy in the form of radiation and kinetic energy. However, this
reaction, also known as proton-proton chain, is unsuitable for nuclear fusion processes on
earth, because the reaction rates of the weak interaction involved in this chain are marginal.
Instead, reactions which exploit isotopes of hydrogen and helium could be exploited:

D+ D —j He +n + 3.27 MeV .
5He + D —) He + p + 18.4 MeV (1.5)
D+ T —j He +n+ 17.6 MeV

The quantity reaction rates (opusu) is suitable to identify the reaction with the most
realistic feasibility and can be defined by the following integral [Str18]:

dE, B ops(Ey)e Er/keT (1.7)

(orustt) = \/W /

where u, denotes the reduced mass, E, the relative energy between the fusion partner,
kg the Boltzmann constant, 7' the temperature and op, the fusion cross-section. Fig.
(right plot) shows the reaction rates of potential fusion reactions against temperature,
in keV[] It is easy to see that the reaction with deuterium and tritium has the greatest
potential. It has the highest the reaction rate at the lowest temperature among all possible
reactions and a broad maximum around 50 keV.

Deuterium is present at 0.0156 % of all naturally occurring hydrogen compounds and could
be obtained from seawater. However, tritium is radioactive and does not occur in nature
because of its half-life of 12.3 years Instead, it could be bred from lithium using fusion

neutrons, as suggested in Equ. ) and ((1.9] .

n +§ Li —5 He + T + 4.800 MeV :
n+iLi —5 He+ T +n — 2.466 MeV (1.9)

Equ. (1.8)) is exothermic and Equ. (1.9) is endothermic. Despite the different energy
balance, both lithium isotopes can be used as starting materials for the breeding process.
Both isotopes produce the required tritium as an end product and § Li could be considered
as a neutron multiplier in future fusion scenarios. An isotopic separation is therefore not
necessarily needed. The worldwide lithium resources should be sufficient to cover the
demand for a long time despite the increasing fraction of alternative considerations in
energy generation and the associated storage problems. To achieve the desired fusion of
deuterium and tritium by overcoming the Coulomb potential, temperatures above 10 keV,
about 100 million Kelvin, are required. In this temperature range, deuterium and tritium
are fully ionized and form a plasma. Overall, the total plasma remains still quasi-neutral
(ne = Zin;).

Simply increasing the temperature is not sufficient to achieve the boundaries for earth-
bound nuclear fusion. Further boundary conditions have to be taken into account in order

'In plasma physics, the temperature is defined in eV. 1 eV corresponds to 11605 K.
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to achieve plasma parameters in which the fusion process takes place in a self-sustaining
manner. By assuming a pure plasma consisting of equal fractions of deuterium and tritium
(each %)ﬁ the internal energy balance can be expressed as [Str1S§]:

<g>2<amu>Ea > % toep ZogVT, (1.10)

where the term on the left side describes the generation of heating power density by a-
particles with an energy F, = 3.52 MeV produced in fusion processes and the previously
discussed reaction rate <0Fusu>. The first term on the right side describes the losses due
to transport processes. The stored energy within a pure plasma can be estimated by a
volume integral over the energy contributions of participated electron and ions:

W=W.+W;= / dvg(neTe +niTy) ~ 3VaT, (1.11)
1%

and 7g = PL is the energy confinement time. The second term describes the bremsstrahlung

losses, which are relevant for temperatures above 10 keV. For this contribution, a small
fraction of impurities has to be supposed. Bremsstrahlung is generated by the deceleration
of electrons through coulomb collisions with charged particles. The conservation of energy
is guaranteed by the emission of radiation. The value of cp, is 1.04-10 m3veV /s. Zg is
the effective charge number and is defined as:

2
G = 2 A (1.12)
ne
where the sum considers all ion species. If the energy balance in Equ. satisfies the
inequality, the plasma can burn in a self-sustaining manner. From this equation an ignition
condition for the plasma, known as Lawson criterion (or triple product) [Law57], can be
derived [Str1§]:

_ 127
nl'mg > — (113)
EQ<O'FUSU> — 4CBrZeﬁﬁ

Fig shows the progress in reaching the ignition condition. Above the threshold given
by Equ. , the plasma ignites and burns in a self-sustaining manner. Starting from
the first Soviet tokamaks (T3,..) up to the first Western fusion experiments, a continuous
improvement of the triple product can be seen in the progressing state of research.

In order to assess how close the plasma is to the ignition condition, the quantity @) is
introduced. This parameter is defined as the ratio between the heating power produced by
the fusion reactions Py, and the applied external heating power Pey:

PFus

Q:Pext

(1.14)

2the crossbar denotes the mean value over the plasma volume
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Figure 1.2: Evolution of the triple product for different fusion experiments against tem-

perature [I[PP23D).

If @ = 1, the same amount of power is generated as is injected by the external heating
systems. If the ignition condition is reached, () — oo. Previous fusion experiments have
always delivered a value smaller than 1. The experiment ITER [Bigl9], a project super-
vised by 35 states currently under construction in Cadarache (France), would be the first
magnetically confining fusion experiment which would overcome the break-even point (@
> 1). In optimized scenarios, ITER should achieve @ ~ 10.

1.2 The tokamak, a magnetic confinement device

As already discussed, high temperatures are required in order to create the conditions for
fusion reactions. However, no material is known which could withstand these high thermal
heat loads in steady state. Therefore, the plasma has to be confined in a different manner.
A promising approach is to magnetically confine the plasma by exploiting the controllable
interaction of charged particles with magnetic fields. To avoid large end losses, the plasma
chamber is bent into a torus. The toroidal confinement is provided by a set of toroidal
field coils arranged equidistantly along the torus (blue field coils in Fig. . Since the
toroidal coils are arranged closer on the inner side of the torus (high field side (HFS) than
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Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

JG05.537-1¢

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.3: Sketch of a tokamak. The poloidal field coils are indicated in grey, the toroidal
field coils in blue and the central solenoid in green [PBPOG].

the outer side (low field side (LFS)), it leads to a radial gradient in the toroidal magnetic
field Byo which decreases with increasing radius:

1

Bior B (1.15)
where R denotes a radial coordinate along the major radius. As a consequence, a charge-
dependent drift arises:

2 2
mv] MU\ Bx VB
mag — y 1.16
Umag ( 2% + p 53 ( )

where m denotes the particle mass, ¢ the electric charge and v, () the velocity perpen-
dicular (parallel) to the magnetic field B. The term depending on v, is derived from the

magnetic moment:
2
mui
= 1.17
whereas the term following v|| is caused by the curvature of the magnetic field, which can

be expressed as:

R
~|RP
following the definition of B introduced in Equ. (1.15). The inhomogeneous magnetic
field leads to a charge-dependent drift causing a spatial separation of electrons and ions

VB = B, (1.18)
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producing an additional electric field E. This additional electric field leads to a charge-
independent, global drift forcing the plasma towards the first wall. This additional drift
can be expressed as:

Ex B
VExB — 7 (119)
The plasma is therefore unstable and reduces the required confinement times. To avoid the
arising charge separation, an additional poloidal magnetic field B is superposed, which
leads to a twisting of the toroidal field lines towards helical ones, as seen in Fig. [I.3] In
tokamaks (the tokamak concept was invented by Igor Tamm and Andrei Sakharov, two
Soviet physicists, in the 1950s [Sak58]), this additional poloidal magnetic field is realized
by the toroidal plasma current I,. This current is produced by a transformer coil in the

center of the torus as illustrated in Fig. (green solenoid). The conductive plasma inside

Magnetic Flux
Surfaces

Magnetic Axis

Figure 1.4: schematic illustration of a circular shaped tokamak plasma [BWS™15].

the torus acts as a second transformer coil in which the transformer current is induced and
creates a magnetic field in the poloidal direction due to Ampere’s law. In addition, the
induced plasma current heats the enclosed plasma. This kind of plasma heating is called
ohmic heating. Additional poloidal field coils (highlighted in grey in Fig. are used for
the positioning and shaping of the plasma.

To describe to this variation of the superposed magnetic field lines on a flux surface, the
safety factor ¢ is introduced:

r. Btor
= 1.20
= BBy (1.20)

where r is the minor radius of a magnetic flux surface and R the major radius of a magnetic
flux surface. The safety factor can simply be expressed as the twisting of the poloidal
magnetic field along a full toroidal winding.
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1.2.1 Plasma coordinates

A plasma can be described by a cartesian-cylindrical coordinate system, where ¢ describes
the angle in toroidal direction, # the angle in poloidal direction and p the normalized
radius (see Fig. . The quantity p is based on the magnetic fluxes and can be expressed
in terms of the toroidal and poloidal contribution. For an ideal magnetohydrodynamic

R Magnetic axis
R

-
B,

—‘.\\\
Second sefaratrix — ", ‘!)
10k \

oy
¥

Geomgtrical axis

05|
Magnetic syrface \

2b

z[m]

00F

05}k

Main s

1.0k

T T T TR
R(m]

Figure 1.5: Magnetic equilibrium of AUG discharge #39231 at t = 4.0 s in CDN-

configuration. Several geometrical quantities required for the characterization of the mag-

netic equilibrium are indicated. The solid blue line illustrates the primary separatrix

aligned with the lower X-point.

(MHD) equilibrium, the single fluid force balance can be written as:
Jx B=Vp, (1.21)

where j is the plasma current density, B is the total magnetic field on a given magnetic
flux surface, and Vp is the pressure gradient. From this equation, one can deduce that
the pressure gradient (B-Vp = 0) as well as the current density (V- j= 0) is constant on
each flux surface. As the parallel heat conduction is much larger than the perpendicular,
it is justified to suppose that not only the pressure, but also the density and temperature
are constant on flux surfaces. These flux surfaces can be used to determine a suitable
coordinate system. One needs the poloidal flux surface ¥, of a certain radial position,
Ueeparatrix Of the separatrix, also called the last closed magnetic flux surface (LCFS), and
W..is of the magnetic axis:

v ol — \Ijaxis .
Ppol (tor) = \/\If pol ) with \ijol - /Bpol (tor) * as (122)

separatrix — \Ilaxis
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1.2.2 Plasma shaping

To characterize the reconstructed magnetic equilibrium, several geometric quantities, which
are based on the magnetic equilibrium, are commonly used. Over the years, various
plasma shapes have been explored, starting from circular shaped plasmas constrained by
(toroidal /poloidal) limiter tiles over to diverted shaped plasmas with single or multiple
X-points in order to minimize the contact between the plasma within the LCFS or sep-
aratrix and the plasma-facing components (PFCs). Plasmas with a X-point close to the
lower divertor are called lower single-null (LSN) configuration. It is also possible to realize
diverted plasmas with a X-point close to the upper divertor, which is called upper-single
null (USN) configuration. Diverted plasmas with two X-points and two separatrices at the
same time are called double-null (DN) configuration. Diverted plasmas which are close to
the DN-configuration are referred here as close to double-null (CDN) configuration. Fig.
visualizes the magnetic equilibrium of ASDEX Upgrade (AUG) discharge #39231 at t
= 4.0 s in a CDN-configuration. Subsequently, a set of these geometric quantities [Saul6]
are listed:

Rmax Rmin
Ryeo = + (1.23)
a = M7 (1.24)
2
Zmax — <min b
_ fmax T “min 7 1.25
" Rmax - Rmin CL, ( )
5, = Raco = Rz = 2] (1.26)
a
5, = Faeo = Bz = 2min) (1.27)
a
Olower + 0
5 — ower upper 1.2
Rloes 2 e (1.25)

where Ruyax, Rmin, B(2 = Zmin) and R(z = zpax) are the radius of outer, inner, upper and
lower most points of the separatrix for diverted plasmas, whereas zin, Zmax are the vertical
coordinate at the lower, upper most point of the separatrix. Ry, is the geometrical major
radius, a is the minor radius, x is the elongation and 6, the upper/lower triangularity. Of
interest is also the position of the separatrix Rycrs at z = 0.0 m. This area is called outer
midplane (OMP), where the phrase outer refers to its position on the LFS.

1.3 The H-mode, the foreseen regime for ITER and
future fusion reactors

In 1982, it has been observed in the ASDEX (AzialSymmetrisches Divertor-EXperiment)
tokamak [WBB™82] that above a certain heating threshold, the confinement of a plasma
rises strongly (by a factor of ~ 2) forming an edge transport barrier (ETB) close to the
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plasma edge [WBB*85]. The ETB suppresses turbulent transport leading to a so-called
pedestal with steep density and temperature gradients and improves significantly the global
plasma performance. Such a regime is called high confinement mode (H-mode) [WFG*84]
in contrast to a low confinement mode (L-mode) which labels discharges below the L-H
threshold. The difference in the pressure profile between a L- and a H-mode is illustrated
in Fig. m (left). The pedestal position itself is normally associated with the position of
the maximum gradient in this region. Due to its promising confinement, H-mode plasma
scenarios are the foreseen scenarios for ITER [[ToCM™99] and also for future fusion devices

KW 14).

confinement regimes

pedestal :

plasma pressure

ppo] 1.0

Figure 1.6: Left: Illustration of the difference between a L- and a H-mode based on their
pressure profiles plotted against ppo. The location of the pedestal region is highlighted
in grey. The separatrix position is added as vertical black dashed line. Taken from Ref.
[Gril8] and adapted. Right: Sketch illustrating the variety of ELM and no/small ELM

scenarios [Viel§].

However, the presence of the steep gradients combined with high edge current densities
triggers periodically occurring MHD instabilities. Such MHD instabilities are called edge
localised modes (ELMs) [KBB¥84]. With every ELM, the pedestal temperature and density
collapse and ejects high energetic particles from the pedestal into the scrape-off layer (SOL),
which reaches divertor and limiter components. The SOL denotes the area outside the
LCFS in which the magnetic field lines are not closed. The magnetic topology forces the
open field lines (and therefore any charged particles in the SOL) to the divertor plates which
are designed to withstand high heat loads. After each ELM, the pedestal is recovered.
Since the exploration of the H-mode scenario, a zoo of H-mode scenarios with various kinds
of ELMs have been discovered and investigated. A full classification for all reported type
of ELMs is not possible and will be always incomplete. In Ref. [Zoh96], a classification for
most common ELM-types has been suggested:

e Type I: Discovered together with the H-mode at ASDEX. The ELM-frequency fgrum
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increases with the heating power [Zoh96, GMLT88|. Relative energy losses are re-
ported to be up to 20 %. The ELM-evolution, also called ELM-cycle, can be well
described by an ideal MHD-model based on the coupled peeling-ballooning bound-
aries [Con98, SWFT02]. However, this type of ELMs have to be avoided in fu-
ture reactors. Various techniques have been suggested and experimentally tested
[LCET04, DML™03, dILCR™15, NPSC™15, [SKB*18| in order to suppress or mitigate
large Type-1 ELMs.

e Type II: Such ELMs are observed in plasmas with high , high ¢, and high separatrix
density negep independent on the heating power [OA90, (OCL7T90]. They have been
explored on several devices [SLST05al, ISLST05b, IKOST09, WBB™11]. Such ELMs
occur more frequently and with less amplitude than Type-I ELMs. Therefore, they
are also called grassy or small ELMs. The relative energy loss is below 5 %.

e Type III: In contrast to Type-I ELMs, its fgrn follows inversely the heating power
[Zoh96]. They are normally observed close to the L-H threshold [KGMT98|. At AUG,
such ELMS are also observed in the so-called I-phase [BCC™16] or in high-radiative
scenarios at high density [BWH™17].

e ELM-free H-modes: It must be mentioned that also some H-mode scenarios have
been reported in which larger ELMs are naturally absent. However, they have not
been achieved in a large number of devices and less understood than the other ELM-
types. A promising candidate out of these naturally ELM-free H-modes is the so-
called enhanced D,,, dubbed EDA, regime which was originally discovered at Alcator
C-mod |[GBBT00] and has recently been explored at AUG |[GSH™20]. Its main char-
acteristic is the presence of a strong edge localised quasi-coherent mode (QCM).

An ELM-quantity, which is of relevance for the power exhaust task, is the so-called relative
ELM loss [LSST03]. It simply describes the energy AWgy lost due to a single ELM event
and normalised by a reference plasma energy expression, which is usually the pedestal
energy before an ELM crash Wye_prm. For the determination of both quantities, the
expression introduced in Equ. can be used. By replacing n., T, and T} in Equ.
by the corresponding values from the pedestal close to an ELM event and integrating
over the pedestal volume [LSST03|, one obtains Wie—gLm. To determine Wiost—gra, the
calculation has to be repeated with values acquired shortly after an ELM event. The
difference between Wie_gim and Wiest—prm yields AWgry. The common parameter to
assess the ELM-induced losses is the neoclassical pedestal collisionality v}, which can be
expressed as [SALL99]:
18 Rq95neZeff In Ae
€322 ’

where gg5 denotes the safety factor ¢ at p,=0.95, In A, the Coulomb logarithm and € the
inverse aspect ratio.

Typically, the different ELM-types have been classified using AWy and v from different
devices. Fig. (right) illustrates the classification for various type of ELMs by its AWgpm

Vi =6.9-10" (1.29)
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plotted against the pedestal collisionality v;. It can be clearly seen that with decreasing
vy, AWgpn increases continuously for Type-I ELMs. As the foreseen H-mode scenario for
ITER will operate at v} < 1, AWgpym will become critical for the lifetime of divertor and
non-divertor components leading to an inevitable challenges for the power exhaust task.

1.4 How to deal with the power exhaust?

In order to generate fusion power in future fusion reactors, the triple product as introduced
in Equ. (1.13) must be fulfilled. However, it has been realized that the variation of the
three input parameters is experimentally constrained.

The maximum plasma temperature is limited by an optimal value in the reaction rates for
the D-T reaction as shown in Fig. (right). At the same time, the maximum achievable
density is limited by an empirically deduced density limit. This density limit is called
Greenwald density limit ngw [Gre02] and is defined as:

nagw = I,/ (ra?). (1.30)

As a last option, 7 can be adjusted to optimize the triple product. 7 depends on the
choice of the operational regime (L-mode, H-mode,...). Assuming an H-mode scenario, g
can be expressed by a regression formula [[ToCM*99] which considers only engineering
parameters:

75 = 0.0562 - 18.93 . BO15 | p=0.69 041 009  plo7 058 078 (1.31)

tor )

where P denotes the absorbed power, n the line-averaged density and M the hydrogen
isotope mass. From Equ. , one can conclude that 7y correlates strongly with the
main radius R which makes it the easiest and most promising way to increase 7. Although
increasing R has a positive effect on 7, it also has a negative effect on the power exhaust
task. With increasing machine size, the power exhaust of a machine becomes more and
more challenging. The fusion power generated by a-heating, the foreseen dominating
heating channel in future fusion reactors, scales with R [Zoh10]. Simultaneously, Ap;y,
the area on which the power crossing the separatrix is exhausted, scales linearly with R:

Apiv = 27 Raiv fror Aint» (1.32)

where Rg;, is the major radius at the divertor, fi., the toroidal wetted fraction and A the
poloidal extent of the wetted area along the divertor target. fi,. denotes the toroidal wetted
fraction caused by the tile edge shadowing. At AUG, it is about 80 % |[SEFT16]. The first
two quantities are engineering parameters, whereas the latter one is a pure physical one. To
keep the divertor peak heat fluxes below the material limits, A;,; should scale quadratically
with R. A\ can be expressed by a simple formula [MEG™12]:

At & Ag + 1.64 - S, (1.33)
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Figure 1.7: Left: Scaling of A, using Bpoomp [ELPT13]. Right: Relative ELM energy
loss AWgran/Wpea for Type-1 ELMs plotted against pedestal collisionality v for different

devices [LSST03].

where A\, denotes the power-fall length in the SOL and S the divertor broadening describing
the decay length of the parallel heat flux into the private flux region [ESST11l [ELPT13].
For a LSN configuration, the private flux region is denoted as the area below the X-point

and between the inner and outer strikeline. Both quantities can be derived by means of
Infrared (IR) measurements from the divertor tiles by applying the Eich-fit :

-t ) (o) e

where ¢y denotes the peak heat flux at the divertor entrance, s the target location relative
to the strikeline position and f, the poloidal flux expansion which takes into
account, the poloidal variation between the flux surface from the outer divertor target to
outer midplane. S is defined for the target location range s < 0, whereas A, is defined for
the target location range s > 0.

There are no empirical multi-machine scalings for S yet. For A\, a ITPA multi-machine
based scaling has been provided for the Inter-ELM )\, in attached conditions |[ELPT13].
This scaling reports on a inverse correlation of A\, with the poloidal magnetic field from
the OMP B 0mp. The regression formula yields:

S
Aqfx

Agscal = (0.63 £ 0.08) - By &ip ™ (1.35)

The scaling is illustrated in Fig. (left). Equ. (1.35) predicts a A, for steady-state heat
loads of about 1 mm for the foreseen ITER operational conditions leading to insurmount-
able challenges for the divertor PFC target materials, whose heat load limit is envisaged
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to be 10 MW /m? [VKR21]. Next to steady-heat loads, one has to take also into account
transient heat loads caused by the periodically occurring Type-I ELMs, which expel a
large amount of high energetic particles into the SOL reaching divertor and non-divertor
PFCs. In current devices, like JET and AUG, these additional heat loads are well be-
low the material limits of divertor and non-divertor PFCs. However, following the trend
as reported in Ref. [LSST03] and illustrated in Fig. (right), the predicted relative
ELM loss will be up to 20 % for the foreseen ITER pedestal collisionality. This will ex-
ceed the divertor heat load limit of about 10 MW /m? and in particular of non-divertor
PFCs, whose heat load limit for steady-state conditions is about 2 MW /m?2. For ITER,
such transient events must be suppressed or mitigated and in any future reactors totally
avoided [FLS03, ILHF"14, [EAH"07, [FBB™19], otherwise the lifetime of the divertor and
non-divertor PFCs will be significantly reduced.

1.5 The renaissance of the Type-1I ELMy H-mode as
solution for the power exhaust in ITER?

Several scenarios which attempt to handle the power exhaust challenge by exploiting dif-
ferent approaches are under investigation. An already abandoned scenario which has expe-
rienced a renaissance and has attracted great interest in recent years [HFR™22, HWD™ 18|
Gril8, [FEH™21] is the Type-II ELMy H-mode. As a sign of a new beginning, this H-mode
scenario has been renamed into quasi-continuous-ezhaust (QCE) [FEHT21] regime to re-
flect the new understanding in its physics.

This revived scenario combines high plasma core density ne core (close to 1.0 ngw) and high
separatrix density nesep (up to 0.7 ngw reached as well with pellet fuelling [FEHT23]) at
high upper triangularity ¢, in CDN-shaping. Beside the relevance of high ne e, in order
to achieve both, high volumetric radiation losses in the SOL [GRS17] and a high neutral
recycling state and divertor detachment [KPPT13|, high separatrix density plays a key role
in the mechanism [HWDT™18, [LEH™19, WBB™11, ISLST05b] according to which Type-I
ELMs are replaced by smaller, high frequency, incoherent ﬁlamentaryﬂ ELMs or bursts
[Gril8, [FEH™21, VWD™21].

As known from previous work in AUG at high nesp, [SWET15], a broadening of the e-
folding temperature and density decay lengths A\, and A; in the near-SOL is also observed
in the QCE regime together with the formation of a density shoulder, which is associ-
ated with an enhancement of filamentary activities in the far-SOL [FEH*21, VWD™21]
SVT22, ICABT18]. As the width of the power-fall-off length in the SOL A, [ESST11]
strongly correlates with the electron temperature decay length A\, [SWET15], a broadening
of A\q at the main target together with a reduction of the the peak heat flux is also observed
[FEH™21].

3Filaments are described as objects which are elongated along the magnetic field lines and have a higher
density than the background plasma in the SOL. Filaments cause a radially outward directed convective
transport due to a self-generated ExB-drift in the SOL, which can significantly contribute to heat and
particle fluxes to non-divertor PFCs [DMZ11].



1.5 The renaissance of the Type-II ELMy H-mode 15

transport

edge scrape-off layer wall

confinement regimes power and particle loads
o 'damage of wall
= pedestal | materials
g ; ey
o ] %
: | -
2 near SOL far SOL .
< parallel transport filamentary transport

Ppol 1.0 to divertor target to first wall

0pus 12.5ps
few mm .
25 ps 375 ps
I K »
0 targetlocation

Figure 1.8: Sketch of transport processes starting at the plasma edge, covering the SOL and
ending at the first wall. The transport in the SOL is characterized by its plasma conditions
at the plasma edge, the conductive transport by the effective power fall of length in the
near-SOL and the heat flux in the far-SOL by turbulent filaments. All these transport
channels can lead to high heat loads on non-divertor components, like the first wall, as
illustrated by a molten tungsten surface |[Gril§].

heat flux

So far, linear ballooning stability calculations realized with the code HELENA [HGK91]
RDW™22| and non-linear, resistive, magnetohydrodynamic calculations realized with the
code JOREK |CHH™22| suggest that the QCE regime profits from modes around the sepa-
ratrix [HWD™ 18, ILEH™ 19| [Gril8] making this region ideally ballooning unstable and trig-
gering more frequently filaments [DMZ11l, [Sco97] into the SOL. Such filaments are linked
to the normalised pressure gradient, which is close to the critical value of ideal ballooning
modes without reaching the peeling-ballooning boundary [HWDT™18|. This might also be
linked to fluctuative modes, which are located close to the separatrix, and have been ob-
served with the thermal helium beam [Gril8] and with Doppler reflectometry [WBB™11].
The QCE scenario combines features that could be of interest for ITER or future fusion
reactors. To date, however, the full extent of the enhanced filamentary transport is not
yet known, which may lead to new challenges for the PFC material of non-divertor com-
ponents, in particular for the first wall PFCs [WAA™T17, BMC™15, IDLAT17]. Fig.
illustrates this challenging interplay. The enhancement of filamentary activities around
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the midplane [FEH™ 21l [Gril8, VWD™21) [SVTT22, WLC™18, [ISSC™22, DMZ11l, CAB™18|
VCTT20] causes a new convectively driven power loss channel directed radially to the
first wall. This is linked to an increased energy deposition outside the divertor and has
been intensively investigated over the last years in L- and H-modes in various devices
[FEHT21, IGWCT18, ISSCT22, (CABT18)].

However, the measurement of energy loads on non-divertor components requires dedicated
diagnostics and is generally challenging. Most studies published so far lack of robust mea-
surements of non-divertor energy loads. Over the last 30 years, several attempts have
been reported in which the AUG IR thermography [HERT04, [FEHT05], the AUG bolom-
etry [BEKT15], the AUG cooling water calorimetry [RV94] and the JET thermocouples
IMBD*17, MEF*01] have been exploited to measure non-divertor energy loads achieving
a proper energy/power balance. However, the results of most studies are inconclusive,
regardless of whether they were performed in a carbon, a full tungsten, or an ITER-like
wall (ILW) device. To date, there is no in-depth analysis of the consequences of convective
transport in terms of the power exhaust for the QCE scenario, which is of great relevance
to become interesting for ITER. It is of utmost importance to investigate the link between
convective transport processes in the SOL and their contributions to the heat flux reaching
non-divertor PFCs.

1.6 Scope of this thesis

This thesis aims at assessing the consequences of an enhanced filamentary transport in
H-mode discharges in AUG with respect to the power exhaust challenge. An enhanced
filamentary transport is associated, inter alia, with an increased energy deposition on non-
divertor components, mainly the first wall, which has to be investigated and understood
for future magnetic confinement devices in order to avoid new challenges. As it has al-
ready been pointed out, the QCE scenario has many promising properties making it a
reasonable choice for ITER and/or DEMO. However, this can be negated by disadvanta-
geous properties in the area of power exhaust. The key questions faced in this thesis are
therefore:

e Are we able to set up a reasonable global energy balance of a large, representative
database?

e Are we able to resolve the radial convective filamentary energy transport to the first
wall exploiting calorimetry and probe measurements?

e [s a radially directed enhanced filamentary energy transport connected with a redis-
tribution of energy loads on the PFCs?

e Is there a parameter, most likely defined around the separatrix, which properly de-
scribes the evolution of SOL properties?
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In chapter 2, both experiments, the AUG and JET tokamak, considered in this thesis
are introduced. Furthermore, an overview of the commonly available diagnostics for both
experiments is provided. The chapter is concluded with a short introduction in the theory
of the separatrix operational space, which attempts to properly describe the global plasma
performance by a set of dimensionless quantities deduced from separatrix quantities.

In chapter 3, the technical effort in revising the AUG calorimetry systems is firstly
summarized. Steps to optimize the evaluation of the data and the values obtained are
addressed. The revised evaluation methodology of both calorimetric diagnostics, the cool-
ing water calorimetry and the wall thermometry, are discussed.

In chapter 4, a novel attempt in setting up the global energy balance in AUG is re-
ported. A reasonable energy balance equation is defined. Each output contribution and
its determination scheme is presented. Sources of uncertainties in the AUG global energy
balance and possible improvements are discussed. Furthermore, a novel attempt in setting
up the global energy balance in JET is also addressed. The chapter is concluded with an
implication for empirical scalings.

Chapter 5 is divided into four parts: Firstly, the dedicated configuration of the discharges,
which is necessary for this study, is discussed. The consideration of calorimetric diagnostics
leads to peculiar requirements. Subsequently, the evolution of calorimetric measurements
is associated with appropriate quantities. This also serves to assess the AUG operational
space covered within this database. Based on this, the obtained correlations are linked
to up- and downstream SOL profiles. Subsequently, dedicated probe measurements are
discussed, which were performed close to the limiter. These allow a determination of the
filamentary contribution to the convective transport. An estimation of the gross erosion
on the first wall is addressed.

In chapter 6, the results of this thesis are summarized and an outlook discussing possible
future studies is added.
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Chapter 2

What do we need to describe a
plasma?

In this chapter, an overview is given of the two fusion experiments with their properties and
capabilities on which the results of this thesis have been carried out. Firstly, the ASDEX
Upgrade (AUG) tokamak is introduced followed by an overview of the commonly available
diagnostics, which are demanded for this thesis. Afterwards, the Joint tokamak European
Torus (JET) tokamak and its considered diagnostics are introduced. This chapter is
concluded with a short introduction into the theory of the SEParatrix Operational Space
(SepOs).

2.1 The AUG tokamak and its operational capabili-
ties

AUG is the successor of the ASDEX tokamak, a fusion experiment which was successfully
operated by the Max Planck Institute for Plasma Physics in Garching from 1980 to 1990.
The special feature of ASDEX was the innovative use of the divertor, a special magnetic
field topology, which on the one hand reduces significantly the contact of the enclosed
plasma with the vacuum chamber and on the other hand enables efficient pumping of ash
particles at the divertor plates due to the adapted magnetic field topology. This concept
has proven successful and has been retrofitted in experiments such as JET and is intended
for ITER.

AUG is a medium-sized tokamak in Germany, which has been operated by the Max Planck
Institute for Plasma Physics in Garching since its commissioning in 1992. A sketch of
this experiment is given in Fig. [2.1] Due to its construction, its divertor geometry and
the special feature of a plasma chamber fully covered with tungsten (first demonstration of
plasma operation with a full tungsten wall [NBBT07]), this fusion experiment is well suited
to study reactor-relevant scenarios for the next tokamak generation, such as ITER. For its
tasks, AUG is well equipped with a large number of heating methods (ohmic heating, neu-
tral beam injection, electron and ion cyclotron resonance heating) and diagnostics covering
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Figure 2.1: schematic illustration of the AUG tokamak [[PP23a].

key areas in the plasma core, edge and in the SOL. Important engineering parameters are
summarized in Table AUG has 16 toroidal magnetic field coils (light orange coloured
coils in Fig. generating the toroidal magnetic field. The poloidal part of the magnetic
field is realized by means of a solenoid installed in the center of the vacuum chamber. In
addition, there are further vertical field coils (purple coloured coils in Fig. which are
used for the positioning and shaping of the plasma.

major plasma radius R 1.65 m
minor plasma radius r 0.5 m
toroidal magnetic field | Byo| 1to3 T
plasma current |7, 0.4 to 1.2 MA
heating power up to 33 MW
plasma volume 14 m?
plasma mass 3 mg
main plasma fuel D, H, He

Table 2.1: Main parameters of the AUG tokamak
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2.1.1 Reconstruction of the magnetic equilibrium

As the plasma density and temperature are commonly assumed to be approximately con-
stant on each flux surface, the proper reconstruction of the magnetic equilibrium plays a
key role. In order to obtain the the poloidal flux function ¥(R, z), the Grad-Shafranov
equation needs to be solved [GR58, [Sha66]. The Grad-Shafranov equation is a partial dif-
ferential equation which connects the poloidal magnetic flux with the current distribution
in the plasma. At AUG, the code CLISTE |[SML™00, [MMS99] is used to solve the Grad-
Shafranov equation with a linear combination of spline functions representing the current
density. To match the magnetic measurements of the pick-up coils, which are shown as
black markers in Fig. (left), the coefficients of the spline functions are iteratively ad-
justed. These coils are placed around the entire vessel to measure the time derivative of
the magnetic field and, by integrating the coil signals over time, the magnetic field at each
coil position.

2.1.2 Internal and external heating methods
Ohmic Heating

In order to heat a magnetised plasma and to reach the conditions for fusion, several heat-
ing methods are utilized. An intrinsic heating method is the ohmic heating (OH). The
toroidal current, which is generated through the central solenoid and required to pro-
duce the poloidal magnetic field contribution B, heats the plasma through its resistivity
[Spi51] well approximated by the so-called Spitzer-conductivity. This quantity can be ex-
pressed as [Strl8, [Spi51]:

(47T60)2 (kBTe)S/Q

7TZieQmé/2 In A,

(2.1)

O Spitzer ~

where ¢y denotes the vacuum permittivity and Z; the ion charge. According to Equ.(2.1)),
this heating method is efficient at low temperatures, but its efficiency decreases, since
OSpitzer SCales with T.3/2. Further external heating methods are required. The most
common ones present at any today’s magnetic confinement devices are the neutral beam
injection heating method and the electron/ion cyclotron resonance heating methods. Both
are briefly described in the next sections.

Neutral Beam Injection Heating

The neutral beam injection (NBI) heating method heats the plasma by injecting fast neutral
particles into the plasma. The entire heating mechanism can be described as follows: Ions
are generated in a low temperature plasma, extracted and accelerated through an electric
field with high voltages. The accelerated ions are neutralised via charge-exchange through
a neutral gas cloud. Remaining ions are removed by a perpendicular magnetic field by
deflections into an ion dump before reaching the plasma. The fast particles entering the
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Figure 2.2: Toroidal overview of the AUG vessel indicating the position of the different
available heating sources. Figure is motivated by Ref. [Lebl8] and adjusted.

plasma transfer energy to the plasma via collisions, and once ionized are then confined by
the existing magnetic field. Deuterium is typically used as ion source at AUG. As seen in
Fig. 2.2 the NBI system of the AUG tokamak consists of 2 boxes installed in segment 15
(Box I) and segment 7 (Box II) with 4 beams, respectively. Each beam injects the particles
with a total power of 2.5 MW. The beam sources labelled 1-4 installed in Box II have a
full injection energy of 93 keV, the beam sources labelled 5-8 installed in Box I have a
maximum injection energy of 60 keV.

Electron/Ion Cyclotron Resonance Heating

Next to injecting fast neutral particles, a plasma can be heated through electromagnetic
waves injected into the plasma at the gyro-frequency or harmonics of the charged particles.
The gyro-frequency is defined as:

ZeB
we =22 (2.2)

m

where Ze is the charge number, B the magnetic field strength at the location of power
deposition and m the mass of the charged particle. In fusion experiments, the wave heating
of electrons is executed in GHz range and for ions in the MHz range. The frequency of
the injected waves must fulfil the conditions for the wave given by the plasma dispersion
relation to exist, to propagate through the plasma and to deposit its energy in a layer that
corresponds to a plasma resonance. In case of the electron cyclotron resonance heating



2.2 An overview of exploited AUG diagnostics 23

(ECRH), the maser effect is exploited which allows to direct the radiation through mirrors
into the plasma and to place the most components of the heating system outside the torus.
Two different wave polarisations can be used, O-mode (E || B) or X-mode (E L B). The
AUG ECRH system consists of eight gyrotrons, for which each gyrotron can deliver 0.8
MW. Every gyrotron can emit waves at 140 GHz for standard operation at By, = - 2.5
T and waves at 105 GHz for plasma discharges at lower By, = - 1.8 T [SLL703]. ECRH
is beneficial to prevent the accumulation of (heavy) impurities such as tungsten in the
plasma core, which reduces the plasma confinement due to increased radiation losses and
can cause a plasma disruption.

The wavelength of the ion cyclotron resonance heating (ICRH) is in the order of meters,
since the electron mass differs from the ion mass by a factor of ~ 103. In order to obtain
best coupling with the plasma, the antenna size has to be on the same magnitude as the
wavelength. Consequently, large antennas are installed into the vessel structure. Each
antenna is equipped with a shielding, called Faraday screen, to avoid oscillations of ions in
front of the antennas caused by local electric fields. The ICRH provides different absorption
schemes in which resonant ions transfer mainly their energy to the bulk ions or to the
electrons. The AUG ICRH system operate with four antennas that provide up to 6 MW
at frequencies normally at 30 or 36 MHz. The positions of the ECRH and ICRH antennas
in AUG are indicated in Fig

2.2 An overview of exploited AUG diagnostics

For appropriate conclusions, accurate and reliable measurements of any quantity are de-
cisive. The AUG tokamak provides a large amount of unique diagnostics. All commonly
available diagnostics demanded for this thesis are briefly introduced in the subsequent
section.

Foil Bolometry

In tokamaks, bolometers are used to measure the spectrally integrated radiation along
each line of sight (LOS). By covering the vessel with a close-meshed LOS distribution
the total plasma radiation can be determined. Foil bolometers utilize a thin foil of inert
metal (e.g. gold) covering a meander structure, which is heated up by the radiation. The
radiated power can be calculated from the resistance, which is sensitive to the changing
foil temperature by a Wheatstone bridge. The radiative power can thus be determined by
the following relation [GMS02]:

dU dU
Prag = Ci— + Co—, (2.3)
dt Te

where P,.q denotes the power deposited on the foil, U the voltage along the Wheatstone
bridge and 7, the cooling time constant of the foil. (9 are calibration factors that sum-
marize the heat capacity, the resistance and the electronic circuit [Berl3]. The AUG foil



24 2. What do we need to describe a plasma?

bolometry system consists of 128 LOS (red lines in Fig. (left)), and has
a data acquisition rate of 1 kHz. A novel scheme (BPT) allows an accurate
estimation of the totally radiated power. With the aid of tomographic reconstructions
[FMHT94], a 2D-radiation distribution can be obtained.
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Figure 2.3: Left: Poloidal cross-section of AUG visualizing the distribution of foil bolometer
LOS (red) and of magnetic pick-up coils (black). Right: Poloidal cross-section of AUG
visualizing LOS of H-1 and H-5 interferometry (cyan), edge TS (brown), CXRS (green),
IR (orange), MEM (blue) covering the LOS of the LIB, RFA2 (yellow with black contour),
the distribution of the LPs (black, green and red) at the outer target, the baratrons (purple
rectangles), the manometers (dark blue) and the D,-LOS in the divertor (dark green
triangles).

Laser interferometry

By passing through the plasma an electromagnetic wave with a wavelength Ay reveals a
phase shift by a certain angle ¢, which depends on the local electron density n.(():

2
_hoe” / nedl, (2.4)

4megmc?

where [ is the path of the wave through the plasma and ¢ the speed of light. Laser
interferometry measures the line-integrated density of n. and with a LOS mesh, the entire
ne-profile can be determined. At AUG, a deuterium cyanide laser (DCN) system equipped
with a laser working at a wavelength of 195 pm is installed. Fig. (left) shows the
two relevant lines of sights H-1 corresponding to the core density and H-5 corresponding
to the edge density. At the inner heat shield, a mirror is installed to reflect the injected
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electromagnetic waves. The phase shift ¢ is measured with a Mach-Zehnder interferometer.
A phase shift of 27 measured with the interferometer refers to a line-integrated density of
5.3 x 108 electrons/m? [MSE"10].

Lithium beam emission spectroscopy

The Lithium-beam emission (LIB) spectroscopy at AUG [WAW 93| [FBBT99| measures the
spectral radiance of the Li I(2s-2p) state transition from Li atoms injected into the plasma
with an energy between 30 and 80 keV. The neutral Li atoms are excited and de-excited
by collisions with the plasma particles. Ionisations through collisions and charge-exchange
processes can also occur. As these processes depend all on n,, a system of coupled linear
equations are used to reconstruct n, [FWStAUTOS|:

dgi = Z[ne<l>aij(Te(Z)) + b5 N (2), (2.5)

j

N1 =0) = &y, (2.6)

where [ is the coordinate along the lithium beam with /=0 representing the entrance of
the beam to the plasma), IV; is the population state of the i-th energy level, a;; is the rate
coefficient for the transition 7 — j through collisions and the b;; is the Einstein coefficient for
spontaneous emission. The temporal resolution available at AUG, is 200 kHz [WWFT12].

Thomson scattering

The Thomson scattering (TS) diagnostic measures simultaneously n, and T,,. The approach
is based on the incoherent scattering of laser light on plasma electrons. Electromagnetic
waves accelerate charged particles emitting radiation isotropically and scattering the in-
cident wave. In magnetized plasma, only the scattering of electrons is considered. The
Doppler width of the scattered incident wave provides information about 7, and the inten-
sity about n.. At AUG [KMII1], two vertical TS systems are installed, one for the plasma
core and one for the plasma edge. The latter is relevant for this thesis. The edge system
consists of 4 lasers. The scattered incident waves are collected with 26 polychromators.
The TS system provides a temporal resolution of 8 and 3 ms for n, and T,-measurements.
The edge system covers a scattering volume of ~ 3 mm?. Fig. (right) visualizes the
LOS of the edge TS.

IR thermography

The IR thermography is a common tool to study heat fluxes on various plasma-facing
components (PFCs). AUG is equipped with several IR cameras [SFHT15]. In this work,
the IR camera, which observes heat fluxes on the divertor main target, is used. The
photon flux I'y is measured at a certain wavelength A by the camera detector. According
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to Planck’s law, the photon flux is related to the target surface temperature:

2mc 1
CA(T) = coe . , (2.7)
A exp(M?BT) —1

where € is the surface emissivity and A the Planck’s constant. The quantity ¢y contains
information of calibration, spectral bandwidth and the viewing angle of the camera. Sup-
posing invertibility of Equ. ([2.7]), one can obtain an expression for the surface temperature
Tyut depending on the measured I'y. With the temporal evolution of the surface tempera-
ture the target heat flux can be calculated by solving the heat diffusion equation

oT
P = V.q, with q=kVT, (2.8)

where p is mass density, ¢, the specific heat capacity of the target and s the heat con-
ductivity of the target. At AUG, Equ. (2.8)) is numerically solved using the implicit
version [NVTSF18| of THEODOR |[HJGT95]. The present system observing the divertor
main target provides a spatial resolution of 0.6 mm and a temporal resolution of ~ 0.5
ms. Applying the Eich-fit , allows to determine several key quantities assessing the
target heat fluxes. Any deduced quantities are remapped to the OMP by exploiting the
flux expansion f, [LBCT99].

Langmuir probes

Langmuir probes (LPs) [Hut02] measure the current-voltage (I-V) characteristics of the
plasma sheath with one or multiple protruding electrodes. The I-V characteristic is caused
by the plasma particle fluxes and the electron temperature at the sheath entrance. Close to
the wall, where the plasma gets in contact with the target, the so-called electrostatic sheath
is generated. The electrons have much a higher mobility than ions, so that a negatively
charged cloud is quickly established in front of the target. The potential difference caused
by the sheath between the plasma and the target is called the plasma potential. Using
sheath theory, several plasma parameters, like the electron or ion temperature T/, the
electron density n, and the heat flux ¢, can be simply obtained by fitting a theoretically
derived I-V curve to the measured one. At AUG, so-called triple Langmuir probes [WC96]
consisting of three electrodes are currently installed in the lower divertor and strongly
simplify the analysis of the desired quantities. The poloidal resolution of the Langmuir
probes on the divertor main target is 2-3 cm with an extension of 5 mm of the collectors.
The distributions of the Langmuir probes at the outer target, which are mainly used on
this study, are visualized in Fig. (right).

Divertor shunt currents

So-called (thermo-)electric currents arise, if the plasma temperature in front of two ground
tiles connected by a field line is different and consequently the floating potentials are
also different. The (thermo-)electric currents compensate this arising potential difference.
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These SOL currents [KCPT0la] are measured at multiple toroidal and poloidal locations
in AUG by shunt resistors which are installed in the inner and outer divertor tiles. The
currents of different poloidal locations, which are sensitive to ELMs, are added up to
estimate the total current. The divertor shunt current is the main ELM monitoring signal
for analysis work at AUG and is used for ELM-filtering aspects in this work.

D,-radiation

Photo-diodes with a D,, filter are commonly used to measure the deuterium « spectral
line. The measurements monitor the interaction of the plasma with neutral particles at
several locations, mainly the plasma edge and SOL [LKG™17]. The light intensity depends
on the electron temperature and density. ELMs are normally observed by the D,-emission
around the divertor target plates. The D,-radiation is a further ELM monitoring signal
for analysis work at AUG and also used for ELM-filtering aspects in this work. For this
study, only the divertor measurements are considered. The LOS of D,-measurements are
indicated by the dark green triangles in Fig. (right).

Charge-exchange recombination spectroscopy

To measure the ion temperature in plasmas, the charge-exchange recombination processes
of impurities present in the plasma are used [VPCT13|. This is possible, since impurities
are also subjects to ionization, recombination and emission of characteristic line. Common
impurities at AUG are typically carbon, boron, nitrogen and helium, and can receive an
electron via charge-exchange processes from neutral deuterium injected by a NBI beam.
Assuming that the ionized impurity keep the bulk impurity energy and velocity, one can
determine the temperature from the Doppler-broadening of the line radiation originating
from those impurities. Since the thermalization time scales between impurity and main ions
in AUG are shorter than those of the transport, it can be assumed that the temperature of
the impurities is equal to the temperature of the main ions. The LOS of the toroidal edge
charge-exchange recombination spectroscopy (CXRS) system are shown in Fig. (right).
Gaussian process fitting schemes [RN10, (CGH™17| can be applied to combine the various
CXRS diagnostics to provide the most likely profile for each quantity from IDI (Integrated
Data analysis for Ion profiles) [FGIT20].

Baratron

The AUG tokamak is equipped with an extensive mass spectrometer system [RDM™19,
NRSStAUT12] consisting of mass analyzers, capacitance gauges, ionization gauges and a
pumping system, which allows measurements inter alia, of the neutral pressure p, at dif-
ferent poloidal and toroidal positions. The pressure in the residual gas analyzer (RGA) is
betwen 107° Pa and 10! Pa during discharges. p, is seen as an engineering parameter,
which depends on the fuelling level and the pumping speed. The measurements are cali-
brated to represent the neutral pressure at the port entrance and is a proxy for the neutral
fluxes. In Fig. (right), the purple rectangles illustrate the positions of the pressure
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gauges, also called baratron, in AUG, which are used for this study. One pressure gauge is
installed in the roof baffle close to the inner divertor and one is located between the upper
outer divertor and the passive stabilization loop (PSL) at the low field side.

Manometer

In order to measure properly the neutral flux density at various positions inside the vessel,
linear hot cathode ionization manometers are considered. A hot cathode emits electrons
which are then accelerated in an electric field in order to ionize neutral gas particles.
An additional electrode collects the ionized gas particles. The ion and electron currents
collected with the electrode allows to determine the neutral flux density. AUG is equipped
with several manometers [HB9§| at different poloidal and toroidal positions. The ones
used in this study are indicated in Fig. ﬁ (right) as dark blue markers. F03 denotes the
manometer operating in the roof baffle, F13 the one operating close to the upper divertor
and F14 the one measuring the main chamber neutral flux density.

Figure 2.4: Left: Tip of the BPP head visualizing the probe distribution of the 3 BPPs
(green) and the 4 LPs (blue, red and yellow). Taken from Ref. [GAK*22] and adapted.
Right: Close-up of the RFA2 probe head showing the slit plate, grids, and collector. The in-
sert in the right corner shows the RFA2 head with its housing. Taken from Ref. [KACC*12]
and adapted.

Introduction of dedicated probe-heads

Both probe-heads are separately discussed in order to ensure a complete picture of their
capabilities and evaluation methodology.

e Ball-pen probe head
The Ball-pen probe head (BPP) is a probe-head recently available at AUG and is
equipped with 3 ball-pen probe pins (BPPs) [AKPT08, IAMS™16] and 4 Langmuir
probes (LPs). The spatial probe tip distribution is shown in Fig. (left). The
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3 probes indicated in green are the BPPs on floating configuration ¢, the blue
indicated LPs measuring the ion saturation current Iy, the red one the floating
potential ¢¢ and the orange one indicated by swept the electron temperature T, ¢¢
and I ;. The offset of each signal is subtracted by a running median filter. The
BPP-head operates with an acquisition frequency of 2 MHz. This probe-head is
mounted on the midplane manipulator (MEM) and executes several plunges within
a single discharge. Each plunge lasts about 200 ms. The MEM operates about 35 cm
above the midplane. The measurements of the BPP-head were taken about 1 cm in
front of the limiter to ensure a safe operation for both, the diagnostic and the overall

plasma. The detection of filaments follows the mostly commonly accepted approaches
[TBM ™18, IGAK™22, DMZI11]. The analysis shown here uses a modified threshold

Figure 2.5: Time-trace of the density of a single plunge to illustrate the signal peaks
as filaments detection criterion. The horizontal red dashed line represents the threshold
criterion according to Equ. (2.9). The green markers indicate the peaks which are identified
as filaments.

criterion in the density amplitude. The fundamental criterion being detected as
filament is as follows:

I’ > 150 + (1), (2.9)
where IPX

ot denotes the amplitude peak, o the standard deviation and (/) the mean
value of the time interval chosen for the evaluation. Not all peaks above the threshold
criterion are identified as filaments. Next to the threshold criterion (Equ. (2.9)), a
filament must additionally fulfill a minimum peak width (wé’;(t = bus), a peak dis-
tance (d®% = 100us) and a correlation criterion as introduced in Ref. [TBPG07]. In
Fig. 2.5} the red dashed horizontal line denotes the threshold criterion as defined in
Equ. . The green markers denote peaks detected to be filaments.
For each identified filaments, several quantities can be derived. Fig. (left) il-
lustrates the density n., radial velocity v, and electron temperature T, derived from
conditional average sampling utilizing the identified peaks in ion saturation current
associated with filaments. 7, can be derived from:

P — o1

Te = S5 —qovp (2.10)
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Figure 2.6: Left: Identified peaks and the derived quantities filament density n., filament
radial velocity v, and filament electron temperature 7T, following the condition Equ.
and conditional averaged. Right: Histogram distribution of v,, T, and the filament corre-
lation time 7 of all detected filaments of a single plunge.

where o't and oPFP denote the LP and BPP coefficients [GAKT22]. For o an
analytical formula is given [Sta00], whereas oY must be experimentally determined
[GAK™22|. The quantity v,, which is caused by the ExB-drift of filaments [TBM™18]|,
can be expressed by:
A@BPP
d-B’
where A¢BPY denotes the potential fluctuation difference between two BPP, d the
distance between these two BPPs and B the magnetic field strength at the tip. Since
the LPs acts as a Mach probe, the parallel Mach number M) [Hut02] is given by the
expression:

v, = (2.11)

My = =L~ 0.4d10g( L2, (2.12)

Cs Jsat,down

where jsai denotes Iy, of the respective LP divided by the probe surface area Ajp.
n. determined from a Mach probe can be expressed by [Hut02]:

~

o R
2ec

1 (jsat,up jsat,down) (2 13)

,-yup fydown
where ¢, ~ \/(T; + T.) /m; denotes the sound speed and y4°" is defined as [Hut02]:

’YdOWH(MH) — e(=1-L1M) (2.14)
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Based on that, v"P is defined as:
PP (M) = (=M (2.15)

The filament correlation time 7 is based on the double Full Width at Half Mazximum
(FWHM) of an exponential decay function fitted to the peak profile. Multiplying the
7 with the filament detection frequency vgetect provides the so-called packing fraction
frr [CABT18|. As alast quantity, one can define the particle flux I';, which is defined
as:

Fr = prTLeUr. (216)

For each plunge, all detected filaments are collected in order to derive the quantities
as introduced above. For each quantity and plunge a histogram distribution can be
provided. The filamentary quantities are obtained from their respective distributions.
The background quantities are defined as the mean value of each plunge.

e Retarding field analyzer #2
The AUG tokamak is equipped with an additional retarding-field-analyzer, dubbed
RFA2 [ODB™20], which operates at the same poloidal position as the MEM, but
at a toroidal different position as the MEM. The setup of the RFA2 probe-head
follow common designs and can be found in Refs. [BLOW13, DRXH09]. The RFA2
provides T; graz-measurements of the intermittent/turbulent nature of the far-SOL
at the limiter surface. The RFA2 sweeps with up to 10 kHz its current—voltage
(I-V) characteristics. The RFA2 evaluation scheme exploits a novel probabilistic
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Figure 2.7: T;-PDF measured close to the limiter surface by the RFA2. Two plunges were
performed lasting 200 ms. Side A and B denotes the two grids as shown in Fig. [2.4] (right).
For each plunge, the average of side A and B is taken and afterwards the mean value of
both plunges is taken for further processing.
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approach in order to determine 7; gra2. A detailed description of the full probabilistic
approach is provided in Ref. [ODB720]. In the presented study, the RFA2 sweeps its
current—voltage characteristics with 5 kHz. The choice of 5 kHz is a compromise due
to the use NBI and short plunge durations. The obtained probability distributions
function (PDF) of both grids (side A and B) are averaged (firstly side A and B of
each plunge and then the plunges of a single discharge) and results in the T} grao-
representation. A profile of the 7igra-PDF is illustrated in Fig. . Because
of its field-alignment, the RFA2 actually provides Tj) and not 7j, which would
be actually demanded for the characterization of the radial transport. Due to the
large distance from the separatrix, it is reasonable to assume that all degrees of
freedom of the T; gras-distribution in filaments as well as in the background plasma
are evenly distributed. Therefore, it is assumed 7j ;= Tj in this analysis, which is
covered by previous AUG high-density L-modes studies [CAB™18]. Due to choice of
5 KHz sweeping frequency, the provided 7 gras-values do not resolve the fluctuations
associated with filaments and they can only be considered as a lower limit for 7;g.
Nevertheless, important conclusions can still be drawn from the evolution of 7; grras
throughout the conducted fuelling scans.

2.3 The JET tokamak and its operational capabilities

The JET tokamak is currently the largest operating tokamak, located in Culham, United
Kingdom, and is operated by the Culham Center for Fusion Energy (CCFE) until December
2023. The JET tokamak is currently the only tokamak in the world which is able to
perform D-T plasmas. JET was commissioned as a limiter tokamak in 1983 and upgraded
to a divertor tokamak in 1993. Between 2009 and 2011 the original carbon fibre reinforced
composites (CFC) PFCs were replaced by an ITER-like design (JET-ILW) using beryllium
tiles in the main chamber and tungsten tiles in the divertor. The plasma can be heated by
several (external) heating methods using OH, NBI with up to 32 MW and ICRH with up
to 10 MW. In sum JET plasmas can be externally heated with up to 42 MW.

major plasma radius R 3.2m
minor plasma radius r 1.0 m
toroidal magnetic field | By, upto4 T
plasma current |/,| up to 3.5 MA
heating power up to 42 MW
plasma volume 80 m?
main plasma fuel D, H, He, T, DT

Table 2.2: Main parameters of the JET tokamak
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Figure 2.8: schematic illustration of the JET tokamak [EUR23].

2.4 An overview of exploited JET diagnostics

2.4.1 Bolometry

At JET, two main-vessel bolometric cameras (KB5V and KB5H) are installed with a
horizontal and a vertical LOS distribution with 24 chords for each camera. This system
covers a high energy range (up to 8 keV) together with high sensitivity (~ 6.2 V/W) and
high temporal resolution (~ 2 ms). The divertor region is equipped with three additional
bolometer cameras (KB3) with 12 LOS in total. Both systems (KB3 and KB) combined
enable measurements with a sufficient spatial resolution to clearly determine the divertor
and main chamber radiation. Fig. (left) provides the LOS distribution of the JET
bolometric system .

2.4.2 Calorimetry

To measure reliably energy loads on any PFCs, the JET tokamak is extensively equipped
with thermocouples covering the entire divertor, the inner/outer guard limiters and the
upper dump plates. The tiles in JET are inertially cooled and thermally insulated from
the support structure. As a consequence, the JET tiles require long times to cool down
in order to be in internal thermal equilibrium. This is fulfilled ~ 500 s after each dis-
charge. Therefore, cooling by radiation is the dominating energy loss channel for all tiles.
To extrapolate the decay profile, the function of radiation cooling must be fitted to the

experimental profiles [MEF*01]:

dT
o = a(Ty = Tio), (217)
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Figure 2.9: Left: LOS distribution of the JET bolometry consisting of the bolometry
cameras KB5 and KB3 [HMA™07]. Right: Distribution of the thermocouples in JET

[MBD*17].

where Tr¢ is the thermocouple temperature in K, T the temperature of the radiation sink
and a is a constant. a and Tj are determined from the fitting procedure.

With the fit function and the tile mass myjye, the tile-resolved stored energy () can be
determined:

Etile = mtile/cp(T)dTa (218)

where ¢, denotes the heat capacity of the tile material (values can be found in Ref.
[MBD*17]). Fig. 2.9| (right) illustrates the thermocouple distribution in JET.

2.5 The SepOS-theory, a novel theory to describe the
plasma performance

For the characterisation of the SOL turbulent transport, not only high-performance diag-
nostics are desirable, but also a consistent theory, which is able to properly describe the
plasma performance. Over the last years, a novel theoretical framework has been developed
attempting to properly describe the widening of the SOL decay lengths by a set of dimen-
sionless parameters. The SepOS-theory, first introduced in Refs. [RDZ98| [Sco05al, [Sco07]
and revived and unified in Refs. [EMG*20, EMtAUt21, [EAH*07], is based on the complex
Drift-Alfven (DALF) model [Sco98al, RDZ98, [Sco05b] and attempts to best describe DALF
turbulence and therefore also interchange and MHD instabilities by exploiting separatrix
conditions.
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It is a concept which seems to be able to properly qualify the power exhaust capabilities
of a plasma scenario in terms of ideal ballooning stability and the nature of turbulence.
In Ref. [EMGT20] for low-d discharges and in Ref. [FEHT23] for high-¢ discharges, it
has been experimentally proven in AUG that the operational window and limits of L- and
H-mode discharges correlate well with the separatrix properties.

In this section, the methodology to determine robustly values close at the separatrix is first
introduced. Subsequently, the novel turbulence control parameter oy is introduced in Refs.
[EMG™20, EMtAUt21], describing turbulence at the separatrix as well as the boundaries
of H-modes in the negep-Te sep Plot.

2.5.1 Methodology

To determine robustly the separatrix quantities in a standardised scheme, the framework
as introduced in Refs. [SWET15] is used, exploiting the AUG edge TS. The edge TS data
are ELM-filtered and need to be averaged in 300 ms intervals in order to obtain usable
TS profiles, particularly for the inter-ELM profiles of Type-I ELMy H-modes. Due to the
vertical LOS distribution, the TS profiles have to be remapped exploiting the reconstructed
magnetic equilibrium.

To determine the separatrix position, which is challenging due to the presence of steep
gradients between pedestal and separatrix, the power balance ansatz described below is
applied assuming Spitzer-Harm electron heat conduction to be the dominating parallel
transport mechanism in the SOL, which sets the electron temperature at the separatrix.
To calculate this value, the so-called Two-Point-Model, introduced in Ref. [Sta00], is
exploited. The parallel heat flux can be expressed by:

s dT,
= —kroT2—=,
A= ds

where s is the parallel coordinate along the field lines and x( the Spitzer-Héarm thermal
heat conductivity. The latter quantity can be written as:

V4 27‘(‘6(2)
et/mZgIn A,
where ¢ is the electric constant. For AUG, typical values of kg (considering Z.g ~2 in the
SOL) are ~ 2000 —w;— [KCP*01b]. Assuming that the power crossing the separatrix Pi,

eV7/2m
(Psep = Pheating,tot — Pradiation core) 18 transferred uniformly into the SOL along the connection

length L (from the OMP down to the outer target) leads to the expression:

dgy _ P
dS” ASOLL ’

where Agor, is the SOL cross-sectional area perpendicular to the magnetic field. Integrating
twice along s from the target (s = 0) to the outer divertor target (s = L) yields:

e (a1 e ) oo
! ‘ 4 Asorko 4 Asorko) '

(2.19)

/10:60

(2.20)

(2.21)
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where in the last step the target temperature 7} is neglected, since the upstream temper-
ature T, normally fulfils in H-modes the condition T;, > T;. The expressions L and Agor,
can be further simplified [EGKT18|:

By,
L =mgepR, Asor = 47R(Aq) - BL1’ (2.23)
tor

where (\,) the poloidally averaged power fall-off decay length [ELP713| and ¢y the cylin-
drical safety factor. The latter two quantities are defined as [EMG™20):

Btor a .
= —= 2.24
Geyl Bpol Rﬁ’ ( )
. fol,
with By = 2%@2 (2.25)
1 2(1+ 262 —1.203
and/%:\/ nallil +2 ), (2.26)
where 11 is the vacuum permeability. All these quantities can be inserted into Equ. ([2.22))
leading to the expression:
2
TPip@® R\ 7
Tosep = | ). 2.27
esep ( 16Koka(Ag) ) ( )

As last step, T, is relabelled to T¢ e, to be clearly termed as separatrix electron temper-
ature. Applying a diffusive ansatz for the parallel transport in the SOL, T, and ¢ can be
expressed in terms of exponential decay functions:

Te(s) = Te,sep * €Xp (_ /\tsf ) ) (228)

S
01(s) = g0 exp ( — | 2.29)
1(s) = q ( Aq-fx) (
where s = 0 denotes the position at the separatrix and s > 0 the SOL region. s < 0,
covering the area in the private flux region, is excluded. Inserting these two equations into

Equ. (2.27)), one yields the ratio:
X T
— = 2.30
. (2.30)

To obtain this ratio, the relation ¢ = Psep/Asor has to be inserted into Equ. ) This
correlation between heat flux and temperature decay length has been proven experimentally
to be in good agreement for AUG plasmas in Ref. [SWE™15].

An iterative numerical scheme solves Equ. searching for the position in the TS
electron temperature profiles where the calculated and the measured Tt s, matches within
2 %. The corresponding values of n., T, and electron pressure p,, with their respective
e-folding decay lengths, correspond to pp=0.999 [EMGT20].
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2.5.2 Introduction of the turbulence control parameter o; de-
duced from the DALF model

In the original works [Sco98al, [Sco98b), [Sco05b, RDZ98], two dimensionless parameters were
identified to properly describe the relative strength of the turbulent transport mechanisms.
The theory suggests to describe the highly complex phenomena of plasma edge turbulence
by a set of parameters connecting them with the broadening of the near SOL decay lengths
(An, A¢ and the pressure decay length A;). In Ref. [RDZ9§|, two key parameters were
identified which control the plasma edge turbulence. One is the ideal MHD ballooning
parameter aypp:

OMHD = ngyl)\ﬁ’ (231)
p
: 4M0pe
with 8= —5—. (2.32)
Btot

Furthermore, the diamagnetic parameter aq, controlling the impact of drift-wave dynamics
on the interchange instability has been introduced:

(my/me)cs R i
— —_ 2.33
a \/O.51Vei(27rqcy1)2R WA (2:33)

where v denotes the electron-ion Braginskii collision frequency [Bra65]. In Refs. [Sco05al,
Sco(7], the same phenomena is described from a different point of view by considering
the impact of the interchange effect on drift-wave turbulence controlled by the so-called
resistive ballooning parameter Cwg. wp describes the strength of the curvature drive and
therefore the strength of the interchange turbulence. This quantity is defined as:

R Z

where Z = n,/ Zj n; denotes the average ion charge. The thermal diffusivities, x.; follow
linearly the normalised collisionality xe.; ~ C - xgg with xgp the gyro-Bohm diffusiv-
ity [Sco02]. Therefore, the transport seems to be partially controlled by the normalized
collisionality C":

Ap Me [ Qe R 2
C=05ly;—2— =—| . 2.35
8 cs M; ( )‘p > ( )

where (dcy1 /) denotes the ratio of the parallel to the perpendicular scale lengths control-
ling the adiabaticity of the electrons and \,/cs, which is required due to time normalization.
M; = M/Z denotes the characteristic ion mass, where M = >=iniM;/ > i ny denotes the
average ion mass with M; the mass of the different ion species and n; the density of the
different ion species. In Ref. [EMGT20], geometrical effects of the non-circularity of the
separatrix are taken into account by & (introduced in Equ. (2.26])) and corrections for
impure plasmas by M.
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Simulations have proven that Cwg, like aq, seems to be able to control the relative strength
of interchange and drift-wave turbulence by determining the cross-phase between pres-
sure and potential perturbations [Sco02, EMG™20]. It is indicated that the transition to
the ideal ballooning regime requires a critical, sharp value in aypp, whereas the transi-
tion to interchange turbulence (resistive ballooning turbulence) is rather continuous and

smooth [Sco02]. Based on that, the novel turbulence control parameter oy defined in Ref.
[EMGT20] has been introduced:

[me 1.02v/2e* In(A)n, = -
ay = CWB = qulR ﬁ ( ) : \/E(l + ]./Z) : Zeﬁffzeﬂ, (236)

1273263 T2

where f . denotes a correction function considering the modifications in the numerical fac-
tor in the Braginskii electron resistivity for single-charges ion species for Z.g > 1 [EMG™20].
For the study presented in this thesis, a simplified formula, which is only valid for AUG
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Figure 2.10: AUG separatrix operational space in edge density ne sep and 7T; sep With Byor=-
2.45 T and I,=0.8 MA at 4, = 0.28 and x =~ 1.7. Zg is set to 1.24. The L-H-L transition
boundary (blue) and ideal ballooning limit boundary (black) are indicated narrowing the
accessible operational window for H-modes in the nesep — Te sep plot. Isobars of ay (purple)
at [0.2, 0.4, 0.6, 0.8, 1.0] are added.

conditions, can be used [EMtAUt21]:

a; ~ 3.0 - 10—18q§yl%zeff (2.37)

oy seems to regulate the strength of the resistive-interchange turbulence relative to drift-
wave transport by setting the phase shift between the potential and electron pressure
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fluctuations [EMG™20]. According to Ref. [EMtAUt21], several boundaries constrain the
operational space of a tokamak (Greenwald density limit, accessibility of high confine-
ment, H-mode and loss of high confinement and technical feasibility due to power exhaust
requirements). In Ref. [EMGT20], three boundaries are introduced; two of them are rel-
evant for this thesis: the ideal ballooning mode limit, which describes the boundary for
the maximum achievable pressure gradient and the L-H-L transition boundary (Equ. 8 in
Ref. [EMG™20]), which describes the boundary for the minimum separatrix temperature
required to enter the high confinement mode. Both boundaries are outlined in Fig.
for an AUG plasma with B;,,=-2.45 T and [,=0.8 MA at 6, ~ 0.28 and k = 1.7. Zg is
set to 1.24. Additionally, the isobars of a; covering the entire H-mode operational window
narrowed by the two boundary lines are added. In Ref. [FEH™23|, it has been shown that
these boundaries seem to be also valid for high-§ plasmas.

Most of the separatrix operational space is in the drift-wave regime (a4 < 1), particularly
any H-mode discharges are in this regime. Following Refs. [RDZ98|, [Sco05a] the inter-
change regime becomes dominant for (o > 1) yielding an H-Mode operational limit in the
region of oy ~ 1. In Ref. [FEHT23]|, it has been shown that for high-6 H-mode plasmas, o
can exceed 1 and the H-mode plasma is still preserved, leading to a new, so far unknown,
upper limit for ay.

As highlighted in Refs. [EMGT20, [FEHT23|, « is strongly linked to the normalised
edge collisionality v.;, which is a common parameter to describe filamentary properties
[VCT™20, ICABT18] and already shown to be of interest in Refs. [SVTT22, REV™23]:

Rn.Z
with I/* o 7TCICy1 eLeff

*
Oy X (ey1V

ei’

where oy reveals a stronger dependence on gy than v/};.
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Chapter 3

Introduction of the recommissioned
calorimetry diagnostics of AUG

This chapter introduces two calorimetric diagnostics, the cooling water calorimetry, dubbed
KWK, and the wall thermometry, which are key diagnostics for this study. These two diag-
nostics have been revised and recommissioned as part of this thesis. Before both diagnostics
are introduced, a short section summarizes the effort in updating and optimizing the data
acquisition. Excerpts of this chapter are taken from Refs. [HRR23| [RHE™23a].

3.1 Hardware update of the entire data acquisition as
requirement for the revision of the AUG calorime-
try diagnostics

With the construction of the AUG tokamak in the early 1990s, an extensive cooling system
was installed that encompasses the entire vessel and allows the cooling water temperature
to be measured separately for all 16 segments of the vacuum vessel. This cooling sys-
tem has been exploited to set up the cooling water calorimetry, which will be introduced
later. However, this 15* generation setup suffered from several drawbacks including limited
data acquisition time, noisy signals which limited the accuracy of the measurements, and
maintenance effort [HRR™23, RHE™23a]. It was therefore abandoned in 2006 after AUG
discharge #20739.

During the last years, the use of W PFCs and the development of novel plasma scenarios
have renewed the importance of calorimetric measurements. To overcome the disadvan-
tages of the old KWK, the signal acquisition, which was originally self-made, has been
entirely revamped using standardized industrial components keeping the maintenance ef-
fort at a low level. The use of standardized industrial components also provides Windows
programs, automatically updated and maintained by the manufacturer, for flexible interac-
tion with the system and easy extraction of profiles, which are required for the evaluation
of the calorimetric diagnostics. This modernization allows the performance of the system
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to be increased, which is now able to resolve the temperature with an uncertainty of 4+ 0.03
K and a time resolution of 1 s for the KWK. In the case of the AUG wall thermometry,
the resolution of the thermocouples have been improved to 0.5 K with a time resolution of
1s.

AUG-Network
Dataupkﬁd via FTP

Simatic PLC S$7-400
(machine monitoring)

Sensors

KWUSPC (Win10) distributed 1/O device (flow, temperature)

(ET200M)
> > 7
o
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L] Profibus I
| (fiber optic)
o Te—r Industrial Ethernet

Figure 3.1: Simplified sketch of the data acquisition procedure [HRR*23].

Fig. provides a simplified overview of the setup for the optimized data acquisition
[HRR*23|, which has been finished during the campaign 2020/2021. One Siemens ET200M
[Sie21a], a modular periphery device, is used for each octant (a unit consisting of two seg-
ments; the AUG vessel is toroidally divided into 16 units of equal size). All Platinum
resistor thermometers PT-100 of an octant are connected to the ET200M via copper ca-
bles. This modular periphery device is connected via fiber optics with a Simatic Con-
troller, model S7-400 414-3 [Sie21b]. Visualization of the acquired data is carried out via
the Simatic WinCC program. Access to the data provided by the Simatic S7-400 CPU is
enabled via an Industrial Ethernet connection. In addition, a Python script runs on the
PC with the Simatic WinCC program which aggregates the data for both diagnostics from
the OPC server following the trigger marks of the AUG discharge operation. The data
is captured between the trigger signal DV1 (10 s before an AUG discharge starts) until
the trigger signal TS0 (~ 30 s before the subsequent discharge) of the following discharge.
The recorded temperature data with a temporal resolution with 1 s are therefore not of
equal length. The minimum length is 600 s, which corresponds to the minimum break
between two experiments at AUG, up to a restricted length of 3600 s. When the trigger
TS0 occurs, the file is saved locally on the PC and additionally automatically uploaded to
the andrew file system (AFS) data storage system [BBBT99, [BBB14] via a File Transfer
Protocol (FTP) connection for further processing. On the AFS data storage system, this
file is written into a standardized shotfile for AUG visualization tools [BBB*99, BBB™14]
using another Python routine. The improvement made with these efforts is illustrated in
Fig. [3.2| comparing dedicated time traces of cooling water temperatures.
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Figure 3.2: Curve comparison from lower and upper inner divertor in segment 1. The blue
and green curves show the trace from data acquired with the old data acquisition system,
which is limited to max. 600 s length and the orange and red curves show the data acquired
with the new system. Plasma discharges with similar parameters are compared.

3.2 The AUG cooling water calorimetry

At the time of its construction, an extensive cooling water system covering the AUG toka-
mak has been installed to ensure the proper cooling of all PFCs as well of the supporting
structures. Each of the 16 toroidal segments constituting the vessel shares a cooling cir-
cuit with an adjacent segment to cool the in-vessel components. In this system specific
in-vessel components are assigned to a single cooling unit. Fig. w (left) provides an
overview of the installed cooling units denoted with colored areas, which encompass these
areas completely, in the toroidal direction. Each segment is equipped with five cooling
units covering respectively the upper (inner/outer) divertor, the lower (inner/outer) diver-
tor and the heat shield resulting a total of 80 cooling units. The roof baffle is aligned to
the cooling unit Lower Inner Divertor due to changes in the divertor geometry since the
15* generation setup. The cooling units indicated in black in Fig. 3.3/ (left) are installed in
specific segments. All PFCs of each ICRH antenna are connected to the cooling system,
are assigned to one cooling unit and are individually resolved. The ICRH antennas are
installed in segments 2, 4, 10 and 12 and define the main midplane limiter of the divertor
tokamak. The additional auxiliary limiters are installed in segments 6, 8, 14 and 16. One
auxiliary limiter is installed on each side of the NBI duct and represents one cooling unit.
Each auxiliary limiter is located radially slightly behind the main limiter in order to reduce
energy loads on diagnostics. In total, 88 cooling units are available, which cover almost
entirely the vessel in the poloidal and toroidal directions. Additionally, the tiles covering
the PSL are highlighted in yellow. Due to the huge thermal capacity of the Copper PSL
structure [VSET13], this part of the in-vessel components cannot be used for calorimetric
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Figure 3.3: Left: Poloidal cross-section of AUG showing all installed cooling units. The
cooling units highlighted by colored areas are installed in all 16 segments. The roof baffle
is assigned to the cooling unit Lower Inner Divertor. The cooling units marked in black
are installed in specific segments: the auxiliary limiters are installed in segments 6, 8, 14
and 16. The ICRH antennas are installed in segments 2, 4, 10 and 12. The tiles covering
the PSL are highlighted in yellow. Right: CAD drawing of the backside of a part of the
cooling unit Lower Outer Divertor of a single segment.

studies.

Fig. [3.3| (right) shows a computer-aided design (CAD) drawing of the rear side of parts of
the cooling unit Lower Outer Divertor of a single segment illustrating the setup of the AUG
cooling system. The full tungsten tiles are mounted on the front of the support structure
by clamps at the top and bottom of the tile. Papyex furnished with graphite (Mersen)
is placed between the tiles and the support structure in order to ensure contact between
tiles and the support structure and to reduce the thermal resistance. The cooling water
tubes (green) brazed on the rear side of the support structure are installed to transport
the deposited energy in the tiles by the cooling water out of the vessel.

Each segment has its own branch of the cooling circuit which supplies the colored cooling
units in Fig. and the cooling units of the auxiliary limiter in the respective segments.
The inlet cooling tube is divided among the individual cooling units of the segment, which
is illustrated in Fig. ﬂ (left), and merged after leaving the tokamak vessel. Platinum re-
sistor thermometers PT-100 are installed in both the inlet cooling tube (before branching)
and outlet cooling tubes of the cooling units (after leaving the vessel) in order to measure
the cooling water temperature. These thermometers are installed as close as possible to
the experiment in order to minimize energy losses in the cooling water due to thermal
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Figure 3.4: Left: Simplified illustration of the cooling circuit of two segments (here seg-
ments 1 and 16). From the ring main circuit, the inlet cooling water temperature is
measured before the cooling water is distributed to the individual cooling units of each
segment. After leaving the vessel, the temperature of the outlet cooling water of the re-
spective cooling units is measured. After merging the individual cooling tubes, the flow
rate of the segment is measured. Right: Close-up of the cooling water circuit of the cool-
ing unit Upper Outer Divertor to illustrate the required shift in the temperature profile
between inlet and outlet cooling water temperature measurements.

transfer through the tubes to the environment (even though the tubes are thermally insu-
lated outside the vessel). The cooling units of the ICRH antennas have their own cooling
circuits in the respective segments. The setup is equipped with single flow rate meters and
differential pressure transmitters in order to measure the flow rate of the outlet cooling
water of each octant and the cooling circuits of the ICRH antenna.

3.2.1 The underlying theory for the calorimetric evaluation of
the cooling water system

To calculate the energy deposition per cooling unit @, the formula as given in Refs. [RV94]
[RV92] has to be solved:

to
Q= m/ ATc,dt (3.1)
t1
To solve this integral several experimental inputs are needed:
e the heat capacity of the cooling water c,, here 4184 kg%K.

e the flow rate m for each cooling unit. At AUG, active flow rate measurements are
not available for individual cooling units and must be measured manually. For this
purpose, a portable ultrasonic flow-meter, KATflow 200, is used.
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e the relative temperature AT, which is the difference between the inlet and outlet
cooling water temperature.

e the time interval [t1, 5], which has to cover the full excursion in the relative temper-
ature profile AT.

The flow rates used for the AUG campaigns 2020/21 and 2021/2022 for all cooling units
can be found in Ref. [RHE"23b]. The DivIlo-Upgrade [HTZ"19] will not affect the flow
rate values. The flow rates of the cooling units in segments 2 and 10 cannot be measured
anymore, since the respective cooling tubes are blocked by various installations. In order
to achieve usable flow rates for segments 2 and 10 the relative branchings of comparable
segments are used and multiplied by the flow rate of the inlet cooling water of segments 2
and 10.

Since the discharge duration is short (max. 10 s), which is much smaller than the heat
conduction time for the in-vessel components, no real-time data is available. Measuring
the temperature signals during the cooling-down phase, allows only time-integrated results
representing the entire discharge.

For the proper determination of the time variation of the relative temperature AT, several
adjustments have to be taken into account:

e All PT-100 signals of a segment have to be calibrated to a reference signal. A
PT-100 measures absolutely the cooling water temperature, but small offsets are
unavoidable and can prevent the evaluation, particularly for cooling units with a
small AT. Fig. (upper) shows the raw data from of segment 1 without any
adjustments for AUG discharge #39649. If both, the cooling water and cooling units
are in thermal equilibrium, the difference in the temperatures represents the offset by
which the signal must be corrected. Fig. (left) illustrates the temperature of the
equilibriated cooling unit in segment 1. The outlet cooling water data are shifted to
the inlet one of the respective segment. Fig. (right) presents the corrective shift
for segment 1 and Fig. (middle) illustrates the cooling water temperature data
corrected by the offset shift on the outlet temperature data. This corrective offset
must be experimentally determined every few weeks.

e The cooling water requires a certain time At in order to flow from the inlet to the
outlet measuring point requiring, a shift by At for the relative temperature rise.
Fig. illustrates the cause of the correction. This time correction At can be
obtained by using the flow rate of the respective cooling unit, the tube diameter d
and the distance between the two measuring points I. The first two parameters are
well known, but the latter is not. Therefore, the inlet temperature data are manually
shifted in time to the outlet temperature data according to characteristics in the inlet
and outlet temperature data. Fig. (lower) illustrates the offset and time corrected
data finally usable to determine the energy deposited in each cooling unit. Using the
obtained time correction values, the distance between the two measuring points can
also be estimated. The distances obtained are reasonable and vary between 15 and
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Figure 3.5: Upper: Raw data from segment 1 of the return temperatures (RT) and flow
temperature (FT) of AUG discharge #39649. Middle: Offset as defined in Fig. |3.6| (right)

applied on all RT signals. Lower: At-corrected and FT-subtracted relative temperatures
of RT signals.
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Figure 3.6: Left: Raw data of the equilibriated cooling units in order to correct the offset
between flow and return temperature profiles. Right: Offsets obtained by subtracting
return temperature data from the flow temperature data.

25 m depending on the cooling unit. The obtained results can be found in Ref.

[RHE*23b).

For the proper determination of the relative temperature AT, the chosen time interval
[t1, 2] must cover the full rise in AT in order to calculate correctly the energy deposition
in each cooling unit. The temperature signals may not cover the full cooling down phase.
Fig. shows an example of a not fully acquired decay curve. The red and green curves
represent the original AT data. The evaluation routine identifies the peak of the relative
temperature AT and separates it into two curves at a time point 75 s after the identified
peak. The red curve in Fig. [3.7 represents the part of the profile until the separation and
is simply numerically integrated. The green curve in Fig. [3.7] represents the profile after
the separation and is used as fit reference for a double exponential fit defined as:

AT(t) — TO . (efncooling down, 1'(t7tstart) + ef"'@cooling down, 2'(t7tstart))7 (32)

where Ty, Keooling down, 1 ad Keooling down, 2 have to be fitted. In case of the heat shield, a
simpler fit function with just one exponential decay function is used. The parameter tq .
represents the time at the starting point for the fit, Tj the initial relative cooling water
temperature at time tgpar; and Keooling down, 1/2 cooling down coefficients. The limit of Equ.
is set to 0. The two cooling down coefficients, which are required to best match the
experimental data may be related to short term and long-term cooling down behaviour
between the PFCs and their connected cooling structure. The fit representing the decay
curve is extrapolated until it reaches the initial temperature before the temperature rise.
The orange curve in Fig. represents such an extrapolated fit curve. The sum of the
integrated red curve and the orange curve yields the full energy deposited in a cooling
unit.
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Figure 3.7: Plot of the AT-profile for the cooling unit in the lower outer divertor in segment
1 for AUG discharge #39649. The green and red curves yield the original AT. The orange
curve represents the extrapolated fit function (according to Equ. (3.2])) providing the full
decay singal required for the calculation of the deposited energy in this cooling unit.

An overall error associated with the evaluation can be estimated and is based on two
uncertainties:

e the uncertainty in the measured flow rate; according to the manual + 3 %
e the uncertainty in the acquired cooling water temperature profiles, here + 0.03 K

The uncertainty of the flow rate meter is multiplied by 2 (meaning + 6 %) in order to take
into account that the required setup of the portable ultrasonic flow rate meter to measure
the flow rate cannot be realized properly for all cooling tubes close to the AUG vessel due
to the pipeline routing, leading to a larger uncertainty than provided by the manufacturer.
Since several mathematical operations are required to obtain the required AT-profile for
Equ. , the overall uncertainty from this source is + 0.12 K (for each mathematical
operation the resolution uncertainty of + 0.03 K is added). Both uncertainties are used as
additional fit parameters in the fit routine for Equ. (3.2)). The upper/lower error for all
cooling units is the sum of the respective upper/lower error of each cooling unit yielding
an estimated overall error of + 6-7 %.

3.2.2 First results of the energy distribution in AUG

The AUG campaigns 2020/2021 and 2021/2022 are the first campaigns in which mea-
surements of the revised cooling water calorimetry have been acquired and evaluated. To
illustrate the capabilities of the new calorimetric diagnostic, the time traces of main plasma
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parameters, the equilibrium and the energy distributions of three different discharge sce-
narios are discussed (overviews provided in Fig. and in Table . The plots of the
first column show the time traces of specific plasma parameters, the middle column the
equilibrium at time = 4.0 s and the third column the energy distribution obtained with
the revised calorimetry.

The energy distribution of a Quasi-Continuous-Exhaust discharge

The upper row illustrates the properties and results of a typical QCE discharge. The key
properties of such a scenario are operation at a high dypper, leading to a CDN-shaping (the
middle plot visualizes this equilibrium), high core and separatrix density ne core/sep (S€€ plot
c¢) and the absence of Type-I ELMs associated with an enhanced filamentary transport in
the far-SOL, which dominates the radial transport at the midplane [FEH™ 21, [VCT*20].
These properties are consistent with the observations made with the cooling water calorime-
try. The energy found on the lower inner divertor (orange bars) is lower compared to the
one found on the lower outer divertor (blue bars). These conditions are compatible with
a (partial) detachment of the inner divertor. The cooling unit Lower Inner Divertor con-
sists of the PFCs of the lower inner divertor and roof baffle. The energy found on the
lower inner divertor is expected to be significantly lower than given by the calorimetric
value. At the same time, high energy load depositions can be found at the first wall
(ICRH antennas and auxiliary limiters, purple bars) and the upper outer divertor (green
bars), which confirms the presence of a significant radial heat transport likely caused by
enhanced filamentary transport. These observations confirm previous studies in L- and
H-modes [CAB™18, BMC™15, [FEH" 21} [VCT*20].

The energy distribution of an Advanced Tokamak discharge

The middle row represents the properties and energy distribution of an Advanced Tokamak
(AT) discharge [BFFT17]. Such scenarios typically require a low separatrix density 7 sep t0
maximize the current drive efficiency of ECRH and NBI and to minimize the dependence
on I, combined with a high fraction of bootstrap current jgg for non-inductively driven H-
modes [BEFT17]. Due to the lower ng gp, the lower inner divertor is attached. A significant
fraction of energy loads can be measured by the calorimetry at the inner lower divertor,
confirming this property. The calorimetric measurements confirm that the energy loads
on the first wall are low even in the presence of Type-I ELMs (compared to the totally
calorimetric acquired energy loads). This observation indicates that the ratio between
parallel and radial transport is different with respect to the previous scenario with more
energy deposited into the inner/outer divertor and less energy deposited at the first wall.

The Energy distribution of a Compact Radiative Divertor discharge

The lower row shows the properties and energy distribution of a Compact Radiative Diver-
tor (CRD) scenario [LBB™23| in USN-configuration. This scenario is an alternative power
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Figure 3.8: Overview of time traces of main plasma parameters, equilibrium at t = 4.0 s
and the energy distribution calculated with the cooling water calorimetry for three different
scenarios: upper row a QCE discharge (for more information concerning this discharge,
see Ref. [REVT23]), middle an AT discharge [BEF*17] and lower a USN discharge in the
compact radiative divertor configuration (see Ref. [LBB¥23]). For this last discharge, the
edge density ne o4 measured with the interferometer is not available. Instead, the nitrogen
seeding rate Ny is plotted. It must be emphasized that the scaling of the y-axis for each
of the energy distributions is different.
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Shotnumber |  FEopn Exgr Ercru | Ecalorimetry
#39231 28 MJ | 31.0 MJ | 21.9 MJ | 41.5 MJ
#39521 23MJ | 31.6 MJ | 149 MJ | 28.9 MJ
#39437 41 MJ | 43.6 MJ | 17.0 MJ | 49.9 MJ

Table 3.1: Overview of the injected and measured energies acquired by the revamped
cooling water calorimetry

exhaust solution for ITER and DEMO with shallow field line incidence angles at reason-
ably high power and promising confinement [LBB™23|. The key channel of power losses in
such scenarios is radiation (radiative losses above 90 % can be achieved by developing a
X-point radiator [BJST21]). Even for such a dedicated discharge with dominating radiative
fraction, the calorimetry can resolve a reasonable distribution. A significant fraction of the
injected energy goes to the upper divertor, consistent with the fact that the configuration
is in USN. The energy deposition in the upper divertor is concentrated on the upper outer
divertor consistent with the strikeline and X-point configuration (see the corresponding
equilibrium) in this dedicated scenario. Strong radiative losses can cause significant en-
ergy loads on any PFCs, which are properly acquired by the revamped calorimetry. The
calorimetry cannot discriminate between particle and radiation caused energy loads.

3.3 The AUG wall thermometry

The AUG tokamak is equipped with an extensive wall thermometry system consisting of
94 thermocouples (TCs) covering poloidally important areas of in-vessel components. The
thermocouples are NiAl-NiCr type K thermocouples. This extensive system covers mainly
the lower (segments 4, 8, 10 and 13) and upper divertor (segments 4 and 13) increasing
the spatial resolution to tile-resolved calorimetric measurements. Fig. (left) illustrates
their poloidal coverage in the upper/lower divertor. Next to the upper/lower divertor,
thermocouples are additionally installed in tiles of the heat shield, where the NBI shine
through can reach the inner columns, Fig. (right plot) gives an overview of their
location in each segment. The ICRH antennas (segments 2 and 10) and the auxiliary
limiters are also equipped with thermocouples, Fig. (right left and centre) gives an
overview of their location in the respective segment. Additionally, single tiles of the lower
PSL are equipped with thermocouples (green markers in Fig. (left)). During the
DivIlo-Upgrade [HTZT19|, tiles of the upper PSL (red markers in Fig. (left)) will be
equipped with thermocouples for tile-resolved calorimetric measurements.

In the AUG tokamak, one tile of each row of a segment with thermocouples is equipped
with one thermocouple, except for the divertor target tiles. In this case, two thermocouples
are installed in one tile. For the calorimetric evaluation, the mean value of these two
profiles is used, as suggested in Ref. [MBD™17]. Fig. (right) illustrates the position of
thermocouples for such a divertor target tile. For each thermocouple there is a small drill
hole which is large enough to accommodate the thermocouple probe-head. This installation
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Figure 3.9: Left: Poloidal cross-section of AUG showing tiles equipped with thermocouples.
Each square marker represents one thermocouple. Purple markers represent thermocouple
installed in the lower/upper divertor, green markers represent thermocouples installed in
the lower PSL and red markers represent thermocouples which will be installed in the
upper PSL during the DivIlo-Upgrade [HTZ719]. Right: Poloidal cross-section of a full
tungsten divertor target tile with the two thermocouples. The thermocouple probe-head
is not installed on the rear side of the tile, but is fully placed into a drill hole (14 mm deep
for this type of tile).

with the drill hole is common to all thermocouples in the AUG tokamak.

3.3.1 The underlying theory for the calorimetric evaluation of
the thermocouples

The calorimetric evaluation of the AUG thermocouples is based on the approach described
in Ref. [MEFT01] and revised in Ref. [MBD™17|. The idea is to measure the cooling down
phase of the tiles between two discharges and to use the equilibriated temperature decay
profile as fit reference in order to extrapolate the decay fit profile back to the beginning of
the AUG pulse and to extrapolate the decay profile to the initial temperature before the
temperature rise starts. As a consequence of this requirement, only time-integrated values
are available. For this purpose, the time a tile needs to reach internal thermal equilibrium
must be much smaller than the cooling time of thermal conduction or thermal radiation.
By fulfilling this condition the effective tile temperature is obtained, which allows the
thermal energy stored in the tile to be calculated. The underlying equation for thermal



54 3. Introduction of the recommissioned calorimetry diagnostics of AUG

Figure 3.10: Overview of the thermocouple distribution at the ICRH antenna, auxiliary
limiter and heat shield. The colored labels correspond to different segments. The colored
squares are used to indicate a tile equipped with a thermocouple, but do not give the actual
thermocouple position within a tile.

energy () is:
Tbegin
Q = Myie / cp(T)dT, (3.3)

Tend
where my;. is the mass of the tile, ¢,(T) is the temperature-dependent heat capacity and
the boundaries (Ttnd, Thegin) Of the integral define the temperature rise. The mass of each
tile can be found in Ref. [RHE™23b]. On AUG, three different tile materials are in use:

graphite, tungsten and P92 steel

The majority of the tiles in AUG are tungsten coated graphite tiles [NBB*07]. The target
tiles at the outer divertor are made of solid tungsten. In case of the heat shield, the central
seven tile rows around the midplane level are equipped with P92 steel tiles. The required fit
formulas of the temperature-dependent heat capacity for each tile material are visualized
in Fig. The temperature dependency of the heat capacity must be considered in
the integration scheme, otherwise incorrect values of the deposited energy will occur as
reported in Ref. [MBD™17]. The critical point is to find a suitable fit function in order to
obtain the effective temperature. For this purpose, the general formula for thermal transfer
is needed: o7 27

ot = Oé@ - 5(T4 - Tsir% (3.4)
where the first term on the right-hand side describes thermal conduction and the second
term describes thermal radiation. T}, denotes the surrounding temperature, o and g are
prefactors containing physical parameters and simplifying the formula. Any energy losses
due to convective transport can be neglected in a vacuum chamber. As known from Refs.
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IMBD*17, MEET01], JET tiles are thermally insulated from the JET support structure
and therefore thermal radiation is the dominant energy loss channel for such tiles. At AUG,
the situation is different: standard AUG tiles are in good thermal contact with the AUG
support structure (otherwise the cooling water calorimetry would not work). Thermal
radiation only contributes, if Tijemax > Tsur, since it correlates with T — TS%H. Such
conditions are not satisfied in AUG discharges [HtAUTO1], therefore thermal conduction
is the dominant energy loss channel for AUG tiles. Consequently, the second term in
Equ. can be neglected. Using the separation of variables the remaining equation can
be separated into two components: one describing the temporal evolution and the other

one the spatial evolution of the temperature within the tile. Since the approach of tile
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Figure 3.11: The temperature dependent heat capacities for graphite, tungsten and P92

steel. The heat capacity of tungsten and P92 are multiplied by a factor to fit on a common
coordinate. The fit formulae are obtained from results in Refs. [BM73, [DPM99, [Heb23].

calorimetry requires internal thermal equilibrium, the component of the spatial evolution
is set constant. The remaining temporal differential equation is solved to:

T(t) = (Tstart - ﬂnitial) - @ ffeooting dowa: (ttstare) + 7ﬂinitiaula (35)

Tinitial 18 the initial temperature before the temperature rise, Tyar¢ the temperature at the
starting point for the fit, £y the time at the starting point and Keooling down the cooling
down coefficient. On AUG, the time and temperature parameters are taken from the
experimental data and only the cooling down coefficient Kcooling down has to be fitted. Fig.
m shows the temperature profile measured with a thermocouple (blue curve). The green
curve represents the part of the temperature profile which is supposed to be thermally
equilibriated. The starting point is set to 200 s for all thermocouples. It has been checked
exploiting IR thermography that the divertor target tiles are in thermal equilibrium after
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Figure 3.12: Plot of the mean decay profile of the thermocouples (TD10_03 and TD10_04)
installed in the full tungsten tile in segment 10. The blue curve represents the acquired
raw data, the green curve the part which is used as reference for the fit and the orange
curve represents the fully extrapolated fit function.

~ 80 s. This boundary check will be discussed later in Section Exploiting the green
curve, the cooling down coefficient, required for Equ. (3.5)), is determined. The orange
curve represents the fit function extrapolated to the beginning of the pulse and to the end
of the decay profile reaching the initial temperature before the rise. The obtained profile
serves as input for the integral boundaries and the temperature-dependent heat capacity
in Equ. in order to determine the stored energy () for each tile. Additionally, an
uncertainty of the evaluation scheme can be estimated:

1) uncertainties in the fit formula of the heat capacity ¢, for each tile material
2) uncertainties in measuring the mass of the tile.

3) the uncertainty in the acquired temperature profiles, here £+ 0.5 K.

4) uncertainty in the back extrapolation due to the low temperature resolution

The fit formula of each heat capacity 1) reveals intrinsic uncertainties by its nature, which
can hardly be assessed. In case of the tile masses 2) any mass weights were realized without
the drill holes, so the tiles installed in the tokamak might be slightly lighter. A further
impact is given by the low temperature resolution 3), 0.5 K, which causes a certain free-
dom in fitting the profile, particularly for tiles with low thermal energy loads. The last
uncertainty 4) is caused by the inaccuracy of the back extrapolation scheme due to the
low temperature resolution. The temperature value at the starting point (first value of
the fitted reference profile) has a significant impact on the temperature profile which is
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extrapolated back to the beginning of the AUG pulse. Uncertainties 1) and 4) can only
be guessed and are supposed to be at least £ 15 %. Uncertainties 2) and 3) are used
as an additional input in the fitting routine for Equ. (3.5). The upper/lower error of
the calculated energy for each thermocouple is obtained by increasing/decreasing the fit
parameters and masses according to their respective uncertainty. This yields an overall
estimated error of & 17 % according to the presented evaluation scheme.

The availability of the tile-calorimetry enables the tile-resolved visualization of energy dis-
tributions. The poloidal tile-resolved energy distribution obtained by the thermocouples
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Figure 3.13: Overview of energy distribution in AUG calculated with the thermocouples in
the upper and lower divertor in segment 4. The red contour represents the magnetic flux

surfaces, the thicker one the last closed flux surface. The results are obtained for AUG
shot #39231.

allows the impact on the inner and/or outer divertor energy loads to be precisely studied.
Of particular interest can be the energy loads at the roof baffle, an area that is assumed to
be only exposed to small thermal energy loads and which cannot be individually resolved
by the cooling water calorimetry. An example of the distribution in the upper and lower
divertors of segment 4 is shown in Fig. (3.13). The energy determined from the thermo-
couples was multiplied by the corresponding number of tiles per row of a segment.

At JET [MBDT17], extensive analyses were conducted to verify the tile-calorimetry ap-
proach. However, due to the lack of an alternative calorimetric measurements at JET, a
simple cross-validation is not possible. Nevertheless, certain concerns regarding this ap-
proach have been eliminated by these JET-studies [GGC*24]. Recent results from the
WEST tokamak [BAAT22], operated by CEA in Cadarache, have provided further proof
for the tile-calorimetry approach. WEST is equipped with a cooling water calorimetry
[BAAT22] similar to that of AUG and with a large number of thermocouples. The calori-

metric results of the two independently performed calorimetric measurements are in agree-

ment )
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3.3.2 Studying the temperature distribution evolution of a full-
tungsten tile with IR thermography

IR thermography is used to study the evolution of the temperature distribution of the
tiles and to identify the initial value required to apply the tile-calorimetry approach on
AUG tiles. To do this, the IR-camera labelled as Sektor9Zeile is used. This camera is
located behind the outer target focused on an observation slit defined by a gap between
two adjacent tiles of the divertor main target in segment 9. Through this slit the camera
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Figure 3.14: Left: Cutout of a CAD drawing focusing on the observation area of the IR-
camera Sektor9Zeile. The red box indicates the actual observation area. The red dotted
line denotes the LOS which is evaluated for studying the evolution of the temperature
distribution. Right: Evaluated temperature distribution visualized in a 3D-contour plot
covering the poloidal position, temperature and time.

can measure the surface temperature on the inner divertor or on the outer divertor by
using a steerable mirror. The red box in Fig. m (left) denotes the observation area
traceable by this IR-camera. As can be seen from the sketch, the observation area of the
IR-camera covers parts of the rear side of the adjacent tiles defining the observation slit.
This possibility is exploited to acquire the temporal evolution of the poloidal temperature
distribution of the divertor target tile rear side. This tile pair defining the observation
area is connected to the AUG cooling system. Consequently, the adjacent tiles have the
same the boundary conditions as the one equipped with thermocouples which are used for
tile-calorimetry. To study the temperature decay profile, the acquisition frequency of the
IR-camera is strongly reduced to 20 Hz, extending the acquisition time from original 10 s to
360 s. The acquisition frequency of 20 Hz is sufficient to resolve the temperature evolution
and the acquisition length of 360 s is sufficient to observe the phase of thermalisation
within the tile. The red dotted line in Fig. denotes the line of sight evaluated in AUG
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discharge #38466. For the data evaluation, an initial tile temperature of 25 °C and an
emissivity € of 0.3 are assumed. The evaluated temperature profile is shown in Fig.
(right) as a 3D-contour plot. The three axes denote the target location S — .Sy [mm] with Sy
the strikeline position, the temperature [°C] and the time [s]. The value of the temperature
at a certain position and time is visualized by colored contours. One can clearly see that at
the beginning of the discharge and shortly after the end the temperature is mainly located
around the strikeline. The spikes appearing at the beginning of the shot are artifacts. With
every time step after the end of the experiment the temperature is continuously distributed
over the entire poloidal tile length. After ~ 80 s, the entire temperature distribution is
flattened over the whole poloidal tile length. The entire tile is in thermal equilibrium
which represents the minimum starting time point in order to apply the tile-calorimetry
approach. Since different tile materials and geometries are used in the AUG tokamak, the
starting time point for the tile-calorimetry approach is set to 200 s in order to ensure that
all tiles are equilibriated, when the tile-calorimetry approach is applied.

3.3.3 Correction of the calculated energy deposition by exploit-
ing the inclination of the magnetic field line on the flat
divertor tile surface

The divertor target tiles are vertically cut into two toroidally adjacent equally sized tile
halves in order to reduce thermal stress reactions within the tile. This setup is henceforth
referred to as a tile-pair. Except for two tiles in campaign 2020/2021, which are installed
in segments 8 and 13, all divertor target tiles are arranged as tile-pairs. At the start
of campaign 2021/2022 all tiles are halved. In Fig. (left), a surface temperature
measurement of a tile pair located in segment 10 by means of IR-thermography is plotted.
The cut between the two halved tiles can be clearly seen. The asymmetry in the surface
temperatures for each halved tile is also visible. In the recent setup, thermocouples are
installed in the tile half which is exposed to the peak heat flux. Temperature measurements
of the other tile half are not available. To determine the entire energy deposited in a tile
pair, the inclination of the magnetic field line «(7, t) along the flat tile surface must be
considered. Fig. (middle) visualizes the inclination of the magnetic field over the
entire flat tile surface [KBCT18]. The variation of the inclination of the entire tile surface
is clearly visible. The cut, which halves the tile, is indicated with the solid black line,
the position of the two thermocouples installed in such a tile are added as black circles,
the hypothetical thermocouple location as black dot and the required position in order to
correct the thermocouple results by a black filled square. The black dot represents the
hypothetical position of the thermocouple whose profile is based on the mean of the two
available thermocouple measurements. In Fig. (right), the energy deposited in the
unhalved tile in segment 8 is plotted against the energy deposited in the halved tile in
segment 10. For this comparison, the tile mass of a halved tile is assumed to be identical
to an unhalved tile. A colormap is added visualizing the fraction of energy found in the
halved tile normalised against the energy found in an unhalved tile. A linear regression
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Figure 3.15: Left: Surface temperature measurements of a target tile pair. The asymmetry
in the surface temperature is clearly visible. Middle: Map of the inclination of the field
angle on the flat tile surface with the cut line of the divertor tile (solid black line), the
contour of the thermocouple positions (black circles), the position of the hypothetical ther-
mocouple generated from the mean value of the temperature profile of both thermocouples
(black dot) and the required position in order to correct the thermocouple results (black
square). Right: Deposited energy in an unhalved tile installed in segment 8 against the
deposited energy in a halved tile installed in segment 1.

shows that a halved tile captures 77% of the energy of an unhalved tile. To adjust the
measured energy in the halved tile, one calculates the inclination of the magnetic field
a(7, t) at the position of the hypothetical thermocouple and at the position of the square
marker. With both values, the corrective ratio Qadjustment = QTC location/Oshifted €L be
calculated. The energy obtained from a halved tile is divided by this ratio in order to
obtain the correct energy value. Interestingly, to obtain a reasonable match between both
halved and unhalved, tiles, agpireq must be set to x = 0.0 cm of the toroidal tile position.
The corrected tile values from segment 10 can be found in Fig. [3.15| (right). A linear
regression is applied yielding an almost perfect match (~ 1.029) between corrected values
and the reference values from an unhalved tile.

3.3.4 Comparison between thermocouples and IR-thermography

The capabilities of the thermocouples are compared with IR-measurements from the di-
vertor target tile and extrapolated to the entire toroidal circumference. In the case of the
thermocouples, the energy deposited for one tile must be multiplied by 128 in order to
cover the full toroidal circumference. The heat flux density from the IR-thermography is
normally calculated from the tile half with the higher surface temperature. The heat flux
density obtained is then spatially integrated in the poloidal and toroidal directions and
then temporally in order to determine the deposited energy. Since the heat flux density is
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obtained from the tile, which is exposed to the peak heat flux, the results obtained would
significantly overestimate the energy loads one would expect. To adjust the overestimated
heat flux density, the same correction factor is used as for the halved tiles, but instead
of dividing, it is multiplied by this factor cagjustment- In Fig. [3.16] the results from both
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Figure 3.16: Energy at the outer target obtained with the IR-thermography and the ther-
mocouples covering an energy deposition between 1 MJ and 11 MJ. Each marker denotes
a single discharge. The black dashed diagonal represents 100 % match between IR and
thermocouples.

diagnostics are visualized. A good agreement between both diagnostics within the error
bars is evident and comparisons between both diagnostics seem reasonable.

3.3.5 Comparison between thermocouples and the cooling water
calorimetry

As a last aspect, the agreement between thermocouple measurements and cooling water
calorimetry should be checked. To do this, a small database of discharges has been cre-
ated in which discharges in LSN configuration only are taken into account. Four areas
are compared: outer/inner upper divertor and outer/inner lower divertor. These are the
areas where the thermocouples have the best poloidal coverage. The toroidal coverage of
thermocouple is sparse. Only one tile per tile row and segment which is equipped with
one thermocouple (excluding the divertor target tile thermocouples). The comparison be-
tween both calorimetric diagnostics for all four areas is visualized in Fig. [3.17 There
is a systematic underestimate of the energy obtained from thermocouples. On average,
the thermocouples find only between 69 % (94 %) of the energy determined from cooling
water calorimetry for the lower outer (inner) divertor. In case of the upper divertor, the
thermocouples detect only 46 % of the inner divertor, which can be explained by the fact
that the heat fluxes reaching these PFCs are not sufficient to apply the tile-calorimetry
approach. At the same time, a reasonable agreement with ~ 94% has been achieved for the
upper outer divertor. For most cases, this area of the vessel is only heated up by plasma
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Figure 3.17: Comparison of energy loads between thermocouples and cooling water
calorimetry for the four divertor areas. The black dashed diagonals represent 100 % match

between cooling water calorimetry and thermocouples.

radiation, which propagates isotropically and explains the good agreement.
These results suggest the presence of toroidal asymmetries and might be connected with

the observations summarized in Ref. [RBH23|, which reports on an uneven distribution
of cracked and broken divertor target tiles within a segment of AUG. For a reasonable

comparison between thermocouples and cooling water calorimetry, a substantial extension
of toroidal coverage with thermocouples would be required.



Chapter 4

A new attempt to achieve the global
energy balance in AUG

In this chapter, a new attempt is discussed to achieve global energy balance in the AUG
tokamak using the revamped KWK. Providing a reasonable energy balance is a fundamental
requirement for any trustworthy energy load studies. It is worth mentioning that the same
exercise whenever is has been tried on different devices [HER™04, FEH05, IMBD™17,
BEK™15] so far, proved to be particularly difficult. In the first section of this chapter,
the energy balance equation for AUG is introduced and all required contributions are
discussed. A linear regression study, following the example reported in Ref. [MBDT17],
is added in order to identify possible systematic uncertainties in the input and output
contributions. A further section is added in order to discuss the source of the energy loads
for two areas of the AUG tokamak which cannot be properly accounted for by the KWK.
Subsequently, the same task is repeated to achieve a reasonable global energy balance in
the JET tokamak. This chapter is concluded with an implication for empirical scalings
based on the observations deduced by achieving the global energy balance. Excerpts of
this chapter are taken from Ref. [RHE™23al.

4.1 The global energy balance of the AUG tokamak

A proper energy balance requires the determination of all the possible energy sources and
losses according to the following equation:

Eoun + Exgr + Ercru + Eicra = Ecalorimetry T FRad, Limiter+PSL + E/NBLlosses» (4.1)

where the terms on the left-hand side (LHS) denote the energy input accounting for all
possible heating possibilities available on AUG. The ohmic heating power is obtained from
the plasma current and loop voltage measurements. For the NBI contribution, the total
injected energy is used. In case of the ECRH and ICRH contributions, a 100 % coupling-
efficiency is supposed.

The first contribution on the right-hand side (RHS) of Equ. represents the sum of the
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energy loads on all in-vessel components obtained with the revised cooling water calorime-
try. ERad, Limiter+pst, denotes the part of radiation energy which cannot be acquired by the
cooling water calorimetry and has to be simulated. Whereas most of the ions and electrons
are collected by the limiters, the area in between is mostly heated by radiation. Since this
area is used for the installation of diagnostics and the PSL, the cooling water calorimetry
is strongly hindered. A short analysis supporting this assumption of dominating radia-
tive heat loads will be discussed later in Section [4.2l The final contribution ENBLiosses
summarizes the contributions of the NBI shine-through, NBI first-orbit and NBI charge-
exchange (CX) losses, which individually may be small, but in sum may have an impact on
the global energy balance. Recent studies on TCV [GKD™17| and more recently on JET
[KSCT23| have shown that NBI losses can be significant. The NBI-losses are calculated
with the RABBIT [WBD™18| code and the fraction of the shine-through reaching the PSL
is estimated exploiting the Analytical Beamlet Code 3D ABC3D |[dHROH20]. In the two
subsequent sections, the determination of the two quantities ERad, Limiter+PSL + NBIlosses
is briefly summarized.

4.1.1 Determination of ERrad, Limiter+PSL

In order to estimate the radiative energy loads for both areas (limiter shadow and PSL),
the simulation framework CHERAB [GMCT™18] is exploited. CHERAB is mainly used for
spectroscopic plasma emission simulations, but is also able to simulate, given a prescribed
radiative source, the radiative energy loads on any PFC. A previous study [MCD™21] simu-
lating the distribution for DEMO PFCs illustrates the capabilities and supports its choice.
Fig. shows the setup realized for the AUG tokamak in CHERAB for a manually op-
timized experimental 2D emissivity profile determined from AUG bolometry (left column,
upper) and the corresponding poloidal radiative heat load distribution of the AUG PFCs
(Fig. (left column, lower)) obtained for discharge #39231 at time = 7.5 s. The starting
point and direction of the evaluation scheme for the poloidal distribution of the radiative
heat loads is indicated in the upper plots, where the black lines represent the 2D-poloidal
contour of the AUG vessel and in-vessel components. The blue line denotes the so-called
synthetic wall detectors. These detectors are implemented for the determination of the
radiative power reaching the respective areas.

To count the fraction of radiative power reaching each synthetic wall detector, CHERAB
exploits the Python package raysect using the ray-tracing approach [CMB™18§|. These wall
detectors follow the entire contour of the AUG in-vessel components with a small offset
(magnitude 1 mm) to ensure numerical stability.

To obtain the amount of radiative energy at any PFC for a large database, a systemic
approach is required. The standard bolometry tomography method (an example is shown
in Fig. (left column)) used at AUG requires manual optimization of a set of parameters
for each reconstruction and is therefore not suited for automatic computation of a large
sample of data [DBPT21]. Instead, a recently developed Gaussian process tomography
(GPT) model has been used [MBD™22]. This model uses a set of hyperparameters which
is trained on a database of 214 profiles including 75 experimental emission distributions
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Figure 4.1: Overview of the setup used in CHERAB in order to assess the poloidal dis-
tribution of radiative heat loads for discharge #39231 at time = 7.5 s: left column with
experimental 2D emissivity profile and the resulting poloidal radiative heat load distribu-
tion, right column with simplified synthetic 2D emissivity profile and the resulting poloidal
radiative heat load distribution. The starting point and direction of the evaluation scheme
is indicated in each upper plot. The area of interest PSL + Limiter is indicated in red in
both poloidal distributions.

considering different AUG scenarios. For this study, the hyperparameters for the Cartesian
kernel function have been used. For more details, in particular on its validation for AUG
conditions, the reader is referred to [MBD¥22]. The bolometric input values are median
averaged with a temporal resolution of 1 ms. The radiative contribution is temporally
integrated with a time resolution of 2 ms.

The newly obtained emissivity profile and the poloidal distribution of the radiative heat
loads can be found in Fig. H (right column). While the output of GPT differs from the
manually optimized case, the differences are only minor in the LFS poloidal plane. The
differences are, however, more substantial on the surface power loading outcome (compare
Fig. lower left and right), exhibiting the need for a reliable radiation computation and
its error estimation, justifying the choice of the well benchmarked GPT method using 3D
viewing cones. Even though the evaluation of the framework based on CHERAB and the
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GPT model has certain uncertainties, it is presently the best compromise between eval-
uation time, model accuracy and flexibility. In the example showcased here, the largest
discrepancies are in the inner divertor (poloidal distance j 1 m), but otherwise agreement
is good. To obtain the incident radiative energy at the PSL for the entire tokamak vessel
surface, the values determined for the respective wall detector covering the PSL are ex-
tended to the full toroidal circumference, integrated in time and summed up. In the case
of the limiter shadow, the same procedure is performed but excluding the fraction of the
limiter area which is covered by the four ICRH antennas.

4.1.2 Determination of ENBI-losses

AS mentioned earlier, the contribution EnprLiesses cOmprises the contributions of the NBI
shine-through which reaches the PSL, the NBI first-orbit and the NBI CX losses. While
the first contribution can be accurately determined with the aid of RABBIT and ABC3D,
this does not apply to the two latter contributions [WBD™18, BGS™21) WBS™23].

o
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Figure 4.2: Left: relative fraction of the NBI shine-through beam intercepted by the ICRH
antenna for both NBI sources (see Fig. and for different values of vertical relative
source angles with identical horizontal relative angle. Right: calculated power deposition
of beam 7 reaching the PFCs of PSL and the ICRH antenna in segment 12 for discharge
#34364. The gap in the power deposition which splits the power distribution between PSL
and ICRH antenna is clearly visible. Taken from Ref. [dHROH20].

A minor correction is given by the consideration of the shine-through of the NBI sources
6 and 7, particularly for discharges at low separatrix density. The ASDEX Upgrade NBI
heating system has two NBI boxes with a total number of 8 sources. of which 6 can hit
the inner heat shield as shine-through. These shine-through losses are properly counted by
the cooling water calorimetry. The beam sources 6 and 7 are tangentially oriented, since
both are used for current drive (for illustration, it is referred to Fig. [2.2]). Both beams
focused on segment 12 impact the PSL and the ICRH antenna: Source 6 can hit the lower
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PSL and the lower part of the ICRH antenna, whereas source 7 can hit the upper PSL
and the upper part of the ICRH antenna. Any shine-through from both beams, which will
partially reach the PSL, cannot be acquired by the calorimetric diagnostic. To calculate
the fraction of the NBI shine-through of the NBI beam sources 6 and 7 intercepted by the
ICRH antenna, results from RABBIT (providing the shine-through values) and ABC3D
(providing the values of the area intercepted by the PSL) are used. The code ABC3D
must be used, since both beam sources 6 and 7 are steerable in the horizontal and vertical
directions.

The fraction deposited on the PSL and ICRH antenna depends mostly on the vertical
angle. Fig. (left) illustrates the integrated power density that is intercepted by the
ICRH antenna for sources 6 and 7 as the fraction of the total beam power for different
vertical relative source angles. Fig. (right) visualizes the simulated power deposition
on the PSL and the ICRH antenna in segment 12. The gap between the PSL and the
ICRH antenna cuts the power deposition into two parts. The power density of the beam
is given by the sum over the individual beamlets, which are parameterized as:

12

E, ine-Throu _ﬁ
FShine-ThroughUH; ZJ_) - Sh2ﬂ,2}; ghe °1 ) (42)
1
with
_ lHtan(e) (4.3)

01 \/§ )
where Fghine-Through 18 the integrated NBI shine through power in time, € is the divergence
defined as the half opening angle of a cone with energy density at 1/e of the on-axis energy
density, /| the parallel and [ are the perpendicular distances with respect to the beam axis.
The effects are only observable in low density discharges, where significant shine-through
contributions can occur. This correction only plays a role for a minority of the database.
In single cases, more than 6 MJ was found on the PSL due to the shine-through of source
6 and/or 7.

For the remaining two NBI-contributions (first-orbit and CX losses), certain assumptions
have to be taken into account. It is assumed that most of these two losses are deposited
on the LFS, where the revised calorimetry has the lowest coverage, resulting in a low ac-
quisition of these losses. With the standard input profiles, RABBIT is able to determine
first-orbit losses throughout the RABBIT orbit-averaging approach. The known coordi-
nates of the PFCs are transformed into a flux radius py, and every guiding center orbit
(4 its gyro-radius) which exceeds pjy, is lost. Within the RABBIT-model, subsequent
collision-induced orbit losses are not considered. The standard input profiles are sufficient
to determine this contribution.

A robust calculation of CX losses [BGS™21, WBS™23] would require, next to the standard
input profiles, the proper determination of the neutral particle density ng. This input pro-
file is hard to obtain for a single discharge and even more for a large database, because it
is not directly measured. For this analysis, the same fit profile (illustrated in Fig. for
the neutral particle density is used for the entire database. In the extended Fokker-Planck



68 4. A new attempt to achieve the global energy balance in AUG

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Ptor

Figure 4.3: Visualization of the fit profile for the neutral particle density based on the fit
introduced in Ref. [BGST21]. The same fit profile is used for the entire database.

equation, CX losses can be expressed by:
7—S
Tex (V)

I (4.4)

where f denotes the beam distribution function, 7, the Spitzer slowing down time and
Tex(v) the mean CX lifetime of a particle of velocity v. Ref. [Gaf76] suggests to write
Tex (V) as:

Tex (V)7 =g - 0 (V) - v, (4.5)

where 0. (v) denotes the velocity-dependent CX cross-section.

4.1.3 The AUG energy balance

Taking into account the information in the previous sections, terms on the RHS of Equ.
(4.1) can be estimated. Estimated errors of the input energy and of the calculated energy
loads on the PFCs can also be provided:

e NBI: £7 %
ECRH: £5 %

ICRH: +£5 %

Ohmic Heating: 5 %

Calorimetry: +6-7 %

Radiation: +£12 %
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Due to the complexity of the external heating methods, an exact determination of the
uncertainties cannot be realized (see Ref. [MEFT01]). The uncertainty of the ohmic
heating is based on the uncertainties of the measurement setup of the Rogowski coils and
the toroidal conductor loop. In the case of the KWK, the uncertainty has been estimated
in Section [3.2.1] For the uncertainty of bolometric measurements including the GPT-based
reconstructions, see Ref. [DBP™21]. The uncertainty of the poloidal radiative distributions
depends on a set of parameters in the CHERAB code. For this study, an uncertainty of
~ 3% for the radiative distribution can be estimated.

Fig. (upper) presents the global energy balance of AUG realized with a database
of almost 600 discharges from the second half of the 2020/2021 campaign and the full
2021/2022 campaign. The x- and y-axes of Fig. (upper) represent the sum of the
left and right sides of Equ. , respectively. The dashed bold bisector represents the
goal of 100 % detection. A colormap is added visualizing the simulated radiation energy
normalised against the injected energy. This database covers a large range of different
scenarios (different equilibrium configurations, different seeding gases (N, Ne, Ar, He),
heating schemes, fuelling levels including pellet fuelling and main gases (D, He)), which
have been executed in the last two campaigns at AUG and a large range in injected energy,
starting from ~ 5 MJ up to ~ 100 MJ.

The thin dashed line represents the detection rate obtained from a linear regression between
input energy and detected energy. According to the applied linear regression the presented
setup is able to find 95 % of the input energy on average for various, strongly different
discharge scenarios and fractions of simulated radiated energy. Additionally, the mean
error based on the sum of the individual uncertainties of each contribution is determined
for the entire database. The mean error reveals a low scatter in both directions (+ 5.0 %
and £+ 9.4 % in the x- and y-directions, respectively) supporting the reliability of the AUG
global energy balance.

Fig. (middle) and (lower) visualize the individual contributions to the global energy
balance according to Equ. (4.1), starting with the heating contributions (middle) of the
LHS of Equ. (4.1]). The lower plot illustrates the three contributions (the energy measured
with the calorimetry, the fraction of simulated radiative energy reaching the limiter shadow
and the PSL and contributions related to NBI losses), which can be found on the RHS of
Equ. (4.1)). According to the plots, one can identify that the simulated radiative fraction
for the RHS of Equ. is relevant due to its significance in the energy balance for any
input energy. The entire radiation energy, Eraq tot is added in the lower plot as comparison
to the simulated contribution.

As mentioned earlier, the contribution ENpLiesses includes the components of the NBI shine-
through, which reaches the PSL, the NBI first-orbit and the NBI CX losses. While The
first contribution can be accurately determined with the aid of the RABBIT and ABC3D
codes, this does not apply to the two latter contributions [WBD™18, [BGS™21, WBS™23].
In this study, for the entire database both contribute on average ~ 3 % to the energy
balance (see Fig. (lower)). However, studies on TCV [GKD™17] and more recently on
JET [KSC™23| have shown that NBI losses can be significant.

According the applied linear regression the mean discrepancy between input and detected



70 4. A new attempt to achieve the global energy balance in AUG

ASDEX Upgrade

0.45
— 100
Z 0.40
§ 80 Fraction of found input energy:0.95
< 035 4
2 2
w60 W
i 0.30 :
E o
5 40 0.25 &
o
w
0.20
t 20
3
w 0.15
0 4
0 20 40 60 80 100
Einput [M]]
ASDEX Upgrade }
100 © & e

Eneis st -

T e a0

Eecan .
Eicry -

Energy [M]]

Einput [MJ]
ASDEX Upgrade

Erad.tar e
Ecal -

100

Enag, vimiter + pst -

® & w a

Enei - tosses -,

Energy [M]]

0 20 40 60 80 100
Ejnput [M]]

Figure 4.4: Upper: Visualization of the global energy balance obtained with the revised
cooling water calorimetry on the AUG tokamak. The x- and y-axes represent LHS and RHS
of Equ. A1} A colormap is added representing the fraction of simulated radiative energy
normalised to the injected energy. Middle: Visualization of each contributor to the global
energy balance of the LF'S of Equ. The four contributions represent the injected energy
of each heating system. Lower: Visualization of each contributor to the global energy
balance of the RHS of Equ. The three contributions represent the calorimetrically
captured energy, the simulated radiative energy reaching the limiter shadow and the PSL
and contributions related to NBI losses. Additionally, the total radiative energy is added
as comparison to the simulated contribution.
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energy is ~ 5 %. The large database demonstrates that the calorimetry can capture
between 58 % and 83 % of the total injected energy for arbitrary plasma scenarios. The
calorimetric diagnostic thus represents the main contributor to the RHS of Equ. (4.1).
The great effort in improving the data resolution and maximizing the acquisition time
[HRR23|, together with a reasonable extrapolation fit, is the basis for robust values for
arbitrary plasma scenarios. The lower limit of the energy captured by the KWK is given
by CRD scenarios, which have a dominating radiative fraction (> 90 %) [LBBT23]. The
high radiation fraction for such discharges is also reflected by the high energy loads found
with the limiter cooling units (purple bars) in Fig. (third column, lower plot). At the
same time, the radiative component provided by means of CHERAB and a GPT-model is
key, since its contribution can vary between 13 % and 45 % (corresponding to the values
in Fig. (upper)), thus encompassing a significant range of the injected energy. This
broad contribution to the energy balance strongly emphasizes the need for accurate and
reliable calculations of radiative losses for the areas around the limiter and the PSL, which
the AUG calorimetry, despite its very good coverage, cannot capture.

With the establishment of the energy balance using the revised KWK, a novel approach
based on the code CHERAB and a simple GPT model for bolometric reconstruction in
order to accurately determine the radiative fraction has been introduced. The results
derived with both codes compare well with results based on bolometric reconstructions (see
Fig. and are suitable for a reasonable calculation of the key contribution for any plasma
scenario. In previous studies at AUG [FEHT05, HER™04], JET [MEFT01] and EAST
[ZMY"22] addressing the global energy balance challenge, appropriate determinations of
radiative losses realised by means of bolometric measurements have not been realised. So
far, simplifications, such as constant correction factors, were applied on databases in order
to take into account radiative losses. The AUG results with the CHERAB framework show
already that the radiation losses can vary widely for a large database and that radiative
losses require a shot-by-shot assessment.

Despite the promising new energy balance, a small mismatch of ~ 5 % has been identified.
Using a linear regression study based on the data shown in Fig. may provide further
insights into systematic errors (e.g. the supposed 100 % wave heating absorption) which
could explain the (small) mismatch in the energy balance [MBD™17]. Case (1) in Table
denotes the regression for the LHS of Equ. assessing the respective energy inputs.
The strongest drop is obtained for the ohmic contributions, which should be lowered to 70
% of the actual measured value. At the same time, ECRH and NBI are both close to unity,
indicating no clear source of the mismatch for the dominating input contributions. The
ICRH efficiency for this database is ~ 91 %. There might be some systematic disagreements
in estimating the absorbed ICRH energy. Repeating the analysis excluding the subset of
ICRH-heated discharges in the database (case (2) in table leads to similar prefactors
as for case (1).

The calculations can now be repeated for the RHS of Equ. in table 4.1 with (case (3))
and without the ICRH-contribution (case (4)). For case (3), the linear regression reveal
that all three measured contributions are equally increased by 4 - 6 %. No clear source
for the mismatch can be identified. In case (4), the prefactor for the NBI-losses is tripled.
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a-Fou+b- Exgr + ¢ Egcru + d - Eicru = € - Ecalorimetry + [ * ERad,Limiter+PSL + ¢ * ENBI-losses

Case fitted a b c d e f g
(1) LHS of Equ. (4.1) abed 07 097 098 091 1 1 1
(2) LHS of Equ. (4.1) a,b,c 0,69 099 0,97 0 1 1 1
(3) RHS of Equ. (4.1)  efg 1 1 1 1 105 1,05 1,06
(4) RHS of Equ. (4.1) efg 1 1 1 0 1,03 1,08 1,18

Table 4.1: Overview of different configurations of the AUG energy balance equation (Equ.
(4.1). Bold prefactors are pre-set in regression studies.

However, the impact on the energy balance is small. The averaged contribution is ~ 3 %
leading to ~ 3.6 % using the prefactor of case (4). The study suggests that the mismatch
is caused by small uncertainties of all contributors.

4.2 Validation of the AUG global energy balance as-
sumptions

In this section, the respective assumptions made for the limiter shadow and the PSL are
cross-checked exploiting thermocouple measurements at the lower PSL and on the in-vessel
piezoelectric valve, which is utilized for local gas injection of the Thermal Helium Beam
(THB) diagnostic.

4.2.1 Analysis of the energy loads in the limiter shadow

To check what the energy loads in the limiter shadow depend on, a protection measurement
of the THB diagnostic is exploited. The in-vessel piezo valves of the THB-diagnostic
are installed in the limiter shadow. The THB-diagnostic [GWCT18| has (status 2021)
two valves for injecting helium puffs at the LFS midplane into the plasma, which are
installed in segments 13 and 16. Each valve is equipped with a thermocouple measuring
the temperature of the setup consisting of the valve, its protection tile and the connectors
to the support structure. In Fig. [4.5] the valve system installed in segment 13 is highlighted
in green. The temperature of each valve setup is acquired every minute. Fig. (upper)
shows the valve temperature profile obtained with the thermocouple for two days in 2017.
The solid line represents the temperature measurement in segment 13 and the dashed line
represents the measurement in segment 16. Each color represents the database of one
THB-valve per day. The black vertical lines denote any discharge (technical, useful, not
useful) executed in these two days. One can observe that the solid line (representing the
segment 13 temperature profile) increases continuously during the entire experiment day
with almost no decay, whereas the dashed curve (representing the temperature in segment
16) rises less during the same day. The reason is that the THB-valve in segment 16 is
connected to the AUG cooling water system avoiding overheating due to its location next
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Figure 4.5: In-vessel components of the THB and the gas-puff imaging (GPI) system at
the LFS in segment 13. One thermocouple used for this check is installed in the valve
system which is indicated in green. Additionally, the optical head is indicated in red, the
corresponding LLOS distribution in blue and the GPI system in yellow. Taken from Ref.
Grilg].

to the NBI box 1 in segment 16, in contrast the valve setup in segment 13 was connected
only to the support structure at the time of these experiments, thus the heat transfer of
the valve setup is strongly damped. Following the tile-calorimetry approach, the amount
of energy deposited for each executed discharge can be computed. The mass and the heat
capacity of each component of the valve setup is taken from Ref. [Grilg]. The underlying
equation for determining thermal energy is,

n Thegin
Q=> m / cpi(T)dT, (4.6)

where m; is the mass of the i-th component, ¢,;(T) is the temperature-dependent heat
capacity of the i-th component and the boundaries of the integral defines the temperature
rise. As this approach requires thermal equilibrium, one can suppose that each component
of the valve setup has the same temperature at the starting point for the fit and a com-
mon decay behaviour. Normally, one would use a standard exponential decay function as
followed. Due to the low temperature rise measured with both thermocouples, an expo-
nential decay function is not suitable. Instead, the Taylor series until the first order of an
exponential function yielding a linear fit function is implemented. The fit function finally
used is defined as:

T(t) - (ﬂtart - ﬂnitial) . /{cooling down ° (t - tstart) + irstarta (47)

where Tt is the initial temperature before the temperature rise, Tyap¢ is the tempera-
ture at the starting point for the fit, ts..¢ is the time at the starting point for the fit and
Keooling down 15 the cooling down coefficient. It must be mentioned, that due to the require-
ment for thermal equilibrium, the impact of any given scan cannot be resolved. This setup
can only resolve trends of the deposited energy per discharge on each valve system and has
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Figure 4.6: Upper: Traces of the valve temperature obtained with the thermocouple for
two days in 2017. The solid and dashed lines represent the temperature measurements
in segments 13 and 16, respectively. Each color represents a database of one THB-valve
of one day. The black vertical lines denote any discharge (technical, useful, not useful)
executed in those two days. Lower: The energy stored in the valve setups against the
energy stored according to radiation heating up the respective protection tile surface. A
good linear agreement between both parameters can be observed. The magnitude of both
estimated energy parameters also match reasonably. Each color represents the database of
one THB-valve per day.
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been compared against several plasma parameters. A promising trend has been observed
between the radiated energy and the energy measured for both valves. As a further check,
the amount of radiation reaching each valve is estimated. The radiative energy is divided
by the plasma surface taken at a certain time point and then multiplied by the area of the
plasma-facing protection tile. The outcome is labelled as Fraq vaive and the deposited energy
estimated for both valves can be found in Fig. (lower). The x-axis denotes the amount
of radiative energy reaching the protection tile, whereas the y-axis denotes the amount of
energy deposited according to the thermocouples installed in the valve setups. An almost
linear trend between the estimated amount of radiative energy reaching the valve and the
energy deposited according to the thermocouples can be observed. The magnitude of both
parameters is in good agreement as well. For both valves outliers can be observed. They
may be caused by disrupted discharges, where the energy stored in the plasma hits the
first wall in the region between segment 13 and 16 causing the strong rise in the deposited
valve energy. With that observation it seems that radiation is the dominant source during
normal plasma operation (no disruption) for energy deposition in the limiter shadow.

4.2.2 Analysis of the energy loads on the PSL

A similar study can be realised for the lower PSL. The thermocouple measurements of the
PSL tiles PSL Tile 1 and PSL Tile 2 are compared against the radiative energy loads
obtained from the CHERAB framework introduced previously in this chapter. For the
upper PSL, such checks are not available yet. During the Divllo-Upgrade, thermocouples
will be installed in the upper PSL. For the lower PSL, reasonable thermocouple profiles
are not available for the entire database, only for the AUG campaign 2021/2022. The
thermocouple measurement of PSL Tile 1 is compared against the radiative energy loads
of the area highlighted in green and the thermocouple measurement of PSL Tile 2 is
compared against the radiative energy loads of the area highlighted in red in Fig. The
comparisons of both tiles can be seen in Fig. [1.8 Fig. (left) illustrates the results of PSL
Tile 1. The x-axis denotes the energy according to thermocouple measurements, the y-axis
denotes the energy according to the CHERAB calculations. A dashed bisector illustrating
perfect match is added. The comparison reveals a good agreement indicating that PSL Tile
1 seems to be dominantly heated up by radiation. Single outliers can be observed, which
might be related to disrupted plasma discharges or corrupted thermocouple evaluation.
Fig. (right) illustrates the results of PSL Tile 2. The description is identical to Fig.
[4.8] (left). in contrast to PSL Tile 1, the thermocouple results of PSL Tile 2 are below the
results provided by the CHERAB calculations. It indicates that the energy (from radiation
or particles) seems to be below the energy threshold being required for the use of the tile-
calorimetry approach. The results from both tiles suggest that the energy loads reaching
these two tiles are dominated by radiation. Further impacts from plasma-wall-interaction
have not be resolved so far, but cannot entirely be excluded due to the lack of a sufficient
toroidal coverage with thermocouples or of further diagnostics.
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Figure 4.7: Cutout of the CHERAB setup shown in Fig. The cutout shows the lower
PSL. The two areas of the PSL used for this comparison are marked in green for PSL Tile
1 and in red for PSL Tile 2. Available thermocouples are marked as purple markers.

4.3 The novel attempt on the JET global energy bal-
ance

The promising results and new findings based on the AUG energy balance motivate for a
novel attempt on the energy balance challenge at JET. The latest energy balance results
at JET indicate that only 75% of the injected energy can be detected [MBD™17]. Detailed
analyses were carried out to identify potential sources of errors and, if possible, to eliminate
them. Single assumptions of the extensive study [MBD™17| are used as a starting point.
The JET energy balance equation following the definition from Ref. [MBD™17| can be
expressed as:

Eon + Exgi + Eicru = Ercpiv + EeLim + (Er — f8ErB — foivERDiv), (4.8)

where Etc piv denotes the energy obtained by the divertor thermocouples and Ef jin, the
energy obtained by the limiter thermocouples. Er denotes totally radiated power, whereas
ERrg the bulk plasma radiation and Egrp;, the divertor radiation. The radiation is divided
into bulk and divertor radiation in order to assess double accounting (by fg and fpiy,
the fraction of radiation which is already accounted by the thermocouples [MBD™17]).
For both adjusting parameters constant values for the entire database (fg ~ 0.11 and
fpiv ~ 0.27) are suggested. Due to the low data reliability, thermocouples from the 48
bulk tungsten tile modules placed in the center of the divertor are excluded from the anal-
ysis. Therefore, the database considers only discharges for which the strikeline is not put
on this area. Furthermore, it is assumed that this area is only exposed to plasma radia-
tion properly acquired by the bolometry [MBD™17|. To compensate the sparse poloidal
coverage of the limiter thermocouples, the limiter results are multiplied by 1.6 in order to
match with JET limiter discharges as benchmark test. For this setup, about 75% of the
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Figure 4.8: Left: Comparison of the deposited energy according to CHERAB calculations
and thermocouple measurements of PSL Tile 1 as defined in Fig. A dashed bisector
is added representing an ideal match between both quantities. A good agreement between
both quantities for the entire range is observed. Right: Comparison of the deposited en-
ergy according to CHERAB calculations and thermocouple measurements of PSL Tile 2
as defined in Fig. 4.7 A dashed bisector is added representing an ideal match between
both quantities. The CHERAB results provide higher values than the thermocouple mea-
surements.

injected energy have been found on average for a JET database of ~ 350 discharges.
The results and the extensive analysis of potential uncertainties discussed in Ref. [MBD™17]
could not identify a single source causing the mismatch in energy balance. Latest calibra-
tion work [KSCT23| on the JET NBI comparing D and T-beams reveal no mismatch on
relative scales. It suggests that the mismatch is independent of the beam species. A simple
check can be performed by exploiting the change of the time derivative of the plasma stored
energy when the NBI power is switched off or on. The heating efficiency in its simplest
form can be written as:
_ A
=X P
where the numerator denotes the change in the time derivative of the stored plasma energy
and the denominator the change in the injected heating power. The fits applied on the
slope of both quantities suggest for JET L-modes that only about 80% of the NBI power
is actually stored in the plasma [KSCT23|. Further analysis with more sophisticated nu-
merical codes like TRANSP/NUBEAM [Haw80, (GMT*81, PMAT04] or ASCOT [HSP93]
are required to investigate this observation. Any NBI losses (shine through, CX, orbit and
re-ionization) have not been assessed in this analysis. The observations with respect to
the newly obtained AUG global energy balance suggest to update Equ. adapting
the contribution assigned to radiation and NBI-losses. As shown for AUG, the fraction of
missing radiation, which cannot be accounted by the AUG cooling water calorimetry varies
strongly throughout the entire database which is in contrast to the assumptions presumed

(4.9)
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Figure 4.9: Workflow required at JET to determine the poloidal radiative energy distribu-
tion.

in Ref. [MBD*17] and requires adjustments.

In the updated analysis, the thermocouples of the divertor baffle tiles and the upper dump
plates are additionally considered. Latest work with QCE H-mode discharges support the
consideration of any available calorimetric measurements to acquire properly any particle
energy loads on non-divertor PFCs. In order to assess the poloidal radiative distribution, a
workflow similar to the one introduced for AUG is also available at JET. The AUG work-
flow exploits a novel GPT-model minimizing manual efforts, whereas the JET workflow
requires several manually optimized tomographic reconstructions for a single discharge.
Fig. illustrates the work flow: A discharge has to be divided into sections (shown here
as vertical black lines). These have longer intervals (2 s) in the L-mode phase and shorter
intervals (0.5 s) in the H-mode phase. For each time a manually optimized tomographic
reconstruction has to be generated. Exploiting the standard JET intershot analysis, the
radiative heat loads for each time interval is determined. This is repeated for all time
intervals. As last step, the poloidal radiative heat load distributions are temporally inte-
grated to determine the poloidal radiative energy load distribution for the full discharge
MBDF17].

In contrast to AUG, the missing radiative fraction of dedicated areas is not added. Instead,
the contributions of the whole divertor (including divertor baffle tiles and excluding Tile 5),
the upper dump plates and the inner and outer limiter are subtracted from the total plasma
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JET tokamak

=== Upper dump plates
= |nner limiter

= Quter limiter
Divertor

Figure 4.10: Poloidal contour of the JET tokamak. The radiative energy loads from areas,
which are colored (yellow, blue, red, green), are subtracted from the total radiation in
order to avoid double counting. The central part in the yellow contour corresponds to the
48 bulk tungsten modules or also called Tile 5

radiation. The coverage of the four areas is visualized in Fig. Discharges with the
strikeline on Tile 5 are not considered in this database [MBD™17]. This newly introduced
radiation contribution replaces the former radiation expression (Er — fs Erp — fpiv ERDiv)-
The observations with respect to the NBI power stored in the plasma suggests to update
Equ. (4.8) considering additionally NBI-losses on the output-side. As suggested by the
AUG results, a term summarizing the NBI-losses seems to be demanded for an appropriate
attempt in achieving a reasonable global energy balance (and supported by the observa-
tions in Ref. [KSC™23]). From previous experimental and numerical studies at TCV
[GKD™17], it has been observed that the NBI-losses can dominate the NBI-power balance
leading to a heating efficiency around ~ 17 %. This low NBI heating efficiency is known

a- EOH +b- ENBI +c- EICRH =d- ETC +e- ERad,adjusted + f : ENBI—losses
case fitted match a b ¢ d e f
(1) Benchmark Equ. (4.10]) none 75% 1 1 1 1 1 0
(2) right side of Equ. (4.10) d, e, f 100 % 1 1 1 097 1.02 0.36
(3) left side of Equ. a,b,c 100% 0.89 1.04 095 1 1 0.36
(4) left side of Equ. (#.10) #2 a,b,c 100 % 0.89 0.68 0.95 1 1 0

Table 4.2: Overview of different configurations of the JET energy balance equation (Equ.
(4.10). Bold prefactors are pre-set in regression studies.
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Figure 4.11: Global energy balance in JET setting the NBI-losses to 0 being consistent
with studies at JET. For NBI-dominated JET-discharges only 75 % of the injected energy
can be found, whereas for ICRH-dominated JET-discharges an almost perfect agreement
can be achieved.

for smaller devices, but expected to be small for larger devices. Latest JET-results suggest
the opposite and indicate a NBI heating-efficiency of ~ 80 % in L-modes [KSCT23|. The
JET energy balance equation can be rewritten in the subsequent form:

Eoun + Exgr + Eicra = Etc + ERad adjusted T E/NBI-losses- (4.10)

The contribution Engi_iosses Summarizes for the JET analysis any possible NBI loss includ-
ing shine through and re-ionization. In the first step, the contribution ENpr_josses 1S Set to
0, to benchmark the global energy balance obtained with the novel definition given Equ.
(4.10) against the former regression results. The database utilized for this analysis, consists
of 42 discharges (38 with dominating NBI-heating and 4 with dominating ICRH-heating
(Ercru > 5-Expr)). The injected energy covers a range between 18 and 223 MJ and various
H-mode scenarios. The main gases in this database are H, D and He. A small subset is
with additional impurity seeding. Fig. illustrate the energy balance results obtained
with this setup. The blue markers denote JET discharges with dominating NBI-heating,
whereas the red markers denote JET discharges with dominating ICRH-heating. In case of
dominating NBI-heating a similar trend as given with the original Equ. is observed.
On average, only ~ 75 % of the injected energy can be found. At the same time, JET
discharges with dominating ICRH-heating achieve an energy balance of ~ 97 %-agreement,
which seems consistent with the observations in Refs. [MBD™17,|GGC™24]. It was reported
that for JET-discharges with lower input, where ICRH and OH become more important,
the energy balance seems to improve. These discharges are located in an intermediate
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Figure 4.12: Global energy balance in JET considering NBI-losses on the output-side
assuming 39 % obtained from the linear regression (green markers) corresponding to case

(2) in table .

range of injected range in which trustworthy and robust results from tile-calorimetry can
be expected. Latest energy balance studies conducted at the WEST tokamak report on a
similar match for wave-heated discharges for a large representative database of about 600
experiments. It rather suggests that the treatment of NBI-losses was indeed incomplete
in previous studies. The assumptions and results of this case with NBI-dominated JET-
discharges are summarized in table under the designation (1) Benchmark Equ. (4.10).
As check, a linear regression is applied on both sides of Equ. starting with the
RHS and fixing the prefactors of the LHS to 1. The obtained weighting coefficient will
correspond to the magnitude of NBI-losses with the respect to the totally injected NBI
energy. The regressed energy balance is visualized in Fig. and its results under the
designation (2) RHS of Equ. (4.10). The same task is repeated with keeping fixed the
RHS of Equ. and regress the the prefactors of the input energy. The prefactor for
the NBI-losses is set to 0.36. The regressed values are labelled (3) left side of Equ. (4.10)
in the summarizing table. As final check, the regression is repeated, in which the prefactor
of the NBI losses is set 0. This case is labelled as (4) left side of Equ. #2.

For case (2), one can identify that the corrections for thermocouples and radiation remain
around unity, whereas the corrections factor for NBlI-losses is around ~ 36 % meaning that
more than 1/3 of the NBI power leaving the duct is not stored in the plasma. As the
limiter coverage with thermocouples is sparse on JET, localised re-ionization losses around
the NBI ducts or the inner limiter may not be acquired and therefore they are not properly
accounted in the energy balance. The regressed value seems high, but in Ref. [MBD™17]
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it was already reported that the NBI-power has to be reduced to 65 - 80 % to match the
energy balance, which seems not to be different to the prefactors presented here. The case
(3) indicates similar results.

For case (4), the prefactor of the NBI-losses is set to 0 representing the setup introduced in
Ref. [MBD™17]. The regression of the input contributions suggest the same prefactors for
Eon and FEicru, whereas the NBI contribution is reduced to 68 % being consistent with
the results reported in Ref. [MBD™17]. The large drop in the NBI contribution underlines
once again that NBI losses must indeed be taken into account in the energy balance.

4.4 Implications for empirical scaling laws

As shown with the energy balance analyses on AUG and on JET, a single calorimetric
diagnostic covering the in-vessel components is not sufficient to establish a meaningful
energy balance. A meaningful assessment of the radiation fraction reaching the in-vessel
components disconnected from the calorimetry and the NBI losses have to be taken into
account. The NBI losses at AUG are almost negligible, whereas they seem to be significant
at JET. As mentioned earlier, so far it was only known that NBI losses can be significant
on small experiments such as TCV |[GKD™17].

However, these observations are of greater importance with respect to empirical scalings,
which can depend on the absorbed heating power P. As discussed in Section [1.4] the
regression formula predicting the energy confinement time 7g depends on P. The
erroneous determination of the deposited power in NBI-dominated plasmas may lead to a
systematic underestimation of this quantity making the predictions for ITER conditions
more optimistic. It would be appropriate in future regression studies to consider the NBI-
losses more correctly by splitting the absorbed power into its individual contributions (NBI,
ECRH, ICRH and OH) in order to assess individually the performance of NBI-dominated
or wave-heating-dominated plasmas:

TE X (PNBI - PNBIflosses)a : PEBCRH : PI’YCRH ’ PgH (4-11)

It might be the case that the JET contributions to any empirical scaling, which depends
on P, are erroneous due to possible incomplete accounting of the NBI losses. In Ref.
[IMBD™17], it has been reported that the ansatz to achieve the global energy balance has
been repeated for JET discharges with carbon wall, which leads to a similar mismatch as

with the ILW.



Chapter 5

An extensive analysis of SOL
properties in high-0 H-mode
discharges in the AUG tokamak

The impact of enhanced filamentary transport on the overall energy load distribution
on divertor and non-divertor components is of exceptional importance. In the following
chapter, the properties of the high-o discharge database are firstly addressed. Due to the
consideration of calorimetric diagnostics, certain constraints have to be taken into account.
Subsequently, the coverage of the established database is discussed in terms of T sep — e sep-
framework. The power exhaust capabilities of the discharges performed are evaluated using
the calorimetric measurements. The evolution of the energy distribution are correlated with
suitable parameters and generalized with an enlarged database. Furthermore, the evolution
of the upstream and downstream SOL profiles are linked to separatrix quantities. As final
aspect, the evolution of the filamentary properties in high-é discharges is discussed. The
filament heat flux contribution is assessed by setting up a limiter power balance. The gross
erosion on limiter tiles in H-mode discharges is estimated exploiting dedicated limiter probe
measurements. Excerpts of this chapter are taken from Refs. [REV™24] REV™23].

5.1 Setup of the high-i discharge database

In order to cope with the aforementioned diagnostic constraints, including the capability of
the calorimetric diagnostic to provide only time-integrated information, an appropriate shot
plan has been conceived. The database consists of H-mode discharges in which the heating
power combining NBI+ECRH or NBI only and the flattop fuelling in feed-forward using
a high-¢, high-x magnetic equilibrium is kept constant during the execution. Within this
database, discharges have been executed at three different By.,-values (-1.8 T, -2.45 T and
-2.8 T) for a variation of ¢ while keeping I, fixed at 0.8 MA. The corresponding gos-values
are: -4.2, -5.5 and -6.4. Due to different B;,-values, different heating schemes have to be
used. The variations in heating, ¢ and fuelling with a long flattop phase of about ~ 6 s in
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each discharge, allow to clearly correlate the calorimetric energy loads with different plasma
quantities. Table briefly summarizes the discharge setup characteristics. Fig.
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Figure 5.1: Experimental time traces of dedicated plasma parameters characterizing AUG
discharges #40040, #39231 and #40243.

illustrates the time traces of dedicated plasma parameters for three discharge representing
the discharge configuration considered in the database. In Fig. |5.1) panel b) shows the
time traces of the heating scheme combining NBI (black) and ECRH in X2-mode (green)
for #40040, #39231 and #40243. For #39231, two radially directed NBI sources and 4
ECRH gyrotrons directed as central heating are configured. For By,,=-2.8 T (#40243)
the ECRH contribution is replaced by one additional NBI source, whereas for By,,=-1.8
T (#40040), the ECRH contribution is used in X3-mode (using 3 gyrotrons instead of 4).
Radiative losses Prq (red) are calculated by exploiting the novel bolometric calculation
BPT [DBP*21]. Using different heating schemes may change the T,.-profile at the separatrix
in order to support the conclusions drawn in Refs. [HWD™18|, [FEH"21], [SVT*22| that
the separatrix emerges as key region to characterize the plasma performance. For the entire
database, the same magnetic equilibrium is used with §, ~ 0.28 and k ~ 1.7, leading to a
CDN shaping. The shape is visualized in Fig. [2.3]

A significant range of the density operational space is covered by a variation of the flattop
fuelling level on a shot-to-shot-basis. All discharges are fuelled from the divertor. Panel c)
in Fig. [5.1] (middle) shows the fuelling level in the flattop phase for #39231 at 2.5¢22/s.
The database covers for this configuration a flattop fuelling between 0.1e22/s and 2.85e22/s.
The highest fuelling level was limited by the ECRH cut-off density. With the continuous
decrease of flattop fuelling, a gradual transition from the QCE regime to a Type-1 ELMy
H-mode occurs below 0.6e22/s. At By,,=-2.8 T, the fuelling covers the range between
1.75e22/s and 3.2¢22/s and at Bi,,=-1.8 T the range between 1.0e22/s and 3.2¢22/s is
covered. Where the range of different Bi,-values overlap each other, the same flattop
fuelling levels have been used. For PFC energy distribution studies, only discharges are
considered which are ended without the use of killergas. The use of killergas would falsify
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Bior NBI ECRH Fuelling range | # of successful
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Table 5.1: Overview of the heating scheme for the NBI+ECRH or NBI-only heated dis-
charges ,fuelling range for the different Bi,-values and number of successful discharges
used in this study.
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Figure 5.2: Coverage of the AUG operational space according to the SepOS-theory for the
three different Bi..-values of the database introduced before.

the energy distribution, which has to be avoided for this study. Due to technical issues
with the data acquisition of the BPP system single discharges at B;,,=-2.45 T had to be
repeated to acquire the required limiter probe measurements.

5.1.1 Coverage of the AUG operational space

The database coverage in the AUG operational space is qualified by means of the SepOS-
theory. In Fig. [5.2] the operational windows for all three configurations in B, are illus-
trated. Since aypp (defined in Equ. (2.31))) and the H-L-H transition criterion (Equ. 8
in Ref. [EMG™20]) depend on gy (defined in Equ. (2.24))), the present database cannot
be visualized in a single Tt sep — 7esep-plot. Due to the lack of a reasonable Z.g-estimate
at the separatrix in AUG, the value is set to 1.24 for the entire database. The fuelling
scan realized with the present database covers a significant range in the density operational
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space without a substantial variation in T g, for each By,,. In terms of Greenwald density
(for the database setup is ngw = 1-10%/m3), the separatrix density spans the range of
0.2 - 0.6 ngw.

Each marker color denotes a single discharge. For each discharge, the provided T¢ gep—"e gep-
tuples are distributed close to each other and shows only slight variations for each discharge.
The dedicated discharge boundaries have provided small variations within a discharge,
which are demanded for conclusive calorimetric analyses. Since the SepOS-theory aims to
correctly describe the power exhaust capabilities of a plasma, the evolution of the energy
load distribution of this database is studied in the following section.

5.2 The distribution of energy loads on AUG in-vessel
components

5.2.1 The global energy balance of the database as requirement
for reliable energy load studies

Any energy loads studies require a consistent global energy balance in order to ensure rea-
sonable conclusions. In Section [£.1.3] the AUG global energy balance has been achieved
for a large, representative database considering 577 discharges. To obtain the global en-
ergy balance, the revamped cooling water calorimetry numerical codes, which are used to
estimate the radiative and NBI-losses contributions for the right-hand side of Equ. ,
have been exploited. The global energy balance following Equ. for the database
introduced in Section [5.1] is shown in Fig. [5.3] ~ The different marker colors denote the

ASDEX Upgrade
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Figure 5.3: The plot presents the global energy balance obtained with the AUG cooling
water calorimetry for the database introduced before.
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Figure 5.4: The quantity Fraq, Limiter+psr, from Equ. (4.1)) normalized by the sum of the left
hand-side of Equ. (4.1)) is plotted against cy. The increase of radiation is for the covered
range marginal.

different Bi.-values considered in this database. For the entire database, the injected and
measured energy match almost perfectly. For the subsequent energy load studies, only the
first term (Ecalorimetry in Equ. (4.1)) is considered. The term Enpi—iosses contributes only
slightly for AUG discharges. This has been discussed in Section [£.1.3] The evolution of
ERad, Limiter+psr, normalised to the total input energy is shown in Fig. The fractions
are plotted against oy and varies marginally with «.

The focus in this analysis is on the change of energy distribution through the presence of
enhanced filamentary transport. The areas assigned to the contribution ERaqg, Limiter+PSL
are not exposed to particle transport and are dominantly heated up by plasma radiation
as shown in Section Therefore, they are not of interest for the subsequent energy load
analysis.

5.2.2 Evolution of the energy loads on AUG in-vessel compo-
nents

In this section, the evolution of the energy loads on any PFCs in AUG is discussed. Here,
the limiter, the lower/upper divertor (with inner/outer divertor together) and the heat
shield are individually discussed.

To infer the evolution on the PFC heat loads whenever the plasma scenario moves from
Type-I ELMy regimes to high density QCE regimes, all available cooling units of the AUG
cooling water calorimetry are considered and cumulated to dedicated areas. Following the
notation in Ref. |[HERT04|, the limiter in AUG is defined by the four ICRH antennas
and the four auxiliary limiters (black highlighted areas and labels in Fig. (left)). The
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Figure 5.5: Scaling of the energy loads at the AUG limiter exploiting two separatrix param-
eters: the separatrix collisionality v} (left plot) and the turbulence control parameter oy
(right plot). One can see that using o provides a clear, almost linear trend over the entire

H-mode range of oy (0.1 < o < 1.0)

latter PFCs are installed on both sides (left and right) of each NBI duct. Following the
observations in Ref. [HERT04], ELMs can reach the auxiliary limiters and emphasize the
consideration of these PFCs. Each ICRH antenna and auxiliary limiter acts as an individ-
ual cooling unit. The cooling units of the inner and outer divertor of AUG (orange/blue
highlighted areas and labels in Fig. |3.3| (left)) are in sum 32 cooling units and define the
lower divertor. The upper divertor follows this scheme and combines the inner and outer
divertor of AUG (red/green highlighted areas and labels in Fig. |3.3| (left)), which are in
sum 32 cooling units. The heat shield is based on the cooling units highlighted in brown
in Fig. |3.3| (left). This area consists of 16 cooling units. Each introduced dedicated area
is normalised by the sum of all available cooling units.

In recent years, it has been experimentally shown at AUG [HWD™1§|, [FEHT23| and the-
oretically suggested [ELPT13], [EMGT20|, [Sco97] that the region around the separatrix
emerges as a key region to describe the entire plasma performance and underscores also the
choice of the separatrix parameters to characterize the heat fluxes reaching the PFCs. As
discussed in Refs. [FEH™21, HWD™18], the QCE regime may have a second drive affecting
the SOL which seems to be in agreement with the reflections outlined in Ref. [Sco97] that
at certain plasma conditions the bottom of the pedestal, close to the separatrix becomes
strongly ballooning unstable, and this drives small scale turbulent structures, which are
peeled of and travel through the SOL. In the following we will investigate the role of these
instabilities, and of their non-linear evolution into plasma filaments, on the convective ra-
dial transport of heat and particles.

By comparing the normalized limiter energy loads with the separatrix collisionality v7 g,
(following the definition introduced in Equ. (2.38))) and with the turbulence control param-
eter o (following the definition introduced in Equ. ), it has been observed that the
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Figure 5.6: The evolution of the PFC heat loads at the upper divertor (upper left), the
lower divertor (upper right) and the heat shield (lower). The regression formulae for the
three cases and the correlation parameter R? (excluding the lower case) are added.

trend of the normalized limiter energy loads increases almost linearly with a;. This trend
is illustrated in Fig. 5.5} Additionally, the regression formula with respect to o is added.
The energy load scaling covers the, so far, known range for H-mode discharges in ay. The
major difference between 1 ., and oy (=~ 100 * qy11..,)) is the different dependence on
dey1- The transition from QCE discharges at higher fuelling to Type-I ELMy H-modes with
continuously decreased flattop fuelling seems to be gradual, which is consistent with obser-
vations of the gradual increase of A\, and the co-existence of Type-I ELMs with smallish,
filamentary ELMs as reported in Ref. [FEH"21]. The transition to Type-I ELMs domi-
nating the transport behaviour occurs normally for oy < 0.55 at AUG [FEHT23].

Furthermore, the results for the limiter energy loads of a previous AUG study [HERT04] is
added as dashed horizontal line. At that time, 5% of the energy loads have been found at
the limiter of a low density ELMy H-mode in AUG with carbon walls and seems to be in
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Figure 5.7: The evolution of the fraction of energy loads at the lower divertor is plotted
against the evolution of the fraction of energy loads at the limiter and the upper divertor
together. Both parameters are normalised by the total energy acquired by the revamped
calorimetry. A colormap is added visualizing the a;-value of each discharge.

good agreement with latest calorimetric observations in a full tungsten-device. Separatrix
values are not available due to the data quality of the edge TS at that time together with
the lack of a reasonable Z.g-estimate at the separatrix, which is particularly important for
carbon devices.

The increase of energy loads at the limiter is not related to an increase of radiative energy
loads at the limiter. As reported in Ref. [FEHT21], the continuous increase of fuelling
leads to a slight increase of radiation, which is consistent with the trend of the normalised
quantity FRradsim illustrated in Fig. [5.4, However, its impact on the energy load evolution
at the limiter is small compared to energy loads originated by particle transport. The
offset obtained from the regression and visualized in the plot is expected to be associated
with radiative energy loads and will be picked up again later in Section [5.6.2

This scaling is extended to all areas connected to the cooling water calorimetry. Fig. |5.6
illustrates the evolution of the energy loads at the upper divertor (upper left), at the lower
divertor (upper right) and at the heat shield (lower). For both, the upper and lower diver-
tor, the correlation parameter R? and the regression formula with respect to oy are added.
The regression coefficient R? show for both the areas a high value indicating a reasonable
correlation and supporting the trend with respect to the limiter scaling. Interestingly, the
slopes of both regressions, the upper divertor and the limiter, point out that the energy
loads are equally transferred to both areas.

The comparison of the evolution of both, the limiter and the upper divertor together, with
the lower divertor is shown in Fig. Together with the observations from Figs. and
.4 this trend indicates that the energy distribution between divertor and non-divertor
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Figure 5.8: Close-Up of the lower outer divertor. The green highlighted range with label
Tile 1 denotes the target with the full tungsten tiles and the red highlighted area with
label Tile 2 the baffle tiles above the target.
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the energy deposited on the target.



92 5. Analysis of SOL properties in ASDEX Upgrade

components have been changed without substantially modifying the overall energy loss.
The reduction at the lower divertor may be linked with a reduction of the conductive SOL
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Figure 5.10: Evolution of the radiative heat loads reaching the upper divertor normalized
by Ecalorimetry 1S plotted against oy. A reasonable agreement between the radiation reaching
the upper divertor and «; is observed.

transport reaching the main target and a simultaneous energy transfer to non-divertor
components through an additionally arising energy loss channel.

A reduction of the energy deposited at the main target would support the speculations of a
further energy loss channel carried by turbulent structures/ballooning modes at the sepa-
ratrix. To analyze the evolution of the energy loads at Tile 1, the energy loads acquired by
thermocouple measurements on Tile I are normalized by the sum of energy loads acquired
by thermocouple measurements for Tile 1 and Tile 2. The distribution of both areas,
Tile 1 and Tile 2, is illustrated in Fig. This ratio is plotted against ay and shown
in Fig. 5.9 A clear linear trend with a significant reduction in energy loads at Tile 1 is
observed. R? derived from the linear regression reveals a reasonable value of 0.887. The
tile-calorimetry approach has an intrinsic uncertainty of ~ 17%, which can affect R?. It is
presumed that the energy loads on Tile 2 are not subject to significant variations due to
additionally occurring transport processes. Cross-checks with IR-, LP-measurements and
radiative energy loads will be discussed in Section in order to verify this presumption.
So far, the trend supports the hypothesis that the reduction in the energy loads on Tile 1
is caused by a reduction of the parallel conductive transport. This observation seems to
be in line of a possible redistribution of the perpendicular/parallel energy load in favour of
an increased radial heat flux and may be compatible with the broadening of downstream
profiles.

As reported in Ref. [FEH"21] by using IR-thermography, the energy loads in the upper
divertor increases whenever the QCE-regime is achieved. Since the upper divertor is not
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Figure 5.11: Distribution of the three relevant tiles in the upper outer divertor.
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connected with the main plasma, the increase of energy loads is associated with an increase
of cross-field transport [FEH21]. The tomographic reconstructions and poloidal radiative
heat load distributions of QCE discharge #39231 in Fig. in Section indicate
a strong localised radiation pattern between the upper X-point and the upper divertor
plates.

As the calorimetric observations suggest that the increase of energy loads at the upper
divertor are connected with the increase separatrix turbulence described by a4, the evo-
lution of this additional, localised radiation pattern may follow this trend as well. Also
the magnitude of the radiative energy loads reaching the upper divertor is of interest. The
connection between filamentary transport and this localised radiation pattern at the upper
divertor plates is yet not clear and requires further investigations.

With the aid of the framework introduced in Section [£.1.1], the radiative energy loads
reaching the upper divertor are estimated. In Fig. [5.10] the evolution of the radiative
energy loads at the upper divertor normalised to the total energy load as inferred by the
calorimetry Ecalorimetry 15 plotted against ;. A reasonable trend between the normalised
radiative energy loads and oy can be observed. The regression formula and R? of this
evolution is added. The slope of the radiative evolution matches well with the one from
calorimetric measurements. Comparing Fig. (upper right) with Fig. , we recog-
nise that the radiation contribution to upper divertor energy loads is significant over the
explored a;-range, moving from about 56 % at lower a; up to almost 80% at higher values.
Following Ref. [FEHT21], a certain contribution from parallel conductive transport is ex-
pected to be deposited at the upper divertor. The results from Tile 1 illustrated in Fig.
suggest that the conductive contribution is significant at low oy and decreases with increas-
ing «;. Fig. represents the evolution of the energy loads on Tile 1, Tile 2 and Tile
3 for the upper outer divertor following the labelling in Fig. [5.11] It is normalised by the
total energy obtained from thermocouple measurements covering the entire upper divertor.
The distributions of the inner divertor tiles reveal no substantial variations throughout the
whole database and therefore they are not shown. Tile 1 is the tile which is expected to
be dominantly exposed to the parallel conductive transport. For lower oy, a larger fraction
of the total energy reaching the entire upper divertor is deposited at T%le 1 than for higher
a;. At the same time, an increase of the fraction of deposited energy can be observed for
Tile 2 and Tile 3. The slope of both tiles matches to the slope of Tile 1. Following the
conclusions previously drawn for the lower divertor, the reduction at Tile I may be accom-
panied by a reduction of the parallel transport causing a change in the energy distribution
of the upper divertor. It cannot be excluded that due to the A -broadening reported in
Ref. [FEHT21], a part of the parallel conductive transport reaches a neighboring tile in
the upper divertor and thus (additionally) influences the energy distribution. The data
quality of the LP measurements is not sufficient to draw further conclusions. This trend
needs to be confirmed in future studies.

It can only be speculated, how this localised radiation pattern is connected with ay. Fur-
ther investigations on that phenomena are needed, in particular in further devices, in order
to understand the link between the CDN-magnetic field configuration, first wall geometry
and PFC material.
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Plot label I, [MA] | |Bor| [T] Pioy [MW] Dyot [1072 /3] Ou K
QCE with NBI: 7.5 - 5.0
Biow| < 1.9 T 0.8-094 | 1.9-1.5 ICRH: 4.0 - 0.0 1.0-4.0 0.31 1.65 - 1.81
QCE with NBI: 12.5-7.5 5:0- 5.5
0.8 2.5 DT ’ (with additional | 0.31 1.66
max. Ne sep ICRH: 4 .
pellet fuelling)
L-H-L high NBI: 7.5-5
density discharge 0.8 2.5 ECRH: 1.5 0.15 - 10.6 0.075 1.64
1.0-0.5
Low density NBI: 4 - 10 . ..
H-mode + pellet 0.8 2.5 ECRH: 3.6 (with addlt%onal 0.1-0.3 | 1.68 - 1.60
pellet fuelling)
) NBI: 2.5-5
HDL discharge 0.8 2.5 ECRH: 0 - 3.2 0.9 - 3.0 0.29 1.66

Table 5.2: Overview of the selected discharges with their properties to extend the first wall
energy load scaling in Fig. [5.13|

5.2.3 Generalization of limiter energy load scaling

It is of great interest, whether the observed limiter trend can be extended to further
discharges. A selection of discharges with different plasma characteristics have been added
to the database. Each discharge provides several separatrix data points. For each discharge,
the mean value of the separatrix values from the flattop phase are used to determine ay. The
table [5.2] summarizes the characteristics of the database extension. Fig. visualizes
the extension of the first wall energy load scaling. The scaling shows an almost linear
correlation with oy indicated by a high R% It suggests that the different properties, at
least for the limiter, do not have a large effect on the scaling. The main challenge at AUG
is the narrow spatial operational space of the edge TS in which shaping dependencies can
be investigated. A scan of the position of the separatrix would be of great interest to
confirm or refute the hypothesis of a filament decay length. To investigate these aspects,
similar studies need to be performed on other machines with ITER-like-wall to identify
further geometry/shaping dependencies. The extension to further machines would be also
demanded to identify the actual upper limit of a;. For low-§ plasma, the upper limit
seems to be 1 [EMG™T20|, whereas for high-§ plasmas values larger than 1 can be achieved
[FEH™23].

5.3 The evolution of upstream and downstream SOL
profiles

The evolution of energy loads on the PFCs in AUG discussed in the previous section reports
on promising trends. A significant fraction of the energy can be deposited on non-divertor
components, namely the limiter and the upper divertor. It is now of interest to investigate,
how the SOL profiles change within this database.

Firstly, the evolution of the divertor heat flux profiles by means of IR-thermography is
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Figure 5.13: Evolution of the limiter energy loads considering further AUG discharges.
The different color markers correspond to the entries in Table [5.2] The linear trend by
using ay is preserved, which is emphasized by the high value of R%. The error-bars of the
added discharges do not denote the uncertainty of the measurements, but the variation
throughout the discharge.

discussed. Fig. shows the divertor heat flux profiles for a set of AUG discharges
conducted at Bi,, = —2.45 T. In this analysis, fy is set to 5.0. The legend denotes the
different discharges with the respective quantities \q and S in descending ordering with
respect to the normalised separatrix density in terms of ngw. The two cases with lowest
fuelling (#40240 and #39523) are ELM-filtered and illustrate only the Inter-ELM profiles.
In the subsequent plots, the same color code is utilized for the B, = -2.45 T subset.

The background obtained from the Eich-fit is removed for this study in order to avoid
discrepancies due to negative background values after Type-I ELM crashes caused by the
implied energy conservation in THEODOR [HJGT95]. The background heat flux is for
most discharges in the order of 0.5 MW/mQ. Since ELMs are not considered, only the
profiles at higher fuelling represents the total power reaching the target. As reported in
Ref. [FEHT21, IFEH™23, [SVT*22|, a continuous increase of A\, and S with increasing fu-
elling is witnessed. In case of #40240 and #40241, S does not perfectly match to this
trend, as the T, at the main target is slightly different as proven by the LP measurements
shown in Fig. [SFET17]. Even though the low density cases represent only parts
of the total power reaching the target, a reduction of the peak heat flux is still observed
with increasing fuelling, which is beneficial for the ITER divertor peak heat flux limits.
Aq increases by a factor of 3, S by a factor of 2, whereas the peak heat flux is reduced
from ~ 8 MW/m? to below 3 MW/m? at maximum fuelling. Combining this observation
with the trend illustrated in Fig. [5.9) one can conclude that an increase of «y seems to
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Figure 5.14: Heat flux profiles measured with the IR-thermography at the main target and
remapped to the OMP. The strikeline position and the background heat flux (taken from
the Eich-fit) are subtracted from all profiles. The legend illustrates the order of discharges
by exploiting the achieved separatrix density, which is normalised by the Greenwald density
naew (& 1022 m=3). In case of the two lowest flattop fuelling cases being in dominating
Type-I ELM H-mode, only the Inter-ELM profiles are shown.

be associated with a reduction of the parallel conductive transport to the target together
with a simultaneous reduction of the peak heat flux and a simultaneous increase of Ap;,.

The evolution of A, in QCE-phase follows the regression introduced in Ref. [FEHT23|,
which suggests a correlation with negp or the separatrix pressure pesep. Recent studies
from TCV [SVTT22| suggest rather a reasonable trend A\, with ;. These diverse ob-
servations require an extension of the QCE scenario to further devices with ITER-like
conditions, in order to provide further insights in the for ITER beneficial A\-broadening.

The corresponding LP-measurements are provided in Fig. [5.15, The LP profiles (ion
saturation current density jst (upper), the electron density n, (middle) and the elec-
tron temperature 7, (lower)) illustrate the evolution for By, = -2.45 T. The profiles are
ELM-filtered and along the divertor coordinate each probe is median-averaged over a time
interval of ~ 1 s. The error-bars denote the standard deviation. The values from probes,
which are close to the strikeline, might be negatively affected and have to be interpreted
with care. The black vertical line denotes the separation between Tile 1 (left side of the
line) and Tile 2 (right side of the line). For the first part of the discussion, the focus is
on Tile 1. Starting with the lower panel, it can be observed that throughout the entire
fuelling scan the target T, remains mostly constant for each discharge configuration. At
the same time, a gradual increase of the target n., can be observed in the middle panel.
The upper panel visualizing js,; observe an increase of impinging particles, which is to be
expected, when a density shoulder formation is aimed for.
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Figure 5.15: LP profiles for Bi,, = -2.45 T are ELM-filtered and each probe along the
divertor coordinate is median-averaged over a time interval of ~ 1 s. The error-bars
denote the standard deviation. The plots illustrate the ion saturation current density jsas
(upper), the electron density n. (middle) and the electron temperature T, (lower) at the
main target (7Tile 1, left side of black vertical line) and Tile 2 (right side of black vertical
line).

The observations concluded from IR and calorimetric measurements are in contradiction to
the heat flux derived from LP measurements. As illustrated in Fig. [5.16] a continuous in-
crease of ¢, with increasing fuelling can be observed. The general form [BLW™17, BSE™20
of the heat flux ¢, deduced from LP measurements can be written as:

g1 = Gkin,i + Gkin,e + Qref + Qrefi- (51>

q. can be decomposed into four contributions: the ion/electron heat flux gy j, the recom-
bination heat flux ¢, and the reflected heat flux ¢.q. The kinetic electron contribution
Qxine takes into account the impact of j,e, the electric current density to the target, fol-
lowing Ref. [BSE*20]. For most applications assuming T, = T} = T and j,e=0, Equ. (5.1))
can be simplified to:

q1L = (fYT + Erec)ra (52)



5.3 The evolution of upstream and downstream SOL profiles 99

AUG, lower outer divertor

4 4 39237

39231

+ 39232

i Y + 39234

3 : + 39522

& : + 40241

£ ! + 39523

= 1 40240

E |‘
. :

e : iﬂ

e “{" ‘* @

100 200 300
Target Location [mm]

Figure 5.16: Evolution of ¢, from LP-measurements conducted at B, = -2.45 T. The
same color code as in Fig. is used.

where v denotes the sheath heat transmission coefficient, F,.. the sum of the ionization
energy and the Franck-Condon dissociation energy per recycled ion and I' the ambipolar
ion particle flux to the wall. v can be expressed as:

v = [4.85(1 — Rg) + 2.15], (5:3)

using the numerical values reported in Ref. [BLWT17] and Rg being the ion energy re-
flection coefficient. For most electron temperatures, Rg can be set to 0.5 leading to a
v =~ 4.5. The prefactor Ry, which describes the fraction of ions reflected from the target
as neutrals and which may have a considerable impact on ¢, for high-recycling divertor
conditions, depends like Rg strongly on T, presuming 7, = T;. This observation requires
further dedicated investigations, which takes into account the proper values of T, and T}
separately.
The thermocouple measurements at the outer divertor report on a reduction of the power
reaching the divertor main target (7Tile 1) presuming the energy loads on the baffle tile
(Tile 2, right side of the black line Figs. and do not dramatically change. The
proof of this presumption can barely be obtained, but checks with divertor LPs, IR and
bolometry supporting the presumptions can be done.
Latest studies on AUG [FEH"23| have shown that also the link between \; and A, has
changed for the QCE regime. Theoretically predicted [Sta00] and experimentally proven
[SWE™15] at AUG the following relation holds in low-d plasmas:
2

Ag = ?)\t. (5.4)
This ratio is considered in the Two-Point Model. The observations in the temperature
profiles obtained with the AUG edge TS in Ref. [FEHT21| claims a change of the relation
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Figure 5.17: Comparison between Aj and A;. The red markers denotes the values of A,
which are multiplied by the ratio 7/2 and indicate discharges being Type-I ELMy H-modes.
The blue markers denote the values of A\, which are multiplied by the ratio 5/2. This value
is in introduced in Ref. [FEHT23] and seems to be characteristic for the QCE regime

taking into account kink in the temperature decay length between the confined region and
the near SOL [FEH21].

in Equ. (5.4 and is formalised in Ref. [FEH"23]| to:

A= 2 (5.5)
5
This novel ratio suggests to take into account the change in the electron temperature
gradient between inside and outside the separatrix for the QCE regime. In Fig. [5.17] the
relation between A\, and ), is plotted. The classification of )\, into QCE-Phase or Type-
I ELMy H-mode is done manually. The red markers denote the values of A\, taken from
Type-I ELMy H-modes using the relation given in Equ. , whereas the blue ones denote
the cases of QCE-discharges using the relation given in Equ. (5.5)). It clearly illustrates
that the connection between A\q and )¢ has changed.
An explanation for the mechanism which regulates both, the inner and outer gradient, do
not exist yet [FESC20, ISEFT20]. Ref. [FEHT21| suggests that a second drive acts near
the separatrix without affecting the pedestal top. This hypothesis picks up ideas from Ref.
[Sco97] on which the SepOS-theory is based on.

Cross-checks for the validation of the energy load evolution on Tile 2

A comprehensive analysis using Langmuir Probes, IR and Bolometry has been performed
to confirm the hypothesis on Tile 2 energy deposition.
The LP measurements summarized in Fig. indicate on the right-hand side of the
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black vertical line only a small increase of js (upper panel) and n, (middle panel). jsas
is a simple proxy for impinging particles and remains on a low level throughout the entire
database. This is also confirmed by the heat flux profiles derived from probes in Fig.
for By, = -2.45 T. By exploiting the Eich-fits obtained from IR-measurements, one

ASDEX Upgrade ASDEX Upgrade
L2 + dsc#0 ® Bio=-2.45T
- @® Buo=-1.8T
11 @® Jsc=0 0.8 + ® Buc26T
1.0 o POS— NP 207 +

o

[ee]
+
+

Tile 1/Tile 1+2
o o
q ©
ERad, Tile2/ETc, Tile2
o o
~ o
——
——

0.6
2.0 2.5 3.0 3.5 4.0 4.5 5.0 0.2 0.4 0.6 0.8 1.0

Ne, sep [1019/m3] Gt

Figure 5.18: Left: Evolution of the heat flux deposition at Tile I normalised against the
sum of both tiles is plotted against nesp. For both cases, with and without ¢, the
ratio reveals no variation indicating that no conductive transport is deposited on Tile 2
through the \,-broadening. Right: Normalised radiative energy loads on T%le 2 based on
the framework exploiting CHERAB and the GPT model. No clear trend is observable.

can check, whether a fraction of the parallel SOL transport reaches Tile 2 through the
Ag-broadening. The available Eich-fits are extrapolated to the full poloidal length of T'le
Tand Tile 2. The integrated values for Tile 2 are normalised against the sum of both
tiles. The ratio is visualized in Fig. (left). For both cases, with and without gpg, the
ratio reveals no variation suggesting that no conductive transport reaches Tile 2 due to
the A\ -broadening.

Finally, the evolution of the deposited radiative energy on Tile 2 can be checked. For this
purpose, the results from the workflow using CHERAB and the GPT model are normalized
by the results from the thermocouples for Tile 2. This ratio is shown in Fig. (right).
No clear trend is observable. The absolute values from thermocouple results reveal no
significant variations.

So far, all checks support the picture that the reduction in the energy deposition is not
caused by the A -broadening or the density shoulder reaching Tile 2, but indeed by a
reduction of the parallel transport down to the target due to an additional energy loss
channel, which is localised upstream. It suggests that a; describes well those turbulent
structures. It further indicates that the reduction of energy loads measured with the
thermocouples is not directly related to the A\-broadening and may be decoupled.
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5.3.1 Qualification of the density shoulder amplitude in QCE H-
modes

As reported in Ref. [SWET15], achieving high ne s, leads to a broadening of the e-folding
temperature and density decay lengths \; and A\, and to a formation of a density shoulder.
The formation of a density shoulder is generally associated with an enhancement of fila-
mentary activities in the far-SOL [FEHT21, VWD™21, ISVT™22, WLCT18, ISSCT22| and
a common characteristics of the QCE-regime [FEH"21|. Fig. illustrates the evolu-
tion of the density in the near- and far-SOL exploiting LIB-measurements for database
discharges conducted at Bi,, = —2.45 T for which most LIB-measurements are available.
The density in the SOL is normalized by negep. The two vertical dashed lines denote the
position of the separatrix (ppo1 = 1.0) and the limiter tile surface (ppo = 1.1) at the mid-
plane. Throughout the discharge subset, a substantial variation of the SOL density can be
observed. The change of density in the near- and far-SOL is solely caused by changing the
flattop fuelling level. At the highest normalized SOL density, a saturation of the density
amplitude appears.
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Figure 5.19: Evolution of the density shoulder for discharges conducted at By, = -2.45 T
and measured by the LIB diagnostic.

To qualify the evolution of the density amplitude in the far-SOL, a qualifier is exploited,
which has been introduced in Ref. [FTHT20]. This procedure characterize the shoulder
across the near- and far- SOL range by the subsequent definition:
11
~ fl.o nedppol _ <ne>SOL (5 6)

ne,sepAppol Ne sep

where n, denotes the electron density in the SOL, p,, denotes the normalized poloidal
flux coordinate and App, the integration range with the magnetic coordinate. LIB-
measurements, which cover n, in the near- and far-SOL, are available for most of the



5.3 The evolution of upstream and downstream SOL profiles 103

database discharges. The integration covers the range from 1.0 to 1.1 of ppe. The values
obtained with the qualifier defined in Equ. (5.6) are visualized in Fig. as solid mark-
ers. It can be seen that the with increasing oy, the density shoulder qualifier increases
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Figure 5.20: The density shoulder amplitude qualifier (solid markers) is plotted against
ay. Exceeding oy =~ 0.55, a saturation in the qualifier can be observed. The markers with
no face-color visualize the evolution of e-folding density decay length A\, obtained with the
edge TS with respect to .

continuously until oy exceeds ~ 0.55. Exceeding oy = 0.55 leads to a saturation of the den-
sity shoulder amplitude. The saturation threshold in ¢ is similar to the limit introduced
in Ref. |[FEHT23| classifying a discharge into a Type-I ELMy H-mode and into a QCE
H-mode. This observation suggests that a fully formed density shoulder might be con-
nected with achieving a QCE H-mode. It is in agreement with the observations from TCV
for QCE H-modes observing also a saturation in the density shoulder amplitude above a
critical value in oy [SVTT22].

Additionally, the e-folding decay length A, obtained with the edge TS is plotted (markers
with no face color) illustrating the behaviour of the near-SOL while forming the density
shoulder. A similar trend as for the density shoulder qualifier is observed suggesting that
the formation of the density shoulder is not only correlated with the properties in the far-
SOL, but also still connected with the properties of the SOL near suspecting a dependence
on separatrix quantities. It is also important to note from Fig. that despite the in-
crease of far SOL density, the general shape of the density SOL profile is not substantially
changed with a break between near and far SOL approximately around p, ~ 1.015. This
is not actually an universal features since different profile evolution is observed as density
is increasing on TCV [SVTT22] or JET [WLCT1§| and clearly further multi-machine in-
vestigation is needed to address this question, but this topic is clearly beyond the present
work.
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Figure 5.21: Left: The neutral pressure measured above the midplane is plotted against
ay. A reasonable agreement is observable indicating a connection between the turbulence
activity at separatrix and the neutral pressure in the SOL. Right: The neutral pressure
measured at the roof baffle is plotted against a;. A correlation with a different dependence
ON (ey1/ Bor 18 Observed indicating a missing connection between separatrix and divertor
conditions.

The formation of a density shoulder seems to be connected with an increase of the neutral
pressure in the SOL. Previous studies at TCV [SVT 722, [FTH™20] and AUG [VCT720] and
at JET [WLCT18, ISSC™22] have suspected the requirement of increased neutral pressure
in the divertor and/or high recycling states to achieve the formation of a density shoulder
in the far-SOL. On the other side, investigations in L-modes at TCV [TBB™22] have sug-
gested a major role by the midplane neutral pressure.

Fig. illustrate the evolution of the neutral pressure close to the upper divertor (left)
and in the lower divertor (right) being measured below the roof baffle. Both measurements
are plotted against «y. The left plot indicate a clear correlation between oy and the up-
per divertor neutral pressure, whereas the divertor neutral pressure increases with a4, but
demands a different dependence on ¢.y1/ B, indicating a missing connection between sepa-
ratrix and divertor conditions. The upper divertor baratron provides high neutral pressure
values, which might be affected by its close position to the upper divertor and the localised
radiation pattern in the upper divertor as discussed before.

The trends in the baratron measurements are cross-checked with manometer measure-
ments. FO03 and F13 operate at similar poloidal positions as their corresponding baratron
pendants, whereas F14 is a manometer measuring the neutral flux density in the main
chamber. The measurements of all three manometers are illustrated in Fig. [5.22] The di-
vertor manometer (F03) reveals a similar trend as the corresponding divertor baratron in
demanding a different dependence on ¢cy1/Bior When scaled against «;. Both manometers
operating in the main chamber and close to the upper divertor show a similar trend as the
main chamber baratron.
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Figure 5.22: The neutral flux densities measured in the roof baffle (upper), close to the
upper divertor (middle) and in the main chamber (lower) are plotted against . The diver-
tor manometer F03 reveals a similar trend as the divertor baratron requesting a different
dependence on ¢ey1/ Bior-
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5.4 Evolution of the breaking point in the SOL den-
sity profile

The availability of LIB-profiles allows to investigate the evolution of the breaking point in
the SOL density profile and and its connections, which might be relevant for a safe operation
of ITER [BPS™21]. For this purpose, three discharges (#39523, #39522 and #39234) of
the database are chosen to assess this aspect. These three discharges are conducted at
Bior=-2.45 T and cover the flattop fuelling levels at 0.2, 0.6 and 1.0e22/s. Additionally,
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Figure 5.23: Left and middle: Poloidal cross-section of AUG discharges #39231 and
#37750. The black dashed line indicates the position of the secondary separatrix. Right:
Experimental time traces of #37750. The shaded areas in the lower panel indicate the
time intervals evaluated for this analysis.

AUG discharge #37750, which features a fuelling ramp thus reaching comparable a;-values
as the three database discharges, is chosen. Furthermore, operating at lower d, and lower k,
discharge #37750 exhibit a different location of the secondary separatrix with respect to the
rest of the database. For the database discharges, the secondary separatrix is placed close
to the separatrix, whereas for #37750 the secondary separatrix is located outside the main
chamber behind the restricting limiter (illustrated in Fig. . The latter configuration
is known as edge optimized configuration (EOC). Further details on discharge #37550 are
extensively discussed in Ref. [VWD™21].

To determine the range of the near-SOL, the power balance approach cannot be applied
as for the edge TS. As reported in Ref. [SWG™12], the range between the extreme values
of V2n.-profile determine the near-SOL range and is exploited for this analysis. The outer
boundary of the near-SOL range is also denoted as break point Ry .. The far-SOL range
is therefore defined between the outer boundary of the near-SOL range and the first wall
PFC. The latter position is fixed at Ry, = 2.177 m. To fit both ranges, near- and far-SOL,



5.4 Evolution of the breaking point in the SOL density profile 107

ASDEX Upgrade
T
1 — #39522

0.4
0.3
0.2
0.1
0.0
-0.1

V2he

T
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
-0.2 1
1
1
[}

-0.3

-04 1
2.06 2.08 2.10 2.12 2.14
R [m]

Figure 5.24: Illustration of the second derivative of the SOL density profile. The two
vertical dashed lines denote the near-SOL range between the extreme values identified in
the curvature profile.

an exponential fit function of the following form is used:
fx)=a-e @9 14 (5.7)

Fig. illustrates the SOL density profiles with their respective fit functions for the
near- and far-SOL for both secondary separatrix configurations. For both configurations,
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Figure 5.25: Illustration of the SOL density profiles for AUG discharges #39523, #39522
and #39524 (left) and for #37750 (right) with their respective fitting range: circle markers
denote the near-SOL ranges, whereas the square markers denote the far-SOL range. The
thick dashed line denotes the position of the secondary separatrix, whereas the thin dashed
line denotes Ry, .

a simple exponential decay function seems sufficient to describe both SOL ranges.
Of rather importance is the evolution of the break point position. The break point, which
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is defined as the maximum-peak in the V2n.-profile is located between 1.3 and 1.7 cm in
front of the separatrix in Fig. (left), whereas it is located at 3.0 cm in front of the
separatrix in Fig. (right). At highest «, the breaking point is located at 4.2 cm. It
seems that for both configurations the secondary separatrices, which are between 2.2 and
2.6 cm in front of the primary separatrix for the setup in Fig. (left) and about 9.0
cm in front of primary separatrix beyond the restricting limiter for the setup in Fig.
(right), do not affect the position of the break point.

5.5 Estimation of the parallel conductive heat flux
reaching the first wall PFCs

In order to determine the heat flux decay profile, the heat flux at the separatrix must firstly
be calculated. The common expression is given by:

FPsep Btor,OMP

27TROMP )\q,neaerol,OMP

q||,LCFS = (5.8)

Agnear 1S taken from the IR-measurements shown in Fig. For #37750, no IR-
evaluation is available and therefore is not considered in this analysis. F' denotes ratio
of the power deposition between inner and outer divertor. It is mostly presumed to 0.5.
Exploiting thermocouple measurements, one can estimate this ratio for the set of dis-
charges, which varies between 0.63 and 0.72. P, denotes the power crossing the separatrix
(Pinjected — Pradiation,core). This quantity varies between 5.0 and 5.5 MW. Bio: omp, Bpol,omp
and Romp denote the toroidal, poloidal magnetic field strength and the major radius at
the outer midplane.

The heat flux decay profile for the entire SOL can be described by two functions. The
near-SOL profile is described by:

Ar

qn,near(AT) = {||,LCFs €XP (_ ) ’ for Ar < Rbreaku (59)

)\q,near

whereas the far-SOL decay profile can be expressed as:

Ar Rbreak Rbreak )
q) far (A7) = @ LCFs €XP | — + - ;
| ( ) | ( )\q,far )\q,far Aq,near

(5.10)
for Ar > Rypreak-

The values for Rj,e.x are taken from the analysis discussed in Section . Since Aq far-
profiles cannot be obtained from the IR-measurements, the calorimetric heat flux values,
which are introduced in Section , are exploited to constraint the predicted g ., at
the limiter and to estimate Aqf.,. This ansatz yields to values between 11.5 and 16.1 mm
for Ay far. Since the calorimetric values cannot discriminate the different sources of heat
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fluxes to the first wall, the estimated decay lengths might overestimate the experimental
decay lengths. The results of both equations and are illustrated in Fig.
The two vertical dashed lines denote the radial position of the secondary separatrix (thick
line) and the limiter (thin line). It can clearly be seen that Rpeax depends neither on the
secondary separatrix position nor the far-SOL filament radial velocity v, g illustrated in
Fig. , which is in contrast to previous assumptions summarized in [PCET11].

In the context of the present assumption, it is therefore assumed that the separatrix op-
erating space determines the level of heat load on the first wall. Operation at higher
normalized separatrix collision or a; leads to an increase in the ratio g tar / q||,near, Which
must be taken into account for the correct dimensioning of the thermal capabilities of the
first wall.
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Figure 5.26: Illustration of the parallel conductive heat flux decay profile in the SOL. The
two vertical dashed lines denote the radial position of the secondary separatrix (thick line)
and the limiter (thin line).

5.6 The radial filamentary heat transport in high-¢
discharges

5.6.1 Determination of the filamentary heat flux using probe
measurements

Dedicated limiter probe measurements were executed in most discharges to derive the
quantities describing the filament characteristics. The derived quantities from both probe-
heads can also be used to determine the radial filamentary heat flux associated to filaments.
The expression describing this radial convective transport, has been introduced in Ref.
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[CAB™18] and applied on AUG high-density L-mode discharges:

: 5
total __ _electron ion __
Gt = Do T Gp = érr,ﬁlTeﬁl‘f‘
1

irr,ﬁl [57_'1,ﬁ1 + mi(CsM||)2] .

(5.11)

The radial filamentary heat transport consists of an electron gf§"*" and an ion contribu-

tion ¢)%. Contributions parallel and perpendicular to the magnetic fields contribute to the
radial heat transport. The perpendicular contribution is given by gl—‘r7ﬁ17}7ﬁ1. The parallel
contribution is deduced from the inertia term in the energy conservation and only its ion
contribution is considered due to m, << m;. It is approximated by %Fr,ﬁlmi(csM \\)2'
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Figure 5.27: Illustration of the range of 7} ) o5t Within its lower and upper boundary given
by Ti sep from CXRS and T; g from RFA2.

As discussed in Section the RFA2 sweeping frequency at 5 kHz was not sufficient to
estimate Tig. The obtained values are averaged over filaments and represent the back-
ground ion temperature Ti gras = Tipc. In Ref. [CABT18], it is has been reported that in
high-density L-mode discharges 7; g is in the range of 7; gg. Given the lack of similar infor-
mation concerning H-mode, we are assuming that the ion temperature relative fluctuation
scales similarly to the electron one, thus assuming:

Tin _ e

= Zefl 5.12
Tige Tinc (5.12)

The values of the estimated filament ion temperature 7; g o5 are illustrated in Fig. [5.2
The estimated values are within the boundaries given by the IDI-profiles, which are based
on CXRS-measurements, at the separatrix and given by the RFA2. The magnitude at
lowest oy representing Inter-ELM T g, are in agreement with previous studies conducted at
AUG exploiting the RFA2 [KACCT12, IKGK™12, IKMNT13|. For higher oy, T;fest tends
to i sep- However, no references for QCE-T; g are known to compare them with 7; g est-
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Evolution of filamentary quantities for different Bor I ;;igj
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Figure 5.28: Overview of the filamentary quantities obtained with the BPP plotted against
aq: a) the filament correlation time, b) the filament detection frequency, c) filamentary
packing fraction, d) the filamentary radial velocity, e) the filamentary electron density,
f) the background electron density, g) the filamentary electron temperature, h) the back-
ground electron temperature, i) the filamentary parallel Mach number, j) the filamentary
particle flux.

Fig. provides an overview of the quantities derived from the BPP measurements.
This analysis excludes the evaluation of ELMs, as the acquired profiles were not sufficient
to deduce robust quantities from ELM-averaged I-V curves. All quantities are plotted
against a;. Furthermore, to estimate n.pg and neg following Equ. , the Ti-values
of filaments and background plasma introduced before are utilized.

The filament packing fraction fpp s, which has been introduced in Equ. , is illustrated
in panel ¢) and depends on the quantities shown in panel a) and b). The continuous increase
of fpr g is triggered only by the growth of Vgetect, Which represents the number of detected
filaments within a certain time interval, whereas at the same time the correlation time 7
reveals no substantial variations when QCE-filaments start to dominate the SOL transport.
Since T is a proxy for the filament size (at least for the radial dimension assuming ”frozen
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Evolution of filamentary heat flux for different Beor
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Figure 5.29: Contributions to radial filamentary heat flux: Upper: the filamentary perpen-
dicular heat flux, middle: the filamentary parallel heat flux, lower: the filamentary total
heat flux.

turbulence hypothesis”), it additionally suggests that Inter-ELM filaments are larger than
QCE-filaments. Due to the lack of poloidal velocity measurements, further conclusions
cannot be drawn.

Interestingly, the radial filament velocity v, g close to the limiter shown in panel d) is lower
for QCE filaments than for Inter-ELM filaments and also reveals only slight variations when
the QCE-phase has been achieved. This seems to be in contradiction to previous studies
conducted in AUG using the THB-diagnostic [Gril8] and at TCV using a reciprocating
probe [SVTT22]. With respect to the density shoulder observations discussed in Section
5.3.1} it can also be concluded that the mechanism behind the density shoulder formation
seems not to be linked to the far-SOL filament radial velocity v, g1, which is in contrast to
previous assumptions [PCET11].

Together with the observations in panel e), g) and in Fig. visualizing the filamentary
electron density, electron temperature and ion temperature, one can conclude that the
enhancement of convective transport is carried by more frequently generated and denser
filaments and not by an increase of the ion or electron temperature. The two diamond red
markers for n. 5 denote results where the I, fluctuation went above the analog-to-digital
converter resolution. As a consequence, n, g are for those two cases likely underestimated.
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The two red crosses for T, 5 and Tpg denotes cases, where ¢r was somehow corrupted and
the corresponding temperature values are taken from the remaining discharge conducted
at Bior = -2.8 T. The evolution of M is shown in panel i). Its behaviour converging to
0 with increasing o seems to be in agreement with recent numerical GBS simulations at
TCV [MRV'21] realised for high-density L-mode discharges. The sign of M is negative
meaning the parallel contribution reaches the outer divertor.

Following the definition of I, g from Equ. and illustrated in panel j), it can be
concluded that the particle flux carries mostly the enhancement of filamentary transport
in high- discharges.

Fig. [5.29]illustrate the evolution of the perpendicular, parallel and total heat flux associated
with filaments. The trend of the perpendicular filamentary heat flux ¢;'” shown in upper
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Figure 5.30: The energy loads of the limiter without the radiative energy loads are plotted
against ay.

plot is dominated by I', 5. The middle plot visualizes the parallel contribution. Over the

entire range, this contribution is negligible. The lower plot illustrates qﬁ%tf‘l as defined in

Equ. (5.11)).

: total :
5.6.2 COHIpElI‘lSOIl of qrf)ﬁla with dCalorimetry, Limiter

In the previous section, the convective heat flux associated with filaments has been deter-
mined using probe measurements, which were performed close to the limiter surface. These
results can now be compared with the calorimetric results to estimate the magnitude of
the filamentary contribution to the total heat flux reaching the limiter caused by particle
transport. The averaged heat flux reaching the limiter, gcaiorimetry, Limiter, Can be estimated
by:

o ECalorimetry, Limiter — E'Rad7 Limiter 1
(Calorimetry, Limiter — A . (5 3)
tPlasma * L1Limiter
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Figure 5.31: Comparison between the averaged heat flux reaching the limiter estimated by
means of the AUG cooling water calorimetry and the filamentary heat flux based on probe
measurements. The three dashed lines represent he case of 25 %-, 50 %-, 100%-contribution
of @ conv With respect to gcalorimetry, Limiter- The colored markers indicate the filament heat
flux for which Ti gg and T; 5 from the RFA2 has been utilized in Equ. (2.13]), whereas the
grey shaded markers illustrate the case, where T, = T; has been assumed for Equ. m

Ecalorimetry, Limiter denotes the calorimetrically acquired energy of the 8 cooling units defin-
ing the Limiter, ERaq, rimiter the radiative energy reaching the limiter, ¢pjasma the duration
of the flattop phase of the respective discharge, which is about &~ 6 s, and Ap;miter the sur-
face area of the AUG limiter, which consists of the 4 ICRH antennas and the 4 auxiliary
limiters, is ~ 4.6 m2. The calorimetry cannot differentiate the sources of energy loads on
the PFCs. Therefore, the workflow based on CHERAB and the GPT model introduced
in Ref. [REVT23] is exploited in order to determine the incident radiation energy on the
limiter. The term (Ecalorimetry, Limiter — LRad, Limiter) SUmmarizes the energy loads of the
limiter, which are caused by all particle transport present in the SOL. The evolution of
this quantity is shown in Fig. [5.30] Even after the subtraction of ERrad, Limiter, @ Teasonable
trend is preserved covering the conclusion drawn in Fig. m (upper right). Remarkably,
the regression matches almost perfectly with the origin supporting the picture that oy may
properly describe the turbulent activities close to the separatrix.

Additionally, an averaged q:c;tla " has to be determined. Since filaments are of balloon-
ing origin, they occur only around LFS midplane, where the curvature of the plasma is
unfavourable and t filamentary activity corresponds to the position, it can be assumed
that the activities increase closer to the outer midplane at z = 0.0 m, where it reaches
its maximum. qﬁf}fﬁl obtained at the MEM position is at the outer midplane increased by
the factor cos(m/6) following the argumentation in Ref. [CABT18|. Since ¢caiorimetry, Limiter

corresponds to a poloidally averaged heat flux, qﬁcl’cff" bmid st also be poloidally averaged.
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The maximum poloidal angle 6,,. is assumed to be 7/3 following Ref. |[CABT18| with
respect to the poloidal angle at the outer midplane as 6, = 0°. q:(}itla b is obtained by the
expression:

7/3  total,mid
G cos(6)df
oo — Lz (5.14)

S50
The comparison between both heat fluxes are illustrated in Fig. [5.31} The results suggest
that filaments contribute up to 25 % to the total particle-related heat flux reaching the
limiter presuming 7; g5t 1S in a realistic magnitude. Even at lowest a4 corresponding to
the filamentary activities of low density H-modes, the filamentary contribution is non-
negligible. Furthermore, the case, where T, = T; has been assumed for Equ. [2.13] is added
as grey shaded markers, For this case, the filaments would contribute up to 50% to the
total heat flux reaching the limiter emphasizing the need of reliable Ti-values for studies
at the limiter.

5.6.3 Estimation of the gross erosion at the AUG first wall

The availability of limiter probe measurements allows to estimate the filament and back-
ground induced gross erosion at the AUG first wall. The estimation of the gross erosion
presented here is based on a simplified model introduced in Refs. [Sta00, BMCT15] and
does not cover all erosion processes (e.g. prompt redeposition is not considered). The
deduced values for the first wall tile gross erosion represent the estimated gross erosion at
the position, where they have been acquired. They do not represent the gross erosion for

Figure 5.32: A sketch illustrating the estimate of the perpendicular contribution for the
particle flux. The red lines represents magnetic field lines and the grey squares limiter
tiles.

the entire first wall. Following Refs. [Sta00, BMC™15, [Hut02], the gross erosion can be
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expressed by:

1
Egross = 5 *Cs, 1 N » Yvamamura fPF : At/nPFC- (515)

YVamamura denotes the Yamamura sputtering yield[YYI83], nprc the PFC material density,
s, the perpendicular contribution of the sound speed with respect to the tile normal
vector, At the exposure time and fpr the packing fraction. In contrast to the study in
Ref. [BMC™15], fpr is considered for both, background plasma and filaments, induced
gross erosion. The time period, which is not occupied by filaments, is associated to the
background contribution and is simply obtained by subtracting fpr from 1. The exposure
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Figure 5.33: Illustration of the particle flux ['piyiter reaching the limiter.

time At is set to 31.5-10° s corresponding to a full year of plasma operation. For tungsten,
nppc is set to 6.3 - 102 m=3.

The term % " Cs, 1 " Ne - fpr denotes the perpendicular particle flux I'timiter. The erosion on
main chamber tiles is carried by the perpendicular projection ¢ ; of the ion speed sound
¢s, which can be approximated by:

Cs, L = s - sin(f), (5.16)

where § denotes the angle of the perpendicular velocity contribution with respect to the
total velocity contribution. Refs. [CR95| [Stal2] suggest that such cross-field transport
arises at shallow field line inclinations. However, the inclination of the magnetic field
lines along limiter tiles varies with its position and is therefore a non-constant parameter.
For this simplified estimation, the corresponding angle 5 describing the perpendicular
contribution is supposed to be 2°. Fig. sketches the perpendicular projection of
¢s on limiter tiles. Fig. illustrates the evolution of I'iinier for the available probe
measurements. The background particle flux I'timiter Bg increases stronger than the filament
particle flux I'imiter filament- A saturation of I'Limiter,3g is Observed, when «y exceeds 0.55.
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Structure of the sputtering yield Yvamamura

Yvamamura describes the sputtering yield (number of PFC atoms expelled per incident ion
from the plasma) following the definition in Ref. [YYI83] and is a non-linear function of
the electron and ion temperature. Yyvamamura 1S based on the the revised Bohdansky formula
[Boh84|, which also takes into account the angle o between the trajectory vector of the
incident ion and the PFC surface normal vector at the impact position. At AUG, « is
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Figure 5.34: The sputtering yield Y on a tungsten surface for different incident ion species
(DT, B*" and C*") is plotted against the ion temperatures assuming 7} = 3 - T,. X- and
y-axis use logarithmic scale.

typically ~ 60° for D* [SMA™T10]. The determination of ¥ is based on results summarized
in Ref. [EGRRO93]. Starting from the revised Bohdansky formula, the sputtering yield
for an incident angle of & = 0° is defined as:

2/3 2
YBohdansky(EO> = Q . SErC(E) (1 — (%t;) ) (1 — Eft:) , (517)

where E; denotes the projectile energy, sX*“(¢) the nuclear stopping cross-section following

the Kr - C potential and € the reduced energy. (), which represents the eroded atoms per
incident ion, and Ey,, which represents the threshold energy, are fitting parameters [Boh84].
€ is defined as:
e—Fp—2__ o __ Eo (5.18)
M1 + M2 212262 ETF
where Z; and Z, denotes the respective nuclear charges and M; and M, the respective
masses of the projectile and the target atom. ar, represents the Lindhard screening length,

which is given by:
972\ '/ -1/2
ar, = (%) ap - (23/3 + 22/3) , (5.19)
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Projectile | Erp[eV] | Ew[eV] | @ [atoms/ion]
Dt 9925.0 209.37 0.07
B*3 65241.0 | 46.37 0.8
c+ 66517.0 | 41.20 1.02

Table 5.3: Overview of the input parameters required to determine Yvamamura for the three
different projectile.

KrC

=1%(€) is written as:

where ap denotes the Bohr radius. The nuclear cross-section s

0.5In(1 + 1.2288¢
¢ + 0.1728+/c + 0.008¢0-1504"

SO

(5.20)

To obtain finally Yvamamura; YBohdansky Must be corrected by a term which takes into account
the angular dependence of the sputtering yield [YYIS3]:

Yvamamura(E0; @) = YBondansky (o) - cos(a)_f exp(f[1 — cos(a)_l] - cos(opt ) ) (5.21)
M.
with f = \/F, (0.94 —1.33- 10—?’#) (5.22)
1
T 1 E, 2
Qopt = 5 = aLnppe (26 ’yE()) . (5.23)

Qpt, denotes the angle of incidence, where Yvamamura has its maximum and Ej the surface
binding energy. The fitting values for all three ion species considered in this estimate are
summarized in table 5.3} For f and agp, the same values for all three species are used,
1.46 and 82.3°, respectively. The values correspond to the sputtering of H on W.

Determination of Yvy.mamura

To determine Yyamamura, it is assumed that the ions are Maxwellian distributed, which leads
to the following expression for Fj:

E() = 2]{)]3,1—; - Z@Vé, (524)

where the first term denotes the approximated thermal energy of ions and the second one
the energy of a single ion with charge Z gained at the sheath potential drop Vs. Vg is
negative for floating conditions and can be written in terms of kg7, as:

eVs Me T 9
—05-In|{272e) (1+22) (1—
T, P “K Wmi)( +Te)( Osee) }

where dsgg denotes the secondary electron emission coefficient. At dsgg = 0, the ideal
sheath potential is foreseen with Vs ~ 2.5kgT, /e, whereas at e.g dsgg = 0.775 V5 can drop
to kgT./e reducing the acceleration of the ions in the sheath and consequently reducing

(5.25)



5.6 The radial filamentary heat transport in high-6 discharges 119

the induced gross erosion. Following Ref. [Toll4], the range of T; suggests to set dsgg to 0.
In Fig. [5.34] the sputtering yields Y on tungsten for 3 species assuming 7} = 3 - T, are
visualized: DT, B3 and C**. The latter impurity was used in Ref. [BMCT15]. Focusing
on the case with deuterium only (black line), one can see that Y becomes only important for
T; above a threshold of 100 eV. This threshold can be exceeded by very hot filaments, which
is given only for a small subset of the available measurements presupposing that 7T; g e is in
a realistic magnitude. Sputtering yields of possible impurities, here B3* and C**, becomes
already important at lower 7. For the presented cases, the threshold is around 10 eV. Just
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Figure 5.35: The effective sputtering yield Yeq according to the definition in Equ. ((5.26).
Y. of background and of filaments are shown for two impurity species: B3** and C**.

from the sputtering yields, one can conclude that neither a pure deuterium background
plasma nor filaments (excluding extremely hot filaments) would cause any gross erosion on
tungsten. Gross erosion would only become important by the presence of impurities in the

far-SOL.

Estimation of the gross erosion in high-é H-modes

To fill up Equ. (5.15) with both contributions, the values presented in Figs. |5.27]
and are considered. To consider impurities, ¥ must be weighted accordingly to their
assumed fractions in the plasma. The sputtering yield is weighted as followed:

Y- n.
Yop = 2% :, (5.26)
ne
where Y] denotes the sputtering yield and n; the density of the jth-species. n. represents
the electron density of filaments or background. Fig. illustrates Yes for background
plasma (square markers) and filament (circle markers) for two impurity species as suggested
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before. The orange and green markers denote the case with 1% impurity concentration
in the far-SOL. Overall, Yo¢ of filaments are higher than of the background plasma. Fig.
illustrates the results for the gross erosion induced solely by the background (circle
markers) and by both (square markers) for AUG operation conditions. The orange and
green markers denote the case with 1% impurity concentration in the far-SOL. At lowest
oy, representing the inter-ELM phase of a Type-I ELMy H-mode, the estimated erosion
yields a magnitude of between 0.7 and 1.2 mm depending on the impurity species. For this

Erosion estimation
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Figure 5.36: Estimated gross erosion for an exposure time At of one burn year (24h/7d
operation) for AUG H-modes. Above «y ~ 0.5 achieving the QCE scenario, the gross
erosion saturates. The gross erosion is dominated by the background plasma associated to
the density shoulder. The contribution from filaments can be significant, but they never
dominate the total gross erosion. The y-axis uses a logarithmic scale.

analysis only Inter-ELM profiles are considered. The impact of ELMs cannot be assessed,
because at least 20-30 ELMs would be required to achieve a reasonable ELM-averaged
value. Due to the short plunge duration, a sufficient number of ELMs was not acquired.
The gross erosion at lowest oy is dominated by the background plasma. Filaments would
only cause a gross erosion below 0.1 mm. With increasing oy the estimated erosion increases
continuously until oy exceeds 0.55, which is similar to the condition to distinguish Type-
I ELMy H-modes from QCE H-modes as introduced in Ref. [FEH"23|]. Exceeding this
value, the gross erosion saturates. The estimated erosion varies between 3.0 mm and
7.5 mm depending on the impurity species. Even in this range of oy, the erosion is still
dominated by the background plasma, which is consistent with observations made in Ref.
[BMC™15] for high-density L-modes AUG discharges. Replacing T; g est by Tisep OF Tina,
the contribution of filaments varies only slightly. The wetted area exposed to the gross
erosion can be approximated by:

Agetted = Ab - N/(sin(B) cos(7)), (5.27)
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where Ar denotes the particle flux decay length, N the number of ICRH limiter edges,
which is 8, and ~ the inclination between the parallel particle flux and the surface normal
of the ICRH edge tile, which is about 15°. [ has already been introduced describing the
inclination of the particle flux along the tile surface and is about 2°. Ar can be obtained
from the MEM measurements, which suggests a decay length between 0.5 and 1.0 cm.
Here, a value of 0.75 c¢m is considered. Inserting these values into the expression for Ayetted
suggests a wetted area of about 0.13 m?.

Possible impact of the prompt redeposition on the gross erosion

So far, any consequences of prompt redeposition are not considered and would impact the
gross erosion. Detailed studies on the prompt tungsten redeposition in QCE H-modes, in
particular with focus on the main chamber, do not yet exist. Therefore, it seems appro-
priate to simply scan the net erosion from 0% to 100% fieqep by defining Ele; as:

Enet = (Eﬁl + EBG) : (1 - fredep)‘ (528>

For both contributions (filament and background), the same fieqep is assumed. Fig. [5.36
(lower) illustrates the evolution of E,. with increasing fieaep for a subset with B3t as
impurity. A continuous decrease of El, occurs with increasing freqep- The area between
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Figure 5.37: Lower: Evolution of the gross erosion for a subset with B3* as impurity taken
from Fig. [5.36| with increasing f,.q. The y-axis uses a logarithmic scale.

0.09 and 0.0 is shown in a supplementary plot. Additionally, the possible range of (1- fredep)
from a previous AUG study for low density Type-I ELMy H-modes in full W-environment
is added. According to this study, the possible range of fieqep is within 0.59
- 0.71. This study includes also the impact of ELMs for different fgrm in fredep, Which
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worsens fredep- Lhe values from Ref. [DJPTT1I1] are therefore the lower limit of fredep and
the actual values for QCE H-modes may be more optimistic. The estimated net erosion of
the Inter-ELM phase would be about 0.2 - 0.3 mm within the possible range of fiegep- The
estimated net erosion for QCE-phase at max. a; would be about 1.2 - 1.8 mm.

The value for fieqep from a study assessing the Inter-ELM induced net erosion in the JET
divertor is added as grey vertical line [BKM™19] in the supplementary plot. The study on
JET with the open divertor configuration reports on a prompt redeposition of about 96 %
excluding ELMs. This would push the net erosion for the low density H-mode Inter-ELM
to 0.03 mm and for the QCE at maximum o to 0.17 mm.

Further studies including high-precision measurements and sophisticated numerical codes
[DLAT17] with focus on fredep in QCE are demanded, as the impact of high recycling state
with increased neutral pressure in the main chamber together with an increased particle
density near the first wall on fieqep are unknown.



Chapter 6

Summary

This thesis summarizes the investigations on energy loads of divertor and non-divertor
components realized at the ASDEX Upgrade tokamak and the JET tokamak. A solution
to the power exhaust challenge is the key requirement for the successful operation of fu-
ture fusion power plants for electricity generation. Therefore, the heat transport from the
confined plasma into the SOL and then to the PFCs has to be best understood. In next
generation devices, like ITER, the heat flux limit for divertor components is limited to
10 MW/m? and for non-divertor components to 2 MW/m?. The empirical ITPA multi-
machine scaling describing the inter-ELM power fall-off length for low density H-modes in
attached conditions predicts a power fall-off length of 1 mm for ITER conditions exceed-
ing the divertor engineering limitations. Furthermore, periodically expelled Type-I ELMs
would cause transient heat loads on both, divertor and non-divertor components, which
will also significantly reduce their lifetimes and have therefore to be mitigated /suppressed
in ITER and even totally avoided in future fusion reactors.

The focus of this thesis reports on the energy loads of divertor and non-divertor components
for dedicated AUG H-mode discharges. For this purpose, the AUG calorimetry consisting
of a cooling water calorimetry and a wall thermometry has been completely revamped and
recommissioned. As a prerequisite for confident energy load studies, a reasonable global
energy balance has been achieved in which 95 % of the injected energy has been found for
a representative database of 577 discharges. In addition to the cooling water calorimetry,
which covers almost the entire in-vessel components in poloidal and toroidal direction, a
shot-to-shot assessment of the radiative energy contribution for areas, which are not cov-
ered by calorimetry, and an appropriate consideration of NBI-losses (first orbit, charge
exchange and shine through losses) are fundamental. For this study, a framework based
on the code CHERAB and a GPT-model trained on the AUG foil bolometry diagnostic
has been introduced. NBI losses are determined by exploiting the codes RABBIT and
ABC3D. These findings at AUG have been exploited to renew the attempt of the global
energy balance at JET. The consideration of the NBI-losses on JET, which seems to be of
36 % of the injected NBI energy at JET, provides a possible explanation of the previous
discrepancies between injected and measured energies in NBI-dominated plasmas at JET.
A reasonable energy balance can be achieved with ICRH-dominated discharges at JET
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without any further constraints.

A database optimized for calorimetric measurements has been acquired to analyze the evo-
lution of the energy loads on almost all PFCs in AUG. The scenarios considered in this
database are Type-I ELMy and QCE H-modes in a high-9, high-x magnetic equilibrium.
The database covers a significant range in the density operational space of AUG (0.2 - 0.6
ngw). A scan on edge safety factor has been obtained by changing the toroidal magnetic
field Bicr, while the plasma current [, is kept fixed. Due to the consideration of calorimetric
diagnostics, the variations in this database are realized by changes in the flattop fuelling
level and toroidal magnetic field on shot-to-shot basis. With the aid of this dedicated
database, a reasonable correlation has been observed between the normalized energy loads
on the AUG PFCs and the turbulence control parameter o with better agreement with re-
spect to separatrix collisionality v .. Interestingly, the increase of energy loads deposited
at the first wall and the upper divertor is equally distributed which is consistent with the
decrease of the energy loads of the lower divertor. Exploiting framework on CHERAB,
it has been proven that a strong localized radiation pattern evolves between the plasma
and the upper divertor when the QCE regime has been achieved. This radiation pattern
can significantly contribute to the energy loads deposited on the upper divertor. Simul-
taneously, thermocouple and IR measurements from the divertor main target indicates a
reduction of peak heat fluxes together with reduction of the energy loads from parallel
conductive transport. Neither IR, LP nor bolometry measurements indicate an increase
of heat fluxes on surrounding baffle tiles at the outer target. Interestingly, the heat fluxes
derived from target LP measurements suggest an increase of the heat fluxes reaching the
divertor main target. An extension of the database considering AUG discharges with dif-
ferent I,, and By, combinations, x,  and n. — 7T, tuples suggest that the scaling of first
wall energy loads seems to be generalizable.

The formation of the density shoulder in the far-SOL, which is generally associated with
an enhancement of filamentary transport, has been assessed in terms of a density shoulder
qualifier and the near-SOL density decay length. For this dedicated database, an increase
of both quantities is observed with the turbulence control parameter o up to a satura-
tion of the density shoulder amplitude when the QCE regime has been achieved. It may
also suggest a stronger link between separatrix conditions and the formation of a density
shoulder. Further checks regarding the break point separating near- and far-SOL suggest
independence of this break point on the radial filament velocity and the secondary separa-
trix position. This observation is supported by the consideration of a discharge in the edge
optimized configuration, where the secondary separatrix is sitting outside of the vacuum
vessel.

The baratron and manometer measurements close to the upper divertor and the main
chamber follow linearly oy, whereas the divertor measurements of both diagnostics suggest
a different dependency on gey1/Bior. It may suggest that the requirement in achieving the
high-recycling state are more linked to the main chamber conditions than to divertor con-
ditions.

With the aid of dedicated probe measurements performed close to the limiter surface, it
has been identified that the increase in filamentary transport is due to the increase of the
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particle flux. This is primarily achieved by generating more, denser filaments. The ion
and electron temperatures in QCE H-modes do not show significant variation. Also the
radial velocity as well as their radial dimensions show only small variations whenever the
QCE H-mode has been achieved. This is in contradiction to observations in high-density
L-modes in AUG, which identified the increase in filament size as the trigger for the en-
hancement of filamentary transport. A comparison between the heat flux estimated from
calorimetry and filament heat flux reaching the first wall reveals no increase of the filament
contribution to the total one. The filament contribution remains constant, mostly below
25 %, throughout the entire scan.

Based on the limiter probe measurements, the gross erosion on limiter tiles has been de-
termined using a simplified model. Gross erosion becomes only relevant in the presence of
impurities in the far-SOL and is dominated by the background erosion regardless of the
scenario, which is consistent with a previous study in high-density L-modes in AUG. The
results indicate a saturation of the gross erosion above ay ~ 0.55 predicting a maximum
gross erosion of 7.5 mm for tungsten for a full year operation in AUG.
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6.1 Outlook

The global energy balance studies at AUG and JET indicate that the impact of NBI losses
on the energy balance has been misjudged so far. In future studies, such analyses should
be repeated on further magnetically confining devices (WEST, W7-X, etc.). WEST would
be a promising experiment for this purpose to confirm the observations in JET for purely
ICRH-dominated as well as future NBI-dominated discharges. Furthermore, it would be
great importance to identify and to understand the cause of the significant NBI-losses on
JET by utilizing sophisticated numerical codes.

The most important observation drawn from global energy balance studies implies a erro-
neous consideration of the absorbed heating power in NBI-dominated discharges, at least
for JET discharges in carbon wall and ILW, in any empirical scaling law so far. This
observation for NBI-dominated discharges needs to be confirmed by studies on further ex-
periments with a robust calorimetry encompassing the entire in-vessel components. At the
same time, it would be beneficial to revise empirical scalings which depend on the absorbed
heating power.

The evolution of the normalized energy loads at the PFCs show a reasonable correlation
with «y. This trend must be confirmed by including further fusion experiments. First
results from JET should be available soon. Furthermore, the dominating radiation pattern
at the upper divertor requires investigations in order to understand its dependence on the
CDN-magnetic field configuration, first wall geometry and/or PFC material. The heat
flux trend resolved by target LPs also requires further investigations. They are in contrast
to IR, thermocouple and cooling water calorimetry results. With the DivIlo-Upgrade of
the AUG upper divertor, novel capabilities will be available to investigate this localized
radiation pattern. The availability of a cryopump in the new upper divertor may help to
identify the cause of the radiation pattern. Furthermore, such a measurement can also may
serve as a key input for numerical codes to provide further insights into this phenomenon.
The evolution of SOL properties at the outer midplane reveals that the density shoul-
der amplitude shows a saturation when the high density QCE regime is achieved in this
database. In future studies, a variation of the heating scheme has to be performed in
order to provide further insights behind the saturation of the density shoulder amplitude.
The measurements of the baratrons and pressure gauges indicate different dependencies
in the divertor and in the main chamber, which may also be linked to the density shoul-
der formation. The performance of high-powered QCE discharges in USN, which can be
realised with the Divllo-Upgrade, would provide important insights into the link between
divertor and separatrix conditions in achieving a density shoulder. Furthermore, further
effort should be put on the physics behind the break point, which separates the SOL into
near and far. The proper physical understanding of any phenomena related to the power
exhaust challenge may be of great importance for ITER and any future fusion reactors.
The results on gross erosion are a first indication that further in-depth analysis is needed.
In future studies, a combined analysis of suitable probe and spectroscopic measurements
should be carried out to obtain the most valuable experimental coverage and to comple-
ment previous measurements. A focus should also be placed on sophisticated numerical



6.1 Outlook 127

codes to reliably predict the prompt redeposition for the QCE regime of present and future
devices.
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