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Abstract

The interaction between neutral particles and the plasma plays a key role in determining the
dynamics of the tokamak boundary that, in turn, significantly impact the overall performance
of the device. Leveraging the work in Wersal and Ricci [Nucl. Fusion 55, 123014 (2015)],
the present thesis describes the development and implementation in the GBS code of a
mass-conserving multi-component self-consistent model to simulate the interplay between
neutrals and plasma in the tokamak boundary. The simulation results are shown to be a useful
tool to disentangle the physics at play in the tokamak boundary, and in particular for the
interpretation of gas puff imaging (GPI).

Developed in the last decade, the GBS code [Ricci ef al, Plasma Phys. Control. Fusion 54,
124047 (2012)] allows for self-consistent three-dimensional numerical simulations of the
turbulent plasma and neutral dynamics in the tokamak boundary. In GBS, a set of Braginskii
equations in the drift limit describes the plasma time evolution, and the neutrals are mod-
elled by solving a kinetic equation using the method of characteristics. While GBS enables
simulations in arbitrary magnetic configurations, here we focus on limited plasmas.

We first describe the geometrical operators and proper boundary conditions to ensure that
mass conservation is satisfied. In comparison to the previous non-mass-conserving model of
GBS, the mass-conserving simulations capture more accurately the sharp transition of the
plasma and neutral quantities between the edge and scrape-off layer regions. In addition, we
show that mass conserving simulations allow for reliable quantitative studies of particle fluxes
in the tokamak boundary.

A multi-component model of the neutral-plasma interaction is then developed by extending
the single-component model to the description of a deuterium plasma that includes electrons,
D™ ions, D atoms, D, molecules and D} ions. The molecular dynamics is introduced through a
set of drift-reduced Braginskii equations for the D species and considering a kinetic equation
for D, molecules, in addition to the kinetic equation for D atoms, thus resulting in a coupled
system of kinetic equations for the atomic and molecular neutral distribution functions. The
first multi-component GBS simulations show that, in the relatively long mean-free-path,
sheath limited conditions under consideration, most of the D, molecules cross the last closed
flux surface (LCFS) and are dissociated or ionized in the edge region, thus giving rise to sources
of D atoms inside the LCFS. This leads to an inward radial shift of the peak of the plasma
source due to ionization of D atoms with respect to the single-component simulations.

The multi-component model is applied to the simulation of GPI diagnostics, where the pres-
ence of a molecular gas puff is simulated self-consistently with the plasma and neutral dy-



namics of the tokamak boundary. The injected molecules interact with the boundary plasma,
resulting in the emission of light in the D, wavelength that can be measured to infer the
turbulent properties of the plasma. The simulated mechanisms underlying the light emission,
which include the excitation of D atoms and dissociation of both D, and D}, provide a reli-
able tool for the interpretation of GPI experimental measurements. The impact of neutral
fluctuations on the D, emission rate is investigated, as well as the correlation between the Dy
emission and the plasma and neutral quantities.
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plasma physics, controlled fusion, tokamak boundary, scrape-off layer, limited configu-
ration, plasma turbulence, fluid simulations, drift-reduced Braginskii model, kinetic neu-
tral dynamics, neutral-plasma interaction, mass conservation, molecular dynamics, multi-
component plasma, gas puff imaging, molecular gas puff, neutral fluctuations
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Riassunto

Linterazione tra particelle neutre e il plasma svolge un ruolo fondamentale nel determinare
la dinamica al bordo di un tokamak. A sua volta, questa regione ha un impatto significativo
sulle prestazioni della macchina. Partendo dal lavoro di Wersal e Ricci [Nucl. Fusion 55,
123014 (2015)], la presente tesi descrive lo sviluppo e 'implementazione nel codice GBS di un
modello a pit1 specie, auto-consistente, che verifica la conservazione della massa, utilizzato
per simulare I'interazione tra i neutri e il plasma al bordo di un tokamak. I risultati delle
simulazioni si dimostrano uno strumento utile per districare i meccanismi fisici che hanno
luogo al bordo di un tokamak, particolarmente per l'interpretazione del GPI, una diagnostica
basata sull’iniezione di gas per visualizzare la dinamica del plasma.

Sviluppato nell’'ultimo decennio, il codice GBS [Ricci et al, Plasma Phys. Cont. Fus. 54,
124047 (2012)] permette simulazioni numeriche tridimensionali auto-consistenti del plasma
e dei neutri. In GBS, un insieme di equazioni fluide nel limite di deriva descrive I’evoluzione
temporale della dinamica torbolenta del plasma e i neutri sono modellati risolvendo la loro
equazione cinetica. Anche se il codice GBS permette simulazioni in configurazioni magnetiche
diverse, nel presente lavoro ci concentriamo su plasmi con un limiter.

Questa tesi comincia con la descrizione degli operatori geometrici e delle condizioni al bordo
adeguati per garantire la conservazione della massa. In confronto con il modello precedente
di GBS che non conservava la massa, le nuove simulazioni catturano piti precisamente la
transizione subita delle quantita del plasma e delle particelle neutre attraverso la LCFS (I'ultima
superficie di flusso chiusa).

Successivamente, un modello a pilt specie & sviluppato, estendendo il modello di un plasma
ad una sola specie ad uno che ¢ in grado di descrivere un plasma di deuterio composto da elet-
troni, ioni D, atomi D, molecole D, e ioni D; . La dinamica molecolare é introdotta attraverso
le equazioni di Braginskii nel limite di deriva per la specie D; e considerando un’equazione
cinetica per le molecole D, oltre all’equazione per gli atomi. Le prime simulazioni a pil1 specie
con il codice GBS dimostrano che, nel regime di trasporto convettivo considerato in questo
lavoro, la maggior parte delle molecole D, attraversano la LCFS e sono dissociate o ionizzate
nella regione del bordo, originando quindi atomi D dentro la LCFS. Questo conduce ad uno
spostamento radiale del picco della sorgente di plasma dovuta all’ionizzazione di atomi D
verso l'interno del tokamak, rispetto delle simulazioni con una sola specie.

Il modello a pili specie € applicato alla simulazione della diagnostica GPI. In questa simulazio-
ne, 'iniezione di molecole & simulata in modo auto-consistente con la dinamica del plasma
e dei neutri. Le molecole iniettate interagiscono con il plasma e I'interazione risulta nell’e-
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missione di luce nella lunghezza d’'onda D, misurata per inferire le proprieta turbolente del
plasma. I meccanismi alla base dell’emissione di luce simulati in questo studio, che includono
I'eccitazione di atomi D e la dissociazione di D e D}, forniscono uno strumento affidabile per
I'interpretazione di misure sperimentali prodotte dal GPI. In questo lavoro studiamo I'impatto
delle fluttuazioni dei neutri nell’emissione D, cosi come la correlazione tra I’emissione D, e
varie grandezze fisiche del plasma e dei neutri.

Parole chiave:

fisica dei plasmi, fusione controllata, periferia del tokamak, scrape-off layer, limiter, pla-
smi turbolenti, simulazioni di fluido, modello di Braginskii nel limite di deriva, dinamica
cinetica di neutri, interazione neutri-plasma, conservazione di massa, dinamica moleco-
lare, plasma a piu specie, gas puff imaging, iniezione di gas molecolare, fluttuazioni dei
neutri

iv



Contents

Abstract (English/Italiano)

1 Introduction
1.1 Controlled nuclear fusion as an energysource . . . . . ... ............
1.2 Thetokamakboundary . ............ ... ... ... . .. .. . .. ...
1.3 Simulation models for tokamakboundary . ... ... ... ... ... .. ....
1.4 Scope and outline of the presentThesis . . . . . ... .. ... ...........

2 The mass-conserving GBS model of plasma turbulence and kinetic neutrals
2.1 Introduction . . . . .. ... ...
2.2 The mass-conserving model for the plasma and neutral particles. . . . . .. ..
2.2.1 Aconservingmodelfortheplasma . .....................
2.2.2 Amass-conservingneutralmodel . ... ... ...... ... .. ... ..
2.2.3 Mass-conserving boundary conditions . . ... ... ... ... ... ..
2.3 Verification of Mass Conservation . ... ... ....................
24 SimulationResults . . ... ... .. .. ..
2.4.1 Differences between conserving and non-conserving models . . . . . . .
2.4.2 Aconservingmodelfortheplasma . .....................
25 Conclusion . . . . .. .. L e

3 A multi-component model of plasma turbulence and kinetic neutral dynamics
3.1 Introduction . . . . .. ... ...
3.2 Collisional processes in multi-component deuterium plasmas . .. ... .. ..
3.3 The three-fluid drift-reduced Braginskii equations . ... ... ..........
3.4 Boundaryconditions . . . . . . . .. ... e
3.5 The kinetic model for the neutral species and its formal solution . . . . ... ..
3.6 First simulation of a multi-component plasma with the GBScode . . . ... ..
3.7 Conclusions . . . . .. ... e

4 Numerical simulations of Gas Puff Imaging
4.1 Introduction . . .. .. ... . ...
4.2 The GPI diagnostics and D, emissionrate . .. ... ... ... ..........
4.3 Simulationresults. . . ... ... ... L L

© o0 O -

13
14
15
15
24
26
30
32
33
36
39

41
42
44
49
58
64
74
85

87
88
91
93



Contents

4.4 Analysis of the correlation between the D, emission and the plasma and neutral

quantities . . . ... e e e e e e e e 98

4.5 Impactofneutral fluctuations . .. ...... ... ... ... ... . ....... 105

4.6 Conclusion . . . . .. . . . e 112

5 Summary and conclusions 115

A Proof of mass conservation in the formal solution of the neutral kinetic equation 119
B Evaluation of the average electron energy loss and reaction product energies in col-

lisional processes 123

C Zhdanov collisional closure 127

D List of kernel functions 133

E Numerical solution of the neutral equations 141

Bibliography 156

Acknowledgements 157

Curriculum Vitae 161



|§ Introduction

1.1 Controlled nuclear fusion as an energy source

Since the rising of civilizations, people join their efforts to grant each other access to basic
needs in a safe and comfortable environment. This has always relied on the ability of human
communities to exploit the natural resources in order to meet these needs. The industrial
revolution of the XVIII and XIX centuries brought a significant increase into this demand,
requiring energetic resources for large scale production of goods and transportation. Later
in the XIX century, the rising of the first power plants for electric energy generation opened
the door for a new electricity-based society. This led to the technological advances of the
XX century revolutionizing the means of production and life standards of an ever-increasing
number of people. The demand for energy sources grew exponentially in the last century,
leading to an unprecedented increase in fossil fuel consumption (coal, oil, gas) and the quest
for alternative energy sources. Even today, population growth and the continuous rise of the
energy consumption per capita make the overall energy consumption rise year after year,
despite technological progress allowing for a more efficient energy use [1, 2] (see Fig. 1.1).

Fossil fuel exploitation certainly do not provide the solution for such ever-increasing global
energy demand, for two main reasons. First, there is a finite amount of these resources (see
Fig. 1.2). Second, fossil fuel burning has led to an increase of the concentration of CO, and
other pollutants in the atmosphere, leading to severe environmental consequences, of which
the increase of greenhouse effect and subsequent man-induced changes in the Earth’s climate
are the most worrisome [3] (see Fig. 1.3).

Current alternatives to fossil fuels are based on nuclear fission and renewable energy sources.
The later include hydro-power, the most relevant contribution on a global scale to date (see
Fig. 1.1), and also solar, wind, geothermal and waves. These resources are not exhausted
when exploited for electricity generation and, in general, have no associated greenhouse gas
emissions. However, the availability of these sources is highly dependent on the geographical,
geological and climatological situation of a given country. Moreover, due to the inherent
intermittent nature of most of these sources, major developments on energy storage and
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Figure 1.1: Global primary energy consumption by source, according to Vaclav Smil’s Energy
Transitions: Global and National Perspectives (Second expanded and updated edition) (2017)
[1] and BP Statistical Review of World Energy [2]. Primary energy is calculated based on the
substitution method which takes account of the inefficiencies in fossil fuel production by
converting non-fossil fuel energy into the energy inputs if they had the same conversion losses
as fossil fuels. Image Source: ourworldindata.org

management systems are required to take full advantage of their potential [4]. Finally, although
recent progress has been reported on making energy generation from renewable sources more
efficient, their net power outcome is still largely insufficient to meet global needs.

Nuclear fission has been exploited for the last half century with successful results. The energy
density of uranium and other nuclear fission fuels is 5 orders of magnitude larger than that of
fossil fuels and the operation of nuclear power plants does not involve pollutant gas emissions.
Nuclear fission nowadays contributes with a significant fraction to the overall world electricity
generation (see Fig. 1.1). However, being based on a chain reaction and leading to radioactive
waste, this energy source suffers from important drawbacks. Release of radioactive isotopes
into the environment represents a major threat for the environment and public health. This
may happen due to operating an obsolete nuclear power plant in disregard of proper safety
procedures (Chernobyl, 1986) or leakage originated by earthquakes or other natural disasters
(Fukushima, 2011). Although nuclear accidents of this kind are rare and only responsible
for a small number of casualties in comparison with fossil fuel exploitation [5], the public
acceptance of these events undermines the possible use of this resource. In addition, storage
of radioactive waste generated as a side product of nuclear fission poses a major challenge.
Finally, we remark that even fission resources are not renewable on the long term (uranium
reserves are expected to last approximately a century if exploited in traditional nuclear power
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Figure 1.2: Years of fossil fuel reserves (coal, oil and natural gas) left, reported as the reserves-
to-product (R/P) ratio which measures the number of years of production left based on known
reserves and annual production levels in 2015. These values can change with time, depending
on the discovery of new reserves and changes in annual production. Based on data from the
BP Statistical Review of World Energy 2016 [7]. Image Source: ourworldindata.org

plants at the current consumption rate [6]).

In this context, finding a reliable long-lasting clean energy source that answers mankind’s
urgent need for energy is one of the great scientific and technological challenges of today. For
this reason, controlled fusion has been on the spotlight of scientific research during the last
half century. The aim of fusion research is to reproduce the fusion reactions taking place in
the stars and to make use of the energy they release to generate electricity. Indeed, the sun, as
the other stars with a similar mass, continuously converts hydrogen into helium, thanks to a
chain of fusion reactions, generating the energy responsible for most phenomena taking place
on Earth.

In the most promising among the set of fusion reactions, a deuterium and tritium nuclei fuse,
originating an « particle (helium-4 nucleus) and a neutron,

2D +3T —3 He(3.5MeV) +) n(14.1MeV). (1.1)

In this reaction, most of the released energy is carried by the neutron (14.1 MeV), while the
energy of the helium nucleus constitutes the remaining 3.5 MeV. In future fusion power plants
the energy of the fast neutrons will be deposited in an external blanket and used to generate
electricity. On the other hand, the a particles are meant to remain confined and collide with
the fresh D, T fuel to deposit their energy and sustain the fusion reaction reducing the need of
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Figure 1.3: Time evolution of the average temperature on the Earth’s surface compared to
solar irradiance since 1880, considering averages over 11-year periods to eliminate statistical
noise associated with annual fluctuations. While the two plots are clearly correlated until
1980, the subsequent divergence of the two strongly suggests an important role of enhanced
greenhouse effect on the Earth’s climate (Source: NASA/JPL-Caltech).

external heating.

The reaction in Eq. (1.1) is promising if compared to nuclear fission reactions, as the amount
of energy it releases is about four times larger (per mass unity), thus resulting in a higher
energy density [8, 9]. The fuel for the reaction in Eq. (1.1) is in general easily accessible in
nature, since deuterium is abundant in Earth’s water (about 35g of deuterium can be found in
each cubic metre of sea water [8]). As for tritium, although it does not occur naturally on Earth,
it can be bred from lithium, which is present in the Earth’s crust. There are some drawbacks
of the D-T fusion, such as the non-renewable nature of lithium reserves and the possibility
that fast 14.1MeV neutrons activate the wall materials. For this reason, other reactions are
also being studied for electricity generation, such as D-D fusion, which releases neutrons with
2.5MeV. Notwithstanding those alternatives, D-T is still the main focus of fusion research, as
its energy outcome is larger and the peak cross section is reached at lower temperature [10].

The high temperature necessary for the fusion reaction to occur is due to the small range of
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1.1. Controlled nuclear fusion as an energy source

the strong nuclear force and the repulsive nature of the electromagnetic interaction between
positively charged nuclei. This makes it necessary an energy of the order of 10keV to bring the
fusion isotopes sufficiently close to each other so that the attractive strong nuclear force can
overcome the electrostatic repulsion. This energy corresponds to a temperature of the order of
108K. At such high temperatures, matter is in the plasma state, atoms are ionized and matter
consists of charged particles, ions and electrons, that interact through electromagnetic fields
that they contribute to generate. At the same time, to self-sustain fusion reactions, the plasma
has to be confined in a region of space at sufficiently high densities and with sufficiently
high confinement times. To achieve self-sustained fusion reactions, experiments must aim at
increasing the triple product nTtg, with n the plasma density, T the plasma temperature and
7§ the energy confinement time. In fact, the Lawson criterion [11] stipulates that self-sustained
energy generation in a nuclear fusion reactor is only possible for nT7g > 3 x 102! m~3keVs.
Achieving this triple product is therefore the main goal of current research, and improving the
plasma confinement proves to be a real challenge.

While confinement arises in the Sun as a natural consequence of the gravitational force
generated by the mass of the star itself (of the order of 1030kg), man-made devices must follow
another strategy to confine the plasma (the mass of the whole Earth itself is about 10>*kg, one
million times smaller than the sun). The Lorentz force, which the charged particles of the
plasma are subject to, F = g(E + v x B), with g and v the particle charge and velocity and
E and B the electric and magnetic field, can be used. In the presence of a magnetic field,
because of the Lorenz force, charged particles rotate around the magnetic field lines, while
their motion along the direction parallel to the field lines is not constrained. In magnetic
confinement fusion devices, of which the stellarator and the tokamak are the most widely
exploited examples, a field is created inside a toroidal magnetic chamber, with magnetic
field lines closed within the plasma volume ensuring that the plasma remains confined. The
magnetic field inside the device cannot be merely toroidal: if that was the case, charged
particles would not remain confined as their motion would be affected by drifts arising from
the magnetic field curvature and gradient, leading to a loss of confinement. Therefore, a
poloidal component is also created to confine the plasma particles.

In a stellarator, both the toroidal and poloidal components of the magnetic field are generated
by means of external coils, whose complex design is optimized in order to allow for the
magnetic field topologies that best confine the plasma. In contrast, the tokamak (Russian
acronym for toroidal magnetic chamber) uses a different approach, as the toroidal magnetic
field is created by a series of coils positioned around an axially symmetric torus, while the
poloidal field is obtained by exploiting an electromagnetic induction effect. More precisely,
the tokamak works as the secondary circuit of a transformer that crosses the center of the
torus, with the primary circuit relying on an external magnet. This leads to a toroidal current
in the plasma that, in turn, generates a poloidal magnetic field. Additional coils around the
torus are used to adjust the shape of the magnetic field. The resulting helical magnetic-field
lines lie over nested magnetic flux surfaces, that is geometrical surfaces along which the flux
of the magnetic field is constant. The present thesis focuses on the tokamak configuration.
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Figure 1.4: The plasma is confined inside a tokamak by means of a helical magnetic field
(Source: EUROfusion).

Even though there are some drawbacks of inducing an electric current in the plasma, namely
providing a drive for plasma disruptions, the tokamak has been widely studied over the last
decades, emerging as a strong candidate for a high performance fusion device. The quality of
fusion performances is measured by the gain factor Q, which is the ratio between the energy
output and the required power input. The world record for the value of Q was set by JET (Joint
European Torus), in the United Kingdom, in 1998, when Q = 0.67 was achieved.

Nowadays, the scientific community is joining forces on the construction and future operation
of ITER, a large-scale tokamak which is intended to show the feasibility of fusion as an energy
source by reaching a gain factor Q = 10 in a steady state operation. The first plasma is currently
scheduled for December 2025 and ITER is expected to reach the operational target conditions
by 2035.

1.2 The tokamak boundary

The plasma volume inside the tokamak can be divided in two regions according to the mag-
netic field topology: a closed-field line region where the magnetic field lines lie on nested
closed flux surfaces and an open-field line region where the magnetic field lines intersect the
vessel walls. The two regions are separated by the last closed flux surface (LCFS), or separatrix.
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1.2. The tokamak boundary

In the closed-field line region, the high density and high temperature plasma is confined and
nuclear fusion reactions are set to take place in burning plasma conditions. Temperature
and density drop significantly in the outermost layer of the closed-field region, which sets
the sharp transition between the core and the open-field line region. We henceforth denote
this region as the edge, which extends from the outer core to the LCFS. We remark that the
core-edge interface is set based on the change of the plasma pressure scale length and thus it
is not strictly defined.

On the other hand, the open-field line region is filled with plasma outflowing from the closed-
field line region due to cross-field transport and local ionization events of neutral atoms.
Transport is the result of the collisions among charged particles (classical transport), further
enhanced by the device toroidal geometry (neoclassical transport), and also the turbulent
collective dynamics generated in the plasma as a result of pressure and temperature gradients
(turbulent transport). In the open field line region, by flowing along the magnetic field-lines,
the plasma particles hit the vessel walls of the device, being recycled and coming back into the
plasma as neutrals. For this reason, the open field line region is commonly referred to as the
Scrape-Off Layer (SOL).

Successful operation of fusion devices must make sure that the heat load on the vessel wall
does not exceed the maximum threshold allowed by the material. The magnetic field lines are
made to end on metal plates specifically designed to withstand large heat fluxes (e.g. by active
cooling of the material). These can be metal plates, called limiters, which extend radially into
the plasma, thus defining the LCFS, or divertor plates, in case the SOL magnetic field lines
are diverted away from the core region by creating one or more X-points where the poloidal
component of the magnetic field vanishes. In addition to regulating the particle and heat
exhaust, the SOL of a magnetic confinement device influences the overall performance of the
machine by setting the boundary conditions for plasma and energy confinement. The SOL
also plays an important role on fueling, impurity level control and fusion ashes removal [12].

When plasma particles heat the walls, ions and electrons recombine and are recycled into
the plasma as neutrals. A fraction of the ions are simply reflected back into the plasma as
neutral atoms, preserving their energy, while others are absorbed and then reemitted at the
temperature of the wall, in particular when this is saturated. A fraction of the remitted particles
are neutral hydrogen atoms, while others associate to form hydrogen molecules. While neutral
atoms are ionized into the plasma, hydrogen molecules are also ionized, but undergo a number
of dissociation processes as well. An important part of the plasma fueling thus results from
this recycling process [13, 14].

Due to the recycling taking place at the boundary, physical phenomena occurring in the SOL
involve the complex interaction between plasma and neutral particles. Indeed, neutrals are
present in the tokamak boundary as they are formed also by recombination events within
the plasma volume. In addition, they can be injected in the tokamak (for instance, via gas
puffing) with the purpose of fuelling, controlling the heat exhaust, or diagnosing the plasma
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dynamics. Neutral particles interact with the low-temperature boundary plasma through a
number of collisional processes, thus playing a crucial role in determining the dynamics of
plasma turbulence in the SOL.

If the plasma densities and temperatures in the SOL are sufficiently low, the neutrals interact
weakly with the plasma and ionization takes place mostly inside the LCFS. In this case, there are
no large temperature gradients along the SOL and there is a strong flow of plasma particles all
along the magnetic field lines towards the limiter/divertor. As a consequence, heat convection
dominates heat transport in the SOL. This is referred to as the sheath-limited or convection-
limited regime [12].

On the other hand, if the plasma density is increased, the neutral mean free path decreases,
which results in a large amount of neutrals being ionized in the open-field line region. As a
result, the parallel particle flux in the SOL is significantly reduced, while strong temperature
gradients rise because of the cooling effect due to the ionization of neutrals close to the
limiter/divertor plates. In this condition, heat transport is mainly conductive. The tokamak is
then operated in the so-called conduction-limited or high-recycling regime.

In a divertor configuration, it is possible to extend the high-recycling regime by further de-
creasing the neutral mean free path, thus leading to a dense cloud of neutral atoms near the
divertor plates. As a result, temperature becomes sufficiently low so that volumetric electron-
ion recombination becomes important, thus greatly reducing the flux of particles and heat
to the divertor. In these conditions, known as the detached regime, a large fraction of heat is
radiated, thus making detachment a good candidate for future operation of nuclear fusion
reactors [15].

This regime can also be attained by injecting impurities into the system to mimic the role of
the neutral cloud and, following this approach, a detached regime can also be obtained in
limiter configurations [16, 12].

1.3 Simulation models for tokamak boundary

While the low collisionality of the plasma in the hot dense core of the device demands a kinetic
approach for its description, the considerably lower temperature observed in the tokamak
boundary, which makes the plasma significantly more collisional, opens the possibility to a
fluid description. In the SOL, where most often kA < 1, with Ay, the electron mean free
path and k the typical plasma perturbation wavenumber, simulations of plasma turbulence
can be performed by solving a set of fluid equations, derived following the approach developed
by Braginskii [17]. On the other hand, the edge is characterized by a large temperature gradient,
setting the transition from low to high collisionality, and therefore the fluid description is
valid only to the extent that kj Amfp « 1. In addition, with respect to the tokamak core, the
simulations of the boundary region must address the neutral-plasma interaction in order to
take into account one of the key aspects that determine the plasma dynamics in this region.



1.4. Scope and outline of the present Thesis

Historically, the simulations of the plasma in the tokamak boundary have been based on
fluid models that describe cross-field plasma transport by means of a convective-diffusive
approach, implemented in codes such as B2 [18, 19], EDGE2D [20], SOLEDGE-2D [21] and
TECXY [22]. The neutral dynamics is approached either by using a diffusive fluid model, as in
the UEDGE [23] code, or by means of a kinetic description, usually based on a Monte Carlo
method, implemented e.g. in the DEGAS2 [24], EIRENE [25], GTNEUT [26] and NEUT2D [27]
codes. These simulation models remain the standard of reference, and the study and design
of the heat exhaust in magnetically confined fusion devices, such as ITER, strongly relies on
simulations carried out by codes that couple these plasma and neutral models, such as the
EMC3-EIRENE [28] and SOLPS [29] codes.

During the last decade, first-principles numerical simulations of plasma turbulence in the
tokamak boundary have emerged in an attempt to overcome the limitations of diffusive models.
Progress has been made possible by the development of several fluid and gyrofluid codes,
namely BOUT++ [30] and its derivation Hermes [31], FELTOR [32], GBS [33, 34, 35, 36], GDB
[37], GRILLIX [38], HESEL [39] and TOKAM3X [40]. These codes are based on the Braginskii
fluid equations taken in the drift limit. Also kinetic codes based on the gyrokinetic model have
been considered, e.g. Gkeyll [41] and XGC1 [42, 43]. Notwithstanding the important progress
in the development of plasma turbulence codes, their coupling to the simulation of the neutral
dynamics is still a challenging open issue.

The coupling of fluid turbulence codes with neutral models is achieved in the BOUT++,
nHESEL, TOKAM3X and GBS codes. BOUT++ is a general framework for fluid model-based
simulation of turbulence in the tokamak boundary, having allowed for a number of derivations.
BOUT++ simulated the neutral-plasma interaction by coupling the gyro-fluid plasma model
with a fluid-diffusive description of the neutrals in a linear device geometry [44]. The nHESEL
[39] code, consists of the coupling of the HESEL code, which evolves density, electron and ion
pressure, and vorticity in a two-dimensional slab geometry, with a one-dimensional diffusive
model for neutral atoms generated by dissociation of molecules injected by gas puffs. nHESEL
simulations allowed for important insights on the neutral-plasma interaction, such as the
influence of blobs on the neutral particle dynamics [45, 39, 46]. In TOKAM3X, the plasma
fluid model is coupled with the Monte Carlo code EIRENE [25] that describes the dynamics of
neutral species. TOKAM3X-EIRENE simulations of a limited configuration showed that, in a
low-density plasma, neutral particle density and flows are weakly affected by the turbulent
fluctuations of the plasma [47]. The present thesis focuses on the GBS code.

1.4 Scope and outline of the present Thesis

The GBS code is a three-dimensional global turbulence code that simulates the plasma dy-
namics in the boundary of magnetic confinement devices. Following a flux-driven approach,
GBS describes the plasma dynamics based on a set of Braginskii equations [17] in the drift
limit [48], with no separation between fluctuations and equilibrium quantities.



Chapter 1. Introduction

The GBS code started as a two-dimensional fluid turbulence code and it first addressed the
plasma dynamics in simple magnetized plasma (SMT) configurations such as TORPEX [49]
by evolving the drift-reduced Braginskii equations in the plane perpendicular to the device
magnetic field [50, 51]. The parallel dynamics was then included in the model, by using a
straight field-line coordinate system. The first three-dimensional version of GBS allowed
for global simulations of plasma turbulence in linear devices [52], like LAPD [53], or SMT
configurations [54]. GBS was later extended to simulate the tokamak SOL, considering limited
magnetic configurations [33]. As described in Ref. [55], the first SOL simulations considered
the cold ion limit, neglected electromagnetic effects and made use of the Boussinesq approxi-
mation when evaluating the divergence of the polarization flux. Finite ion temperature effects
were included later [56], as well as electromagnetic effects [34]. The GBS simulation domain
was also extended to give the user the possibility to simulate the edge region. In addition,
the Boussinesq approximation was removed [34] in the open field-line region. Moreover,
an approach based upon the method of manufactured solutions (MMS) allowed for the full
verification of the numerical implementation of the GBS model [57]. In parallel, GBS was
adapted to enable the simulation of diverted magnetic configurations, which required the
development of a non-straight field line coordinate system and its implementation to treat
the presence of X-points [35]. The diverted geometry model of GBS has been exploited to
understand the mechanisms underlying intermittent transport in single-null, double-null and
snowflake configurations [58, 59, 60].

Since 2015, the limited configuration version of GBS code also addresses the neutral dynamics
by means of a kinetic model, thus allowing for self-consistent simulations of plasma turbulence
and neutral dynamics [61]. The neutrals and the plasma are coupled via a number of collisional
reactions taking place in the plasma volume and recycling processes at the domain boundary.
The model described in Ref. [61] considers a single neutral species. A kinetic advection
equation for the neutral species is formally solved by applying the method of characteristics
(in a similar way to the nSOLT code [62]). This formal solution, which describes the neutral
distribution function, is then integrated in the velocity space, thus leading to an integral
equation for the neutral density. This equation is then simplified using two assumptions: it
is assumed that the time scale of plasma turbulence is larger than the neutral time of flight,
which turns the neutral calculation into a static problem, and the neutral parallel motion
is also neglected with respect to the characteristic spatial scales of turbulence along the
direction parallel to the magnetic field, which reduces the neutral equation to a set of two-
dimensional independent equations on the plane perpendicular to the magnetic field. The
integral equation for the neutral density obtained within these simplifications is discretized
and solved in the whole plasma volume and the domain boundary. The neutral density and
neutral outflow to the boundary are then obtained. Once the neutral density in the plasma
volume is known, the higher order moments of the neutral distribution function, namely the
neutral flux and neutral temperature, are obtained in a straightforward way.

The neutral model implemented in GBS provides a description valid for all ranges of neutral
density and mean free path [61]. In fact, it has the advantage of avoiding the assumptions on
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1.4. Scope and outline of the present Thesis

the neutral temperature and diffusion coefficients typically considered in fluid-diffusive mod-
els. On the other hand, we highlight that the approach to the neutral dynamics implemented
in GBS is deterministic, thus avoiding the statistical noise of the Monte Carlo method.

The self-consistent model of the neutral plasma interaction in boundary plasmas has been
exploited in Ref. [63] to derive a refined two-point model to link the properties of the plasma
in the upstream and divertor regions. This two point-model matches accurately the results
from GBS simulations. In fact, it accurately predicts the ratio between the electron temper-
atures upstream and at the limiter plates in the open field-line region, considering as input
parameters the particle and heat sources related to cross-field turbulent transport and the
ionization sources along the magnetic field-lines.

GBS simulations were also used to investigate the role of neutral density fluctuations on
the D, emission, as reported in Ref. [64]. For this purpose, a simulation of a diagnostic gas
pufflocated on the low-field side equatorial midplane was performed. The results showed
a strong anti-correlation between the neutral density fluctuations and the perturbations of
the plasma quantities at distances from the gas puff smaller than the neutral mean free path,
Amfpn- However, the neutral density fluctuations were observed to have a small impact on
the statistical moments and turbulence properties of the D, emission, which suggests that
neglecting the neutral density fluctuation is a valid approximation when integrating the results
of gas puff imaging (GPI) at distances from the gas puff smaller than Ay, ,. On the other
hand, the GBS simulation also showed that the anti-correlation is weaker when distances from
the diagnostic gas pulff larger than A, are considered as the result of non-local shadowing
effects due to the fact that the neutrals cross several plasma structures along their path. Asa
result, the neutral density was found to have a non-negligible impact on the D, emission at
large distances from the gas puff source.

Despite enabling self-consistent simulations of plasma turbulence and neutral dynamics in
the tokamak boundary, the GBS model described in Ref. [61] is not mass-conserving. In fact,
several approximations are considered in the description of both the plasma and the neutrals,
that prevent mass conservation. These assumptions include the simplifications of the device
geometry both in the plasma and the neutral models, the use of the Boussinesq approximation
and a set of boundary conditions based on assumptions that prevent recycling at the vessel
walls from being mass-conserving. In order to account for a fully consistent description of the
neutral-plasma interaction and enable mass conservation, the GBS model is improved in the
present thesis. The modifications introduced in GBS in order to achieve mass conservation
are described in Ch. 2, where the changes implemented in the plasma model, neutral solver
and boundary conditions are discussed in detail. The results of the first mass-conserving GBS
simulations are also presented and analyzed in Ch.2.

The model developed in Ref. [61] considers one neutral species (D atoms) and the corre-
sponding ion species (D), preventing the description of the processes relevant in realistic
multi-component plasmas. The multispecies description of the neutral and plasma dynamics

11
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is of particular importance, since the molecular dynamics is expected to play an important
role on plasma recycling at the boundary and fuelling. This requires the description of DJ
ion dynamics, as well as of both D atoms and D, molecules. The multi-component model
implemented in GBS to account for different ion and neutral species is the focus of Ch. 3,
where the model is presented in detail. The results obtained from the first multi-component
GBS simulations are also presented and discussed, being compared with the results from the
single-component model.

Finally, we remark that the GPI studies reported in Ref. [64] are based on a single-component
plasma framework. The improvement from a single-component to a multi-component de-
scription is expected to affect the interpretation of GPI results, as predicted in the studies
reported in Ref. [46], based upon fluid simulations of two-dimensional plasmas with multi-
component neutrals described by a fluid-diffusive approach. Ch. 4 focuses on the results of
multi-component GPI simulations. These results are presented and compared with the ones
observed in previous works [46, 64], shedding light on the mechanisms underlying the D,
emission in realistic multi-component plasmas.

The conclusion of the present thesis follows, in Ch. 5. Following the conclusion, a few
appendices to the main text are included. App. A presents the proof of mass conservation
for the formal solution of the neutral kinetic equation. App. B carries out the derivation
of the average energy of the reaction products and the average electron energy loss for the
dissociative processes considered in the multi-species model presented in Ch. 3. In App. C,
the derivation of the friction and thermal force terms featuring in the velocity and temperature
equations in the multi-component plasma description is presented, following the Zhdanov
closure [65] and considering the approach described in Ref. [66]. App. D lists the kernel
functions used to express the system of equations solved for the neutral species in the multi-
component model presented in Ch. 3. Finally, App. E develops the system of equations
for the multi-component neutral model in the matrix form which is used for its numerical
implementation in GBS.
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¥4 The mass-conserving GBS model of
plasma turbulence and kinetic neu-
trals

In this chapter, the single-component GBS model for the simulation of the tokamak boundary
developed in the present thesis is described. This model is mass-conserving to leading order
in pso/ Ry, where pg is the ion sound Larmor radius and Ry is the tokamak major radius
at the magnetic axis. A three-dimensional description of plasma turbulence is provided by
the two-fluid drift-reduced Braginskii equations, while the neutral atom dynamics model is
based on the discretization of the formal solution of the Boltzmann equation, with proper
mass-conserving boundary conditions being applied at the vessel walls. The present chapter
describes the implementation of this model in GBS, and demonstrate mass conservation. The
results of the mass-conserving simulation are then shown and discussed, highlighting the
influence that mass conservation has on the profiles of the plasma and neutral quantities. The
formation of the electron density profile is also addressed by relating it to the observed radial
fluxes of plasma and neutral particles. The present chapter is based on the results published
in Ref. [67].
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Chapter 2. The mass-conserving GBS model of plasma turbulence and kinetic neutrals

2.1 Introduction

Developed in the last decade, the GBS code [33, 34] has been used to study plasma turbulence
in basic plasma physics experiments [54, 52], in tokamak limited configurations [68] and it is
now used to perform simulation in diverted configurations [35, 59, 60]. GBS is based on the
drift-reduced Braginskii equations for the plasma. In the limited version of GBS, the plasma
equations are coupled to a kinetic model for the neutrals [61]. The neutral atom density
and higher order moments of the distribution function are computed by solving the kinetic
equation through the method of characteristics and discretizing the resulting integral along
the neutral path (similarly to the nSOLT code [62]). This method provides a description of all
ranges of neutral mean free path [61] while avoiding the statistical noise of the Monte Carlo
methods.

By building upon the self-consistent model for the neutral and plasma dynamics implemented
in the GBS code and described in Ref. [61], the present chapter describes an improved model
aiming at achieving mass conservation in a limited tokamak configuration. The improvements
presented here ensure that mass conservation is satisfied to leading order in pgso/ Ry (with pg
the ion sound Larmor radius and Ry the tokamak major radius at the magnetic axis), thus
allowing for accurate quantitative studies in the tokamak boundary. In fact, the results of the
first numerical simulations highlight the crucial role of mass conservation on determining
the particle flux in the tokamak boundary, with physical implications, e.g., on the study of the
tokamak fueling and the flux of particles and heat flux to the vessel walls.

Mass conservation among the plasma species has already been addressed by other boundary
turbulence codes. In GRILLIX [38], plasma particles and energy are conserved by means of a
particle source that compensates on average the particle sink at the outermost flux surface. In
turn, the Hermes module [31], based on the BOUT++ [30] framework, verifies electron density
conservation by implementing the equations in divergence form and relying on finite volume
schemes, both in the limiter and divertor configurations. On the other hand, TOKAM3X
features conservation of the plasma density, parallel ion momentum, electron and ion energy
and charge by implementing the fluid equations in the divergence form [69].

In GBS, the discretization of the solution of the neutral kinetic equation prevents the statistical
noise of the Monte Carlo approach from affecting mass conservation in a coupled neutral-
plasma model. In fact, by improving the model previously implemented in GBS, presented
in Ref. [34], mass conservation is now achieved in GBS to leading order in pgy/Ry. This is
made possible thanks to the implementation of i) operators in the plasma equations that
consistently take the toroidal geometry into account, avoiding the Boussinesq approximation
and geometrical simplifications; ii) solution of the neutral kinetic equation written within
proper toroidal geometry; iii) accurate boundary conditions to ensure mass conservation in
the description of wall recycling. The resulting model enables self-consistent mass-conserving
simulations of the neutral-plasma interaction in the tokamak boundary to leading order in
pso/ Ro. These simulations ultimately allow for quantitative studies of particle fluxes. The first
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results of the improved model, reported in this chapter, are compared with non-conserving
results from previous GBS simulations, highlighting a significant impact of mass conservation.
The role of the plasma and neutral fluxes in the formation of the plasma profile is also assessed
by varying the plasma density considered in the simulations.

This chapter is structured as follows. After the Introduction, the improved mass-conserving
GBS model is presented in Sec. 2.2, focusing separately on the plasma model, the kinetic
neutral model, and the boundary conditions. The verification of mass conservation in GBS is
the focus of Sec. 2.3. Sec. 2.4 reports on the results of the first mass-conserving simulations
carried out with the GBS model presented in this chapter. The differences between the
mass-conserving and the non-mass-conserving models are discussed and the role of plasma
and neutral particle fluxes on the formation of the plasma density profile is addressed, by
performing a density scan. The conclusion of the chapter follows, in Sec. 2.5.

2.2 The mass-conserving model for the plasma and neutral parti-
cles

In this chapter, a mass-conserving model to leading order in pgy/ Ry is derived for the limiter
configuration, where we consider an infinitely thin wedge located on the HFS equatorial
mid-plane acting as a toroidal limiter, similarly to Ref. [70]. Also similarly to Ref. [70], we
consider a toroidal annulus as the simulation domain, which includes both the open field-line
region (SOL) and a fraction of the region inside the LCFS (edge). The mass-conserving plasma
equations are presented in Sec. 2.2.1, while the conserving neutral model, consistent with
the plasma model and the three-dimensional toroidal geometry, is presented in Sec. 2.2.2. In
order to ensure mass conservation in the context of the recycling processes taking place at the
domain boundaries, proper boundary conditions are implemented, being the subject under
discussion in Sec. 2.2.3.

2.2.1 A conserving model for the plasma

GBS describes plasma turbulence by solving the drift-reduced Braginskii equations [17, 48],
as it is justified by the typical low-temperature and high-collisionality plasma conditions
in the tokamak boundary. Due to the large amplitude fluctuations, no separation is made
between fluctuations and background quantities. The plasma density n, vorticity Q, the
electron and ion temperatures T, and T;, and their parallel velocities v and vy;, are evolved
in the electrostatic limit, according to the following system of equations,
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with k the magnetic field curvature vector given by k = (b- V) b and the vector w defined as
w = (1/B?)(nV_.¢+ V1 p;). Since w is related to the plasma vorticity by Q = V- w, the Poisson
equation for the electrostatic potential ¢ required to close the system of equations yields

n 1
v~(§vl¢>)=9—v-(§mpi). 2.7)
We remark that, in Egs. (2.1-2.7), B denotes the local value of the magnetic field modulus for
a given magnetic equilibrium, as required to ensure conservation. We remark that S, , St,,
St, in Egs. (3.19), (2.5) and (2.6) denote respectively the plasma density, electron temperature
and ion temperature sources at the edge-core interface, which mimic the plasma and energy
outflow from the core into the simulation domain.

In Egs. (2.1-2.7) and in the rest of the chapter, we use dimensionless quantities. Therefore,
the density, n, and the temperatures, T, and 7;, are normalized to the reference values, ng
and T, while lengths parallel to the magnetic field are normalized to the tokamak major
radius, Ry, lengths perpendicular to the magnetic field are normalized to the ion sound Lar-
mor radius at the magnetic axis, psp = ¢s0/Qcio, Where cg9 = Teo/ m; is the sound speed and
Qcio = eBy/ mj the ion cyclotron frequency at the magnetic axis (m; stands for the ion mass
and e is the elementary charge). In turn, time is normalized to Ry/cg. The normalization of
all other GBS quantities follows from these normalizations. Precisely, the parallel velocities
vje and vy; are normalized to the ion sound speed cy, the plasma vorticity Q is normalized to
1noTeo! (pgoB(z)), perpendicular diffusion coefficients D, and conductivities y are normalized
to ¢y pgol Ry, while the parallel diffusion coefficients D (added for numerical stability pur-
poses) and conductivities y| are normalized to csoRy. We also highlight that, in Egs. (2.1-2.7),
P« = Pso/ R is the normalized ion sound Larmor radius, b = B/B is the magnetic field unit
vector, p = n(Te + T;) is the total pressure and v = enegRy/ (mjcso0)) is the dimensionless
Spitzer resistivity. It is remarked that the Spitzer parallel conductivity is considered. In fact, we
TS{Z, following the procedure used in previous GBS models (Refs. [33, 34]),
but the weaker spatial and temporal variation of the 2/(3n) factor is neglected. As a matter
of fact, based on previous GBS simulations, we expect that neglecting the 2/(3r) factor does
not affect our simulation results since conductivity terms are relatively small in the plasma

assume Xje,i = X0

conditions considered, which lie on the border between the sheath-limited and conduction
limited regimes. The electron and ion gyroviscous terms (Refs. [33, 34]) in Egs. (2.3) and (2.4)
are given by

o _C)  Cp)

Gi = —noi [2V||vn1+—B + B | (2.8)
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Ge = —Toe [2V||V||e+ B B (2.9)
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The Poisson brackets, curvature, parallel and perpendicular gradient operators are introduced
as

[f,gl=b-(VfxVg), (2.10)
B b
C(f)_E VX(E)]-Vf (2.11)
V”f =b-Vf. (2.12)
Vif=[V-bb-V)f. (2.13)

We finally note that viz, vcx, Vrec and vep are respectively the ionization, charge exchange,
recombination and electron-neutral elastic collision rates. Similarly to Ref. [61], these collision
rates are evaluated as

Viz = N{Ve0iz(Ve)), (2.14)
Vex = n(Viox(11)), (2.15)
Vrec = I {VeOrec(Ve)), (2.16)
Ven = N(VeTen(Ve)), (2.17)

where 0z, 0cx, Orec and e are the ionization, charge exchange, recombination and electron-
neutral elastic collision cross-sections, and ve and v; denote the electron and ion velocities,
respectively. We remark that, while vy, viec and v, are evaluated by averaging the colli-
sion rates over the electron distribution function, v is obtained by averaging over the ion
distribution function [61].

It is remarked that the GBS model presented here does not consider the Boussinesq approx-
imation when evaluating the polarization current density. This constitutes an extension of
the work reported in Ref. [34], since the variation of the magnetic field is properly taken into
account in the polarization current in both the open and closed field-line regions. This enables
the vorticity equation to be written in a mass-conserving form, needed to ensure charge and
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mass conservation.

Contrarily to the procedure followed in Hermes [31] and TOKAM3X [40], Egs. (2.1-2.6) are not
expressed in divergence form. This choice is justified by the robust numerical implementation
of the Poisson brackets made possible by using the Arakawa scheme [71], similarly to BOUT++
[30]. Moreover, the GBS approach enables a clear separation of the contributions of different
physical mechanisms. For example, it allows for the effect of curvature in the E x B convection
terms to be isolated in a straightforward way. On the other hand, a careful evaluation of
the geometric operators featuring in Eqs. (2.1-2.7) is required for mass conservation to be
satisfied. These operators are derived in Ref. [72] taking into account finite aspect ratio effects
by assuming a constant aspect ratio € = ag/ Ry, with ay the minor radius at the LCFS, and
considering the orderings k;/k; < 1 and k; Ry > 1. This derivation is generalized here to
allow for a consistent variation of the inverse aspect ratio e(r) = /Ry, with r the local minor
radius.

We perform the derivation of the geometric operators by assuming an axisymmetric magnetic
field,

B = Fy)Ve + Vi x Ve, (2.18)

where ¢ denotes the poloidal magnetic flux function obtained as the solution of the Grad-
Shafranov equation, ¢ represents the toroidal angle, and F(y) is the current function that
yields the magnetic field toroidal component. In order to express the geometric operators, we
introduce the right-handed coordinates set (¢1,¢2,E3) = (0%, f(y), @), where f(y) is a magnetic
flux coordinate and 0* is a poloidal angle chosen such that BY = q(y)B?", with B =B - V¢
and BY" = B-V6* the toroidal and poloidal contravariant components of the magnetic field
respectively (in general B! = B- V¢!, withi=1,2,3), and () the safety factor at the magnetic
flux v, defined as

B?(0,y)

, 2.19
B0, v) (219

1 2w

with 6 the poloidal angle. The reason behind this definition of 8* is the fact that the magnetic
field lines are straight in the (6%, ¢) plane, which simplifies the numerical implementation of
derivatives along the magnetic field. In fact, the (6%, f (y), ¢) coordinate system is advanta-
geous for the numerical implementation of Egs. (2.1-2.7) because it facilitates the decoupling
of the derivatives along the directions parallel and perpendicular to the magnetic field. We
then introduce the contravariant metric tensor for this coordinate set, gij =Vé i, Véj, the covari-
ant metric tensor, gj; = Inv(gY) (Inv denotes the inverse matrix), and the coordinate Jacobian

J=1/4/de t(gij) =1/[VO* - (Vf(w) x Vg)]. The magnetic field modulus can be computed from
these definitions as B = /B!B;, with the covariant components of the field being given by
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B; = g Bl (Einstein summation convention is used). The magnetic field unit vector is defined
through b; = B;/B, while ¢; = b;i/ B are the components of the magnetic field unit vector di-
vided by the magnetic field modulus. The Poisson brackets, curvature and parallel gradient
operators are computed from the definitions in Egs. (2.10-2.12) as

1 004
LAl = ~ejbi— — 2.20
0.4)= Jeibizg o 2.20)
c) = B 9m 04 2.21)
2] 6{1 6§k k]m; .
ViA=b-va=p24, 2.22)
o¢)

with €y, the Levi-Civita symbol. Similarly, the second derivative along the direction parallel
to the magnetic field is obtained by applying Eq. (2.12) twice,

’A  .0b A
VZA=b-V(b-VA) = bl —— + b — (2.23)
I 51561 651 afj

and the perpendicular derivative is defined from Eq. (2.13) as

VLAl = [g) - b'D)] ;A (2.24)

For simplicity, and following Ref. [72], in the present chapter we consider an equilibrium
with circular magnetic flux surfaces and constant current function F () = BoRy. We highlight
that considering a more complex magnetic equilibrium would not change the conservation
properties of the model, since shaping effects do not impact mass conservation as long as they
are implemented consistently. The flux coordinate f () is chosen as the radial distance from
the magnetic axis to a given magnetic flux surface, that is r. This leads to the Jacobian for the
(0%, 1,¢) coordinates being expressed as

J(r,0*) =R [1-em?” (2.25)
0" =r } .
Y11 —e(r) cos(0)]2

The magnetic field components, b; and c;, can be obtained by using Egs. (2.18) and (2.25).

Having defined all quantities concerning the magnetic equilibrium, the Poisson bracket
operator is derived as
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[, Al = Py- [, Alg-1 + Proplh, Al + P+ [, Al -, (2.26)

with its components and respective coefficients defined as

(¢, Alg., = 229400 04 (2.27
P Aor= G0 3r " ar o6~ '
0pOA O¢poA
Alrjp = —— ——— ) 2.28
P, Alry Or 0p O¢ Or (229
0p 0A 0¢ 0A
JAlpgr = —- e — 2.29
b Alpo = 556" ~ 36* o (2.29)
b
Py, = 7"’ (2.30)
be-
Pry= T (2.31)
b,
Poo = - (2.32)
The curvature operator is expressed as
0A + 0A
aAﬁﬂ757+C06m4{ﬂWA, (2.33)
where the geometric coefficients are given by
B dc
f:—gbﬂ, (2.34)
. B [0cy 1(dcg+ Oc
0 ¢ 0 r
_B|% 1 _ , 2.35
2] | or q(ar 09*) ( )
B (0c, Ocy-
ol = (_r _ ) . 2.36
2]b% \86*  or (238

We highlight that, while the Poisson bracket operator in Eq. (2.26) is written in (8%, r,¢)
coordinates, the curvature operator in Eq. (2.33) features derivatives along 6%, r and the
direction parallel to the magnetic field. In fact, parallel derivatives can be directly computed
in GBS by taking advantage of the straight-field line coordinate set, (8™, r, ¢), as discussed in
Ref. [33]. Otherwise, the derivative along the magnetic field would have to be projected into
the ¢ and 6* directions. This can be derived from Eq. (2.22), yielding

+_
op ' q 00"

V) =b?

0 10
] (2.37)
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It is then possible to reverse the relation in Eq. (2.37) to write the toroidal derivative in terms
of the parallel and poloidal derivatives,

o 1 v 1 0
PRI (2.38)
We can thus use Eq. (2.38) to write the curvature operator in Eq. (2.33) in terms of derivatives
along 6* and the parallel direction instead of derivatives along ¢. Regarding the expressions
in Egs. (2.27-2.29) for the Poisson bracket operator, the Arakawa scheme [71] is used to
implement them in (8, r, ¢) coordinates, taking advantage of the robust stability properties of
this numerical scheme.

In comparison with Ref. [72], we do not order k; Ry > 1 and the divergence of the magnetic
field unit vector V - b is consistently taken into account in the present chapter. Therefore,
applying the definition of the divergence of a vector,

10,
V-b=-—(Jb", 2.39
75a b (2.39)

one obtains, for a circular axisymmetric magnetic equilibrium,

Rob?" 0B

V-b= —.
B 00"

(2.40)

In turn, the V, operator in Eq. (2.24) entering the plasma equations via Eq. (2.7) can be
expressed by means of Egs. (2.24) and (2.39) as

M i ik OA
Igte! - b | (2.41)

Eq. (2.41) is then developed consistently with the geometry under consideration and keeping
only leading order terms in psy/ Ry and k;/k,, which yields

A * % A
VL'[%VLA]ZN”i(ia )+N96 0 (n 0 )

or \ B2 or 26+ \ B2 0"
1 .0 ( n 0A ) 1 o O ( n 6A) (2.42)
N = +=N ——,
2 or\B%206*] 2 00* \ B or
where the geometric coefficients are given by
N =g""=1, (2.43)

22



2.2. The mass-conserving model for the plasma and neutral particles

NOO =g9*6* N gre 1 1-€ecosf* 1 sin%26* +(1—ecost9*)2/q2

=— +— , 2.44
g*> rz 1-¢? R3 (1-€2)? (2.44)
. . 2 sin@*
N0 =0 = _ = (2.45)
R() 1-¢€2

We remark that the kj/k; < 1 ordering used in the Poisson equation in Eq. (2.7) is not adopted
when Eqgs. (2.1-2.6) are developed. As a matter of fact, we include derivatives along the
magnetic field in the geometrical operators present in those equations. Therefore, while mass
is exactly conserved to all orders in k;/k,, the energy is only conserved to leading order in
ky/k, [48].

We highlight that the stencil used within the implementation of the operator in Eq. (2.42)
considers e(r) = r/ Ry consistently, therefore taking into account the radial variations of the
geometric coefficients. The stencil is implemented by using a second-order centered finite
difference scheme, which yields

0%0* 070" 070"
. [nv Al Aij MHJ+2M”+M[;IJ MIJI +2M +M1J+1
ZARES Y A 2072
Ai+1,j Aj. 1]
+ N (M1+1] Mrr) A2 (Mrr Miryjr)
L i 0 Aij1 (0000 0
EPYVIE (M?J“ M )+ AH*Z( b Mﬂl) (2.46)
+;[A- jor (M1 + M) '
8ArAQ* +1,j+1 i+1,j ij+l

L ro* ro
+ Al'lvl'l (Ml 1,j + Ml] 1)

- Ai—l,j+1 (M erjgjl)

L rg rf
_A1+1vl'1 (M1+1] Mi,j—l)] ’

with the geometric coefficients redefined as M'" = N'"(n/B%), M = N0 (n/B%) and M?"¢"
NP9 (n/B?).

Finally, we underline that the model equations presented herein reduce to the ones in Ref. [72]
when the inverse aspect ratio is approximated by the constant value € = ay/ Ry, thus neglecting
the radial variation of € across the poloidal plane. In addition, one would have to consider
the limits kj/k; < 1 and k; Ry > 1, as well as the Boussinesq approximation, to retrieve the
model reported in Ref. [72].
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2.2.2 A mass-conserving neutral model

Similarly to the model presented in Ref. [61], the neutral-plasma interaction is addressed in
GBS by solving the kinetic advection equation for the distribution function of neutral atoms
fn, thatis

0 0 i

where n, and n; denote the neutral and ion density, respectively, and f; the ion distribution
function. We remark that we neglect collisions between neutral particles and elastic collisions
between neutrals and ions. Assuming known plasma properties, we obtain the solution of Eq.
(2.47) by using the method of characteristics, writing it as

" S ,’ ’t, I ! ! !
v, t)=f ’ [% +8(" = 1) falx), v, 1)
0 , (2.48)

1 r 1 I n ](Xl) !/
_;fo Vesf(X , 1 )dr 700 dar’,

X exp

since the neutrals that contribute to the distribution function at position x, velocity v and
time ¢ are generated at position x' = x — r'Q and time ¢’ = t — r'/ v, with Q = v/ v designating
the unit vector along the velocity direction and r’ the distance between x and x’. We remark
that the subscript "b" refers to the intersection of the characteristic passing through x and
direction Q with the domain boundary. The neutrals are solved in an (R, Z, ¢) coordinate
set, which is related to the (r,8) coordinates by R = Ry [1 —€(r) cosf] and Z = Rye(r)sinf. The
Jacobian of this coordinate set if then given by J(x) = R(x) = Ry [1 —€(r) cosf]. The volumetric
source of neutrals due to charge-exchange interactions and recombination events occurring
within the plasma is represented by the term

S(X,; v, t/) = VCX(:X:,; t,) nn (X,; t,)(pl (X,» v, t,) + Vrec (Xlr t,)ﬁ(xly v, t’)) (249)

with ¢;(x',v, t') = mi/ 2 Ty) exp[—my v?1(2T)] the velocity distribution of the ions undergoing
charge-exchange interactions, which is assumed to be a Maxwellian of temperature 7;. We
remark that the volumetric source S(x, v, f) is proportional to the neutral density n,(x, f) =
J fn(x,v, t)dv, which makes Eq. (2.48) an integral equation for f;,.

The effective cross-section for neutral depletion, veg(x”, t") = vi,(x", t") + vex (X", 1), appear-
ing in Eq. (2.48), takes into account the neutrals removed by ionization or charge-exchange
interactions along the path between the source x’ and target x locations. We note that the
neutrals removed by charge-exchange with ions appear as fast neutrals, as described by the
source term in Eq. (2.49). The location x” is along the integration path, while ¢ denotes the
time at which a neutral is at position x”. The neutral source at the domain boundary is given
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2.2. The mass-conserving model for the plasma and neutral particles

by

fn (Xg, v, t{)) = (1 = areft) Tout,n + Tout,i) Xin (Xb, V, Tw) + et [fn (Xp, V=2V 1) + ToutiXin(Xp, v, T1)],
(2.50)

where Touen = 0.<0

ary, I'oyi,i is the flux of ions outflowing from the main plasma, which is calculated from the

|v] |cosf fr(xp, v)dv denotes the flux of neutrals outflowing to the bound-

quantities evolved by Egs. (2.1-2.7), v, = v, = (v-0)n is the projection of the particle
velocity along the unit vector normal to the boundary pointing towards the plasma i, and
Xin(Xp, v, Ty) = 3m?/(4n T2)cos(@)exp [-mv?/(2T,,)] is the Knudsen cosine velocity distribu-
tion assumed for the reemitted neutrals [61, 73], with 8 = arccos (Q - 1) and T, the temperature
of neutral particles reemitted at the wall. Eq. (2.50) takes into account that a fraction, @ eq, of
the neutral particles reaching the wall is reflected, while the remaining fraction is absorbed
and then reemitted. Reflected neutrals have a reflected distribution function with respect
to the incoming particles, f;,(xp, v—2v,). Analogously, the ions outflowing to the boundary
recombine with electrons in the wall and are recycled as neutrals, with a fraction a,.q of them
being reflected and the rest reemitted. For reflected ions we assume a Knudsen cosine velocity
distribution yi, (xp, v, T;) and ensure that kinetic energy is conserved by considering the ion
temperature T; instead of wall temperature T,.

We then solve Eq. (2.48) by considering two approximations that hold within the typical
plasma parameters in the tokamak boundary, as explained in detail in Ref. [61]. We assume
that the plasma quantities vary over characteristic turbulent time scales, 7,1, which are larger
than the characteristic neutral time of flight, 7,,. We also take advantage of the fact that the
typical neutral mean free path, Amfpn ~ Vinn/ Vet (With v n = vTn/my the neutral thermal
velocity, being T}, the neutral temperature and m,, the neutral mass, and Veg = Viz + Vcx the
effective collision frequency for neutral depletion), is considerably smaller than the typical
elongation of turbulent structures along the direction parallel to the magnetic field, 1/kj ~ Ry.
In fact, assuming a neutral temperature 7, ~ 2eV and an effective frequency for neutral
depletion veg ~ 10%s7!, it results Amfp,n ~ 0.1m, which is considerably smaller than Ry ~ 1m.
This allows us to consider all quantities appearing in Eq. (2.48) independent of the parallel
coordinate, approximately coincident with the toroidal direction in the limit |Vw X V(p| <
|F (w)V(p| considered in this chapter. As a result of these approximations, Eq. (2.48) reduces
to a set of time-independent two-dimensional equations in the poloidal plane. Eq. (2.48)
is integrated in the velocity space (v, 0, v), where v¢ denotes the projection of the neutral
velocity along the toroidal direction, v}, is the modulus of the projection of the velocity on
the poloidal plane and 9 is the angle between Q and the horizontal plane. This approach
ultimately leads to a linear integral equation for the neutral density n, in the poloidal plane,
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b () 2n )
nn(xp)zf dr'f dvpvpf df)f duvy
0 0 0 —co

R(x]’p) S(xl’p,v) L0 — ) :
X —
Rxp) v r =T Xy v (2.51)
x exp 1 fr’veff(x”)dr" },
vy Jo p/%Tp

where x;, and x; designate the locations of the target and source of neutral particles within
the poloidal cross section and r’ denotes the distance between these two points.

The numerical discretization of Eq. (2.51) leads to a matrix equation solved for the neutral
particle density n,(xp) and the flux of neutral atoms at the boundary I'gy¢ (Xp,b)

Nn | VexKp—p Kb—»p nn VrecKp—p Kb—»p nj

) (2.52)

Coutn chKp—»b Kp—p | |Toutn VrecKp—>b Kp—p | | Tout,i
where the kernel functions K are velocity integrals, their expressions being detailed in Ref.
[61]. The kernels link the neutral density n, at a given location within the plasma volume
("p") and the flux of outflowing neutrals I'yy at a given location at the domain boundary
("b") with the density and flux of neutrals or ions at all locations. Eq. (2.52) represents a
non-homogeneous matrix system, where the homogeneous part describes the contribution
of neutrals generated by charge-exchange processes in the plasma volume and the neutrals
outflowing to the boundary, while the non-homogeneous part accounts for the neutrals

generated by volumetric recombination and ion recycling at the wall.

We highlight that the present thesis takes toroidal geometry into account consistently, by
introducing the proper R(xg) / R(xp) geometric factor in Eq. (2.51) with respect to the expres-
sions used in Ref. [61]. The geometric factor R(x},)/R(xp) consistently takes toroidicity into
account, instead of the cylindrical geometry considered in Ref. [61], and is crucial for mass
conservation.

2.2.3 Mass-conserving boundary conditions

To ensure mass conservation, proper boundary conditions must be applied to both the plasma
and neutrals. We highlight that the domain boundary includes the interface with the limiter
plates, the edge-core interface and the vessel outer wall. We focus on the boundary conditions
implemented for the plasma fields, as well as the evaluation of the plasma quantities appearing
in Eq. (2.50) at the domain boundary, since these quantities provide the boundary conditions
for the computation of the neutrals.

We start by considering the boundary conditions for the plasma fields at the limiter plates,
where most of the plasma particles end by following the magnetic field lines, being recy-
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2.2. The mass-conserving model for the plasma and neutral particles

cled back to the plasma as neutrals. These boundary conditions, imposed at the magnetic-
presheath entrance where the ion drift approximation breaks, extend the Bohm-Chodura
boundary conditions. Their derivation was first reported in Ref. [74] considering the cold ion
limit and extended for the T; # 0 case in Ref. [75]. Neglecting plasma gradients along the wall,
the plasma boundary conditions at the limiter are given by

vji = +v/ToFr (2.53)

Vje = £V Te€Xp (A— %) (2.54)
e
Open = F—o— (2.55)
N = F————=0pg~ V| .
o VTFr 0"
VTe
a * = _—a * Ui 2.56
o+ P +\/F_T 0+ VJli (2.56)
0g+ Te = YeOg+ P (2.57)
0p+ T = yi0g+ P (2.58)
1 VTe
Q=—|—@0pvy)? £ —202. vy 2.59
FT( o+ U)1i) 00 li (2.59)

where the + signs accounts for magnetic field lines entering or leaving the vessel, Fr = 1+ T;/ T,
A =log [\/ (1/2m) (my/ me)] =~ 3. The parameters y, = y; = 0.1 are numerical coefficients relating
the poloidal derivatives of T, and T; with the poloidal derivative of the potential at the limiter
[74].

On the other hand, ad hoc boundary conditions are used at the radial boundaries, where
magnetic field lines are parallel to the wall, since no first-principles boundary conditions have
been developed so far for the outer vessel wall and the edge-core interface. As a matter of
fact, the simulation domain is extended along the radial direction both towards the core and
outwards, so that the boundary conditions for the plasma density at the outer vessel walls do
not affect significantly the mass conservation properties of the simulation results. For n, T,
T;, vje and vy, homogeneous Neumann boundary conditions are applied and Q =0 is set at
both the wall and the edge-core interface. Regarding ¢, we follow an approach similar to the
one reported in Ref. [35], using ¢ = AT, at the wall, with AT, evaluated at the beginning of the
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Chapter 2. The mass-conserving GBS model of plasma turbulence and kinetic neutrals

simulation, and ¢ = ¢ at the edge-core interface, with ¢pg a properly chosen constant to avoid
strong potential gradients.

We now evaluate the flux of ions outflowing to the boundary, Iy i, featuring in Eq. (2.50).
This constitutes the primary neutral source in the system and its proper evaluation plays an
important role on for mass conservation. We observe that the total ion flux to the boundary is

Ti= nl}||ib+rdi+I‘ExB+rp01,i, (2.60)

where nvjib denotes the parallel ion flux, I'q; = —(Vp; x B)/ B2 istheion diamagnetic drift flux,
I'exg = (nB x Vg)/ B? the E x B drift flux and T poli = NVpol is the ion polarization drift flux,
with the ion polarization velocity written as

L difng 4.1y ) Ly
di(n 1o V.1 .
nQcio dt \ B + B LPi m;in o

Vpol,i = — Gix — (2.61)

VGj]

where d;/dt=0;+ vib-V + vgxg - V. In this chapter, the polarization drift contributions vy ;
are neglected in the expression of the ion flux to the boundary, since they are smaller than the
E x B contribution by a factor of the order of pso/ Ry. Therefore, the expression for the ion flux
to the limiter walls considered in the present chapter is given by the projection of Eq. (2.60)
along the poloidal direction 8%,

il =nvb? +19 +18 4, (2.62)

with the diamagnetic and E x B flux poloidal components expressed as

.1 [op. op

[T gl =—ﬁ[a—’;‘3¢—a—’;3r], (2.63)
. n [0 0

I OSL - a—fB(,)—%B, : (2.64)

We remark that Eq. (2.62) is evaluated locally. In turn, at the vessel wall we consider the radial
component of the flux in Eq. (2.60),

(Tl = Lai + Tiupo (2.65)

wall

with
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0 ap;
[Fdi]’=—ﬁ [_agi B¢+a—’$39*], (2.66)
n 0 0
[FExB]r:—]?[—aH(p* ¢+£BQ*]. (2.67)

The flux of ions perpendicular to the outer wall in Eq. (2.65), being considerably smaller than
the flux of ions outflowing towards the limiter in Eq. (2.62), fluctuates and may occasionally
reverse direction. This is also due to the ad hoc plasma boundary conditions used at the wall.
We hence solve this numerical drawback by performing a poloidal and toroidal average of the
flux when evaluating I'oy i, therefore uniformly redistributing it at the wall.

While the boundary conditions imposed at the limiter and outer wall ensure mass-conservation,
the edge-core interface is an open boundary of the simulation domain, which can be crossed

by both ions and neutrals, with the plasma outflow from the core compensating the neutral in-
flow to the core in a steady state situation. In our simulations, the plasma outflowing from the

core to the simulation domain is mimicked by a density source near the edge-core interface,

Sn. For global mass conservation purposes, we consider a dynamical density source matching

the time variation of the volume-integrated plasma density at each time step. As a result, the

system evolves to a steady state where the ion flux at the edge-core interface compensates the

neutral flux. The mass of the system composed by the ions and the neutrals inside the domain

is thus conserved globally and locally, with the density profiles oscillating around a constant

steady-state value. Since energy conservation is not the scope of the present chapter, we do

not impose energy conservation when modelling the heat outflow from the core into the simu-
lation domain. Instead, the energy outflow from the core is mimicked by temperature sources

located at the edge-core interface, St, and St,, which are described by a gaussian profile of
constant amplitude, St, = At, exp—(r — ro)?/w? and St, = At,exp—(r— ro)?/w?, with r the

radial coordinate, r. = 0pgg the radial location of the edge-core boundary, w = 5pso the width

of the gaussian source and St, and S, the electron and ion temperature source amplitudes,

respectively.

We remark that the boundary conditions described in the present chapter extend the ones
used in previous GBS models (see Refs. [61] and [34]) thanks to the introduction of boundary
conditions for the neutral model that account for the leading order drift contributions to the
ion flux on top of the parallel motion, while the previous model only considered the parallel
ion flow along the magnetic field lines. Therefore, the corrections implemented in the version
of GBS reported in this chapter ensure mass conservation to leading order in psg/ Ry.

The model considered here does not include gas puffs for fuelling purposes or other fuelling
mechanisms. In fact, in a nuclear fusion reactor, the plasma fuel is expected to be depleted
because of the fusion reactions taking place at the core, which has to be compensated by
the fuelling from the boundary in order to conserve the total mass of the plasma in the
device during operation. We remark that the plasma fuelling can be simulated by using the
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model discussed in this chapter, while global and local mass conservation are ensured by also
including the modelling of the products of the fusion reactors in a multi-species framework,
as well as the presence of a plasma pump for the removal of fusion products. We also note
that in order to establish energy conservation in our simulation, the heat exchange between
the plasma and the walls has to be described, as well as a more comprehensive description of
the collisional heat exchange between different species provided, taking into account the role
played by atomic excitation and different energy levels of the hydrogen atom.

2.3 Verification of Mass Conservation

Aiming at verifying the implementation in GBS of the mass-conserving model described in
Section 2.2, and composed of the plasma model, Egs. (2.1-2.7), the boundary conditions,
Egs. (2.53-2.59), and the neutral model, Eq. (2.51), we start by deriving the proper mass
conservation law. We remark that the electron continuity equation, Eq. (2.1), can be expressed
in divergence form as

on

n =-V-Te+ nnviZ+DLnV2ln+D”nVﬁn, (2.68)

where the electron flux I, is expressed as

Ie= nv||eb+l‘de+I‘ExB, (2.69)

with I'g,p the E x B drift contribution to the electron flux, and I'qe = (Vpe x B)/B? the electron
diamagnetic drift flux. We note that in Eq. (2.68), as well as in the rest of the present chapter,
we neglect the recombination sink term, since the recombination rate is negligible compared
to the ones of ionization and charge-exchange at the typical SOL and edge temperatures
considered in our simulations.

The ion continuity equation can be derived from Eq. (2.68) by using the vorticity equation, Eq.
(2.2), which can also be written in divergence form, V-j =0, as

V- ([ —Te) +700V{Q+ DoV Q =0. (2.70)
Using Egs. (2.70) and (2.68), one obtains the ion continuity equation,

on
5= =V -Ti+ npVig+ D1nVi n+DpnVin—1eaViQ - DoV Q. (2.71)

In what follows, we use D(n,Q) = Danin + D||nVﬁn - T]()QVﬁQ - DJ_QV%_Q as a simplified
notation. In addition, we note that the solution of the neutral kinetic equation presented in
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Eqg. (2.51) obeys the conservation relation n,vi, = -V -I'y,, the detailed demonstration being
presented in the Appendix A to this thesis. Thus, the ion continuity equation in Eq. (2.71) can
be written in terms of the divergence of the neutral flux, yielding

on

E=—V-F1—V~I‘n+D(n,Q), (2.72)
which highlights that the variation of the plasma density in time matches the sum of the
divergence of the ion and neutral fluxes, apart from numerical diffusion terms featuring in
the continuity and vorticity equations, Egs. (2.1-2.2). We note that Eq. (2.72) states the mass
conservation law of the model developed in Section 2.2.

In order to verify Eq. (2.72), we integrate Eq. (2.72) in time and over the poloidal and toroidal
directions, thus obtaining a one-dimensional conservation law,

f]dﬁ*d(pAnzf dtf]de*d¢ [-V-(I';+I'y)+D(n,Q), (2.73)
At

where An = [, (0n/dt) dt denotes the local density variation over time. The relative error for
mass conservation, normalized to the volume-integrated density variation, is expressed as

[]d6*dd An+ [y, dr[Jd6*dd [V-(T; +T,) - D(n,Q)]

E(r)= [1dO*dpdr|An| /L,

(2.74)

with L, the radial length of the simulation domain.

The error E(r) is evaluated from a set of GBS simulations and presented in Fig. 2.1. We remark
that the results shown in Fig. 2.1 are independent of the particular time chosen to evaluate the
instantaneous error of mass-conservation.

Our convergence tests show that grid resolution in the radial direction plays a particularly
important role in mass conservation. Three different grid resolutions are considered in Fig. 2.1:
a coarser grid with ny , = 64 plasma grid points and 7y ,, = 10 neutral grid points in the radial
direction, an intermediate grid with ny , = 128 and ny , = 18, and a finer grid with ny , = 256
and ny p, = 36. The poloidal and toroidal resolution of the plasma and neutral grids is kept
constant in all simulations, with ny, =512, n,, = 64, ny, = 360, and n,, = 64. Convergence
is found in the SOL region, since the error decreases as the grid is refined. In the closed flux
surface region, the error is very small for all the simulations. We remark that the peak of E(r)
at the LCFS is a consequence of the sharp gradients that are observed between the open and
closed field-line regions, ultimately due to the topological transition between the edge and
the SOL. This effect is more important if a higher radial resolution is considered, which results
from the fact that the grid approaches the topological boundary between the two regions.
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Figure 2.1: Instantaneous error in particle conservation, defined according to Eq. (2.74),
evaluated over an interval of two time steps (At =7.5 x 1073) for three combinations of plasma
(nxp x nyp x Nzp) and neutral (ry n X Nyn % Nzp) grids: i) (64 x 512 x 64) and (10 x 360 x 64), blue
line; ii) (128 x 512 x 64) and (18 x 360 x 64), red line; iii) (256 x 512 x 64) and (36 x 360 x 64),
green line. Simulation parameters: Ry/pg = 500, g = 3.867, ng =2 x 1083cm™3, To = 20.0eV,
Q¢ =5.0x10°s7, T, = 3.0eV, v = 0.1, nge = 10i = 1.0, noq = 4.0, St, = St, = 0.3, 0 = 0.5,
Dyn =Dy, =Djy; =Din=Dia=Diy,=Diy;=Di1,=Di1;,=7.0.

Aiming at a further demonstration of convergence, we obtain a global error measurement
by computing the /> norm corresponding to the relative error E(r) in Eq. (2.74) for the same
pairs of plasma and neutral grid resolution values considered in Fig. (2.1). We evaluate the I,
norm for the whole domain and then excluding the area around the LCFS where the peaking
is observed, which is given by [x;crs — 1.50s0, X1cFs + 1.5ps0]- These results are presented in
Tab. 2.1, which shows clear convergence for the restricted domain. Therefore, provided the
numerical peaking effect is removed, the I, norm highlights the convergence, thus reinforcing
the conclusions driven from Fig. (2.1).

2.4 Simulation Results

In this section, we present and discuss the results of the first simulations obtained from the
mass-conserving GBS model described in Section 2.2. We start by underlining the differences
with respect to the non-mass-conserving model previously implemented in GBS. A parameter
scan on the plasma density is the performed to understand the influence on the plasma
density on the mechanisms underlying the neutral-plasma interaction. All results presented in
this section refer to time averages over an interval of At = 10.0Ry/ cs9, during the quasi-steady
state period of the simulations.
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Plasma resolution (nx,) Neutral resolution (nxy) I, (WD) I, (RD)
64 10 6.7 x1072  6.0x1072
128 18 40x107%2 95x1073
256 36 3.8x107% 4.0x1073

Table 2.1: Values of the I, norm for the relative error E(r) in Eq. (2.74) for different plasma and
neutral grid radial resolution (same pairs of values used in Fig. (2.1), considering the whole
simulation domain (WD) and for a restricted domain (RD), which excludes the points located
in the region around the LCFS where numerical peaking is observed, [x;crs — 1.50s0, XLCFs +
1.5p30] .

2.4.1 Differences between conserving and non-conserving models

To evaluate the impact of mass conservation on the simulations, we compare the mass-
conserving model described in the present chapter and the model previously implemented
in GBS (described in Ref. [34]). Aiming at disentangling the contributions from each of the
modifications implemented in the plasma and the neutral models, we perform a comparison
with a hybrid model, which considers a mass-conserving model for the neutrals, but makes
use of the previously implemented model for the plasma, featuring inconsistent geometry, the
Boussinesq approximation and the kj/k; < 1 and k; Ry > 1 orderings. For the analysis, we
integrate the plasma and neutral quantities over the flux surfaces, which enables the study of
the plasma and neutral radial profiles. The plasma and neutral densities are presented in Fig.
2.2, for all three models.

Mass conservation is found to have a significant impact on the simulation results. The mass-
conserving simulation shows a considerably higher SOL neutral density that drops significantly
in the edge, an effect which is also observed in the hybrid simulations, where the neutrals are
described by a mass-conserving model. Therefore, the changes in the neutral density profile
arise essentially from the corrections within the neutral model, more precisely from the proper
geometric factor, R(xp)/R(xp), included in Eq. (2.51). In addition, in the mass-conserving
model, the plasma density drop from the closed to the open field-line region is more significant
with respect to the one observed in the non-conserving model, while the hybrid model leads
to aresult that lies somewhere in between. We thus conclude that the changes in the density
profile are partly a result of the geometrical corrections within the improved plasma model,
mostly thanks to the fact that the radial variation of the inverse aspect ratio e(r) = r/ Ry is now
consistently taken into account, but are also partly related to the neutral model corrections.
In fact, the modifications in the neutral dynamics also impact the ionization source profiles,
which in turn has a decisive influence on the plasma density and ion flux profiles.

We now turn to the analysis of the radial particle fluxes, so as to investigate the mechanisms
underlying the changes in the plasma and neutral profiles observed in the mass-conserving
model with respect to the one previously implemented in GBS. The radial profiles of the
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Figure 2.2: Comparison of the radial profiles of plasma density for a non-mass-conserving
model, a hybrid version of GBS with conservation properties for the neutrals but not for
the plasma and a mass-conserving model, averaged over an interval At = 10.0Ry/csp from
the quasi-steady state period of the simulations. The same parameters considered for the
simulations presented in Fig. 2.1 are used, with the plasma and neutral grid sizes (ny,p x 1y, x
nz,p) = (255 x 511 x 64) and (nyn x Nyn X Nzn) = (24 x 360 x 64).

radial ion and neutral fluxes are presented in Fig. 2.3, where the contributions from E x
B, diamagnetic, and polarization drift fluxes contributing to the overall ion flux are also
discriminated. In the mass-conserving simulations, the ion and neutral fluxes are opposite
to each other to a good approximation. Hence, the divergence of the ion and neutral fluxes
approximately balance each other, apart from small diffusive terms (see Eq. (2.72)). However,
this is not the case for the non-conserving model, where the inward-pointing neutral flux
remains about constant in the edge and decreases smoothly across the SOL to vanish at
the wall, while the outward-pointing ion flux exhibits a rather steep profile, growing sharply
from the core to the LCFS and decreasing towards the wall. Regarding the hybrid model,
which considers the improvements of the neutral model but not those relative to the plasma,
the neutral flux profile is quite similar to the one found for the improved mass-conserving
model, since there are no differences in the neutral computation. On the other hand, the
combination of the previously implemented non-conserving model for the plasma with the
mass-conserving neutral model produces unreliable results for the ion fluxes, especially when
close to the edge-core interface.

We further note that the non-conserving model exhibits a relatively large inward-pointing
diamagnetic drift flux in the edge and near SOL, which reverses sign in the far SOL. On the
other hand, in the mass-conserving model, the diamagnetic flux in Fig. 2.3 is considerably
less important and points radially outwards, except in the vicinity of the LCFS. While the
polarization drift flux plays a certain role in the near SOL in the non-conserving simulation, it
becomes negligible in the whole domain in the mass-conserving simulation. We also highlight

34



2.4. Simulation Results

EDGE Conserving Model SOL
2 b
>< /
= 0 — =
=
25 _Fn_ri_PExB_Fdi Fpol

2 \///

2 /’ﬁw Model

1 1 1 1 1 1

-60 -40 -20 0 20 40 60
T —rpers[pso)

Flux
o
l

SOL

Flux
o
|
|

Figure 2.3: Comparison of the radial profiles of radial neutral and ion fluxes for a non-mass-
conserving model (top panel), a hybrid version of GBS with conservation properties for the
neutrals but not for the plasma (middle panel) and a mass-conserving model (bottom panel),
discriminating the contributions of E x B, diamagnetic and polarization drifts, averaged over
an interval At = 10.0Ry/ csp from the quasi-steady state period, using the same grid sizes and
parameters considered for the simulations presented in Fig. 2.2.

that our results differ from the conclusions reported in Ref. [37], where the absence of neutrals
imposes V-T'; = 0 in a steady state, thus forcing a balance between the E x B drift flux and
the diamagnetic component of the flux. In the simulation results reported in this chapter,
the E x B drift flux is instead balanced by the neutral particle flux, while the diamagnetic
contribution is negligible with respect to the E x B flux component.

As a final remark on the impact of the corrections in the boundary conditions for the neutral
calculation, we discuss the relevance of the matching between the flux of ions outflowing
to the limiter, [Fi]ﬁ:n, described in Eq. (2.62), and the flux of recycled neutrals flowing back
to the plasma, [Fn]ﬁ:n. Aiming at this, we consider the same interval At = 10.0Ry/cso from
the quasi-steady state period used in Figs. 2.2 and 2.3 and we compute the averaged ion
and neutral fluxes by integrating along the limiter plates. We then evaluate the relative error,
normalized to the total ion flux, i.e.
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The procedure is applied to both sides of the limiter, with Ej, (1) = 28.3% at the lower plate for
the non-conserving boundary conditions and Eji, () = 9.6% for the mas-conserving model,
while the upper plate yields E}jy, (r) = 7.2% for the non-conserving model and Ejjy, (1) = 2.5%
for the simulation considering improved boundary conditions. These values highlight that
mass-conserving recycling at the limiter becomes more accurate by a factor of three when the
E x B and diamagnetic drift flux components are included in the expression of the ion flux in
the boundary conditions for the neutral model.

2.4.2 A conserving model for the plasma

In this subsection we analyse the results obtained from simulations that consider different val-
ues of plasma density, which are obtained by varying the normalization density ny. Increasing
no makes the reaction rates for ionization, charge-exchange and electron-neutral collisions
larger, which affects the plasma and neutral profiles, as shown in Fig. 2.4. In order to isolate
the role of the neutrals, all simulations consider the same plasma resistivity v, as well as the
other simulation parameters.

We first consider the lowest density 79 = 5.0 x 10'2cm ™3 case (see Fig. 2.4). The neutral density
nn peaks in the SOL close to the limiter plates, where the plasma is recycled, and remains
almost constant in the closed field-line region, given the weak interaction of the neutrals with
the plasma (an important fraction of neutrals penetrate into the core with no interaction with
the plasma in the edge and SOL regions). In fact, because of the higher plasma temperature
in the closed field-line region, the ionization source n,vj, peaks in the vicinity of the limiter,
keeping a fairly constant value in the closed-flux surface region on the HFS. The analysis of
the cross section profile of charge-exchange, n,vcx, leads to similar conclusions.

Regarding the intermediate density case, 19 = 2.0 x 10'3cm™3, it is remarked that ionization is
predominantly localized near the LCFS, the neutrals penetrating considerably less into the

3

core with respect to the ny = 5.0 x 10'2cm ™3 case. The spatial distribution of charge-exchange

is also characterized by a pronounced peak at the LCES and a sharp decrease towards the
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Figure 2.4: Cross sections of plasma density n (first row), neutral density n, (second row), ion-
ization source npvj, (third row) and charge-exchange n, v (fourth row) for a mass-conserving
model, considering a time range of At = 10.0Ry/cy during the simulation quasi-steady
state period, for three different normalization densities: 71 = 5.0 x 10'2cm™2 (left column),
ng =2.0 x 1013cm™3 (center column), and 7 = 4.0 x 10'3cm ™3 (right column). Grid sizes and
all other simulation parameters are the same as the ones used for the simulations presented
in Fig. 2.2.

edge-core interface. Due to the weaker penetration of the neutrals into the core and the strong
ionization in the closed field-line region, a significant drop in the neutral density between the
SOL and the edge-core interface is found. Analogously, since most of the ionizations occur
near the LCFS, a significant plasma density source is present in the edge near the limiter,
resulting in a smooth variation of 7 in the closed field-line region on the HFS.

Regarding the largest density considered in our scan, ny = 4.0 x 10'3cm™3, the simulation
results exhibit a strong concentration of the ionization and charge-exchange interactions in
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Figure 2.5: Radial plot of the time, toroidally and poloidally averaged density of plasma (top
panel) and neutrals (bottom panel) within a mass-conserving model, considering a time
range of At = 10.0Ry/cgp during the quasi-steady state period, for three different values of the
normalization density: ng = 5.0 x 10'2cm™3 (green line), 1o = 2.0 x 10'3cm™3 (red line) and
ng =4.0 x 1013cm™3 (blue line). Grid sizes and all other simulation parameters are the same as
the ones used for the simulations presented in Fig. 2.2.

the proximity of the LCFS, with an extremely weak penetration of neutrals across the edge.
Thus, neutral density drop between the SOL and edge regions is further enhanced, while the
plasma density peaks in the closed field-line region close to the limiter.

A more quantitative comparison of the radial profiles of n and n,, is presented in Fig. 2.5. We
remark that, while small values of ng flatten the n,, profile in the edge and SOL regions, the
variation of ny has a weak influence on the radial profile of n (keeping all other parameters
constant. In fact, the variation of v, which is ultimately related to density, strongly influences
the plasma profile, as discussed in Ref. [76]).

On the other hand, density has a pronounced impact on the radial particle fluxes. As presented
in Fig. 2.6, at low density, the flux of neutrals increases radially in the SOL region, from the
wall to the LCFS, due to the increasing number of neutrals recycled into the plasma. Then, the
neutral flux I';, remains roughly constant in the edge region, since few neutrals are ionized on
their way to the core. As expected, the ion flux is approximately opposite to the neutral flux,
with the dominant contribution arising from the E x B drift, both in the edge and SOL regions,
and considerably smaller contributions from the diamagnetic and polarization drift fluxes. In
addition, a strong radial decrease of the neutral flux is observed from the LCFS to the edge-core
interface at high density, as most neutrals are ionized within the edge close to the LCFS. As
imposed by mass conservation, the ion flux is opposite to the neutral flux also in this case.
In fact, at high density, the ion flux increases radially, from the core to the LCES. The reason
behind the radial increase of the ion flux is the fact that, at high densities, a large number of
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neutrals are ionized in the edge region, thus generating the ions that contribute to increase the
flux from the core to the LCFS. Beyond the LCFS, the ion flux decreases gradually, as the ions
flow to the limiter plates where they are recycled. Nonetheless, the relative contributions to the
ion flux do not change, as the flux profile is mostly determined by the E x B drift contribution

in the whole simulation domain.
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Figure 2.6: Time, toroidally and poloidally averaged radial fluxes of neutrals and ions, discrimi-
nating the contributions of E x B, diamagnetic and polarization drifts, for a mass-conserving
model, considering an average over a time interval At = 10.0Ry/cgp during the quasi-steady
state period, for three different values of the normalization density: g = 5.0 x 10'?cm™3 (top
panel), ng = 2.0 x 10"3cm™3 (middle panel), and ng = 4.0 x 10'*cm~3 (bottom panel). Grid
sizes and all other simulation parameters are the same as the ones used for the simulations
presented in Fig. 2.2.

2.5 Conclusion

In this chapter, a mass-conserving model to leading order in pgy/ Ry for the study of the neutral-
plasma interaction in the tokamak boundary is presented. The numerical implementation of
this model in the GBS code is described in detail and the first simulation results are shown

and discussed.

The model relies on the drift-reduced two-fluid Braginskii equations for the description of
plasma turbulence and addresses the dynamics of neutral atoms by solving the neutral kinetic
equation, using the method of characteristics and discretizing the resulting formal solution. In
order to ensure mass conservation, ions and neutrals considered as a whole, proper boundary
conditions are implemented at the walls, thus accounting for mass-conserving recycling,
and toroidal geometry is consistently accounted for. More precisely, we consider the radial
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variation of the inverse aspect ratio € = ay/ Ry throughout the code, we avoid the orderings
ky/ki < 1and k; Ry > 1in Egs. (2.1-2.6), and we consistently take into account toroidicity
effects in the neutral calculations. We remark that the changes implemented in GBS also
ensure that the model conserves energy apart from terms (such as collisional heat exchange
and ohmic heating) missing in the temperature equations, which should nevertheless be
negligible in the edge and SOL conditions considered in this work (collisional heat exchange
and ohmic heating), the presence of boundaries, the energy losses due to the ionization and
recombination interactions and the use of the kj/k; <« 1 ordering in the Poisson equation.
We highlight that a proof of the energy conservation law for the drift-reduced Braginskii model
is reported in Ref. [48].

The mass-conserving model is implemented in the GBS code and convergence tests lead to the
conclusion that mass conservation is satisfied. The comparison with the non-mass-conserving
previously implemented model highlights the significant role played by mass conservation on
the simulation results. In fact, when the mass-conserving model described in this chapter is
taken into account, plasma and neutral quantities exhibit a larger drop across the LCFS and
more pronounced differences are found between the SOL and edge regions.

The analysis of the simulation results reveal that the ion particle flux is mostly determined
by the E x B drift and balances the neutral flux, as expected. A set of simulations performed
by varying the plasma density ngy, while keeping v and other parameters constant, show
that higher densities lead to weaker neutral penetration across the edge, as ionization and
charge-exchange peak closer to the LCFS. As a consequence, high density simulations exhibit
a stronger neutral density drop from the SOL towards the edge-core interface. In addition, the
density scan highlights the impact of density on the radial particle fluxes, as the weaker neutral
penetration associated with higher densities leads to a stronger drop of the neutral flux across
the closed field-line region, from the LCFS to the edge-core interface. The ion flux points
opposite to the neutral flux, as imposed by mass conservation, and is mostly determined by
the E x B component over the entire domain and for all densities considered.

We highlight that the mass-conserving model presented in this chapter is implemented for
the study of limited tokamak configurations. The implementation of mass conservation in
diverted configurations [35, 60] can be performed by following the steps described in the
present chapter.
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8] A multi-component model of plasma
turbulence and kinetic neutral dy-
namics

In this chapter, we describe a self-consistent model for the simulation of a multi-component

deuterium plasma in the tokamak boundary. The plasma dynamics are described by means
of a set of drift-reduced Braginskii equations for each species, which include electrons, deu-

terium atomic ions and deuterium molecular ions. On the other hand, deuterium atoms

and molecules are addressed by considering a kinetic advection equation for each neutral

species, which are solved by using the method of characteristics. The models describing the

plasma and neutral species are coupled through a set of collisional interactions, which include

dissociation, ionization, charge-exchange and recombination processes. In this chapter, the

derivation of the plasma and neutral models is presented in detail, including its boundary

conditions, and their numerical implementation is discussed. The results of the first GBS

simulations of a multi-component plasma are also shown and analyzed with respect to results
from the single-component plasma model discussed in Ch. 2. We highlight that the content of

the present chapter is submitted for publication to Nuclear Fusion [77].
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3.1 Introduction

The plasma boundary of tokamak devices is characterized by the presence of several ion and
neutral species, interacting through a complex set of collisional reactions [78, 12]. For instance,
not only neutral atoms, but also molecules play a relevant role in the plasma dynamics at
the boundary. Molecules are generated by processes such as the plasma recycling at the
vessel walls and gas puffing. In fact, ions and electrons, which flow along the magnetic-field
lines or across them due to turbulent transport, eventually end at the vessel walls, where
they recombine and re-enter the plasma as neutral particles. These neutrals can keep the
energy of the incoming ion, which effectively undergoes a reflection process, or they can
be emitted at the wall temperature, following the absorption of the incoming ion. In the
later case, a significant fraction of the atoms associate to form molecules, which are then
reemitted back to the plasma [79]. The exact probability of a reflection process, as well as
the probability that atoms associate into molecules, depend on the physical properties of the
material constituting the limiter or divertor plates [24]. Moreover, neutral molecules can be
externally injected to fuel the plasma, reduce the heat flux to the vessel wall (by decreasing
the plasma temperature and hence enhancing volumetric recombination), or for diagnostic
purposes, providing indirect measurements of the plasma quantities.

Neutral atoms and molecules are ionized, leading to atomic and molecular ions, thus gener-
ating a multi-component plasma. Molecules and molecular ions also undergo dissociative
processes, through which they are split into mono-atomic species. Recombination, charge-
exchange, elastic and inelastic collisions also come into play. All these collisional reactions
transform neutral particles into ions and electrons and vice versa, change the temperature of
the plasma species due to the energy required to trigger ionization and dissociation processes
and also impact the velocity of the plasma species. As a consequence, due to the plasma
dynamics in the boundary being strongly influenced by the interactions with neutrals, sim-
ulations of the tokamak plasma boundary should account for its multi-component nature
and consider the multiple collisional interactions, in order to enable reliable quantitative
predictions.

Multi-component plasmas are typically described by a fluid-diffusive model, usually sim-
plifying the Braginskii equations for the plasma species by modelling cross-field transport
through empirical anomalous transport coefficients. This approach is followed by the B2
[18, 19], EDGE2D [20], EMC3 [80], SOLEDGE-2D [21] and TECXY [22] codes. Neutral particle
species can also be described by means of a diffusive fluid approach [81], e.g. in the UEDGE
code [23]. However, the validity of diffusive models is limited to small values of the neutral
mean free path, A . Hence, these models can not be applied when Ay, 5 is of the order
of the plasma gradient scale length, which is often the case in the tokamak boundary. This
leads to neutrals being more commonly modelled by means of a kinetic description valid for
all ranges of mean free path. These models, which usually rely on Monte Carlo methods, are
implemented in the DEGAS2 [24], EIRENE [25], GTNEUT [26] and NEUT2D [27] codes. In
fact, research on heat exhaust typically requires integrated neutral-plasma simulations of the
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tokamak boundary, which often couple above mentioned fluid-diffusive multi-component
plasma models and Monte Carlo-based models for the neutral species, e.g. B2-EIRENE [25],
EDGE2D-EIRENE [82], EMC3-EIRENE [28] and SOLPS [29]).

Aiming at shedding light on cross-field transport processes, plasma turbulence simulations in
the tokamak boundary based on fluid and gyrofluid (30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40]
and kinetic codes [41, 42, 43] have made possible significant progress in the comprehension
of the underlying mechanisms of turbulence and cross-field transport in a single-ion species
boundary plasma. On the other hand, multi-component plasma simulations including turbu-
lent transport are still in their very beginning. Progress was achieved thanks to the coupling of
the SOLEDGE2D [83] and TOKAMS3X [40] codes. The resulting SOLEDGE3X code now enables
multi-component plasma simulations, addressing the neutral species by means of the EIRENE
Monte Carlo code. The investigations undertaken with SOLEDGE3X focused on the study
of carbon impurities in the tokamak boundary [66]. Progress was also achieved by coupling
the two-dimensional fluid code HESEL [39] with a one-dimensional fluid-diffusive model for
the neutral particles, including both atoms and molecules. The resulting nHESEL [45, 39, 46]
code thus enables the simulation of a single-ion plasma, featuring the interactions with three
neutral species: cold hydrogen molecules puffed into the system, warm atoms resulting from
the dissociation of the hydrogen molecules and hot hydrogen atoms generated by charge-
exchange processes. This model was used to describe fueling in the presence of gas puffs, as
well as the formation of a density shoulder in the tokamak boundary at a high gas puffing rate.

In the present chapter, we describe the development and numerical implementation in the
GBS code of a multi-component model, addressing the multi-species plasma dynamics by
means of a set of fluid drift-reduced Braginskii equations while describing the neutrals by
solving a kinetic advection equation for each species. This chapter generalizes the implemen-
tation of the interaction between the neutrals and the plasma in GBS first described in Ref. [61]
for single-ion species plasmas, which was later improved in order to verify mass-conservation,
as described in Ch. 2. While the methodology presented in this chapter can be extended to
include an arbitrary number of particle species and the corresponding more complex scenar-
ios, we consider a deuterium plasma, featuring five different species: three charged particle
species, namely electrons (e~), monoatomic deuterium ions (D*) and diatomic deuterium
ions (D3), and two neutral species, including deuterium atoms (D) and molecules (D). We
highlight that D~ and DJ ions, neglected here, may also be important in detachment condi-
tions, as they play an important role in molecular assisted recombination (MAR) processes,
such as dissociative recombination, dissociated attachment and by mutual neutralization
(81, 84, 85].

The model described in this chapter represents the first implementation of a kinetic multi-
species model that avoids the statistical noise from the Monte Carlo method. As a matter of
fact, the neutral kinetic advection equations, valid for any values of the mean free path of
neutral species, are solved by using the method of characteristics and integrating the formal
solution in the velocity space. The resulting system of coupled integral equations for the
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density of neutral species is discretized, enabling for the density of neutral particles to be
found. The model has the potential to provide the fundamental elements required for the
description and understanding of the mechanisms taking place in the boundary, including
the fueling and gas puff imaging, where molecular dynamics plays an important role.

The results of the first simulation based on the multi-component GBS model are described in
the present chapter, shedding light on the processes related to plasma fueling. More precisely,
still considering the limited configuration and plasma parameters between the sheath-limited
and high recycling regimes, we show that molecular dissociation has an impact on the space
distribution of ionization and the plasma profiles, compared to single-component simulations.

The present chapter is organized as follows. After the Introduction, the collisional processes at
play in the multi-component deuterium plasma model implemented in GBS are presented
in Sec. 3.2. The drift-reduced Braginskii equations describing a multi-component plasma
are derived, in Sec. 3.3, extending the approach followed in the single-component version of
GBS described in Ch. 2. In Sec. 3.4, the multi-component boundary conditions applied at
the tokamak wall are introduced. The kinetic model for the neutral species is presented in
Sec. 3.5, which also describes the numerical implementation of the model, a generalization
of the approach initially developed in Ref. [61] and then improved as described in Sec. 2.2.2
for a single neutral species model. Finally, we present in Sec. 3.6 the results of the first multi-
component plasma GBS simulations, discussing the effect of the molecules on the plasma
dynamics, with respect to the results from the single-ion species plasma simulations presented
in Ch. 2. The summary follows, in Sec. 3.7.

3.2 Collisional processes in multi-component deuterium plasmas

The model presented in this chapter aims at describing a multi-component deuterium plasma.
Analogously to Refs. [81], [86] and [87], we consider a plasma featuring the e, D* and D}
species and we consider the D and D, neutral species. D, molecules are generated by the
association of atoms at the vessel walls and by external injection. A fraction of D, molecules
are ionized, thus generating D] ions, while dissociative processes give rise to mono-atomic
ions, D*, and neutrals, D, which are also ionized, leading to D*. We highlight that the resulting
five-species model differs from the three-species model used in the previous GBS simulations
of a single-ion species plasma [61] considered in Ch. 2, where only mono-atomic deuterium
ions and neutrals are evolved. We remark that, by introducing the tools required to describe
the fundamental processes at play in multi-component plasmas, the model presented in this
chapter can be extended to account for more complex scenarios, featuring several plasma and
neutral species.

The plasma and neutral species are coupled by a number of collisional processes, which
include ionization, recombination, charge-exchange, dissociation, and elastic collisions be-
tween electrons and neutrals. These processes appear in the models describing the neutral
and plasma as sources and sinks of particles and heat, as well as friction terms. Table 3.1 lists
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the collisional processes considered in our multi-component model, as well as their respective
reaction rates.

We remark that ve, vp+ and vp; denote the modulus of the electron, D* and D velocities
respectively, while their densities are represented by 7, np+ and np;. On the other hand, oi,,p
and o1,,p, are the cross sections of the ionization of D and D; respectively, 0ec,p+ and ' rec,py
denote the cross sections for recombination of D™ and D; with electrons, o..p and oe.p,
refer to the cross sections of elastic collisions between electrons and D and D, respectively,
O diss,D, and 0 giss D Tepresent the dissociation cross sections of D, and D2+ , Odiss-iz,D, and
O diss-iz,0; are the cross sections for dissociative ionization of D, and D, O diss-rec,p; denotes
the cross section of dissociative recombination of D; ions and, finally, o p-, Ocx,Df» O cx,D-D}
and o p,_p+ are the cross sections for D—D*, D, —~ D3, D~Dj and D, —D* charge-exchange
interactions. In the present work, the distinction between fundamental and excited states
for atoms, molecules and ions is neglected. As a matter of fact, we use the total cross section
for each process considering the sum over the accessible electronic states of the reactants
and products, following Refs. [84] and [85]. By applying momentum and energy conservation
considerations, we compute the velocity and energy of the collision products, too. Since these
also depend on the electronic states of the reactants and products, we average over the states
relevant to a given reaction, taking into account the cross section of each state. The derivation
of these values is detailed in App. B.

By considering Krook collision operators, the collision rates for ionization, recombination,
elastic collisions and dissociative processes are computed as the average over the electron
velocity distribution function, thus neglecting the velocity of the massive particle involved in
the collision (D, D,, D* or D;) when computing the relative velocity between the electron and
the other particle. As a matter of fact, electrons have considerably larger thermal velocity than
ions or neutrals. As for charge-exchange processes between D" ions and the neutral species D
and D,, given the weak dependence of the cross section on the ion-neutral relative velocity
[12], we neglect the neutral particle velocity (D or Dy) when evaluating the relative velocity
of the colliding particles (the velocity of a neutral particle is usually smaller than the ion
velocity). Therefore, the reaction rates 0 p+ and 0 p,—p+ are computed by averaging over
the distribution function of the D* species, which we assume to be described by a Maxwellian
with temperature T+. We follow the same approach when computing the cross section of
charge-exchange interactions between D} ions and the D, and D neutrals, by averaging the
Cross sections 0 s p+ and o ¢ p-p; over the Dj velocity distribution function, which we assume
to be a Maxwellian of temperature Tp;.

The (vo) products for most of the reactions considered in Table 3.1 are obtained from the
AMJUEL [84] and HYDEL [85] databases (precise references for each cross section listed in
Table 1 of Ref. [87]). We remark that, although these databases present the cross sections for
hydrogen plasmas, we assume in this chapter that they apply also to deuterium. We highlight
that the cross section for the e™ — D elastic collisions is obtained from Ref. [88] (page 40, Table
2), while the e™ — D elastic collision cross section is computed from Ref. [89] (page 917, Table
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Table 3.1: Collisional processes considered and their respective reaction rates.

Collisional process

Equation

Reaction Frequency

Ionization of D
Recombination of D* and e~
e~ — D elastic collisions
Ionization of D,

Recombination of D} and e~

e~ — D, elastic collisions
Dissociation of D,
Dissociative ionization of D,

Dissociation of D}
Dissociative ionization of D}

Dissociative recombination of D;
Charge-exchange of D*,D
Charge-exchange of D}, D,

Charge-exchange of D}, D

e +D—2e +D7

e +D*—-D

e +D—e +D

e” +Dy —2e” +Dj
e‘+D; — D

e +Dy—e +Dy

e +Dy—e +D+D
e +Dy—2e +D+D"
e +D; —e +D+D"
e” +D; —2e” +2D"
e”+Df —2D
D*+D—-D+D*
D;+D2—>D2+D;
D; +D— D, +D*

Viz,D = Ne < VeUiZ,D(Ve)>

Vrec,D* = He < VeOrec,D* (Ue)>

Ve-D = He {VeOe-D(Ve))

Viz,D, = Ne < VeOiz,D, (Ve)>

Vriec,Df = e < VeO'rec,D; (Ve)

Ve-D, = e < VeOe-D, (Ve)>

Vdiss,D, = He < VeO diss,D, (Ve)>
Vdiss-iz,D, = e < VeO diss-iz,D, (Ve)>

Vdiss,Dg = Ne Veadiss,Dg (Ve)
Vdiss-iz,D; = e { Ve diss-iz,D; (Ve)>

Vdiss—rec,D;' = nNe < Veo—diss—rec,Dg (Ue)>
Vex,D = N+ (Vp* O cxp* (Up+))

Vex,D, = Ny { Up} O cx,0; (Up3)

Vex,D-D} = 1D} <UD2+ 0 cx,D-D} (VD;)>

Charge-exchange of D, D* D, +D*—DJ +D VexD,-D* = Mp* {Up*Oex p,-p* (Vp+))

13). The cross section for the D, — D, charge-exchange reaction is in turn taken from the
HYDEL database (H.4, reaction 4.3.1), while the cross sections from the ALADDIN database
[90] (obtained from Refs. [91, 92]) are used for the D — Dg charge-exchange interaction. For all
the other reactions, the cross sections from the AMJUEL database [84] are considered. The
(vo) product for the collisional processes considered in this chapter is plotted as a function of
the temperature of the colliding particle in Fig. 3.1.

We henceforth focus on the computation of the velocity and energy of their products. For
charge-exchange interactions following the general form A+ B* — A* + B, we assume that,
while A and B* exchange an electron, their velocities are not affected and energy is con-
served. As a result, the A* ion is released from the charge-exchange collision with the velocity
of A, and B is released with the velocity of B*. For the e” + D — e~ + D elastic collisions,
because of the large electron to deuterium mass ratio, we consider that the D velocity is
not impacted by the collision, while the electron is emitted isotropically in the reference
frame of the massive particle following a Maxwellian distribution function, @,y 1,.,] =
[mel(2n Te,e_D)]?’/2 exp [—me(v —vp)?/(2Tee-p)|, which is centered at the velocity of the in-
coming D particle, vp = [vfpdv/ [ fodv. The temperature T, p is, in turn, established by
energy conservation considerations. More precisely, we observe that the average energy of
the incoming electrons consists of the sum of the kinetic energy associated with the fluid
velocity, ve, and the thermal contribution, (3/2)T,. On the other hand, the energy of the
outcoming electrons has a contribution arising from the collective velocity of the re-emitted
particles, vp, and a thermal contribution, T¢e.p. It follows that Te ¢.p verifies the balance
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,,,diss(Dz)_diss-iz(Dz)—diss(DZ)—diss—iz(DZ) diss—rec(DZ)

10° 16‘ 162 10°

T (eV)
Figure 3.1: (vo) product for the collisional processes considered in this chapter. lonization
processes, elastic collisions and charge-exchange processes are displayed on the top panel,
dissociative reactions on the bottom panel. The (vo) product is plotted as a function of the
temperature of the colliding particle.

described by 3T /2 + me Ugl 2="Teep+ Mg vlz)/ 2. The elastic collisions between electrons and
D, are then described in a similar way. The re-emitted electrons have a distribution of veloc-

ities @, , with T¢ e.p, obtained from an analogous conservation law, expressed as

Dsze,e-Dg]
3Te/2+ MeVg/2 = Teen, + Me VD /2.

Considering the electrons generated by ionization of D, we assume that they are described
by the Maxwellian distribution @, 1,1 centered at the fluid velocity of the D atom vp,
with T¢i,p) accounting for the ionization energy loss, (Ej,), its value being presented in
Table 3.2. More precisely, Tei,n) satisfies the energy conservation law, 37/2 + m, vg/ 2=
2| Teizm) + Me vlzj /2] +{Ei,p), since the reaction gives rise to two electrons with the same prop-
erties. A similar approach is followed for the ionization of D,, with the two emitted electrons

being described by a Maxwellian @, | centered at the velocity of the D, molecules,

VDo TeizD),
VD,, and with temperature Te,i;1), obtained from 3Te/2 + mevg/2 = 2| Teizn,) + Me v}, 12| +
(Eiz,n, ), with (Ej; p, ) the average energy loss due to ionization of D, (see Table 3.2). We high-
light that we neglect multi-step ionization processes when we compute the cross section for
ionization of D and D,, adopting the same procedure for all the other reactions induced by
impacting electrons, such as the dissociative processes.
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Chapter 3. A multi-component model of plasma turbulence and kinetic neutral dynamics

We also apply the same procedure used for ionization processes to describe the proper-
ties of the electrons generated by dissociative processes. The electron created by dissoci-

ation of D, is described by the Maxwellian CDe[ o] centered around vp, and with

VDo) Te,diss
temperature Te giss(D), Obtained from 3Te/2 + mev3/2 = Te giss(D,) + Me v%2 /2 + (Egiss,D, - Re-
garding dissociation of D, the resulting electron is analogously modelled by a Maxwellian

centered at the velocity of the D] ion and with temperature T gissm); given

e[V]SZ ’ Te,diss(D);

by the corresponding energy conservation law expressed as 3Te/2 + mev2/2 = Te disso}) +

Me vlzy 12+ <Ediss D} > On the other hand, dissociative ionization of D, gives rise to two elec-
: ,

trons, their Maxwellian distribution function, @, ,]» being centered around the D

VDo) Te diss-iz(D);
velocity, vp,, and characterized by a temperature T giss-iz(D,), Obtained from 3T¢ /2 + m, vg /2=
2 [Te,diss_iZ(Dz) + Me V12)2 / 2] + (Ediss-iz,D, - Similarly, we assume that the electrons generated by

dissociative ionization of D} aredescribed by a Maxwellian ® centered at vp

e [VDE ’ Te,diss—iz([))'z"
and with temperature T giss-i,(p;) Obtained from energy conservation, 3Te/2 + me V212 =

2
2 [Te,diss—iZ(Dg) + Me UD; /2] + <Ediss—iz,D2+ >

The evaluation of the temperature of the D atoms and D* ions released from dissociative
reactions is based on the modelling of these reactions as Franck-Condon dissociation pro-
cesses. These temperatures are summarized in Table 3.2 and rely on data from Ref. [85]. The
calculations are detailed in the App. B. We highlight that the values for the average electron
energy loss due to dissociative processes take into account the energy lost by an electron
when exciting the D, molecule or D, molecular ion before dissociation takes place. This
contrasts with other work (see e.g. Ref. [46]) where the energy inherent to the dissociation
process is taken into account. Our approach is justified by the fact that the effective electron
energy loss associated with a given dissociative process accounts for the energy required to
excite the molecule, which, in turn, comprises the energy cost of dissociation, the kinetic
energy of the products and the radiation emitted due to deexcitation of the products. We also
highlight that these particles are emitted isotropically in the frame of the centre of mass of
the incoming D; or D] particle. Thus, we assume that the D atoms generated by dissociation

of D, molecules, for example, follow a Maxwellian distribution CDD[ o] Similarly, we

VDy» Tp diss
describe the neutral D atoms and D* ions produced by dissociative-ionization of D, molecules
by the Maxwellian distributions ® and @

Y D VD, TD,diss—iz(Dz) D* [VD2 ’ TD,diss—iz(Dz)
temperature Tp giss-iz(D,) listed in Table 3.2 and evaluated in App. B. In turn, ®

] respectively, with the

D

Vpg» T diss (r3)

and <I)D+[ are the Maxwellian distributions of D atoms and D™ ions generated by

Vpj» D,diss(D;)]
dissociation of D ions, where vp; denotes the fluid velocity of the D7 ion population that
includes the leading order components (see Sec. 3.3). Moreover, dissociative-ionization of

Dj gives rise to D ions that are described by a Maxwellian distribution D,

VD;’ D,diss—iz(D;) ] '
Finally, we remark that the D atoms and D* generated by dissociative-recombination of
DJ are described by the Maxwellian distributions @ and @

PVoy - To dissrec(}) b ["D;’ D,diss—rec(D'Z*)]
respectively, with Tp gigs.rec(n;) denoting the average thermal energy of the reaction products.
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3.3. The three-fluid drift-reduced Braginskii equations

Table 3.2: Average electron energy loss and average energy of reaction products for the ioniza-

tion and dissociative processes included in the model.

Collisional process e~ Energy loss

Temperature of products

Ionization of D
Ionization of Dy
Dissociation of D,
Dissociative ionization
of Dy (Ee < 26€V)
Dissociative ionization
of D, (E¢ > 26€V)

Dissociation of D}

(EiZ,D> =13.60eV
<Eiz,D2> =15.43eV
(Ediss,p, ) = 14.3eV

<Ediss—iz,D2> ~18.25eV

<EdiSS-iZ,D2> ~ 33.6eV
(Egissp; ) =13.7€V
Dissociative ionization of D} <Ediss-iz,D2+> ~15.5eV

Dissociative recombination of D2+

TD,diss(Dz) =~ 1.95eV
T, diss-iz(D,) = 0.25eV

T, diss-iz(Dy) = 7-8€V
Tp,diss(py) = 3-0eV

Tp diss-iz(Dy) = 0-4€V
Tp diss-rec(n;) = 11.7eV

3.3 The three-fluid drift-reduced Braginskii equations

The plasma turbulent dynamics is described by a fluid model based on a Braginskii set of

equations for each plasma species. Their derivation starts from the kinetic equations for

e”, D" and D}, which must include the terms arising from the neutral-plasma interactions.

These equations generalise the ones considered in the single-ion species model introduced in

Refs. [34, 61], by adding the new collisional terms listed in Table 3.1, as well as an equation

describing the D ions. The kinetic equations yield

Ofe ., 0 . Jo_ [ Je
—tVi—_—+a-——=Viphp . e
ot ' ox v evoTemo] ™
e np+ fe
+Ve-DND q)e[VD:Te,en(DJ] ~ | = Vrec,D* Je+ Viz,D, 1D, Z(I)e[VD Teiznn | — 5,
n Ne 277 &2 Ne
np+
+Ve-D, "D, | P — = | = VieeDt — [
e-D, 'D, e[vp, Te.enmy)] rec,D; e
i ) Je iss-i 20 Je '
+ Vdiss,D, "D, e[vp,, Tedissoy)] n_e + Vdiss-iz,D, D, e[ vy, Tediss-izy) ] — n_e
Je
+ Viss-iz D+ BD* | 2D -
diss-iz,D; "*D; e VD;,Te,diSS,iZ(D;)] e
v |0 Je | ) osnecms s 22 +C(fo)
i D I iss- D e
diss,D3 /*D} e[VD s Teawop| T diss-rec,D; "*D] e )
6fD+ +v afD+ +a fD+ =V DfD V. +f +
T ao T T Vg, - ,D"JD
ot 0x ov ree
np np, 3.2
~Vex,D (—fD+ - fD) + Vex,D-D} Jb —Vex,D,-D fo+ 3.2)
np+ np+

+ Vdiss-iz,D, JD, + 2V diss-iz,0; fp; + Vdiss,; Sy + C(fp+),
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and

0fp: 0fp: Joz
2 2 2 _ A —
ot v 0x ra ov = Viz,0, JD; = Vrec,0; J;

np, np
—Vex,D, (_n A sz+ - sz) —Vex,D,-D* fD, = Vex,D-D; P fD;
D3 D,

(3.3)

- (Vdiss—iZ,Dz+ + Vdiss,Dg + vdiss—rec,Dé’) fD;r + C(ng)

In Egs. (3.1-3.3), v denotes the particle velocity, a the particle acceleration due to the Lorentz
Force, and d/0x the gradient in real space and d/0v in the velocity space. The C(fe), C(fp+)
and C(fp;) terms refer to the Coulomb collisions between charged particles influencing the e,
D* and Dj distribution functions, respectively.

The three-fluid Braginskii equations (for a plasma featuring e, D* and D7) are obtained
by computing the first three moments of the kinetic equations for each species in the limit
Q.p+Tp+ > 1, with Q.p+ = eB/mp+ the cyclotron frequency (mp+ stands for the D* ion mass
and e represents the elementary charge) and 7+ the characteristic Coulomb collision time for
D™ ions. The Braginskii equations, including the neutral-plasma interaction terms, can be
derived by following the steps presented in Ref. [48], taking the form

0ne
ot + V- (neve) = NpVig,p — Np+ Vrec,D* T D, Viz,D, — np; Vrec,DF
(3.4)
+ Np,Vdiss-iz,D, + nD; Vdiss-iz,D;' - nD; Vdiss-rec,D;’
OnD+
Y +V- (nD+ VD+) = NDViz,D ~ Np*Vree,D* + DVex,D-Df ~ 1D, Vex,D,-D*
(3.5)
+ 1D, Vdiss-iz,D, T nD; (zvdiss—iz,Dér + vdiss,D2+) ’
6nD§
o1 +V- (I’lDér VD;) - nDz ViZ,Dz - nD; VI‘EC,DEr + nDz VCX,DZ_D+ - nDVCX'D'D; (3 6)
— np; (Vdiss—iZ,Dg * Vdiss,D; + Vdiss—rec,Dg) ’
deVeq 0pe anewﬁ
mene— - ene [Ea + (Ve X B)a] +Rea
dt 0xq 0xp
+ me [nD (ZVIZ,D + Ve—D) (UDIZ - Uea) + an (zviZ,DZ + Ve-Dz) (UDza - Ue(l) (3 7)

+2np, Vdiss-iz,D, (VDga - Veoc) + ZVdiss-iz,Dér np: (VDga - Vea)

1D} Vdiss, Dy (VD;a - Uea) + 1D, Vaiss,D, (VDya = Veoc)] ’
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3.3. The three-fluid drift-reduced Braginskii equations

dp+Uptqg _ _apD+ B aHD*aﬁ

mp np+ = +enp+ |Eg+ (vp+ xB + R+
D dt 0xq 6Xﬁ D [ @ ( D )a] D*a
(3.8)
+mp | D (Viz,D + Vex D + Vex, DD} ) (UDa — Up*q) + D, Vdiss-iz,D, (VD,a ~ VD a)
+np; (2Vdiss-iz,D2+ + Vdiss,D;) (Upja — Van)] ,
dD* UDtq apD* OHD+
2 2 » af
mp, Np+ S - +en+[E +(V+><B)]+R+
TR ar 0%a  0%xp R L R G Xo)
+ mp,np, (ViZ,Dz +VexD, + VCX,DZ—D+) (VDga — UD;a)’
3 de Te 6ve/3
S Ne—L 4+ PV Ve =-V-qe — Mogg—0 +
S Pe e ge eaf Er Qe
3 3 4
+1pVig,d | ~Eizp — > Te+ 5MeVe: Ve~ 3VD|| = NIDVe-DMeVe- (VD —Ve)
3 3 4
* 1D, VizD, | =Bz, = 51e+ S MeVe:|Ve = VD, || =MD, Ve-D, MeVe - (VD, = Ve)
3.10
+ np, Vdiss,D, [_Ediss,Dz + MeVe - (Ve - VDz)] ( )
3 3 4
+ 1D, Vdiss-iz,D, _Ediss—iz,D2 - E Te + E MeVe | Ve — gsz
+ nD; /VdiSS,D; [_EdlSS,D; + meVe ‘ (Ve - ng)]
3 3 4
+ 7’lD2r Vdiss—iz,Dér _Ediss—iz,Dg - 5 Te + 5 MeVe - | Ve — gVD; ,
3 dD+ TD+ avD+ﬁ
—Nnp+ + +V~V +:—V. +_H+ +Q+
5D At Pp D dp D*af —Gxa D
3 mp+ 2
0o+ Vs [§ (0= T+ 225 (=i )
> 7o 2 3.11
+ 1D, Vdiss-iz D, | 5 (Tp* diss-izm, — Tp+) + - (Vp, - vp+) 3.11)
3 + 2
+ 27’ZD;r Vdiss—iZ,D;’ 5 (TD+ydiSS—iZ(D;) — TD+) + (VD; — VD*')
3 mD+ 2
+ nD;r 'VdiSS,Dér 5 (TDJr,diSS(D;) - TD+) + T (VD; — VD+) ,
3 dp:Tp; dupyp
2" gy TPp;Vovpy =~V do; ~Hprap =5 =+ Qn;
(3.12)
3 mD; )
+ nD2 (VCX>D2 + viZ)DZ + VCX,DZ_DJr) z (TD; - TD;) + 2 (VDZ - VD;) )

where Il 5 denotes the component of the stress tensor along the a and f directions, R the
friction force acting on the electrons, qe the electron heat flux density, Q. the electron heat
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Chapter 3. A multi-component model of plasma turbulence and kinetic neutral dynamics

generated by Coulomb collisions and d./dt = 0/0t+ (v - V) the electron advective derivative.
The equivalent notation is used for the D* and D} species.

Similarly to what was done in the derivation of the single-ion species model presented in
Ch. 2, we consider the d/dt « Q.p+ and k; pp+ <« 1 orderings, which are valid in typical
conditions of the tokamak boundary. This leads to the derivation of the drift-limit of the
Braginskii equations, keeping only leading order components in (1/Q.p+)d/dt in the electron
perpendicular velocity, i.e. Ve = Vieo = VExB + Vde, With vixp = (E x B)/B? the E x B drift
and vge = (B x Vpe)/ (eneB?) the electron diamagnetic drift, thus neglecting electron inertia.
The D* perpendicular velocity is analogously decomposed as v p+ = V| p+g + Vpol,n* + Viric,p*»
where the leading order perpendicular velocity,

ViDp*0 = VExB T Vd4p+, (3.13)

is defined as the sum of the E x B drift and the diamagnetic drift, v4p+ = (B x Vpp+)/(enp+ B).
The polarization drift,

1 dD+ I’lD+ 1 1
- N _VJ_(/H'_VLPD* +—————bx
np+ QCD+ dt B B mp+ np+ QCD+

VGD+

val,DJr = - GD+k_ y (3.14)

is of higher order than v | p+o in the d/dt <« Q.+ expansion, as it is shown in Ref. [48]. The
drift velocity due to friction between D* ions and the other species,

np VexD T VizD + ch,D—Dg
Virie,D* = T (VLD - VJ_D*O) xb+
np+ Qep+ np+  Qep+

N npy 2Vdiss—iz,D;' * Vdiss, D}

np, Viz—diss,D,

(VJ-DZ - VJ_D*O) xb

(VJ_D+0 - VJ_D"O) x b,
np+ Qep+ 2

(3.15)

is of higher order in (1/Q.p+)d/dt, too. This term features contributions from collisions
of D™ with D, D, and Dj particles. Assuming vp < vp+, Up, S Up+ and vp; < vp+, and
noticing that v/Q.p+ < 1, we obtain vgic p+ ~ (v/Q¢p+) vp+ < vp+. Hence, we approximate
vp+ and vp: with their respective leading order components, i.e. v p+ =V p+g and v p; =
Vip;or in Eq. (3.15). In Egs. (3.14) and (3.15), the gyroviscous term for D* ions, Gp+ =
—1op* [2V)vyp+ + C($)/B + C(pp+)/ (Zp+ np+B)], the D* viscosity ngp+, is introduced, as well
as the magnetic field curvature vector k = (b- V)b, the gradient along the magnetic field
V| =b-V, the gradient perpendicular to the magnetic field V, = V—-bV and the magnetic
field unit vector b =B/B.

A similar approach is followed when deriving the drift-limit of the D} velocity, as the d/dt <«
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3.3. The three-fluid drift-reduced Braginskii equations

Qcp; ordering remains valid in typical tokamak boundary conditions. The perpendicular
velocity of D] ions is therefore written as v 1D = V1D30 + VpolD; * Virie,p;» With

V1D;0 = VExB * Vdp; (3.16)

. . _ 2 . .
the leading order component, with vyp; = (B x Vpp;)/(enp; B). We remind that v, p; is the
polarization drift velocity and vg;c p; denotes the drift velocity arising from friction between
Dj ions and other species. Their respective expressions are

1 dp (np+ VGp:
2 Gk~ —— ] 3.17)

; 1
nD; QCD; dt B

1
Vig+ _VJ_pD“') +———bx
B 2} mp:np;Qep;

Vpol,D; ==

and

np, Viz,D, + Vex,D; + Vex,D,-D*

Virie, D =
2 Q.+
Rps cD;

(VLDZ - VJ_D;’O) x b, (3.18)

with Gp; = —1op; |2V v)p; + C(P)/B + C(pp;)/ (np; B)] the D gyroviscous term and Nop; the
corresponding viscosity. We note that approximation v ps = v p+o is used in Eq. (3.18).

To obtain an expression for the parallel friction forces and parallel heat fluxes and close the Bra-
ginskii equations, we apply the collisional closure developed by Zhdanov in Ref. [65], following
the formulation presented in Refs. [66, 93], which facilitates the numerical implementation.
The use of this procedure in the context of the multi-species plasma considered in the present
chapter is detailed in App. C, where we make use of the fact that the np; is significantly smaller
than the np+, i.e. np; I np+ < 1, for typical tokamak boundary conditions, which in turn allows
us to write ne = np+ thanks to quasi-neutrality. On the other hand, the contributions from the
perpendicular components of the heat fluxes in the terms V- q, and V- qp+ appearing in the
Te and T+ equations, respectively, are evaluated by assuming the Qce7e > 1, wp+Tp+ > 1
limits (typical time between collisions considerably larger than cyclotron frequency), which
significantly simplifies the expressions, following the same approach described in [17] and
in agreement with the single-ion species model [33, 34]. This approach is generalised to
evaluate the term arising from the perpendicular component of V- qp; in the Tpy equation,
Eg. (3.12). We also highlight that the collisional heat exchange terms, i.e. Qe, Qp+ and Qp;, in
Egs. (3.10-3.12), are neglected in the derivation of the drift-limit of the Braginskii equations,
as they are assumed to be of higher order in pg/ Ry, similarly to the single-component GBS
model presented in Refs. [33, 34] and in Ch. 2 of this thesis.

Therefore, the drift-reduced Braginskii system of equations includes the continuity equation
for the electron species, the continuity equation for the D species, the vorticity equations
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that ensures quasi-neutrality, n. = np+ + np;, and the equations for the parallel velocities and
temperature of all species. They take the form

on o 2
ate = _PB [, ne] + B [C(pe) = neC@)] = V- (nevjeb) + 2y, Vi ne + S,
+ npViz,D — Np+ Vrec,D* + np,Viz,D, — I’lD; Vrec,D;’ (3.19)
+ 1D, Vdiss-iz,D, + D} Vdiss-iz,D; ~ "D} Vdiss-rec,D; »
Onp; __p:! b) = = [npeC C c
7 = - B [(p, nD;]—V~(nD; U||D2+ )—E [nD; (TD;)+TD2+ (nD;)‘FnD; ((,b)
+ @nD; vi npt + San + 1D, Viz,D, = 1D} Vrec, D} + 1D, Vex,D,~-D* ~ "D Vex,D-D} (3.20)
— np; (’vdiSS—iZ,D; * Vdiss,D; + Vdiss—rec,D;) ’
0Q ot VIp* VID;
=" '[?([¢,BQD+]+2[¢,BwD;]) -V |22 (B ) + =2 V) (Buny
2
e [neC(Te) + TeClne) + - C(Tpy+) + T+ Clrpy) + iy C(Tiyg) + TD;C(nD;)]
bxk bxk 2
+V-(jib)+ |VGp+ - | —— | + Gp+ V- | —— | - —C(Gp+
(]II) D(B)D(B)3B(D)
bxk bxk) 2 5 ) (3.21)
+|VGp; - (T) +Gp; V- (T) - B—BC(GD;) +100V2Q+D10V2Q
2np
-V ”D;Z (ch,D2 +VizD, + ch,Dg—D+) Wpi [~ V- -~ (ch,D +VizD + ch,D-Dg) Wp+
np, nD;
-V n_WVdi—iz,Dng* +V- -~ (2Vdi-iz,D2+ +Vdi,D;) (WD; —wD+) ,
ovje  p;! mp [ Vipe 2 ]
—_— == L, Ulel — VeV Ve + V- — ViGe—0.71V T,
ot B [P Vel = VieViVje e 1% ne 3n. " 1Ce I1Te
mp 2 1
e Wie = 1yp+) + D0 Vi vje + - [0 (2VieD + Ven) (11 — ie) (3.22)

+np, (2Viz D, + Ve-n,) (VID, = Vje) + 1D, (2Vdiss-iz,D, + Vdiss,D,) (VID, — Vje)

+np; (ZVdiss-iz,Dg + Vdiss,D;) (VnD; - V\Ie)] )
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v+ 2! Vipp, 2
ID P I Pp e
——— =———[, vyp+] = Vyp+ V| Vyp+ — VD — - ViGp+ +0.71—V; T,
o = ¢ vip+] = v+ Vi vpp ¢ o 3ngs 10D e " 11e
n 1
—v——(Vyp* = Vjie) + Do, V3 Vjp+ + — [nD (Vizp + Vex,D + Vex,0-D7) (VD — V)p+) (8:23)
np+ np+
+7p; Vdiss-iz,D, (V|D, = Vp+) + Iipy (ZVdiss-iz,D; + Vdiss,D;) (Vypy — V||D+)] ’
Oovp+ -1 Vpp:
ID 0, 1 Pp 2
50 =g vyl = vy Vivpn; + 5 | =Vi$ - ——= = oV Gp;
D; D (3.24)

"p

2 2

+ @V\\Dg VJ_ VIID; + —nD+ (ViZ,Dg +Vex,D, T VCX,DZ—D+)(U||D2 - UIID;)r
2

oT.  p,' 4Te[C(pe) 5 ] 2Te
—=- yTel = VeV Te+ — | ——— + =C(Te) = C(¢) | - —V - (v)eb
T 5 D Tel = eV Te+ m—— (Te) = C@) | - (vyeb)
2 1.62 2
+—3n - [neTe (V| Te) V-b+ V) (neTeV) Te)]—50.71Tev-(v||e—v”D+)b
e

2 Te 2
—50-71 n—Vn e+ V) Te | (vje — vyp+) + x1eV1 Te + Vi (X1 V) Te) + St,
€

np 2 Me 4 np Mme 2
+—VizD |~z EizD—Te +t —Vje|[Vje—zVD|| = —Ve-D—=Vje(VD — V}je)
Ne 3 mp 3 Ne mp 3
np, 2 Mme 4 np, Me 2
+—Vig,D, | =7 EizD, — Te + ——Vje | Ve = S VID, || = — Ve-D, —— 5 Ve (VD, — Vje)  (3.25)
Ne 3 mp 3 Ne mp 3
np, 2 2 Mg
+ n—eVdiss,Dg ~3 EdissD, + 3mp Vie (vje — vip,)

np, 2 Me 4
+ — Vdiss-iz,D, | ~ 5 Ediss-iz,D, = Te + ——Vjje | Vjle — 5 VID,
Ne 3 mp 3
np: 2E N 2 me
+ —Vg; + | ——Lgj + ——ve(ve—v +)
Mo diss,D; g ndissD; T 3 mp I l ID;
np: 2 4

2
+ 7o vdiss-iz,Dér

’

To+ ¢
— 5 Ldiss-iz Dy — e T ——Vle| Ve — 5 VD
g “diss-iz,D; mo I I 3 "ID;
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0Ty p* T oo AT [ Co)+ C(pe + pp;)

—_—= +] — v+ ++ = _—

ot D ID* VI+D 3 B o

ZTD+

3y [”leV‘ (vieb) = np; V- (Vanb) +V)eV) e = vyp; Vi iip; = Vjp+ V| "D+]
10 Tp+ 2 232

———C(Tp+) + VI’lT+VT+b
=B (D)3nD+\/_V\/ (ne Tp+ V) Tp+)

+ X0 V3 To+ + Vi (Xyp+ Vi Tp+) + St
(3.26)
+

1
Tp—Tp+ + 3 (vip— VHD*)Z

{nD (Viz,D +VexD T ch,D-Dg)
np+

1 2
+ Np, Vdiss-iz,D, | ID* diss-iz(D,) — ID* + 5 (VIIDz - V\ID*)

1 2
Tp* diss-iz(p}) — Tp* + 3 (VMD; - V||D+)

}

+21D¢ Vdiss-iz, D}

1 2
g Vaiss p; | Tor.diss(oy) ~ o + 3 (VnD; - V||D+)

and

0 TD+ p * 4 TD;

-2 = TH+
ot [, To;

Clpp:) | 10 Ip:

3 B

C@)+ C(Tpy)

nD2+

2Tpy 2 092 [me
- 2 V(U”D+b) V (neTD+V|| TD+)b
3 2 3nD+ \/_v 3.27)

+ X1t Vi Tpy + V) (XnD;VII TD;) + STD2+

2
2
+Viz,0, + Veu,-0) | Tog ~ Tog + 5 (Vip, — Vjny)

nD;

In Egs. (3.19-3.27) we introduce [A,B] =b- (VA x VB), C(A) = (B/2) [V x (b/B)]- VA and the
plasma vorticity Q = Qp+ + 2Qpy, with the D™ contribution being given by Qp+ = V-wp+ =
V-[(np+/B*)V1¢+(1/B*)V pp+] and an analogous D contribution, Qp;. The system is
closed by the generalized Poisson equation, which is obtained by inverting the definition of
the plasma vorticity, Q, yielding

np+ + 2nD+

Vi | V| = Q- V- (pD++2pD+). (3.28)

We highlight that the electron gyroviscous term in Eq. (3.22) is defined by analogy with the ion
gyroviscous terms, Ge = —1)g, [ZV” Vje+C(p)/B—C(pe)/ (neB)]. When writing Eq. (2.70), we
avoid the Boussinesq approximation and take into account all components of the velocity of
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3.3. The three-fluid drift-reduced Braginskii equations

the ion species D* and D7, including the higher order polarization and friction contributions.
On the other hand, when expressing the advective derivative for the ion species, dp+/dt and
dp; /dt, we keep only the leading order components of the perpendicular velocity, v; p+o and
V1p;o, Neglecting vyo) and viric. We consistently neglect the friction and polarization drifts in
the continuity equation for D] . We remark that this is still a reasonable approach within the
conditions considered in the present work, given that the density of D] ions is smaller than
the density of the main ion species by several orders of magnitude. We also note that the terms
of higher order in 1/Qp:d/dt in the perpendicular velocity of DJ ions are neglected when
V- vp; is written in the temperature equations, Egs. (3.26) and (3.27), this assumption being
required to avoid explicit time derivatives featuring in the polarization drift velocity, v, p; -
However, all terms are considered in the divergence of the perpendicular velocity of D* ions
in Eq. (3.26), as we use V- j = 0 to write V-vp+ in terms of V- v and V- Vp;- Finally, when
taking the divergence of these terms, we consider V- vp < V- v+ to neglect the contribution
of the velocity of D atoms, which is valid since pgp+ < Amgp,p (With pgp+ = ¢5p+/Q¢ p+ the
sound Larmor radius of D ions, Csp+ = \/W the D" ions sound speed and Amtp,p the
mean free path of a D atoms). This relation is also generalized to the other neutral and ion
species, namely D, molecules and D ions, which enables us to neglect the contribution
of the divergence of the velocities of neutral particles when compared to the divergence of
ion velocities. Similarly to Ch. 2 for the single-component plasma, Sy,, Sny., St,, St,,+ and
STD3 in Egs. (3.19-3.27) represent the density and temperature source terms for the different
plasma species. We highlight that, while neglecting the polarization drift of the D species is
reasonable in the present chapter, this could not be done if multiple ion species with similar
densities were considered, e.g. in the simulation of a D — T plasma. The polarization drift of
both D* and T* would have to be taken into account, which would require a different time
integration scheme with respect to the one used in GBS. A multispecies model for the 2D
simulation of a D — T plasma is presented in detail in Ref. [94].

We remark that dimensionless units are used in Egs. (3.19-3.27) and in the rest of this chapter,
similarly to Ch. 2. The densities, ne, np+ and np;, are normalized to the reference value ny,
while temperatures, Te, Tp+ and Tpy, are normalized to the respective reference values, Teo,
Tp+o and Tpyg = Tp+o, which are also related through the dimensionless quantity 7 = Tpy+/ Teo.
In turn, lengths along the magnetic field are normalized to the tokamak major radius, Ry,
lengths in a direction perpendicular to the magnetic field are normalized to the ion sound
Larmor radius, pso = ¢so/ Qep+o, Where cgg = Teg/ mp+ is the normalized D* ion sound speed
and Q.p+¢ = eBy/ mp+ is the D* ion cyclotron frequency at the magnetic axis, and time is
normalized to Ry/cgy. All the other normalizations follow, namely the parallel velocities,
Vle, Vjp+ and VID; normalized to cy, the plasma vorticity Q, normalized to nTeg/ (pgoBg),
the perpendicular diffusion coefficients D, and conductivities y, normalized to ¢y p?o/ Ry,
and finally the parallel diffusion coefficients D and conductivities y, normalized to csoRo.
Normalized quantities are used in the rest of the chapter, except when explicitly mentioned. We
remark that we have defined the parameter p, = pso/ Ry as the ratio between the D* ion sound
Larmor radius and the tokamak major radius Ry. We also note that v is the dimensionless
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Chapter 3. A multi-component model of plasma turbulence and kinetic neutral dynamics

resistivity given by v = (e?neRo)/ (mpcsoo ), with the parallel conductivity defined in terms of
the electron characteristic time 7, as o = e’ NeTe/ (0.51M).

We conclude with a couple of remarks on Egs. (3.19-3.27). At first, we remark that the parallel
conductivity featuring in the temperature equations for electrons is expressed in the form
Xle = Xl0.eT2'%, where the Spitzer temperature dependence is retained, while we neglect
the weaker space and time dependence of the 2/(3n,) factor, in a similarly approach to the
one followed in the single-component plasma model of GBS [33, 34] discussed in Ch. 2.
An identical procedure is followed when considering y; p+ and ) p:. This approximation
is expected not to affect significantly the results of simulations in the tokamak boundary
conditions considered in the present work, which have parameters between the sheath-limited
and conduction-limited regimes, where the contributions of conductivity are expected to
be small. We also mention that, because the D} density typically drops to very low values,
numerical issues may appear in the equations for VID; and TD;, arising from terms featuring
a 1/np; dependence. In order to develop a more robust numerical approach, we evolve the
parallel flux and pressure of the D ion species, I'yp; = np; vp; and ppy = npy Tp;, instead of
v)p; and Tp;. The equations modelling the time evolution of I'jp: and ppy are

OTHD: 67’ZD; 6VHD+
2 = 2 vip+ + Ap* 2, (3.29)
ot ar D27 D4y
and
OPoy g L 0T (3.30)
ot gt D27 D2y

with 0;npy, 0;v|p; and 0, Tp; being given, respectively, by Egs. (3.20), (3.24) and (3.27). We
remark that, when presenting the results of simulations, we focus on the parallel flux, I'; s,
and pressure, pp;.

3.4 Boundary conditions

The boundary conditions implemented in the single-component GBS model presented in Ch.
2 are extended in the present chapter to include the molecular ion species D} . Similarly to the
single-ion species model, the simulation domain boundary includes the limiter plates, the
outer wall and the interface with the core, which is excluded since the low plasma collisionality
does not enable a description based on a fluid model.

We start by considering the boundary conditions at the limiter plates, where the plasma
particles end as a result of the flow parallel to the magnetic field. Hence, those are the
boundary conditions that more significantly influence the simulation dynamics. Similarly to
Ch. 2, the boundary conditions are imposed at the interface between the collisional pre-sheath
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3.4. Boundary conditions

(CP) and the magnetic pre-sheath (MP), which are derived from the Bohm-Chodura boundary
conditions, following the approach described in Ref. [74] in the cold ion limit and generalized
in Ref. [75] to account for finite ion temperature. In this chapter, we extend this procedure
for a multi-ion species plasma. For this purpose, we use the (y, x, z) coordinates, being z the
direction of the magnetic field, x the direction perpendicular to the magnetic field and parallel
to the limiter surface, and y the direction perpendicular to both x and z (all spatial coordinates
are normalized to pgy while the other quantities follow the same normalizations used for Egs.
(3.19-3.27)). We also introduce the coordinate perpendicular to the limiter plate, expressed as
s = ycosa + zsina, where a denotes the angle between the magnetic field line and the plane
of the limiter.

We remark that, to describe the steady-state dynamics of the multi-species plasma in the
CP, we make use of the continuity equation for the D* and D species (with quasi-neutrality
providing the electron density) and the parallel momentum equations for e, D* and D;.
These can be written, in a steady state, as

V- (np+vp+) = Spp (3.31)
V- (np; Vig) = Spps» (3.32)
Ne(Ve V)Ve = —ncE —nevpr x B—Vpe +Sne, (3.33)
oy (Vpr - Vvp+) = np+ B+ npsvps x B—Vpp+ + Sy p+ (3.34)
and
np; (ng : VVD;) = nps B+ np: vy x B = Vpp: + S, (3.35)

with S, p+ and S, p; the particle sources for D* and D3, and Spe, Sy, p+ and Smp; the
momentum sources for e, D* and DJ.

From Egs. (3.31-3.35) and following the approach described in Ref. [75], we obtain a system
of five equations for 0snp+, dsnpy, Osvyp+ and Osvp;, 0s¢ for the interface between the CP
and the MP border, considering m./mp+ < 1 and assuming the isothermal approximation
for both ions and electrons. Moreover, we remark that, at the MP entrance, gradients along
the x direction are assumed weaker than gradients along s by a factor € = pso/ Ly = pso/ LT, =
pso/ Ly < 1, with Ly, L1, and Ly respectively the gradient scale lengths of ne, T, and ¢ along
the x direction. At the same time, we neglect finite Larmor radius (FLR) effects and, to express
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Chapter 3. A multi-component model of plasma turbulence and kinetic neutral dynamics

the y and x velocity components of each ion species, D* and D7, we include only the leading
order terms in (1/Q.p+)d/dt (see Egs. (3.13) and (3.16)). This leads to

Vyp* = VyExB + Uydp*) (3.36)

Uy D* = UxExB T Uy dD*> (3.37)

Uyp; = VyExB + Vydp; (3.38)
and

UX,D; = vX,EXB + vX,dD;’ (3.39)

where vygxp and vy pxp are respectively the y and x components of the E x B drift velocity,
Vyqp*+ and vy gp+ are the y and x components of the D" diamagnetic drift velocity and Vy,dD;
and vy gp; are the y and x components of the Dj diamagnetic velocity. The velocity of the
D* ions along the s direction is written as vy p+ = vjp+sina + vy p+cosa. We also define the
velocity of the D* ions along the s direction excluding the diamagnetic contribution, that is
v; D+ = UsD* ~ Uydp*COSQ, and similarly for the D} ions, yielding y; ;= UsD; ~ Uydp; COSA.
The system in Eqgs. (3.31-3.35) is then written as

Us p+Osip+ + Ap+Sinads vy p+ — OxNp+cosadsp = S, p+, (3.40)
Vst OsNipy + Npssinads vpy — Oxnps cosadsp = Sy p, (3.41)
np+ Vs p+Os V) p+ + Ap+ (Sina — 0x v p+ cosa)ds¢p + T+ sinadsnp+ = Sy p+, (3.42)
np; Vs py 0s Vip; + Nip; (sina — Oxv”D; cosa)0g¢h + Tp; sinads np; = Sjm,p; (3.43)
and
sina Te0sNe — SINAN0sP = Sim,e, (3.44)
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3.4. Boundary conditions

where Sy, p+ = Smp* b, Sjmp; = Smpy b and Syme = Sme - b. We make use of the quasi-
neutrality condition, ne = np+ + npy, to obtain a system of five linear equations, which is
expressed in matrix form as Mx = S, with

Vip+  Nprsina 0 0 —cosadxnp+
Tp+sina  np+ vé D+ 0 0 np+(sina — 0y vyp+cosa)
M= 0 0 v, ;™D sina —cosadxnp; , (3.45)

0 0 Tp;sina  np; v

s,Dj

sina T, 0 sina T, 0 —(np+ + an)sina

np; (sina — Oxv)p; cosa)

Osnp+
Os np;

X = 65 U”D+ (3.46)
OsV|p;

0s¢

and

Sp'D+
S+
p.D;
S: S||In,D+ . (3.47)
Sjm,D}
Sllm,e

Following the same approach as [74, 75], we observe that, although the source terms are
important in the CP, they become small with respect to the gradient terms at the MP entrance.
This enables the assumption that |Z;M;X;| > |S;|. Thus, the linear system Mx = S reduces
to Mx = 0 at the MP entrance. We then solve det(M) = 0 with respect to v; p+ to obtain the
non-trivial solution valid at the MP entrance. For this purpose, we follow Ref. [95] to relate the
parallel velocity of the D ion species, V|p;, to the parallel velocity of the D™ ions, v|p+,

(3.48)

We also assume np; /ne < 1 (and therefore np+ = ne) and keep only zero order terms in ¢, thus
neglecting all derivatives along the x direction. The condition det(M) = 0 then yields

Vi =V TeFrsina (3.49)
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where the + signs stand for the magnetic field lines entering/leaving the vessel and we have
defined Fr = 1+71Tp+/ Te. We also remark that vé D+ = VIp* sina, since we neglect vy gxpcosa =
Ox¢cosa, to obtain the boundary condition for v+ at the limiter,

Vp+ = lV/ TBFT- (3.50)

The expressions of the boundary conditions for the other plasma quantities then follow. As a
matter of fact, Eq. (3.42) can be inverted to express ds¢ in terms of d;vj p+, which yields

v Osvp+ T,
dgp = — -0~ " =¢‘/_easu”D+. (3.51)

Frsina VFr

We make use of Eq. (3.44) to express 0511 in terms of d5¢p, that is

Ne Ne
OsNe = —0s¢p = F———=0sVp+ (3.52)
sfe = 7 s N ID
and, applying np+ = ne, we obtain
_  Ne
Osnp+ = nel TeOsh = F mas V|D+ (3.53)

Regarding the density of the D] ions, we use Eq. (3.41), deriving the boundary condition given
by

Osnpy = Fnp; [/ TeFrosv)p-+. (3.54)

To derive the boundary conditions for Te, Tp+ and Tp;, we note that temperature gradients
along the direction perpendicular to the wall are small compared to the gradients of the other
physical quantities. In fact, Ref. [74, 75] shows that 05T, ~ 05 Tp+ = 0.105¢. In the present
chapter, we also follow this prescription and assume 05T, = 05T+ = 05 TD2+ =0.105¢ (we note
that our tests show that imposing dsTe = 95 Tp+ = 05 Ip; = 0 does not noticeably impact the
results of the simulation).

To obtain the boundary condition for Q at the MP entrance, we apply its definition, Q =
V- [(np-/ BV ¢+ (1/BAV  pp:] + V- [(nD; 1BV 1§+ (1/ BV pp; ] and we write the sec-
ond order derivatives in the directions perpendicular to the magnetic field retaining only
derivatives along the y direction, making use of 82 < 6%. Given that 0yB = 0 at the limiter, the
1/B? factor is taken constant when computing the derivatives featuring in the definition of
Q. We write the derivatives along the y direction in terms of derivatives along s and consider
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Tp; = Tp-+ (for simplicity), which finally yields

Q = —cosa |05 (e + np; ) s + T+ 03 (e + Nipy) + (M + ;)05 (3.55)

We now use Egs. (3.52) and (3.54) to express 0sne and dgnp+ in terms of d4¢ and start from Eq.
(3.51) to obtain the final expression of the boundary condition for Q, that is

VT 1
Q= _(l’le + nD;)FTCOSZ(Z i\/—F_;ag V||D+ + ﬁ(as U||D+)2 . (356)
e

Finally, we remark that the boundary condition for the electron parallel velocity is obtained
from the analysis of the electron kinetic distribution function at the MP entrance. As discussed
in Ref. [74], this yields

Ve = \/?e

Texp (A—%)], (3.57)

e

where A =log[v/(1727)(miTme)] = 3.

On the other hand, at the vessel outer wall and the edge-core interface, ad hoc boundary
conditions are considered, similarly to the approach used in the single-ion species GBS
model [74, 75, 34] considered in Ch. 2. As a matter of fact, a set of first-principles boundary
conditions is yet to be derived for such boundaries. We reduce the effect of these ad hoc
boundary conditions on the results of the simulation by radially extending the simulation
domain towards the wall and the core, as in the model presented in Ch. 2. We impose
homogeneous Neumann boundary conditions to ne, np+, Te, Tp+, Tpss Vies Vyp+ and VID} -
Given that the density of D] ions is expected to be very low at the edge-core interface (no D;
ions outflow from the core), we use Dirichlet boundary conditions at the edge-core interface
for npy, setting it to a very small value (we choose np; = exp(-5), and we notice that this value
has a small impact on the results), while homogenous Neumann boundary conditions are
considered at the outer wall. The boundary conditions considered for the other quantities
follow the same approach described in Ch. 2. More precisely, we also use Dirichlet boundary
conditions for the vorticity, setting QO = 0 at both the wall and the core interface. We follow the
approach presented in Ref. [35] for the ¢ boundary conditions, considering ¢ = AT, at the
vessel wall and ¢ = ¢ at the core interface, where ¢ is a constant value chosen to prevent
large gradients of ¢.
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3.5 The kinetic model for the neutral species and its formal solu-
tion

We now extend the approach followed in Ref. [61] and improved in Ch. 2 for a single-neutral
species model. We consider one kinetic equation for each neutral species, namely D atoms
and D, molecules, which compute their respective distribution functions, fp and fp,. The
result is a set of coupled equations, yielding

dfb dfp np
v B8 = vy fo = Veun [ fo = 2 fit |+ Vaeet fo
6 t GX nD+
"D, 3.58
+ Vex,D,-D* ( P fD*) — Vex,D-D; JD +2Vdiss,D, fD, + Vdiss-iz,D, /D, (3.58)
D
+ vdiss,Dz+ sz+ + 2Vdiss—rec,D; ng’
and
afD2+V Of. _ Viz,D, D, — Vex,D, | /D nD2f+
‘A — Vig, — Vex, 2 T
ot ox 2J D> 2 2 nD;' D;
np (3.59)
+ Vrec,Dz* fD;r —Vex,D,-D* sz + VCX,D—D; fD;
I’lD;

— Vdiss,D, /D, = Vdiss-iz,D, /D -

We then obtain the formal solution of Eqgs. (3.58) and (3.59) by applying the method of
characteristics, assuming that the plasma quantities are known. This leads to

Spx',v, 1)
— "+

T
fox,v, 1) = fo

!

1 r n
- VeffD (X ’ t )dr
vJo

5(r'—r) foxy, v, 1)

, (3.60)
n| J(X)

J(x)

x exp dr'

and

" [ Sp, (X, v, t')
fo,(x,v, 1) :fo Zf +6(r' = rp) fo,xp, v, 1))
/ (3.61)

1 Jx)
—— | vesr, X", Ndr" | =——dr’.
Ufo e, J(x)

X exp

The solutions introduced in Eq. (3.60-3.61) describe the distribution functions of D and
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3.5. The kinetic model for the neutral species and its formal solution

D, at position x, velocity v and time ¢ as the result of the neutrals generated at a location
x' =x—r'Q, in the plasma volume or at the boundary, and at time t' = t—r'/v, where Q = v/v
is the unit vector aligned with the neutral velocity and r’ is the distance measured from x’
to x (the subscript "b" designates the intersection point between the domain boundary and
the characteristic starting at x with direction ). Since the neutrals are solved on the (R, Z)
coordinate system, with R the distance from the torus axis and Z the vertical coordinate
measured from the equatorial midplane, the integral includes the Jacobian corresponding
to this coordinate system, expressed as J(x) = R(x). We highlight that the volumetric source
associated with the collisional processes in Eq. (3.60) is written as

Sp(x', v, 1) = vexp (X', ) np (X, )Py, . 7, X, v, 1) +Vey p,—p+ (X', ), (&, )@, (X v, 1)

+Viee,p+ (X, 1) np (<, v, )@y | 72 (X, v, 1) +2V4giss p, (X', ) p, (X, t’)cb[ ] ', v, 1)

VDy» TD,diss (D2)

1ol [ ! / 1o ! !/ ! !/
+ Vdiss-i xX,t)np,(x,t)D X, V, 1)+ Vg pr (X, ) 0pr (X, Vv, )D X ,V,t
diss IZ'DZ( £, (X, 1) [VDgnTD,diss—iZ(DZ)] Gy, 1) diss, D, G, 7) D, o v, 1) [VD;, D,diss (D} ] v, 1)

+ 2Vdiss—rec,D; ', 1) np ', v, 1P x',v,t)

VD; ’ TD,diss-rec (D;)

(3.62)

since D ions can be created in the plasma volume by D —D* and D, — D* charge-exchange
interactions, recombination of D" ions with electrons, dissociation of D, molecules into two
D atoms, dissociative ionization of D into D and D, dissociation of D] ions into D and D¥,
and dissociative recombination of D; into two D atoms.

Similarly, D, molecules are generated in the plasma by charge-exchange collisions between D»
molecules and D; ions or D atoms and D; ions, or by recombination of Dg ions with electrons.
Therefore, the volumetric source term in Eq. (3.61) is

SD2 (X/, Vv, t,) = VCX,DZ (X/, t,) nD2 (X,, t/)(D[VD+ TD+] (X/) Vv, t/) + /Vrec’D; (X/r t,) nD; (X/) v, t,)q) ] (X/! v, t,)
2’ "Dy

Vp+, I p+
p}»Ipg

+Vexp-pr ', ) np (X, t')CI)[ ] ', v, 1.

Vp+, T+
D2’D2

(3.63)

We note that ® [V, T+ ] x',v,t") = [mD+ 12w TD+)]3/2 exp [— mp+ (v —vp+)?/ (2 TD+)] is a Maxwellian
distribution function that describes the D* ion population, centered at the ion velocity
vp+ (X', 1), including only the leading order components, vp+ = vyp+b + v p+g, and based on

the D* temperature, T+ (x/, t'). In addition, QJ[ x',v, t'") is a Maxwellian distribution

v+, Tp+
describing the D] ions and follows a similar deﬁni'ﬁionz. We remark that, when we evaluate the
average velocity of the Maxwellian distributions describing neutrals generated from D, and
DJ, we neglect vp, and vp; withrespectto vp+, i.e. we assume |[vp,| < [vp+|and [vp: | < [vp-l.
We also note that the temperature Tp gissm,) is the average thermal energy of D atoms gen-
erated by dissociation of D, molecules, presented in Table 3.2 and calculated in App. B. The
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energy of the neutral D atoms generated by the other dissociative processes is computed using
a similar approach.

The effective frequencies for depletion of neutral particles are given by

Vet p(X, 1) = vigp X", ") + vex p X", ) + Vex,D-D} ", t" (3.64)

and

"o "o "o "o

Veff,Dz (X , b ) = ViZ,DZ (X , b ) + VCX,DZ (X , b ) + ’chyDz—DJr (X , b ) (3 65)
"non "non :

+ Vdiss,D, x", )+ Vdiss-iz,D, (x', 1),

since the volumetric sinks of D atoms are associated with ionization or charge-exchange with
D* or D;, while depletion of D, is related to ionization, charge-exchange with D} or D7,
dissociation or dissociative ionization.

There is also a contribution to the neutral distribution functions in Egs. (3.60) and (3.61)
related to plasma recycling taking place at the boundary walls. Therefore, we now focus on the
neutral processes occurring there. Similarly to the single-ion species model discussed in Ch.
2, afraction, ayeq (x{)), of the D ions that reach the boundary walls is reflected back into the
plasma, after recombination with electrons and formation of D, neutrals. The remaining frac-
tion, 1 — aref (x{)), is absorbed and reemitted at wall temperature as Dy, also after recombining
with an electron. Similar considerations are valid when describing the D, neutrals that reach
the boundary, i.e. the D molecules are assumed to be reflected or reemitted with the same
probability as D .

Turning now to the atomic species, since the wall temperature is low, a fraction, Bassoc, 0f the
D* and D particles absorbed at the walls associate and reenter the plasma as D, molecules.
The remaining D* ions and D neutrals reaching the boundaries are reflected or reemitted,
similarly to D7 ions and D; particles, with the same probability of reflection, aen(x}). As a
result, the distribution functions at the vessel, fp(x,v,t) and fp,(x;,v, ), for v, =v-n>0
(with 7 the unit vector normal to the boundary) are written as

Fo&p, v, t') = (1 — @ret (%)) T reem, D (X}, ) Xin, D (X}, V)

Loutp+ (X, 1) o (3.66)

+ Qrefl (Xp) | fou,D (X}, V—2Vp, ') + (xp, v, 1)

Up ["reﬂ(D*)’TDJr

and
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3.5. The kinetic model for the neutral species and its formal solution

/b, (Xi)» v, t)=(1- Xrefl (X{,))Freem,Dg (X{), lJ)Xin,DZ (X/b, V)

Tout,ny (X4, 1) (3.67)

+ areﬂ(xi)) fout,DZ (x{)IV - 2Vp, t/) + (X{),V, l'/) .

Vp [vreﬂ(Dg) ’ TD; }

At first, we analyse the contributions of reflected particles in Egs. (3.66-3.67). The reflected D
and D; are described by the distribution functions fou,p (X}, v —2vp, ') and fou,p, (X}, v -
2vp, t"), since v — 2vyp, is the velocity of the neutrals which are reflected when flowing towards
the wall, where v, = v,fi denotes the velocity along the direction normal to the wall surface.
On the other hand, we address the contributions from the D™ and D] ions reflected at the
walls by considering the projection of the flux of outflowing D* and D] along the direction
normal to the boundary surface, which are given respectively by I'g, p+ (1)) = =T gy, p* (X)) - 1
and I'oy¢ py (x}) = —Toutp (x},) - 1. These fluxes include the contributions of the plasma flow
parallel to the magnetic-field lines and the leading order perpendicular drifts, more precisely

the E x B and diamagnetic drifts, yielding

TCoutp (Xp) = np+ Vyp+b + np+v  prg (3.68)

and

Iy —
FoutyD; (Xb) = nD; U||D;'b + nD2+ VJ_D;O’ (369)

We assume that the velocity distribution of the D neutrals generated by reflection of D* ions
is described by a Maxwellian centered at the velocity, Vieqp+) = Vp+ = 2Vpp+, With vpp. =

(vp+ - ) A, and with temperature of the incoming D* ions, Tp+, given by q)[ x',v, t).

Viefl(D*)» Tp+
Similarly, the D, neutrals arising from reflection of D] ions are assumed to follow a Maxwellian

distribution, CD[ ] x',v, 1), being Viefl(D}) = VD; —2va2+, with va2+ = (VDg ﬁ) nand

Viefl (D;) T+

Tp: the temperature of the incoming D ions.
D; 2

We now focus on the contributions in Egs. (3.66-3.67) that account for the reemission of
neutrals from the boundary, which are written in terms of

['reem,D (XL) = (1= Bassoc) [rout,D (XL) + 1—‘out,DJr (X{))] (3.70)
and

ﬁaSSOC

['teem,D, (X{,) =Tlout,D, (Xi,) + rout,Dg (X{)) + [rout,D (XL) +ToutD* (X{))] . (3.71)
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Chapter 3. A multi-component model of plasma turbulence and kinetic neutral dynamics

In addition to the projections of the ion fluxes to the boundary, I'yy py and I'gy,py, Egs. (3.70)
and (3.71) account for the projections along the direction normal to the boundary of the fluxes
of D atoms and D, molecules outflowing to the limiter and walls, I'ou,p and I'out,p,. These are
defined based on the neutral fluxes directed towards the boundary (with v, <0) as

Cout,D(X},) = — f (vp-n) foxp,v)dv (3.72)
vp<0
and
Tout,p, (Xp) = — f 0(vp-n) fo, (xp, vV)dv. (3.73)
Up<

We assume that the velocity distribution of the reemitted particles follows the Knudsen cosine
law for a given wall temperature, Ty, which for the D atoms yields

2

3 m mp v?
Xin,D (X}, V) = ET—ZDCOS(H) exp(— T, ) (3.74)

w

while the expression for D, molecules is similarly given by

2
3 Mp, mp, v?
in,D (X1, V) = — cos(0) ex (— ) (3.75)
Xin,D, (X, an TVZV p 2Tw

We then follow an approach identical to the one described in Ref. [61] to obtain a set of time-
independent two-dimensional integral equations for np and np,, enabling the numerical
implementation of the formal solution in Egs. (3.60) and (3.61). First, we take advantage of
the fact that the typical neutral time of flight is shorter than the characteristic turbulence
timescales, T, < Tyyh, @ condition which is denote in Ref. [61] as the neutral adiabatic regime.
This allows for the approximation ' = ¢ in Egs. (3.60-3.67) or, equivalently, d; fp = 0 and
0:fp, = 0in Eqgs. (3.58-3.59). We also note that the neutral mean free path is typically smaller
than the characteristic elongation of turbulent structures along the magnetic field direction,
Amfpn k| < 1. Therefore, our description of neutral motion is reduced to the analysis of a set
of independent two-dimensional planes perpendicular to the magnetic field, which coincide
approximately with the poloidal planes. Finally, integrating Eqs. (3.60-3.61) over the velocity
space, we obtain a system of two coupled equations for the densities of D atoms and D,
molecules, written as
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3.5. The kinetic model for the neutral species and its formal solution

1 [® oo Sp(x',,v) 1 ("
nD(XL):f dA’—,f devlf dm{D—lexp __/LVeff,D(XlJ/_)er }
0 0 vl Vi Jo
/ (3.76)
,cos@' oo 1 ("
+ da f deva dv fD(be,v)eXp ——f Vetip(x)dr] | ¢,
oD 0 vl Jo
and
1 [ o0 Sp, (%', v) 1 [
nDz(XJ_):f dA’r—,f dUJ_UJ_f dU||{D—J_eXP[__f LVeff,D2(X’J’_)drl }
0 0 vl vl Jo (3.77)

cos@’ 1 [
+ aDd b f dvlefo dv”{fDZ(be,v)exp ——fo Ve, (X )dr]

vy

L

We remark that the geometrical arguments presented in Ref. [61] are used when considering
the integral along the neutral path and the integral along the angle describing the perpendicu-
lar velocity, that is

Tib 2 1
f dr} dl‘)F(xL,x’L):f dA'—F(x,,x)), (3.78)
0 0 D r

where d A’ is the area element in the two-dimensional poloidal plane and F(x , Xﬁ_) is a generic
function. We also use

Lo / on / / / / cosf’
f ar| dﬁé(rL—rLb)F(xL,xL):f day——F(x1,x' ), (3.79)
0 0 oD rLb

with da; designating a line element along the boundary of D, which we write as 4D, and
0’ = arccos(Q - n).

We also express the volumetric source terms featuring in Egs. (3.62) and (3.63), Sp(x/,v) and
Sp, (%', v), in terms of np and np,, and the distribution functions of the neutral species at the
boundary appearing in Egs. (3.66) and (3.63), fp and fp,, in terms of I'oy p*» Fout,py» Tout,D
and I'oy,p,. For the density of D, molecules, np,, this is expressed as
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Chapter 3. A multi-component model of plasma turbulence and kinetic neutral dynamics

nDZ (XL) = j]\) nDz (xl)VCX,DZ (xl)Kpipz (XJ_, XJ_)dA
f (1- areﬂ(XJ_ b))rout D, (XJ_ b) b—»p(xL’Xﬁ_,b)dal,)
p
+ fa (1= aren () ;) =5~ Lout (X! p)K), ol XX pda, (3.80)

+ L np (XJ_)VCXD DJ (XJ_) —»p (Xl’xi)dA, +np, [rec(D3)] (x1)

+1p, jout(D;)) (XL) + 1p, jout(pty (X1),

while for the density of D atoms, np, this is written as

np(x1) :fDnD(XJ_)ch,D(XJ_) p_,p(XJ_;XJ_)dA,

+fDnD2(XL)V°XD2 D+(XJ_) p_,p(xL,xL)dA/
D,diss(D») ! li

+f 2np, (X' )Vdiss,p, (X ) KpS (x1,x|)dA

D SR (3.81)

+ fD 1D, (X ) Vaiss-iz,0, (X ) K Sss1202) (x| % )d A’

+ ~[6D(1 - areﬂ(xlyb))(l - ﬁassoc)rout,D (Xl,b)K;])i;em(xl,xlyb)da{)

+ Npfrec(n®)) (X 1) + Mpourn™)) (X 1) + Np(diss(z)) (XL)-

Replacing v, in Egs. (3.73) and (3.72), the projections of the fluxes of D, and D along the direc-
tion normal to the boundary are written respectively as T'oyt,p, (X' 1 p) = fcos(e) <o VLcost fp, (Xl)b, vi)dv,

andToup (X' ) = ~ Jeos9)<0 V1€0SO fiy (x| ,»v1)dv.. Then, replacing fp, (x, |, vi)and fp(x' ,v1)
by their expressions as given in Egs. (3.66) and (3.67), these fluxes are rewritten in terms of np,
np,, Fout,Dﬂ Fout,D;’ Tout,dD and 1—‘out,Dz as

Lout,p, X 1,p) = fD np, X' )Vexn, (XL)Kpin x1,x))dA

+LD(1 - areﬂ(xﬁ_,b))rout,DZ (X,J_,b)Kll?ib(XJ_» Xﬁ_’b)dd{)
fa (1- areﬂ(xlb))ﬁ 0 Poutp (X, ) KL2 (X1, X, ) daj, (3.82)

"‘fD”D(XL)chD D+(XJ_) bz (x.,x))dA

+ rout,Dg[rec(D;)] (x1)+ Iﬁout,Dg [out(D3)] (x1)+ I‘out,Dg [out(D")] (x1),

and
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3.5. The kinetic model for the neutral species and its formal solution

rout,D(XJ_,b):LHD(XL)VCXD(XL) _,b(XJ_»X,J_)dA,

D,D*
+[ np, (Xﬁ_)vcx,Dg—D+ (Xl)Kp_,b (XJ_»Xﬁ_)dA,
D

! li D,diss(D>) li li
+fD~2nD2 (X )Vdiss,D, (XJ-)Kp—>b Y(xL,x))dA

(3.83)

D,di D.
+ / nDz(Xl)vdiss-iz,DZ(Xi)Kp_,lbss 1202 (¢, x| )d A’
D

+ -/L;D(l - a’reﬂ(xlyb))(l — Bassoc)Lout,D (X/Lb)KD reem(XLy XJ_ b)dab

+ I'precnt)) K1) + I'pjoutm*) (X 1) + Ipaissms)) (X.L),

We remark that that the densities and fluxes of neutral particles in Egs. (3.80-3.83) are mul-
tiplied by a factor 1 — ayeq (x’l,b) in order to consider only the contribution of particles that
are reemitted at the boundary, hence excluding reflection. We note that reflection of neutral
particles is included in the definition of the kernel functions featuring in Eqs. (3.76-3.77).

We now turn to the definition of the kernel functions appearing in Eqs. (3.80-3.83). These
are defined as integrals in the velocity space for a given pair of source (x' ) and target (x,)
locations. Exemplifying for Kpfﬁ pz (x1,x/), the kernel function measures the number of D,
neutrals arriving at a location x in the plasma volume (p) as a result of collisions involving
neutralization of D; ions at a location x’l inside the plasma volume (p). Its expression is given
by

Dz,
p—»p dlr

D,,D3

Ky=p (xl,xl) = (XJ_,XJ_)+areﬂK ﬂ(xl,xL) (3.84)

—pre

which splits the contributions to np, arising from the direct path of length r’ ., connecting x |

Dy,
andx', K 2D

pp, dlr (x1,x L), and the path referring to the tra]ectory of neutrals that are reflected

DZyDg Dy,D 2
(XJ_,XJ_). Both Kp—»p,dlr nd Kp prefl

D,,D3

at the boundary, K p— pirefl

follow the same expression,

!
1 rJ_,path " "
——f Veft,D, (X, )dr| | dvy,
0

D,,D} |
K>’ (x1,x))= f — (x',vi)exp ”
1

— ath 1 T
p=pp Pt V03 To;

(3.85)

where path = {dir, refl} and r/, path denotes the distance between x; and x', along the path (for
the direct trajectory r . is the distance between the two points along a straight line, while
for the reflected trajectory r| . is computed as the sum of the distance between x', and the

boundary and the distance from the boundary to x, ). We remark that ® l[v T ] (Xl’ vy)is
L3 D3
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the integral along the parallel velocity of the D] Maxwellian distribution function, ® N [v T
LD'ZH D;
0o / D,,Dy

f—ooq)[leg,TD;] (x',v1)dvy. We also note that K * %,

optically connected, i.e. if the straight line connecting the two points does not cross the core

D7

p,dir

in Eq. (3.85) is valid if the points are

L L . . Dy, .
nor the limiter plates. Otherwise, if the points are not optically connected, Kpi =0is

defined. As for K;)i]; ol
[61] and considered in Ch. 2, we neglect reflection at the outer walls, while ions and neutrals
can be reflected at the limiter plates. The other kernels appearing in Egs. (3.76-3.77) follow

+

D,,D
the same structure as Kpipz ,

connecting the two points. The form of these kernels is detailed in App. D.

+
2

, we highlight that, following the same approach presented in Ref.

and they take into account possible direct and reflected paths

Turning now to the evaluation of the non-homogeneous terms appearing in Egs. (3.80-3.83),
i.e. the terms that are not proportional to np nor np,, we start by looking at the contribution
of the ions recycled at the wall. As a matter of fact, the contribution to the density of neutral D
atoms of reflection and reemission of D* ions that reach the boundary and recombine with
electrons is written as

Npjout, 0+ (X1) = f Toutp* (X ) [(1 — Qe (X', 1)) (1~ Bassoc) Kﬁ'j‘;‘*m(xbx;,b)
D (3.86)
KD,reﬂ

! ! !/
+areﬂ(XJ_,b) b—p (Xl’xl,b)] dab;

where Iy, p+ is defined in Eq. (3.68). Similarly, the recombination of D ions with electrons at
the walls that are then either reflected or reemitted as D», and the recombination of D* ions
with electrons at the walls and the following association into D, molecules contribute to the
density of the D, species. These contributions can be expressed as

Dy,
D, out,071 (X1) = faD Fourpg (1) | (1= @ren (<), pDKG0c1 %) (3.87)
+ref] (Xl,b)Kl?fj;eﬂ (x1, X/J_,b)] day,
and
D
PPDaloup7) B6L) = f@D Louyp* (€] p) | (1= @ren (' ) ﬁaszsoc Kbi;eem (x1,X) ) | day,. (3.88)

We also define the non-homogeneous contributions to the flux of neutrals at the boundary,
Tout,p and I'out,p,, arising from the ions outflowing to the wall. Following a similar approach
to the one described for the contributions to noy:,p and neut,p,, these are expressed as
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l I D,,reem l
Lout,D, (out,D3] (X L,b) = faD Loutpy (X1 p) [(1 — el (X K2 (XL by X )

D, refl (3.89)
Faren (X, ) Ky 0 X )| daf,

ﬁassoc D,,
(1= e3¢ ) P K2 G L X )| da,

!
L'out,D, lout,p*1 (X Lb) = fa o Lout,p* (X )

(3.90)
and
Foutiou01 1) = || Toum O ) [ (1= @ron e, ) (1= Passoc) K50y X 1)
+drefl (Xl,b)Kij)ﬂ (X1,b» X/J_,b) ] da{) .

(3.91)

We then turn to the evaluation of the contributions to the neutral particles featuring in Eqs.
(3.80-3.83) generated by volumetric processes involving the ion species D* and D;. The
contribution to the D, density from D} recombination processes is expressed as

D,,D}
Np, frec,p}] (X 1) = fD np; (X)) Viee,pp (X ) K27 (x 1, X )d A, (3.92)

while the contribution to the flux of D, to the boundary, also associated to D; recombination
events, is written as

D,,DJ
I‘out,Dz[rec,D;] (x1)= L np: (X,J_)Vrec,Dg (X,J_)Kpi ’ (Xl’Xl)dA,' (3.93)

Similar contributions from volumetric recombination processes are considered for the D

neutral species. The contribution to the D density from D* recombination is given by

NDjrec,n* (X1) = fD Np+ (X )Vreepr (XKD (1, %) )d A, (3.94)

73



Chapter 3. A multi-component model of plasma turbulence and kinetic neutral dynamics

and a similar definition is considered for the flux of D,

D,D*
T out,Drec,p*] (X1) = fD np+ (%) )Vree,nor (XK (%1, %) )d A (3.95)

Finally, the contribution to np from the dissociation of D] ions featuring in Eq. (3.81) is
defined as

D,diss(D}
Npdiss(D})] (X 1) = f np; (Xl)vdiss,ng(xl)Kp—»}oss( 2)(XL»Xl)dA,
D e (3.96)
 diss-rec
+f ang (Xﬁ_)vdiss—rec,Dér (X,J_)K —p ? (Xl’xi)dA/'
D

and, similarly, the dissociation of D; ions gives rise to a contribution to I'oy:,p in Eq. (3.83)
defined as

D,diss(Dy)
Lout,pidiss})) (X1) = f nps (X)) Viss Dt (Xl)Kp_,b 1 (x 1y x| )dA
D s e (3.97)
,diss-rec
+ f 2np;: (X)) Vdiss-rec,bs (X'L)Kp_)b 20 (x) p, x| )dA.
D

The system of coupled kinetic equations for the neutral species is discretized on a regular
cartesian grid in the (R, Z) plasma and written in matrix form, in order to obtain the corre-
sponding numerical solution by factorizing the matrix and solving the system. We describe
the details of the numerical implementation of the neutral model in App. E.

3.6 Firstsimulation of a multi-component plasma with the GBS code

In this section, we present the results from the first turbulence simulations in the tokamak
boundary based on the multi-component plasma model implemented in the GBS code and
described in the present chapter, in Secs. 3.2-3.5. Analogously to the simulations reported in
Refs. [33, 61] and in Ch. 2 of the present thesis, we consider a tokamak with an infinitesimally
thin toroidal limiter at the HFS equatorial midplane, with major radius Ry/pso = 500, and we
simulate a three-dimensional domain, considering an annular cross section that includes
both the edge and the device SOL. The radial length of the domain is S;,q = 150p5p and the
poloidal length at the core interface is Spo1 = 800ps0. Given that we consider the limiter to
extend over 75p¢, both the open and closed field-line regions have a radial width of 75py,
corresponding to half the domain size along the radial direction.
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3.6. First simulation of a multi-component plasma with the GBS code

The simulation presented in this chapter considers the following parameters: g = 3.992,
no=2x108cm™3, Ty =20.0eV, 7 =1, Q¢ = 5.0 x 10’s™}, Tyy =0.3eV, v=0.1, St, = S1, = 0.3,
Noe = Nop* = 1.0, NoQ = 4.0, Xl0,e = 0.5, XllO,D“’ = 0.05, XIIO,D; = 0.05, D||ne = 0.5, D||nDZ+ = 0.0,
D||,,”e = 0.5, D||VHD+ = 0.0, D”’/HD; = 0.5, and D, = 21.0, DJ_nDér =D,g= D_]_yHe = DJ—VHD+ =
D Loy = Dyr, =Dy, =D LTy = 7.0. Regarding the probability of a reflection process
occurring at the limiter, we note that it has a strong dependence on the particle energy and the
properties of the wall material (see Ref. [12]). In this simulation, reflection of ions and neutrals
takes place at the limiter plates with a given probability a e im, which we take constant along
the limiter surface. We thus write the fraction of particles being reflected at the boundary as

Qrefllim 70 if x’l'bis located at limiter walls

Arel (X'} ) = { 0 (3.98)

if x’l pis located at the outer and inner boundary.

Since we choose to consider metallic boundaries, we assume a value identical to the one
adopted in Ref. [61] and in Ch. 2 of this thesis, e jim = 0.8, with the remaining fraction of the
incoming particles being absorbed and reemitted when the wall is saturated. We also assume
that most of the absorbed D atoms associate into D, molecules at the tokamak boundary (see
Refs. [79, 96]), thus being reemitted as D, molecules. We therefore take Bags0c = 0.95.

Regarding the numerical parameters of the simulations, the plasma grid resolution is ny , x
Nyp % Ngp = 255 x 511 x 64, while the resolution of the neutral grid is 7y n x fyn x 1zn = 24 x
138 x 64. The time step is 3.75 x 107> Ry/ cs, with the neutral quantities being evaluated every
At =0.1Ry/cs. Although convergence studies based on the multispecies model presented in
this chapter have not been developed, convergence on plasma and neutral grid refinement
has been studied within the context of single-component simulations. The conclusions
presented in Ref. [36], which we expect to remain valid in the multi-species model presented
in this chapter, confirm that our results are converged with respect to the frequency of neutral
calculation.

Figure 3.2: Typical poloidal snapshot of the electron density (n¢) and electron temperature
(Te) taken from the turbulent quasi-steady state of the multi-component plasma simulation
described in the present chapter.
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The simulation results presented here refer to the quasi-steady state regime, reached after a
transient, when the plasma and neutral profiles oscillate around constant equilibrium values.
We highlight that, similarly to the results from single-component GBS simulations, the plasma
behaviour is turbulent in the edge and especially in the SOL, as it can be observed in the
poloidal snapshots of electron density (n) and temperature (7,) presented in Fig. 3.2. We
perform toroidal and time averages of the plasma quantities evolved by Egs. (3.19-3.27) and
(3.28) over a time interval of At = 10Ry/cy. Poloidal cross section plots of these quantities
are shown in Fig. 3.3. In Fig. 3.4, we present the poloidal cross section plots of the density of
the neutral atoms and molecules, np and np, respectively, and the neutral-plasma collisional
interaction terms considered in our model. The results of these multi-species simulations
are compared with respect to a single-component plasma simulation considering the same
parameter values. We present in Fig. 3.5 the time and toroidal averages of the plasma and
neutral quantities from the single-species simulation which we find relevant to compare with
the results from the multi-species simulation.

We start by focusing on some general considerations on the densities of the plasma and
neutral particles. The plots in Fig. 3.3 show that the density of the molecular ion species D7 is
between three and four orders of magnitude smaller than the density of the main ion species
D™, which agrees with the assumption np;/np+ < 1 considered in Egs. (3.22-3.27) for the
derivation of the parallel friction and heat flux terms and in Eqgs. (3.40-3.44) to obtain the
boundary conditions at the limiter plates. We note that the density of D} peaks just inside
the LCFS close to the limiter, since most of the D, molecules cross the open-field line region
without interacting due to the low electron densities and temperatures in the SOL and are then
dissociated and/or ionized by the denser and warmer plasma inside the LCFS. As a matter
of fact, np; matches the profile of the molecular ionization source np, vi;,p, shown in Fig.
3.4, which also peaks in the edge near the limiter. On the other hand, Fig. 3.4 shows that np
and np, are similar to np+ near the limiter plates, while being about one order of magnitude
smaller than np- in the rest of the SOL and up to two orders of magnitude smaller inside the
LCFS. Moreover, looking at the relative importance of D and D, Fig. 3.4 shows that np, is
larger than np by a factor between two and three in the SOL around the limiter, while np is
larger than np, inside the LCFS at the HFS equatorial midplane, as a result of the higher values
of electron density and temperature, which lead to the dissociation of D, molecules in this
region.

We then turn our attention to the asymmetry of the plasma density and flow. As a matter of fact,
aslight up-down asymmetry in the edge region is observed in the profiles of ne and np+, which
are noticeably larger below the equatorial midplane than above it. This can also be observed in
the poloidal snapshot of 7, in Fig. 3.2. At the same time, the profiles of v and v+ reveal that
electrons and D* ions flow in the counterclockwise direction in the edge region (see Fig. 3.3).
Since most neutrals are ionized inside the LCFS and in the vicinity of the limiter, the plasma
particles resulting from the ionization processes flow downwards, which leads to a slightly
larger density of e~ and D" below the equatorial midplane of the device. We highlight that the
np+ and vp+ profiles obtained from simulations based on the single-component model of
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Figure 3.3: Cross section plots of the electron density (n¢), D* density (np+), D} density (npy),
electron parallel velocity (v}e), D* parallel velocity (v)p+), D} parallel velocity (v)py), electron
temperature (Te), D* temperature (Tp+), D; temperature (TD2+) and electrostatic potential (¢),
toroidal and time-averaged over an interval of At = 10.1Ry/ cso from the quasi-steady state of
the multi-component plasma simulation.

GBS are slightly different, as illustrated in Fig. 3.5. In the single-component simulation, an
up-down asymmetry is also observed in the np+ profile. However, this asymmetry is related to
the ionization source npvj, being larger in the edge region below the limiter than above it, due
to larger recycling rates at the lower limiter plate. In fact, in contrast to the multispecies case,
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' [ —iz, D, 70D

Figure 3.4: Cross section plots of the neutral species densities and source terms resulting from

the neutral-plasma interaction, toroidal and time-averaged over an interval of At = 10.1Ry/cso
from the quasi-steady state of the multi-component plasma simulation described.

the vp+ is characterized by a counterclockwise parallel flow of D* ions in the edge below the
midplane, while the parallel flow is directed clockwise above it.

Another important observation arising from the multi-component plasma simulation is the
higher recycling rates in the region above the limiter than below, which is highlighted by the
up-down asymmetry observed in the profiles of the densities of np and np, in Fig. 3.4. This
suggests that the parallel flux of plasma in the SOL region towards the limiter plates is larger
above the equatorial midplane, which agrees with the up-down asymmetry shown in Fig.
3.3 for the poloidal profiles of np+ and vyp+. A deep investigation of the reason behind this
behaviour calls for a careful analysis of the turbulent dynamics in the SOL, taking also into
account the other components of the flux beyond the parallel flow. Nonetheless, the simulation
results suggest that this up-down asymmetry may be related to the counterclockwise flow of
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plasma in the edge observed in the profile of vp-+.

Figure 3.5: Cross section plots of plasma density n = n. = np+, ion parallel velocity vp-+,
ion temperature T+ and ionization source term np-+vjz, toroidal and time-averaged over an
interval of At = 10.1Ry/cg from a quasi-steady state single-component plasma simulation.
The grid sizes and simulation parameters are the same as the ones considered in the multi-
component simulations, except for the wall re-emission temperature, which is set to Tyy =
3.0eV, to mimick Franck-Condon dissociation processes, and D ,, = 7.0.

Moreover, np+ is observed to be slightly larger in the HFS with respect to the LFS, which is
related to the existence of D* sources in the HFS around the midplane. This result agrees
with the conclusions driven from the single-species simulation, where np+ is also found to be
larger in the HES as a consequence of the ionization source, npvi.

Focusing now on the temperature of the plasma species, we observe that the T, profile presents
a behaviour identical to the one verified in single-component plasma simulations. A clear
asymmetry between the HFS and the LFS is observed for T+, whose profile is also very similar
to the results obtained from a single-component simulation presented in Fig. 3.5. As a matter
of fact, the temperature is considerably lower on the HFS compared to the LFS, which is
related to the generation of cold D* ions inside the LCFS due to the ionization of D atoms,
dissociative processes and charge-exchange collisions. This becomes particularly important
in the region above the limiter, where larger recycling rates are observed. On the other hand,
the profile of pp; peaks inside the LCFS at the HFS, where the majority of the Dj ions are
generated by ionization of D, molecules generated at the limiter. The up-down asymmetry
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of the pp; profile around the limiter plates is also related to the asymmetry of the recycling
rates. As an aside note, we highlight that, since it is strongly related to the T profile [97], the
electrostatic potential profile obtained from the multi-component simulations is identical to
the one observed for the single-component plasma model.

Focusing on the neutral-plasma interaction terms presented in Fig. 3.4, we start by noticing
that ionization processes are in general considerably more important in the edge region at the
HEFS. We also highlight that the ionization frequencies have similar profiles for both atoms and
molecules. However, np, viz p, peaks in the vicinity of the LCFS, while npvi,p peaks further
inside the LCFS and shows a larger spread along the radial direction. In fact, D, molecules are
generated in the SOL and are dissociated and/or ionized in the proximity of the LCFS, where
the plasma is warmer and denser. In contrast, although most D atoms are generated in the
SOL, they are also a product of dissociation of D, molecules in the edge. This effect shifts the
maximum of npvj, p radially inwards and increases the radial spread of the ionization source,
when compared to single-component plasma simulations. Since rnp is larger than np, in the
edge, the maximum of npvizp is also almost two times larger than the maximum of np, vi; p, .

Regarding collisions between electrons and neutral particles, we note that the reactions
involving D, are more important in the SOL, taking place mostly in the area surrounding the
limiter plates, where a larger number of neutral molecules are generated. Reactions with D,
are less important in the edge, as most molecules are dissociated and/or ionized due to the
higher densities and temperatures. On the other hand, elastic collisions between electrons
and D atoms peak inside the LCFS, which is because the cross sections of these reactions are
larger in the edge region due to the higher plasma density and temperature and because of the
presence of D atoms generated by molecular dissociation. We remark that elastic collisions
and charge-exchange reactions are more frequent above the limiter, which follows from the
previous discussion on the strong up-down asymmetry. As for charge-exchange reactions,
we observe that their spatial distribution is similar to the one of collision between electrons
and neutral particles. The charge-exchange reactions between the molecular species (D, — D3
collisions) are less important than the interactions between mono-atomic species (D — D™
collisions) by three to four orders of magnitude, which results from the small np; to np-+ ratio.
In addition, the terms related to charge-exchange interactions between D, molecules and
D" ions (D, — D™ collisions) are two orders of magnitude smaller than the ones between the
atomic species (D — D™ collisions), in the region of the domain where these interactions are
important. Finally, charge-exchange interactions between D} ions and D atoms is three orders
of magnitude less important than D —D* collisions, which is a consequence of NDVex,D-D;
being proportional to np;.

We finally analyse the dissociative reactions, which constitute a sink of molecular species D2
and D] and sources of D atoms and D* ions. Dissociation of D, and D7, described by the
terms np, vdi,n, and 7p: vg; p; respectively, which do not involve ionization nor recombination
processes, are the dominant dissociation processes, as their frequencies are similar to the
reaction rates of the ionization processes. We highlight that dissociation of D, molecules peaks
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just above the limiter plate (where most D, molecules are generated) and in the edge region,
in the proximity of the LCFS, and then it becomes considerably smaller in the core, given
that np, drops rapidly across the edge. In contrast, dissociation of D} ions is very small in
the SOL, where the density of D} is negligible (at the typical electron temperature of the SOL,
ionization of D, has a very small cross section), and is important only inside the LCFS, where
Dj ions are generated. The np; Vi p; profile thus closely follows the np; profile, exhibiting
alarger radial spread with respect to the dissociation of D,. As for dissociative ionization of
D, and D3, np,Vdi-iz,n, and Np; Vdi-iz,D; T€spectively, we observe that the rates are smaller by
one to two orders of magnitude compared to the dissociation of D, and D} and peak in the
edge region even further inside. This is related to the fact that the energy required to trigger
dissociative ionization processes is significantly larger than the one required to dissociate
the particles without ionizing them, as shown in Table 3.2. Therefore, these processes are
only important in the edge region, where densities and temperatures are sufficiently high
to make these cross sections significant. This is in particular the case of npsvgi_i, p;, since
this term is also proportional to the density of D] ions, which is relevant only inside the
LCFS. However, we remark that these reactions become considerably less important towards
the core, as very few D, and D cross the edge region without being dissociated. Regarding
dissociative-recombination of D] particles, Np; Vdi-rec,d; » its amplitude is also smaller than
that of dissociation by one to two orders of magnitude and follows very closely the np; profile,
as there is no energy threshold to trigger the reaction, contrarily to dissociative ionization
processes.

The results described above lead to a global picture of the main processes determining the
dynamics of D, molecules in the tokamak boundary. Although some D, are dissociated in the
open field-line region, most of them cross the LCES and are dissociated into D atoms within a
short distance, as they interact with the plasma of the edge, of higher density and temperature.
The remaining D, molecules penetrate further inwards and are ionized by the increasingly
warmer and denser plasma, giving rise to D] ions, which in turn have very short lifetimes,
since they are rapidly dissociated into D" ions and D atoms.

We remark that, due to the low plasma density of the SOL, in the multi-component as well
as in the single-component simulations, a considerable amount of D atoms generated in the
SOL (emitted at the limiter or created by dissociation of D, molecules) penetrate in the edge,
where ionization takes place due to the higher plasma density and temperature. However,
the presence of the D sources inside the LCFS in the multi-component simulations shifts the
spatial distribution of ionization, npv;,, towards the core with respect to the results from single-
component simulations, as shown in Fig. 3.5. Therefore, these results highlight the importance
of considering molecular dynamics when describing the neutral-plasma interaction in the
boundary of a tokamak. A parameter scan on the electron density and temperature will allow
broader physical conclusions to be drawn from the multi-component model of the neutral-
plasma interaction presented here. In particular, increasing plasma density and temperature
is expected to reduce the penetration of both D atoms and D, molecules, thus shifting the
dissociation and ionization sources/sinks radially outwards.

81



Chapter 3.

A multi-component model of plasma turbulence and kinetic neutral dynamics

1.2

T
2 Vi
—10 nD_‘IO ny

2

T
_nD+_1 0°n +

D
2

Density
e ° o
» o ©
T T T
1 1

o
N
T

\
\

T —rrers[pso]

Figure 3.6: Radial profiles of the ions and neutrals species densities, averaged over the toroidal
and poloidal directions, evaluated over an interval of At = 10.1Ry/ ¢sp from a quasi-steady state
simulation.

To conclude, we also present radial plots of the particle densities (Fig. 3.6) and radial fluxes
(Fig. 3.7), which are obtained by evaluating the average of these quantities in time and in
the toroidal and poloidal directions. In Fig. 3.7, we separate the contributions of the E x B,
diamagnetic and polarization drifts to the flux of the ion species, D* and D; . On the other
hand, Fig. 3.8 presents the results from the single-component simulations. The np+ profile in
Fig. 3.6 is similar to the one in Fig. 3.8 obtained from the single-component plasma simulation,
with a large density gradient region near the LCFS and a density shoulder forming in the far
SOL. In turn, the density of D; is small in the whole domain and peaks in the edge, across the
LCFS, where most D, molecules are ionized, and decreases rapidly towards the core, due to the
small penetration of D, molecules in the warmer and denser plasma in that region. We remark
that the D} ions observed in the open-field line region result mostly from charge-exchange
interactions between D, and D* (see Fig. 3.4) and the ionization of D, molecules reemitted
from the limiter and vessel wall.

Regarding the neutral species, we note that np peaks in the SOL, close to the LCFS, and
decreases radially outwards, while in the single-component plasma simulation np increases
monotonically radially towards the wall. This is the consequence of the dissociation of D,
molecules into D atoms in the edge and near SOL, as well as the association of D atoms into
D, molecules at the limiter plates and the vessel wall. On the other hand, we observe that np,
decreases monotonically from the outer wall to the interface with the core, since D, molecules
are generated in the open-field line region as the result of recycling processes and are lost due
to dissociation and ionization processes which take place mostly in the edge and near SOL.

The dissociation of D, molecules also affects the radial flux of D, I'p, presented in Fig. 3.7.
In contrast with the single-component plasma simulation presented in Fig. 3.8, I'p points
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Figure 3.7: Radial profiles of the radial flux for D* ions (top), D ions (middle) and neutral
species D and D, (bottom), averaged over the toroidal and poloidal directions, evaluated
over an interval of At = 10.1Ry/cs from the quasi-steady state multi-component plasma
simulation. The components of the D* and D; radial flux are discriminated.

radially inwards in the edge, reversing sign in the SOL, which is a consequence of the release
of D atoms due to the dissociation of D, molecules, of particular importance close to the LCFS.
Moreover, the D atoms reaching the outer wall associate and are reemitted as D, molecules,
thus contributing to the outward flux of D. The multi-component plasma simulation shows
that I'p peaks in the edge, while for a single-component model I'p is maximum at the LCFS.
This is due to the D atoms that are generated in the edge region close to the LCFES in a multi-
component model, compensating their ionization. At the same time, we remark that the radial
flux of D, molecules, I'p,, points radially inwards in the whole domain (see Fig. 3.7). As a
matter of fact, I'p, is roughly constant in the SOL, because the loss of D, molecules due to
dissociation is compensated by the D, molecules recycled at the limiter. Then, I'p, decreases
in the edge as a result of the molecular dissociation and ionization (due to the larger values
of plasma density and temperature in the closed field-line region), thus becoming negligible
towards the core.

Focusing now on the dynamics of the ion species, we highlight that the radial flux of D* ions
points radially outwards across the whole domain and is mostly determined by the dominant
E x B flux except in the proximity of the core, where the diamagnetic flux dominates over the
E x B flux. The polarization drift contribution is negligible in the whole domain. We also note
that the flux increases across the edge region from the core to the LCFS, peaks in the near
SOL and gradually decreases across the SOL. This significantly differs from the profile of the
ion flux in the single-component plasma simulation (see Fig. 3.8), where the flux peaks at
the LCFS. This difference between the two models is related to the location of the ionization
source npvi,. As a matter of fact, while the source has a smooth profile and peaks at the LCFS
in the single-component simulation, the ionization source peaks further inside the edge in
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Figure 3.8: Radial profiles of density (top) and radial flux (bottom) for the D™ and D species, av-
eraged over the toroidal and poloidal directions, evaluated over an interval of At = 10.1Ry/cso
from a quasi-steady state single-component plasma situation. The components behind the
radial ion flux are discriminated. Plasma and neutral grid resolution, as well as simulation
parameters, are the same considered in Fig. 3.5.

the multi-component model, leading to a sharp increase of the D* flux in the edge, in the
proximity of the LCFS.

We remark that, as seen in Fig. 3.7, the radial flux of D; ions points radially outwards in the
SOL, but is directed radially inwards in the edge. This is a consequence of the fact that most D
are generated in the vicinity of the LCFS, where the D, molecules are ionized by the warmer
and denser plasma. The DJ radial flux is determined by the balance between the inward
pointing E x B and outward pointing diamagnetic drift components in the SOL, by the E x B
flux in the edge close to the LCFS, and by the diamagnetic component towards the core.

We also note that the inward pointing D] flux, I'p;, is sharply peaked in the edge, in the
vicinity of the LCFS. This is because most D} ions are generated by ionization of D, molecules
in that region and are dissociated shortly afterwards, having travelled a negligible distance.
Indeed, the spatial location of the peak of I'p; matches to the one of the np profile in Fig. 3.6.
We highlight that the contribution to the flux of D; arising from the polarization drift is not
represented in Fig. 3.7 because it is neglected in our model. Finally, I'p+ is three to four orders
of magnitude smaller than I'p+, which is a consequence of the small ratio np;/np+. Since
the polarization drift component is expected to be small compared to the total ion flux of D
molecules, I'p;, we conclude that neglecting the polarization drift terms in Egs. (3.19-3.27)
has indeed a negligible impact on the results of the simulation.

We must highlight that the D} flux is very small compared to the flux of the main ion species,
D7, since the density of D ions is about four orders of magnitude smaller than the density
of D*. This may allow to neglect the D; ion species, by assuming that they are instantly
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dissociated into a D atom and a D™ ion. In the future, we will repeat the simulation presented
here while considering instantaneous dissociation of D; to clarify the impact of taking the
finite lifetime of D} ions into account.

3.7 Conclusions

In this chapter we present a multi-component plasma model for the self-consistent description
of the neutral and plasma dynamics in the tokamak boundary, which is implemented in the
GBS code. A deuterium plasma is simulated in the edge and SOL regions of a tokamak,
featuring electrons, D™ and D2+ ions, D atoms and D, molecules. The models that describe
the neutrals and the plasma dynamics are coupled by means of a number of collisional
processes, which are responsible for the introduction of neutral-plasma interaction terms both
in the plasma and the neutral equations. The collisional reactions considered in this chapter
include ionization, elastic collisions between electrons and neutral particles, charge-exchange
collisions and dissociative processes. The multi-component plasma model is based upon the
Braginskii fluid equations derived in the drift-limit, which extend the single-ion species model
to account for D} ions. The closure considered in the present chapter follows the approach
developed by Zhdanov. Regarding the neutral particles, the model used in the single-neutral
species model of GBS [61] is extended to address the effect of the molecular species, Ds. As a
matter of fact, in the model presented in this chapter, the neutrals are computed by solving
two coupled kinetic equations for the D and D, species by using the method of characteristics.
The resulting system of linear integral equations are then discretized and solved with respect
to the densities of neutral species, np and np,.

The results from the first simulation based upon the multi-component model, considering a
toroidally limited plasma, are also described. These results bear some considerable differences
compared to the results from simulations carried out by using the single-ion component model
implemented in GBS. An up-down asymmetry is observed in the n, and np+ density profiles,
with larger densities being observed below the equatorial midplane. This is related to the
counterclockwise parallel flow of the edge plasma, as reported in the profiles of vje, v)p+ and
v|p; - This feature also leads to larger recycling rates and higher neutral density in the upper
side of the limiter, compared to the region below the limiter plates. In addition, the density of
the neutral atoms and molecules, np and np,, is found to be about one order of magnitude
smaller than np+ in the open-field line region and two orders of magnitude smaller in the
edge, while np; is about three to four orders of magnitude smaller than np-, even in the edge
close to the LCFS, where np; peaks.

Taking into account the molecular dynamics also allowed multi-component plasma simula-
tions to grasp the influence of D, molecules on the plasma fuelling. In fact, most D, particles
are generated at the limiter close to the LCFS. A large fraction of D, molecules cross the LCFS
and reach the edge, where they are typically dissociated into atomic D as a result of the in-
teraction with the high density and temperature plasma. The D atoms thus generated and
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the remaining D, molecules are then ionized inside the edge, with the D ions being disso-
ciated shortly afterwards as a consequence of the high electron densities and temperatures.
Therefore, the simulation results reveal an inward radial shift of the peak of the ionization of D
atoms, compared to the results from the single-ion species simulations.

The radial profiles of the densities and radial fluxes are also influenced by the inclusion of
molecules. The radial flux of D* is observed to increase sharply in the edge, in the vicinity
of the LCFS as a result of the ionization source peaking in that region. The flux of D* then
remains high in the proximity of the LCFS and decreases sharply in the near SOL, where the
ion sinks at the limiter are dominant over the sources of D*. This constitutes a difference with
respect to the D* flux observed in the results from a single-ion species simulation, where a
maximum is reported at the LCFS. On the other hand, the D density peaks in the SOL due to
the D, molecules dissociated in that region. This is also the reason for the sign reversal of the
radial flux of D atoms in the far SOL, where I'p points radially outwards. On the other hand,
the inward flux of D atoms increases radially inwards inside the LCFS, since D atoms are also
generated in the proximity of the LCFS by D, dissociation.

To conclude, the results presented in this chapter highlight that the multi-component model
for the self-consistent description of the neutral-plasma interaction provide a description
of a deuterium plasma capturing the molecular dynamics and its overall influence on the
other plasma and neutral quantities. Therefore, the model can be used to address a multi-
component plasma and more than one neutral species at a kinetic level when carrying out
self-consistent first-principles simulations of plasma turbulence in the tokamak boundary.
The procedure described in this chapter can be extended to include other species of plasma
particles or neutrals, as well as the corresponding additional collisional processes. The model
can also be implemented in a diverted tokamak configuration (featuring one or various X-
points), where multi-component simulations are important to shed some light on the high
recycling and detachment regimes.
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Numerical simulations of Gas Puff
Imaging

This chapter presents the results of gas puff imaging (GPI) studies carried out by exploiting the
multi-component model described in Ch. 3. The research reported here aims at extending the
results of previous works on the simulation of GPI to the case of a multi-component deuterium
plasma in a three-dimensional domain. The simulations are performed in a toroidally-limited
plasma with gas puff sources located at the LFS equatorial midplane. The D, emission arising
from the excitation of D atoms and the contributions from dissociation of D, molecules and
Dj ions, which is observed to dominate over the other components in the proximity of the
wall, are considered. The statistical moments and the turbulence properties, computed for the
different components of the D, emission, as well as the relevant plasma and neutral quantities,
are investigated. The correlation functions between the D, emission rate and the plasma
and neutral quantities, namely the electron density, ne, electron temperature, T, and density
of neutral atoms, np, are also evaluated considering in detail each contribution to the Dy,
emission and analysing the correlation functions between these quantities in the simulation
domain. The results shown in this chapter highlight the importance of considering the neutral
fluctuations when interpreting the measurements of the D, emission rate, especially in the
edge, where the perturbations of the neutral density have a more significant impact on the D,
emission.
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4.1 Introduction

Gas puff imaging (GPI) is one of the fundamental diagnostics currently used to evaluate the
turbulent evolution of a plasma in the boundary of tokamak devices [98, 99, 100, 101]. The
GPI diagnostics is based on the injection of neutral particles at a specific toroidal location.
The neutral particles interact with the plasma via a number of collisional processes and give
rise to emission of light as a result of atomic deexcitation. Given that the plasma boundary
is a medium of low optical density, the emitted light interacts weakly with the plasma and
can be measured by one or more high temporal and spatial resolution cameras. The cameras
register the integrated light emitted along the respective lines of sight. Using an horizontal
and a vertical camera, a tomographic reconstruction of the two-dimensional light emission
profile is also made possible.

Optical filters allow for the fast cameras to select a specific spectral line of interest within
the visible range, depending on the composition of the plasma. In the case of a deuterium
plasma, measurements most often focus on the D, line of the Balmer series [98, 100, 102, 103],
which is the result of the deexcitation of a deuterium atom from the second excited state
D*(n = 3) to the first excited state D* (n = 2). Several atomic and molecular processes account
for the presence of deuterium atoms in the D* (n = 3) state. These processes include impact
excitation of D atoms in the fundamental (n = 1) state and a variety of dissociative processes
of the diatomic deuterium species, D, and D;. As aresult, it is difficult in experiments to
identify the source of D, emission, even though the majority is expected to come from impact
excitation of D atoms. Moreover, the D, emission following each excitation process has a
complex dependence on a number of parameters, which makes it even more difficult to
interpret D, measurements. Therefore, assumptions have to be made, based on the properties
of the diagnosed plasma, to guide the interpretation of experimental results.

The effect of molecular dynamics is often neglected when interpreting D, emission in ex-
periments [102, 104], therefore excluding the contribution of dissociative processes in the
interpretation of the D, emission source, which is thus ascribed to electron impact excitation.
The emission rate is thus modelled as [99, 100, 103, 64]

Dy Exc = Ne DT a,Exc (e, Te), 4.1)

with 7, the electron density, np the density of D atoms and 74 gxc(7e, Te) the emission rate
coefficient for impact excitation of D to the second excited state D* (n = 3). The dependence of
rq on the electron density and temperature, n. and T, respectively, is theoretically calculated,
based on a collisional-radiative model [105]. In addition, it is often assumed that D, emission
depends weakly on the neutral density perturbations. As a consequence, np is assumed
constant in Eq. (4.1) and np fluctuations are not taken into account in the analysis. Finally,
electron density and temperature fluctuations are assumed strongly correlated in the SOL
region [102, 104]. With these assumptions, the electron pressure can be inferred from the D,
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emission measurements, which ultimately allows for the study of boundary turbulence. A more
accurate interpretation of D, emission is made possible by disentangling the dependence
of the D, emission on ne, np and T. This can be obtained by measuring the light emission
resulting from three different spectral lines, similarly to the experiments carried out with He-
lines in the Alcator C-Mod tokamak [98] and the TJ-II stellarator [106]. However, if molecular
dissociation becomes a non-negligible source of D, emission with respect to impact excitation,
the use of different spectral lines is not sufficient to disentangle the complexity underlying the
D, emission.

A number of numerical simulations, based on different approaches, have been performed to
disentangle the complexity of the interpretation of GPI results over the last decades. On the
one hand, GPI simulations were carried out assuming that neutral density perturbations are
negligible, focusing therefore on the turbulent dynamics of the plasma [102, 103, 104, 107].
On the other hand, the effect of neutral fluctuations were addressed while considering time-
independent plasma profiles or using analytical models for plasma perturbations [100, 108,
109, 110]. Efforts to jointly address the plasma and neutral dynamics on GPI simulations have
been reported only in the last decade.

The first attempt of a self-consistent description of fast camera data is described in Ref. [111],
where two-dimensional simulations of plasma turbulence and a mono-energetic neutral
model are used. In Ref. [64], the GBS code is used to simulate D, emission from GPI diag-
nostics with a model of plasma turbulence and neutral dynamics. The three-dimensional
drift-reduced Braginskii equations for a single-component deuterium plasma (D* and e™)
are solved, coupled with a kinetic model for deuterium atoms, D, in the SOL of a limited
tokamak configuration with a toroidal limiter on the HFS equatorial plane. A gas puff source is
introduced at the LFS equatorial midplane, consisting of the injection of D atoms from the wall.
Since the model does not take into account molecular dynamics, the D atoms are injected into
the domain at a temperature of 3eV, in order to model D atoms generated by Franck-Condon
dissociation of D, molecules. The study focuses on the Dy, line of the Balmer series, reporting
on the correlation between the D, emission, the electron density, n,, the electron tempera-
ture, T,, and the deuterium atom density, np. Results show that n,, T and D, emission are
all strongly correlated, particularly in the SOL. As for np fluctuations, different results are
reported at distances from the gas puff location smaller or larger than A, p, in particular a
strong anti-correlation between np and the plasma quantities is observed at a distance from
the gas puff location smaller than Ay, p. In fact, positive perturbations of ne and Te lead to
higher ionization rates, thus resulting in lower np. As a consequence, np and D, emission
rates are also strongly anti-correlated in that region. However, while the D atom density has
an effect on the amplitude of the D, emission rate, according to Eq. (4.1), the impact on the
statistical moments and turbulence properties of the D, emission remains limited. Ref. [64]
concludes that neglecting the rnp fluctuations remains as a valid assumption for interpreting
GPI measurements at distances from the gas puff source smaller than A¢, p, the main effect
of assuming constant np being an underestimate of the plasma quantities ne, T, from the
interpretation of D, emission. On the other hand, Ref. [64] shows that, for distances from the
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gas puff source larger than A, p, the D atom density is influenced by non-local shadowing
effects due to the interaction of the atoms with a number of structures on their way across
the plasma. As a matter of fact, when crossing positive perturbations of n. and T,, atoms are
more likely to be ionized and do not penetrate further into the plasma, thus leading to small
np in the edge, regardless of the local values of n and T,. This non-local shadowing effect
[64] hence weakens the anti-correlation between np and the plasma quantities, n. and T, as
one moves radially inwards. At the same time, the anti-correlation between np and the D,
emission rate decreases, becoming a positive correlation at distances from the gas puff source
larger than Ay, p. Therefore, np fluctuations have a more significant impact on the statistical
moments and turbulence characteristics of the D, emission at distances larger than A, p,
where np fluctuations should be taken into account when considering GPI measurements.

The nHESEL code [45, 39, 46] has also been used to investigate the physics behind the GPI emis-
sion. nHESEL self-consistently simulates the neutral-plasma interaction in a two-dimensional
domain, relying on a fluid model of single-component plasma turbulence coupled with a diffu-
sive model for multiple neutral species. In Ref. [46], nHESEL simulations explore the effect of
molecular dissociation on the correlation between np and plasma quantities in the presence
of blob events. Three different neutral species are considered: thermal deuterium molecules,
D,, injected into the system via gas puffing, thermal Helium atoms, He, and non-thermal
deuterium atoms, D, that comprise warm atoms directly generated by Franck-Condon disso-
ciation of molecular deuterium and hot atoms resulting from charge-exchange interactions
with D* ions.

As described in Ref. [46], dissociative processes lead to volumetric sinks of D, and sources of
D atoms, while ionization constitutes a sink of D. Since there are no volumetric sources of D,
an enhancement of n and T, due to a blob enhances dissociative processes and thus leads
to a decrease of np,. Therefore, np, is anti-correlated with ne and T, (similarly to np in Ref.
[46]). On the other hand, the competition between dissociation and ionization events, that
constitute a source and a sink of D atoms respectively, determines the effect of blob-induced
plasma perturbations on the np fluctuations. In Ref. [46], this balance is expressed as

Sb = np, [2VdissDy) (Te) + Vdiss-izDy) (Te) ]| — npViz (Te), (4.2)

where Viss, Vdiss-iz and Vi, are the dissociation, dissociative-ionization and ionization rates,
all proportional to ne. If Sp > 0, an increase of 7, leads to an increase of Sp, and therefore a
correlation between np and ne. In contrast, if Sp < 0, np is anti-correlated with n,, similarly
to the observations in Ref. [64]. In Ref. [46] a parameter 7 is also introduced, defined as the
ratio between the D sources and sinks,

_ o, [2Vdiss(D,) + Vdiss-izD,) | _ o, [2Vdiss(D,) + Vdiss-iz(D) |

, 4.3)
npViz np Viz
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with correlation between 7, and np found for 7 > 1 and anti-correlation for 0 < 7 < 1. The value
of  is determined partly by the np, / np ratio and partly by the ratio between the reaction rates
of volumetric sources and sinks, which depend on the electron temperature. As the authors
highlight in Ref. [46], the temperature-dependent term is always larger than 1, approaching
1.7 at large electron temperature. Therefore, as long as np,/np > 0.58, correlation (n > 1) is
always observed. The numerical simulation presented in Ref. [46] points out 7 > 1 in the
SOL, where np, is large, and 1 < 1 in the edge, because of the large temperature observed
inside the separatrix and the resulting low D, density. The findings reported in Ref. [46] thus
suggest that np is correlated with D, emission in the SOL and anti-correlated in the edge.
This conclusion contrasts with the one in Ref. [64] where, by not taking into account D,
dissociation, np perturbations are found to be anti-correlated with the plasma density and
temperature perturbations in most of the domain, particularly in the SOL.

The present chapter leverages the studies presented in Ref. [64] and extends them to the case
of a multi-component deuterium plasma by using the GBS model presented in Ch. 3. This
includes two ion species, D* and D; , and two neutral species, D atoms and D, molecules,
thus allowing for molecular dissociation to be taken into account. Our goal is to understand
the impact of the multi-component plasma dynamics on GPI diagnostics, extending the work
reported in Ref. [46] by using a global three-dimensional model to describe the tokamak
boundary and addressing the neutrals by discretizing a kinetic advection equation for each
species. The kinetic approach allows us to account for all values of the mean free path for the
neutral species, with no need to distinguish particles of the same species according to their
temperature and origin. In addition to Ref. [46], we also aim at evaluating the contribution to
the D, emission from dissociation of molecular species, D, and D}, and compare it with the
main source due to excitation of D atoms.

This chapter is structured as follows: after this Introduction, a brief description of the simula-
tion of the gas puff setup is presented in Sec. 4.2. We then present the simulation results in Sec.
4.3. These results are further discussed in Sec. 4.4, where we evaluate the correlations between
the quantities involved in the computation of the D, emission rate, and in Sec. 4.5, where we
address the impact of the fluctuations of the density of neutral species on the interpretation of
GPI results. The conclusions follow in Sec. 4.6.

4.2 The GPI diagnostics and D, emission rate

The simulations described here leverage the self-consistent multi-component model for
plasma turbulence and kinetic neutrals in the tokamak boundary implemented in GBS and
presented in Ch. 3. We consider therefore a limited plasma, with toroidal limiter on the
equatorial HFS limiter. The GPI diagnostics is implemented by adding a low-intensity gas
puff at the equatorial midplane on the LFS. We assume that the gas puff extends over the full
toroidal direction and it is independent of the toroidal angle, to simplify our scenario and its
analysis. The gas puff injects D, molecules at wall temperature at the outer chamber wall,
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which does coincide with the boundary of the simulation domain. This contrasts with Ref. [64],
where the injected molecules are assumed to undergo Franck-Condon dissociation outside
the simulation domain and enter it as D atoms at a temperature of 3eV. As a matter of fact, the
results obtained from the first multi-component GBS simulation presented in Ch. 3 show that
penetration of D, molecules across the SOL into the edge is important, at least in the plasma
conditions considered in our simulations (in the transition between the sheath-limited and
conduction-limited regimes), highlighting the importance of properly modelling the puffing
of D, molecules from the domain boundary.

Following Ref. [64], the distribution function of the D, molecules injected for the GPI diagnos-
tics from the domain boundary is described by

(y - ygp)z

2(0ygy)? ))(in,D2 (v), (4.4)

J,,gp(, V) = Sgpexp (_

where Sg, is the puffing rate (equivalent to the flux of puffed molecules), y is the poloidal
coordinate along the outer wall, ygp, is the poloidal coordinate of the center of the gas puff,
Aygp is the gas puff width and yin (v) is the velocity distribution of the puffed D, molecules,
which is assumed to follow the Knudsen cosine law,

3 mp mp, v
XDz,in(V)=ET—v2szOS(9)eXp(— 2T2W ) (4.5)

In Eq. (4.4), following the definition introduced in the previous chapters, we define the angle
0 = arccos (Q -1), with the unit vector Q = v/v being along the direction of the neutral velocity,
and the unit vector normal to the boundary i pointing towards the plasma volume. In the
present work, we consider a temperature Ty = 0.3€V, ygp = 400p5 (the gas puff is located at
the equatorial outboard midplane) and Ayg, = 20p50.

In the present thesis, similarly to Ref. [64], we focus on the local emission rate from the Balmer
D, line. However, in addition to the D, emission resulting from electron impact excitation of
D atoms, dissociation of molecular species D, and D; is also taken into account as sources of
D, emission. The total D, emission rate is hence expressed as

Dq = Da,Exc + Da,Diss(Dg) + Da,Diss(D;)’ (4.6)

where Dy, gxc is the contribution from the excitation of D atoms to the excited state D*(n = 3)
defined in Eq. (4.1), while

D(X,DiSS(Dz) = NeNp, roc,Diss(Dz)(ne, Te), 4.7)
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is the contribution from dissociation of D, molecules into two D atoms, one of which in the
excited state D* (n = 3). Finally,

D, piss(D3) = MeD; Ta,Diss(D;) (Mes Te), (4.8)

is the contribution that joins the dissociation of D] molecular ions into one D* ion and one D
atom in the excited state D* (n = 3) and the dissociative-recombination of D; molecular ions
into two D atoms, one of them in the excited state D* (n = 3). We recall that np, is the density of
D molecules and np; the density of D; ions. We also remark that the emission rate coefficient
for dissociation of D, molecules generating a D* (n = 3) atom, ¢ piss(D,) (e, Te), as well as
the emission rate coefficient for dissociation or dissociative recombination of D} generating
a D*(n = 3) atom, T'q, Diss(D}) (ne, Te), are obtained from a collisional-radiative model [112].
For the emission rate coefficient rg piss(,) (72e, Te), we use the values made available in the
OpenADAS database, similarly to Ref. [64]. Other molecular processes accounting for D,
emission, such as dissociative-ionization of D,, are neglected here because their cross sections
are considerably smaller than the ones of the processes considered here.

4.3 Simulation results

The simulation of GPI presented here considers a simulation with the same parameters as the
one described in Ch. 3, where the diagnostic gas puff described in Sec. 4.2 is introduced. After
a transient phase, a quasi-steady state is reached, characterized by constant plasma profiles
resulting from the balance between sources and sinks. Our analysis focuses on a time interval
At =40Ry/cy during the quasi-steady state phase and targets mostly the LFS region around
the diagnostic gas puff (350ps9 < y < 450p50), where D4 light emission following the injected
particles is important. Similarly to Ch. 3, we highlight that the results presented here are
expected to depend strongly on the simulation parameters considered.

We first perform time and toroidal averages of the plasma and neutral quantities relevant for
the study of D, emission, namely the electron density, ne, the electron temperature, T, the D
atom density, np, the D, molecule density, np,, and the D] ion density, np;. We also study the
number of particles ionized/dissociated per unit volume and unit time, i.e. npViz, #p,VizD,,
1D, VDiss(D,) and np; Vpjss(p;)- The time and toroidal averages of these quantities are presented
in the poloidal cross sections shown in Fig. 4.1. We remark that the 40Ry/ cso time interval
over which the average is performed is considerably larger than the characteristic timescales
of turbulent events. Toroidal averaging is enabled by the axisymmetry of the considered
configuration.

We note that the cross section plots of the plasma and neutral quantities, ne, np, D2, np,,
np; and T, are similar to the ones observed in the simulations reported in Ch. 3 for the first
multi-component plasma simulation, the difference being only in the region close to the gas
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Figure 4.1: Poloidal cross section of time and toroidal-averaged plasma quantities (7, nip;,
and T¢), neutral particle densities (np, np,), ionization sources (npvi, and np,Vvizp,) and
dissociation rates (7p, Vpiss(D,) and 7ip; Vpjss(p;))-
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Figure 4.2: Poloidal cross section of the logarithm of 7 and the logarithm of np, / np.

puff at the LFS. As a consequence of the GPI injection, np, peaks in the proximity of the outer
wall at the LFS equatorial midplane, where the gas puff is located. We remark that, due to
the SOL conditions considered in this simulation, namely the low T, values observed in the
SOL at the LFS, the D, mean free path is larger than the SOL width, A p, = 95ps0. As a
consequence, most D, molecules cross the SOL without interacting with the plasma and are
only dissociated/ionized inside the LCFS, which has an important impact on the D, emission
profile. As a result of the large A p,, the density of D atoms peaks in the edge, close to
the LCFS, and the density of D; ions also peaks further inside. In fact, as shown in Fig. 4.1,
dissociation of D, molecules peaks inside the LCFS and ionization of D, molecules, which
requires more energy compared to dissociation, peaks further inside, where the values of n,
and T, are higher. On the other hand, since dissociative processes have in general larger cross
sections than ionization at the same temperature (see Fig. 3.1), most D ions are dissociated
shortly after being generated. This is confirmed by Fig. 4.1, that shows that dissociation of D
occurs where the ionization of D, takes place. Finally, ionization of D peaks close to the core, a
consequence of the fact that most D atoms are generated in the edge region and then ionized
when they enter in contact with the warmer and denser plasma in the innermost region of the
domain.

We remark that, while the radial profiles of ne and T, are similar to the ones presented in Ref.
[64], the D atom density, np, is different, since it peaks inside the LCFS, which is a consequence
of the dissociative processes taking place in the edge where D atoms are generated. On the
other hand, the D, density, np,, peaks in the SOL close to the outer wall, while D2+ peaks in
the edge, where the high plasma density and temperature maximizes the ionization of D,
molecules.

We also focus on the value of the correlation parameter 1, redefined from Eq. (4.2) consistently
with the multi-component plasma model under consideration, so as to take into account all
possible sources and sinks of D atoms (see the list of collisional processes described in Table
3.1), yielding
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np, [zvdiSS(Dg) + Vdiss—iz(Dg)] + npy [2Vdiss-rec T Vdiss]
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Figure 4.3: The logarithm of the time and toroidal averaged D, emission and of its contribu-
tions, Dg Exc) Da,DissD,) and Da,DiSS(D;), are represented in the poloidal plane.

Given the values of the reaction rates of the collisional processes, which are plotted in Fig.
3.1, for typical densities and temperatures in the plasma boundary, the term referring to the
dissociation of D, dominates the numerator of Eq. (4.2), while ionization of D dominates over
D - Dj charge-exchange in the denominator. Therefore, for typical SOL and edge parameters,
1 = (np,/np)(2vpissD,) / Viz), similarly to the expression reported in Eq. (3) from Ref. [46]. Thus,
1> 1 holds whenever np,/np 2 0.6 is satisfied.

The time and toroidal average of the logarithm of ) and of the logarithm of np,/np are plotted
in Fig. 4.2 on a poloidal cross section. Due to the considerable penetration of D, molecules
across the LCFS, np,/np > 1 is observed in the SOL and in a significant portion of the edge,
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Figure 4.4: Five snapshots of the normalized fluctuations of each component of the Dy,
emission, separated by 0.2Ry/cso. The Dy xc, Da,Diss(D,) and Da,Diss(D;) contributions and the
total D, emission are shown in the first, second, third and fourth rows, respectively.

especially at the LFS equatorial midplane, where the diagnostic D, gas puff is present. As a
result, 7 > 1 holds in most of the domain while 1 < 1 is verified only in a restricted portion
of the edge region closer to the core. This implies that, except for the region close to the
core, the number of D atoms generated by dissociative processes per unit time and unit
volume is larger than the number of D atoms depleted per unit time and unit volume due
to ionization events, with np being positively correlated with n. and T,. This is in line with
the results reported in Ref. [46] and contrasts with the conclusions in Ref. [64] based on
single-component simulations carried out with GBS. Nevertheless, we highlight that results
are highly dependent on the specific SOL conditions considered, which are characterized by a
lower electron temperature than the one usually found in typical SOL plasmas. In the case of a
higher temperature SOL, we expect a shift radially outwards of the regions observed in this
simulation.

Following Ref. [64], Fig. 4.3 presents time and toroidally averaged poloidal cross sections of
the total D, emission rate and the contributions from the three sources contributing to it, in
logarithmic scale. We highlight that the excitation of D atoms, D gxc, is the main source of Dy
emission, peaking in the edge. On the other hand, the contribution from dissociation of D,
D¢, piss(D,), is one to two orders of magnitude smaller than D, gxc. The Dy pissp,) contribution
peaks in the edge, close to the core, because of the high plasma densities and temperatures in
this region, even though the density of D, molecules is small. Regarding the contribution from
dissociation of D, D, pjss (p;)» we highlight that it peaks in the edge, close to the LCFS. While
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it is smaller than D, pxc by a factor of about five in the edge region, it becomes the dominant
source of D, emission in the far SOL.

Typical snapshots that represent the time evolution of the D, emission rate are presented
in Figs. 4.4, where the analysis is restricted to the GPI injection, i.e. at the LFS around
the equatorial midplane, 350p5 < y < 450ps0. The normalized perturbation of the total
D, emission, computed as (Dg —(Dg)) / (D), with (Dg) the time and toroidally averaged
D, emission rate, is considered, as well as of its three sources, computed analogously. The
snapshots are separated by time intervals of 0.2Ry/ cso. The Dy gxc and Dy pissp,) €missions
display a similar profile, while D, pjss(p;) fluctuations, despite bearing an overall qualitative
resemblance to the other emission profiles, peak at different locations. The plots of the
fluctuations of the total D, emission rate, follow the profiles of the snapshots of D pxc in the
edge and near SOL, since this is the dominant source of D, emission in that region, and are
similar to the plots of D, pjss(p;) in the far SOL, where it dominates. A parameter scan on the
plasma density and temperature will extend the present study. In particular, we expect that, at
larger values of the electron density and temperature, the whole dynamics is shifted further
out towards the far SOL, as the mean free path of D, molecules decreases.

4.4 Analysis of the correlation between the D, emission and the
plasma and neutral quantities

Since the measurements of Dy, emission provided by GPI diagnostics are used to infer the
properties of the plasma and neutrals, understanding the correlations between the D, emis-
sion and these properties is of crucial importance for an accurate interpretation of the GPI
measurements. We then evaluate the correlations between the D, emission rate and the
Ne, N, Np,, Npr and T (the quantities associated with the Dy emission). For this purpose,
following the same procedure as in Ref. [64], we make use of the Spearman rank coefficient of
correlation [113], which varies between —1 (if two functions are totally anti-correlated) and 1
(in case they are perfectly correlated).

Fig. 4.5 shows the Spearman correlations between the quantities involved in the calculation
of the emissivity rate associated with the excitation of D atoms, D, gxc. The electron density
and temperature are strongly correlated, especially in the edge region. On the other hand, the
correlation between the neutral density np and the plasma quantities, n and T, is different
from the one observed in Ref. [64]. In fact, np is correlated with n. in the SOL, with the
correlation increasing towards the LCFS. The correlation function peaks in the edge, close to
the LCFS, and then decreases sharply, becoming negative towards the core. A similar behavior
is found for the Spearman correlation between np and Te, with the correlation in the SOL and
the anti-correlation in the edge being even stronger compared to the correlation between np
and T,. This is due to the mechanisms behind the generation and depletion of D atoms in the
SOL and edge regions. In fact, in the SOL region, positive fluctuations of plasma density and
temperature enhance the dissociation of the D, molecules injected by the gas puff from the
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outer wall, which results in an increase in the D atom density. Hence n, and T, are positively
correlated with np. Around the LCFS, the density of D, molecules decreases while the density
of D atom increases. However, the source of D atoms due to molecular dissociation is still
more important than their sink due to ionization processes, since the plasma temperature
remains lower than the ionization threshold. As a result, in agreement with Ref. [46], the
correlations between np and n. and between np and T, remain positive.

Fne—T. —np—n, —np —T, —n¢ — Do e —Te — Dagvc —1p — Dapae |

Spearman correlation

0
T —TLCFS

Figure 4.5: Radial plot of the Spearman correlation function between the quantities involved
in the D, pxc emission, at the LFS equatorial midplane (all quantities are averaged in time and
along the toroidal direction).

Deep in the edge, the high temperature leads to an ionization sink that dominates over
dissociation sources. Therefore, local positive fluctuations of n, and T, lead to the decrease of
D atom density, thus resulting in an anti-correlation between np and the plasma quantities,
ne and Te. The result observed in Ref. [64] is thus recovered, but only for the warmer and
denser plasma in the edge.

Turning to the D, emission rate due to atom excitation, we observe that it is strongly correlated
with the plasma quantities n. and T, as expected from (Eq. 4.1), in the SOL and around the
LCFS. The D, emission is also positively correlated with np. This results from Eq. (4.1)
and from the fact that ne, T and np are also positively correlated with one another, which
agrees with the conclusions in Ref. [46]. On the other hand, the correlation function between
D, pxc and the plasma quantities 7 and T falls sharply and becomes negative towards the
core. In fact, at the high densities and temperatures of this region, the density of neutral
atoms drops to very low values, reducing significantly the D, emission due to atom excitation.
As a result, the D, emission rate in Eq. (4.1) becomes more sensitive to fluctuations of
np rather than perturbations of the plasma quantities, which explains why D gxc is anti-
correlated with ne and T in this region, while strongly correlated with np. This also highlights
the importance of taking into account the neutral density fluctuations when interpreting
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D, emission measurements close to the core, as D, emission rates may become mostly
determined by np fluctuations. We note that the result of the single-component simulation
in Ref. [64] is retrieved in the edge. In this region, np is sufficiently large that it does not
constrain the D, emission. In these conditions, the np perturbations are less important than
the fluctuations of n and Tg, leading to a positive correlation between Dy pxc and ne and Te
in most of the edge region and a negative correlation with the atom density, np.

np, —ne —np, —T. —ne — Do pisstpy) —Te — Dapisstpy)  —"10s — Dapiss(py) |

Spearman correlation
. :

T —TLCFS

Figure 4.6: Radial plot of the Spearman correlation function between the quantities involved
in the D giss(D,) €mission, at the LFS equatorial midplane (all quantities are averaged in time
and along the toroidal direction).

Fig. 4.6 shows the Spearman correlation function between the variables involved in the D,
emission rate associated with the dissociation of D, molecules, Dy piss,). It is observed that
np, and T, are strongly anti-correlated in the whole domain, since positive perturbations of
T, are associated with enhanced ionization of D, molecules and hence smaller np,. Similarly,
np, is anti-correlated with . in the edge and in the near SOL, where large plasma densities
result in a large rate of molecular dissociation and hence smaller density of D, molecules. The
correlation becomes positive in the far SOL, closer to the gas puff source, where the density
of D, molecules is larger. In fact, the gas puff is expected to enhance plasma fuelling, i.e.
larger densities of D, molecules will ultimately lead to an increase of n.. These results are
similar to the ones obtained in Ref. [64] for the D, emission due to excitation of D atoms in a
single-component plasma. Regarding the Dg piss(n,), we observe that it is correlated with n,
and T; in the SOL and in most of the edge region. In particular, the Dy pissm,) — Te correlation
is strong in the SOL. Towards the core, the density of D, molecules drops, making D pissD,)
very small and strongly dependent on the np, fluctuations. Therefore, Dy pissmn,) is more
sensitive to the fluctuations of np, than the perturbations of the plasma quantities, similarly to
the dependence of Dy gxc 0n np. As a result, Dg piss(D,) becomes anti-correlated with ne and
Te in the proximity of the core. In contrast, the emission rate is strongly correlated with the
density of D» molecules near the core, but reduces sharply when one moves radially outwards,
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as np, is no longer negligible and hence no longer regulates Dy pissD,)-
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Figure 4.7: Radial plot of the Spearman correlation function between the quantities involved
in the D, giss(p;) €mission, at the LFS equatorial midplane (all quantities are averaged in time
and along the toroidal direction).

Focusing now on the analysis of the D, emission due to dissociation and dissociative recom-
bination of D ions, Dy piss(p;) (see Fig. 4.7), we start by highlighting the strong correlation
between the density of D} ions and n in the SOL and in most of the edge, since positive 7,
perturbations enhance the ionization of D» molecules and hence increase np; in these regions.
However, since D} ions have a short lifetime, being destroyed by dissociative processes whose
cross sections are larger than the cross section of ionization of D, molecules, the correlation
between np;: and n. is also strongly influenced by the density of np, molecules. As a matter of
fact, towards the core, np, drops to residual values, resulting in fewer D, molecules that can
be ionized than D ions that can be dissociated. As a consequence, positive fluctuations of
ne lead mostly to enhanced dissociation of D3 ions and therefore negative np; fluctuations,
which turns into an anti-correlation between rp; and 7. The Spearman correlation function
between np; and T, follows a similar behaviour, i.e. anti-correlation close to the core and cor-
relation in the edge and near SOL, but in the far SOL where anti-correlation between these two
quantities is observed. This is due to the fact that, at the typical temperatures of the far SOL,
dissociation of Dg ions dominates over ionization of D, molecules (see Fig. 3.1). Therefore,
while positive temperature fluctuations result in the generation of D] ions, they also increase
the rate of depletion of D; ions due to dissociative processes even more significantly. As a
consequence, positive T perturbations lead to negative np; fluctuations in this region.

Since the density of D ions is very small everywhere and hence decisively constrains the
D piss(p;) emission rate, the Dy piss(p;) emission rate is correlated with np: in the whole
domain. The correlation is particularly strong near the core, at the LCFS and in the proximity
of the outer wall. The correlation function between D, pjss(p;) and Te is positive in most of
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the domain (higher temperatures are related to larger emissivity coefficients and increased
ionization of D, molecules), the exception being the proximity to the core and to the outer
wall, where an anti-correlation is found between D, pjss(p;) and Te due to the anti-correlation
between np; and Te. Similarly, Dy, piss(py) is correlated with e in the SOL and in most of the
edge, where np; is correlated with ., but an anti-correlation between Dy piss(p;) and ne is
observed close to the core, where fluctuation of np; and n, are also anti-correlated.

Spearman correlation
% .
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Figure 4.8: Radial plot of the Spearman correlation function between the quantities involved
in the D, emission, at the LFS equatorial midplane (all quantities are averaged in time and
along the toroidal direction).

Finally, Fig. 4.8 shows the correlation functions between the total D, emission rate, Dy, the
electron temperature T, and the density of each of the species involved in the reactions that
emit light in the D, line. The correlation with D, can be interpreted through the analysis
of Dg gxc, since it dominates over the other sources of D, emission in the edge and near
SOL, and Dy, pjss(p;)» Which is dominant in the far SOL. It is observed that, as for Dg,exc (see
Fig. 4.5), the D, emission is anti-correlated with n, and T, near the core, where neutrals
can hardly penetrate and a strong correlation between D, and np is observed. For the same
reason, Dy is strongly correlated with np, and np; in this region, even though these species
contribute weakly to the overall emission via dissociative processes. In the edge, D, emission
is strongly correlated with n. and T, and the correlation between D, and rnp, similarly to
D, gxc, is negative, since ionization dominates over dissociation. The correlation between D,
and np, and between D and np; in the edge are explained by the fact that np, is strongly
anti-correlated with 7. and T, while npy is strongly correlated with these plasma quantities.
In the near SOL, D, is correlated with n., T, and np, since dissociation dominates. On the
other hand, since the D, emission rate in the far SOL is mostly determined by D, piss(p;), Da
is also strongly correlated with np; and n. in this region. The correlation between Dq and T
drops radially outwards, becoming anti-correlation next to the outer wall. We remark that this
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represents a crucial difference with respect to the Spearman correlation between the D, emis-
sion rate and T of the single-component simulation in Ref. [64] with important implications
on the interpretation of GPI measurements, suggesting a different way of interpreting GPI
measurements in the region next to the gas puff source. Moreover, the correlations of D, with
np and np, near the gas puff source are determined by the correlation between the dominant
D piss(py) contribution and the densities of neutral species np and np, (not shown in Fig.
4.7). This is determined by the fact that D, pjss(py) is strongly correlated with 7, thus the
correlation between D, and the densities of neutral species descends from their correlation
with ne. Fig. 4.5 shows a small correlation between n, and np, explaining that D, and np
are not clearly correlated. On the other hand, Fig. 4.6 shows that ne and np, are correlated,
thus leading to a correlation between D, and np, in the close proximity to the gas puff. These
conclusions agree with the results observed in Fig. 4.8.

To summarise, we can divide the domain in four different regions according to the correlation
between the D, emission rate and the plasma and neutral quantities, namely n,, T and np.
1) The far SOL, where D, emission is mostly determined by the contribution of dissociation of
D; ions and which is characterized by the D, emission being strongly correlated with n, but
uncorrelated or even slightly anti-correlated with T, and, in general, uncorrelated with np.
2) The near SOL and LCFS, where D, emission due to excitation of D atoms dominates over
the contributions from dissociative processes and a strong correlation between D, emission
and the plasma quantities, n. and T, is observed. Moreover, since the sources of D due
to dissociative processes are more important than D sinks due to ionization, Dy, is strongly
correlated with np (similar to the conclusions found in Ref. [46]). 3) The edge region, where
D, is also strongly correlated with 7, and Te, but ionization of D dominates with respect to
dissociative processes, hence leading to an anti-correlation between D, and np (similar to
the results reported in Ref. [64]). 4) The region of the core, where D, emission is constrained
by the residual values of the density of D atoms that can penetrate in this region, resulting in
D, being correlated with np, but anti-correlated with n, and T.

To illustrate the implications of these observations in Fig. 4.9, we consider snapshots of the
normalized fluctuations of the plasma and neutral quantities, namely ne, Te, np, np, and np;,
and the D, emission, at a given time and toroidal location, focusing on the poloidal region
around the LFS equatorial midplane. The normalized fluctuations for the electron density,
ne, are defined as (ne — (ne))/ {ne), and similarly for the other quantities. The results in Fig.
4.9 confirm that n, and T, are strongly correlated in the whole domain, except in the close
proximity to the core, where the correlation is less evident. The fluctuations of the molecular
density, np,, are uncorrelated with ne and T, in the SOL, but clearly anti-correlated with the
perturbations of ne and T, around the LCFS and in the edge region, consistently with the
observations in Fig. 4.6. On the other hand, the fluctuations of np are strongly correlated with
the electron density and temperature fluctuations, except next to the outer wall, where np; is
correlated with ne, but anti-correlated with T, (because dissociation of D; is more important
than ionization of D, at the temperatures typically found in this region), and in the close
proximity to the core, where D, molecules can hardly penetrate and hence ionization of D,
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Figure 4.9: Typical poloidal snapshots of the fluctuations of rne, Te, np, np,, np; and the Dg
emission rate at the LFS equatorial midplane, where the gas puffis located.

is small. Regarding the np fluctuations, one can distinguish the different regions mentioned
above: the region close to the outer wall, where np is uncorrelated with n, and T, the edge,
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where the np fluctuations are anti-correlated with the fluctuations of n. and Te, and the
LCFS with the SOL, where np fluctuations are positively correlated with electron density and
temperature perturbations. Close to the core, the shadowing effect first reported in Ref. [64],
especially at y = 420p is observed. In fact, the positive perturbation of n., T. enhances
the ionization of D atoms, thus reducing np locally and also further inside towards the core,
since D atoms can no longer penetrate radially. As a result, np does not increase when 7,
and 7T, decrease. We therefore conclude that the non-local shadowing effect attenuates the
anti-correlation. Finally, we observe that the total D, emission rate, D, is strongly correlated
with ne and T, in almost the whole domain, except for the far SOL where the link between D,
and T is not clear. We remind that this is related to the fact that D, emission is dominated by
the contribution of dissociation of D} ions, with the total D, emission being mostly correlated
with npy and ne in this region, while nothing can be said regarding the correlation between
D, and T,. We again highlight that the location and radial spread of these regions is affected
by the values of the electron density and temperature, thus leading to a shorter mean free path
of the D, molecules puffed into the domain.

4.5 Impact of neutral fluctuations

Similarly to the procedure followed in Ref. [64], we evaluate the impact of neutral density
fluctuations on the D, emission by using the average density of neutral particles when com-
puting the emission rates and compare them with the self-consistent D, emission profile
that takes into account the instantaneous neutral density. This is of importance for the Dy gxc
and Dy piss(p,) contributions, which rely on the excitation of neutral atoms and molecules,
respectively, but not for the D piss(D}) contribution, which is associated with the excitation of
Dj plasma ions. For the two excitation channels affected by the density of neutral species, the
D, emission based on the averaged neutral density profiles can be expressed as

Da,Exc(nD) = Ne (ND) T'a,Exc (e, Te) (4.10)

and

Da,diss,Dz(nDz) = Ne <an> T'a,Diss(D,) (Me, Te), (4.11)

where we considered the time and toroidally averaged D atom density, (np), the average D»
molecule density, {np, ). The resulting total D, emission evaluated using the average density
of neutral species is therefore given by

Da(n,) = Da,Excinp) + Da,diss,Dz (np,) + Dtx,Diss(D;) . (4.12)

105



Chapter 4. Numerical simulations of Gas Puff Imaging

In Fig. 4.10, snapshots of the D, and Dy ;) emission is presented, as well as their relative
difference, (Dq —Dg(n,))/Dq. The contributions of the two excitation channels involving
neutral particles are also analysed. We highlight that Dy gxc and Dy gxc(npy have similar profiles,
but discrepancies of the order of 20% — 30% can be seen in the near SOL and edge regions.
The difference becomes particularly important close to the core, where it reaches values
of the order of 50%. Similar considerations hold for the comparison between Dy pissD,)

and Dy, giss D, (np,)- Since the Dy emission is mostly determined by the contribution from

n
excitation of I<) 2[2'[011’18 in the edge and near SOL, while the dominant component in the far
SOL, Dy piss(p;)» does not depend on the density of neutral species, the plots for the total
D, emission are similar to those obtained for D, px.. Therefore, our results support the
conclusions expressed in Ref. [64], namely that neutral fluctuations have a non-negligible

impact on the D, emission rates.
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Figure 4.10: Snapshots of the D gxc contribution (top), the D4 piss(p,) component (middle) and
the total D, emission rate (bottom). The emission rate taking into account neutral fluctuations
(left), the same quantity calculated by neglecting the atom density fluctuations (middle), and
relative difference between the two (right) are plotted.

The analysis is further extended by evaluating the effect of neutral density fluctuations on the
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statistical moments of the D, emission, namely the standard deviation, skewness and kurtosis,
presented in Fig. 4.11, and also the properties of turbulence, i.e. the auto-correlation time,
Tauto, the radial and poloidal correlation lengths, Ly,q and Ly, displayed in Fig. 4.12. We also
consider the same quantities from the contributions of the D, emission, taking into account
and excluding neutral fluctuations. These quantities play an important role on turbulence
characterization and are often used as proxy to analyse the ne and T; fluctuations.
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Figure 4.11: Radial profiles of the statistical moments of each component of the D, emis-
sion rate, representing the standard deviation (left), skewness (middle) and kurtosis (right),
computed at the LFS equatorial midplane. The first row refers to the D gxc contribution, the
second row presents results for the D pissp,) component, the third row displays the plots for
the D piss(p;) contribution and the fourth row refers to the total D, emission.

We therefore start our analysis by considering the statistical moments of 7 and T, as well as
of np, np, and np; as these affect the properties of the D, emission. The standard deviation
of ne does not change considerably throughout the domain, being of the order of 30% its
equilibrium value, as expected from previous theoretical and experimental studies. In contrast,
the standard deviation of T, in the edge is about two to three times larger than in the SOL,
having a sharp gradient in the region around the LCFS. The standard deviation of np; decreases
is considerably large at the edge-core interface, decreases slightly in the proximity of the core,
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then it increases a bit close to the LCFS and decreases significantly in the SOL, becoming
negligible close to the outer wall. Focusing on the neutral species, we note that the standard
deviation of np is large at the edge-core interface, decreases significantly in the edge, increases
slightly around the LCFS and remains approximately constant in the SOL, being comparable to
the standard deviation of T,. Finally, the standard deviation of np, at the edge-core interface
is much larger than the standard deviation of the other variables and decreases sharply across
the edge, becoming negligible in most of the SOL.

Turning to the analysis of the skewness, we remark that the skewness of T, is positive and
approximately constant over the whole domain, while n, and np have negative skewness
in the edge and positive in the SOL. This is different from the result found in Ref. [64] for
the skewness of np, which is yet another consequence of the introduction of molecular
dynamics. In fact, in the multi-component simulation, plasma fluctuations have different
impact on np in the edge and SOL. In the SOL, large positive perturbations of n, and T, make
dissociation of D, molecules more frequent and hence decisively increase np, while large
negative perturbations do not change np significantly, which justifies the positive skewness in
the SOL. In the edge, however, D atoms have a higher density than D, molecules. Therefore,
large positive fluctuations of ne and T, increase the level of ionization of D atoms and hence
result in a sharp decrease of np, while large negative plasma fluctuations do not lead to
equally important positive fluctuations of np, thus justifying the negative values of skewness
observed in the edge region. For comparison, in the single-species simulations, since there
are no volumetric sources of np, large positive plasma perturbations are always associated
with an increase of the ionization levels and consequent sharp decrease of np, while large
negative perturbations have a less significant impact on rnp, thus suggesting negative values of
skewness in the whole domain (in reality, the plots in Ref. [64] show that skewness is negative
in the SOL, where ionization of D atoms is important, and increases radially inwards, since np
decreases and hence the effect of the plasma perturbations on ionization of D becomes less
important). The skewness of np, is positive in the edge and negative in the SOL, similarly to
what was reported for the skewness of np in Ref. [64]. In addition, the kurtosis of ne, Te and
np have a similar behaviour, being larger in the SOL compared to the edge region, remaining
between 0 and 5.

We now turn our attention to the D, emission. Fig. 4.11 shows that the standard deviation
of the D, pxc emission rate is larger than the one of 7, Te and np in most of the domain and
has a different radial dependence. This observation is related to the complex dependency of
the emissivity coefficient r, on ne and T, which may result in a very different behaviour of
the statistical properties of D4 gxc compared to 7. and Te. It is also found that Dy gxc(np) iS
20% to 30% smaller than Dy, gy in the SOL, while this relation is reversed in the edge, where
Da,Exc(np) is about 20% larger. The relation between the two quantities in the SOL contrasts
with the one reported in Ref. [64], which is related to the fact that molecular dynamics are
now taken into account, thus affecting the impact of neutral fluctuations on the D, emission.
We observe that the standard deviation of Dy gxc(npy is larger in the SOL compared to the
edge region. The skewness of D gxc and Dy Exc(np) 1S 0f the same order of magnitude as the

108



4.5. Impact of neutral fluctuations

skewness of ne, T, and np in the edge, but grows radially and becomes much larger than
the skewness of the other quantities in the SOL, which is also not observed in Ref. [64] (we
remark that D, gxc is very small in the far SOL, where the D, emission is mostly determined
by D piss(py))- Moreover, we notice that Dg gxc and De,exc(np) display similar behaviour in
the SOL, but different behaviour in the edge, especially close to the core. This agrees with
the conclusion reported in Ref. [64] on the effect of neutral perturbations on D, emission,
confirming that the impact of np fluctuations on D, emission increases with the distance
from the gas puff. In fact, np fluctuations have a strong influence on the qualitative behaviour
of the D, gxc emission in the edge and towards the core. The interpretation of the kurtosis is
identical to that of the skewness.
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Figure 4.12: Radial profiles of the turbulence properties of each component of the D, pxc emis-
sion rate, representing the auto-correlation time (left), poloidal correlation length (middle)
and radial correlation length (right), computed at the LFS equatorial midplane. The first row
refers to the D gxc contribution, the second row presents results for the Dg pissn,) component,
the third row displays the plots for the D, piss(p;) contribution and the fourth row refers to
the total D, emission.

Providing a small contribution to the overall D, emission, Dy piss,) displays very similar
standard deviation, skewness and kurtosis as D, diss,D, (np, ) in the SOL, with the difference
between these quantities being larger in the edge, especially close to the core, which resembles
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the results obtained in for the statistical moments of the D, emission. As a matter of fact, while
Ref. [64] considers D, emission generated by neutral atoms that are puffed into the system
and then ionized by the plasma, here the D pissp,) component of D, emission is similarly due
to D, molecules puffed into the system and depleted via dissociation and ionization processes.
We also highlight that the large values of the statistical moments in the SOL around r = 50p5,
and in particular the kurtosis, are related to the fact that Dg pissn,) is very small in this region,
and hence large values are strongly influenced by statistical fluctuations.

In contrast to Dy gxc and Dg piss(D,), the statistical moments of D a,Diss(D) are of the same order
as the values of the statistical moments of ne, Te and np;. We remark that, since Dy piss(p;)
dominates over the other D, emission components in the far SOL, the small values of the
standard deviation, skewness and kurtosis of D, pjs(py) in the SOL ensure that the values of
these statistical moments for the total D, emission remain small. We also highlight that the
skewness and kurtosis of D, piss(p;) follow those of np; in the edge, while the skewness and
kurtosis decrease in the SOL and become smaller than those of the other quantities.

Finally, we analyse the statistical moments of the total D, emission, D, both including and
neglecting the fluctuations of the density of neutral species, D and D,, and the statistical
moments of all plasma and neutral quantities involved. The standard deviation of Dy, is
smaller than the standard deviation of T, at the edge-core interface, increases across the edge
region, peaks at the LCFS, decreases in the SOL and remains approximately constant in the
close proximity of the edge, being similar to the standard deviation of n, in this region. We
highlight that the radial profile of the standard deviation of Dy, is very different from the one
of the standard deviation of both n, and T, but it can still be used as a proxy of the standard
deviation of n, in the far SOL. This difference is once again related to the complex dependency
of the emissivity coefficient in Dg pxc on ne and Te, and it is also partially explained by the
non-negligible contribution of D pss(p;), which depends mostly on the profile of np;. In
fact, the standard deviation of D, follows, to some extent, the same behaviour exhibited by
the standard deviation of np;. Regarding the standard deviation of Dy(n,), although it has
a similar profile to the one of the standard deviation of D, we note that it is slightly larger
than the standard deviation of D, in the proximity of the core and smaller than it in the rest
of the domain, which makes it more similar with the standard deviation of T.. Therefore,
the standard deviation of D4,y could, to some extent, be used as a proxy of the standard
deviation of T, particularly in the SOL. Regarding the skewness of D,, we remark that it
almost verifies in the close proximity of the core, decreases slightly radially outwards and then
increases significantly in the edge and near SOL, decreasing sharply in the far SOL, where it
becomes smaller than the skewness of both 7, and T,. Since it has a very different behaviour
from the skewness of n, and T¢, the skewness of D, can hardly be envisaged as a proxy for
these quantities. In fact, it has a similar profile to the skewness of np+, particularly close to the
outer wall, where the contribution from D, pjss(p;) becomes dominant. On the other hand,
the skewness of Dy ;) has a smoother profile than the skewness of D, remaining closer to
the skewness of T, in most of the domain, but its behaviour is still too different from the
profiles of the skewness of n. and T, for it to be used as a proxy of these quantities. Very
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similar observations apply to the analysis of the kurtosis of D, and Dgy,), which are small in
the close proximity of the core, increase significantly when approaching the LCFS and in the
near SOL, and then decrease sharply in the far SOL, with a similar behaviour to the kurtosis of
np; . Although the kurtosis of Do and D (n,) has a smoother profile than the kurtosis of Dg,
both of them have a very different behaviour compared to the kurtosis of ne and T,, which
prevent them from being used as proxies for these quantities in most of the domain.

Fig. 4.11 also shows that the neutral density fluctuations do not affect significantly the statisti-
cal moments of Dy in the SOL, but the discrepancy between the standard deviation, skewness
and kurtosis of D4 and Dy, ) is larger in the edge and displays different behaviour close to the
core. This reinforces the conclusion that the np fluctuations can have an important impact
on the D gxc emission, particularly in the edge, and thus must be taken into account when
interpreting experimental results from GPI diagnostics, as highlighted in Ref. [64].

Focusing now on the results of the analysis of the auto-correlation time and of the poloidal
and radial correlation lengths, presented in Fig. 4.12, we note that the auto-correlation time,
Ta, is the time interval such that

1
Cii(tg) = X (4.13)

with Cj; the auto-correlation function between two signals at the same location separated
by a 7, time interval. In turn, the radial and poloidal correlation lengths, L;,q and Ly, are
evaluated as

,/—lnCij’

where C;; is the cross-correlation function between the signals measured at the same time
and at the positions labelled i and j, and ¢ the distance between these two positions. Similarly
to Ref. [64], we observe that there is no significant dependence of the correlation lengths on
the value of §, as long as 1.5p50 S 6 < 10pso, and we choose 0 = 2.9p¢ for the evaluation of the
radial correlation length and § = 7.8pg for the evaluation of the poloidal correlation length.
The simulation shows that the fluctuations of the neutral densities have a stronger impact on
the turbulence properties in the edge region compared to the SOL. As a matter of fact, the auto-
correlation time and the poloidal and radial correlation lengths of Dy gy and Dy gxc(np) are
approximately the same in the SOL, but considerably different in the edge. A similar conclusion
holds for the comparison of the turbulence properties of Dy piss,) and Dy, diss,p, (np, ) - We
also note that the auto-correlation time and the poloidal and radial correlation lengths for
D, piss(p;)» display a similar behaviour compared to the profiles of Dg gxc and Dg,piss(,)- The
turbulence properties of the total D, emission, are therefore marginally affected by the neutral
density fluctuations in the SOL, but strongly impacted in the edge, as shown in Fig. 4.12.
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Since the GPI diagnostic is used to infer the turbulence properties of the plasma quantities,
namely ne and T, itis interesting to compare the auto-correlation time and correlation lengths
of the D, emission with the ones of n, and T, which are also presented in Fig. 4.12. The plots
of 7, show that the auto-correlation time of the D, emission rate is in general longer than
the one for ne. Regarding the auto-correlation time of T, we note that D, can be used as its
proxy in the edge, but not in the SOL. In fact, only in the proximity of the LCFS and close to
the wall, where the D, emission is mostly determined by the contribution of dissociation of
D; , the auto-correlation time of the D, emission follows the one of T.. On the other hand,
Liaq and Ly based on the D, emission provide a good estimate for the same quantities for
ne, while it underestimates the T, measurements. The same conclusions hold for Dy, thus
the correlation lengths of Dy (5, can be used to infer Ly,g and Ly, of the electron density.

4.6 Conclusion

In this chapter we present the results of a simulation of GPI diagnostics carried out with
the multi-component GBS model introduced in Ch. 3 with the goal of supporting a proper
interpretation of the D, emission in the context of GPI diagnostics, ultimately to allow for
an accurate reconstruction of the plasma and neutral profiles and a reliable inference of the
properties of plasma turbulence. This simulation extends the study reported in Ref. [64] to
the case of a multi-component deuterium plasma, thus taking into account the dynamics
associated with molecular species, D, and D; . It also follows up on the work presented in Ref.
[46], that we extend by considering a three-dimensional plasma and simulating the neutrals
by means of a kinetic model valid for all values of the neutral mean free path. Analogously to
Ref. [64], a toroidally symmetric source of D, molecules at wall temperature is considered at
the LFS equatorial midplane in order to mimic a diagnostic gas puff.

With respect to the analysis in Refs. [64] and [46] the contributions from dissociation of D, and
Dj species to the D, emission rate is taken into account, in addition to the contribution from
the excitation of D atoms. While the D, emission is mostly determined by the contribution of
atomic excitation in most of the domain, the dissociation of D} is dominant in the far SOL,
near the gas puff source, where the contribution from atomic excitation is residual. These
results suggest, for future work, to include the contribution from recombination processes
when studying the D, emission, especially for low SOL temperatures.

The work presented in this chapter also sheds some light on the correlations between the
fluctuations of the components of the D, emission rate, the plasma quantities and the neutral
species densities, based on the application of the Spearman correlation function. In the
configuration and parameter regime considered here, it is possible to divide the diagnosed
volume in four regions, according to the correlations between the total D, emission and
the plasma and neutral quantities determining it. In the far SOL, D, emission is strongly
correlated with rne, but no significant correlation with T, or np is reported, which is a result
of the D, emission being mostly determined by the contribution from dissociation of D}
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ions. In the near SOL and around the LCFS, D, emission is strongly correlated with n,, T, and
np, being mostly determined by excitation of D atoms. On the other hand, radially inward
across the edge region, the D, emission becomes anti-correlated with the neutral density np,
as a result of ionization sinks dominating over dissociation sources in that region. Finally,
the very low density of neutral atoms in the proximity of the core results in the D, emission
being correlated with np and strongly anti-correlated with the plasma quantities 7, and T.
However, the location and radial spread of the regions found is strongly dependent on the
plasma density and temperature considered in the simulation, as the whole dynamics is
expected to shift radially outwards if higher densities and temperatures are considered.

Regarding the impact of the neutral fluctuations on the D, emission rate, the simulation results
confirm the conclusions reported in Ref. [64], that the perturbations of the neutral quantities
affect significantly the D, emission, particularly in the edge and in the proximity of the core.
This is shown for the statistical moments of the D, emission rate and the related turbulence
properties, which highlight the increasingly important role of the neutral fluctuations as one
moves radially inwards.
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The boundary region of a tokamak plays a crucial role in determining the overall performance
of the device, as it regulates the exhaust of particle and energy to the vessel walls, controls
plasma fuelling, impurity levels and Helium ashes removal [12]. In the boundary, the plasma
dynamics is significantly affected by the presence of neutral particles, which are generated by
recycling processes taking place at the surrounding walls, external injection or volumetric re-
combination processes. The GBS code enables self-consistent three-dimensional simulations
of the neutral-plasma interaction in the tokamak boundary, by using a set of drift-reduced
Braginskii equations to model plasma turbulence and a kinetic advection equation for the neu-
tral species [61]. While the plasma equations are solved by using a standard finite-difference
scheme, the numerical solution of the neutral kinetic equation relies on the application of
the method of characteristics, with the integral over the neutral path being numerically dis-
cretized, while considering the 7, < Tyyp and kjAmfpn < 1 limits. Leveraging the GBS code,
the present thesis reports on the development of a mass-conserving multi-component self-
consistent plasma and neutral model and its first applications that consider a limited plasma
configuration, with a limiter on the equatorial HFS.

Ch. 2 presents the extension of the GBS model to achieve mass conservation to leading order
in ps/ Ry, detailing its numerical implementation and describing the first mass-conserving
simulation results. Mass conservation is achieved by consistently considering toroidicity
effects in the neutral and plasma models and by accounting for the radial variation of the
inverse aspect ratio € = ag/ Rg. Moreover, the orderings kj/k; <« 1 and k; Ry > 1 are avoided
and a set of boundary conditions implemented to make the plasma recycling processes at
the walls verify mass conservation. The mass-conserving properties of the whole model are
demonstrated by performing proper convergence tests. The results from mass-conserving
simulations differ from the ones obtained by using a non-mass-conserving model, as mass-
conserving simulations are characterized by a sharper transition between the closed and
open field-line regions, noticeable in the profiles of both the plasma and neutral quantities,
thus highlighting the impact of mass conservation on the simulation results. In addition,
quantitative studies of particle fluxes performed with the mass-conserving model show that
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the ion particle flux is mostly determined by the E x B drift, which balances the neutral particle
flux. Finally, when performing a parameter scan on the plasma density, higher densities
result in a weaker penetration of neutral particles across the edge and consequently a more
pronounced drop of the neutral density from the SOL to the edge region. As a result, the flux
of neutrals also drops more significantly from the LCFS to the core.

In Ch. 3, the mass-conserving self-consistent model of plasma turbulence and neutral dy-
namics is extended to include the molecular dynamics in the context of a deuterium plasma,
i.e. by considering a plasma composed of electrons, D* ions, D atoms, D, molecules and Dg
ions. As a result of the introduction of the molecular dynamics, a number of new collisional
processes are taken into account, including ionization, electron-neutral elastic collisions,
charge-exchange and dissociative processes, which give rise to new collisional terms appear-
ing in the equations describing both the plasma and the neutral dynamics. The plasma model
is extended by considering a set of drift-reduced Braginskii equations for the D ion species,
that implement the Zhdanov closure. On the other hand, the neutral model is improved to
take into account the description of D, molecules, which is done by solving a neutral kinetic
equation for the molecular species, in addition to the atomic species, thus resulting in a system
of two coupled linear integral equations for the atomic and molecular densities.

The results from the first simulation of a multi-component plasma using GBS are presented.
The density profiles show a noticeable up-down asymmetry, which ultimately results in
larger recycling rates and higher density of neutrals above than below the limiter plates.
The simulation shows that the density of D} ions peaks inside the LCFS in the proximity of
the limiter and is between three and four orders of magnitude smaller than the density of
the main ion species, D*. In addition, the role of D, molecules on plasma fuelling is also
addressed. It is observed that most of the D, particles generated in the SOL cross the LCFS
and are dissociated into D atoms in the edge. Both D atoms and D, molecules are ionized
due to the higher plasma densities and temperatures in the edge, where D ions have very
short lifetimes, being rapidly dissociated. An interesting result from the simulations is the shift
of the ionization of D atoms radially inward with respect to the results from single-species
simulations, as a result of the significant generation of D atoms due to the dissociation of
D, molecules inside the LCFS. As a result of the dissociation of D, in the region around the
LCFS and the association of D atoms at the limiter and vessel walls, the density of D atoms
peaks in the SOL region close to the LCES, where the radial flux of D atoms reverses sign, as
opposed to the monotonic increase of the density of D atoms towards the wall observed in
single-component GBS simulations.

Ch. 4 reports on the investigation of light emission in GPI performed by exploiting the self-
consistent multi-component model developed in Ch. 3. The research presented in this
Ch. 4 constitutes a follow-up of the studies reported in Refs. [64] and [46], by featuring
three-dimensional simulations of a mass-conserving multi-component deuterium plasma
in the tokamak boundary in the presence of a diagnostic gas pufflocated at the equatorial
outboard midplane. The molecules puffed at wall temperature into the domain interact with
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the boundary plasma, and this interaction results also in light emission. The studies presented
in this chapter focus on the D, line emission and take into account the contributions from
excitation of D atoms and dissociative processes acting on D, molecules and D; molecular
ions, with the component associated with atomic excitation being dominant in most of the
domain, except in the proximity of the gas puff source, where dissociation of DJ ions is
dominant. The simulation results reveal that the fluctuations of the neutral density have a
significant impact on the D, emission rate in the edge, which is supported by the analysis of
the radial profiles of the standard deviation, the skewness, the kurtosis, the auto-correlation
time and the radial and poloidal correlation lengths.

The results presented in Ch.4 also highlight that the simulation domain can be split radially
into four different regions, according to the correlation functions between the D, emission
rate and the plasma and neutral quantities determining it, namely the electron density, ne,
the electron temperature, T, and the density of neutral atoms, np. More precisely, a strong
correlation is observed between the D, emission and 7. in the far SOL, but D, emission is
found not to be strongly correlated with T, or np. In the near SOL and around the LCFS, D,
emission is strongly correlated with ne, Te and np. In most of the edge region, D, is also
strongly correlated with both n, and T;, but anti-correlated with np, since dissociation of
D, molecules dominates over ionization of D atoms in the SOL, while ionization becomes
dominant in the edge. Finally, towards the core region, the very low neutral density results
in the D, emission being mostly determined by np, which in turn translates into a strong
correlation between D, and np, and significant anti-correlations between D, and both n,
and T.. These results provide useful insights on the interpretation of the D, emission in the
context of GPI diagnostics, as it can guide the interpretation of plasma and neutral quantities
from light emission measurements.

As a final note, we remark that the studies presented in this thesis constitute a step forward to-
wards the realistic self-consistent simulation of the complex dynamics in the boundary region
of a tokamak. While mass-conservation is an essential feature for the accurate simulations
of the neutral-plasma interaction, the ability to simulate multi-ion species and to address
the dynamics of several neutral particles is considered a key element to study relevant issues
concerning the physics of boundary plasmas, such as fuelling and GPI diagnostics.

The results published in this thesis focus on a limited plasma. The extension to diverted
configurations, more widely used in nowadays tokamaks given their advantages on reducing
the heat load on the plasma facing components, should be relatively straightforward. Since
divertor plates are placed, with respect to the limiter plates, further away from the tokamak
core, the inclusion of neutral dynamics is expected to be even more crucial in a diverted
geometry. The implementation of the multi-species model in diverted configurations will also
allow for the conduction-limited and detachment regimes to be addressed by GBS simulations.
The later will most likely require the inclusion of impurities, which in turn will call for an
extension of the model to include new charged and neutral species, by following a similar
approach to the one presented in the present thesis.
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).\ Proof of mass conservation in the

formal solution of the neutral kinetic
equation

We prove that the formal solution of Eq. (2.47), presented in Eq. (2.51), satisfies the conserva-
tion relation

V-T;, = —npVig. (AD)

For the sake of simplicity, we consider an infinitely extended domain (no boundary conditions)
and plasma related quantities constant. These assumptions lead to an ion velocity distribution
constant in space, y; = pi(v), and constant collisional frequencies (v, Vviz = const.). The
extension of the proof to the most general case is straightforward.

We start by noting that the neutral flux in Eq. (A1) is given by T, = [ d®v favp in the poloidal
plane (the component of the neutral flux along the toroidal direction is not considered in the
Amfpnk) < 1 and |Vy x Vo| < |F(y)Ve| limits studied here). Making use of Eq. (2.48) to
express fy, the neutral flux can be written as

0o 21 0o 0o ,R(Xi)) , Vet )
In(xp) =f duvp vpf dﬁ[ dvtf dr S(Xp,v)exp (——r ) (coster + sindezy),
0 0 -0 0 R(xp)

Up
(A2)

where S (X{D, V) = Rlp (xg)vcxui (v) within the hypothesis made here, and the neutral velocity v,
is decomposed in (R, Z) coordinates as v, = vp(Cosder + Sindez).

We remark that the x;, and xi) locations are identified by their (R, Z) coordinates, and they are
related by the distance r’ and the angle 9 as

R(xp) = R(xp) — r'cos? (A3)
and
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Appendix A. Proof of mass conservation in the formal solution of the neutral kinetic
equation

Z(xp) = Z(xp) — r'sind. (A4)
Egs. (A3-A4) can be inverted to obtain the definitions of " and 9 as a function of R and Z, that
is

r'? = (R(xp) — R'(xp))* + (Z (xp) — Z'(x}))?, (A5)

R(x,) — R'(x))
cosd = %, (A6)

and

Z(xp) — Z'(x})

r/

sin9 = (A7)

We note that, for a given location x]fD described by coordinates (R(x]’p), Z (x]’p)), the location of
the neutral particle source x;, can be described by the variables r’ and 9, according to Egs.
(A3-A4). Therefore, (R(X{D), 7 (xi)), r’,9) must be regarded as four independent variables that
fully describe each pair of source and target points.

We now apply the divergence operator to the neutral flux in Eq. (A2) at the x;, location. This

can be written in (R, Z) coordinates as

Olnr , Olnz
OR(xp) O0Z(xp)’

V-Taxp) = (A8)

Since the variables r’ and 9 are independent of R(xp) and Z(xyp)), the R, Z-dependence in Eq.
(A2) comes exclusively from the source S (X{D, v), namely through the neutral density n, (x{D),
and from the geometric factor R(xi)) / R(xp). We then make use of Egs. (A3) and (A4) and apply
the chain rule (at constant r’ and 9) to write 6/6R(x£)) = 0/0R(xp) and 6/6Z(X{D) =0/0Z(xp).
By taking the derivatives with respect to the R, Z coordinates of the source location x/,, we
obtain

0o 2m 0o oo
VT, (xp) =f dvpvpf dq‘)f dvtf dr'vegpi(v)
0 0 —00 0

9 (R(x;,) 0 [Rxp)

Veff 4
— —r
aR(xg) R(xp) OZ(xi,) R(xp)

nn(x;)) cosd +

in (X;)) sind

exp (— ) . (A9)

Up
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Since the integrals are performed with respect to r’ and 9, it is convenient to express the
derivatives appearing in Eq. (A9) in terms of these variables. Again, by using the chain rule, we
obtain from Eqgs. (A5-A7)

on, _ Oor' Onmy 09 o0ny on, sindaon,

= S T _coso . 20T T A0
OR(x)) ~ OR(L) or'  ORG<,) 90 o ar | 1 09 (A0
ony or' dny 09 0ny . o0nn  Cosd Ony
= Iy 2N _Sing— - All
0Z(x) ~ 0Z(x) or'  0Z(p) 89 o or 89 (A1
Applying Egs. (A10) and (A11) into Eq. (A9) yields
21 R(X )
V-T,(xp) = f dvpvpf df)f dvtf dar’ chul(V) P nn(x]'p) exp(—viffr').
R(x p) Up
(A12)

Finally, the integral along r’ appearing in Eq. (A12) is computed via integration by parts,
yielding

* / 0 R(XP) eff
[0 dr W(R(x )nn(x ))exp(—y—pr)

')
= —1n (%)) +f ar o) )@ (—Viff ’) (A13)
R(xp) P
Using Eq. (A13) to develop Eq. (A12), we can write
[e%) 27 [e%)
V-T'y(xp) :vcxnn(xp)f dvpvpf dﬁf dvipi(v)
0 0 —00 (A14)

(o8} 21 00 0o R(X/) Vex (x/) (V)
_Vefff dvpvp/ d{)f dv”f dr' p) VexMn(Xp ) exp(—ﬂr’),
0 0 -0 0 R(xp) Up Up

Then, since [§°dvyvp " d9 [ dvi(v) = 1, the first term on the right-hand side of Eq.
(A14) yields simply vcxnn (xp). For the second term, one recognises the neutral density at the
Xp location as given by Eq. (2.51). Therefore,

V-T'n(Xp) = Vexin (Xp) — Vet Nin (Xp).- (A15)
Since Vegf = Vex + Viz, EQ. (A1) is recovered.
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Evaluation of the average electron
energy loss and reaction product
energies in collisional processes

The Franck-Condon principle [114, 115] states that electronic excitation occurs over a timescale
considerably shorter than the characteristic timescale associated with vibration or dissociation
of the diatomic species. In turn, the vibration or dissociation timescales are much shorter
than the electron deexcitation timescale. As a result, when an electron impacts a D, molecule
or a D ion, an electronic excitation is observed with no significant change in the inter-atomic
distance (vertical transition). If the excited state is not stable, the molecule dissociates before
deexcitation takes place. In this case, the difference between the excitation energy and the dis-
sociation energy is converted into kinetic energy of the products (ionization and dissociative
energies are discussed in [116]). We note that the exact energies of the products of dissociation
reactions depend on the vibrational level of the D, molecule or D] ion. Considering the
excitation of a D, molecule in a given initial state, the set of vibrational levels accessible for the
molecule in the final state are the ones lying within the region of the potential energy surface
accessed by that particular vertical transition, known as the Franck-Condon region. The mean
energy of the reaction products is thus the average over the Franck-Condon region, taking into
account all accessible vibrational states.

In the present thesis, we model the products of dissociative reactions by considering that they
are reemitted isotropically in the reference frame of the incoming massive particle (D> or D7),
thus approximating their velocity distribution as a Maxwellian centered at the velocity of the
incoming D, or D . The temperature of the Maxwellian, together with the average electron
energy loss for each process, are obtained from the values presented in [85]. Since these
energies depend on the intermediate excited state of the D, or D] particle, different values
are found for different channels within the same dissociative process. This requires that an
average is performed over all possible excited states, taking into account the respective cross
section of each process. We present these calculations in detail for each process, following
[85].

The energy loss and the energy of the reaction products may depend on the electronic levels (7)
and sub-levels (I) of the reaction products, on the molecular orbital (MO) of the intermediate
state, if bonding or antibonding, and on the energy of the incident electron. The energy
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Appendix B. Evaluation of the average electron energy loss and reaction product energies
in collisional processes

values are experimentally determined for all relevant dissociation channels. These quantities
are then averaged over all vibrational states v of the D, molecules or D; ion and over the
Franck-Condon region, from [85].

We start by considering the dissociation of D, molecules, i.e.

e +Dy—e +D+D. (B.1)

For this reaction, the values of the electron energy loss, (AE,), and reaction product energies,
(Ep), depend significantly on the electronic state of the products. Hence, considering that
there are i = 1,..., N electronic states of the reaction products and, associated, N different
sub-processes contributing to the dissociation of D, the average electron energy loss (AEe)
is obtained by performing a weighed average of (AE.);, the energy loss for the sub-process i,
based on the (o v); reaction rate, yielding

=N (o) (AE);]

=N Kow)]

(AEe) = (B.2)

For simplicity, we evaluate all quantities at the reference temperature, T, = 20eV. Similarly,
the average value for the energy of the reaction products is obtained as

=N [(ov)i(Ep);]
=N Kov)]

(Ep) = (B.3)

with (Ep); the average energy of the products for the sub-process i.

The values of (ov);, (AEe);, (Ep); are presented in Table B.1 for all sub-processes. The ad-
ditional information between brackets refers to the minimum and maximum of the range
of energies accessible to (AEe); and (Ep);, following the values listed in [85]. We highlight
that D(1s) denotes a D atom in the fundamental state (electron at the lowest orbital 1s), while
D*(2s) and D* (2p) denote an atom in the excited state n = 2 with the electron in an orbital of
type s or p, respectively, and D* (n = 3) represents an atom in the excited state n = 3. Following
[85], we assume that the energy is equally distributed over the reaction products, regardless of
the fact that their electronic states are the same. Based on the values in Table B.1, from Egs.
(B.2) and (B.3), we obtain (AE.) = 14.3eV and (Ep) = 1.95eV, respectively, at T, = 20eV. These
are the values mentioned in Table 3.2.

Focusing now on the dissociative-ionization of D,

e +D,—D+D"+2e7, (B.4)
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Table B.1: {(ove) product, average electron energy loss and average energy of reaction products
for each sub-process of D, dissociation.

Reaction (OVe); (AEe); (Ep);

e"+Dy — e +D(1s)+D(1s) 3.8x10%cm?®/s  10.5eV  3eV

e +Dy, —e” +D(Is) +D*(2s) 53x107%cm3/s 15.3eV  0.3eV
e +Dy—e +D*2p)+D*@2s) 9.2x1071%m3/s 34.6eV 4.85eV
e +Dy,—e +D(s)+D*(n=3) 5.7x10"%m3/s 21.5eV 5.7eV

we consider three cases. If the incoming electron has an energy Ee < Eg(g), With Eg,(g) = 18€V,
no dissociation takes place. If Ey,g) < Ee < Egh(u), With Eg ) = 26€V, the electron can ionize
the molecule, resulting in an unstable D} ion, which then dissociates into a D atom and a D*
ion. The short-lived D} has the electron in a bonding molecular orbital (MO) with o-symmetry,
thus exhibiting gerade (g) symmetry (German for even) state, denoted as D} (Xg). If Ee > Eqn(y),
the intermediate D ion has the electron in a higher-energy antibonding MO with o-symmetry,
which exhibits ungerade (u) symmetry (German for odd), thus denoted as D; (Zw). As aresult
of the different energy levels of the intermediate D ion, the energy of the final products
will also be different, as well as the average electron energy loss. According to the results
presented in [85], these energies still depend on the energy of the incoming electron within
each sub-process. To simplify the evaluation of the (AE,) and the energy of the products,
we consider the energy to be evenly distributed by the reaction products (D and D*) and we
consider the two cases separately. For Ey,g) < Ee < Emu), all dissociative-ionization events
originate an intermediate state D; (Zg), while for Ee > Eyy) all events generate an intermediate
state D3 (Z,). The values for the electron energy loss and reaction product energies being
considered for each case are evaluated for [85] and listed in Table B.2. We note that this is
just an approximation, as even with Te < Ey, () there are electrons with energies superior to
the threshold that will generate a D; ionina D; (Z,) state, and vice-versa. Nevertheless, this
approximation avoids us to evaluate (AE.) and (Ep) at every single value of T.

For the dissociation of D2+, ie.
e +D;, -D"+D+e", (B.5)
different sub-processes are taken into account, following an approach similar to the one

Table B.2: Average electron energy loss and average energy of reaction products for the two
cases of dissociative-ionization of D,.

Reaction (AEe) (Ep) =(Ep+)

e"+Dy—e +[Dj(Zg+e | >D+D*+2e 18.25eV  0.25eV
e"+D,—e +[DJ(Z)+e | >D+D"+2e” 33.6eV  7.8eV
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Appendix B. Evaluation of the average electron energy loss and reaction product energies
in collisional processes

Reaction (OVe); (AEe); (Ep)=(Ep+);

e"+Dj —D*+D(1s)+e” 12x107cm®/s  10.5eV  4.3eV
e’+D2*—>D++D*(n=2)+e’ 1.0x107cm3/s 17.5eV  1.5eV

Table B.3: (o ve) product, average electron energy loss and average energy of reaction products
for each sub-process of D; dissociation.

adopted to treat the dissociation of D,. We perform a weighed average of the electron energy
loss and the reaction products energy by using Eqs. (B.2) and (B.3), respectively. The values of
(0 Ve) i, (AEe); and (Ep) = (Ep+ }i for each sub-process are presented in Table B.3. The weighed
averaged values for the electron energy loss and reaction products energy at the reference
temperature, T, = 20eV, yield (AE.) = 13.7eV and (Ep) = (ED+> = 3.0eV, as listed in Table B.3.

Regarding the dissociative-ionization of D}, i.e.

e”+D; —D"+D" +2e7, (B.6)

we follow [85], where the average energy of the resulting D* ions is obtained from an average
performed over all vibrational states (v = 0—9) of the Dg ion and over the Franck-Condon
region. This yields ( Ep+ ) = 0.4eV, while the average electron energy loss is (AE) = 15.5eV.

We finally focus on the dissociative-recombination of D}, which generates a D atom in the
fundamental state (electron in orbital 1s) and a D atom in an excited state (electron with
principal quantum number n = 2), i.e.

e +D} —D(Is) +D*(n=2). (B.7)

We assume that the energy of the products is evenly distributed among the two D atoms and
is given by

Ry) , (B.8)

1
(Epas) = (Fp'mz2)) = 2 (Ee + 2

with Ry = 13.6eV the Rydberg unit of energy (corresponding to the electron binding energy in a
hydrogen atom in the fundamental state). Since this expression depends on the energy of the
incoming electron, E., and the electronic level 7 of the excited atom, D*, we assume an energy
of the incident electron of E, = 20eV, the typical value in the region around the LCFS at the
HFS, and consider that these atoms are most likely in the accessible state of lowest energy n = 2
(considering a higher excited state would not change the value of the energy of the products
by a significant amount). Under these assumptions, we get { Ens)) = (Ep*mz2)) = 11.7eV.
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(8] Zhdanov collisional closure

We focus on the derivation of the parallel friction forces and the parallel heat fluxes, denoted
respectively by Ry, = Ry -b and g4 = qq - b for a given species a, with Ry = [ mgv'Cpdv
and qq = f (mgv'?)/12v' fadv, where we introduce the thermal component of the velocity,
v/ =v—vg, with vy = [V f,dv the fluid velocity of the a species, and the collision operator
Co = ZpCqp(fa, fp), with Cqp describing collisions of species a with species . We consider
the collisional closure derived by Zhdanov in [65], relying on the approach proposed in [66]
and discussed in [93] for its numerical implementation.

Following [65], the parallel component of the friction forces and heat fluxes of the species «a is
related to the parallel gradients of the temperature and parallel velocity of all species through

) (C.1)

where Tg denotes the temperature of plasma species § and w)g is the parallel component of
the fluid velocity of species § with respect to the center of mass of the plasma, wg = v —vem,
with vem = (Xgngmpvp) ! (Xsngmgp). The matrix Zyg relates the parallel heat fluxes and
friction forces with the parallel gradients of temperature and parallel velocity. We remark that
Eq. (C.1) simplifies the general result obtained by Zhdanov [65] to the case of singly-ionized
states, neglecting possible multiplicity of charge states for the chemical species present in the
plasma.

In order to compute the matrix Z,g, we consider the 21 N-moment approximation of the
distribution function [65], thus including the moments up to the fifth order moment. We
first express R, and q, in terms of these moments of the distribution function, namely the
first order moment, w,, the third order moment, hy = g4, and the fifth order moment,
rq = Mmol4 [(c* = 14c¢%/y4 + 35y4)cfydc, where we introduce the velocity with respect to
the center of mass of the plasma, ¢ = v — vgy, and the parameter y, = mq/(kTy), with
Ty = [(mqv"?/2) fydv. Since only the expressions for the parallel component of the friction
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Appendix C. Zhdanov collisional closure

forces and heat fluxes are needed, we consider only the parallel component of these equations.
The heat flux, g4, simply corresponds to the third order moment, h,, while the friction
forces, R)q, are obtained in terms of w4, hjq and ryq [117], yielding

Gia = Njas (C.2)
Ria=Y | GO (wya - wyp) + 222 6 ( e _ T )+(M)ZG(8’( fa_ _ T8 )
la 5 ap \Wle 18 kT @\ myng mpng kT ap\ ' myng mgng .

(C.3)

where mq and n, are respectively the mass and density of species @, pap = (mamg)/ (mq +meg)

is the reduced mass, and G;nﬁ)

temperature, their exact expressions being presented in [65] (chapter 8.1, pp. 163-164). Egs.

are polynomial functions of the local plasma density and

(C.2) and (C.3) can then be written in matrix form as

hip
g

Vi Tp
wp

(C.4)

- (l

b

+ZB

where the matrices A and B are defined to satisfy Eqs. (C.2) and (C.3). We now aim at
expressing the moments h, and Vr, in terms of w,, and V T,. This can be achieved by solving
a system of moment equations similar to the one presented in [65] (chapter 8.1, pp. 162-163),
including the time evolution of the moments (wg, hy and Vr,) and the time evolution of basic
thermodynamic variables (p, vgm and T). We neglect time derivatives and nonlinear terms.
For simplicity, we also assume that, for two massive particle species D* and D3, the condition
|Tp; = Tp+| < Tp; is fulfilled, which allows us to write Ip; = Tp+ = T. Moreover, as long as
Te! Tp+ > me/mp+ is verified, T can also be replaced by T, following [65] (the simulation
results shown in Fig. 3.3 meet these conditions). We therefore impose Tp: = Tp+ = Te = T,
while no assumption is made on the temperature and pressure gradients, i.e. temperature
gradients can be different from species to species [65].

The parallel projection of the system of moment equations can then be written as (see [117])

5 54 h
anakVTa = Z 2 ab G(Zﬁ (W”a - LU||’3) G(S% p”a
g (C.5)
+c® B hip ”aﬁ (G(g) Tl +GUo IIﬁ)]
ap pp kT ap Pa ap Pg
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35 2 " ,
0= [_(@) Gg%(wlla_wuﬁ)+7@ (G;9%£+G$g)_ﬁ
' Ma Pa Pp

. " . (C.6)
) Ha B a2 "ip

— — +—G 7 —,

kT b Pa kT ap pﬁ]

where p, is the pressure of species a. Rewriting Egs. (C.5-C.6) in matrix form, one obtains

_ hip
) %Maﬁ [fnﬁ] ’ o

which can be inverted to express the parallel third and fourth order fluid moments in terms of
the parallel gradient of temperature and relative parallel velocity as

V) Ty
Wiy

. (C.8)

=22 MyPay
ay

Finally, making use of Eq. (C.8) to express hj, and r| in Eq. (C.4) in terms of the parallel
temperature gradients and relative velocities, one obtains the expressions for the parallel heat
flux and friction forces in the matrix form presented in Eq. (C.1), that is

V) Tp
wp

= (Aaa My} Pyp+ Bop) . (C.9)

Since the matrices A, B, P and M are fully determined by Egs. (C.2), (C.3), (C.5) and (C.6),
the expressions of the parallel heat flux and friction forces can be found. Following Zhdanov
[65], these matrices can be expressed in terms of the local values of plasma quantities, namely
densities 7, np+ and np; and temperatures Te and Tp+ (we again assume Tp; = Tp+, mass
ratios and characteristic time scales T.p and Tpp, with 7.p defined as the inverse of the
collision frequency for momentum transfer between electrons and D* ions, and 7pp the ion
timescale defined as the inverse of the collision frequency for momentum transfer between
D" ions. We retain only terms of leading order in \/me/mp, while terms proportional to the
fast electron timescale 7.p are neglected when compared to terms proportional to 7pp, which
considerably simplifies the final expressions. We also highlight that, besides imposing the
quasi-neutrality relation n. = np+ + np;, we take into account the fact that the density of
the molecular ion species is much smaller than the density of the main ion species D" for
typical tokamak boundary conditions, i.e. nps/np+ < 1, keeping therefore only leading order
terms in np; /np+. As aresult, the friction forces between molecular ions and other species
are neglected, as well as molecular ion temperature gradient terms, while friction and thermal
force contributions involving D™ and e~ species are kept in the expressions of the parallel
components of the heat fluxes and friction forces. The expressions obtained for the friction
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forces and heat fluxes finally yield

3.16ne TeTeD

Gle = ————"2V Te +0.71n¢ Te(vje — Vjp*),
me
4.52neTp+TpD
qip* = _;—DV” fo
1.80n.Th+T
s = e Dy 1y,
: - (C.10)
0.51mene
R”e = _0_71nevll Te - —(U“e - U||D+))
TeD
0.51megne
R”D+ = O71neV|| Te - —(U”D+ - U”e);
TeD
Ryp; =0,

The expressions in Egs. (C.10) can be simplified by applying the relation between the electron

TDD [m mp
~——, (C.11)
TeD \/_ ( Tp+ ) Mme

having again assumed Tp+ ~ T,. This enables one to write Tpp appearing in Eq. (C.10) in
terms of 7¢p. Following Braginskii’s approach [17] and considering that the the electron
characteristic time is 7¢ = 7¢p, we then write Egs. (C.10) in terms of the resistivity, defined as
[33, 34]

and ion characteristic times,

Me RO 1
v=051——
mp Cso neTeD

(C.12)

The parallel friction forces and heat fluxes, as they appear in Egs. (3.22-3.24) and Egs. (3.25-
3.27), respectively, are therefore written in normalized units as

Rje=-0.71neV | Te — vne(Vje — Vjp+),
R||D+ = O71neV|| Te - Vne(V||D+ - U”e)’

Ryp; =0,
1.62
dle = __ne TeV Te +0.71ne Te (Ve — V||D+); (C.13)
2 32
6]||D+ = —T ne TD+V|| TD*
0.92
dip; = " 2y "e TV Tp+.

We note that, similarly to the single-ion species model implemented in GBS [33], the ohmic
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heating terms are neglected.
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List of kernel functions

The kernels used in Egs. (3.80-3.83) for np,, I'out,n,, #p and I'p are defined as

DZ,D;

K2t ey, x)) = KD20e (e, ) + enK) 202 (e, ), (D.1)
Ko™ (1, X)) = Ky 2wt (061, X ) + e Ky 2o (4, ), (D.2)
Kol ) = Kol o1, %) + @ren Ky om0, ), (D.3)
K2 (e, X)) = KD2e (60, X)) + @ren Ky e (% 1 X)), (D.4)
K2 o™ (X 1, X ) = K2 (6 1, X ) + e K v (X 16, X ), (D.5)
KDg,reﬂ (X1b, XJ_b) Eizeglr (X1b, X/J_b) + areﬂKllg)_Z:Zefleﬂ (X1b, X/J_b)v (D.6)
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Appendix D. List of kernel functions

KPP (1)) = Kpr;, G XL X)) + areﬂKpr;yreﬂ x1,x),

Koy e, X)) = K2 e, %))+ anenK) s 1, X)),

K’?fi;s(nz) (x1,x)) = K?j‘;fg;r (X1 X)) + areﬂkfjf;’;ﬂ (X1br X))
K;ﬂ),ji;s—rec(D;) (x, Xl) = Kl?;r»%?(ririlr (XJ_b,le) + areﬂKl?i%??ﬂ (le’X,J_b)’

D,diss(D») /'y _ prDyreem li D,reem li
KpZop ™ (XX ) = K7 3 (00, X ) + @rent Ky o (000 X ),

D,diss-iz(D,) /'y _ prDyreem li D,reem !
Kp—>p 2 (XJ_, XJ_) - Kbﬁb,dir(xj-b’ XJ_b) + areﬂKb—JJ,reﬂ (XJ_br XJ_b)’

D,reem i _ prDireem I D,reem I
Kyl XXy p) = K2 ie (X abs X ) + Qe K, o (X1, X 1),

D,refl / _ p-Dyreem / D,reem /
Ky X0x ) = Ky ir (Kb X p) F+ Grel Ky o (X 16y X )

D,D* /'y _ prDreem / D,reem I
Kp—>b (XipyX|) = Kb—»b,dir(xlb’xib) + arenk —»b,reﬂ(xlb’xib)'

D,D; /'y _ p-Dyreem / D,reem /
K,y Oumn X)) = Ky i (Kb X ) + Grenn Ky, 7 o (b, X ),
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(D.7)

(D.8)

(D.9)

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)

(D.16)



K’Ij),_(iss(Df) (10, X)) = KM (%1, X)) + Gren K Gre (X1, X ), (D.17)
K9P () = KD (¢ 1y, X ) + ren Kp 50 (¢ Ly X ), (D.18)
K9P 01, %) = KPS (¢ 1, X)) + @ren Ky S5 (% 16, X ), (D.19)
K90 (1, X)) = K (€, X)) + el K rey (X b, X ), (D.20)
Ky 0, X ) = KM (¢ 1, X)) + et K ne (X 1, X ), (D.21)
K)o 1, X ) = KMo (1, X ) + Qe Ko (X 11, X ), (D.22)

where the kernel functions for a given path = {dir, refl} are defined as

KP2P: (x1 x'):foo—q) x|, vi)exp —ifrlv dr' | dv
p—p,path AL 0 rj_ J—[VL.D;TDZ* Vi v Jo eff,Dy \% | JUT | L
(D.23)
o0 r
K;?i’;f;ﬁh(XLX’lb): f V—,lcosH’)cl,in,Dz(X’Lb,VL)eXp L f Vetp, (XDdr! | du,
o Iy V] Jo
(D.24)
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!

o0 1 1 rl
D,,refl I / " "
K2 (x1,x )=f - (x',v)exp ——f VefiD, (X )dr) | dvy,
b— p,path 1b 0 ri J‘[Vreﬂ(D;)'TD; v, Jo etf,D, A | 1
(D.25)
D,,Dj / vy / 1 "L " "
K 72  (X|p,X,)= —cosfd X, v])exp|—— % x)dr' |dv
p—bpath X1 X1) = | " L[VLDE'TDE]( LVLeXp | =7 | Vert, O¢ )dry | duL,
(D.26)
D,,reem ! * Vi ! / 1 r’l " "
&Hmmmwxmh 7f%%%9MmQ@mNﬁﬂp—7- VeftD, (X )dr| [dvy,
! 0 1 1 J0
(D.27)
o r
D,,refl / an / 1 L " "
K (X1p,X ):f —cosfd (x,v)ex ——f VettD, (X, )dr| | dv,
b—b,path 1b 0 rj_ J—[Vreﬂ(Dg)’TD; » p v Jo effD,\X ) Jar, )
(D.28)
oo rh
D,D* Iy _ / 1 L " 17
Kﬁ%wﬁmxﬁ‘ﬁ Z@HuwgdkrWﬁm'jzﬁ Vefip(x)dry | dvy,
(D.29)
!
D,DS ’ © / 1 L " "
K2 (x1,X ):f —o (x,,vi)exp |[—— Veftp (X )dr| | dvy,
p—p,path L 0 ri i[vLDgﬂbg L b v, Jo TLL
(D.30)
D,diss(D3) ’ > 1 / 1 L " "
(x1,x)= —@ (x),viexp |—— |  vVeggp(x))dr] [dvy
p—p.path L 0 ri’ L[Vi.Dg*TD,cliss(D;)] L P Vi Jo o U ’
(D.31)

!

1 r " Ui
__f Veff,D(XJ_)er_
vl Jo

(D.32)

>© 1]

KD,diss—rec(Dz*) (XJ_,XS_) =f
0

p—p.path dv,,

(x',vi)exp

ri 1 [VL,D; ’ TD,diss-rec (D;)
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D,diss(Dy)

o0
K (x ,x')=f ) x',v)ex dvy,
p—ppath =L TLI rh J—[VL,DZVTD,diss(DZ)] L VLIEXP L

!
1 [ " "
- Veff,D(XJ_)er_
vV Jo

(D.33)

P o 1 1 ri
D,diss-iz(Dy) ! I " "
X|,X|)= —o X, v])exp|—— v x,)dry | dv

p—ppath L, J') ./(; ri J—[VL,DerD,diss—iZ(Dz)]( L 1) P ULL eff'D( J‘) 1 L
(D.34)

D vy 1 [

,reem N o ’ L 7 "
Kb—»p,path(xl’xlb) _f() r—,COS@ XJ-VIH,D(XJ_b’VJ_)eXp VL[O Veff,D(XJ_)er_ dvy,
1
(D.35)
© 1 1 ("

D,refl I / " "

K (x,x ):f —0 (x',v)ex ——f % x|)dry |dv

b—p,path L *1b o L[Vreﬂ(n+),TD+] ) p o ) efftD(X])aAr; 1»
(D.36)

o0 r/
D,D* Iy — Vi ’ 1 L N,
Kp_,b,path(XLb’XL)—fO 7 COSOP, [y, 1 7y,0] (X, VL )EXp —U—Lfo Vef,p (X )dr) | dvy,
1

(D.37)

KP% = [ Ecosod ;v )exp |- — ", &dr" | dv

p—b,path *“~1b»*1) = o 1] J‘[VL,I)E’TI);] 1 ViJexp oL Jo eff DX Jar, 1,
(D.38)

!
D,diss(D}) / vy / R " "
K (X p, X, )= —cosfd (x,,vy)exp|—— Vertp (X )dr' | dvy,
p—b,path Yod T Lving Toass(og)| — — PITul )y TempBerars
(D.39)
!
D,diss-rec(D}) / Rt / 1 [ N,
K (X 1p,yX|) = —cosfd (x'),vi)exp|—— Vetip(X'))dry | dv
p—b,path L 0 ri 1 VL,D;’ D,diss-rcc(D;)] L vy Jo ' + + ’

(D.40)
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) oy, 1 i
KOSy ol y = f - cosf® (x/, vi)exp N f Vetr,p(X)dr]
0 1 J0O

p—b,path i V1.Dy» TD,diss(Dg)]

dl/_]_,

(D.41)

!

. 00 1 r
D,diss-iz(D,) ' vy I " "
K (X1p,X ):f —cosfd (x|, vy)exp|—— Vetip (X' )dr
p—b,path L 0 ri 1 VL,DZ;TD,diss—iz(DZ)] L P vi o LL
(D.42)
D o Vi 1 rj_ " "
,reem Iy / /
Kb—»b,path(X-Lb’XLb) = fo r—,cos@cos@ XLinD(X |}, V1i)exp _V_J_/(; Vettp (X )dr| | dvy,
1
(D.43)
o r
D,refl / Ui / 1 L " "
K (X1p,X ):f —cosfd (x,v)ex ——f Vettp (X )dr' | dv).
b—bpath LD L 0 I‘J’_ 4| Vren(o+), Ip+ P vy Jo eff, DL L
(D.44)

We remark that all velocity distributions given by a Maxwellian or a Knudsen cosine law are
integrated along the parallel velocity, that is

(e.0)
) x'\ v :[ ) x'\,v)dvy, D.4
vy Tog | FL V= o Pl g | V04 (D-45)
(e.0)
D [y e Tye ] XL VL) = fo Py, o, 1] XLV AY), (D.46)
!/ © !/
(I)J- VJ_,[)Z'TD,diSS(DZ)] (XL,VJ—) =f0 q)vi'DTTDvdiSS(Dz) (Xl’vl)dy“" (D.47)

', v1) =f0 x|, vi)dy, (D.48)

0]
1 V1D, ’TD,diss-iz(Dz) ] [Vl.Dz ’ T[),diss—iz([)g) ]
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o0
!
) x|, v1) =f o x|, vdy,
1 VJ..DEr ’ D,diss(D;) ] L 0 [VJ—.DE ’ TD,diss(D;) ]

(e o]

/ /
(x va_) = f D (XJ_’VJ_)dUH)
L1VLing Todissrec () ] L 0 [VL,D§ » D,diss-rec(D3) ]

d

li
(X V) d 4B
1 vreﬂ(D*)'TD+ ’

x',v) = f "o
0 [vreﬂ(D+) ’ TD*

', v) =f @ ', v)duy,
0 [vreﬂ (D;’) ’ TD‘Z*

L1 [vreﬂ (D;) ’ TD‘Z*

o0
! !
XL,inD, (X b, V1) = fo Xin,D, (X 1, V1)dvyy,

o0
!/ !
XL1,inD (X p, V1) = fo XinD(X] 1, vV1)dy.

(D.49)

(D.50)

(D.51)

(D.52)

(D.53)

(D.54)
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| Numerical solution of the neutral
equations

The coupled neutral equations for D, and D, Egs. (3.80-3.83), may be discretized as a linear
matrix system, X = Ax + b, with the unknown x representing the density and boundary flux of
the Dy and D species. Indicating with Np the number of points that discretize the poloidal
plane and Np the number of points discretizing the boundary, x is a vector of size 2(Np+Np), A
isa2(Np+ Ng) x 2(Np + Ng) matrix and b is a 2(INp + Ng) vector that includes all contributions
not proportional to the neutral density or flux, namely the effect of recombination of D* and
Dj with electrons, the effect of dissociative processes to which D ions are subject and the
contributions from the flux of D* and D} ions to the boundary.

The matrix M, and the vectors x and b can then be written as

np My1 My Mz My by
T M>1 My, Moz M- b

w= | TouD | yr_ |M2r Moo Mg Mog) (b2 E1)
np, M3y Mzp Mzz Mzy b3
Tout,D, My Mgy My My by

where Mj; is a matrix of size Np x Np,

Mi1 = VexpK52), (E:2)

that discretizes the kernel K;,)'_]?; defined in Eq. (3.84) at the spatial points where np is evalu-

ated. The matrix

D,D*
M1 =vex DK

b’ (E.3)
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Appendix E. Numerical solution of the neutral equations

has size Ng x Np and discretizes the kernel KE’_I?; defined in Eq. (D.15) at the points where I'p
is evaluated. The other matrices appearing in the definition of M are defined similarly,

M, = r;m Vexns b | Kp2pt (E.4)
My = D Vex,Di ~D ,,Dil]zg, (E.5)
M =01- areﬂ) (1- ﬁassoc)KEi;emy (E.6)
M22 =(1- areﬂ) (1- ﬁassoc)KII))ii)em, (E.7)
Mas = (1 = @yeq)) ﬁa;soc K;])i:;eem’ (E.8)
Mgz = (1 - arent) ﬁa;SOC Klly)i,zeem’ (E.9)
Mi3 = Vey,p,-p* K ,; + Vaiss,0, Kp'op "2 + Vagiss-iz,p, Koy, (E.10)
M3 = Vex,D,—D*Y K;)y_l,); + Vdiss,D, Kl;fsz(DZ) + Vdiss-iz,D, K’?fibSS—iz(Dz), (E.11)
M33 =Vex D, K,?il,ig, (E.12)
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D,,D}

Mys = ch,DzKp_,b , (E.13)
My =0, (E.14)
My =0, (E.15)
Msy = (1~ ae)K,”. (E.16)
My = (1- are) K2, (E.17)
The vector b is defined through the vectors b; and b3 of size Np,

b1 = Npjrecn*)) (X 1) + Npjdissp3)) (XL) + Mpjoutd*)) (X 1), (E.18)
b3 = N, rec3)) (X.L) + 1, jout(D)) (X 1) + 1D, out(n*)) (K1), (E.19)
and the vector b, and b, of size Np,

b2 = Lout,pirecn)) X 1) + Lout,brdiss;)1 (X 1) + Coutdioutm) (X1), (E.20)
bs = Lout,p, rec})) X 1) + Lout, b, foutm;)) K1) + Tout, b, jout*)) (X1)- (E.2D)
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Appendix E. Numerical solution of the neutral equations

It is remarked that the vector b can also be written as b = Nx;, where x; refers to the densities
and boundary fluxes of the D* and DJ ion species,

np+

T +
X; = out,D i (E.22)

nD;

1—‘out,D;'
and the matrix N can be expressed as

Ni1 Nz Niz Ny

N= , (E.23)
N31 N3z N3z Ny

Ny1 Ngp Naz Ny

with entries

Ni1 = Vieop KD (E.24)
Na1 = Vit K} ﬁb, (E.25)
N3t = Vieey Kp 2t (E.26)
Ny1 = Vree,p; KE s (E.27)
Niz = (1= ren) (1= Bassoc) Ky ™ + aren K0, (E.28)
N2z = (1 = @ref)) (1 — Bassoc) K}, ’reem + areﬂKf r‘zﬂ, (E.29)
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,Bassoc KDg,reem
2 bep

N32 =(1- areﬂ)

)

ﬁassoc D,,reem
N42 = (l_areﬂ)TKbib »

D,diss-rec(Dj)
+ 2Vdiss—rec,Dg K

_ D,diss(Dj)
N1z = Vqiss p; K, p—p

p—p

Nz = Vdiss,Df K;)jZS(DD + 2Vdiss—rec,Dg KEfZSS-IBC(DZ)
N3z = Vrec,Df Klla)i];;’

Nyz = Vrec,Df Kllg)i];;’

N1, =0,

Npy =0,

D,,
N3y=(1- areﬂ)Khifem,

D,,reem D,,refl
Ny =(1- areﬂ)Kbib + areﬂKbib .

)

’

(E.30)

(E.31)

(E.32)

(E.33)

(E.34)

(E.35)

(E.36)

(E.37)

(E.38)

(E.39)
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Appendix E. Numerical solution of the neutral equations

We remark that a convergence study to estimate the error introduced by the discretization of

the neutral equation was carried out for a single neutral species model and it is reported in
[36].
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