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Absiract

The control and mitigation of plasma and power exhaust are crucial to ensure a sta-
ble and economically viable operation of a magnetic confinement nuclear fusion power
plant. A fusion reactor is made of a toroidal vacuum chamber in which a magnetic
field confines the thermonuclear burning plasma at hundreds of millions of Celsius de-
grees. In the periphery of a tokamak reactor, the edge plasma is the narrow transition
region between the hot plasma core and the wall of the vacuum chamber. This is char-
acterised by the presence of steep gradients, turbulence and multi-species plasma,
including also atoms, molecules and impurities.

The possibility of correctly predicting the heat loads resulting from the plasma-wall
interaction (PWI) is an essential prerequisite for developing strategies to mitigate ex-
haust fluxes. This requires having models capable of describing the physics of the
edge plasma, including plasma transport, interaction with neutral atoms and molecules
and interaction with the solid wall.

This doctoral thesis aims to further improve the available modelling tools expanding
their exploitability in connection to the modelling of plasma-material interaction exper-
iments in linear plasma devices, helium plasmas and negative triangularity tokamaks.
These are extremely topical subjects in the context of preparing the operational phases
for the ITER experiment and developing the first DEMO reactor.

The linear plasma device GyM of Istituto per la Scienza e la Tecnologia dei Plasmi
(ISTP-CNR) is modelled using the SOLPS-ITER boundary plasma package. This the-
sis has provided an improved tool for the analysis of plasma-material interaction (PMI)
in GyM to compare and complement the experimental activities. Specifically, the analy-
sis focused on the investigation of helium plasma experiments, expanding the database
for plasma-neutral interactions with the inclusion of charge exchange and collisional
excitation of He atoms. These reactions proved to be especially important in low-
temperature mildly ionised plasmas as in GyM.

The operation of tokamaks in helium plasma is also important to prepare ITER Pre-
Fusion operation. An L-mode helium discharge in ASDEX-Upgrade tokamak is mod-
elled using SOLPS-ITER. In particular, the work estimates the relative fraction of He*
and He?* contributing to the ion flux onto different plasma-facing components, an im-
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portant parameter to address PMI and erosion properties, however, difficult to estimate
directly from experimental measurements.

Finally, this thesis addresses for the first time the investigation of plasma detachment
in negative triangularity (NT) with SOLPS-ITER, by comparison to a standard positive
triangularity (PT) case. The results of this work indicate that some of the differences
observed experimentally between NT and PT can be justified only by considering the
different shapes of the magnetic flux tubes. However, to reproduce the detachment
suppression observed in NT density ramp experiments, a reduction of cross-field trans-
port could be assumed in the model.

Keywords: nuclear fusion, edge plasma, linear plasma device, tokamak, helium, plasma
exhaust, modelling



Estratto

Il controllo e la mitigazione dei carichi termici indotti dall'interazione tra il plasma che
sfugge al confinamento e la prima-parete della macchina sono fondamentali per garan-
tire un funzionamento stabile ed economicamente sostenibile di un impianto a fusione
nucleare. Un reattore basato sulla fusione nucleare a confinamento magnetico € com-
posto da una camera da vuoto di forma toroidale, all'interno della quale il plasma ter-
monucleare viene confinato grazie a campi magnetici e raggiunge temperature di centi-
naia di milioni di gradi Celsius. La regione periferica del tokamak € chiamata "plasma
di bordo" ed €& la regione di transizione tra il core plasma e la parete della camera.
Questa e caratterizzata da forti variazioni dei parametri di plasma, turbolenza e dalla
presenza di un plasma multi-componente, che include atomi, molecole e impurezze.
Questa tesi di dottorato ha lo scopo di approfondire ed ampliare lo studio di questi argo-
menti mediante strumenti modellistici, con particolare riferimento alla modellizzazione
di macchine lineari, plasmi di elio e tokamak a triangolarita negativa. Questa analisi
e di estrema attualita nel contesto della ricerca volta a preparare il funzionamento di
ITER e per la progettazione del primo reattore DEMO.

La macchina lineare GyM dell’Istituto per la Scienza e la Tecnologia dei Plasmi (ISTP-
CNR) é stata modellizzata utilizzando il codice SOLPS-ITER. Questa tesi ha reso
disponibile uno strumento ottimizzato per lo studio dell’interazione plasma-parete in
GyM, a complemento e supporto delle attivita di natura sperimentale. Nello specifico,
I'analisi presentata e legata allo studio di plasmi di elio, proponendo I'ampliamento del
database di reazioni di interazione tra plasma e neutri. Nelle condizioni del plasma di
GyM, caratterizzato da bassa temperatura ionica e grado di ionizzazione, le reazioni di
scambio di carica ed eccitazione collisionale degli atomi di He sono risultate partico-
larmente importanti.

Il funzionamento di tokamak con plasmi di elio & un altro argomento rilevante in virtu
della preparazione della Pre-Fusion Operation Phase di ITER. In questa tesi si &€ anal-
izzata una scarica di puro elio in modo-L in ASDEX-Upgrade utilizzando il codice
SOLPS-ITER. In particolare, I'analisi ha portato alla stima della frazione di ioni He*
ed He?* nel plasma. Questo parametro & importante per stimare le caratteristiche di
erosione dei materiali della prima parete e, tuttavia, non & facilmente ricavabile da dati



sperimentali.

Infine, per la prima volta si & condotto uno studio di plasma detachment in un tokamak
con triangolarita negativa usando SOLPS-ITER. All'interno dell’analisi & stato fatto un
confronto tra triangolarita positiva e negativa che ha mostrato come alcune delle dif-
ferenze osservate sperimentalmente possano essere spiegate considerando la diversa
forma delle superfici di flusso magnetico. Tuttavia, la soppressione del detachment in
triangolarita negativa osservato sperimentalmente potrebbe essere spiegato con una
riduzione del trasporto perpendicolare.

Parole chiave: fusione nucleare, plasma di bordo, macchine lineari, tokamak, elio,
analisi modellistica
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Summary

Thermonuclear fusion is one of the key technology that could play a role in sustaining
an energy system with net-zero emissions in the next centuries. This process is based
on the fusion of two light nuclei to form a heavier, more stable product, releasing energy.
Among the various nuclear fusion reactions, the one between deuterium and tritium
nuclei, yielding helium and a fast neutron, has the highest reaction probability at the
lower energy and it is thus considered the most feasible. Fusing together two nuclei,
however, requires overcoming the Coulomb barrier. Nuclei have to be supplied with
tens of keV of thermal energy, corresponding brings the system to hundreds of millions
of degrees Celsius. At these temperatures, the atoms dissociate in electrons and ions,
forming the so-called plasma state. Today most of the fusion power-plant-oriented
research is based on the tokamak concept, which exploits a magnetic field to confine
the plasma in a toroidal chamber. The ITER tokamak, under construction in France,
is the most ambitious international project on fusion and aims at operating the first
experimental fusion reactor capable of producing a 10-fold fusion energy gain.

Among the various challenges that the design and operation of a magnetic nuclear
fusion power plant face, this thesis focuses on power exhaust and plasma-wall inter-
action (PWI). Indeed, plasma confinement by the B field is imperfect. Particles diffuse
radially across the magnetic flux surfaces ultimately reaching the wall of the torus. The
mitigation of the particles and power loads onto the plasma-facing components (PFCs)
is crucial to operating a tokamak ensuring steady-state output power while avoiding
excessive degradation of the first wall material and impurity contamination of the main
plasma.

Presently, there are several tokamaks in operation worldwide which have many rel-
evant plasma parameters close to reactor conditions. However, concerning the PWI
properties, there are still significant gaps in some crucial parameters, like ion fluxes
and fluences at the strike point and temperature of the PFCs. Linear plasma devices
(LPDs) offer the possibility of closing these research gaps by emulating the conditions
of plasma-material interaction (PMI) in fusion plasmas which can not be reached in
today’s tokamaks. LPDs are thus ideal to test material erosion and other plasma-wall
interaction processes under well-defined and controlled conditions.
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A relevant concern of PMI is dealing with helium plasma in a tungsten environment.
Under specific conditions of material temperatures, fluxes and fluences, He ions lead
to the formation of nanostructures on the surface of tungsten. This phenomenon is
known as tungsten fuzz (W-fuzz). The nanostructures modify the erosion properties of
tungsten PFCs, thus being of particular concern for the working condition of the ITER
W-divertor. In ITER, indeed, helium ash will be present in the plasma mixture dur-
ing the D-T active phase and, more importantly, He will be used as the main plasma
species during the Pre-Fusion Operation Phases. Controlled experiments investigating
the formation conditions for W-fuzz are performed in linear plasma devices. Moreover,
very recently experimental campaigns with helium plasmas were performed in ASDEX-
Upgrade and JET tokamaks to answer whether W-fuzz can be observed in present-day
experiments, if it is expected under ITER operational conditions and how its presence
affects the plasma operation.

Finally, alternative magnetic configurations for tokamak scenarios with improved con-
finement and reduced PWI impact are of great interest for the design of next-generation
fusion reactors. Among these, negative triangularity (NT) is considered very promising,
besides only a few tokamaks can operate with NT equilibria. Experimental observa-
tions on TCV and DIII-D tokamaks showed that this configuration may exhibit increased
plasma confinement with respect to analogous positive triangularity (PT) discharges.
Concerning the edge plasma behaviour and the PWI properties, however, NT configu-
rations are still understudied if compared to standard PT scenarios.

Motivations and goails of this thesis

Understanding, predicting and mitigating plasma-wall interaction and the resulting par-
ticle and heat loads on the divertor and first wall is a crucial requirement for a fusion
reactor. To investigate a complex system such as the edge plasma of a magnetically
confined plasma numerical tools are also essential. Sophisticated numerical codes de-
scribing plasma transport within the boundary region of a tokamak are indeed needed
for interpreting experimental results and for making predictions in the design phase of
new machines.

To further the understanding of the theoretical framework of boundary plasma and
plasma-material interaction modelling, this thesis work aims to extend the applicability
of standard boundary plasma codes to non-standard conditions. In particular, the work
focused on improving the available modelling tools to describe linear plasma devices,
which constitute an asset for the research on material for the PFCs of future fusion
reactors. In light of the ITER Pre-Fusion Operation Phases, the investigation of helium
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plasma properties is crucial, especially concerning the behaviour of the edge plasma
and its interaction with PFC materials, tungsten in particular. In this thesis, these as-
pects are investigated through modelling both in linear device and tokamak geometries.
Finally, following the recent interest in negative triangularity as a promising configura-
tion for the development of reactor-relevant scenarios, this thesis presents a study of
plasma detachment in negative triangularity, in comparison with standard positive tri-
angularity scenarios.

Structure of the thesis

The PhD thesis is organized as follows:

Part I: Introduction and thesis goals introduces the general framework connected to
the edge plasma of magnetic confinement devices and its modelling and summarises
the goals of this thesis work. Chapter 1 gives a general overview of the current re-
search status on magnetic confinement fusion, with particular emphasis on boundary
plasma and plasma-wall interaction. Chapter 2 summarises the status of the available
physical models to describe the edge plasma in a tokamak, addressing the aspects
of plasma transport, plasma-neutrals interactions and plasma-wall interactions. Chap-
ter 3 highlights the goals and the methods used to develop this thesis work. This
includes a general description of the two numerical tools exploited within this work,
namely the SOLPS-ITER and GBS boundary plasma packages, as well as some orig-
inal methodological aspects developed within the thesis.

Part ll: Plasma dynamics and plasma-wall interaction in LPDs collects the achieve-
ments in developing an extended modelling framework to describe linear plasma de-
vices. Specifically, Chapter 4 investigates the possibility of successfully applying SOLPS-
ITER to linear geometry. It presents a benchmark of the simulation results with the
available experimental data of the GyM linear machine and with a newly developed
global 0D model to describe He plasma in linear geometry. This simplified model
helped share light on the relevant plasma-neutral interaction processes of relevance
for low-temperature helium plasmas. Finally, the first global erosion and impurity mi-
gration study in a linear device is presented. Chapter 5 discusses the benchmark
of the SOLPS-ITER and GBS cross-field transport models in a linear geometry. The
benchmark includes the comparison of the equations solved by the SOLPS-ITER and
GBS plasma transport models in linear geometry and a benchmark of results obtained
simulating the same system with the two codes.
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Part lll: Modelling edge plasma in tokamaks extends many of the competencies
acquired by modelling LPDs to tokamaks. In particular, the SOLPS-ITER boundary
code package is used to investigate helium plasma in the ASDEX-Upgrade Chapter 6
presents our strategy to produce an L-mode helium plasma background with SOLPS-
ITER to be used for the modelling of a global PMI experiment in ASDEX-Upgrade.
The chapter includes the benchmark with the available AUG experimental data and
a discussion of the importance of He* and He?* fluxes onto the PFCs. Chapter 7 is
devoted to the first numerical study of plasma detachment in a TCV negative triangu-
larity configuration performed with SOLPS-ITER. The study includes the benchmark
of the simulations with TCV experimental data of a negative triangularity discharge,
the comparison with a positive triangularity discharge with similar parameters and the
investigation of detachment properties through the modelling of a density ramp experi-
ment.

Publications and research activities

The contents of this PhD thesis are published in the following peer-reviewed articles:

e M. Sala, E. Tonello, A. Uccello, X. Bonnin, D. Ricci, D. Dellasega, G. Granucci,
M. Passoni, "Simulations of Argon plasmas in the linear plasma device GyM
with the SOLPS-ITER code", Plasma Physics and Controlled Fusion, 62 055005
(2020). Personal contribution: derivation of the theoretical model, development of
SOLPS-ITER numerical simulations and post-processing, contribution to manuscript
writing and figure production.

e E. Tonello, A. Formenti, G. Alberti, A. Uccello, M. Passoni, "A point plasma
model for linear plasma devices based on SOLPS-ITER equations: application
to helium plasma", Nuclear Fusion, 61 066036 (2021) Personal contribution:
derivation of the theoretical model, implementation of the numerical solution of
the model in Matlab, development of SOLPS-ITER numerical simulations and
post-processing, contribution to manuscript writing and figure production.

e G. Alberti, E. Tonello, P. Carminati, A. Uccello, X. Bonnin, J. Romazanov, S.
Brezinsek, M. Passoni, "Global SOLPS-ITER and ERO2.0 coupling in linear de-
vices: study plasma-wall interaction in helium plasma", Nuclear Fusion, 63 026020
(2023). Personal contribution: development of SOLPS-ITER numerical simu-
lations and post-processing, implementation of the coupling strategy between
SOLPS-ITER and ERO2.0 in Matlab, contribution to manuscript writing and fig-
ure production.
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and in the following conference proceeding:

e M. Sala, E. Tonello, A. Uccello, X. Bonnin, D. Ricci, D. Dellasega, G. Granucci,
M. Passoni, “SOLPS-ITER simulations of the GyM linear plasma device”, 46 EPS
Conference on Plasma Physics (2019)

Other contributions were presented to the following international conferences and work-
shops:

e 46th Conference on Plasma Physics, EPS 2019 (8-12 July 2019, Milano). Poster
contribution entitled “SOLPS-ITER simulations of the GyM linear plasma device”

e FuseNet PhD Event 2020 (23-24 November 2020, Online event). Oral contri-
bution entitled “Modelling of Plasma-Wall Interaction in magnetic Nuclear Fusion
System”. The presentation took part in the competition for best presentation and
it has been nominated among the 4 finalists.

e PSI-24 International Conference on Plasma Surface Interactions in Controlled
Fusion Devices (25-29 January 2021 - Online event). Poster contribution enti-
tled “ERO2.0 and SOLPS-ITER modelling of rough W coatings exposures to He
plasmas in the linear machine GyM”

e Workshop on Atomic and Molecular Data Needs for Plasma Applications (13-15
April 2021, Online event). Poster contribution entitled “A global plasma model
for linear plasma devices based on SOLPS-ITER equations”

e PSI-25 International Conference on Plasma Surface Interactions in Controlled
Fusion Devices (13-17 June 2022 - Online event). Poster contribution entitled
“Modelling plasma dynamics in linear plasma devices using the SOLPS-ITER and
GBS codes”

e FuseNet PhD Event 2022 (4-6 July 2022, Padova). Oral contribution entitled
"Modelling plasma dynamics in LPDs with 0D, 2D and 3D approaches”.

e 32nd Meeting of the ITPA - Divertor and Scrape-off layer Topical Group (Cadarache,
24-28 October 2022). Oral contribution entitles "SOLPS-ITER modelling of pure
helium plasma background for PMI experiments in ASDEX-Upgrade "

e SOLPS-ITER Workshop (14-18 November 2022, Leuven).
and Summer Schools:

e LaPlaSS2020 - 3rd Laser-Plasma Summer School (14-18 September 2020, On-
line event)
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e 9th Summer School Plasma in super-intense laser fields (1-11 July 2022, Erice),
Poster contribution entitled "Modelling plasma dynamics with 0D, 2D and 3D
approaches".

This thesis work was funded by the European Union via the Euratom Research and
Training Programme. A consistent part of the work was developed to support experi-
mental activities in the context of the EUROfusion Work Packages Tokamak Exploita-
tion (WP-TE) and Plasma-Wall Interaction and Exhaust (WP-PWIE). Additionally, part
of the outcomes of this thesis was carried out during a 4-month research stay at Ecole
Polytechnique Fédérale de Lausanne - EPFL (1st November 2021 - 5th March 2022
Lausanne, Switzerland).
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This chapter introduces the framework under which this doctoral thesis is developed.

Nuclear fusion is one of the low-carbon energy-producing technology that could play a
role in sustaining a net-zero emission energy system in the next centuries.

Research on nuclear fusion is particularly active in these years. ITER, the first experi-
ment designed to sustain and control a nuclear fusion reaction, is in its assembly phase
and the first plasma is due in 3 to 5 years. To support ITER preparation, several exper-
imental and computational facilities are in operation in Europe and around the world.
In the latest years, moreover, many nuclear fusion startups are also being developed,
driving the first private investments into the sector.

Among the various challenges of designing and operating a nuclear fusion power plant
based on magnetic confinement of the plasma, this thesis focuses on the power ex-
haust and plasma wall interaction. This introductory chapter aims to present the basic
concepts related to these topics, which will be needed for the following discussion.

1.1. Why nuclear fusion?

The world needs low-carbon energy sources to replace fossil fuels which today repre-
sent around 80% of the world’s primary energy supply [1]. According to the latest report
of the International Energy Agency (IEA) [2], the goal of reaching net-zero emissions
by 2050 will be achieved by a massive deployment of renewable energy sources to de-
carbonise the electricity sector. Electrification and H.-based fuels shell be implied for
transportation and industry, together with the widespread use of the Carbon Capture,
Utilisation and Storage (CCUS) technologies to tackle emissions from existing assets
that could not be decarbonised. Among the low-carbon nuclear technologies, nuclear
fission will have a role in the next three decades. In the same period, however, nuclear
fusion is on track to be proven a feasible energy source, with the finalisation of the
ITER experiment [3]. Many features indeed make this technology desirable to play a
role in a net-zero emission energy system in the next centuries.
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Nuclear fusion is a nuclear reaction in which two light nuclei are fused together to pro-
duce a heavier and more stable product. The mass defect between the sum of the
original nuclei and the products is released as kinetic energy of the latter. Similarly
to nuclear fission, the typical energy gain per reaction is of the order of several MeV,
around a million times higher than the energy gain of chemical combustion reactions.
This energy is extracted from the system by recovering part of the kinetic energy of the
fusion products and transforming it into heat and/or electricity.

Among the various fusion reactions, the one between deuterium and tritium nuclei,
yielding helium and a fast neutron, has the highest reaction cross-section at the lower
energy and it is thus considered the most feasible. Indeed, to overcome the Coulomb
barrier nuclei have to be supplied with tens of keV of thermal energy. At these temper-
atures, the atoms dissociate in electrons and ions, forming the so-called plasma state.
Plasma confinement is the first challenge to be faced in designing a fusion reactor. In
the last six decades, two confinement strategies have been investigated: inertial and
magnetic confinement. Presently, the latter is the most power-plant-oriented.

The main features that make nuclear fusion attractive as an energy source are the
availability of fuel, the high energy density typical of nuclear technologies and the ab-
sence of long-living radioactive waste. A D-T nuclear fusion power plant is fueled with
deuterium, a stable hydrogen isotope which can be extracted from water. Tritium, on
the other hand, is radioactive with a short decay time and needs to be bred inside the
reactor. The development of a tritium breeding system based on Li-n reactions is thus
part of a D-T fusion reactor concept.

Radioactive waste produced by nuclear fusion is related to neutron-induced materi-
als activation and tritium permeation and it is thus limited to short to medium-living
radioactive elements.

1.2. Magnetic confinement of plasmas

Magnetic confinement fusion (MCF) aims at producing a thermonuclear burning plasma
by confining the fuel in high external magnetic fields. Starting from the Sixties, several
magnetic topologies were investigated. Today, most of the MCF research is based on
two toroidal confinement configurations: the tokamak and the stellarator. This thesis
will only focus on the first one.
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Inner poloidal field coils
(primary transformer circuit)

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

Toroidal field coils
Resulting helical magnetic field

Toroidal magnetic field
Plasma electric current
(secondary transformer circuit)

Figure 1.1: Structure of a tokamak and its key components from [5].

Tokamaks

The tokamak is the most developed concept of magnetic confinement device aiming at
achieving controlled nuclear fusion [4]. The main elements of a tokamak are shown in
figure 1.1: a toroidal vacuum chamber with inner (central solenoid) and outer poloidal
field coils (PF-coils) and a set of toroidal field coils (TF-coils), poloidally wrapped
around the vacuum chamber. The TF-coils generate the toroidal magnetic field B,
(~T range). The inner poloidal coils drive the toroidal plasma current I, (~MA range),
which in turn induces the poloidal magnetic field component By,. The outer PF-coils
also contribute to By but their main purpose is to control the plasma shaping. The total
tokamak magnetic field is:

B=B,+B, withB, > 108, a.n

The induction mechanism exploited to drive the plasma current makes the tokamak
intrinsically a pulsed device. Presently, tokamak discharge times are in the range of
~ 1 —1000 s, depending on the device’s capabilities and the magnetic coil technology.
The pulse duration in future power plant reactors will have to be extended to ~ 1 hour.

Plasma heating

Besides being confined, the plasma needs to be heated to temperatures of the order
of ~ 10 keV to study fusion-relevant conditions. The tokamak heating systems are
usually divided into Ohmic heating and additional heating systems.
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Ohmic heating is the power absorbed by the plasma due to Joule dissipation of the
toroidal current and it is thus associated with a finite plasma resistivity. Plasma elec-
trical resistivity n, however, decreases with increasing plasma temperature oc T, 32
hence making Joule dissipation less effective at high temperatures.

For this reason, plasma temperatures that can be reached with Ohmic heating alone
are limited. Tokamak discharges in which only Ohmic heating is used are referred to
as Ohmic discharges.

To reach fusion-relevant conditions, other heating systems are required. Additional
heating power can be provided by injecting high-energy neutral particles into the plasma
or by shining electromagnetic waves in the frequency range of radio or microwaves.
Neutral beam injection (NBI) heating is based on the acceleration of ions (H isotopes
or He, typically) to energies of ~ 100 keV - 1 MeV and their injection into the plasma,
after being neutralised. The resulting neutral beams are not deflected by the magnetic
field and can reach the region where plasma is confined. Collisions between energetic
neutrals and plasma ions result in an efficient energy transfer in favour of the latter.
Besides being a heating mechanism, NBI also contributes to plasma fueling and can
be used to diagnose plasma properties.

Radio and microwave heating exploit different resonant mechanisms between the elec-
tromagnetic wave and the plasma. The two most important ones are:

Electron cyclotron resonance heating (ECRH) uses microwaves in the range 30-170GHz,
that resonate with the electron-cyclotron frequency w e.

lon cyclotron resonance heating (ICRH) uses radio-frequency in the range 20-100MHz
that can resonate with the ion cyclotron motion wy ;.

High confinement mode (H-mode)

Providing additional power to the plasma is desirable not only to increase its temper-
ature but also to enter the high-confinement (H-mode) plasma regime. The transition
from low-to-high confinement regimes (L-H transition) was first observed in ASDEX
tokamak [6] at the end of the Eighties. When the heating power raises above the L-H
transition power threshold P__y [7], the energy confinement time 7 almost suddenly
doubles and the core plasma density and temperature increase. The rise in n, and
Te, hence the improved particle and energy confinement, is localised in the very edge
of the tokamak. Steep density and temperature gradients arise, which are ascribed to
the formation of an edge transport barrier. The qualitative behaviour of radial plasma
pressure profiles in L-mode and H-mode is shown in figure 1.2.
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Improved confinement is desirable for the op- A
eration of a fusion reactor. However, H-mode
plasmas are also characterised by magnetic-
hydro dynamics (MHD) instabilities, known as
edge localised modes (ELMs) [8, 9]. ELMs
are fast and periodic relaxations of the trans- .
port barrier, which cause the ejection of par-
ticles and power from the core to the edge core edge

plasma aer Lfltlmately 0 the tokamak Yvall. Figure 1.2: Radial plasma profiles in L-
The investigation of alternative configurations  ,oqe and H-mode.

with H-mode grade confinement and which

exhibit the partial or total suppression of ELMs is appealing for the operation of fusion
reactors [10, 11]. A possibility in this direction seems to be the operation of tokamaks
with negative triangularity magnetic configuration [12]. This topic will be the focus of
the analysis presented in chapter 7 of this thesis.

H-mode

Edge
transport
barrier

Plasma pressure

1.2.1. Overview of the European tokamaks

Part of the work of this thesis project was done in the context of the EUROfusion Pro-
gramme. EUROfusion is a consortium among the European Union member states’
and Switzerland to support and fund fusion research activities on behalf of the Euro-
pean Commission’s Euratom programme.

A consistent part of the work performed in this thesis aimed at supporting the activities
of the EUROfusion Work Package Tokamak Exploitation (WP-TE) and Plasma-Wall
Interaction and Exhaust (WP-PWIE). In particular, the main objective of WP-TE is to
provide the physics basis for fusion reactor operational scenarios, exploiting machines
of different capabilities, sizes and parameters available in different European facilities.
Five tokamaks are presently part of WP-TE:

JET (Culham, United Kingdom)

The Joint European Torus (JET) is the largest experimental tokamak in the world and
it is one of the only two devices that has operated with a deuterium/tritium mix plasma.
Between 2009 and 2011 JET has been the object of a major upgrade to substitute its
graphite wall with a tungsten/beryllium ITER-like wall to test plasma-wall interaction in
ITER-like conditions [13—16]. The results of the latest D-T campaign in 2021 detain the

1At the time EUROfusion was founded (2014) EU included also the United Kingdom.
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record of fusion power ever produced by a controlled fusion experiment [17]: 59 MJ
of energy with a pulse duration of 5 s, overcoming the 1997 record obtained with the
C-wall.

ASDEX-Upgrade (Garching, Germany)

The Axially Symmetric Divertor Experiment (ASDEX-Upgrade or AUG) [18] was first
designed to study plasma boundary and first wall problems in diverted reactor-relevant
configurations. AUG is presently equipped with a full-tungsten wall and can investigate
ITER-like high power loads at the reactor wall. In 2013, an upgraded divertor struc-
ture was installed in AUG together with a large divertor manipulator [19] which allows
retracting and exchanging two adjacent divertor tiles without breaking the vessel vac-
uum. This tool makes AUG a crucial asset for plasma-material interaction experiments
in reactor-relevant conditions.

TCV (Lausanne, Switzerland)

The Tokamak a configuration variable (TCV) is characterized by a highly elongated and
rectangular vacuum vessel which can accommodate a large variety of plasma shapes.
The most classical single null (SN) magnetic topology can be investigated in a wide
range of different parameters, including lower and upper single null with negative and
positive triangularities. Other reactor-relevant plasma shapes that can be investigated
are double null (DN), snowflakes (SF) and Super-X (SX) configurations.

To allow high magnetic flexibility, the machine is not provided with an actual divertor
structure. However, a major upgrade of TCV in 2019 concerned the installation of
removable gas baffles that partially separate the vessel into main and divertor cham-
bers [20, 21].

MAST Upgrade (Culham, United Kingdom)

The Mega Ampere Spherical Tokamak (MAST) is a pioneer of the research into spher-
ical tokamaks (STs) [22]. STs are tokamaks with a very narrow aspect ratio and an
almost spherical plasma volume. They are an appealing alternative to conventional
tokamaks for building compact machines and hence smaller and cheaper fusion power
plants in the future. Starting in 2013, MAST underwent a major upgrade to allow the
investigation of alternative divertor configurations. This results in MAST Upgrade, the
first tokamak installing a divertor tailored for the Super-X configuration [23, 24].
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Table 1.1: The European tokamaks of the Tokamak Exploitation Work Package (WP-TE) and
their main characteristics: major radius Ry, maximum toroidal field By, maximum plasma cur-
rent I,, total power that can be supplied to the plasma, pulse duration and first-wall materials.
Data are taken form [25]. TCV and AUG tokamaks are considered in the context of this thesis
and the corresponding features are highlighted in light blue.

TCV ASDEX-Upgrade MAST-U* WEST JET

Ro (M) 0.89 1.65 0.85 2.50 2.96
B, (T) 1.54 3.2 0.8 (0.65) 3.7 3.4
I, (MA) 1.2 1.4 2 (0.75) 1 5
Additional power (MW) 6.5 34 11 (8.7) 15 51
Pulse duration (s) 2.5 (max. 4) 10 2 (max.5) upto1000 wupto60
Superconducting i i i v i
magnets

: . ITER-like
First wall materials C W C w (W - Be)

* Data refer to design values from [25], while the 2022 campaign status is in brackets.

WEST (Cadarache, France)

The W-Environment in Steady-state Tokamak (WEST) is the upgrade of the Tore Supra
tokamak [26], with a full-tungsten wall and a divertor configuration. It is the only EURO-
fusion WP-TE tokamak equipped with superconducting coils, that allows for long pulse
(steady-state) operation. The main aim of this facility is the investigation of steady-state
tokamak operation with actively cooled plasma-facing components [27].

A summary of the main parameters of the different machines is reported in table 1.1.
WP-TE will also include the Divertor Tokamak test (DTT) facility, under construction in
Frascati (ltaly) [28, 29].

1.2.2. ITER

At present, all the tokamaks operating worldwide are not designed to produce fusion
power. The first machine with this purpose is ITER, presently under construction in
Cadarache (France). ITER ("The Way" in Latin) is considered one of the most ambi-
tious energy projects around the world today. It is a collaboration of the seven ITER
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Figure 1.3: The JET (Joint European Torus) tokamak, which is the world’s largest operating
tokamak, compared to ITER, under construction at Cadarache, France.

Members: EU?, India, China, Japan, Russia, South Korea and the United States.

ITER is designed to provide the first self-sustained thermonuclear burning plasma, ex-
ploiting the D — T fusion reaction. Its main goal is to demonstrate a ten-fold fusion
energy gain (Q = 10) with a total output thermal power of P/, ~ 500 MW. The success
of the ITER project would be a milestone in fusion energy research, proving the feasibil-
ity of nuclear fusion as an energy source and leading the way to the first demonstrative

power plant (DEMO) and, ultimately, the commercialization of fusion power.

If compared to existing ones, ITER will be by far the largest and more powerful tokamak
in the world. In figure 1.3, ITER size is compared to JET, which is the present world’s
largest operating tokamak. The ITER baseline scenario with Q = 10 and a total output
power of Py, = 500 MW is designed with a plasma current of /, = 15 MA and a maximum
magnetic field of B, = 5.3 T, sustained by fully super-conducting coils. To obtain the
desired gain and Py, a total additional power ~ 50 MW will be provided to the plasma.
Total external input power installed in ITER, however, will be ~ 73 MW, including two

2EU-27 + Switzerland and the United Kingdom. Non-Member technical cooperation agreements
are also in place with other Countries - Australia, Canada, Kazakhstan and Thailand - international
organizations, national laboratories, universities and schools.
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neutral beam injectors (16.5 MW each), two ion cyclotron resonant heating antennas
(10 MW each) and 24 gyrotrons for electron cyclotron heating (approximately 20 MW
in total). In terms of pulse duration, the baseline Q = 10 inductive scenario has 7 ~
300—-500 s. A second non-inductive scenario is also foreseen, with Q ~ 5 and a longer
pulse duration (7 ~ 1000 — 3000 s).

ITER research plan, as presented in 2018, is divided into four Operational Phases [3]:

- First Plasma: plasma breakdown in hydrogen or helium with at least 100 kA of
plasma current for at least 100 ms.

- Pre-Fusion Power Operation 1 (PFPO-1): diverted plasma operation in hydrogen
or helium up to at least /[, = 7.5 MA and B, = 2.65 T. Additional heating systems
available during this phase: ECRH (up to full power) and ICRH (up to half power).

- Pre-Fusion Power Operation 2 (PFPO-2): commissioning of the NBI system, both
for heating and diagnostic purposes, and full power ICRF system. Development
of H-mode operation in hydrogen or helium and systematic studies of plasma-wall
interaction issues, including erosion of the plasma-facing components, redeposi-
tion, dust production, fuel retention and fuel removal.

- Fusion Power QOperation (FPO): demonstrate the operation of high-power H-modes
in deuterium to prepare plasma scenarios for DT operation. Gradually transition
from D-only to trace-T to full DT operation.

From this research plan, it is clear that helium plasma will have a central role in ITER
operation, not only as ash from D-T fusion reactions but also, presumably, as the main
plasma species in PFPO-1 and PFPO-2. For this reason, investigation of plasma-wall
interaction and operation in helium plasmas of existing tokamaks is one of the priorities
of the fusion community these years. The work presented in chapters 4 and 6 is done
within this context.

1.3. Plasma exhaust and plasma-wall interaction

One of the technical challenges to the development of a nuclear fusion reactor is the
plasma and power exhaust issue [30]. Indeed, operating a fusion reactor must ensure
long pulse and steady-state operation while avoiding excessive degradation of the first
wall material and without large impurity contamination of the main plasma.
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1.3.1. The divertor

Since plasma confinement is imperfect, particles diffuse radially across the magnetic
flux surfaces ultimately reaching the wall of the torus. Instead of letting cross-field trans-
port distribute the power and particle fluxes all over the vessel chamber, most tokamaks
today operate in the diverted magnetic field configuration, shown in figure 1.4. This
configuration is characterised by the presence of at least one X-point, where B, = 0.
The magnetic flux surface that contains the X-point is called separatrix. Fluxes escap-
ing the confined region, eventually cross the separatrix and enter the scrape-off layer
(SOL), a narrow plasma layer that controls power deposition onto the divertor. The
divertor is a crucial element in a tokamak which is designed to exhaust the particles
and thermal loads coming from the main plasma.

Developing physical models able to describe the plasma behaviour across the sepa-
ratrix and in the SOL and predicting the expected power deposited onto the wall and
divertor is one of the great challenges that plasma boundary research aims to solve.

1.3.2. Plasma detachment

In typical reactor conditions, the power diffusing across the separatrix and flowing along
the SOL results in peak-heat loads onto the divertor target that easily exceeds the tens
of MWm~2. In general, the narrow the SOL, the higher the peak power load. Since
a narrow scrape-off layer is however desirable in terms of core confinement, to avoid
failure of the divertor materials, in reactor conditions almost the entire exhaust power
has to be dissipated before reaching the divertor target. ITER’s first design required
80% — 90% of the power dissipated upstream of the divertor and in DEMO the fraction
grows to = 90% [31, 32]. To do so, the reactor must operate in detached conditions.

Operationally, plasma detachment [33—-35] from the divertor targets is achieved by a
controlled increase of gas puffing, typically done from a valve in the divertor region.
In today’s tokamaks, this can be achieved either by puffing additional gas of the main
plasma species or by adding extrinsic impurities ("seeding") [36]. Both strategy results
in an increase of the average plasma density (ne). In ITER, operation with N,, Ne and
Ar seeding is foreseen [3].

According to the puffing intensity and characteristics, qualitatively different profiles of
plasma density and temperature at the strike points are observed and three plasma
regimes can be identified: a) attached, or sheath limited, b) partially detached and
c) detached. The qualitative radial profiles of electron density and temperature at the
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Figure 1.4: Poloidal cross-section of a diverted tokamak. This figure defines the scrape-off
layer (SOL) and most of the plasma-edge and divertertor elements (and their acronyms), which
will be largely used in the following of this thesis.
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Figure 1.5: Qualitative electron density and electron temperature radial profiles upstream
(dashed) and at the divertor target (solid) in a) sheath-limited, b) partially detached and c)
detached regimes. d) Particle flux roll-over, is often used to identify detachment onset. The
scaling oc n2 is derived from the Two-Point model (2PM) [30].
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outer midplane (OMP) and outer divertor target are shown in figure 1.5 for each regime.
The attached regime, which is also identified as a sheath-limited regime, is character-
ized by relatively low plasma density and constant temperature along a flux tube, which
results in high peak temperature values T, max at the strike points. At increasing the gas
puff, the partially-detached or high-recycling regime is entered. This is characterised
by a decrease of T, max @and an increase of the maximum electron (and ion) density at
the strike points ne max. Finally, when T, max drops below < 5eV, plasma becomes fully
detached and the ionization front moves further upstream the divertor target, resulting
in the drop of Ng max-

The full-detachment onset is often identified by looking at the total ion flux profile at the
target as a function of the line-averaged plasma density. The qualitative behaviour of
this profile is shown in figure 1.5.d. Transition from partial to full detachment is attained
in correspondence of the flux roll-over.

Further information on detachment physics and how the related phenomena are mod-
elled is given in section 2.2.1.

1.3.3. Plasma recycling and erosion of the plasma-facing components

Strictly connected to the plasma exhaust is the plasma-wall interaction (PWI) prob-
lem [37]. When ions or neutrals strike a solid surface they may (i) be absorbed and
trapped by the surface; (ii) be reflected; (iii) be adsorbed by the surface and released
as a thermal particle with a velocity dependent on the surface temperature; (iv) release
surface material through chemical or physical sputtering, producing intrinsic impurities;
(v) induce secondary electron emission.

The balance of processes (i), (i) and (iii) regulates the fuel recycling process. The
main factors that influence fuel recycling are surface saturation, energy and incident
angle of the plasma particles and the chemical species of both the ion and the wall
material [38].

Erosion of the plasma-facing components (PFCs), process (iv), produces the release
of impurities into the plasma. Transport of these intrinsic impurities upstream of the
divertor, their ionization and trapping in the confined plasma is a concern since they
cause radiative core cooling and fuel dilution that can prevent fusion conditions to be
reached. The two processes that determine the erosion of the PFCs are physical and
chemical sputtering [38]. The latter is relevant for hydrogenic plasmas in a carbon-
wall environment [39]. After being transported within the plasma, eroded impurities will
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eventually redeposit on the wall, changing the chemical and physical properties of the
surface. If impurities can chemically react with the fuel, the latter is more likely to re-
main trapped and co-deposited on the PFCs together with the sputtered material [40].
In a D-T fusion reactor, fuel retention is an important concern since, besides reducing
fuel availability, it leads to the accumulation of radioactive tritium in the wall [41].

The choice of the first-wall materials in a fusion reactor is thus crucial [42]. Low-Z
materials would be preferable to reduce radiative losses and fuel dilution in case of im-
purities migration in the confined regions, while high-Z materials have usually a higher
sputtering threshold [43]. Among the European tokamaks described in section 1.2.1,
two of them have a full-metal (tungsten, W) high-Z wall (AUG and WEST), two have
graphite (C) wall (TCV and MAST-U) and JET has an ITER-like wall, with a tungsten
divertor and a beryllium (Be) first wall.

Further information on the PWI processes and their modelling is given in section 2.3.

1.4. The role of linear plasma devices (LPDs)

The discussion on PWI in section 1.3.3 highlights the importance of understanding
phenomena related to plasma-material interaction (PMI) and testing materials to be
used as PFCs in future fusion reactors [44]. Although most tokamaks in operation to-
day have many relevant discharge parameters close to reactor conditions, there are
still significant gaps in some crucial PWI parameters, like ion fluxes and fluences at
the strike point and temperature of the PFCs. Linear plasma devices (LPDs) offer the
possibility of closing these research gaps at moderate costs and with existing technolo-
gies. Emulating the conditions of fusion plasmas both at the first wall and in the divertor,
LPDs are ideal to test material erosion, fuel recycling and plasma detachment. Unlike
in complex tokamak experiments, indeed, each parameter influencing plasma-material
interaction and sample erosion can be independently tailored in LPD experiments pro-
viding a reproducible and controlled environment for PMI experiments [45—47].

The structure of a linear device is simple if compared to tokamaks. A cylindrical vac-
uum chamber is surrounded by magnetic coils and the external current flowing in the
azimuthal direction (/,coiis) produces a magnetic field directed in the axial direction
(Bz). Samples of different materials, morphologies and compositions are exposed to
the plasma column by using manipulators. These tools are usually flexible to change
the pinch angle between the surface and the magnetic field and can control the sam-
ple surface temperature, using external heaters or cooling systems. One of the major
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drawbacks of studying PMI in LPDs is that typical ion and electron temperatures are
relatively low (few eV at maximum). To increase the incident ion energies at the target
surface in a range for erosion studies to be performed, a negative bias voltage is ap-
plied to the sample. This leads to the acceleration of ions towards the material surface,
which is reached with an almost mono-energetic distribution. In addition, many LPDs
can also expose liquid samples to test the liquid-metal divertor concept [48, 49].

Two of the most advanced project in the context of LPD facilities for nuclear fusion re-
search are the Magnum-PSI device at the PSI-Lab of the Dutch Institute for Fundamen-
tal Energy Research (DIFFER) [50, 51] and the Material Plasma Exposure eXperiment
(MPEX) at the Oakridge National Laboratory [46]. The main goal of these facilities is to
provide experimental conditions for testing PFC materials under regimes that are not
achievable in present-day tokamak experiments. In terms of particles (> 102*m—2s~)
and power fluxes (> 10 MW m~2) and fluences (> 10°°m~2), they are designed to
cover the exposure conditions expected for the divertor materials of ITER and next-
generation fusion power machines. The MPEX device, moreover, allows the possibility
of exposing previously neutron-irradiated materials to test PMI under neutron-induced
damage.

A third LPD facility largely used for plasma-material interaction experiments within the
EUROfusion programme is the PSI-2 device of the Forschungszentrum Jilich [52].
This is the pilot experiment for the JULE-PSI project [53], a LPD installed in the nuclear
environment for the operation with neutron-irradiated and toxic materials. In PSI-2, the
plasma source is based on arc discharge, which generates a plasma column of ap-
proximately ~ 6 cm of diameter and ~ 3 m long with density < 10" m~2 and electron
temperature < 20eV. The ion flux on the samples ranges between 102 — 102 m—2g~!
and it is compatible with the values expected on ITER divertor. The PWI experiments
considered in chapter 6 make use of samples that were pre-exposed in PSI-2.

1.4.1. GyM linear plasma device

The linear plasma device GyM is the object of the analyses presented in chapters 4
and 5 of this thesis. GyM is a medium-flux linear plasma device operating at Istituto
per la Scienza e Tecnologia dei Plasmi (ISTP) of the Italian National Research Council
(CNR) in Milano. The device was originally thought to investigate basic plasma physics
and plasma turbulence [54-56]. Since 2014, however, it has been mainly used to study
plasma-material interaction for nuclear fusion applications [57—68].
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Figure 1.6: a) 3D rendering of the GyM linear plasma device (ISTP-CNR, Milano), showing the
location of the ECRH sources, turbo-molecular pumps, gas injection valve, pressure gauges
and manipulators for PMI experiments. b) Lateral view of GyM. The chamber sectors are
indicated at the bottom of the figure. The LPs manipulators used to acquire experimental data
discussed in section 4.2.3 were mounted on three CF40 in sectors 3, 4 and 5.
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Table 1.2: Summary of the main operational and plasma parameters of GyM linear device
located at ISTP-CNR, Milano.

Operational parameters

Power sources 2 Magnetrons @2.45 GHz with Pey; = 1.5 kW and 3 kW
Magnetic field By (T) <0.13
Plasma diameter ry (m) 0.25
Base pressure (Pa) 5.0x10°8
Working pressure pg (Pa) 1.0x 108 -1.0x 107"
Puffing strength 'y (particles/s) 1.0 x 10" — 1.0 x 109
Plasma parameters
Electron density ne (m=3) ~1.0 x 10"
Electron temperature T, (eV) <15.0
lon temperature T; (eV) < 0.1
lon flux I, (m—2s~1) <1.0 x 10?1
Fluence* @, (m~?2) <1.0 x10%®

* Fluence after 7 hours of steady-state operation.

The machine consists of stainless steel (AISI 304L) cylindrical vacuum chamber, a
pumping system with two turbo-molecular pumps, a gas injection system, 10 magnetic
field coils, two magnetron sources at 2.45 GHz, a set of diagnostics and two manipu-
lator systems for PMI experiments. The layout of GyM is shown in figure 1.6 and the
main operational and plasma parameters are summarised in table 1.2.

GyM stainless steel vessel is divided into 6 sectors and it has a total length of L ~ 2.11
m and a diameter of 2r, ~ 0.25 m. The nominal velocity of the two turbo-pumps is
S = 500 L/s for helium gas and a baseline pressure of pyase ~ 5 x 1078 Pa can be
reached. The working pressure is usually around py ~ 10=3 — 10~ Pa, depending on
the puffing strength. The gas injection system can be fed with hydrogen, deuterium,
helium, argon and nitrogen. Nitrogen-seeded deuterium (or hydrogen) plasmas were
also investigated.

The two magnetron sources heat the plasma exploiting ECRH. At 2.45 GHz, the res-
onant magnetic field is Bgcry = 0.0875 T. In standard operation, GyM works with
lscoits = 600 A and the resonant magnetic field Becry is reached in sector 2 by modu-
lating the axial distance between the coils.

The main diagnostic systems for monitoring the plasma background in GyM are a set
of single Langmuir probes (LPs) with cylindrical tips of length 15 mm and diameter
1.5 mm, a high-resolution spectrometer and an ultra-fast camera. The monitoring of
neutral gas impurities, e.g. NH3; formed within nitrogen-seeded plasmas in presence
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of W PFCs [68], can be investigated using a quadrupole mass spectrometer. The LPs
can be installed on three CF40 linear shifts with remote-controlled stepper motors to
collect measures at different radial positions and estimate the radial plasma profiles.
In section 4.2.3, SOLPS-ITER simulations will be compared with experimental plasma
profiles acquired using the three linear shifts systems mounted on ports 3U, 4U and
5U respectively on the upper part of sectors 3, 4 and 5 shown in figure 1.6.b.

If compared to other LPDs used for plasma-material interaction experiments, the pe-
culiarity of the GyM LPD is given by its microwave plasma sources. These produce
a fairly homogeneous plasma distribution within the cylindrical volume and in the ra-
dial direction, the plasma extends up to the lateral wall of the device ryb, ~ 0.125 m.
Plasma sources based on electromagnetic waves, like the GyM ECRH or MPEX he-
licon sources, guarantee a purer plasma with respect to arc source devices. In the
latter, indeed, the plasma is contaminated by impurities produced at the electrodes of
the source. This contamination characterises the plasma in high-density/high-flux arc
devices, like the Magnum-PSI and PSI-2 described in section 1.4, and makes the in-
terpretation of PMI experiments harder. However, the present 2.45 GHz ECRH source
installed in GyM is able to produce only limited plasma densities ~ 1.0 x 10" m—3 and
thus fluxes onto the sample < 1.0 x 102" m~2s~'. From the quantitative point of view,
thus, GyM is able to reproduce PWI conditions expected on remote regions of the first
wall of tokamak reactors but not close to the strike point. To increase the machine’s
performance in terms of plasma density and ion flux, an upgrade of the device is cur-
rently under study. This includes the installation of a 28 GHz gyrotron source and an
additional plasma source based on helicon waves.
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2 | Edge plasma modelling in tokamaks

Chapter 1 globally introduces many relevant aspects of magnetic confinement nuclear
fusion, particularly related to the boundary plasma and PWI. This second chapter fo-
cuses instead on how those phenomena are modelled. The extremely wide problem of
describing the complexity of the edge plasma in a magnetic confinement device is here
divided into three main sub-problems: the modelling of plasma transport is described
in section 2.1, plasma-neutrals interaction is the focus of section 2.2 and plasma-wall
interaction is discussed in section 2.3.

2.1. Plasma transport

Plasma transport in the edge of magnetically confined plasmas is strongly anisotropic
with respect to the magnetic field direction. As introduced in section 1.3.1, in a toka-
mak we can distinguish between a well-confined core region and the scrape-off layer,
a narrow layer outside the separatrix characterised by magnetic field lines which ter-
minate onto the divertor targets. This thesis focuses on the edge plasma, the region
extending from the outermost part of the core radially outward in the scrape-off layer
up to the first wall and downstream to the divertor targets.

When modelling the edge plasma, we are interested in describing the transport of par-
ticles, momentum and heat across the magnetic flux surfaces into the SOL and the flow
towards the divertor and non-divertor materials. This description should likely include
the dissipative mechanisms that contribute to the plasma heat loss towards the divertor
and that are thus responsible for the detachment onset, as discussed in section 1.3.2.
Plasma transport along the SOL, in the direction parallel to B, is usually well described
by a laminar fluid approximation driven by the sink action of the plasma-divertor inter-
face. The description of cross-field transport, on the contrary, is one of the key missing
points to provide a comprehensive and effective understanding of the problem.
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2.1.1.  Braginskii fluid model

The fluid closure problem is a well-known problem in fluid dynamics [69]. In plasma
physics, one of the most adopted closures when dealing with the description of SOL
plasma regimes is the one proposed by S. |. Braginskii in 1965 [70].

Braginskii fluid model describes a fully-ionized two-fluids plasma in an external mag-
netic field. The two plasma populations considered by Braginskii are electrons (a = e)
and a single ion species (a = i). Conservation equations of density, momentum and
total energy for the generic plasma species a are

on,

- (manaUa) + V . (manaUaUQ) =
ot
2.2)
~VPa—V - Mg+ qanaE +— x B) + )+ Y Rax
a#a
0 (3 3
a‘ (EnaTa) +V (qa"‘énaUaTa) +paVUa= (23)

—&:Vua+z<0aa/—ﬁaax-*

asa’

<
~——

The closure model is derived assuming that binary Coulomb collisions between elec-
trons and ions happen frequently enough to relax the electron and ion distribution func-
tions to quasi-Maxwellian distributions:

fa = fMaX7a + fa1 With |fa1| < fMax,a (2'4)

where f! is a small-first order correction to the Maxwellian distribution fy.y , for the
species a. In terms of collisional mean free paths A\, consition (2.4) reads Ao < L,
where L is the characteristic dimension of the system. As concerns the magnetic field
strength, it is assumed that w,7, < 1, where w, is the gyro-frequency of species a and
1/714 is its collisional frequency. With this hypothesis, Braginskii derived the following
expressions to close the system of equations.

Friction force and heat exchange due to friction

Considering particle, momentum and energy conservation within collisions, the friction
force experienced by electrons due to collisions with ions R; and the associated heat
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transfer Qg are:
R. = —Ri 2.5)
Qei = —Qie — Rej (U — 1)) 2.6)

The expression of the friction force on electrons Rg; is given by two contributions: R,
due to the existence of a relative velocity between electrons and ions u = u, — uj,
and R, also referred to as thermal friction force, due to the gradient of the electron
temperature T,. Each force contribution can be decomposed into a component parallel
to the magnetic field, denoted with ||, and one orthogonal to the magnetic field denoted
with L. The unit vector along the magnetic field is indicated with B = §/B.

R, = el (0.51u; +u,) = en. (ll + li) @7
Te O'|| o
3 ne
2 WeTe
where the current density is defined as j = —en.u, we = eB/m, is the electron gyro-

frequency, 7. is the electron-electron collision time and o is the electrical conductivity.
Heat transferred in collisions from electrons to ions is:

3Mele 1y ©2.9)
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Electron and ion heat fluxes

For electrons, the expression for the heat flux is given by q, = g, , + q. 7, Where:

3neT,

d., = 0.71n,Touy + EwZT: (b x u) (2.10)
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with electron thermal conductivities /iﬁ and 9 given by
o 3.16Nn TeTe o _ 4.66n,T, 212
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While for ions, the heat flux is:
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with jion thermal conductivities mﬁ and ', given by

i 3.9[7,' T,‘T,' i 2niTi
/ﬂ)H = R = 5 (2]4)
m; miws i
Viscous stress tensor
The viscous stress tensor in absence of magnetic field W is
T 2
W= (Vu+Vu/) — - (V-u)l (2.15)

3

Considering a strong magnetic field, w,7, < 1, and a reference frame with z parallel to
the magnetic field B, the viscous stress tensor becomes:

My = _770W22
I_lxX = _% (Wxx + W,V}/) B 772_1 (WXX - W}’.V) - nSWXy
n n
My = =5 (Waet Wyy) = 5 (Wa = Wyy) + 115 Wy 216)
nxy — nyx = —1) WXy + @ (Wxx - Wy}’)

2
Myz =Mz = =10 W, — 14 Wyz

HYZ = nZ,V = T2 Wyz + N4 Wz
where the 7 are different for electrons and ions:

neyo = O.73ne TeTe 77,70 = O.96n, 7-/7-,

T =001 g = qler = qg,2 =3 @
Tle3 = —§ e = §Ue,4 ni3 = § i = §77i,4

Equations (2.1), (2.2) and (2.3) are written using the form which in standard computa-
tional fluid dynamics is called conservative formulation. However, the advective for-
mulation of the conservation questions is sometimes preferred to write Braginkii equa-
tions. To avoid confusion and start from a common basis, plasma conservation equa-
tions written using both formulations are reported in appendix A. In addition to the total
energy equation, appendix A also reports the internal energy equation.
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2.1.2. Beyond the Braginskii model

Section 2.1.1 presents the classical Braginskii formulations for a fully ionized two-fluid
plasma. However, additional aspects should be considered if one wants to describe
specific issues of boundary plasmas.

Partially-ionized plasmas

Boundary plasmas are not fully ionized. They include neutral atoms and molecules
originating from the recycling process at the wall or added by seeding. Neutral species
and their interaction with ions and electrons in the plasma play a paramount role in
the power exhaust issue, as already mentioned in section 1.3.2 and will be further dis-
cussed in section 2.2.

Boundary plasma models typically assume that neutrals do not directly affect Bragin-
skii closure, so that equations from (2.5) to (2.17) are not modified by the presence
of charge-less particles. This assumption allows the decoupling of the transport of
charged particles from the transport of neutrals. However, to account for the effect
of plasma-neutral interaction in plasma fluid equations, source terms of particles S,,
momentum S,, and energy St are added on the RHS of equations (2.1), (2.2) and (2.3),
respectively. Additional information on how these sources are calculated is given in
section 2.2.2.

Differently from electron and ion populations, neutral self-collisionality in the SOL is low
and the transport model for neutral particles usually can not rely on the fluid approxima-
tion. Fully kinetic models based on the solution of the Boltzmann equation [71-73] or
hybrid models [74] are instead used. Sections 3.2.1 and 3.2.2 include a brief descrip-
tion of the two approaches used to solve the neutral transport problem in SOLPS-ITER
and GBS, respectively.

Multi-component plasmas

Boundary plasmas are not two-fluids but include many different ion species. The dif-
ferences are related to the presence of several chemical elements, each one identified
by its atomic number Z,, but also for each element, many charge states can coexist.
The ion charge is usually identified with Z, with a spanning over the ion populations.

The multi-species nature of boundary plasmas is true in present-day tokamak exper-
iments, where impurities are added to the main plasma by erosion of the PFCs or
seeding. It will be also true in future reactors, where even the main plasma will be a
mixture of deuterium, tritium and helium ash. To take this aspect into account, equa-



32 2| Edge plasma modelling in tokamaks

tions (2.5) to (2.17) of the Braginskii closure should be replaced with the expressions
proposed by V. M. Zhdanov for multi-component plasmas [75, 76].

Zhdanov closure is based on the hypothesis that the plasma is made of a single main
ion species Nmain > Nimp and that all the impurities are much heavier than the main
Species Mimp > Mmain. Zhdanov closure was implemented in SOLPS-ITER model,
first assuming trace-impurity approximation Zss ~ 1 [77] and subsequently relaxing
the approximation, allowing higher Zy [78]. These hypotheses are consistent with the
modelling of present-day deuterium experiments but present limits to modelling a D-T
thermonuclear burning plasma, where two main plasma populations with mp ~ mr are
present. To overcome the limitations of the standard Zhdanov model an improved ver-
sion of the closure coefficients, based on Grad’s 21N-moment method, was recently
proposed [79]. The improved model removes the hypothesis on single main species
and impurity masses and allows the modelling of arbitrary plasma mixtures.
Simulations performed with different closure models, showed significant differences as
far as the transport of impurities is concerned, while global electron density and tem-
perature are only marginally affected [77-79].

Kinetic corrections to the fluid model

In the edge of tokamaks, there are regions where hypothesis (2.4) is not fully satisfied.
The degree of discrepancy from the fluid approximation can be expressed by introduc-
ing the Knudsen number K = A\ /L. For the fluid approximation to be valid K <« 1
should hold, while the long mean-free path regime corresponds to K ~ 1.

Failure of hypothesis (2.4) can lead to the computation of unphysically high fluxes while
solving the fluid conservation equations. To avoid the model breakdown, upper limits
can be imposed on the transport coefficients according to the method described by
W. Fundamenski [80]. The flux limits are computed based on the flux predictions of
different kinetic models in the long mean-free path regime.

We first discuss the validity of the fluid hypothesis when the plasma is in the sheath-
limited regime introduced in section 1.3.2. Indeed, due to the low plasma density, the
collisional mean free path can easily become similar or even longer than the system
dimension, thus K = 1. However, the fluid approximation can still be applied, as long
as suitable boundary conditions accounting for the formation of an electrostatic sheath
at the plasma-wall interface are implemented in the direction of the magnetic field.
Both kinetic models and fluid models with sheath boundary conditions find that the
sheath-limited regime is characterised by the development of convective-dominated
heat transport with T, =~ constant along the parallel direction. This result is found in
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spite of the fact that the classical heat conduction coefficient (2.12) diverges for A¢on < L.
The conductive heat flux is limited by the absence of electron temperature gradients.
The name sheath-limited is indeed used to indicate that the electrostatic sheath influ-
ences the plasma within a collisional mean free path. For long A\, thus, the sheath
boundary conditions limit the properties of the plasma along the whole plasma flow
without the need for artificially imposed limits [80]. This discussion is important since
justifies the applicability of the fluid models to the low-density plasmas of the GyM LPD
and thus the validity of the results presented in chapters 4 and 5 of this thesis. The
presence of an electrostatic sheath at the plasma wall interface is discussed in more
detail in section 2.3.1.

The implementation of artificial flux limits is instead important in intermediate collision-
ality regimes. We consider the classical Spitzer-Harm electron heat conductivity in
equation (2.12). According to the classical description, the value of the conductive heat
flux is determined by equation (2.11) as the product of the classical heat conductivity
and the parallel electron temperature gradient. However, kinetic models show that tem-
perature gradients are steeper than the ones predicted with this classical picture [30].
To correct the fluid model for this kinetic effect, flux limits are added to the classical
heat conduction flux. In the SOLPS-ITER code, the flux limit for heat conduction flux is
implemented as:

g

1+19¢ 7|/ qLim

Klim,| = 2.18)

where Quim = a,.ne T'?\/Ms is the limiting flux and «,. is a free parameter.

2.1.3. Cross-field tfransport: diffusive and turbulent approaches

Previous sections 2.1.1 and 2.1.2 discuss the Braginkii model which describes well the
plasma transport in the direction parallel to the magnetic field in the limit of laminar
flow. On the contrary, cross-field transport is governed by small-scale fluctuations of
the plasma parameters, usually called micro-instabilities. The effect of these micro-
instabilities is to enhance radial cross-field transport by several orders of magnitude
with respect to what can be estimated with classical collision theory. The origin of this
phenomenon is presently attributed to the formation of coherent filamentary structures,
elongated in the direction parallel to B, known as "blobs"” [34, 81, 82].

From classical transport theory, particle diffusion coefficients can be estimated as
Duass = (AL)?/7, where AL is the average radial displacement resulting from binary
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collisions and 7 is the collisional time. In a magnetized plasma, the cross-field classical
diffusion coefficient D¢2S is thus:

poass _ (BL? i o ippe 219
L T Tie

where we assumed that the typical displacement is of the order of the ion gyro-radius
and the collisional time is the classical Coulomb ion-electron collision time. This gives
Dgass ~ 10-% — 10~*m2s~! for typical SOL conditions [30]. However, if we estimate
the experimental cross-field diffusion as DY® ~ a?/7¢ ~ 1 m?s~', where a is the toka-
mak minor radius and 7¢ is the energy confinement time, it is clear that the classical
treatment largely underestimates the cross-field transport.

To simulate anomalous radial transport in the edge of magnetically confined plasmas
two main strategies have been developed:

- “diffusive-based cross-field codes” cross-field transport is modelled within a dif-

fusive approximation’:
an,-
Mht=—Dp— 2.20
n,L n or ( )
This method introduces an anomalous transport coefficient D, that needs to be
estimated from scaling laws or, if available, extrapolated from experimental data.
Nonetheless, it is quite effective in providing a quantitative estimate of the radial

flow and the consequent fluxes at the divertor targets.

- “first principle turbulent codes” resolve turbulent spatial and temporal scales and
are capable of self-consistently describing the edge plasma turbulence respon-
sible for the enhanced transport. The numerical implementation of this second
approach, however, requires a much higher computational cost and those models
present limitations in terms of the size of the system they can describe.

The diffusive and turbulent approaches are implemented in the plasma transport mod-
els of the two numerical code suits used in the development of this thesis work, SOLPS-
ITER and GBS, respectively. Further information is given in section 3.2.

2.2. Plasma-neutrals interaction

Interaction between plasma and neutral atoms and molecules in the scrape-off layer
and divertor of a tokamak has a crucial role in establishing the plasma and power ex-

'Sometimes an additional convective term FS°Ve¢ = —n;uyinen can be also added to equation (2.20).
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haust. Section 1.3 introduced the phenomenology of plasma detachment and plasma
recycling. In this section, we give further details on how to model these aspects
and why they are strictly connected with the interaction between neutral atoms and
molecules and the plasma.

2.2.1. Modelling high recycling regime

From the point of view of modelling, plasma detachment is characterized by the pres-
ence of strong dissipation mechanisms in the energy, momentum and particle balance
equations (2.1), (2.2) and (2.3). These dissipation mechanisms are induced mainly by
plasma-neutral interaction.

As discussed in section 1.3.2, at low gas puff the plasma is in the sheath-limited regime.
This regime is characterized by relatively low plasma density, small ion flux at the tar-
get and thus small recycled neutral flux. For this reason, low-recycling regime is some-
times used instead of the sheath-limited regime. Since temperature is constant along a
flux tube and neutral density is low, a first sound approximation to model sheath-limited
plasmas can be to assume purely convective heat transport and neglect plasma-neutral
interactions.

The increase in gas puffing rate raises the plasma density, the particle heat flux at the
divertor target and, consequently, the recycled neutral flux. This regime is thus given
the name high recycling regime. The concentration of the recycled neutrals and intrin-
sic impurities generated by the sputtering process rises and accumulates in front of the
divertor. The formation of a negative density gradient forces then them to migrate within
the scrape-off layer towards the X-point. To correctly model a regime for which plasma
recycling becomes important, a neutral transport model should be also considered in
addition to the plasma transport model. Since neutral-neutral collision frequencies are
usually low, full kinetic models based on the Boltzmann equation are usually implied.
During their migration inside the plasma, neutral atoms and molecules undergo a large
variety of atomic and molecular interaction processes with electrons and ions, the most
important being electron impact ionization. These processes and the corresponding
atomic and molecular databases in which their reaction rates are collected are dis-
cussed in detail in section 2.2.2. The plasma-neutral interaction in the divertor region
is an important energy dissipation mechanism for the plasma and its effect is included
in the plasma transport model by adding proper source and sink contributions to the
plasma fluid equations, as discussed in section 2.1.2.

A second effect of increasing the average plasma density is the increase in plasma
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collisionality. Considering the classical Spitzer-Harm expression of the electron heat
conductivity (2.12) one has x; « n?In(n). The increased heat conductivity results in
the development of negative temperature gradients along the flux tube from upstream,
close to the outer midplane (OMP), to the divertor target. A regime in which collision-
ality and parallel heat conduction are important is called conduction-limited regime, in
contrast to the convective-dominated sheath-limited regime.

The combination of increased heat conduction and plasma-neutral dissipation in the di-
vertor results in a reduction of the peak temperature at the strike point and a reduction
of the plasma heat flux at the targets. This is the partially-detached regime discussed
in section 1.3.2.

The full detachment of the plasma from the divertor targets is obtained when the ion
flux at the wall is suppressed by moving the ionization front upward. This is caused
by two mechanisms: (i) charge-exchange reactions between ions and neutral, that
act as a drag force in the ion momentum balance equation, and (ii) volumetric re-
combination processes, either electron-ion recombination (EIR) or molecular assisted
recombination (MAR). Both mechanisms start to be effective at low electron tempera-
ture (T, < 5eV), hence after attaining a low target temperature in the high recycling

~Y

partially detached regime.

For an accurate description of detachment thus one needs to include in its model an
extensive database for atomic processes, including ionization, neutral radiation and
charge-exchange processes [83, 84]. Several studies, moreover, highlight the impor-
tance of molecular reactions such as molecular ionization, producing Hj ions, dissocia-
tion and molecular activated dissociation (MAD) and recombination (MAR). The latter,
in particular, seem to be crucial in establishing detached conditions [85-87]. This is
also the reason why the analysis of plasma detachment in pure He plasma is of great
interest. As a noble gas, He does not form molecules and thus the analysis of He
plasma detachment allows the isolation of the effects of purely atomic interactions.
Finally, detached conditions in reactor-relevant devices with a metallic wall are usually
obtained through the seeding of extrinsic impurities, as discussed in section 1.3.2. The
description of this aspect thus requires the use of a multi-species plasma model, able
to include impurities different from the main hydrogenic species, their ionization and
transport within the plasma, as discussed in section 2.1.2.
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Figure 2.1: Hydrogen and helium reaction rate coefficients (ov) as a function of the background

—— heavy particle reaction

temperature T4. Colour distinguishes between atomic and molecular reactions: blu lines cor-
respond to reactions involving only atomic ions and neutrals; red lines correspond to molecular
reactions. Line style identifies the type of reaction: solid lines correspond to reactions increas-
ing the number of electrons in the system (ionization); dashed lines to reactions reducing the
number of electrons in the system (recombination); lines with an ’x’ marker to reactions that do
not modify the number of electrons in the system (dissociation of molecules); lines with ‘dots’
markers correspond to reactions between heavy species only (charge-exchange). For double
parameter fits we used ny = 1e18 m—2 and Eg = 10 eV. The reaction rates plotted in this figure
are obtained from fits according to AMJUEL and HYDHEL databases. A comparison of the
AMJUEL (solid) and ADAS (dotted) fits is also shown in the helium plot.
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2.2.2. Atomic and molecular databases

In section 2.1.2, we saw that the contribution of plasma-neutral interactions is usually
included as source terms added to the Braginskii fluid model. This section addresses
how these source terms are computed. Moreover, section 2.2.1, mentioned several
plasma-neutral collision processes that should be considered to model high recycling
regime and detachment. Each of these interactions is modelled as a binary collision
process of the form:

A+B—-C+D @.21)

where B is called probe particle and it is usually considered mono-energetic with en-
ergy Eo and A is the bulk particle, that represents the background plasma species
with which the probe collides. Background species is supposed to be described by a
Maxwellian distribution functions with a temperature equal to the plasma species tem-
perature T, = T, and a drifting velocity equal to the plasma fluid velocity U, = U,. With
these hypotheses, plasma-neutral interaction sources are written as:

n = NaNg <0’V> §m = MaNang <O’V> l]A ST = NaNg <E0’V> 2.22)

The sign of these source terms in the fluid equations can be positive (source) or nega-
tive (sink) depending on the specific reaction considered. The rate coefficient (cv) and
the energy rate coefficient (Eov) are obtained by averaging the cross-section over the
distribution function of the bulk specie:

(ov) = /a(v)vf/’\”ax(vr)dv, (Eov) =/Ea(v)vf/"\”ax(v,)dv, (2.23)

where v, is the relative velocity between A and B and E is the total energy loss of the
background species A per collision event.

Operationally, plasma fluid codes use fits of the rate coefficients contained in suitable
databases. Different types of fits are used according to the reaction considered:

e H.2 type: single parameter fit. Reaction rates are fitted as a function of the tem-
perature of the background species (o V) (Ty).

e H.3 type: double parameter fit. Reaction rates are fitted as a function of the tem-
perature of the background species and energy of the probe particle (ov) (T4, Epg).

e H.4 type: double parameter fit. Reaction rates are fitted as a function of temper-
ature and density of the background species (o V) (Ta, Na).
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e H.10 type double parameter fit. Energy reaction rates are fitted as a function of
temperature and density of the background species (EaV) (Ta, Na).

The reaction rates (ov) of the most relevant reactions in pure hydrogen and pure helium
plasmas are shown in figure 2.1 as a function of the background species temperature.
For double parameter fits we used ny = 1e18 m—3 and Eg = 10eV. Blue lines represent
the three purely atomic reactions of ionization (solid line), recombination (dashed line)
and charge-exchange (dotted marked line). For hydrogen, the number of reactions is
largely increased by the presence of molecular species, plotted in red.

2.3. Plasma-wall interaction

As already mentioned, any magnetic configuration is characterised by some degree of
loss of plasma confinement and thus some degree of interaction between the plasma
and the surrounding materials of the tokamak vessel. The divertor configuration de-
scribed in section 1.3.1 was introduced to control and mitigate the effect of this inter-
action, both from the plasma and material points of view.

The plasma-wall interface is characterised by the development of a narrow layer of net
positive charge in front of the wall surface. The electrostatic sheath accelerates the
ions towards the wall while repelling the electrons. The magnitude of the potential drop
across the sheath, the sheath-potential, depends on temperatures of electron and ion
populations at the sheath entrance. These features determine the energy at which ions
impact the solid material, an important variable in its erosion.

2.3.1. The electrostatic sheath

The lower inertia of electrons results in negative charge build-up on the solid surface
in contact with the plasma. In turn, this leads to the formation of a thin layer with
a positive net charge at the plasma-wall interface, called electrostatic sheath. The
electrostatic sheath is characterized by a strong electric field repulsive for the electrons
and attractive for the ions. If the magnetic field is oblique to B as in figure 2.2.a, a
magnetic sheath develops in front of the electrostatic one. The characteristic dimension
of the electrostatic and magnetic sheaths are of the order of the Debye length Apepye
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Figure 2.2: a) Electrostatic and magnetic sheath when B is oblique to the surface from [30].
The analysis was first made by Chodura [88]. b) Electron-ion heat transfer mechanism in the
sheath.

and ion gyro-radius r;, respectively:

Lsp ~ A =4/—= L ~ I~ 224
Sh Debye = { | .2 msh ~ i = =g 224

A direct consequence of the existence of the sheath is Bohm criterion [30, 89], which
prescribes the ion velocity at the sheath entrance u; ¢ to be grater or equal to the ion
acoustic speed cs:

ZT, T;
Uise > Cs = L:%ﬁ;l (2.25)

where 7,4 is @ numerical factor of order ~ 1, depending on the hypothesis on ions tem-
perature in the sheath. Bohm criterion is often written as M > 1, where one introduces
the adimensional Mach number M = u;/cs.
Bohm criterion provides thus a simple expression for particle flux at the sheath en-
trance:

[se = NgeCs (2.26)

If ion momentum is conserved along the flux tube, the ion density at the sheath en-
trance is nge =~ 0.5n;, where n; is the upstream ion density. Assuming also that particles
are conserved within the sheath, the whole flux entering the sheath reaches the solid
surface lNge = lgs.

The electrostatic sheath also controls the rates at which energy is removed from the
plasma at the plasma-wall interface. Heat fluxes at the sheath entrance are usually
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written in terms of sheath transmission coefficients v, and ~;:

|qe,se| = Yelelse |qi,se| =7 Til'se (2.27)

where v, ~ 4.83 — 5.12 and ; ~ 1.5 — 2.93, according to the models? considered
in [30] (Tab. 25.1).

If energy conservation in the sheath is assumed, then the total power entering the
sheath also reaches the solid surface of the wall g, = g, + d;sc = Gss. However,
the electron-repelling potential in the sheath acts as an electron—ion energy-transfer
mechanism, transferring energy from electrons to ions as shown in figure 2.2.b.

The total power deposited onto the wall, in addition to g should also include the power
from ion recombination at the wall surface. When an ion from the plasma recombines
with an electron from the material, indeed, the recombination potential energy is re-
leased as heat to the material and contributes to the deposited power.

’atot,wall| = |qss| + Eizrse (2.28)

This second contribution is the reason why in a detached plasma regime, we are not
only interested in dissipating heat along the SOL to reduce plasma temperature at the
target, but we also want to reduce the ion flux at the wall to lower the recombination
contribution.

In the numerical implementation of plasma fluid models, the Bohm criterion and its
consequences are crucial to set boundary conditions at the plasma-wall interfaces.

2.3.2. Plasma recycling and erosion of the plasma-facing components

Section 1.3.3 introduced the process of plasma recycling and section 2.2.1 described
how the high-recycling regime impacts boundary plasma properties, introducing the
need for a neutral transport model coupled to the plasma model.

From the modelling point of view, the recycling of plasma ions at the wall is modelled
as a boundary condition of the neutral transport model. If an ion flux impinges at the
wall, the corresponding neutral recycling flux is estimated by exploiting particle Ry and
energy Re recycling coefficients, which give the fraction of ions that are reflected into
the plasma as neutrals and energy that they retain. Ry and Re depend on ion and wall
species and the impact angle and energy of the ion. Results of Monte Carlo simulations

2This values are obtained considering a plasma with electrons and H* ions.
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performed with the TRIM code are collected in a database [90] of Ry and Rg values for
several projectile-ot-target couples and several values of impact angles and energies
and this database is part of the EIRENE neutral transport model.

In the EIRENE, moreover, the particle recycling coefficient can be rescaled on specific
wall surfaces using the RECYCT parameter. If the wall and divertor surfaces can be
considered saturated with hydrogen atoms, then RECYCY = 1, while on unsaturated
walls 0 < RECYCT < 1 should be used. A RECYCT < 1 is also used to model the effect
of turbomolecular pumps. In this case, the value of the recycling coefficient is related
to the turbo-pump speed S(Ls™') by:

S=Ax(1-RECYCT) x3.638 x /T/m=Axpsx3.638x+/T/m 229

where A (cm?) is the effective area of the pumping surface, T(K) is the temperature and
m(aum) is the mass of the neutral species. p, =1 — RECYCT is called albedo of the
surface and represents the surface absorption probability.

Sputtering of the wall material is modelled in a way similar to recycling. Databases
exist to provide the probability of releasing an atom from a specific surface as a func-
tion again of ion and wall species, impact angle and impact energy. The number of
impurities released into the plasma is thus estimated as the product of the ion flux
at the wall and the physical sputtering yield computer at ion impact angle and en-
ergy, leroph = Ypn(E,O)liss. Several models exist proving analytical expression for
Yon(E, ) [91, 92].

For hydrogenic plasma discharges in carbon wall machines, chemical sputtering is also
important. Its modelling is analogous to the one MNgroch = Yonliss- HOwever, simple ex-
pressions for Y., as a function of impact energy and angle are not available and a
global chemical sputtering yield 1% < Y., < 5% is usually considered.

One possibility to describe intrinsic impurities in the plasma is to use multi-species fluid
models described in section 2.1.2. The main aim when following this path is to assess
the effect that these impurities have on the main plasma properties, e.g. in terms of dis-
tribution of the impurities in the plasma or radiative contribution. However, for specific
studies on erosion, impurity migration and redeposition on the machine wall, specific
tools implementing kinetic models for impurity transport are implied. These codes do
not solve the main plasma transport problem but take the results from boundary plasma
models and use them as plasma background. Examples of erosion-impurity migration
codes are WallDYN [93, 94], DIVIMP [95] and ERO2.0 [96]. The latter, in particular, is
considered in the context of this thesis.
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From the plasma background and the magnetic equilibrium reconstruction, ERO2.0 es-
timates the fluxes onto the PFCs and computes their erosion. Subsequently, the code
follows the Monte Carlo trajectories and assesses the transport of the eroded impurities
inside the plasma background, including the possibility for ionization. The trajectories
are followed up to the wall location, where impurities are ultimately re-deposited. The
code also allows for the investigation of local micro-scale morphological modification
of the material surface exposed to the plasma [97, 98].

By coupling ERO2.0 with suitable boundary plasma models to provide the plasma
background, several studies assessing global wall erosion and impurity migration of
JET [99], WEST [100] and ITER [101] tokamaks were performed.

When performing the coupling between the main plasma model and the erosion-migration
model, one should consider that plasma transport codes are usually bi-dimensional,
while erosion models, like the one implemented in ERO2.0, are 3D. The plasma back-
ground is computed assuming rotational symmetry and the 2D computational mesh
usually lies in the plane perpendicular to the symmetry direction (more details on this
topic are given in section 3.2.3). ERO2.0, by contrast, has a computational domain that
covers the full cylindrical volume of the linear device. To be used by ERO2.0, plasma
backgrounds obtained with 2D plasma transport code are interpolated on a 3D domain
by rotation around the symmetry axis.

This thesis presents the first global coupling of the SOLPS-ITER boundary plasma
code and ERQO2.0 in a linear geometry. The study, presented in section 4.5, assesses
the erosion of the main chamber of the GyM LPD under helium plasma operation.
Moreover, the main goal of the analysis presented in chapter 6 is the production of a
helium plasma background for PMI modelling in ASDEX-Upgrade tokamak.
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3 | Thesis goals and methods

This chapter summarises the motivations, goals and methods of this PhD thesis and it
is meant as a joint between the first introductory part of this thesis and the discussion
of the results presented in Part |l and Part .

In particular, section 3.1 gives a brief outline of the objectives of the thesis and sum-
marises the structure of the next chapters. Section 3.2 and 3.3 discuss the numerical
tools employed to develop the work. These latter sections, besides introducing some
general features of the standard numerical codes exploited in the work, also discuss
several original methodological aspects developed in the context of this thesis.

3.1. Motivations, objectives and outline of the thesis

The discussion presented in chapters 1 and 2 highlighted the key role that the bound-
ary plasma has in controlling the confinement properties in a tokamak through its inter-
action with the surrounding wall structures. Understanding, predicting and mitigating
plasma-wall interaction and the resulting particle and heat loads on the divertor and
first wall is a crucial requirement for a fusion reactor. Investigating and predicting a
complex system such as the edge plasma of magnetically confined plasma requires
the development of numerical tools for interpreting experimental results and for making
predictions in the design phase of new machines.

To further the understanding of the theoretical framework of boundary plasma and
plasma-material interaction modelling, this thesis work aims to extend the applicabil-
ity of standard boundary plasma codes to non-standard, yet very relevant, conditions.
In particular, the work focused on improving the available modelling tools to describe
linear plasma devices, which constitute an asset for the research on material for the
PFCs of future fusion reactors. In light of the ITER Pre-Fusion Operation, the inves-
tigation of helium plasma properties is crucial, especially concerning the behaviour of
the edge plasma and its interaction with PFC materials, tungsten in particular. These
aspects are investigated, both in linear device and tokamak geometries and plasma
conditions. Finally, following the recent interest in negative triangularity as a promising
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configuration for the development of reactor-relevant scenarios, this thesis presents
a study of plasma detachment in negative triangularity, in comparison with standard
positive triangularity scenarios.

The results of this thesis work can be divided into two parts:

Part Il is entitled "Plasma dynamics and plasma-wall interaction in LPDs" and col-
lects the achievements in developing an extended modelling framework to describe
linear plasma devices. Although their longstanding exploitation in PMI experiments,
the available modelling tools for LPDs were indeed quite limited. This thesis work
aimed at filling this gap, by optimising and testing standard boundary plasma codes
in cylindrical geometry. In particular, it focused on the analysis of helium plasmas in
the GyM linear machine of the ISTP-CNR in Milano using the SOLPS-ITER boundary
plasma package. This allowed for improving the capabilities of the SOLPS-ITER code
to deal with pure helium plasmas by optimising the set of plasma-neutral interactions
and developing a simplified global balance model. The coupling between plasma trans-
port, erosion of the surrounding materials and impurities migration was investigated
presenting the first global modelling in a linear device. In particular, a helium plasma
background produced by the boundary code SOLPS-ITER was used as input for 3D
erosion investigation by the ERO2.0 code. Due to their simple geometry, moreover,
LPDs are an ideal testbed for the development and validation of modelling strategies of
interest for tokamaks. The benchmark of diffusive and turbulent approaches for radial
cross-field transport was carried out by comparing model equations and results from
SOLPS-ITER and GBS simulations.

Part lll is instead devoted to "Modelling the edge plasma in tokamaks". The numer-
ical tool exploited for these studies is the boundary code package SOLPS-ITER and
the works are developed to support experimental activities in the context of the EU-
ROfusion Work Packages Tokamak Exploitation (WP-TE) and Plasma-Wall Interaction
and Exhaust (WP-PWIE). Specifically, the competencies to model helium plasmas ac-
quired with the studies performed on LPDs were extended to the tokamak conditions
with the main purpose of reconstructing the plasma background of a helium discharge
in ASDEX-Upgrade to be used subsequently for erosion modelling. The plasma back-
ground, which consists in the distribution of densities, velocities and temperatures of
ions and electrons was validated and benchmarked with the available experimental
data. Another novel and original exploitation of the SOLPS-ITER boundary plasma
package was the modelling of the different detachment behaviour observed in positive
and negative triangularity plasmas in TCV. This work is the first analysis of boundary
plasma transport in negative triangularity performed with SOLPS-ITER.
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Specifically, chapter 4 investigates the possibility of successfully applying SOLPS-ITER
to linear geometry. It presents a benchmark of the simulation results with the avail-
able experimental data of the GyM linear machine and with a newly developed global
0D model to describe He plasma in linear geometry. This simplified model helped
share light on the relevant plasma-neutral interaction processes of relevance for low-
temperature helium plasmas. Finally, the first global erosion and impurity migration
study in a linear device is presented.

Chapter 5 discusses the benchmark of the SOLPS-ITER and GBS cross-field transport
model in a linear geometry. The benchmark includes the comparison of the equations
solved by SOLPS-ITER and GBS in linear geometry and a benchmark of results ob-
tained simulating the same system with the two codes.

Chapter 6 presents our strategy to produce an L-mode helium plasma background
with SOLPS-ITER to be used for the modelling of a global PMI experiment in ASDEX-
Upgrade. The chapter includes the benchmark with the available AUG experimental
data and a discussion of the importance of He* and He?* fluxes onto the PFCs.
Chapter 7 is devoted to the first numerical study of plasma detachment in a TCV neg-
ative triangularity configuration performed with SOLPS-ITER. The study includes the
benchmark of the simulations with TCV experimental data of a negative triangularity
discharge, the comparison with a positive triangularity discharge with similar parame-
ters and the investigation of detachment properties through the modelling of a density
ramp experiment.

3.2. Numerical tools for edge plasma modelling

This section introduces the standard numerical tools for boundary plasma modelling,
which were used in this thesis work. The general features of SOLPS-ITER and GBS
boundary plasma code packages are presented in sections 3.2.1 and 3.2.2, respec-
tively. In addition, section 3.2.3 discusses the original contribution of this thesis related
to the application of these two codes in linear geometry.

3.2.1.  SOLPS-ITER code

The SOLPS-ITER code package is a combination of a 2D multi-fluid, mean-field plasma
transport code and the 3D kinetic Monte Carlo neutral transport code.

The SOLPS code package, version 4.0, 4.2 and 4.3, was historically implied for diver-
tor performance studies and geometry optimization of the ITER project. Since then,
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SOLPS developments were performed by different research groups in Europe, focus-
ing on separate issues of neutrals and plasma transport models. The SOLPS-ITER
code package groups the latest B2.5 plasma model [102] together with the fully paral-
lelized version of EIRENE. The results presented in this thesis work are obtained with
the SOLPS-ITER code version 3.0.7.

SOLPS-ITER uses a field-aligned coordinate system to solve the plasma transport
problem in the boundary of tokamaks. The computational domain is a 2D poloidal
section of the tokamak chamber, with a realistic contour mimicking the vacuum vessel
profile. The plasma mesh is built upon a realistic magnetic equilibrium reconstruction:
it is a structured quadrangular mesh, which covers an area going from the edge of the
confined region to the outer flux surface tangent to a first wall (non-divertor) structure.
The lack of extension of the plasma mesh to the first wall is one of the limitations of
the present version of the code. Extensive work was performed in recent years to ex-
tend the plasma grid to the vessel [103—105] and the first version of the code with an
extended grid is ready to be released. The EIRENE Monte Carlo code, instead, uses
an unstructured triangular grid covering the plasma domain and the outer SOL, up to
the actual vessel contour. Within EIRENE geometry, it is possible to define localized
surfaces for pumping and fuelling throughput.

The plasma module, B2.5, solves a multi-species extension of Braginskii equations.
The multi-species model is normally used to model a hydrogenic plasma, including
heavier impurities. Density and momentum conservation equations are solved for each
ion species, while energy conservation relies on the single-ion temperature approxima-
tion. Temporal resolution is typically much larger than the turbulence temporal scales
Atsorps ~ 107°—10~" s. The average effect of anomalous transport is included through
a diffusive-advective approximation of the cross-field fluxes. On the neutral side, the
flexibility of Monte Carlo implementation allows for the inclusion of a wide range of
atomic and molecular phenomena, required for a realistic and quantitative investiga-
tion of plasma detachment and radiative power losses in the divertor.

Figure 3.1 shows a simplified workflow of the code package. Besides the two main
modules, B2.5 and EIRENE, the code suite includes modules for mesh generation and
input/output processing (DivGeo, Carre, Uinp, Triang). The coupled equations for par-
ticle, momentum and energy balances and the potential equation are solved implicitly
in B2.5 by using an iterative procedure. The algorithm follows the SIMPLE algorithm
(Semi-Implicit Method for Pressure-Linked Equations) [106]. At the beginning of each
time step, the plasma-neutral sources are computed by EIRENE and then processed
and rescaled by the B2.5-EIRENE interface.
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Figure 3.1: Simplified SOLPS-ITER workflow. A more detailed one is given in [107].

3.2.2. GBS: the Global Braginskii Solver

The Global Braginskii Solver (GBS) is a three-dimensional, flux-driven, first-principles
turbulence code that evolves the Braginskii equations in the drift-reduced approxima-
tion [109, 110]. It implements the classical two-fluids Braginskii model coupled to a
single atomic species kinetic neutral model.

The GBS code was initially developed to study plasma turbulence in basic plasma de-
vices. Works with this first version include global simulations in simple magnetized
plasma (SMT) configurations, like the TORPEX device [55, 111, 112], and linear de-
vices, such as LAPD [113]. An electrostatic model in the cold ion limit was used and
the Boussinesq approximation was applied to simplify the numerical implementation
of the divergence of the polarisation current. Later, GBS development was oriented
towards the tokamak geometry. In particular, the latest version of GBS [108] imple-
ments a non-field-aligned coordinate system and uses an axial-symmetric domain with
a rectangular poloidal cross-section. The domain encompasses the whole plasma vol-
ume retaining the core-edge-SOL turbulence interplay. It is flexible on the choice of the
magnetic configuration: single null (SN), double null (DN) and snowflake equilibrium
configurations were investigated. The magnetic configuration can be loaded from the
equilibrium reconstruction of experimental discharges or a Grad-Shafranov solver.
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Figure 3.2: GBS workflow from [108].

The physical model has been improved including ion temperature dynamics [114] and
relaxing Boussinesq approximation. Electromagnetic effects are also included [115].
The neutrals dynamic is solved by a self-consistent kinetic neutral model [116]. The
model includes a single atomic species, interacting with the plasma through ionization,
recombination and charge-exchange processes. Concerning the numerical implemen-
tation, a fourth-order Runge-Kutta algorithm provides the plasma time evolution and
the spatial discretization by a fourth-order centred finite differences scheme. Ampere
and Poisson equations are solved by an optimized iterative solver.

GBS workflow is shown in figure 3.2. Plasma and neutrals dynamics are run in par-
allel. After every time step, the plasma module checks if a new neutral calculation
is available and updates the plasma equations’ value of the plasma-neutral interaction
sources. In parallel, the neutral module computes the density, temperature and velocity
of the neutral population. After every neutral calculation, the plasma and neutral mod-
ules synchronize, and the values of the plasma density, electron and ion temperatures
used to compute the reaction rates for plasma-neutrals interaction are updated.

3.2.3. Linear geometry

Both SOLPS-ITER and GBS numerical tools are developed and optimised to model
the boundary plasma in a tokamak geometry. A consistent part of the work carried
out in this thesis work was devoted to investigating the possibility to apply these codes
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in cylindrical geometry and then investigating the plasma dynamic and phenomena
related to PMI in the GyM linear plasma device. This section presents a summary of
the main features of SOLPS-ITER and GBS when used to model a linear device. In
particular, it focuses on the reference frame used to write the equations and on the
differential operators in linear geometry. A detailed summary of the physical model and
equations implemented in the two codes will be given in section 5.1.

SOLPS-ITER in linear geometry

The B2.5 equations and the 2D field-aligned grid onto which they are solved are tai-
lored for tokamaks simulations. The plasma equations are written considering the two
curvilinear orthogonal coordinate systems shown in figure 3.3.a. Those are the dy-
namical reference frame (e|,e.,e,), aligned with the characteristic directions of the
plasma motion, and the geometrical reference frame (e, e, e;). The full derivation of
Braginskii equations in curvilinear coordinates is found in [117].

Considering a tokamak and exploiting the rotational symmetry in the toroidal direction
e, the plasma transport problem can be reduced to two-dimensional in the geomet-
rical reference frame. In this frame, the metric is diagonal and entirely described by
the three metric coefficients hy, hy, h,. The x-coordinate varies along the flux surfaces,
while the y-coordinate is perpendicular to them, as shown in the left part of figure 3.3.b.
When considering a LPD, the problem can again be reduced to 2D exploiting rotational
symmetry around the cylinder axis. The e, basis vector in linear geometry is along the
azimuthal direction and the bi-dimensional problem is solved on the plane that contains
the cylinder axis. Specifically, in this plane the x-coordinate corresponds to the axial
direction and the y-coordinate is in the radial direction, as shown in the right part of
figure 3.3.b..

The general transformation rules of a vector v from the dynamical frame to the geo-
metrical one, derived in [117], for a linear plasma device reduce to:

UX = be|| Uz = _quJ_ (3])

where b, = B,/B. The relations are obtained by setting to zero the azimuthal compo-
nent of the magnetic field b, = B,/B = 0. Indeed, a major difference, when using B2.5
to simulate a LPD, is the absence of the azimuthal component of the magnetic field B,
which is instead the dominant component in tokamaks. This eliminates several terms
in SOLPS-ITER equations, mainly related to the possibility to investigate drifts.

A general comment related to drifts in SOLPS-ITER is worth mentioning. When drifts
are activated in a tokamak simulation, what is accounted for is the effects that the ad-
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Figure 3.3: @) Curvilinear reference frames of B2.5. The dynamical reference frame (e, e, ey)
is aligned to the characteristic directions of the plasma motion: parallel to the magnetic field
B (e|) and orthogonal to B in the magnetic flux surface (e_); the third direction is orthogonal
to the magnetic flux surfaces (e,). The geometrical reference frame (ex, ey, e;), where ey is in
the poloidal direction, ey is orthogonal to the flux surfaces in the poloidal plane and e; is in the
toroidal direction. b) Geometrical reference frame conversion from a tokamak to a LPD. In both
cases the z direction can be ignored, assuming rotational symmetry around the axis reported
in red.

ditional poloidal and radial fluxes have on the projection of plasma parameters onto the
poloidal plane, where the SOLPS-ITER mesh lies. In a LPD, the mesh lies in the plane
containing the axial and radial directions, while the effect of drifts - the E x B- drift is the
only relevant one - is to produce a rotation of the plasma column in the azimuthal di-
rection. This rotation has no effect on plasma parameters in the plane where the mesh
is lying and the absence of drifts is consistent with the 2D axial symmetric description.
SOLPS-ITER equations in liner geometry will be discussed in detail in section 5.1.1.

GBS in linear geometry

GBS is a fully 3D boundary plasma code. Since no symmetry assumption is in place,
the direction of the symmetry axis is no longer a concern when moving from the toka-
mak to the linear geometry. The cylindrical geometry of a linear machine is regarded as
an infinite-aspect-ratio torus: both in tokamaks and LPDs simulations, the z-direction
e, is set along the main magnetic field component, i.e. in the toroidal and axial di-
rection, respectively. The transformation of the model equations from toroidal to an
infinite-cylinder reference frame, schematically represented at point (1) in figure 3.4, is
practically achieved by modifying the differential operators implemented in the code as
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Figure 3.4: Steps required to adapt the GBS numerical tools to the linear geometry. Step (1)
implies moving from a torus from an infinite cylinder, by modifying the differential operators
implemented in the code, and @ accounts for the finite length of the cylinder, by imposing
proper boundary conditions.

follows:
vV f = 0,f

Vi = 0, f

Vif = O + Oy f (3.2)
C(f)=0

[9, 1 =19, flyy = 0xgdyf — 0xf0yg

Sheath-boundary conditions are then implemented in the z-direction, in place of the
periodic boundary conditions used in tokamaks simulations.

n
82” = :F_azu/
Cs

U,' = :l:Cs
Ue - :l:Cs e(A_e¢Sh/ Te) (33)

0;Te=0
8zw=0

The upper sign refers to the front boundary and the lower sign refers to the poste-
rior boundary. The two boundaries are indicated in figure 3.4 with f and p, respec-
tively. GBS equations in linear geometry, implementing operators (3.2), are given in
section 5.1.2.
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Figure 3.5: a) Blocks containing the basic elements of the point model: the first block contains
the model inputs; the second block synthetically describes the main hypotheses and the struc-
ture of the model equations; the third block specifies the outputs of the model. b) The sources
and sinks terms in the plasma balance equations: @ flux towards the boundary and recycling,
(2) atomic processes and @ externally supplied particles and power.

3.3. A novel global 0D model for LPDs

In addition to the exploitation of standard edge plasma tools described in section 3.2,
this thesis work also contributed to the development of an original 0D model for the
investigation of helium plasma in typical LPD conditions. This section presents the
general principles of this model and how its equations are derived from the volume
average of a standard plasma fluid model.

In the following of this thesis, the model will be successfully benchmarked with results
of SOLPS-ITER simulations, in section 4.3, and it will be used to implement plasma-
neutral interaction sources in GBS simulations of linear geometry, in section 5.3. Fi-
nally, in section 4.4.2, the 0D model will be extended to explicitly include the He meta-
stable populations. The equations for the meta-stable resolved model are detailed in
appendix B.

3.3.1. General principles

A global point model to describe a plasma is based on a set of space-independent
balance equations describing density (n,) and temperature (7,) for each one of the
considered populations (p). Such a model has no interest in addressing the spatial
variation of its variables, but rather it investigates in a simple and effective way the



3| Thesis goals and methods 55

relative contributions of different source/sink mechanisms in determining a stationary
plasma state. Although these general ideas can be extended to an arbitrary number of
populations, the basic version of this model is developed to investigate helium plasma
and considers three populations: electrons (e), ions (/) and neutral atoms (n). The ionic
population, moreover, only contains singly ionized atoms (Z = 1), consistently with the
low ionization degree and temperature (T, < 15eV). Each population is represented
by its values of density and temperature and our final goal is to solve a six-unknowns
problem for ne, Te, n;, T; and ny, T,.

In the context of the modelling of typical LPDs, an additional hypothesis can be made.
First, plasma neutrality is assumed and for a single ion species simply reads n; = n..
Second, neutral and ion temperatures are assumed to be constant and equal to room
temperature, T, = T, = 0.025eV. The hypothesis on the ion temperature is valid for
the low-density plasma of GyM, for higher densities, although in LPDs usually T, = T,
energy equipartition can heat up ions and this hypothesis should be revised.

The sources and sinks mechanisms considered are atomic processes of ionization, re-
combination, electron excitation of neutral and ion ground states and elastic collisions;
particle and heat losses due to plasma-wall interaction and particle recycling; active
pumping and gas injection; heating by an external source. With these hypotheses, the
problem reduces to a system of three ordinary differential equations for the evolution in
time of ion density, atom density and electron temperature:

an;
FI'I = Riznenn - chneni - ri,wallni Q.4
an r
dtn = —Rizneny + Ricnen; + rn,recycni - rn,pumpnn + %Tff (CE))
3 dl. P
EneTte = ﬁ - EizRiznenn - Ei,radRi,radneni - En,raan,radnenn - re,waII Tene
32m 32m
) m,-e Rieining(Te — T;) — ) mne Rneinnne(Te — Th) (3.6
3
- § (Riznenn - chneni - ri,wallni) Te

where, m; and m, are the ion and electron mass respectively and Py is the external
power supplied to the electrons. A summary of the terms in the equations and their
physical meaning are reported in table 3.1.
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Physical meaning Formula/symbol Units
Volume reactions

lonization R, [cm3s]
Recombination R. [cm3sT]
lonization energy loss E.R, [eVcem3s]
Neutral excitation Ep radRnrad [eVem3s]
lon excitation Ei adRi a0 [eVcem3s™]
Electron-ion equilibration Rie(Te —T) =vei/ni(Te—T;) [eVemis™]

Electron-neutral equilibration ~ Rpe(Te — Tp) = oneilen(Te — Tn) [eVemis]
Contributions at the boundary

lon-to-wall sink Ciwan = Tiwa + Tiwai, [s7']
Neutral recycling [ nrecye = BT iwall [s71]
Neutral pumping? [ npump = Sp x 1€3/Vol, [s71]
Neutral puffing® [ hputt = Gasin x 4.48e17 [s71]
Electron-to-wall energy sink Mewal Te [eVs™]

2 Sp is the total pumping speed, expressed in [Is~]

b Gas;, is the mass inflow due to neutral gas puffing, expressed in Standard Cubic Centimeters per
Minute [sccm], where 1sccm = 4.48 x 107 atoms s~

Table 3.1: Summary of the different contributions to particles and energy balance equations in
the global point model. Direct correspondence with the contributions shown in figure 3.5 should
be seen.

3.3.2. Volume average of SOLPS-ITER equations

The ion loss contribution related to the sink action of the solid wall of the vacuum
chamber ;a1 is derived directly from the volume average of the corresponding term
in the SOLPS-ITER:

i [ ()

@7
\/_8y (—n, uy,)} Vg dxdydz

here hy, h, and h, are the metric coefficients and /g = hy h, h,; Vol; is the total volume
occupied by the ions. Quantities indicated with x represent space-dependent variables,
to distinguish them from global variables, which are the unknowns of the point model.
On the RHS of equation (3.7), the first term represents transport parallel to the magnetic
field Ui wal, i, while the second represents cross-field transport I'; wai, ni. Reference
frame is shown in figure 3.3.a.

'Dimensionally, this quantity is the inverse of a time ' wai = 1/7i.wai, Where 7;wai can be interpreted
as the particle confinement time.



3| Thesis goals and methods 57

Applying Gauss Theorem and assuming (i) axial velocity at the targets equal to the
Bohm velocity, u;:,T = ¢s =~ +/Te/m;, with T, >> T;; (i) constant electron temperature
T = Te; (iii) diffusion approximation for radial transport u, ;n; = —D, 0ny /(h, Oy), where
D, is the coefficient for anomalous diffusion and )\, is particle decay length at the
boundary?, the integration of equation (3.7) gives:

Ciwan = Tjwa + iwai,

aup/Ar U At acAr | DA 3.8)
Vol; Vol; Vol " Aol

where Ar and A4 are the target and lateral wall areas, respectively.

The effective coefficient for parallel transport o = ns./n; is defined as the ratio of the
plasma density at the sheath entrance over the point plasma density. Analytical ex-
pression for a can be found integrating the 1D total momentum equation [30] along the
distance covered by ions Ly:

d%( (minfuE + My TS) = Sy, (3.9
where we neglected electron inertia and ion pressure pr = nr T, under the assumption
that 7. > T,.

Momentum conservation, i.e. S, = 0, readily gives o« = 0.5 or equally, n;r = 0.5n;.
To solve equation (3.9) including momentum loss due to ion-neutral friction requires
additional hypotheses on ny, n; and uy ; profiles. The source term is written as

and the model we propose assumes a constant density profile n; = n, and null velocity
uy, = 0 for the neutrals, a Heaviside profile for plasma density n = n;—(1—a)H(x—Ly)n;
and a linear profile for the ion velocity uy ; = cs/Lyx. With these hypotheses « is:

1/2

= 3.11

«

where o¢x is the cross-section of the He* — He charge exchange reaction computed at
E; = 1/2m;c2. The cross-section is taken from the HYDHEL database, as indicated in

2The ratio D, /\, has the dimensions of a velocity and can be regarded as the effective radial velocity
at the boundary.
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table 4.1.

Electron heat flux at the boundary I'¢ wai Tene is not integrated for SOLPS-ITER equa-
tions. At constant T, it can be conveniently estimated from sheath boundary conditions
using the sheath transmission coefficients introduced in section 2.3.1:

[ e wall Tene = (2 + Von + eVps) 7-eri,wallni @3.12)

where the first contribution is the heat flux associated with a one-way electron Maxwellian
distribution; the second one is the energy loss due to the sheath potential drop?®,
Vsh = 0.5In(2rm,/m;)(1 + T;/ Te) ~ 3.5 for He in the cold-ion limit; the third one is
the pre-sheath potential drop contribution, where the pre-sheath potential drop is com-
puted from Boltzmann relation, Vs =Ina ~ 0.7 for S, = 0.

Additional information on the global model and its benchmark with SOLPS-ITER can
be found in [118].

SWith Vg, we indicate the absolute value of the potential drop normalised to eT,, where e is the
electron charge. Dimensionally Vg, is a pure number and Vg, T, is the energy associated with the
potential drop in eV.



PART I

Plasma dynamics and plasma-wall interaction in LPDs
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Linear plasma devices are fundamental tools for plasma-material interaction exper-
iments and for testing materials for the plasma-facing components of future fusion
power plants. Developing and optimising numerical tools to study these machines and
complement the experimental activities would benefit the research on fusion materials
and PWI processes. This chapter presents and summarises the modelling activities of
the GyM linear machine done within this doctoral thesis, in the framework of a collabo-
ration between Politecnico di Milano and ISPT-CNR.

The EUROfusion Work Package on Plasma-Wall Interaction and Exhaust (WP-PWIE)
promoted the activities concerning helium plasma background modelling in GyM and
the integrated study of erosion performed by coupling the SOLPS-ITER and ERQ2.0
codes.

4.1. Modelling as a complement to PMI experiments in GyM

As discussed in section 1.4.1, the GyM machine is a medium flux linear plasma device,
originally designed to investigate basic plasma physics phenomena and more recently
used to study the issue of PMI for nuclear fusion applications. In recent years, most
of the PMI activities in GyM have been carried out within the framework of the EU-
ROfusion Consortium, under the Work Packages Plasma Facing Components (WP-
PFC) [119], during Horizon 2020, and WP-PWIE, in the incoming Horizon Europe.
Most experimental studies performed in GyM would greatly benefit from complemen-
tary modelling activity. In particular:

- From multi-species modelling, one can retrieve the plasma composition and the
distribution of the different species within the vacuum chamber. Knowing whether
multiple charge states are present in the plasma is crucial to correctly assess
erosion during PMI experiments.

- From simulations, plasma fluxes and heat loads at every location within the simu-
lated domain can be evaluated. This is an important complement to experimental
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measurements since plasma diagnostics can only give information localised in
space. By benchmarking simulations and experimental data at a specific loca-
tion, it is possible to retrieve information on the plasma at locations where exper-
imental data are unavailable.

- Simulation of erosion, transport and redeposition of impurities can help to opti-
mise the experimental setup by giving information on possible impurity accumu-
lations.

- Materials with controlled morphological properties are produced at the NanoLab
of Politecnico di Milano. These samples are then exposed to the GyM plasma
and characterised by post-mortem techniques. Comparison between the results
of this experimental characterisation with models describing the surface evolution
of material under PMI can provide a tool to validate such models.

For all the studies mentioned above, the first step is the modelling of the plasma back-
ground inside the linear device. In the context of this thesis, this is done by optimising
the SOLPS-ITER boundary plasma package for this purpose.

4.2. Modelling a linear device with SOLPS-ITER

This section describes the steps to set up a SOLPS-ITER simulation of a linear plasma
device and complements the general discussion on its reference frame in linear ge-
ometry, presented in section 3.2.3. The most relevant differences with respect to a
standard tokamak simulation are related to the computation of the magnetic field and
the plasma mesh generation. Indeed, the SOLPS module for the mesh generation,
Carre, could not deal with linear geometries, until very recently. Standard boundary
conditions used in tokamak simulations can instead be adapted to a linear geometry,
without further developments.

4.2.1. Computation of the magnetic field and mesh reconstruction

The work presented here is based on a set of Matlab routines that were first developed
within M. Sala’s PhD thesis [120] and that were further developed and optimised in the
context of this PhD thesis. The purpose of these scripts is to compute the magnetic
field and the magnetic flux function W in a linear plasma device, given the position of the
azimuthal coils and the external current density value and build the B2.5 computational



4| Investigation of He plasmas in GyM with SOLPS-ITER 63

c) Input: coils positions,
current intensity

v
( solve LPD Grad-Shafranov )
equation:

A*W(R,Z) = — pyRl,

N coils
\L\O W,
N v

space discretisation: )

- radial discretisation follows Wcontour

- axial discretisation is more refined
close to the targets

- including guard cells

\_

Radial position (m)

J

Vv
sort mesh info and write:

Radial position (m)

your_mesh_file.geo

!

2 8 . s 0 05 ! 15 2 run SOLPS b2ag routine
Axial position (m)

Figure 4.1: a) GyM flux function W(Z, R). b) GyM total magnetic field Emt(Z, R) = §Z(Z, R) +
Br(Z, R) c) Algorithm implemented in Matlab to generate the LPD mesh for SOLPS-ITER.

mesh aligned to the W surfaces. The mesh information is then written in a text file with
a format that can be read by standard SOLPS-ITER routines and used to create the
standard geometry inputs.

A simplified Grad-Shafranov equation is solved to retrieve the value of V in the (R, 2)
plane, assuming symmetry in the azimuthal direction:

A*W(R, Z) = —oRJs @0

where J; = Jeoiis iS the current flowing in the GyM azimuthal coils. In linear geometry
J, does not include plasma current contributions, making the solution of equation (4.1)
straightforward. Axial B; = R~19W/0R and radial Bg = —R~' 9V /0Z magnetic fields
components can also be computed. GyM flux function and total magnetic field are
shown in figure 4.1.a and 4.1.b, respectively.

As discussed in section 3.2.3, SOLPS plasma mesh extends from the symmetry axis
towards the first flux surface tangent to the lateral wall. This region is contoured by a red
box in figure 4.1.a. Space discretisation of the plasma domain is performed, resulting in
a mesh with rectangular cells aligned with the flux surfaces in the axial direction. At the
four mesh boundaries, ghost cells are added to implement B2.5 boundary conditions.
Then, the mesh information, including the position of each cell centre and corner and
the value of the magnetic field components in the cell centre, is formatted into a text
file. This file must have the same format as the your_mesh_file.geo created by Uinp
in the standard tokamak mesh generation procedure.
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Generation of b2fgmtry and fort .30 geometry files follow the usual procedure. Before
running the SOLPS-ITER b2ag routine, however, one has to add the following two lines
to the b2ag.dat input file:

’b2agsi_isymm’ ’27°

’b2agfs_geometry’ >your_mesh_file.geo’

to set cylindrical geometry and specify the file with the mesh information.

Further details on the mesh generation procedure for a LPD are included in a tutorial
entitled "Hints on how to generate SOLPS-ITER input files for Linear Plasma Devices",
which was made available in SOLPS-ITER documentation.

4.2.2. Simulation setup: boundary conditions, sources and transport properties
in linear devices

Section 4.2.1 describe the procedure to obtain the SOLPS-ITER plasma computational
mesh in a linear geometry. In figure 4.5.a, the overall simulation domain is shown. This
includes the plasma mesh (with rectangular cells) superimposed on the neutral mesh
(triangular cells), the vacuum chamber profile, the location of the pumping and puffing
systems and the position of the Langmuir probes used to benchmark simulations and
experimental data. Further details on the boundary conditions, anomalous transport
coefficients and external power source implementation are discussed in the following
of this section.

Plasma and neutrals boundary conditions
Plasma boundary conditions used in SOLPS-ITER simulations of GyM are:

- Basis of the cylinder: sheath boundary conditions, as implemented on divertor
targets in tokamak SOLPS-ITER simulations.

- Symmetry axis: zero particles and energy fluxes, zero velocity for the parallel
momentum equation and zero current for the potential equation.

- Lateral wall: zero parallel velocity and zero current. Exponentially decaying profile
for temperatures, with decay length Agecay. For particles fluxes we used either an
exponentially decaying profile for the density, with decay length Agecay, Or small-
leakage boundary conditions I' = —ayeak I'sh, Where Igp, is the corresponding flux
using sheath boundary conditions and cjeak ~ 1 x 1073 — 1 x 102 is a small pa-
rameter. Figure 4.2 shows the radial electron density and temperature profiles for
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Figure 4.2: Radial profiles of electron density and temperature for different density boundary
conditions at the lateral wall. Exponentially decaying profile with decay length Agecay = 5 cm,
leakage boundary conditions with I, = —1 x 1073, gpand [, = =5 x 1072 T, 4p,.

different radial density boundary conditions. All the other simulation parameters
are fixed.

The main difference with respect to tokamaks simulations is related to the heat flux
boundary condition at the core. In tokamaks, this is used to set the source of power
coming from the core plasma. In LPDs, a symmetry/zero-flux boundary condition is
used instead and the external power source is implemented as described later.

As discussed in section 2.3.2, particle and energy recycling boundary conditions for
neutral particles, imposed on the EIRENE side of the simulations, exploit coefficients
from an internal TRIM database. From this database, it is possible to assess the parti-
cle and energy reflection coefficients at the wall surface, providing the ion energy and
the impact angle with respect to the surface normal and the target (material) and pro-
jectile (ion) species. SOLPS-ITER simulations of GyM assumed that the full chamber
wall is made of iron (Fe), that is ~ 80% of AISI 304L alloy.

The red dashed segments in figure 4.5.a show the position of turbo-molecular pumps
in GyM and the corresponding absorbing surfaces (RECYCT < 1) implemented in the
simulations. Since axial symmetry is assumed in EIRENE, the area of each pumping
surface to be considered when computing the numerical value of the RECYCT coef-
ficients from equation (2.29) is A = 2rr,L,, Where r, and L, are the distance from the
axis and the width of the pumping surfaces.

Gas throughput is also imposed as a particle flux from an EIRENE surface close to the
left base and indicated in figure 4.5.a with a triangle.
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Figure 4.3: ECRH source in GyM is modelled with a Gaussian axial profile, peaked at the ECR
position. a) ECR position on the (Z,R) plane; b) on axis magnetic filed: at /s = 600 A, the
Biot(Z,0) = Becry at Zecry =~ —0.67 cm. ¢) Power density distribution used to model ECRH
source in GyM: d) a gaussian axial profile, peaked at the ECR position, constant radially within
the plasma volume.

External power source

As discussed in section 1.4.1, GyM is equipped with two gyrotron sources at 2.45GHz,
which heat the plasma exploiting ECRH at magnetic field Becpy = 87.5mT. Fig-
ure 4.3.a shows the position of the resonance on the (Z, R) plane for different values of
external current /s and figure 4.3.b locates the axial position where Bii(Z, 0) = Becrn.
In the simulations presented in this work, we always considered /s = 600 A, so that
the resonant magnetic field is well localised axially at zgcpy ~ —0.67 cm.
SOLPS-ITER allows adding external particles, momentum and energy sources and
setting arbitrary radial and axial profiles by using the b2. sources.profile input namelist.
GyM ECRH source is implemented as an external electron energy source contribution
with the power density distribution shown in figure 4.3.c. A constant radial profile was
chosen as a first approximation. Axially we used a gaussian profile peaked at the po-
sition of the electron cyclotron resonance with ¢ ~ 10 cm, as shown in figure 4.3.d.
The total power absorbed by electrons is given by the integral of the Gaussian power
density over the plasma volume

_ (z—zgcpn)”
Pext = /pmaxe 2 dV ~ 7T\/Epmaxar(? “4.2)

where r, is the plasma radius and pmax is the peak power density.
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Figure 4.4: Radial profiles of electron density (left), temperature (middle) and anomalous trans-
port coefficient (right). Profiles are taken at the axial position corresponding to LP 4U in fig-
ure 4.5. Blue lines (top) represent the scan over anomalous particle transport coefficient D,
and red lines (bottom) are the scan over anomalous electron heat transport coefficient xe | .

Transport coefficients

GyM plasma conditions fall into the sheath-limited regime: low density and small par-
allel temperature gradients. According to the discussion presented in section 2.1.2,
parallel kinetic corrections in the sheath-limited regime are small if sheath boundary
conditions are imposed at the plasma-wall interface. This was confirmed by simula-
tions performed with different electron heat flux limiting factors («, in equation (2.18)):
this free parameter was shown to have no impact on GyM simulations and it was set to
a, = 0.15 for all the simulations presented in the following.

The effect of different anomalous particle and heat transport coefficients was also in-
vestigated. Constant and radially varying profiles were tested and optimised both in
shape and value to match simulated profiles and experimental data, as presented in
section 4.2.3. To understand the effect that these parameters have on SOLPS-ITER
simulations we performed a parametric scan of D, and x. = ke _ /Ne at fixed neutral
pumping (2 turbo-pumps with S = 500 L/s corresponding to p, = 0.013 on the pumping
surfaces) and puffing (I'pput = 1.88 x 109 atoms//s), fixed external power (Peyx = 520 W)
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and radial decay length boundary condition (Agecay = 5cm). Radial profiles of electron
density and temperature for different radial profiles of D, and x. are shown in fig-
ure 4.4.

The parametric scan of anomalous particle transport is performed at constant xo, =
1m?2/s. Simulations with constant D, radial profiles show that for D, < 5m?/s, an
increase of the anomalous transport increases the magnitude the radial density and
temperature gradients, without modifying n, and T, values at r = 0. For D, > 5m?/s,
instead, increasing anomalous transport does not modify the radial shape of plasma
profiles but tends to translate the whole profile towards lower densities and higher tem-
peratures. A simulation with D, « r? was also performed. D, profile was chosen such
that Dy,-o = 1m?/s and D, ,.,, = 10m?/s. The resulting n, and T, show an almost
perfect transition between the profiles obtained with constant D, = 1m2/s for r ~ 0
and the profiles at constant D, = 10m?/s for r ~ r,. The parametric scan over ye |,
performed at constant D, = 1 m?2/s, show that the effect of x, on the plasma param-
eters is almost negligible. This is consistent with the hypothesis of the sheath-limited

regime, dominated by convection rather than conduction.

4.2.3. Benchmark of SOLPS-ITER simulations with experimental data

Finally, we present the benchmark of SOLPS-ITER simulations with GyM experimental
data. These simulations are performed using the full set of plasma-neutral interaction
processes listed in table 4.1.

The simulation was set up to match the puffing and pumping conditions of the experi-
mental discharge. The two turbomolecular pumps were working at speed S = 500L/s
and the gas flow rate was set to I'put = 42 sccm = 1.88 x 10'® atoms/s. According to
the discussion of section 4.2.2, this gives a particle absorption probability at EIRENE
pumping surfaces p, = 0.013.

The experimental neutral pressure measured along the two ducts connecting the main
chamber to the turbomolecular pumps is pf;y = 0.09 Pa. The measured value is almost
identical for both pressure gauges. The simulated pressure distribution extracted from
SOLPS-ITER is shown in figure 4.5.b. The pressure distribution is peaked close to
the bases of the cylinder, reproducing plasma recycling, and it is almost uniform in the
central plasma region. The simulated values well reproduce the experimental ones.

Before moving to the analysis and benchmark of the radial plasma profiles, we first
comment the general plasma properties in GyM. The only relevant ion population
in GyM conditions He*. In fact, from SOLPS-ITER simulations nyee./NMyer < x1073
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Figure 4.5: a) SOLPS-ITER computational domain for GyM simulations, including the plasma
mesh (rectangular) superimposed on the neutral mesh (triangular), the vacuum chamber pro-
file, the location of the pumping and puffing systems and the position of the Langmuir probes.
b) Comparison of experimental and simulated neutral gas pressure. ¢) Comparison of elec-
tron density (left) and temperature (right) radial profiles: blue lines are the experimental LP
measurements and red lines are SOLPS-ITER results. Radial profiles are shown at three axial
locations, corresponding to the experimental location of the LPs.

and thus in the following we will consider n; = nye+ = ne. lon temperature is low
T; < 0.05eV « T, hence a cold ion approximation can be well justified.

The experimental profiles of electron density and electron temperature are estimated
using three Langmuir probes located in sectors 3, 4, and 5 of the GyM chamber, as
shown in figure 4.5.a. To match the simulated plasma profiles and the experimental
ones, we acted on the optimisation of three parameters: (i) the anomalous transport
coefficient D,, (ii) the leakage boundary condition factor and (iii) the total absorbed
power by electrons. The parametric scans presented in section 4.2.2 helped in un-
derstanding the effect of the different parameters on the simulation results and it was
a useful guide to obtain the matching shown in figure 4.5.c. The simulation was per-
formed using anomalous particle transport coefficient D,, with a profile « r?, as the one
shown in figure 4.4. Radial leakage boundary condition with cjeax = 5 x 1072 was used
to match the experimental plasma density close to the lateral wall. A total absorbed
electron power Py = 400 W was imposed. During the experiments, the microwave
source@2.45 GHz delivered a total power of Pgs = 1200 W, hence the absorption
efficiency of the wave in the plasma can be estimated around n ~ 30%.
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4.3. Benchmark of a 0D global model against SOLPS-ITER simulations

Complex simulations such as the one presented in section 4.2 come at the price of a
high computational cost. Moreover, due to the complexity of the model, a straightfor-
ward interpretation of their results can be difficult. A simplified approach to guide the
interpretation of simulation results can be particularly appealing also in connection with
the simplified geometry of a linear plasma device. In the context of this thesis, we thus
developed an original global 0D model, i.e. zero-dimensional and space-independent,
based on the volume average of fluid equations for a magnetized plasma. The equa-
tions are obtained from the space integration of the SOLPS-ITER model as described
in section 3.3. In this section, we present the results of the benchmark analysis be-
tween the 0D model and SOLPS-ITER.

Twenty-five SOLPS-ITER simulations were performed varying the total external power
absorbed by the electron population (Peyy = 180 W, 360 W, 540 W, 720 W, 900 W) and
the neutral puffing intensity (I, pur = 5 sccm, 10 scecm, 15 scem, 20 scem, 25 scem). These
simulations were performed with a single pumping surface (the one on the RHS in fig-
ure 4.5) with p, = 0.018, corresponding to a pumping speed S = 760 L s~2. Anomalous
transport coefficients with constant radial and axial profiles were used, D, = 0.5m?/s
and . = 1.5m?/s. Radial decay length boundary conditions were applied to the lat-
eral wall, with Agecay = 5 c¢m. In these simulations, the only atomic reactions considered
in EIRENE were electron impact ionization and recombination. Charge exchange and
electron impact excitations were neglected. A discussion on the implications of the
assumptions on atomic reactions is given in section 4.4.

The same parameters were used to solve equations (3.4), (3.5) and (3.6). In this case,
however, due to the much lower computational cost, the parametric scan spanned over
25 values of puffing strengths in the range 4 —26 sccm ~ 1.8 x 108 —1.2x 10'® atoms/s
and 25 values of electron power in the range 100 — 1000 W. E; ;aqRnrad @and E;ragRirag
in equation (3.6) were set to 0 in order to neglect electron impact excitation, as done in
SOLPS-ITER simulations. The effective coefficient for parallel transport was set equal
to a = ns/N; = 0.5, neglecting ion-neutral friction due to charge-exchange reactions.
To compare SOLPS-ITER and the 0D results, the volume average of SOLPS-ITER
results was taken. Results of the benchmark are shown in figure 4.6. In particular,
figure 4.6.a and figure 4.6.b show the global electron density and temperature, re-
spectively, as a function of the two scan parameters Pe,: and I',pu. The blue surface
represents the 0D parametric scan, while the red "X"s are volume average results of
SOLPS-ITER simulations. A remarkable qualitative agreement is observed between
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Figure 4.6: Benchmark of the 0D model for He plasma with SOLPS-ITER. a) Electron density
and b) electron temperature as a function of the puffing rate (I';,.r) and external electron
power (Pext). The blue surface represents 0D results and the red "X"s represent SOLPS-ITER
simulations. ¢) Maximum relative difference between the two models as a function of puffing
strength. The shadowed area represents the minimum and maximum variation as a function of
Pext.
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the two models: the 0D model is capable of reproducing the trends of the plasma
electron density and temperature as a function of both P and ', Quantitative
differences are computed as:

_ foo — fsoLps
min(fp, fsoLps)

% 4.3)
where f is either n; or T,, and shown in figure 4.6.c as a function of the puffing strength.
For each value of I, oy, the solid line is the median over the P, values and the shad-
owed area goes from the minimum to the maximum values of D., in the P, range. The
temperature difference is in any of the cases considered below < 10% while the density
difference is between ~ 10% — 20% and increases increasing the puffing strength.

4.3.1. Analytical formuloe

Simplified analytical formulas for n;, n, and the ionization degree 6;,(T,) as a function
of T, can be derived from equations (3.4), (3.5) and (3.6). The main hypotheses can
be summarised as follows: (i) steady-state; (ii) only electron collision processes with
neutral atoms are considered, this is a good approximation at small 6;,; (iii) charge-
exchange is neglected, o = nse/n; = 0.5; (iv) electron impact excitation and ionization
rate coefficients are only functions of T, n, dependence is neglected.

With these assumptions, the neutral density n, is obtained from equation (3.4):

r.
Na(Te) = ;'%V,fa" @.4)
|

and substituting equation (4.4) into equation (3.6), one gets the expression of n;:

—1
ni(Te) = %ﬁ: |:re,wall Te + (Eiz + En’%ﬁn’rad) ri,waII:| (4.5)
The analytical profiles of plasma and neutral density as a function of the electron tem-
perature are shown in figure 4.7.a for Pey = 900W and It = 30scem.  Neither
equation (4.4) nor equation (4.5) explicitly depend on ', ou. However, the effect of the
puffing strength is introduced as an upper limit to the neutral density nj, ., which is set
by a proper combination of puffing and pumping. For more information on the deriva-
tion of n, ., refer to section 4.3.2.
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Figure 4.7: a) Analytical profiles for plasma and neutral densities as a function of T.. b) An-
alytical profiles for the ionization degree 6,,. Dashed lines are obtained without any limiting
condition on njp, solid is obtained limiting neutral density to n, < n,_, with Gas;, = 30sccm.
c) Comparison of #;, obtained with analytical (solid line), OD (dots) and SOLPS-ITER (crosses)
models. Data are shown for Peyt = 900 W Peyt = 180 W. Ej, aqRnrad = 0 in the 0D model and in
equation (4.6) to allow consistent comparison with SOLPS-ITER simulations.
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Finally, combining equations (4.4) and (4.5), 0,(T,) is:

I wan VoI E R,
—I,W;l‘ e (re,waIITe + (E|z + —n,raldq. n,rad) ri,wall) + Pext
[ i

—1

Hiz(Te) = Pext 4.6)

The profile of 6,,(T,) as a function of T, is shown in figure 4.7.b (solid line). It has an
asymmetric bell shape, which tends to zero at very low and very high temperatures
and has a maximum for T, around of the ionization energy, E;; = 24.58 eV for helium.
The maximum 6, for typical plasma conditions in GyM is below ~ 2 %.

The analytical profile of 6;, from equation (4.6) is compared to the results of the full 0D
model and SOLPS-ITER simulations in figure 4.7.c. To be consistent with the SOLPS-
ITER plasma-neutral interaction model, E;agRnraq IS Set to 0 both in the 0D model
equations and in equation (4.6). The effect of switching off this term is shown in fig-
ure 4.7.b with a dotted line. The increase of the electron density (and thus the 6,,) as a
consequence of switching off electron impact excitation will be discussed in more detail
in section 4.4.

Figure 4.7.c compares results of the 6;, according to the analytical formula, the 0D
model and SOLPS-ITER simulations. 6, computed using equaton (4.6) with Pey =
900 W and Py = 180 W is plotted with solid lines. The OD model is solved at the same
input powers (lighter blue dots P = 180 W and darker blue dots Pe, = 900 W) for 50
values of I, ot in the range 2 — 50 sccm. Finally, the red crosses are volume-averaged
results of SOLPS-ITER simulations at different puffing strengths. For P = 900 W, we
performed two additional simulations with lower puffing strength, ', i = 3 — 4scem
which corresponds to the two crosses at higher T,. The trend of 6,(T,) obtained from
the seven SOLPS-ITER simulations reproduce the same bell-shape peaked at ~ 25
eV is obtained with the analytical formulas and with the point model.

4.3.2. Time dependent analysis

So far we considered the comparison of the steady-state solutions of SOLPS-ITER and
the OD model. Here, we investigate the time evolution of equations (3.4), (3.5) and (3.6).

Before moving to the full system of equations, it is convenient to solve the gas dynamics
in absence of the plasma, i.e. solving equation (3.5) with n; = n, = T, = 0. The analytical
solution for the equation is:

Ny(t) = npyexp (—t/7) + Ny, (1 —exp (—t/7)) 4.7
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Figure 4.8: Time evolution of a) plasma density, b) electron temperature and ¢) neutral density.
In the grey boxes, the fast time scale t < 5 x 10~*s is shown for the plasma density and
electron temperature in figures a.1) and b.1), respectively. The "X"s represent the steady-state
solutions.

where np, is the initial neutral density value, n,.. = Tnpuit/ (TnpumpVoln) is the steady-
state value of neutral density and the time constant 7 = 7oump = 1/ pump ~ 0.13s
depends only on the pumping speed Sp = 760Ls~'. n,_ was used as the higher limit
to the neutral density in deriving equations (4.4) and (4.5) in section 4.3.1.

To solve the full plasma system, we consider the input parameters described in sec-
tion 4.3 and we fix Psy = 900 W and Gas;j, = 20 sccm. Solutions as a function of time
are plotted in figure 4.8.

In figures 4.8.a, 4.8.b and 4.8.c, the long-term evolution of the plasma density, elec-
tron temperature and neutral density is shown, respectively. The system reaches the
steady-state in a few fractions of a second and we can roughly estimate the dominant
time constant of the system to be 0w ~ 0.15s that is very close to the gas time con-
stant in absence of the plasma 7pymp.

If we compare figure 4.8.a and 4.8.b with figure 4.8.c, we can see that, while the neutral
density transient can be well approximated by a simple exponential decay with a time
constant 70w, the plasma dynamic (electron temperature and ion density) is charac-
terised by two different time constants: the plasma experiences a very fast transient
at 7,5t followed by a small and slow adjustment at 750n. The fast transients of plasma
density and electron temperature are shown in figures 4.8.a.1 and 4.8.b.1, respectively.
The time constant 7,5t ~ 1 x 10~* s is of the same order of magnitude as the ion con-
finement time 7yan = ML, ~ 1 x 10~*s. From the physical point of view, thus, the slow

i,wall
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plasma and neutral dynamics can be ascribed to the neutral pumping-puffing dynam-
ics, while the very fast transient only experienced by the charged particles is related to
the particle confinement time.

4.4. The role of atomic reactions in low-temperature helium plasmas

The SOLPS-ITER model is based on Braginkii fluid equations and as discussed in
section 2.1.1 was originally developed for a two-population fluid and then extended
to multi-species plasma with the hypothesis of a main hydrogenic species. In most
SOLPS applications, if He is present in the plasma, it is a minor impurity. In this condi-
tion, it is legit to consider only the very basic reactions to account for the creation and
destruction of plasma particles and SOLPS-ITER simulations usually only included
electron impact ionization (El) and the effective recombination (RC) of He (reactions
1, 3, and 4 in table 4.1). The simulations presented in section 4.3 only included these
three processes. However, additional reactions can be important if helium is no longer
a minority species as in the studies presented in this chapter.

This section aims at investigating when and how other plasma-neutral interaction pro-
cesses become important. Understanding the impact of atomic processes on the over-
all plasma simulation and defining a more complete set of reactions for a He plasma
can significantly improve our description of pure He plasmas.

4.4.1. SOLPS-ITER plasma-neutral interaction processes in helium

The effects of plasma-neutral interactions in helium were analysed with SOLPS-ITER
simulations and with the simplified 0D global model described in section 4.3. One of
the aims of this work has been the optimisation of the reaction database in EIRENE
to improve SOLPS-ITER capabilities to describe pure helium plasmas. The full set of
plasma-neutral reactions considered in this work is reported in table 4.1. In addition to
ionization and recombination, we investigated the effects of electron impact excitation
(reaction 2), charge exchange reactions among helium ions and neutrals (reaction 5)
and elastic collisions among He atoms (reaction 6).

The effect of He elastic collisions is very small (< 2%) and it won’t be considered in
more detail. For the analysis of the other reactions, we started with a common SOLPS-
ITER simulation setup. The input parameters are the ones optimised to match the ex-
perimental data, discussed in section 4.2.3. The reference simulation, indicated with
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Figure 4.9: Effect of the helium plasma-neutral interaction process on the plasma parameters.
a) Axial and b) radial profiles of electron density (top) and electron temperature (bottom) esti-
mated by SOLPS-ITER with different plasma-neutral reaction databases in EIRENE. ¢) Com-
parison of the volume average electron density and temperature by SOLPS-ITER (X) and the
0D model (0).

(1) in the following, is the same that we compared to experimental data in figure 4.5.c
and includes all the plasma-neutral reactions in table 4.1.

Simulation (2) is performed by turning off charge-exchange reactions between ions
(He* and He?*) and neutral atoms. Simulation (3) excludes the electron impact excita-
tion process from the available electron energy loss mechanisms. When this process
is included, the power lost by electrons in interactions with neutral He per unit volume
is computed as

Poss = (Eiz(oV)i + (EoV)piT) NeNpe (4.8)

where E;, = 24.5¢eV is the He ionization energy, < ov >, is the ionization rate coeffi-
cient and < Eov >p7 is the excitation energy rate coefficient [121].

The results of the three simulations are shown in figure 4.9.a and 4.9.b in terms of axial
and radial profiles of electron density and temperature.

The same three conditions are also investigated using the global 0D model. To recover
the same conditions as simulation (1), we solved equations (3.4), (3.5) and (3.6) with
a = Ngg/n; computed according to equation (3.11). Conditions of simulation (2) are ob-
tained by setting o = 0.5. Finally, conditions of simulation (3) are obtained by setting
EnraaRnras = 0 and E;agRiag = 0 and a according to equation (3.11). The results, in
terms of the average electron density and temperature, are shown in figure 4.9.c and
compared to the volume average of SOLPS-ITER results.

Charge exchange reactions act as s sink of ion momentum. Neglecting these atomic
processes, collisional drag among ions and neutrals is deactivated. The effect is to
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Reaction | Type \ Database

1.a) He+e — He' +2e~
1b) He'+e — He? +2e El-H.4 ADAS adf11/scd96
2a) He+e — He" + e~
ob) He'+e — He'™ + e El-H.10 ADAS adf11/plt96
3.a) He'+e — He
3b) He* + e~ — He' RC-H.4 ADAS adf11/acd96
4.a) He*+e — He+ hv
4b) He?* +e — He' + hy RC-H.10 ADAS adf11/prb96
5.a) He*'+ He — He + He* CX-H.1-H3 HYDHEL 5.3.1
5.b) He** + He — He + He** | CX-H.1-H.3 HYDHEL 6.3.1

6) He+ He — He + He EL-H.2 AMMONX R-HE-HE

Table 4.1: List of He atomic reactions included in SOLPS-ITER model. For additional informa-
tion of the reaction types see section 2.2.2 or refer to Eirene manual (http://www.eirene.de/).
This is now the default set of reactions defined when helium is present among the plasma
species in SOLPS-ITER.

decrease the ion-to-wall confinement time, leading to a decrease in the ion densities
and an increase in the electron temperature. This behaviour is well reproduced both by
SOLPS-ITER and the 0D model. The reduction of the ion confinement time 7ai = ;5
is connected with the increase of the ion flux at the wall I'; yay x Awar. This is well de-
scribed by the 0D model, where indeed the effective coefficient for parallel transport
computed using eqaution (3.11) is a = ng/n; < 0.5, which is the limit without CX.
Electron impact excitation introduces an additional energy loss mechanism for elec-
trons, besides ionization. Unlike ionization, however, electron impact excitation does
not contribute to the creation of additional charged particles. For fixed input power,
the fraction which is used to create electrons is reduced leading to an overall den-
sity decrease without, however, affecting the electron temperature value. Again, this
behaviour is well reproduced both by SOLPS-ITER and the 0D model.

The SOLPS-ITER default database for He plasmas has been updated, including all the
reactions listed in table 4.1.

4.4.2. Metastable states in He plasma

Results presented in section 4.4.1 were obtained using the rate coefficients from the
metastable unresolved ADAS database [121]. In low-temperature, low-density plasma
conditions typical of LPDs, however, meta-stable states and their transport within the
plasma could significantly affect the plasma properties. This section presents the first
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Figure 4.10: Helium reaction rates with metastable state un-resolved (blue) and resolved (or-
ange). Two metastable states are resolved for He atoms, He!'® and He®9, spin separation of
the (2s) level is neglected. A single metastable state (ground state) is considered for He* ions.

investigation of the effect of meta-stable He states through the extension of the 0D
model used in the previous sections to the metastable-resolved analysis. The use of
a global model is not compatible with the investigation of local meta-stable transport.
However, due to the approximately uniform distribution of neutral atoms in GyM, such
a model can give us preliminary insight into the effects that these additional atom pop-
ulations may have on the global plasma properties.

Unresolved reaction rates are estimated by solving the ADAS radiative collisional model
assuming that the excited He meta-stable states are in static equilibrium with the
ground state. This means that the densities of the metastable populations are relaxed
to steady-state (dn,meta/dt ~ 0) and the effect of metastable states are incorporated
within the expressions of the ground state reaction rates. See [121] for details. In
this sense, the metastable un-resolved rates used for the analysis in secion 4.4.1 do
not entirely neglect the excited metastable state, they just neglect their lifetime. A
resolved treatment, on the contrary, explicitly solves a density evolution equation for
every metastable state.

Metastable un-resolved and resolved rate coefficients and energy rate coefficients for
He are shown in figure 4.10. The un-resolved rate coefficients are plotted in blue while
the resolved ones are in orange. We can notice that the He un-resolved curve and the
corresponding He!'s) curves slightly differ only for very low temperatures T, ~ 1 eV.

To explicitly include the density evolution of the metastable He states, we considered
ADAS resolved rate coefficients, neglecting however the spin-level separation. A single
He(®) state, accounting for both the singlet He'®® and triplet He3(®®) states, is consid-
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Figure 4.11: Results of the 0D model with metastable unresolved (blue) and metastable re-
solved (orange, yellow lines on the right density graph represents the metastable He(®®) popu-
lation). Solid lines are simulations with CX reactions and dotted lines are simulations with CX
turned off in EIRENE.

ered. With this hypothesis, to include the He®® metastable state, an additional density
equation for n, 25) should be included in the 0D model. The four equations for the evo-
lution of ion density, n;, ground state He atoms nj, 1), metastable He atoms n, s and
electron temperature are reported in appendix B.

Solution of this set of equation with Pe; = 400 W, S = 2 x 500 L/s and puffing strength
scanning from I, ot = 10 — 1000 sccm is shown in figure 4.11. This figure shows the
comparison of the un-resolved (blue) and resolved (orange) models, with (o from equa-
tion (3.11)) and without charge exchange (a = 0.5). It can be observed that the effect
of resolving the evolution of the metastable state is only appreciable (=~ 7% maximum
difference in ng) for very high puffing strengths, that are not experimentally available
in GyM. Moreover, the effect of switching between the resolved and the un-resolved
models is much smaller than the effect related to the charge-exchange reactions con-
sidered in detail in section 4.4.1.

4.5. Global simulations of PWI in LPD

The final analysis presented in this chapter is related to the study of global wall erosion,
caused by PWI in the GyM linear device. This study represents the first global simu-
lation of PWI in a linear plasma device, including both the description of plasma and
impurity transport and of plasma-facing material evolution. The integrated description
of the plasma and the PWI process is obtained by coupling SOLPS-ITER and ERO2.0.
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4.5.1. SOLPS-ITER and ERO2.0 coupling in linear geometry

The SOLPS-ITER and ERO2.0 coupling scheme is shown in figure 4.12. The general
idea is to use the distribution of the plasma inside the device, retrieved from densities,
velocities and energies computed by SOLPS-ITER, and the magnetic equilibrium as
input for the erosion calculations.

ERO2.0 takes as input electron and ion quantities that are computed by the plasma
solver of SOLPS-ITER, namely B2.5. As discussed in section 1.3.3, when using a 2D
plasma background to feed ERO2.0, the first step is to interpolate the bidimensional
plasma solutions to the 3D ERO2.0 dominion, exploiting axial symmetry. This is shown
in figure 4.12.a. While performing this interpolation one has to consider two aspects:
(i) the different spatial resolution and shape of the two meshes; (ii) that the B2.5 mesh
does not extend radially up to the wall, hence a proper extrapolation scheme should be
used [99]. In the simulations we are considering in this work, a constant extrapolation
of the last B2.5 radial value is used for all quantities since the outermost flux surface
used to build the SOLPS-ITER mesh is just a few mm away from the lateral wall. This
is shown in the circular box in figure 4.12.b.

Finally, the 3D wall geometry of the GyM linear device is produced using standard
Computer Aided Design (CAD) software (figure 4.12.c). In this work we consider three
main 3D structures: (i) the two flanges at the base of the cylindrical chamber; (ii) the
lateral wall, including the holes present in the different sectors for the turbomolecular
pumps, magnetron sources and the diagnostics; (iii) 28 bushings, cylindrical structures
(1 cm diameter, 2cm height) protruding inside the plasma from the lateral wall, used
for the positioning of a W liner inside the vacuum vessel made of steel. On top of these
structures, the polygonal mesh used by ERO2.0 to compute erosion and redeposition
is built.

4.5.2. Effect of plasma background and atomic reactions on wall erosion

One of the studies that were performed exploiting the global coupling between SOLPS-
ITER plasma background and ERO2.0 is the evaluation of the total wall erosion in GyM.
Further analysis on erosion and impurity migration modelling by ERO2.0 in GyM can
be found in [122].

The first analysis discussed in this section aims to compute the total wall erosion due
to helium plasma-wall interaction considering different wall materials and applying a
negative bias to the bases of the cylindrical chamber of GyM to increase the ion im-
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Figure 4.13: a) Physical sputtering yields Yy, of the different materials considered in the ero-
sion studies. The yield is plotted as a function of the impact energy for incidence normal to
the surface Ypn(E, 0°). b) Global erosion of GyM PFCs for different wall materials. A negative
bias was imposed on GyM bases (targets) to evaluate the effect of different impact energies.
c) Global erosion estimated by ERO2.0 with different plasma backgrounds: including and ne-
glecting charge-exchange reactions between He atoms and ions. For Wjas = 0 the ion impact
energy E = Vs, Te ~ 24 eV is close to the sputtering threshold Eg 1 ~ 20 eV.

pact energy to the wall. The choice of materials includes C and W, which are fusion-
relevant materials with low and high Z, respectively, and Fe and Cu, two materials with
similar physical sputtering thresholds used as a proxy of the AISI 304L stainless steel
of the GyM chamber. The physical sputtering yields of these materials are shown in
figure 4.13.a as a function of impact energy and for incidence normal to the surface.

Applying the procedure described in section 4.5.1, we set up the input for the ero-
sion simulations implying the plasma background which was previously benchmarked
against GyM experimental data, as described in section 4.2.3. With this fixed plasma
background, different ERO2.0 simulations were performed, changing the wall materi-
als and the magnitude of the negative bias applied at the bases of the GyM chamber.
Results of this analysis are shown in figure 4.13.b.

The total erosion rate curves for the different materials as a function of the applied bias
have a trend similar to the sputtering yields as a function of impact energy Ypn(E, 0°).
In particular, it is clear that W has the highest sputtering threshold among the materials
considered Ew, ~ 130eV. In simulations with W wall and Wias < 110V, in fact, no
erosion was computed. This is consistent with the fact that the energy gained by ions

Established that only negative (ion accelerating) biases are considered, we report the absolute
value of Vpjgs.
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due to the sheath acceleration is Eg, = Vg Te ~ 24 €V and thus with bias Vyps = 110V
the sputtering threshold can be overcome.

A second analysis was performed investigating the effect of different plasma back-
grounds on the global erosion rates computed by ERO2.0. In particular, following the
discussion on plasma-neutral interactions presented in section 4.4.1, we investigated
the effect of including or neglecting charge-exchange reactions in plasma modelling.
We repeated ERO2.0 simulations with Cu wall and Was = 0 and W,ias = 100 V, using a
plasma background which neglected CX reactions. Results are shown in figure 4.13.c.
Simulations with W,,s = 0 correspond to a situation in which the impact energy of He
ions on the material is close to the sputtering threshold. Referring to figure 4.13.a,
we observe that the sputtering yield is very steep around Ey and, thus, even small
variations in the plasma background electron temperature (T cxof ~ Tecxon + 0.5 €V)
can represent drastic differences in the outcomes of the erosion computation (up to
~ 2 orders of magnitude). Erosion simulations are much less sensitive to small varia-
tions in the plasma background fare from the sputtering threshold of the material. At
Vbias = 100 V, the small increase in the background T, obtained by switching off the
CX, is compensated by the reduction in the ion flux at the wall due to the collisional
drag and the global erosion rate is similar in the two cases.

4.6. Conclusions

This chapter presents and summarises the most recent modelling activities of the GyM
linear plasma device done in collaboration with ISTP-CNR in the framework of EURO-
fusion WP-PWIE.

The SOLPS-ITER code was used and optimised to study helium plasmas in a linear ge-
ometry. This work improved the code capabilities to deal with non-toroidal geometries
and extend the default databases for plasma-neutral interactions of non-hydrogenic
plasmas, with a particular focus on helium plasma.

Despite SOLPS-ITER being developed to simulate the edge plasma in tokamaks, in
this work we demonstrated that it can be also adapted to investigate the plasma be-
haviour in LPDs. The results of the code were benchmarked with experimental data of
GyM plasma. Good agreement was obtained by tuning the cross-field particle diffusion
coefficient D, and the leakage coefficient of the radial boundary condition.

A novel and simplified plasma model for linear geometries, specifically developed for
helium plasma, was presented and benchmarked with SOLPS-ITRE results. The 0D
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model is based on the volume average of 2D fluid equations and provides a very sim-
ple and effective tool to describe complex systems as plasmas in LPDs. The simplified
study sheds light on the importance of various plasma-neutral interaction processes in
determining plasma density and temperature and thus the heat and particle fluxes on
the materials. In particular, charge exchange reactions enhance the collisional drag
of ions, resulting in an increased plasma density and a reduced electron temperature.
Electron impact excitation, if included among the possible electron-atom impact pro-
cesses, tends to reduce the electron density since part of the electron energy goes
into the excitation of neutral atoms which does not result in ionization. Moreover, the
analysis of a metastable-resolved model, i.e. which explicitly includes both He'® and
He®® atom populations, showed negligible difference with respect to the results ob-
tained with a metastable-unresolved model even for the low T, conditions of GyM.

Finally, the global coupling of SOLPS-ITER plasma background with ERO2.0 Monte
Carlo code was used to study erosion of the PFCs in GyM linear device. The work
represents the first example of an investigation of global erosion in a LPD, through
the coupling of a fluid plasma background and an erosion-impurity migration model.
The analysis shows that small variations in the plasma background parameters can
significantly affect the estimation of erosion if the ion impact energy is close to the
sputtering threshold of the material.
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5 | SOLPS-ITER and GBS transport models in linear
geometry

The magnitude of particles, momentum and heat radially transported across the mag-
netic flux surfaces determines the scrape-off layer width and the particles and heat
loads onto the PFCs. The availability of quantitatively predictive models to describe
radial cross-field transport at the edge of magnetic confinement devices, however, is
still an open issue of boundary plasma modelling. This chapter aims to investigate two
of the available physical models to describe this problem, exploiting the simplified ge-
ometry offered by linear plasma devices. Consistently with the work presented in the
chapter 4 of this thesis, the analysis is performed considering helium plasmas and ge-
ometry consistent with the GyM linear machine. The investigation presents a detailed
comparison of the equations implemented in the plasma transport solver of SOLPS-
ITER and GBS numerical packages for linear geometry and a benchmark of the results
obtained with the two codes.

The work presented is the outcome of a four-month visiting period at the Ecole Poly-
technique Fédérale de Lausanne (EPFL) where the GBS code is developed.

5.1. Diffusive and turbulent transport models for LPDs

In section 2.1.3, we introduced two approaches that are currently the most adopted
for the modelling of turbulent cross-field transport in tokamaks, namely the mean-field
diffusive approximation and the modelling of first-principle turbulence. This section
will analyse these two plasma transport models in detail by comparing the equations
implemented by SOLPS-ITER and GBS boundary transport codes.

5.1.1. SOLPS-ITER equations in linear geometry

From the outcomes of the discussion presented in section 4.2.3, we can assume that
the conditions of a helium plasma in GyM are well described within the single and
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cold ion approximation. Although SOLPS-ITER solves multi-ion Braginskii equations,
including separate density and momentum equations for He* and He?* and a single ion
energy equation, in this section we only report the density and momentum equation for
He" ions and we neglect ion energy equation, assuming T; ~ 0. This is done in order
to allow a simpler comparison with the GBS model.

With these hypotheses, the SOLPS-ITER plasma transport model reduces to six equa-

tions for the six unknown variables: n; = ne, Uy, Ugy, jj, @ and Te:
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The parallel transport coefficients are computed according to Braginskii’'s formulation,
discussed in section 2.1.1, while the cross-field ones are anomalous. In particular, the
parallel thermo-electric coefficient is oy = 0.710/e. S,, S and St include both the
plasma-neutral interaction sources and the external sources if present.
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5.1.2. GBS equations in linear geometry

The GBS plasma transport model is based on the drift-reduced approximation of two-
fluids Braginskii equations. The linear geometry equations are derived from the origi-
nal GBS model [108] by applying the differential operators (3.2), as discussed in sec-
tion 3.2.3.

The cold ion approximation is used T; ~ 0, together with the Boussinesq approximation
of Poisson equation V - (neV 1 ¢) ~ n.V2 ¢. We also neglect electromagnetic effects by
neglecting the magnetic flux function ¥ = 0.

With these hypotheses, the GBS plasma transport model is based on seven equations
for the seven unknown n; = ne, Uy, Ug, jj, ¢, Te and the plasma vorticity w:

’
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Figure 5.1: Geometry used to perform the benchmark simulations between SOLPS-ITER and
GBS plasma transport model.

where the parallel transport coefficients are based on the Braginskii model described in
section 2.1.1. In addition to the source terms S, and St in the momentum and energy
equations, there are also terms including the particle source S,. This is the conse-
quence of writing GBS equations in the advective form, rather than the conservative
form used by SOLPS-ITER. See the discussion in appendix A.

5.1.3. Analysis of the equations and discussion of the main differences between
the two models

The derivation of both SOLPS-ITER and GBS physical models starts from the original
Braginkii equations (2.1), (2.2) and (2.3), presented in section 2.1.1. The final equations,
however, present some differences which will be highlighted in this section.

We start recalling some general aspects of the two codes already mentioned in sec-
tion 3.2.3. First, SOLPS-ITER implements a 2D model, while GBS is a full 3D model.
The SOLPS equations are solved on the (z, r) plane exploiting axial symmetry, while
GBS equations use a tridimensional (x, y, z) coordinate system. To write the equa-
tions presented in sections 5.1.1 and 5.1.2 we used the reference frame indicated in
figure 5.1, where the z direction is parallel to the magnetic field, i.e. along the axial
direction of the cylinder, r = \/x2 + y2 is the radial direction and the plane (x, y) is or-
thogonal to the magnetic field. Further information on specific geometry setup for this
study is given in section 5.2.

The mean-field and turbulent natures of the two codes usually require very different
time and spatial scales for the solutions of equations (5.1) - (56.6) and (6.7) - (5.13), re-
spectively. In particular, the turbulent spatial scales should be of the order of the ion
gyro-radius. In GyM, however, r; =~ cm due to the low magnetic field and the two codes
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used similar spatial resolutions, as discussed more in detail in section 5.2.

Comparing equations (5.1) - (5.6) to equations (56.7) - (6.13), it is clear that GBS physical
model has one unknown more than the SOLPS model. The plasma vorticity w is related
to the curl of the E x B-drift velocity. An expression of the vorticity is obtained by sub-
tracting ion and electron density equations. The difference is related to the divergence
of the polarisation velocity Uy [110]:

V-(nﬁpm)och-%ELocF%VXUEocw (5.14)

In both models, we assumed n; = n,, thus a single density equation is required. How-
ever, the density conservation equation is written for ions in SOLPS - equation (5.1) -
and for electrons in GBS - equation (5.7). The cross-field contributions to the divergence
of the particle flux are written, respectively:

V- (n’.D”.J-)‘SOLPS = _ar(Dnarni)
) 1 515
V- (neUeJ_)‘GBS = E(ax¢ayne - 8xneay(b)
where we introduced the anomalous-diffusive approximation U"sl|s0LPs = —D,o,rn;/n;,

while for GBS the cross-field velocity is 09L|Gss = Ugxg = —(V1¢ x b)/B. Neglecting
radial currents, however, we can write UeJ-}GBS = Ei“—’GBS and thus directly compare
SOLPS and GBS i, terms.

Substituting the parallel current equation (6.4) into the SOLPS ion momentum equa-
tion (6.2) and neglecting ion perpendicular viscosity n; ; ~ 0, one gets:

4
m; 8t(n,-u,-||) + 8z(n,-u,7“") — 8,((D,,8,n,-)u,-||) = —8z(ne Te) + 0y (§Ui||azu,') + S, 5.16)

This equation is the conservative form of equation (5.8), assuming again the radial
cross-field particle flux to be (', 1 )soLps = —Dndyn; and (I, 1 )aes = Nilexs, respectively.
The cross-field component of the non-linear term in the momentum equation is thus:

V- (Nilin, 1 Ui)) | g0 ps = —Or(Dndrnitiy)

nm; (617

n,-U,,,L : VU,'H }GBS = T(ax¢ayui|\ - ainHay¢)

SOLPS model keeps the dependence of 7;(r, z), while in GBS constant 7 is assumed.
In GBS, the electron velocity is obtained by solving the drift-reduced electron momen-
tum equation (6.9). The plasma current density is then obtained by applying the stan-
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dard definition (56.10). The generalised Ohm’s Law for the parallel current density is
instead implemented in SOLPS through equation 5.4, obtained by neglecting the elec-
tron inertia and viscosity in the electron momentum equation. Electron velocity is thus
obtained from equation (5.3) corresponding to equation (5.10), i.e. the standard defini-
tion of plasma current density. If we write equation (56.9) in conservative form neglecting
electron inertia and viscosity, we obtain an expression analogous to equation (5.4).

In SOLPS-ITER the potential equation (5.5) is obtained by substituting the expression
of the parallel current density (56.4) into the current continuity equation V ~f= 0. While in
GBS, current continuity is used to obtain the vorticity equation (56.11), by setting to zero
the difference between the electron and ion density equations, one gets:

jH v2 (Z)=w\ en; d

V- (Nlpo) = =V Boo, ot

==V (56.18)

where Poisson equation (5.12) is also used. It is noticeable that the potential equation
in SOLPS - equation (5.5) - results purely parallel, while in GBS - equation (56.12) - purely
orthogonal to B.

The electron energy equations (5.6) and (5.13) model heat transport in the parallel direc-
tion with analogous expressions, except that they use the conservative and advective
forms of the equations, respectively.

SOLPS

3 .
82 <§ne TeUe” —0.71 TejH/e — /<;||8Z Te) + Ne TeaZUeH

3 ~
v * (Ene TeUe” + qu) + ne Tev ° Ue”

.19

3 -
Eneue” VTe+ V- Qe + NeToV - Ug

GBS

3 .
E”eUe”az Te - 0.71 Teaz_/H/e - K}Heaz (az Te) + ne TeateH

Again, GBS approximates the transport coefficients to their constant values: 0,(0.71Tjj /€) ~
0.71T40,jj /e and ke ~ constant. Cross-field electron heat transport is given by:

5

3 ~ - -
v * (éne TeUeL + qeL) + ne Tev * Uel = _ar (E Te(Dnarnl) + /{eLar Te)
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(6.20)
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Figure 5.2: Setup of the benchmark simulation between SOLPS-ITER and GBS. a) GBS exter-
nal electron energy source and b) plasma-neutral interaction sources of particles and energy
estimated using the 0D global model developed in the context of this thesis.

SOLPS-ITER introduces the anomalous thermal conductivity x., to model cross-field
thermal conduction and makes other two approximations: (i) Ue, - V(n.Te) ~ 0, and
thus Ne TV - Uey ~ V - (NeTele, ), and (ii) Uey ~ U1 = —Dpo,n;/n;.

As for the other equations, in the GBS model, cross-field advection is driven by E x B
advection neUe - V Te. This, however, is specific to linear geometry since all the other
terms involve the curvature operator C(f) = B/2(V x B/B) -VFf=~0.

5.2. Simulation setup: geometries and sources

The setup of SOLPS-ITER and GBS simulations had the aim of producing results that
could be qualitative and quantitative benchmarked. Although the GyM linear device is
again the reference machine for this study, a direct comparison with GyM experimental
data is not intended here. For these reasons, to perform SOLPS-ITER simulation we
did not use the optimised setup described in section 4.2. Instead, we choose the
simpler set of inputs, e.g. constant profiles for the transport coefficients and a reduced
set of plasma-neutral interactions. In particular, this simulation used D, = 0.5m?/s
and e = 1m?/s; pumping speed of S = 500L/s corresponding to p; = 0.013 on
EIRENE pumping surfaces; puffing strength o = 1.88 x 10'° atoms/s; external
power Pe,; = 520 W; radial decay length boundary condition Agecay = 5cm. To simplify
the implementation in GBS, we also neglected the ion momentum sink due to He — He*
charge-exchange reactions, i.e. S, ~ 0 in equations (56.2) and (5.8).

The (x,z) plain of the computational domains is shown in figure 5.1. As discussed
in section 3.2.3, the GBS domain is a 3D parallelepiped, thus with a squared cross-
section in the (x,y) plane. To avoid distortion of the plasma solution near the edges
of the domain, we decided to extend the GBS domain radially such that Ly, L, 2 2n,
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where Ly, L, are GBS mesh dimensions and ry = 0.125 m is GyM plasma radius.

The external electron power source, reproducing GyM ECRH source, was modelled as
done in SOLPS, with a constant radial profile extending from —ry to r, and Gaussian
axial profile peaked at the position of the ECR. The axial and radial profiles of the
external power source are shown in figure 5.2.a.1 and 5.2.a.2, respectively.

Since the focus of the present analysis is the benchmark of the diffusive and turbulent
plasma transport models, GBS neutral transport model was not used in this study.
Plasma-neutral interaction sources were implemented as external contributions and
estimated using the 0D global model, previously benchmarked against SOLPS-ITER.
See section 4.3. A constant radial profile from —ry to ry was used also for the plasma-
neutral interaction sources and the flat-top values for the ionization particle source S,
and the electron heat loss (EHL) sink Pgy. are computed as:

Sn = Riz(Tea ne)nenn PEHL = (EizRiz(Tes ne) + En,raan,rad(Tea ne))nenn 6.21)

where n; = n,, n, and T, are computed solving equations (3.4), (3.5) and (3.6). Differently
from P, the plasma-neutral interaction sources are axially constant. Their profile is
shown in figure 5.2.c.

The numerical solution of equations (5.1) - (6.6) and equations (5.7) - (5.13) used a similar
space discretisation but requires very different time discretisation. SOLPS-ITER mesh
has dimensions n, x n, = 94 x 28, corresponding to average space discretisations
Az|oo ps =2 M and Ar|g, o = 0.4 cm. In GBS, we used instead a rectangular grid
N, X Ny x n; = 200 x 200 x 100, corresponding to Ax| ;o = Ay|.gs = 0.25 cm and
Az|GBS = 2 cm'. The time steps used to evolve in time the two models differed by
several orders of magnitude. SOLPS-ITER equations were solved using At|sou>s =
1 x 107° s. GBS simulations started with a At| .. =2 x 107" s, successively relaxed
t0 At| g =2 x 10710 s, but still At| oo < Atfgy pg-

5.3. Comparison of SOLPS and GBS results

SOLPS-ITER and GBS simulations were performed using the setup described in sec-
tion 5.2. This section analyses and compares the results.
To adequately compare the results of the two codes, it is first convenient to make a

'We recall that SOLPS-ITER mesh extends from the cylinder axis to the lateral wall (total width ~ rp),
while GBS mesh extends all across the plasma diameter plus the additional space added to avoid edges
problems (total width ~ 4r,). See the meshes in figure 5.2.a.
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Figure 5.3: Benchmark of SOLPS-ITER and GBS (time-averaged) axial profiles of a) ne, b) Te
and c) u;. The profiles are normalised to the respective maximum value, to better appreciate
the qualitative behaviour.

time average of GBS results.

To compare the SOLPS and GBS results, thus, we perpetuated the GBS simulation
until the volume average of the seven unknowns reaches a steady state value. This
guarantee that the level of convergence of the two simulations is comparable. The
quantities to be compared with SOLPS variables were then computed by taking the
average over the last 10 time steps.

5.3.1. Axial plasma profiles

This section analyses the axial and radial profiles of electron density and temperature
and ion parallel velocity computed by SOLPS-ITER and GBS simulations.

Before comparing the qualitative behaviour, we shell notice that quantitative differences
in the results are found. GBS results, on average, underestimate n, and overestimate
T, by ~ a factor of 2. The difference in v; is smaller, due to Bohm boundary condition
Ui ~/Te.

To compare the qualitative features of the profiles, we thus normalised SOLPS and
GBS results to their maximum values. The normalised axial profiles at r = 0 extracted
from SOLPS (red) and GBS (blue) simulations of n,, T, and u; are shown in figure 5.3.
Qualitatively, the two codes produce results that are in good agreement. This is an
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important confirmation of the correct implementation of the new sheath boundary con-
dition model in the z-direction, developed to simulate the linear geometry with GBS.

Figure 5.3.a shows that both models predict nse ~ 0.5n,,, where ng is the density
at the z-boundaries and ny, is the density at z = 0. This is in agreement with hav-
ing neglected ion momentum loss due to charge exchange. It is also interesting to
analyse the effect on n, of the non-symmetric (concerning the z-direction) Py profile
(figure 5.2.a). The density profile is not perfectly symmetric for z = 0: this feature is
reproduced by both codes but, while SOLPS predicts a slightly higher density near the
P peak (z < 0), GBS does the opposite. This can be appreciated by comparing
SOLPS results (red curve) with the GBS results plotted with a reversed x-axis (blue
dotted curve), in figure 5.3.a. A possible explanation can be related to the fact that in
GBS the external source in the temperature equation is implemented as 9; T x Pext/ o,
where ny = n; is the ion density computed by the 0D model.

Temperature profiles are shown in figure 5.3.b. SOLPS predicts an almost perfectly
flat profile for T¢(z), while 0, T, estimated by GBS is non-negligible. If we zoom the
T, axis very close to ~ 1, as shown in the box in figure 5.3.b, however, we observe
that the non-symmetric profile of T, is well captured by both codes. The T, is located
in correspondence of the Py peak z ~ —0.6 m. The difference, in this case, can be
related to the fact that GBS uses a constant value for xg.

To conclude the discussion on axial profiles, figure 5.3.c shows an almost perfect qual-
itative match of the ion velocity profiles computed by the two codes.

5.3.2. Turbulent driven transport in linear devices

Lastly, we investigate the origin of turbulent transport in a linear device, further analysing
the results of the GBS simulation and the differences between the SOLPS and GBS
cross-field transport models.

Figure 5.4 shows successive snap-shots of the instantaneous electron density com-
puted by GBS on the cross-field (x,y) plane. The time evolution of ng(x, y) clearly
indicates that the plasma column is subject to a rotation in the counter-clockwise direc-
tion. From the quantitative point of view, however, the main question that a cross-field
transport model wants to answer is not whether the plasma rotates in the azimuthal 6
direction, but rather if this rotation is associated with the presence of radially outward
fluxes directed towards the walls.

According to the cross-field model implemented in GBS - see equation (5.15) - the pres-
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Time

Figure 5.4: 2D map of the instantaneous GBS electron density on the (x,y) plane.

ence of non-parallel to B fluxes is associated with E x B advection. Considering e.g.
particle conservation, cross-field particle fluxes are given by V - (nelgxg) # 0. From
the definition of Ug,g = —(V1¢ x B)/(neeB) and assuming B = BZ, one finds that a
necessary condition to have a radial flux associated with V - (neUg.p) is that 9y¢ # 0.
To better see this, we write GBS cross-field flux contribution in cylindrical coordinates
instead of the Cartesian one used in equation (5.15). We find:

. b r
V- (neuEXB)’GBS,Cyl = E ' {¢’ ne}cyl = E(ar¢80ne - arneaﬁ¢) 56.22)

In general, thus we can conclude that whenever cross-field fluxes are described ac-
cording to equation (6.22), the existence of azimuthal fluctuations is a necessary condi-
tion to allow the existence of non-parallel to B contributions. Equation (5.22) considers
particle flux, but the same conclusion can be drawn for all the quantities for which cross-
field transport is described by the Poisson brackets b- {0, -} = 1/B(0x¢0y(-) — 0,(-)0x).

The above discussion highlights also why the physical model implemented in SOLPS-
ITER does not include self-consistently radial cross-field transport and needs to artifi-
cially introduce the hypothesis of anomalous diffusivity. As discussed in section 3.2.3,
the SOLPS model is bi-dimensional and assumes axial symmetry, i.e. by definition, it
neglects contributions related to the azimuthal variations of the plasma quantities. Ac-
cording to equation (5.22), thus, no cross-field flux can be self-consistently described.
Note, however, that axial symmetry does not prevent the plasma column to rotate in
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the #-direction, as long as this rotation does not produce the variation of the plasma
profiles in 6.

The results presented in this section concern specifically linear geometry, however,
extending the discussion to toroidal geometries is clearly of interest. Indeed, also for
tokamaks, 2D mean-field codes assume symmetry with respect to the toroidal direc-
tion, i.e. dy(-) = 0. Investigating the effect of relaxing the toroidal approximation moving
to full 3D description may lead to the appearance of additional cross-field contributions
even in the mean-field non-turbulent regime. A 3D but still mean-field description, in
turn, would allow reducing the computational cost connected to the resolution of the
turbulent temporal time scales At\turb <K At|

mean—field”

5.4. Conclusions

This chapter presented a detailed analysis and comparison of the plasma transport
models implemented in SOLPS-ITER and GBS boundary plasma codes in a linear ge-
ometry and discussed the results obtained by performing a benchmark simulation of
helium plasma in the geometry of the GyM linear machine.

Assuming a single ion species and quansineutrality, the SOLPS-ITER model solves 6
equations for the unknown n;, uy, ue, jj, ¢ and T.. Besides the 6 equations imple-
mented in SOLPS, the GBS model also includes one equation for the plasma vorticity
wox V x (UexB)-

The numerical methods to implement the solution of the equations are respectively fi-
nite volume and finite difference methods. In terms of space and time discretisation,
a difference of several orders of magnitude exists between SOLPS and GBS time dis-
cretisation At| g ~ 1 X 10708 < Aty o > 1 X 10°s.

As concerns about the classical transport coefficients, both models implement clas-
sical Braginkii expressions. SOLPS can also implement more complex Balescu or
Zdhanov expressions for non-hydrogenic multi-species plasmas. GBS additionally sim-
plify Braginkii expressions by using constant averaged values allowing for simplification
in the spatial integration of fluxes.

By performing a benchmark simulation of the GyM linear device with the two codes,
we conclude that qualitatively similar results can be obtained. However, quantitative
discrepancies of ~ a factor 2 are observed and should be better investigated.

A one-to-one comparison of each equation also allows identifying the different treat-
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ments the two codes imply to model cross-field transport. On the one hand, in absence
of drifts, the SOLPS-ITER model does not include any cross-field fluxes, except for the
anomalous-diffusive ones. In GBS, on the other hand, cross-field fluxes are driven by
advection due to (E x B)-velocity. A key finding of this work is that even though the
(E x B)-drift was activated in the SOLPS model, no radial cross-field flux would result.
The absence of the radial fluxes in the SOLPS transport model is a consequence of
the axial symmetry approximation, i.e. the hypothesis on null gradients of the plasma
quantities in the azimuthal direction.
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PART III:

Modelling edge plasma in tokamaks
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6 | Investigation of helium plasmas in ASDEX-Upgrade
with SOLPS-ITER

The operation of a tokamak in helium plasma has a role of primary importance in the
ITER Research Plan. ITER plans to use He, alternatively to H and D, during Pre-Fusion
Operation Phases and He ash will be present in the plasma mixture during the D-T ac-
tive phase, as discussed in section 1.2.2.

For these reasons, the investigation of the properties of helium plasma discharges in
present-day tokamaks is one of the priorities of the EUROfusion Program in prepara-
tion and support of ITER operation. The Work Package Tokamak Exploitation (WP-TE),
in particular, has several Research Topics dedicated to helium plasmas, e.g. aimed at
investigating the L-H transition threshold, PWI and plasma detachment in He. More-
over, PWI of helium plasma in W-wall tokamaks is further investigated within the WP
Plasma-Wall Interaction and Exhaust.

The results presented in this chapter were developed to support and interpret PWI
experiments in He in the context of EUROfusion WP-TE and WP-PWIE.

6.1. ASDEX-Upgrade and PWI experiments in helium plasmas

One of the materials considered for the PFCs in a fusion reactor is tungsten (W). ITER
divertor will be made of W due to its very good power handling properties: W has a high
melting temperature, high sputtering threshold and low probability to retain hydrogenic
species. A relevant concern when dealing with helium plasma in a W environment,
however, is the formation and evolution of nanostructures on the tungsten surface de-
nominated tungsten fuzz (W fuzz). Studies on PMI in linear plasma devices showed
that W microstructure undergoes structural modifications under energetic He ion or
atom bombardment. Experiments performed in the NAGDIS-I linear device [123] allow
identifying surface and plasma conditions under which the W fuzz is formed. These
conditions are related to the impact energy of He ions (E; = 20 eV), the surface tem-
perature of the material (T, = 1000 K) and the plasma fluence (¢ > 1 x 102 m~2).

Some critical questions to which present-day He plasma experiments in W-wall toka-
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maks want to answer are whether W fuzz can be observed in present-day tokamaks,
whether it is expected under ITER operational conditions and if and how its presence
compromises the plasma operation.

ASEDX-Upgrade is a full W-wall tokamak well-suited to perform PWI experiments. It
is equipped with a divertor manipulator (DIM-II) [19] which allows retracting 2 of the
128 divertor tiles without breaking the vacuum inside the vessel. These tiles can ac-
commodate samples of materials to test their erosion properties and "markers", sam-
ples with a different composition used to assess properties related to impurities migra-
tion and redeposition. Before being exposed to the plasma in the divertor region, the
surface properties of the samples can be
modified, e.g. by pre-exposing them to plas-
mas in LPDs to obtain W fuzz. Samples are
placed at the position of the plasma outer
strike point for the entire duration of the ex-
periments and they can be easily extracted for
analysis with post-mortem techniques. Sev-
eral PWI experiments were performed exploit- | .
ing the DIM-II manipulator in hydrogenic plas- J1 fuzz pre-formed in PSI2
mas and a few experimental campaigns were ” mugg;ﬁicjno de £
performed with He plasma. In particular, dur-

ing 2019 He campaign, the formation and de- L -
struction of W fuzz were investigated in L- foroidal
mode and H-mode discharges in AUG. Dur- Figure 6.1: Setup of the He PMI experi-
ing this campaign, two slightly different lower-  ments in ASDEX-Upgrade.

single null magnetic equilibria were used in L

and H-mode experiments. This allowed for a poloidal shift of the OSP of ~ 6 cm to lo-
cate the peak plasma loads onto different samples, as shown in figure 6.1. In H-mode
discharges (red line), the OSP coincides with sample J1 with W fuzz on the plasma-
facing surface, pre-formed in the PSI2 linear plasma device. In these experiments, the
aim was the investigation of W fuzz erosion during H-mode operation. L-mode OSP is
instead located onto sample J2 with a rough plasma-facing surface, to investigate the
possibility of fuzz growth.

G1-6 pre-exposed to GLADIS

H-mode #

\
N
RRRY

poloidal

These experiments made available an extensive database of samples, exposed to dif-
ferent plasma conditions and subsequently analysed with post-mortem techniques to
assess the plasma-induced modification to the materials. Comparison of the data re-
trieved by the analysis of these experiments to the results of simulations can be an
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excellent means to benchmark and validate the available models for PMI. The gen-
eral strategy of PMI simulations is similar to the one used to study the erosion of the
GyM wall, as described in section 4.5. A plasma background produced by a boundary
plasma transport code (e.g. SOLPS-ITER) is used by erosion/impurity transport codes
(e.g. ERO2.0) to assess gross and net erosion of the tokamak wall, migration of wall
materials across the tokamak volume and the formation of co-deposited layers onto
the PFCs.

The following sections of this chapter focus on the production and optimisation of the
plasma background to reproduce the properties of helium discharges in AUG.

6.2. Modelling AUG L-mode helium discharge with SOLPS-ITER

In this work, SOLPS-ITER is used to model steady-state plasma conditions. When per-
forming simulations aimed at benchmarking a tokamak experimental discharge, one
has to first identify a time window within the discharge flattop ts at which the experi-
mental conditions can be considered steady-state. The choice of . can also be driven
by the availability of the different diagnostic data.

In tokamak toroidal geometry, the full SOLPS-ITER capabilities can be exploited to
build a filed-aligned computational mesh based on the reconstruction of the experi-
mental magnetic equilibrium.

As discussed in section 5.3.2, the SOLPS-ITER transport model assumes toroidal sym-
metry 0,(-) ~ 0 of the plasma quantities. Modelling tokamaks, the code offers the possi-
bility to include the effects of E x B and diamagnetic drift contributions and ion viscosity,
considering a toroidal magnetic field. These additional transport mechanisms give rise
to cross-field and poloidal contributions to particle, momentum and energy fluxes. All
the simulations considered in this chapter, however, were performed with a simplified
transport model which neglected the drift contributions. The cross-field transport is
purely anomalous and it is modelled as a diffusive process. By tuning the radial profile
of the anomalous transport coefficients it is possible to tune the magnitude of the radial
transport, thus affecting the simulation results. The anomalous transport coefficients
for particles and energy were used as free parameters, to benchmark the experimen-
tal plasma profiles both at the outer midplane and at the outer divertor target. Since
the purpose of this work is to obtain a plasma background which reproduces the con-
ditions of plasma loads on the PMI samples exposed at the plasma OSP, we started
our analysis by focusing on the low-field side conditions and assuming purely diffusive
cross-field transport. To reproduce the asymmetries of plasma transport between high
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Figure 6.2: Time traces of the global parameters of the reference AUG discharge (#36687).
The top figure shows the Ohmic, ECRH and radiated power (the dashed line is the plasma
current Ip). The bottom figure shows the gas throughput and the average density (ne). The
vertical dotted line highlights the reference time of SOLPS-ITER simulations t = .

and low-field sides and simultaneously benchmark the plasma profiles at the inner and
outer divertor targets, however, the effect of drifts should be accounted for.

As discussed in section 3.2.1, SOLPS-ITER is mostly used to model hydrogenic plas-
mas, possibly including heavier impurities. The modelling of pure helium can thus be
considered a non-standard application of the code and requires some care in the input
preparation. Many of the relevant comments on the setup of He plasma-neutral inter-
action databases, discussed in section 4.4 for GyM, remain valid. Differently from what
was observed for the low-temperature plasma of the GyM LPD, in a tokamak, the tem-
perature close to the separatrix is in the range of ~ 50 — 100 eV and the main plasma
species in the confined region is He?*. The simulations presented in this chapter in-
clude three heavy-particle populations: He atoms and He* and He?* ions. The set of
atomic reactions included in the EIRENE model is reported in table 4.1. Intrinsic impu-
rities, i.e. tungsten eroded from the wall, are not considered in these simulations, since
they will be considered in detail by the coupling with ERO2.0, and D prefill impurities
are neglected at this stage.
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6.2.1. Global parameters, magnetic equilibrium and mesh reconstruction of
the reference AUG discharge

The ASDEX-Upgrade discharge used as a reference for the SOLPS-ITER simulations
(#36687) is a lower single null (LSN) magnetic configuration with forward magnetic
field' B, = 2.5T and ECRH additional heating. The time evolution of the main dis-
charge parameters is reported in figure 6.2. The flattop is between ~ 1.3 — 75 s
and the reference time for SOLPS simulations is chosen around f¢ ~ 4.2s. The
flattop value of the plasma current [, = 0.795MA corresponds to a Ohomic heat-
ing power Ponm ~ 0.3 MW. Additional plasma heating is provided to the plasma by
Pecry ~ 1.33 MW of ECRH power. This value of Pgcry brings the system very close
to the L-H transition threshold and transient fluctuations attributable to ELMs are ob-
served. However, the proximity to the L-H threshold makes it difficult to clearly define
a confinement regime and the ELMs type.

The line average plasma density (n.) and gas throughput are shown in the bottom box
of figure 6.2. In helium plasma experiments in AUG, the only effective pumping system
is turbo-molecular pumps, while cryo-pumps are not effective for helium pumping. The
average plasma density is thus set by the gas throughput during the plasma ramp-up.
This is shown in figure 6.2 by the peak of 'y, around ~ 1 s, just before the ECRH
power is activated. During the plasma flattop, the gas injection is low and decreases in
time in order to keep (ne) ~ constant.

The magnetic equilibrium reconstruction at t = t is shown in figure 6.3.a. The posi-
tion of the X-point is moved downward with respect to standard LSN configurations in
AUG in order to position the outer strike point on the samples placed on the divertor
manipulator. The equilibrium magnetic configuration of figure 6.3.a is used to build
the computational mesh, shown in figure 6.3.b. The plasma mesh has dimensions
ny x n, =96 x 36 and it is represented with black lines. As discussed in section 3.2.1,
B2.5 mesh radially extends only to the first open magnetic flux surface tangent to a non-
divertor wall structure. EIRENE triangular mesh is shown in grey. This mesh covers
the plasma region, below the B2.5 quadrangular mesh, and extends up to the machine
wall.

"We defined a forward magnetic field discharge one in which the V B-drift points downward. If the
sign of the magnetic field is reversed and the VB-drift points upward, the discharge is said to be a
reversed field discharge.
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Figure 6.3: a) Experimental magnetic equilibrium reconstruction AUG reference discharge
(#36687). The figure shows the magnetic axis (+) and the shape of the magnetic flux sur-
faces (dashed blue lines, solid blue line for the separatrix). b) SOLPS-ITER mesh for ASDEX-
Upgrade simulations. Black lines represent the B2.5 plasma mesh and the grey ones the
EIRENE neutral mesh.
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6.2.2. Boundary conditions

B2.5 density, momentum and energy conservation equations are solved according to
the following boundary conditions. The letters in the following list correspond to the
different plasma boundaries, as shown in figure 6.3.b.

(a) Divertor targets: sheath boundary conditions, for densities, temperatures, veloci-
ties and electrostatic potential.

(b) Far SOL: zero gradients of the parallel velocities, zero current for the potential
equation and decay boundary condition for n,;, Te and T; with Agecay = 1 Cm.

(c) PFR: zero gradients of the parallel velocities, zero current for the potential equa-
tion and decay boundary condition for n,, T, and T; with Agecay = 1 cm.

(d) Core: at the core boundary, we used zero parallel velocity gradient and zero cur-
rent boundary conditions. For electron and ion energy equations, we imposed the
total power entering the edge region from the core. This value is estimated from
experiments as Pe,icore = Pohm + Pecri — Prag ~ 1.13 MW and it is assumed that it
is shared equally between electrons and ions. Two density boundary conditions
are used: (i) Dirichlet boundary condition (BCCON = 1) with nyee. = 5x10"9m=3 =
Neexp/2 and nue+ = 0; (ii) a feedback boundary condition that imposes a null total
(ion + neutrals) flux at the core boundary (BCCON = 27 for nye2. and BCCON =
26 for nyez.). The condition yore B2 5 He2 + MNcore,B2.5,He+ + [Ncore,EIRENE,He = O IS set at
each iteration, combining B2.5 (for ions) and EIRENE results (for neutrals).

The wall recycling coefficients at the EIRENE mesh boundary are estimated from the
TRIM database for He helium on W materials. The EIRENE pumping surface corre-
sponding to the turbo-molecular pump is shown in red in figure 6.3.b. The surface
albedo is set to p, = 0.007. The pumping surface, which corresponds to the cryogenic
pump (indicated with the black arrow in figure 6.3.b), is deactivated p, = 0 since cryo-
pumps are not effective in pumping helium species. Helium gas puff is done from a
surface located at the OMP, as indicated by the blue triangle in figure 6.3.b. The loca-
tion corresponds to the experimental gas valve. The He puffing strength is regulated by
a feedback condition which imposes the value of the electron temperature at the outer
midplane separatrix.



110 6| Investigation of helium plasmas in ASDEX-Upgrade with SOLPS-ITER

6.2.3. Anomalous transport coefficients

The optimisation of the anomalous transport coefficients to produce results in agree-
ment with the experimental profiles at the OMP and at the OSP required extensive work
to characterise the influence of the value and the radial shape of D, and /e . In this
section, we present the preliminary analyses performed to understand these effects.

The first study was a scan of D, and ;e 1, assuming constant values all over the com-
putational domain and equal electron and ions thermal conductivities x;; = ke . The
particle diffusivity D, was scanned in the range 0.15 — 0.3 m?/s, while the thermal dif-
fusivity xije.1 = kise,1/Nise Was varied in the range 0.2 — 0.5m?/s. All the simulations
were performed with Dirichlet density boundary conditions at the core. The electron
density at the separatrix is fixed at ngsep = 1 x 10" m=3 due to the feedback He puffing
strength condition. The results in terms of radial profiles of n, and T, at the OMP (left)
and OSP (right) are shown in figure 6.4.

The top line presents the results of the D, parametric study. The results show that an
increase of the D, value results in a decrease in the core and OPS peak T, and an
increase of the peak n, at the OSP. It should be noted, however, that the upstream
density profiles are also determined by the choice of the core density boundary con-
dition. Indeed, this analysis should be compared with the analogous parametric scan
of D, presented in section 7.3.2 in the context of the investigation of negative triangu-
larity transport. In those simulations, a null total core particle flux is imposed; hence,
the density value is not constrained at the core boundary and the OMP density profile
is free to vary. Despite the differences upstream, however, the choice of the core BC
does not influence the general T, and n, trends at the divertor.

The bottom line in figure 6.4 shows the x;, = xe 1 Scan. A variation in the anomalous
thermal diffusivity mostly affects the T, profiles at the OMP. In particular, by increasing
the thermal diffusivity the core electron temperature decreases consistently with in-
creased cross-field heat removal. At the outer divertor, however, almost no differences
are observed both in n, and T, profiles.

A second analysis was performed investigating the effect of the radial shape of the D,
and xe/,1 profiles. To remove the constraint on the density value, all the simulations
were performed by imposing a null total particle flux at the core boundary. The electron
density at the separatrix nesep Was again fixed by applying the feedback condition on
the He puffing strength. The results of these analyses are shown in figure 6.5.

Figures 6.5.a and 6.5.b display the effects of a variation in the radial shape of D, and
of an increase of the D, value in the SOL region, respectively. These analyses are
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Figure 6.4: Parametric scan of the anomalous transport coefficients D, (top, blue lines) and x¢
(bottom, orange lines). Radial profiles of the electron density and temperature are shown at
the outer midplane (OMP) and close to the outer strike point (OSP). These simulations used
Dirichlet boundary conditions for the ion density equations at the core boundary (BCCON = 1).
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performed at constant heat diffusivity xe | = xe1 = 0.8mM?/s and Negep = 1 x 10" m=3.
The first panel on the left shows the D, profiles used in the analysis. This analysis in-
vestigates a D, step profile, lower in the core region and higher in the SOL. The radial
ne and T, profiles at the OMP and outer divertor which resulted from the simulations
are shown in the two central and right panels, respectively.

In figure 6.5.a, all profiles have D = 0.07 m2/s at the core side and D}%" = 0.8 m?/s
in the far SOL, while the shape of the transition from low to high D, is varied between
simulations. Among the five simulations, one (dotted line) has qualitatively different n,
and T, profiles at the divertor. In this simulation the low to high D, transition starts
for s > sgp. If the anomalous diffusion coefficient remains low across the whole core
region and only increases outside the separatrix, cross-field transport is strongly sup-
pressed. This results in energy accumulation in the core region resulting in T, s¢p = 150
eV. The low particle diffusion out of the core region suppresses the density in the SOL
and produces a sheath-limited plasma regime with very high OSP peak temperatures
Temax@ose =~ 150 eV. For the other four simulations, the increase of D, begins for
S < Ssp and the different D, profiles produce differences in the shape of the radial
ne profiles at the OMP. Although the upstream differences, however, the profiles at the
outer divertor are similar both concerning n, and Te.

Figure 6.5.b shows the second analysis on the D, profile, performed by modifying the
height of the step. Here DI = 0.07 m?/s and D" = 0.8 — 1.6 — 2.4 m?/s, according to
the different simulations. The increase of the anomalous diffusion in the SOL produces
an increase of the n, at the core boundary and a consequent reduction of T,. Indeed,
if more ions are removed radially in the far-SOL, a higher He puffing strength is needed
to obtain the same electron density at the separatrix. A higher radially inward atom flux
is compensated by higher to satisfy the condition of null total particle flux at the core
boundary. At the divertor, however, the increased core density does not result in higher
Ne max@osp- ON the contrary, lower T, close to the separatrix at the OMP produces a
reduction of the T¢ max@osp-

An analysis similar to the one performed on D, was also performed on the thermal
diffusivities ye/;, 1, under the assumption x; | = xe . Similar boundary conditions were
used, i.e. null total particle flux at the core boundary and constant ngsep = 1.25 x
10" m~3. The results of the analysis are shown in figure 6.5.c and 6.5.d. D, has a fixed
profile for all the simulations, corresponding to the solid dark blue line in figure 6.5.a.
Both in figure 6.5.c and 6.5.d, the solid red line refers to simulations with constant
XiL = Xe. = 0.6m?/s, while the other simulations used a step profile for Xel/i, L -

As for D,, figure 6.5.c shows the effect of a radial shift in the step x./;,, profile, while
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Figure 6.5: Parametric scan of the D, and x;/¢ | radial profiles. In each figure, from left to right,
the figure shows the D, radial profile, the simulated n, and T, radial profiles at the OMP and
OSP.
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figure 6.5.d presents the effect of an increase in the step height. In general terms, we
can observe that the effect of changes in x./; , is lower with respect to similar changes
in D,. The most noticeable effect is on the core temperature profiles, shown at the
OMP: a higher x¢/;,. value in the core region, either because of shifting of the profile
or because of a steeper gradient, results in a lower core temperature. An increase of
the value of x/; 1 in the SOL has as its main effect the flattening of the outer diverter
temperature profile away from the OSP. This, however, does not result in a strong
reduction of the average electron temperature at the outer divertor, even for very high
thermal diffusivities xe/i 1 ~ 10m?/s. At high xe/;, 1 ~ 10m?/s, however, the peak n
at the OSP is reduced.

6.2.4. Separatrix density and core input power

The analysis presented in section 6.2.3 on the parametric scan of the anomalous dif-
fusivities is motivated by the lack of a theoretical or experimental method to estimate
those parameters. However, even parameters which can in principle be more easily
estimated from experimental data, such as the electron density at the separatrix or the
total input power at the core boundary, are affected by uncertainties. These uncertain-
ties can, in turn, impact the simulation results.

In this section, we thus performed a parametric scan on Nggsep @and Pe,icore Within the
range of values compatible with the experimental uncertainties.

The magnetic equilibrium of an experimental dis-
charge is reconstructed by solving the Grad-
shafranov equation. In this way, the position of
the separatrix on the poloidal plane is obtained
and then used to visualise the experimental plasma
density and temperature profiles as a function of
the distance from the separatrix s — Ssgp. The sep-
aratrix position, however, can be affected by uncer-
tainties of a few millimetres. Considering the den-
Figure 6.6: Effect of the experimen- sty profile at the OMP, a radial shift of the separatrix
;?:igscertainty onthe separatrix po- 1 jifies the estimated value of the electron density

at the separatrix, as displayed in figure 6.6. The fol-

lowing analysis assesses the impact of varying the
density value at the separatrix nesep in the range 1 — 1.3 x 10" m=3, corresponding to
a maximum shift in the separatrix position of 2 mm. The results of the seven simula-

Plasma density
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Figure 6.7: Parametric scan of the a) electron density value at the separatrix nesep and b) core
input power Pe,icore- The scans are performed at fixed anomalous transport coefficients. The
figure shows the simulated ne and T, radial profiles at the OMP and OSP.

tions performed are shown in figure 6.7.a. At the OMP, for increasing nesep the density
and temperature profiles are slightly shifted (upward and downward, respectively) but
in any case stay within the experimental error. At the divertor, on the contrary, variation
of ~ a factor of 2 in the peak values of n, and T, at the outer strike point is observed,
proving the electron density at the separatrix to be a very sensitive parameter to control
the outer divertor properties.

The second parameter that is analysed in this section is the value of the core input
power Peiicore = Pecore + Picores With Pecore = Picore- As discussed in section 6.2.2,
this parameter is set up as the core boundary condition for the ion and electron en-
ergy equations. Experimentally, Pe.,icore is given by the ECRH and Ohmic input power,
reduced by the fraction of power radiated from the main plasma. In this work, we
considered a maximum input power of 1.135 MW corresponding to the whole Ponm +
Pecry — Prag and we assumed a reduction of this value up to 30%. The results of simu-
lations performing a parametric scan of Pe,icore in the range 0.8 —1.135 MW, are shown
in figure 6.7.b. The analysis shows that the n, profiles are unaffected, while a reduction
of Pe.icore results in a reduction of the plasma temperature, both upstream and at the
divertor targets.
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Figure 6.8: Benchmark between SOLPS-ITER simulations and ASDEX-Upgrade data at the
outer mid-plane. The dotted lines in figure a) correspond to the simulation done with constant
Xeyi,L (dotted line in b)). Solid red lines in @) correspond to the well-shaped x¢/;  profile (solid
orange line in b)).

6.2.5. Benchmark with experimental data

The preliminary studies presented in sections 6.2.3 and 6.2.4 allowed us to understand
how the different input parameters modify the simulation results. Those analyses were
crucial to optimise SOLPS-ITER setup and obtain a good agreement with AUG experi-
mental plasma profiles at the outer midplane and divertor. At the OMP, the experimen-
tal profiles of electron density and temperature are estimated by the Integrated Data
Analysis (IDA) tool of AUG [124]. Data acquired between t = 4.1 and t = 4.3 s (dots
in figure 6.8) were used for comparison with SOLPS-ITER simulations. Their median
values over the time interval are also displayed (crosses in figure 6.8). At the divertor
targets, the ion saturation current is measured by fixed Langmuir probes and used to
estimate plasma temperature and the plasma heat flux. The divertor LP data are taken
again between t = 4.1 and t = 4.3, as the IDA.

The results discussed in section 6.2.3 highlight that the shape of the outer mid-plane
plasma profiles can be controlled by the shape of the D, profile. A step radial pro-
file symmetric with respect to the separatrix was used, with D = 0.1 m?/s and
D" = 0.8 m?/s. Among the shape of the ;| and x._ considered in section 6.2.3, we
used a constant radial profile with y; | = xe1 = 0.4 m?/s, where the value was adjusted
so that simulations match the experimental T, at the core boundary. The separatrix
electron density was imposed to nesep in the range 1.25 x 10" m=2 and the total elec-
tron and ion power at the core boundary Pe,icore = 0.9 MW. The results of SOLPS-ITER
simulations with these parameters as input are shown in figure 6.8 with dotted lines.
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We observe a good agreement between the simulated and the experimental density
profiles and between the T, values at the core boundary and in the SOL. However, in
the region around s — se¢¢p, = —2 cm, the simulated profile with constant y;/e . underes-
timates the experimental temperature and does not reproduce the shape of the profile.
The agreement can be improved by implying the well-shaped heat diffusivity profile
shown with a solid orange line in figure 6.8.b. Figure 6.8.a displays the corresponding
simulation results with solid red lines. It should be noted that well-shaped profiles for
the anomalous diffusivities are commonly used to model H-mode discharges with nu-
merical codes like SOLPS-ITER. The need for such a shape for y. ; to model this AUG
discharge could be due to the proximity to the L-H transition. Further investigation is
however needed.

The simulation results at the outer divertor are plotted in figure 6.9. Different shapes
of xe/i,. produce no differences in the outer divertor profiles and thus we reported only
the one corresponding to the well-shaped profile.

In helium plasma discharges, estimating the electron density from the ion saturation
current collected by the divertor LPs is not straightforward. Indeed, each He?* ion col-
lected contributes twice to the electrical current density as each He™ and knowing the
plasma composition is thus crucial. To benchmark simulations and experiments, we
compared the experimental ion saturation current? j5.F = 1/(ge X Aprobe) t0 the one esti-
mated by SOLPS as jS9'7S = Myer +2 x [eer, Where Mye and INyee. are the particle fluxes
of the two species. This comparison is shown in the top graph of figure 6.9; the middle
graph shows the comparison of simulated and experimental electron temperature and
at the bottom the comparison of the plasma power fluxes. The experimental plasma
power flux is estimated from Langmuir probe data, assuming a total heat transmission
coefficient at the plasma sheath v ~ 7, i.e. P;Xapsma = vQe Tofsat = 7Qe Tefsat- Using the
optimised parameter setup, good agreement is found between the experimental and
simulated profiles. The experimental ion saturation current peak is slightly broader and
shifted towards the SOL if compared to the simulated one. Drift contributions to the
poloidal and radial fluxes should be included in the model in order to have a more
complete description of plasma transport and investigate the possibility of better repro-
ducing the jso: experimental profile. The flat and constant electron temperature profile
is well reproduced by SOLPS modelling. The dotted line in the bottom figure corre-
sponds to the total power flux at the divertor target Piot = Pplasma + Prec + Preut + Prad;

which includes besides the power flux transported by the plasma, also the one due

2In the following we will always use the ion saturation current normalised to the unit charge ge. For
a plasma with Zy = 1, this corresponds to the ion flux. This is not the case for He plasmas since He?*
is also present.
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Figure 6.9: Benchmark between SOLPS-ITER simulations and ASDEX-Upgrade data at the
outer divertor. The ion saturation current measured by the divertor LPs is compared with the
total unit-charge flux at the divertor jS9-PS = M'ye. + 2 x Tyee.. The experimental plasma power
flux is estimated by assuming a total heat transmission coefficient at the sheath v ~ 7, i.e.
Polasma = 7Qe Tefsat = 7Qe Tejsat- The dotted line in the bottom figure corresponds to the total
power flux at the divertor target Piot = Pplasma + Prec + Preut + Prad, Which includes besides the
power flux transported by the plasma, also the one due to recombination of ions at the divertor,
neutral power flux and power flux due to core radiation.

to recombination of ions at the divertor, neutral power flux and power flux due to core
radiation. The total plasma heat loads can be computed by summing the total power
transported by the plasma and the power associated with the ion recombination at the
wall. This quantity can be used as an estimate of the degree of detachment of the
plasma. Close to the outer strike point, Ppasma + Prec CONtributes to 2 90% of the total
OSP power, thus identifying a clearly attached condition.

6.3. Analysis of the ion fluxes

As mentioned in section 6.1, the final aim of this work will be the modelling of a full
PMI experiment performed in AUG. The SOLPS-ITER plasma background, described
in section 6.2.5, is used as input for erosion and impurity transport modelling with
ERO2.0. Knowing the distribution of plasma density, velocity and temperature of the
different ion and electron populations, ERO2.0 evaluated the fluxes onto the divertor
and PFCs, computes the sputtered fluxes and traces the impurities within the plasma
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up to the position where they are re-deposited.

In He plasmas, two ion populations exist in the boundary and divertor region. He™ and
He?* have different charges and they are thus accelerated to different energies within
the electrostatic sheath in front of the wall surface. As mentioned in section 1.3.3, the
plasma recycling process and the physical sputtering yield Yy, strongly depend on the
ion impact energy. Thus, knowing the flux composition in terms of different ion species
is crucial to correctly estimating erosion. Discriminate between He* and He?* from ex-
perimental data alone is however difficult since the spectroscopic techniques can only
detect the presence of singly ionised He and electrostatic probes measures the total
charge collected.

This section aims thus to further analyse the results of SOLPS-ITER simulations re-
trieving, in particular, the composition of the ion flux onto the PFCs and outer divertor.

Figures 6.10.a-c presents the analysis of poloidal fluxes at the outer divertor. The
profile of the total ion saturation current as a function of the distance from the OSP,
already shown in figure 6.9, is plotted in the top box of figure 6.10.b. The analysis of
the flux composition is then shown in the middle and bottom boxes of figure 6.10.b.
In particular, the middle box shows the He* (dotted) and He?** (solid) fluxes onto the
outer divertor and the bottom figure shows their relative fractions IMye+ /e, (dotted) and
ezt Hey (SOlID).

A similar analysis is shown in figures 6.10.d and 6.10.e for the radial ion fluxes onto the
non-divertor PFCs. As discussed in section 3.2.1, the present version of SOLPS-ITER
can not exactly assess the fluxes onto non-divertor wall surfaces, since the plasma
computational mesh is limited radially. In our analysis, thus, we considered the fluxes
crossing the last radial cell of the plasma mesh. For a more realistic description, one
should use a model with an extended grid [105, 125].

From the analysis presented in figure 6.10, we can first infer that radial fluxes onto the
non-divertor PFCs are more than two orders of magnitude lower than poloidal fluxes
at the OSP. This conclusion, however, could not be quantitatively benchmarked due
to the lack of experimental data for the discharge of interest. Nonetheless, AUG is
provided with fixed Langmuir probes on several non-divertor components, such as the
inner heat shield and the upper wall. In the future, these signals may be also used to
expand the experimental benchmark. In case the experimental measurements showed
significant differences with the simulation results, the parameter optimisation described
in sections 6.2.3 and 6.2.4 should be repeated to find a different set of parameters that
reproduce simultaneously the experimental divertor and radial fluxes. In particular, if
simulations underestimated the radial experimental fluxes, anomalous particle diffusiv-
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Figure 6.10: Analysis of the poloidal ion fluxes onto the outer divertor target (a, b and c) and
radial ion fluxes onto the main chamber (d and e). a) Poloidal flux onto the outer divertor. b)
Profiles of the ion saturation current fs5 (top), the poloidal ion fluxes jsa: and fsat (Middle) and
their relative fraction (bottom) as a function of the distance from the OSP. ¢) Flux composition at
the outer divertor (1) close to the OSP and (2) further in the SOL. d) Radial ion fluxes onto the
PFCs, computed as the radial fluxes crossing the last radial cell of the B2.5 mesh. e) Profiles of
the ion saturation current js4; (top), the poloidal ion fluxes fsat and fsat (middle) and their relative
fraction (bottom) as a function of the distance along the poloidal distance s,y between inner
and outer divertor: (0) corresponds to the inner divertor limit, (1) to the outer divertor limit and
(2) is the gas puffing region.
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ities need to be increased and ne e is likely to need adjustment in order to match the
OSP peak density (or ion saturation current).

The radial fluxes are almost entirely due to He?* ions and the He* contributions only
increase to ~ 25 — 30% close to the divertor targets. A slight increase of the He* ion
flux fraction is also observed for sy, =~ 0.8, i.e. close to the He puffing valve. On the
outer divertor, which corresponds to the location of the PMI experiment, He* fluxes
become more important. Across the OSP, in particular, it is found that He* is the most
abundant species and e+ /He,, 2 50%. Moving further in the SOL, the IMye+ he,, fraction
decreases. This trend is shown in figure 6.10.c, where the percentage flux composition
is displayed. These values are computed as the mean value of 'jens /e, iN regions @
and (2), highlighted in figure 6.10.a and 6.10.b.

The fractional abundance of He* and He?* in the particle flux onto the wall strongly
affects the erosion of the PFCs. Indeed, the sheath acceleration of the ions, and thus

their impact energy on the wall, depends on the ion charge Z according to the formula:

Ewai = 0.5ZToIn[(27me/my)(1 + T;/T.)] ~ 3.52ZT, )

thus He?* ions (Z = 2) are subjected to a sheath acceleration that is twice the one for
He* (Z = 1). The physical sputtering yield of helium ions on tungsten Ypnhw(Ewai, 9),
shown in figure 4.13.a, has a sputtering threshold Ey ~ 130eV. Considering the
condition at the outer divertor shown in figure 6.9, since T, ~ T; ~ 20 eV, according
to equation (6.1), only He?* ions reach the divertor with sufficient energy to sputter the
tungsten tiles.

More in general, if the plasma temperature at the sheath entrance is high enough for
the He™" ions to overcome the sputtering threshold (T, ~ T; = 40 eV), the erosion flux
can be computed as:

f 1—f )
leroph = 157 Yonw(Ewai Hez+ 0) + 1+7 Yohw(Ewai He+ ) | fsat 6.2)

where f = Tyee: e, @Nd 1 — f = Mhet /Hey,- Ewan depends on T, and T; as described in
equation 6.1 and th,w =0 if Ewall < EW,th-

To further investigate the origin of the He* flux distribution, we analysed the spatial
distribution of the ionization particle sources. This is plotted on the left of figure 6.11.
Due to the high plasma temperatures, the large majority of particles escaping radially
from the confined region are He?*. This explains why the radial flux is mostly from
He?* ions. Additionally, since for high electron temperatures T, > 20 eV, the electron

~Y

impact recombination of He?* is negligible, He* are only generated by the ionization of
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Figure 6.11: 2D maps of the ionization particle sources (m—3s~') and density (m~3) distri-
butions. From left to right, the figure shows the total ionization rate of He — He", the total
ionization rate of He* — He?*, corresponding to the effective He?* particle source, and the ef-
fective He* particle source given by the difference of S, e+ — S, pe2-. The three 2D maps on
the right represent the density distributions of He, He* and He?*, respectively.

He atoms produced by the plasma recycling at the divertor or at the other PFCs. From
left to right, the first three plots in figure 6.11 show the total ionization rate of He atoms
into He*, the total ionization rate of He* into He?* and the effective He* particle source,
computed as the difference of the previous two.

The effective production of He* ions is mostly localised very close to the outer strike
point and decreases moving away from it, both in the poloidal and cross-field direc-
tions. This explains the behaviour observed in figure 6.10, for which I'ye+ /pe,,, DECOMES
comparable to I'yee. /e, ONly close to the OSP, while the second is the dominant contri-
bution everywhere else. In the far-SOL at the outer midplane, close to the gas injection
location, we observed a lower but still significant effective production of He*, which is
responsible for the slight increase of INpe:/He,, around s,o ~ 0.8, as observed in fig-
ure 6.10.e. As soon as we move closer to the separatrix, however, the production rate
of He?* dominates and the produced He* are ionised to He?*. The effective production
of He* is thus completely negligible inside the confined region.

The three 2D maps on the right of figure 6.11 show the densities of He atoms and He*
and He?* ions. These density distributions result from the balance of particle produc-
tion via ionization and transport processes, described by the SOLPS-ITER model. This
information, together with the corresponding velocities and temperature distributions, is
ready to be used as the plasma background for erosion and impurity migration studies.
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6.4. Conclusions

This chapter presented a summary of the modelling effort devoted to the production of a
pure helium plasma background for the investigation of erosion and impurity transport,
migration and re-deposition in a full-W tokamak. The work is part of a joint effort of the
EUROfusion TE and PWIE Work Packages to investigate plasma-wall interactions in
He plasmas in view of the non-active phase of ITER.

The integrated PMI modelling requires the knowledge of the full distributions of density,
velocities and temperatures of each ion population and electrons throughout the entire
plasma volume. Since most of the data that can be received from the experiments are
only available at very specific locations, typically the outer midplane and the divertor
targets, the reconstruction of the full plasma background through modelling is crucial.
The SOLPS-ITER code package allows the investigation of how the different ion pop-
ulations in the plasma are transported and interact with neutrals and the surrounding
wall in the boundary of a tokamak. Exploiting this numerical tool, we reproduced the
conditions of a pure helium plasma experiment performed in ASDEX-Upgrade.
SOLPS-ITER is the state-of-the-art numerical code for boundary plasma modelling. Its
standard applications usually imply the presence of a main hydrogenic species, H, D
or T, possibly mixed with a lower concentration of heavier impurities, originating from
PWI or seeded to attain plasma detachment. These results show the possibility of
successfully implying SOLPS-ITER also to investigate pure helium plasma considering
only He* and He?* ion populations and He atoms. The choice to use the SOLPS-
ITER code package to produce the plasma He background for the PMI studies in AUG
tokamak follows naturally from the work presented in chapter 4 on the investigation of
low-temperature He plasmas in the GyM linea plasma device.

A field-aligned computational mesh was produced exploiting the experimental magnetic
reconstruction of the discharge of interest to perform the simulations. After the simu-
lation setup, the first part of the work was devoted to an extensive analysis of the free
parameters of the code. These include the cross-field anomalous transport coefficients
for particles and energy and other parameters, such as the separatrix electron den-
sity and the core input power, which were varied within their experimental uncertainty.
These preliminary studies allowed us to identify an optimised set of parameters with
which it was possible to obtain a satisfactory agreement with the available experimental
data. However, evaluating the electron density from the ion saturation current collected
from the divertor Langmuir probes is not straightforward for He plasma. Indeed, both
He* and He?* ions are present in the divertor region and the latter contributes twice the
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former to the total collected charge. The LP ion saturation current was thus compared
with the sum of the ion fluxes, weighted to the ion charge.

Finally, the composition of the ion flux was analysed in detail. The relative fractions
Of Mher/He, @NA Mye2+ /1e,,, WEre evaluated in the radial cross-field fluxes onto the non-
divertor PFCs and in the poloidal fluxes onto the outer divertor. The results show that
non-divertor fluxes are almost entirely (> 90%) due to He?*, while the total ion flux onto
the divertor is made approximately half by He* and half by He?*. The reason for the
increased He* ion fraction is found by analysing the effective production rate of He*
ions, which is given by the difference between the ionization rates of He* and He?* and
it is localised in front of the strike points. The He?*/He* flux fraction, moreover, influ-
ences the erosion of the PFCs. In the conditions of the considered experiment, where
Te ~ T; ~ 20 eV in front of the outer divertor, the tungsten tiles can only be eroded by
He?* ions and the magnitude of the eroded flux is given by f/(f+ 1) Yon w(Ewai ez 0)sats
where f is the He?* flux fraction f = Mg+ /ey, -

The results presented in this chapter represent a successful first step towards an inte-
grated investigation of PMI experiments involving helium plasmas in W-wall tokamaks.
After benchmarking at the locations where experimental data are available, density,
temperature and velocity distributions are ready to be used as background plasma for
erosion and impurity migration studies with the Monte Carlo code ERO2.0.
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7 | Investigation of negative triangularity plasmas in
TCV with SOLPS-ITER

Magnetic confinement equilibria with negative triangularity are considered an alterna-
tive for the operation of future power reactors since they may exhibit H-mode grade
confinement in L-mode operation. Operation in L-mode is preferable since it would
avoid the challenges related to the presence of edge localised modes (ELMs), the nar-
rowing of the scrape-off layer widths and the requirement of density control.

The EUROfusion consortium is making efforts to study negative triangularity scenarios
and to compare their properties to standard positive triangularity ones. In particular,
understanding if and how the triangularity shape influences the development of plasma
detachment is crucial for implementing this configuration in reactor-relevant conditions.

The work described in this chapter is thus devoted to extending the application of the
SOLPS-ITER boundary plasma code to negative triangularity scenarios to investigate
their detachment properties. The study aims at comparing how plasma detachment is
reached in negative and positive triangularity discharges in TCV. Differently from the
previous chapters of this thesis, this analysis considered a deuterium plasma, possibly
including C impurities from the wall erosion. The work is supported by the EUROfusion
WP-TE, within the research topic on negative triangularity as an alternative for the
European DEMO.

7.1. Negative triangularity and detachment studies in TCV

The term triangularity in a tokamak refers to the shape of the separatrix on a poloidal
plane. Considering a poloidal cross-section, distortions from symmetry with respect
to a vertical plane passing through the magnetic axis define a non-null triangularity. If
the distortion results in a triangular shape that points to the low field, the triangularity
is conventionally defined as positive. If it points to the high-field side, the triangularity
is negative. Examples of negative and positive triangularity configurations are shown
in the right panels of figures 7.1 and 7.6, respectively. Today, most tokamaks operate
in positive triangularity and so will do ITER. However, experimental observations on
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TCV [126, 127] and DIII-D tokamaks [128, 129] showed that negative triangularity (NT)
discharges may exhibit increased plasma confinement properties with respect to anal-
ogous positive triangularity (PT) discharges.

As discussed in section 1.3.2, fully detached conditions are required to ensure safe
power exhaust and a steady state operation of a fusion reactor. If negative triangu-
larity is to be considered as an alternative to the standard positive configurations for
future power reactors, the investigation of the detachment in this configuration is cru-
cial. Recent experimental studies in the TCV were thus performed in this direction. The
outcomes seem to indicate that detachment is generally harder to reach in negative tri-
angularity with respect to positive. In particular, the experiments on TCV have shown a
lower outer target cooling and lower heat flux mitigation in density ramp experiments in
NT with respect to PT. The analysis also indicates that for similar upstream conditions
the outer divertor heat flux channel may be narrower and the divertor neutral pressure
lower in NT [130, 131].

7.2. Modelling negative triangularity discharge with SOLPS-ITER

The simulations presented in this chapter aim to support the interpretation of the experi-
mental observations discussed in section 7.1. In particular, we focused on understand-
ing whether the observed differences are related to the shapes of the magnetic flux
surfaces or if different cross-field transport properties should be assumed for the two
configurations. The investigation exploits the SOLPS-ITER boundary plasma package
to simulate plasma transport and detachment in two TCV discharges with positive and
negative triangularity configurations. Extending the use of SOLSP-ITER to negative
triangularity equilibria is an original outcome of this work. As done for AUG modelling
presented in chapter 6, the simulations were performed using the simplified transport
model which neglects drifts.

7.2.1.  Global parameters, magnetic equilibrium and mesh reconstruction of the
negative triangularity discharge

The TCV discharge used as a reference for the SOLSP-ITER simulations in negative
triangularity (#67465) is an Ohmic discharge with a LSN configuration and forward
magnetic field, with B, = 1.4T. The triangularity is fixed around § = —0.27 and the
plasma current is [, = —220kA. Figure 7.1 shows the time evolution of the line av-
eraged electron density on the top-left of the figure, the poloidal cross-section of the
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Figure 7.1: Line averaged electron density (top-left), magnetic equilibrium reconstruction (top-
right) and electron temperature and density profiles at the OSP (bottom) of the reference TCV
discharges in negative triangularity. The figure shows a comparison of a forward (B, = 1.4 T)
and reversed magnetic field (By = —1.4 T) discharges with the same global parameters.
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Figure 7.2: a) Magnetic equilibrium reconstruction of reference discharge #67465. b) SOLPS-
ITER mash for the negative triangularity discharge, including axisymmetric port protection tile
element. ¢) SOLPS-ITER mash for the negative triangularity discharge without port protection
tile element. d) Picture of the lower part of TCV vessel showing TCV baffled configuration and
the real shape of the port protection tile elements from [21].

magnetic equilibrium on the top-right and the electron temperature and density at the
outer strike point, estimated by the in-vessel Langmuir probes on the bottom panels.
Figure 7.1 also compares the forward field discharge with a reversed field discharge
(#67070) with analogous global parameters. In particular, we should notice the dif-
ference in terms of the shape of the electron density profiles at the outer strike point.
An approximated fit of the experimental data is shown with a dashed line in the two
central figures. The different shapes of the n, profiles for forward and reversed fields
are related to the opposite direction of the V B-drift velocity in the two configurations,
pointing upward and downward respectively. In section 7.2.3, we will discuss the origin
of this difference in shape and the consequences of the choice of a simplified transport
model, which neglects drifts, on the capabilities to discriminate this difference. De-
spite the difference in the n, profile, however, the T, profile at the OSP and its trend
as a function of the increased (n,) are very similar for both forward and reversed field
configurations.

SOLPS-ITER has no particular limitations in building meshes with unconventional val-
ues of triangularity, as long as the equilibrium configuration belongs to the set of al-
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lowed magnetic topologies (and the single-null surely does).

Providing the code with the magnetic reconstruction of the experimental equilibrium,
shown in figure 7.2.a, the computational mesh displayed in figure 7.2.b was produced:
B2.5 mesh is shown in black and has a resolution n, x n, = 84 x 24, while EIRENE
neutral mesh is shown in grey.

In 2019, TCV underwent a major upgrade of the first wall structure. Modular and re-
movable gas baffles were installed in the lower part of the chamber to increase the
separation between the divertor and the plasma core [21]. In the low-field side (LFS)
region, the installation was accompanied by additional port protection tiles that shadow
the lower lateral ports from direct plasma exposure. Even in the configuration without
baffles, which was used in the discharges of reference for these simulations, the port
protection tiles are present on the LFS of the chamber. This modifies the cross-section
of the first wall contour by including the grey structure shown figure 7.2.a in the re-
gion of the outer strike point. SOLPS-ITER mesh is built accordingly (figure 7.2.b). As
shown in the picture in figure 7.2.d, however, the port protection tiles are not toroidally
symmetric. EIRENE on the other hand assumes toroidal symmetry of the 2D poloidal
profile of the vessel, provided as input to generate the mesh. To investigate the effects
of the toroidal symmetry approximation done on the port protection tiles a simulation
was performed with the mesh shown in figure 7.2.c, which neglects the presence of
these structures and the OSP is located on a flat surface. Taking into account the full
toroidal shape of these tiles can be particularly relevant for NT configurations since the
OSP impacts on top of these structures.

7.2.2. Simulation setup and optimisation

After the geometry definition, the following steps were the simulation setup and the
optimisation of boundary conditions and anomalous transport coefficients.

Pure deuterium plasma was considered for most of these studies, allowing for the min-
imum computational cost in terms of the number of species. Plasma-neutral interac-
tions among D* ions, D atoms, D, molecules and D} molecular ions were considered in
EIRENE database. The reaction rate coefficients of all the considered interaction pro-
cesses are shown in figure 2.1. The impact of impurities sputtered from the graphite
first wall of TCV and their transport within the plasma were considered performing
two multispecies plasma simulations (D + C) at low (nesep = 1 x 10 m=3) and high
(Nesep = 2 x 10" m~3) density, respectively.

Figures 7.3.a, 7.3.b and 7.3.c show the results of the preliminary simulations aiming
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at optimising boundary conditions and understanding the impact of carbon impurities.
They represent the electron density and temperature profiles as a function of the radial
distance from the separatrix at the outer midplane (OMP) and at the inner (ISP) and
outer strike points (OSP).

Boundary conditions

Concerning EIRENE boundary conditions, particle and energy recycling coefficients
are computed according to the TRIM database for deuterium ions and atoms on the
carbon surface. These coefficients are then multiplied by a RECYCT = 0.99 to take into
account unsaturated carbon surfaces and pumping. Differently from what was done for
GyM (section 4.2.2) and AUG (section 6.2.2) simulations, where the pumping surfaces
were localised, here RECYCT < 1 on the entire vessel surface.

In simulations including C impurities, physical sputtering yield Yy, is calculated ac-
cording to the Roth-Bohdansky formula [132] and a constant chemical sputtering yield
equal to Yehem = 3.5% is used, as done in previous simulations of TCV with SOLPS-
ITER [133].

A feedback condition on the D, gas injection is also used. The puffing strength 'p, pus is
adjusted iteratively to match the separatrix electron density value at the OMP selected
by the user. Most simulations described in this section used ne sep@omp = 1 x 1019 m=3.

Referring to the different boundaries shown in figure 7.2.b, the BCs used to solve B2.5
equations in TCV simulations are the following:

(a) Divertor targets: sheath boundary conditions, for densities, temperatures, veloci-
ties and electrostatic potential.

(b) Far SOL: zero gradients of the parallel velocities, zero current for the potential
equation and decay boundary condition for n,;, T, and T; with Agecay = 1 Cm.

(c) PFR: zero gradients of the parallel velocities, zero current for the potential equa-
tion and decay boundary condition for n,, T, and T; with ajeax = 1 x 1073,

(d) Core: at the core boundary, we used zero parallel velocity gradient and zero cur-
rent boundary conditions. Different density boundary conditions were analysed
as discussed in the following. For electron and ion energy equations, we im-
posed the total power entering the edge region from the core. However, since
the total power absorbed by the plasma is a quantity subjected to uncertainty, we
evaluated the effect of a 20% error in Pg/i core-

Dirichlet boundary condition (BCCON = 1) at the core mesh boundary is the easiest
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Figure 7.3: a) Effect of different core density boundary conditions. The dotted line shows
the profiles obtained with BCCON = 1 and the mesh which neglects the port protection tiles
(figure 7.2.c). b) Effect of different core temperature boundary conditions in terms of total
power entering the edge plasma from the core. ¢) Effect of including carbon ions eroded from
the wall into the simulations. ne and T, profiles as a function of the distance from the separatrix
are shown at the outer-mid plane @OMP (left), inner strike point @ISP (centre) and outer-strike
point @OSP (right) are shown.
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choice to match the experimental radial profiles at the OMP. By comparison with the
Thompson Scattering (TS) measurements, we set (Np+)core = 2.5 x 10 m=3. This
strategy, however, is not optimal to perform the modelling of the density ramp which
will be described in section 7.3. For this reason, we also tried a Neumann bound-
ary condition (BCCON = 2) imposing (9,Ne)core = —1 x 102°m~* and the feedback
boundary condition on the total isonuclear species particle flux (BCCON = 27). As
discussed in section 6.2.2, this latter BC imposes the value of the total (ion + neutrals)
particle flux crossing the core boundary. For a deuterium plasma the condition reads
['core,B2.5,0+ + ['core,EIRENE,D, + ['core,EIRENE,D + [ core,EIRENE,D; = O

Figure 7.3.a presents the B2.5 density boundary conditions analysis. The comparison
of results obtained with different BCs shows that the three boundary conditions pro-
duce similar results. The value of (0,n¢)core, hOWever, underestimates the magnitude
of the density gradient at the core boundary. In the following, we will consider only
Dirichlet and feedback boundary condition for density, thus the (9,n¢)core Was not fur-
ther optimised.

Figure 7.3.a also shows (dotted line) the result of the simulation performed with the
mesh that neglects the port protection tiles in the vessel structure (figure 7.2.c). The
simulation was performed with Dirichlet density BC at the core boundary, i.e. (Np+)core =
2.5 x 10" m~3. As one expects, the main difference with respect to the analogous sim-
ulation with the standard mesh is at the OSP. In particular, a sharper decrease in the
density and temperature profiles is obtained. This is related to the fact that the SOL flux
tube at the OSP is more narrow in the mesh of figure 7.2.c than the one of figure 7.2.b.
If one plots the profiles at the OSP as a function of the mesh cell number, instead of the
physical distance from the separatrix s — Ssep, then the two profiles are superimposed.

Results of the analysis of the electron and ion energy core boundary conditions are
shown in figure 7.3.b. The experimental core power is computed as the difference
between the Ohmic power and the power radiated from the core Ponm — Prag &= 200 KW.
To understand the impact that the experimental uncertainty of this value has on the
simulation results, we performed three simulations with Py, = 160 — 200 — 240 kW.
We also assumed that the effective core power is equally shared between electron and
ion populations. Simulations are performed with Dirichlet BC at the core boundary, i.e.
(Np+)core = 2.5 x 10" m~3. The main differences in the three simulations are related
to the temperature profiles, while n, profiles are almost identical due to the Dirichlet
boundary condition at the core. The temperature at the core boundary and its peak
value at the strike points are directly proportional to the core power.
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Anomalus transport coefficients

Differently from the analysis presented in section 6.2.2 for ASDEX-Upgrade simula-
tions, for TCV it was possible to obtain good qualitative and quantitative agreement
with the experimental data implying constant radial and poloidal profiles of D, and
Xei- A parametric scan similar to the one presented in section 6.2.2 was performed
and eventually D, = 0.2m?/s and ye; = 1.0m?/s were chosen. These values agree
with anomalous transport coefficients used in other positive triangularity TCV simula-
tions [133—-135].

Carbon impurities

Finally, we evaluated the effect of carbon impurities eroded from TCV graphite first
wall. To do so, we activated physical and chemical sputtering of the PFCs and we
added carbon atoms (C) and ions (C*, C?+, C3*, C*, C° and C®) to the plasma
species. The carbon impurity effect was evaluated under two scenarios: low-density
and high-density. Both used feedback density boundary condition at the core (BC-
CON = 27 and BCCON = 26 for the carbon ions), total power at the core boundary
Peore = 200 kW, D, = 0.2m?/s and xe; = 1.0m?/s. They differed on the feedback
condition on gas puffing strength: the low-density case set the target electron density
value at the separatrix@OMP t0 ne sep@omp = 1 x 10" m~3, while the high-density case
used Ne sep@omp = 2 x 109 m~3,

Figure 7.3.c compares the results of the four simulations: low and high-density sce-
narios with only deuterium (solid line) and activating sputtering and including carbon
(dashed line). In general, the results including C impurities are very similar to the ones
obtained including only D species, in terms of n, and T, profiles at the OMP and strike
points. Slight differences in the T, can be observed at the inner strike point for the low-
density simulation: including C results in a reduction of the peak electron temperature
of ~ 3 eV.

Simulations including carbon, however, provide additional information related to impuri-
ties concentration and distribution. Figure 7.4 shows the density of the different carbon
ion populations inside the plasma domain. Data refers to the high-density scenario.
The comparison of the impurity concentration with spectroscopic diagnostic can pro-
vide an additional benchmark between the simulations and the experimental data. The
total concentration of carbon ions (summed over all the charge states) is ~ 2% of the
total ion (D* + C™) concentration in the SOL and reaches ~ 5 — 7% in the PFR. In the
core plasma, the impurity concentration is < 0.5%. Low-charge states (C*, C?>* and
C3+) are mostly localised outside the separatrix in the lower part of the SOL (below the
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Figure 7.4: Density distribution of the carbon ion impurities in the plasma.

midplane), around the inner divertor leg and in the PFR. C* and C?* are the most abun-
dant states. In the lower SOL, their concentration is ~ 1% of the total ion concentration
and in the PFR it is close to ~ 5%. Higher charge states are present in the core region
and in the upper SOL. The dominant high-charge impurity is C**. Its concentration is
~ 1% in the upper SOL and =~ 0.5% in the upper core region. C°* is mostly localised in
the upper SOL (above the outer mid-plane) and in the upper core and in these regions
has a concentration < 0.1%. C® has a concentration below < 1 x 107°.

7.2.3. Benchmark with experimental data

The analysis presented in section 7.2.2 allowed us to understand the effects of the
different code parameters and optimise the simulations to benchmark the experimental
data. The experimental data for the benchmark are selected around t¢ ~ 0.7 s, which
corresponds to (1) in figure 7.1. T, and n, profiles at the mid-plane are retrieved from
the Thompson Scattering measurements, while the target profiles are estimated from
the vessel Langmuir Probes.

The optimised simulation implied the plasma mesh including the port protection tiles
(figure 7.2.b) and consider a pure D plasma without carbon impurities. Concerning
BCs, it used the feedback boundary condition on the core particle flux (BCCON =
27) and a total core power P = 200 kW equally divided between electron and ion
populations (BCENE = 8 and BCENI = 27). Constant anomalous transport coefficients
were used, D, = 0.2m?/s and ye; = 1.0m?/s. The feedback condition on the gas
puffing strength is also used, setting a target value for ng sep@omp = 1 x 10" m=3.
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Figure 7.5: Benchmark between the experimental ne and T, radial profiles and SOLPS-ITER
simulations of negative triangularity configurations. The dashed line shows the results obtained
with the No-tile mesh (figure 7.2.c). The benchmark is done with Thompson Scattering data at
the OMP (left), and Langmuir probes data at the ISP (centre) and OSP (right).

The simulated electron density and temperature profiles at the OMP and strike points
are shown in figure 7.5 (solid lines) and compared with experimental data (dots). Glob-
ally, a qualitative and quantitative agreement can be observed. In particular, at the
OMP, the selected combination of boundary conditions and anomalous diffusion co-
efficients is able to quantitatively and qualitatively recover many of the experimental
features, such as the shape of density and temperature profiles, the n, and T, values
at the core boundary. Only the electron temperature at the separatrix is slightly over-
estimated if compared to TS data.

The electron density profile at the strike points is the quantity for which the simulations
are less close to the experimental data. The discrepancy between simulations and
experiments is largely due to the absence of the effect of the drift in the SOLPS-ITER
transport model implied to perform these simulations. As highlighted in section 6.2.2,
the direction of the V B-drift velocity affects the shape of the strike points n, profiles, as
showed by the comparison of forward and reversed field data in figure 7.1. For further
interpretation of the density profiles and to improve the agreement with the experimen-
tal profiles, thus, SOLPS-ITER simulations including drifts should be performed. For
this reason, most of the conclusions that will be drawn in the following will be based on
the T, profile at the OSP. Temperature profiles, indeed, match well the LP estimate at
both strike points.
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As discussed in section 7.2.1 the port protection tiles in correspondence with the
OSP are not toroidally symmetric and the LPs used to estimate n, and T, profiles
are installed on top of those tiles. To further investigate the impact of the hypothe-
sis of toroidal symmetry of the PFCs implied by SOLPS, the dashed line in figure 7.5
shows the profiles obtained with the mesh which excludes the port protection tiles (fig-
ure 7.2.c). This simulation is performed with the same setup used for the reference
simulation (solid line), except for the density boundary condition at the core which is
a Dirichlet condition (BCCON=1) with (p+)core = 2.5 x 10" m~3. The differences be-
tween solid and dashed lines at the ISP are only related to the different choices for the
density boundary conditions at the core boundary. At the OSP, instead, the compari-
son highlights that the longer outer divertor leg, corresponding to the mesh without the
target protection tiles, results in a narrower T, peak. This simulated profile seems to
better reproduce the experimental one. The peak value of T, at the strike point, on the
contrary, is not affected by the different meshes.

7.2.4. Comparison with a positive triangularity discharge

Once the NT simulation was benchmarked with experimental data, we investigated the
differences with respect to a similar discharge with positive triangularity. The strategy
adopted to perform the PT simulation was to keep the same setup parameters used for
the benchmark of the NT simulation with experimental data and only exchange the NT
plasma mesh with the one built on the PT equilibrium, as discussed in section 7.2.3.
By keeping the same boundary conditions and anomalous transport coefficients, the
aim of this study is to isolate the differences related to a different shape of the magnetic

topology.

As a reference for the positive triangularity analysis, we used a TCV discharge (#67467)
with very similar parameters as the negative triangularity one. Again it is an Ohmic LSN
discharge with forward field By = 1.4 T and plasma current |, = —220kA. The triangu-
larity is now positive but with a similar absolute value § = 0.27. Figure 7.6 shows the
time evolution of the line averaged electron density (n.) (top-left), the magnetic equi-
librium plotted on a poloidal cross-section (top-right) and the outer strike point T, and
ne estimated once more by the in-vessel Langmuir probes (bottom). In this case, we
consider only the forward B field configuration.

The plasma mesh is built on the magnetic equilibrium reconstruction at t = 0.8 s.
The shape of the PT equilibrium on the poloidal plane is shown in figure 7.7.a and the
SOLPS-ITER mesh is shown in figure 7.7.b. The resolution of the B2.5 mesh (black) is
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Figure 7.6: Line averaged electron density (top), electron temperature and density profiles at
the OSP (bottom) and magnetic equilibrium reconstruction (right) of the reference TCV dis-
charges in positive triangularity. The figure shows a comparison of forward (B, = 1.4 T) and
reversed magnetic field (B, = —1.4 T) discharges with the same global parameters.
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the same which was used for the NT simulations, n, x n, = 84 x 24. EIRENE triangular
mesh is plotted in grey.

The results of the SOLPS-ITER simu-

lation with PT are shown in figure 7.8 TCV positive triangularity #67467
0.8 T

and compared with the corresponding s \

a).

experimental data. As for the NT bench- osil
mark, we reported the electron density
and temperature profiles at the OMP and
strike points and we used experimen-
tal data from TS and LPs, respectively. e
Despite the simulation setup being opti- ol .
mised for negative triangularity, the com-
parison of the simulated profiles shows
remarkably good agreement with the ex- 04}
perimental data for PT. In particular, the
simulated density profiles at the strike S
points, which showed discrepancies with s Ot — S -
respect to LP measurements for NT con-

figuration, almost perfectly match the ex-  Figure 7.7: a) Magnetic configuration and b)
periments in PT. This could be a sign of a fyo;thgrg? mash for the positive triangular-
lower influence of drift velocities in posi-

tive triangularity with respect to the neg-

ative one. Unfortunately, the reversed Bfield discharge has no vessel LP data available
to compare. SOLPS-ITER simulations with drifts activated could provide more informa-
tion on the density profiles at the strike points.

The second aspect that can be noted is that assuming the same density and heat
anomalous transport as of NT, in PT electron temperature is globally overestimated by
SOLPS. At the core boundary and at the strike points the difference between simula-
tion and experiments is ~ 10 — 15 eV. By increasing the anomalous heat conductivities
ke, and x; the benchmark is improved at the core boundary but the overestimation
is maintained at the strike points.

04

0.2

0.2

-0.6

Finally, we compare NT and PT simulations. The outer midplane profiles in NT and PT
are similar. However, although both simulations use D,, = 0.2m? /s the density profile in
PT is slightly less steep and results in lower radial particle flux. This can be observed
in the lower red and blue curves in figure 7.9, where the density and radial particle flux
profiles at the OMP are shown for ne sep@omp = 1 x 109 m=3,
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Figure 7.8: Benchmark between the experimental ne and T, radial profiles and SOLPS-ITER
simulations of positive triangularity configurations. The benchmark is done with Thompson
Scattering data at the OSP (left), and Langmuir probes data at the ISP (centre) and OSP

(right).

Concerning electron temperature at the strike points, we observe that SOLPS-ITER
simulations predict that at the ISP the peak electron temperature is higher for the
PT simulation Tgmax@isppt > Temax@isent While at the OSP it is higher for NT one
Temax@osp.rT < Temax@ospnT- This trend is also observed experimentally, although
Temax,pT IS Overestimated by simulations both at the ISP and OSP, as discussed previ-
ously in this section. As already discussed, for further analysis of the electron density
profiles at the strike points drifts fluxes should be included in the SOLPS-ITER model.
Another interesting comment can be done regarding the width of the electron temper-
ature peak at the OSP. If we consider simulation with the plasma mesh without port
protection tiles (figure 7.2.c), simulations reproduce the experimental observation of a
narrower heat flux tube in NT, which results in a narrower T, peak at the OSP with
respect to PT. On the contrary, a wider T, peak in NT is obtained using the mesh with
toroidally symmetric tiles. As discussed in section 7.2.3, this once again highlights that
the toroidal symmetry approximation can have a role in determining the correct plasma
profiles at the OSP for the NT simulation.

In conclusion, both simulations and experiments seem to indicate that in discharges
with NT equilibrium, plasma is more detached at the ISP and more attached at the
OSP if compared to PT discharges with similar upstream conditions. Concerning PFC
erosion and comparing NT and PT discharges, a higher sputtering yield is expected
for NT at the OSP and for PT at the ISP. However, the eroded flux also depends on
the incident ion flux, thus on the ion density in front of the divertor. A more detailed
analysis should be hence performed with drifts activated.
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7.3. Density ramp simulations

All the simulations presented in section 7.2 aimed at reproducing the reference experi-
mental conditions during the low-density flattop indicated with (1) in figures 7.1 and 7.6
for negative and positive triangularities, respectively. With the work presented in this
section, instead, we aimed at investigating the plasma conditions during the density
ramp, corresponding to points (2), (3) and (4) in the same figures. The aim of this
analysis was the examination of how positive and negative triangularity scenarios with
similar parameters evolve towards the outer strike point detachment.

In this work, the density ramp was modelled with SOLPS-ITER following two differ-
ent strategies: (i) by increasing electron density at the separatrix nesep@omp through
the feedback condition on D, puffing at constant anomalous diffusion coefficients (sec-
tion 7.3.1) and (ii) by reducing the anomalous particle diffusion coefficient D, at con-
stant nesep@omp (Section 7.3.2). The analysis (i) at increasing ne sep@omp is performed
for both positive and negative triangularity.

7.3.1.  Density ramp modelling by increasing ne sep@omp

This section describes modelling a density ramp with SOLPS-ITER at constant anoma-
lous diffusion. Starting from the reference setup for NT and PT configurations de-
scribed in section 7.2.3 and 7.2.4, we repeated the simulation only varying nesep@omp
in the range 0.75—2.0 x 10'® m~3. All the other parameters related to anomalous trans-
port and boundary conditions were kept fixed. This method allows isolating the effects
of the density increase in negative and positive triangularity if the only difference be-
tween the two configurations is a different shape of the magnetic flux surfaces. In doing
so, we assumed that the density ramp, i.e. the increase in (n.), is directly related to the
increase of the density at the separatrix nesep@omp. We compared SOLPS-ITER sim-
ulation results at increasing ne sep@omp With experimental data referring to subsequent
instants during the density ramp. In this way, we investigated whether the different
magnetic shapes alone can be responsible for the differences between PT and NT dis-
cussed in section 7.1 or if additional assumptions of a different behaviour with respect
to cross-field transport should be considered.

Figure 7.10 shows the simulated radial profiles (solid lines) of electron density and tem-
perature at the OMP and OSP for 1.0 — 1.25 — 1.5 - 1.75 — 2.0 x 10" m—2 compared
to experimental profiles (dots) taken at different times along the density ramp. Darker
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colours mean higher density. The global agreement between simulations and experi-
ments is good for both NT and PT density scan simulations. In particular, the simulated
values of (n.)@omp at the core boundary are within the experimental error both in NT
and PT. For higher nesep@omp, the simulated profiles in the core region (s — Ssep < 0),
however, overestimate n. in PT.

The density profiles at the OMP for NT and PT are compared in a single graph in
figure 7.9 (top). The bottom panel of figure 7.9, instead, compares the radial cross-
field ion fluxes'. In absence of drifts, cross-field fluxes are only due to anomalous
diffusion, as shown by equation (5.17) in sec-
tion 5.1.3. Despite all simulations having the
same diffusion coefficient D, = 0.2m?2/s71,
negative triangularity simulations produce
systematically higher cross-field fluxes close
to the separatrix and thus higher (in modulus)
electron density gradients. The presence of
steeper density gradients in the edge plasma
seems to be confirmed by experimental data.
Figure 7.11.a shows the line averaged elec-
tron density (n.) as a function of the separa-
trix electron density ne sep@omp in the negative
(both forward and reversed field discharges) :
and positive triangularities (forward field). We -20 0 20

can observe that (n,) is generally higher in (S - Ssep)aowe (M)

NT and it is higher for lower ngsep@omp, Which .

means that strolnger gradler.ﬂs in the plasm.a Z('agnusriff('%p?Zr:dpegisz:‘ogfsggfg ﬂel:icggj
edge should exist so that higher core densi-  fjjeg (bottom) in density scan NT (solid
ties can be reached. We also observe thatthe blue) and PT (dotted red).

maximum nesep@omp iN NT is limited to lower

values with respect to PT.

x10"°

F_L,D+ (3_1)

Moving to the analysis of T, profiles at the OMP, from figure 7.10 we can observe that
NT simulations tend to underestimate T, at higher densities, while PT simulations over-
estimate T, at lower densities. Both NT and PT simulations, moreover, overestimate
the electron temperature at the separatrix with respect to experiments.

At the outer strike point, both NT and PT simulations predict an increase in the n, peak
value and a reduction of the T, peak at increasing density. Experimentally, however,

'In absence of radial currents, I | p- =T ¢
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Figure 7.10: Density ramp simulations with a) negative and b) positive triangularity configura-
tions and benchmark with experimental data collected at different times during the density ramp.
Outer midplane (first column) and outer strike-point (second column) profiles are reported.
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Figure 7.11: Analysis of detachment from density ramp simulations with negative and positive
triangularity configurations. a) Line averaged electron density, b) peak electron temperature at
the OMP, ¢) D, gas puffing strength and d) divertor gas pressure as a function of the separatrix
electron density.
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this is only observed for positive triangularity. For NT, both n, and T, peaks remain
almost constant through the density ramp. Quantitatively, simulations tend to under-
estimate the experimental n, at the OSP for low density and overestimate it at high
density. The T, peak value at the OSP as a function of ngsep@omp is shown in fig-
ure 7.11.b. The general experimental trend for which the peak temperature at the outer
strike point is higher in NT with respect to PT is reproduced by simulations. How-
ever, NT simulations overestimate a factor of ~ 2 the peak temperature value and
of a factor ~ 4 its decrease as a function of the separatrix density, with respect to
experiments. We also notice that, as observed earlier, the experimental ngsep@omp
in NT is limited to ~ 1.5 x 10" m~3, despite a globally higher (n.) (with respect to
PT). In PT, instead, despite the overestimation of T, max@osp for the lowest densities,
at Nesep@omp = 1.25 x 109 m~3 simulations match well the temperature detachment
trend: both the decreasing trend and the absolute value of Tg max@osp-

Figures 7.11.c and 7.11.d show the trends of D, gas puffing strength and the diver-
tor gas pressure as a function of ngsep@omp. Simulations recover the correct order-
ing between negative and positive triangularity results: both puffing and pressure are
higher for NT. The puffing strength is quantitatively well estimated by the simulations?,
while the divertor pressure is overestimated with respect to experimental one of a fac-
tor ~ 2 — 3. This discrepancy was observed in previous SOLPS-ITER simulations of
TCV [134, 135]. We observed, however, that including C impurities can reduce the
discrepancy. In the simulation with Nesep@omp = 2 x 10" m~=2 including C impurities
estimates ppqiv ~ 0.06 Pa.

7.3.2. Density ramp modelling by decreasing D,,

As discussed in section 7.3.1, the density ramp simulations at increasing ne sep@omp and
constant anomalous particle diffusion D, overestimate the temperature detachment at
the OSP for NT, while producing a good agreement with the experimental findings for
PT. To further investigate this different detachment behaviour a second modelling ap-
proach for the density ramp was also implemented for the negative triangularity case.

This section thus discusses the modelling of the density ramp in NT by reducing the
value anomalous ion diffusion coefficient D, at constant ngsep@omp- This preliminary
study assesses the effect of a constant reduction of the anomalous diffusion coeffi-
cients. The global value of D, varied, but its profiles (poloidal and radial) are kept

2We recalll that the simulations were performed with the feedback scheme for the gas puffing, thus
making this quantity an outcome of the simulation rather than an input.
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Figure 7.12: Density ramp modelling strategies at increasing ne sep@omp (dotted) and at de-
creasing D, (solid). a) Electron density and b) ion cross-field flux at the outer midplane and ¢)
electron density and d) temperature at the outer strike point.

constant. The simulations are performed with the reference inputs described in sec-
tion 7.2.3 in terms of mesh and boundary conditions. The feedback condition on the D,
puffing strength fixed the value of nesep@omp = 1.25 x 10" m=3. This value is chosen
to be in the range of the experimentally obtained values for ngsep@omp. The particle
diffusion coefficient is decreased in the range 0.2 — 0.05m?/s~".

Results of the simulations at decreasing D, are shown in figure 7.12 with solid lines and
compared to the simulations at constant D, and increasing nesep@omp (dotted lines).
The darker the solid line, the lower the corresponding D,. We observe that by decreas-
ing D, at constant nesep@omp, We were able to reproduce the foreseen density-ramp
behaviour, i.e. an increase in the core electron density at the outer midplane. More-
over, this second modelling strategy of the density ramp suppresses detachment at the
OSP, producing behaviour that is more similar to what is observed experimentally for
NT discharges. Indeed, by decreasing D, we obtained higher core density and higher
peak temperature at the OSP. The opposite trend was instead found by increasing, i.e.
higher core density corresponded to lower Tgsep@osP-

7.4. Conclusions

In this chapter, we presented the first analysis of boundary plasma transport in negative
triangularity performed with SOLPS-ITER. The study was done in the context of the
EUROfusion WP-TE research topic on the investigation of negative triangularity as
an alternative configuration for the European DEMO power plant. The main focus of
this work has been the support of experimental detachment investigation in negative
triangularity L-mode Ohmic TCV discharges, performing interpretative modelling with
the SOLPS-ITER boundary plasma code package.
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This work showed that the SOLPS-ITER code is able to perform simulations of neg-
ative triangularity single null configurations producing results that are in good agree-
ment with the experimental data. Even though we used a simplified transport model
which neglects drifts, outer midplane n, and T, profiles and T, profiles at the strike
points quantitatively and qualitatively match the experimental data from TS and LPs.
Comparing experimental plasma profiles of forward and reversed field discharges, we
concluded that to have a better understanding and interpretation of the strike points ne
profiles the model including drift velocities contributions is required. The effect of car-
bon impurities sputtered from the PFCs was also evaluated and since only marginally
modified the results of interest, it was neglected in the subsequent analyses.

The NT magnetic equilibrium of the reference discharge is such that the outer strike
point is located on the recently installed TCV port protection tiles. These elements are
not toroidally symmetric and thus their correct 3D geometry can not be simulated with
the standard toroidal-symmetry approximation implied in SOLPS-ITER. To evaluate
the consequence of SOLPS approximation, we performed simulations with toroidally-
symmetric tiles and with a straight wall boundary without the tiles. The two geometries
differ from each other in the length and flux expansion of the outer divertor leg. The in-
crease of the leg length resulted in a narrowing of the SOL flux tubes at the plasma-wall
interface and a consequent reduction of the OSP electron temperature peak width. The
reduction in width was not accompanied, however, by an increase in the peak value.

The NT discharge was then compared to a PT one with similar parameters. The NT-
PT comparative simulation was performed by using two different plasma meshes, with
the same resolution but built on the NT and PT magnetic equilibrium reconstructions,
respectively. All the others code parameters (boundary conditions, plasma-neutral in-
teraction model and anomalous transport coefficients) were kept fixed. Results of the
comparative simulations show that some of the differences between NT and PT dis-
charges which were observed in experiments can be recovered only by assuming dif-
ferent shapes of the magnetic flux surfaces. In particular, we find that T, at the OSP is
higher in NT with respect to PT and the heat flux channel between OMP and OSP is
wider in PT.

Preliminary studies of plasma detachment were performed both in negative and posi-
tive triangularity configurations. Density ramp experiments were first simulated assum-
ing that the increase of the line averaged plasma density (n,) corresponds to an in-
crease of the density at the separatrix ng sep@omp. We perform a series of SOLPS-ITER
simulations (in NT and PT) by increasing ne sep@owmp in the range 0.75—2.0 x 10" m=3.
This study keeps anomalous diffusion constant and thus isolates the effects of the
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Ne sep@omp iNCrease with different magnetic flux surface shapes. Results of the sim-
ulations show that some of the features observed experimentally are reproduced. In
particular, NT OSP electron temperature is higher than the PT one, for every value of
Ne sep@omp- 1 he experimental trend of temperature detachment in PT is also well repro-
duced. However, NT simulations overestimate the decrease of T, max@owmp at increasing
Nesep@omp- 1Nis results in an overestimation of plasma detachment in NT.

The second strategy used to model the density ramp was to fix ngsep@omp and artifi-
cially decrease the cross-field diffusion of particles by reducing the D, coefficient. With
this method, OSP detachment is completely suppressed for NT the configuration ac-
cording to SOLPS-ITER results.

In conclusion, the experimental observations on NT reduced detachment made in TCV
are compatible with the assumption of a limitation of the ne sep@omp Nt < 1.5 x 109 m~3
(lower with respect to analogous PT conditions). The increase of the line averaged
plasma density at fixed edge density could be achieved by suppression of cross-field
transport.
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Conclusions and perspectives

This doctoral thesis is well-integrated into the international context of the research
on nuclear fusion and touches on several topics among the current priorities of edge
plasma investigation. In particular: (i) it focused on the modelling of linear plasma de-
vices, which are largely used for plasma-material interaction studies and as material-
testing facilities for plasma-facing components; (ii) improved the numerical investiga-
tion of helium plasmas, focusing on plasma-neutral interaction databases and the re-
construction of helium plasma background for the modelling of PMI experiments in
tokamaks and LPDs; (iii) it presents the first analysis on plasma detachment modelling
in negative triangularity tokamaks.

The main conclusions of the work can be summarised as follows, together with the
perspectives for future developments.

Advance and improve the available modelling tools for linear plasma devices:
SOLPS-ITER is the state-of-the-art code package used to investigate edge plasma in
tokamaks and that was implied to design the ITER divertor. The physical model in-
cludes the transport of the plasma ions and electrons along and across the magnetic
flux surfaces, the physics of plasma-neutrals interaction and plasma recycling. Within
the thesis work, we proved the possibility to exploit this code to describe the plasma
inside a linear plasma device and then use the plasma background for global and local
PMI modelling in LPDs.

We developed a set of Matlab-based scripts to produce the field-aligned plasma mesh,
consistent with the geometry and the magnetic field of the GyM linear plasma device
of ISTP-CNR. We performed a benchmark of the SOLPS-ITER modelling with GyM
experimental data and we used the plasma background to perform the first global mod-
elling of the erosion of the GyM vacuum chamber during plasma operation. This study
was performed for a helium plasma background, investigating the erosion of different
wall materials and the effect of negative bias applied to the wall.

An interesting development of this work would be to perform more realistic simulations
of a PMI experiment in GyM LPD by implying the new extended grid version of the
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SOLPS-ITER package. This would allow for the possibility to include the sample-holder
geometry within the plasma column. An analysis of how the sample holder influences
the plasma background could be performed and compared with experiments. More-
over, erosion and impurity migration modelling would then allow for the description of
the realistic experimental geometry in which PMI experiments are performed in GyM.

The simple cylindrical geometry of a LPD was also used as a testbed for the bench-
mark of the mean-field diffusive and turbulent cross-field transport models. A detailed
comparison of the equations implemented in the 2D SOLPS-ITER and 3D GBS numer-
ical codes was performed and the two codes were used to model the plasma transport
in the GyM linear device.

This work highlighted the role of gradients in the symmetry direction 9,(-) in produc-
ing additional radial fluxes. These gradients are neglected because of the symmetry
hypothesis made by 2D models and, although derived for the linear geometry, this con-
clusion is valid also for tokamaks.

A possible further development could be the investigation of the magnitude of the ad-
ditional cross-field contributions related to 9,(-) in typical tokamak conditions, to un-
derstand if they are compatible with typical anomalous contributions. Additionally, one
could then assess if an improved description of radial cross-field transport could be ob-
tained by including the 3D contributions within the mean-field approximation, thus still
avoiding the computational cost connected to the resolution of the turbulent temporal
time scales.

Improve and develop modelling tools for helium plasmas in LPDs and tokamaks:
Tokamak operation in helium plasma and the consequent interaction between helium
ions and the wall materials are crucial aspects to be further investigated in preparation
for the ITER Pre-Fusion Operation Phases. This thesis work contributed to advancing
the modelling activities in this direction, focusing both on the PMI modelling in LPDs
and boundary plasma tokamaks.

The SOLPS-ITER database of plasma-neutral interaction processes for helium was
expanded, including charge exchange and excitation of He atoms. These processes
were proven to be particularly important in a low-temperature mildly ionized plasma as
the one produced in the GyM machine. Moreover, the influence of these processes on
the plasma background also had consequences in determining the global erosion of
the device chamber.

The role of atomic processes in low-temperature plasma was also examined thanks to
the development of an original OD global model. This tool was benchmarked against
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SOLPS-ITER simulations showing a remarkably good agreement in both reproducing
the qualitative trends and the quantitative results. Moreover, with the 0D model, it was
possible to investigate the global effect of metastable helium atoms, explicitly consid-
ering the additional particle population. A direct development of this work would be
the inclusion of He'®® and He3®) populations in the EIRENE model to address the
possibility of local effects connected to the transport of the metastables.

SOLPS-ITER was also implied to reconstruct the helium plasma background of an
ASDEX-Upgrade discharge. The work presented in this thesis focused on the inves-
tigation of an attached L-mode discharge. The outcomes of our modelling allow re-
trieving the relative fraction of He* and He?* ions in the total ion flux collected by the
divertor probes. This parameter is crucial to correctly assess the erosion properties
since the ion impact energy at the wall depends on the ion charge, however, it is not
easily estimated from experimental measurements.

In the future, the database of helium simulations should be further expanded by in-
vestigating different operational conditions. Experimental discharges in helium, in fact,
were performed in ASDEX-Upgrade under L and H-mode conditions with attached and
detached plasmas. In the context of analysing the PFC erosion, it could be interesting
to investigate how the He*/He?* relative fraction varies with varying discharge param-
eters. The investigation of the plasma detachment mechanism in helium, moreover, is
important since it allows studying this phenomenon in purely atomic plasma and com-
paring it to molecular species like hydrogen or deuterium.

Identification of different detachment behaviour in negative and positive trian-
gularity: Alternative magnetic configurations with improved confinement and reduced
PWI are of great interest for future fusion reactors. In this thesis, the SOLPS-ITER
boundary plasma package was used for the first time to compare the detachment be-
haviour of negative and positive triangularity configurations. Recent experimental ob-
servation in TCV seems to indicate a reduced detachment of the outer strike point in
NT discharges if compared to similar PT ones.

The outcomes of the SOLPS-ITER modelling described in this thesis indicated that
the experimental observations are compatible with different behaviour of negative and
positive triangularity configurations with respect to cross-field transport at increasing
average plasma density. Indeed, the experimental trend of positive triangularity detach-
ment during a density ramp experiment is well captured by simulations at increasing
separatrix electron density with constant cross-field diffusion. If the same analysis is
performed for the negative triangularity equilibrium, detachment is overestimated with
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respect to the experiment. To reproduce the detachment suppression observed exper-
imentally, cross-field transport must be reduced in the NT simulations by decreasing
the anomalous particle diffusion coefficient D,,.

Due to the promising role that negative triangularity tokamaks may have as an alterna-
tive configuration for the European DEMO reactor, this first and preliminary outcome
deserves to be further investigated. In particular, the SOLPS-ITER model should in-
clude fluxes related to drift velocities, which were neglected in this preliminary analysis.
This would allow for better comparison with forward and reversed field experiments.
Moreover, this first negative triangularity simulation database should be extended. The
first possibility is to repeat the D, density-ramp simulations for different nesep@ome,
seeking for correlations between the radial cross field flux, the separatrix density and
the OSP electron temperature. A second possibility could be to focus on lower and
upper triangularities separately, by performing simulations based on different equilibria
reconstruction to build the plasma mash. Finally, a comparative study with turbulent
codes should be performed in order to understand the role of triangularity in determin-
ing the physical origin of the different cross-field behaviours.
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A | Conservative and advective form of Braginskii
equations

Density conservation equation:

on
E+V( V) =S, (A

Momentum conservation equation:

Conservative form:

a(nmv .
( )+V-(nmvv)+Vp+V-I'I
ot
(A.2)
- Zne Z Raa/ + S
a#a'
Advective form:
oV . .
nm— + (nmvV-V)V+Vp+V -0
ot
. (A.3)
= Zne(E Z R.y + S — MVS,
a#a
Total energy conservation equation:
Conservative form:
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Advective form:

a0 . 3 1, _ _ _
n<a—t+v-v) (§T+§mv)+v- {qs+nTV+g-v}

=, 3 1 (A.5)

= ZneE - v + Z Q.0 + ST — S, (§T+ Emv2>
aa’

Internal energy conservation equation:

Conservative form:
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B | Equations of the 0D global model including He
metastable state
This appendix reports the global 0D equations, used to perform the studies presented

in section 4.4.2, including the effects of He metastable states. These equations are the
metastable-resolved form of equations (3.4), (3.5) and (3.6).

an
71'1 = Riz,(1s)nenn,(1s) + Riz,(Zs)nenn,(ZS) - ch,(1s)neni - Riz,(ZS) NeNji — ri,wallni B.1)
dn 1
g; J = —Riz,(15)NeNn (1) + R (1) NeNi + Xi2s)—(15)Neln,(25)
(B.2)
rn,puff
- X(1s)—>(23)nenn,(1s) + [ nrecyci — [ npumpfn,1s) + Vol
dn 2
;l‘( o = _Riz,(ZS)nenn,(Zs) + ch,(zs)neni + X(1s)—>(2s)nenn,(1s) ®.3)
- )((ZS)aﬁs)nenn,(Zs) - rn,pumpnn,(Zs)
3 dTe Pext

“Ne—— = o — Eiz(1s)Riz, (1) NeNn,1s) — (Eiz(1s) — E(2s)) Riz,(25)NeN
) e at VO|e iz,(1s) Miz,(1s)1elIn,(1s) ( iz,(1s) (25)) iz,(2s)!'le!'n,(2s)

- En,rad,(1s) Rn,rad,(1s)nenn,(1s) - En,rad,(2s) Rn,rad,(zs)nenn,(ZS)

- E(2s)X(1s)—>(2s)nenn,(1s) - Ei,radRi,radneni - re,waIITene (B.4)
32m

- ETjeRi,elnine(Te - T
32m 3 dn;

— EF:Rn,el(nn,Us) + nn,(23))ne( Te—T,) — EFTI Te

where X1s)—(25) @and Xpos)—(15) are the metastables cross-coupling coefficients, Ei (15 =
24.5 eV is the ionization energy of the ground state and Ep) = 19.8 eV is the energy
of the triplet state He 3(2s).

We assumed that puffing and plasma recycling only produce gound-state He atoms,
while turbo-pumps act as sink also for metastable He (2s) states.
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