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Abstract

Understanding and predicting the performance of a fusion reactor in terms of confinement
is a major milestone to make fusion energy available. The intrinsic non-linear physics
at play makes analytical descriptions challenging: predictions for the design of future
reactors such as ITER are thus based on a combination of extrapolations of empirical
scaling laws, analytic work and numerical simulations. The latter are gaining a central role
in supporting theoretical work and interpretation of experimental data. We investigate
here global confinement properties of turbulent heat transport in a Tokamak with first-
principles global and flux-driven gyrokinetic simulations with the GYSELA code.

A scaling law for the energy confinement time has been extracted from a database
of close to statistical steady-state GYSELA turbulent transport simulations, at constant
values of internal energy. A power law scaling has been extracted from scans in three
dimensionless parameters: the aspect ratio, the plasma size and the plasma collisionality.
We discuss the physics meaning of the resulting exponents, the choice of a power law as
basis function for the linear regression analysis as well as the proximity to existing scaling
laws in the literature. As a test of robustness, this scaling law has been successfully used
to predict new equilibrium states for the GYSELA simulations.

WE have been able to show that boundary conditions could have a significant impact
on the confined core plasma. We introduced a toroidally-symmetric penalized heat sink
at the radial outer boundary of GYSELA that mimics in shape an actual limiter and
a first wall. This heat sink is implemented as an infinite restoring force towards a cold
distribution function and allows to reproduce transport properties of the Scrape-Off Layer
(SOL) region with adiabatic electrons, including in particular the parallel heat flux to the
sink localized by the limiter. We discuss the dynamics of the plasma reorganization in
the presence of the limiter and wall. In the SOL, the average radial electric potential is
penalized to be proportional to the electron temperature profile, as would be prescribed
by zero electric current constraint at the wall. A reversal of radial electric field at the
core-SOL interface is generated in GYSELA limiter simulations when the SOL-averaged
potential is added by penalizing the quasi-neutrality equation. This effect is sufficient to
trigger the formation of a weak transport barrier at the core-SOL interface. This barrier
formation appears to be mostly governed by core polarization mechanisms and is ob-
served even when artificially varying the SOL electric potential. Based on the importance
of the edge boundary condition to global confinement, we have correlated the quality of
confinement with the shape of the flux-surface averaged electrostatic potential. Prelimi-
nary results of an automated data-driven analysis appear to support a weak correlation
between confinement and the depth of the potential.

The new SOL boundary combined with the plasma drifts leads to rich dynamics and
reorganization of heat, particle and momentum fluxes in the SOL and at the core-SOL
interface. We discuss poloidal asymmetries of SOL density or the development of a Kelvin
Helmholtz-like instability due to an enhanced poloidal velocity shear. The latter appears
in the vicinity of the reversed radial electric field at the core-SOL interface. This instability
might contribute to the local production of turbulence in the SOL and edge plasma.
Finally we report on the complex interplay between core, edge and SOL turbulence in the
presence of a limiter and discuss its key role for subcritical turbulence spreading. This
latter mechanism is found to be important to recover experimentally-relevant turbulence
fluctuations in the pedestal-edge region.



Résumé

La compréhension du confinement du plasma dans les réacteurs a fusion est I'une des
étapes importantes pour que I'énergie de fusion devienne une réalité demain. La concep-
tion de futurs réacteurs tels qu'ITER est basée sur I'extrapolation de lois d’échelle em-
piriques. Dans ce travail de these nous étudions les propriétés globales du confinement
du plasma dans un Tokamak avec l'aide de simulations numériques avancées utilisant le
code GYSELA développé au CEA et basées sur une approche dite gyrocinétique globale
et forcée par un flux.

Une loi d’échelle pour le temps de confinement de 1’énergie a été extraite d'une base
de données de simulations du transport turbulent réalisées avec le code GYSELA, et
caractérisées par un état d’équilibre statistique, a énergie interne fixée. Une échelle en loi
de puissance émerge en fonction de trois parametres sans dimension : le rapport d’aspect,
la taille normalisée du plasma au rayon de Larmor ionique et la collisionnalité du plasma.
Une discussion quant a la signification physique des exposants trouvés ainsi que du choix
d’une loi de puissance comme fonction de base pour ’analyse de régression linéaire est
présentée. Dans ce cadre, une proximité remarquable est trouvée avec les lois d’échelle
existantes dans la littérature. Comme test de robustesse, cette loi d’échelle a été utilisée
avec succes pour prévoir de nouveaux états d’équilibre pour les calculs.

En parallele, nous montrons que les conditions aux limites pouvaient avoir un impact
significatif sur le plasma contenu dans le noyau confiné. Nous avons introduit un puits
thermique, symétrique toroidalement, en tant que nouvelle condition aux limites par une
méthode de pénalisation. Dans le volume du limiteur, asymétrique poloidalement, et de la
paroi, la fonction de distribution subie une force de rappel vers une fonction de distribution
froide. Cette technique permet de simuler les propriétés de transport dans la Scrape-Off
Layer (SOL), essentiellement bidimensionnelle, avec des électrons adiabatiques. Dans la
SOL, le potentiel électrique radial moyen est pénalisé pour étre proportionnel au profil de
température des électrons, déterminé par les conditions aux limites paralleles de I'inter-
action plasma-paroi. Un champ électrique radial inversé a I'interface coeur-SOL est alors
généré. Cet effet est suffisant pour déclencher la formation d’une barriere de transport
faible a l'interface coeur-SOL.

Sur la base de I'importance des conditions aux limites de bord pour le confinement
global, nous avons en outre essayé de corréler la qualité du confinement avec la forme
radiale du potentiel électrostatique moyenné sur les surfaces de flux. Négatif dans le coeur
du plasma, nos résultats préliminaires basés sur une analyse automatique des données
indiquent que le confinement s’améliore lorsque le puits potentiel est plus profond, ou
inversement.

La région du limiteur combinée aux dérives dans le plasma crée une nouvelle dy-
namique a l'interface cceur-SOL, cruciale pour le confinement magnétique, caractérisée
par des réorganisations du flux de chaleur, de particules et de quantité de mouvement
dans cette région. Nous discutons 'importance des asymétries poloidales de la densité de
SOL ainsi que du développement d’une instabilité de type Kelvin Helmholtz proche de
la séparatrice due a un cisaillement de vitesse poloidal accru en partie lié a I'inversion
du champ électrique radial a l'interface coeur-SOL. Cette derniere peut contribuer a la
production locale de fluctuations de turbulence dans la SOL ainsi que dans le plasma de
bord. Nous rapportons également I'interaction complexe entre les turbulences de coeur, de
bord et de SOL en présence d’un limiteur et discutons de son role clé dans la propagation
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spatiale sous-critique de la turbulence. Ce dernier mécanisme s’avere important pour étre
capable de décrire par le calcul les niveaux expérimentaux de fluctuations de turbulence
dans les régions du piédestal et du bord du plasma.
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Introduction

In order to achieve favorable conditions for nuclear fusion reactions, the matter needs
to reaches very high temperatures, hotter than the sun, and consequently to be in the
plasma state. The presence of very high gradients between the core of the plasma and the
external environment makes the plasma an unstable system, prone to turbulence. The
confinement of such high energy densities is one of the major technological challenges of
the last century. Understanding and predicting plasma magnetic confinement is to date
one of the missing steps to ease making fusion energy available on earth.

In the plasma, the motion of charged particles interacts with the electromagnetic
field and the evolution of the system is essentially non-linear. The collective behavior
of the plasma can generate forms of non-local transport, which can influence the plasma
confinement. In this framework, numerical simulations provide a fundamental support to
the analytical work and to the interpretation of experimental measurements.

The Tokamak configuration is used to confine and heat the plasma up to fusion con-
dition. The plasma is confined by means of a strong magnetic field enclosed in a toroidal
volume. At the plasma periphery, namely the Scrape-Off Layer, the magnetic field lines
impact the solid wall and the plasma-wall interaction influences the transport regime.
Conversely in the plasma bulk the magnetic field lines close within the plasma volume,
preventing any contact between the hot plasma and the wall. The two regions are funda-
mentally different regarding the transport properties and are usually modeled separately.

This dissertation presents a study of the properties of plasma magnetic confinement in
the Tokamak configuration. The work is based on the analysis and interpretation of global
gyrokinetic numerical simulations of the plasma evolution. We focus on two main aspects:
on the one hand, the scaling of confinement properties with the plasma parameters, on
the other hand, the effect of the plasma periphery on transport properties. In Chapter
1 are presented the basic concepts of magnetic confinement, the state of the art open
issues and the motivations behind this work. Chapter 2 is focused on the analysis of the
numerical tool that have been used. In Chapter 3 we analyze the scaling properties of
plasma confinement: the numerical simulations allow us recovering a scaling law of the
energy confinement time for the plasma system as well as a comparison between global and
local scaling properties. Chapter 4 is dedicated to describing the implementation of a new
boundary condition which mimics the physics of the plasma periphery in the numerical
tool. In Chapter 5, the development of a global structure in the electric potential is
presented, comparing plasma core and periphery. In Chapter 6 is described the effect
of the new more realistic boundary on the equilibrium plasma by the analysis of the
simulation results. Finally, Chapter 7 is dedicated to describing the interplay of turbulent
transport at the interface between the two regions of core and periphery. In Chapter 8
conclusions of the study are drawn.






Chapter 1

Open issues for fusion energy

1.1 The magnetic confinement and the Tokamak

The concept of magnetic confinement uses a strong magnetic field to confine the plasma.
It takes advantage of the Lorentz force between the charge particles and the magnetic
field, such that the particles are caught in a circular motion around the magnetic field
lines.

1.1.1 Charged particles and the electromagnetic field
Single particle motion in a magnetic field

The motion of a single non relativistic particle immersed in a magnetic field B, when
neglecting other forces, is described by the Newton’s law

mv =qv x B (1.1)

where m, q are the particle mass and charge and v, v the particle velocity and acceleration.
One can distinguish two symmetries for the particle motion: mv - b = 0 in the direction
parallel || to the magnetic field b = B/B, the motion is free from the magnetic force
qv x B, and the symmetry mv-v = 0 that leads to the property that the Lorentz
force produces no work. The kinetic energy muv?/2 is consequently constant and so is
the parallel motion. The induced perpendicular motion is therefore a circular motion
around the magnetic field line, i.e. the gyro-motion or Larmor motion. Characteristics of
this perpendicular motion are the Larmor frequency 2 = ¢B/m and the Larmor radius
p = Q7tv,. The center of the circular trajectory is called guiding center.

For a hydrogen plasma at thermal energy 7' ~ 10Kel we can consider v, ~ vy, =
10%m/s (vy, is the thermal velocity of the particles mov2, /2 = T/2). This velocity is way
higher than ordinary velocities in mechanical systems, although it remains lower than the
speed of light, so that relativistic effects can be neglected. It corresponds to a Larmor
frequency Q ~ 10%s~! and radius p ~ 1072m.!

!The quantities derived here are relative to the Hydrogen ions (m; = 1.6-1072"Kg,¢; = 1.6 - 1071°C)
in a magnetic field of typically B = 1T



Electromagnetic drifts

In presence of a force which acts constantly in a direction perpendicular to the magnetic
field during its gyro-motion, the particle is alternately accelerated, when the velocity is
aligned to the force, and decelerated, when the particle velocity and the force are in
opposite directions. This leads to a periodic modification of the Larmor radius so that
after one turn, the circular orbit does not reconnect onto itself. The guiding center hence
shifts along the third direction, both perpendicular to the magnetic field and to the force.

Of particular interest is the resulting drift velocity in presence of a perpendicular
electric field. The electric drift velocity is defined as

ExB
VExB — T (12)

It does not depend on the nature of the particles and therefore acts on the whole plasma.
Besides, if the electric field exhibits some particular symmetries, the E x B velocity gives
rise to long range flows in the plasma.

Regarding the plasma confinement, a relevant role is taken also by the V B-drift. In a
simple system where only the magnetic field acts and the magnetic field varies spatially,
the length of the Larmor radius is as well modified during the gyro-motion. The resulting

drift velocity
K, BxVB

~¢B B
depends on the particle charge. Particles of opposite charge drift in opposite directions,

creating charge separation in the system. Also, the drift velocity is directly proportional
to the perpendicular kinetic energy K|, making particles at higher energy drifting faster.

(A (1.3)

The plasma: collective behavior

The plasma is a thermal ensemble of positive (ions), and negative (electrons) charged
particles. In general, the kinetic energy T of each particle is much higher than the potential
energy between the particle and its closest neighbor. The motion of each particle interacts
with the surrounding electromagnetic field. However, from a macroscopic point of view,
the plasma system can be considered electrically neutral. The charged particles organize
their motion in such a way to screen each other’s electrostatic potential. The distance
at which the electrostatic potential of a test particle due to its nearest neighbor balances
its kinetic energy is called Debye length A\p = 4;60T. At a distance of a Debye length
from the test particle, its electrostatic potential decreases in magnitude of 1/e, e being
the Napier’s constant. For a plasma at T" = 10KeV the Debye length is of the order of
10~*m, smaller than the typical ion Larmor radius by two orders of magnitude. At spatial
scales larger than the Debye length the plasma is considered quasi-neutral.

For a plasma at the typical temperature of 7' = 10KeV, the distance of closest ap-
proach between two charges (Landau scale) \;, = ¢*/4meeT < 107%m is much smaller
than the mean distance between two particles (Loschmidt scale) \; = /it > 10~"m. The
probability of two particles to undergo a collision event is very low. The low collisionality
characterizing plasmas makes difficult, or in some cases inappropriate, the definition of a
thermodynamical equilibrium for the system.
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Figure 1.1: Schematic view of the Tokamak magnetic configuration

1.1.2 Toroidal flux surfaces and helical field lines: the Tokamak

By catching the particles in the gyro-orbit, the Lorentz force bounds their perpendicular
motion. The simplest approach to confine also the parallel free streaming is to close the
magnetic field line in a ring. In the Tokamak configuration, the plasma is confined in a
toroidal volume. A strong toroidal magnetic field, generated by a series of poloidal coils,
governs the confinement of the charged particles along the toroidal direction. However,
according to the ampere equation 2r RBr = oI, ? the toroidal magnetic field By inversely
depends on the distance from the central symmetry axis R and therefore it is not uniform.
The drift velocity generated by the radial variation of B is vertical and can reach values
of the order of 103m/s. A plasma volume of 10m typical size would disappear in 1072s. A
toroidal magnetic field is not sufficient to ensure particle confinement. In a Tokamak, the
plasma drift governed by the vertical motion is prevented by adding a poloidal magnetic
field. A toroidal current generating the poloidal field is induced in the plasma by means
of a central solenoid. The resulting field lines are of helical shape and generate nested
toroidal flux surfaces. A schematic view of this machine is shown in figure 1.1.

One can already define some dimensionless parameters characteristic of this configu-
ration:

e The aspect ratio A is a purely geometric parameter. By definition is the ratio
between the major Ry and minor a radius® of the torus A = Ry/a and it is > 1. From
an engineering point of view, a less compact machine with high aspect ratio provides
wider room to the central solenoid and it is easier to design. The influence of this
parameter on the transport regime and on plasma confinement is very difficult to
investigate experimentally, since changing the aspect ratio means building a different
machine. ITER will have an aspect ratio of A = 3.2 at maximum. A machine with
bigger aspect ratio is WEST, A = 6.

e The parameter p, = p;/a is the ion Larmor radius normalized to the plasma charac-
teristic length. Its inverse a/p; is a measure of the number of radial steps necessary
for a particle to escape the system and gives a rough mere initial idea of the confine-
ment level. It is indeed expected to be the main parameter determining the energy

2Here I, is the current flowing in the poloidal coils and (¢ the vacuum magnetic permittivity
3The major radius Ry is defined as the distance between the symmetry axis of the torus and the center
of the poloidal section, the minor radius a is the radius of the poloidal section



confinement time [1]. Reducing the plasma size parameter would lead to a better
confinement. A smaller p, can be achieved either by increasing the magnetic field
amplitude or by increasing the machine size. Expected values in ITER are of the
order of 1073,

e The plasma collisionality v, = Lj/Lcoy is a measure of the collisionality level in the
plasma. It is defined as the ratio between the parallel connection length Ly, i.e.
the length to travel of m degrees in the poloidal direction along the helical magnetic
field line, and the typical mean free path between two collisions L.y = LogA/nA\2
where A = A\p /N is called plasma parameter. The collisionality depends inversely
on the plasma density and temperature v, o< 1/nT?, hence increases with the radial
direction.

e The safety factor ¢ is a measure of the average pitch angle of the magnetic field
lines on the flux surfaces. Basically, it represents the number of toroidal revolution
performed for one poloidal revolution by the field lines. In the Tokamak ¢ > 1 and
it increases with the radial direction.

1.1.3 Open and closed field lines regions

The goal of a thermonuclear fusion reactor is to extract energy from the burning plasma.
Accordingly, a burning plasma is an open system where energy is produced in the very
core, transported all across the plasma volume and released at the plasma edge. In steady
state conditions, the energy extraction from the system is both useful and essential for
the correct operation of a fusion machine: a completely insulated burning plasma would
increase its internal energy content up to possibly explode. The definition of the best
way to organize the energy extraction at the plasma boundary is still an argument of
scientific discussion in the fusion community. Two main configurations are available for
Tokamaks: in the limiter configuration a solid object protrudes from the wall chamber into
the plasma, intercepting the external concentric flux surfaces. In the divertor configuration
the magnetic field is shaped to create a X — point, where the poloidal field is null. In
both cases, two regions with significant different physics at place can be identified:

e the confined region, where the magnetic field lines are completely immersed into the
plasma. Here the transport outward the system is directed radially. This region is
limited by the so called Last Close Flux Surface, or simply separatriz.

e the Scrape-Off Layer (SOL), where the magnetic field lines hit the solid matter.
There the particles moving along the field line impact on the solid matter, which
acts as a real plasma sink. In the SOL, the particle and the heat transport are
essentially directed both in the parallel and perpendicular to the magnetic field
lines directions. Also, density and temperature are much lower in the SOL with
respect to the core, which makes the collisionality significantly higher.

Historically, the two regions have been studied separately. The increased collisionality
in the SOL allows for the use of fluid approaches in this region, resulting in a remark-
able reduction of the computational resources involved. Conversely the extremely low
collisional core region leads to consider kinetic descriptions more appropriates, which are
much more complex to handle numerically.



1.2 The big issue: how to predict and improve plasma
confinement?

In a laboratory burning plasma, part of the energy that heats the system comes from
the alpha particles produced in the fusion reaction P,, although an auxiliary heating
device P44 is required to sustain the high temperatures. This enormous thermal energy
needs to stay confined inside the plasma volume typically as long as the time between
two fusion reactions. The energy confinement time 75 is defined as the ratio between the
internal energy content and the power loss by the system 75 = W/P,,s. This parameter
can be considered as a measure of the quality of confinement. The value of 75 depends
on the transport regime in the system and characterizes the balance between sources and
outward fluxes. An accurate prediction of the transport in a Tokamak is to date a missing
milestone for the success of fusion energy.

A pillar in plasma transport modeling is the Neoclassical theory [2], where transport
coefficients are analytically derived within the assumption of solely collisional axisym-
metric transport in a spatially non-uniform magnetic field. One can therefore derive
the thermal and particle diffusion coefficients resulting from the effects of collisions on
the particle trajectories. However, the transport measured in experiments exceeds the
neoclassical predictions of at least one order of magnitude [3].

It is commonly recognized that the further and most important channel for heat loss
is plasma turbulence. The extreme conditions of the plasma system make it out of ther-
modynamic equilibrium. The high gradients of density and temperature drive turbulent
transport, which release the plasma energy. Experimental observations have character-
ized the turbulence features: the eddies are generally elongated on the field line such that
the parallel wavelength is much smaller than the perpendicular one. Also, the relative
amplitude of the fluctuations is rather small, varying between 1% and 10% and increasing
with the radius. The system is shown to stabilize on profiles close to marginal stability,
on top of which the turbulent fluctuations transport the energy. The turbulent regime
displays characteristics akin to the Self-Organized Criticality (SOC) [4, 5], for which in-
termittent transport events, namely avalanches, release outwards a significant quantity of
heat flux. In magnetized plasmas, the avalanches size is normally much larger than the
Larmor radius and in some cases can be comparable to the plasma size. In such a regime,
a local description of the transport may loose its validity.

A rich dynamics of interplay between large scale and small scales is characteristic of
the plasma turbulence. The nonlinear interaction of turbulent modes is shown to transfer
energy from small scales to large scales, generating Zonal flows of global extension in
one direction [6]. Transport in the SOL is observed to be dominated more by avalanches
events [7]. Conversely in the confined region avalanches and zonal flows strictly interact,
possibly leading to the formation of transport barriers, local regions in which transport
is reduced. A process of continuous formation and relaxation of the barriers governs the
core transport [6, 8, 9].

Of major interest regarding confinement in Tokamaks, is the formation of a trans-
port barrier at the interface between the confined and open field lines regions. There the
presence of a barrier would reduce the outward flux right before being evacuated in the
SOL. In such conditions the energy content in the confined region can increase and so do
the confinement performance. A transition between Low confinement (L-mode) and High
confinement regimes (H-mode) is observed experimentally as a threshold phenomenon on
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Figure 1.2: Plot of the experimentally measured energy confinement time (vertical axis)
versus that predicted by the scaling law (horizontal axis). Figure taken from [11].

the external power source [10]. However, the mechanism triggering this transition is not
yet fully understood. In general, a comprehensive description of turbulent transport is not
yet achieved and the current predictions on confinement performance of future reactors
could reveal debatable.

A strong experimental effort has been performed in the past years to relate the energy
confinement time 7 to the main plasma parameters. A scaling law has been build col-
lecting the data of existent machines with similar geometry (Figure 1.2). By fitting the
points with a power law, several scaling laws have been derived on the base of different
transport regimes. We report here the H-mode energy confinement scaling currently used
for standard operations. It is expressed in terms of dimensionless parameters* as [11]:

~2.69 5—0.9. 0.08 1 70.96 .—3.0 0.73 .3.29 >—0.01
iTin1PBos(y,2) ~ Py B v, MU e PRI R (1.4)

where [ is the ratio between the plasma pressure and the magnetic pressure, M the mass
ratio between plasma ions and the proton, € = 1/A the inverse of the aspect ratio, x the
plasma elongation, namely the ratio between the plasma height and the plasma width (in
the case the cross section of the flux surfaces is not circular). The design of the experiment
ITER relies upon the extrapolation of this scaling law. Ensuring that a fusion reactor
will follow such scaling properties with sufficient precision (as in aerodynamics) is a major
challenge of the fusion community:.

41t to be noted that in equation (1.4) all parameters are dimensionless but for R, the latter exemplifies
the uncertainty on the various exponents since a perfect scaling law would ensure tht the exponent of R
is 0.



1.3 Context of this thesis

In perspective of understanding, describing and predicting plasma transport, numeri-
cal simulations support both for the analytical derivations of transport models and the
interpretation of the experimental measurements. However, the computational power nec-
essary to simulate the plasma evolution on the complete range of spatial and temporal
scales involved is not yet available. Several modeling choices should be made, of which the
impact on the resulting plasma evolution is often unclear. For example, one could suppose
a scale separation between the equilibrium plasma and the fluctuations and evolve only
the fluctuating part of plasma profiles to study the turbulence. Else assuming a local be-
havior of the transport one can limit the geometrical domain in the vicinity of a field line
and fix the profiles gradients. Such restrictions do not allow for (i) the back-reaction of
the equilibrium plasma on turbulence and therefore (ii) variations of the plasma profiles
on a global scale. A more accurate description of the plasma would involve a heat source,
which builds the plasma profiles and let turbulence evolve self-consistently over the entire
plasma volume. All comes with a prize: the computational cost of such simulations signif-
icantly increases so that to simulate the plasma evolution on several confinement times is
still out of reach. Nevertheless, there are cases in which the two approaches give different
results[12]. Turbulent transport has been shown to display hints of non-locality both in
theory [13] and, more recently, in experiments as well [14]. A complete understanding
of the impact of non-local transport on plasma confinement is still missing, as well as a
rigorous comparison between local and global modeling.

This thesis aims to clarify some global properties of transport in Tokamak plasmas. We
address the problem using first-principles gyrokinetic simulations in full toroidal geometry
(Chapter 2). In particular, we allow for the self-organization of turbulent transport by the
use of a heat source and the profiles are free to evolve. No separation between equilibrium
and fluctuations scales has been made. We carry out the research on two different aspects:

The energy confinement time scaling: we build the first multi-parameter energy con-
finement time scaling based on global gyrokinetic simulations. We take advantage
of close to steady state initial conditions to reduce the computing time. The simula-
tions allow also the comparison between the global scaling of the confinement time
and the local properties of turbulence. (Chapter 3)

The effect of realistic boundary conditions: we modify the radial outer boundary
condition of the code to mimic the Scrape-Off Layer (Chapter 4). We show evidences
of coupling between the confined and open field line regions in terms of the plasma
polarization, or alternatively the radial electric field (Chapter 5). We analyze the
impact of the SOL boundary on the equilibrium plasma (Chapter 6). We show
that the SOL boundary affects the development of turbulence in the plasma edge
and uncover additional turbulence mechanisms such as a possible Kelvin-Helmholtz
instability (Chapter 7).
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Chapter 2

GYSELA global and flux-driven
gyrokinetic simulations

The derivation of analytical models describing the plasma evolution is often based on
the assumption of scale separation between the different phenomena at place. However,
the turbulent transport is a multi-scale process, involving several spatial and time scales
from the Larmor motion to the global evolution of the plasma profiles. In this view,
numerical simulations take a central role in supporting both theoretical analysis and the
interpretation of experimental data as well as improving the understanding of turbulent
transport.

In this chapter we describe the characteristics of the numerical simulation performed
in this thesis with the GYSELA code. A peculiarity of this code is that it evolves the
plasma over a wide range of spatial and time scales, from the ion Larmor motion to
the profile evolution. Such a purpose is expensive in terms of computational resources
and requires massive parallelization techniques. Similar models are found in the codes
GT5D[15], ELMFIRE[16], ORB5[17], XGC1[18], which differ mostly for the numerical

scheme implemented. A review on gyrokinetic simulations can be found in [19].

2.1 The interchange instability

A key mechanism underlying plasma micro-turbulence in magnetically confined plasmas
is the so-called interchange instability. In some conditions, it is energetically favorable for
two flux tubes at different pressure to exchange their place[20], which leads to an unstable
process. This mechanisms is similar to the Rayleigh-Bénard instability developing in
neutral fluids: the simplest picture is the one of a water layer heated from the bottom,
see Figure 2.1. A temperature gradient develops in the same direction as the gravity field.
When the heating flux overcome a certain threshold, the conductivity of the fluid is not
sufficient to redistribute the heat towards the cold boundary and convective cells form to
transport the hot fluid elements to the top colder region and vice-versa.

In the same way when the pressure gradient is directed as the gradient of the magnetic
field amplitude in the plasma, convective cells are formed that release thermal energy in
the outer regions. This happens in the low field side region, the external part of the torus
with respect to its symmetry axis (Figure 2.1). A damping mechanism is identified in
the parallel motion along the helical magnetic field, which inhibits charge separation in
the system. The instability appears above a threshold in pressure gradient. As will be
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Figure 2.1: Analogy between the Rayleigh-Bénard instability (left) and the interchange
(right).

described in the next section, a complete analytical expression of the threshold is not so
easy to determine. Well above the threshold, the instability growth rate v for a stratified
fluid immersed in an effective gravity field g scales like:

Y
x L 2.1a
T (2.1a)
where L, is the gradient length of the pressure stratification. The smaller the characteristic
gradient length the larger the growth rate increases. Taking into account the typical
normalization backing the calculation of expression 2.1a, hence frequencies by the ion
Larmor frequency €);, lengths by the ion Larmor radius p; with ¢ = p;/R, one then
obtains:
R
—1
YR T — (2.1b)
[ L,
where 7 = v/R is a typical time for parallel transport, v being the free streaming ion
velocity, typically the ion thermal velocity and parallel distances scaling like the major
radius R.

2.2 Modeling plasma micro turbulence in the gyroki-
netic framework

Transport in magnetized plasmas involves phenomena taking place on a large range of
spatial and time scales: from the Debye length -or even less- to the system size over which
the fields extend, from the fastest electron frequency to the characteristic time of the
internal energy evolution, that is the energy confinement time. The essential interplay
between particles and electromagnetic fields makes the system strongly nonlinear. In
this Section, after describing the standard plasma modeling approaches, we analyze the
gyrokinetic framework used in GYSELA.

13



2.2.1 Plasma modeling approaches

In the most naive approach to describe the evolution of the plasma one should retain
the trajectory of each particle, coupled to the evolution of the electromagnetic fields.
However, for a plasma of ~ 10?° particles per cubic meter such brute force approach is
not only out of reach but also meaningless in terms of physics. Indeed, not measurements
can be confronted to this level of details, and, more fundamentally, the aim of physics
is to provide the simplest and most efficient description of observations. More advanced
modeling is therefore mandatory.

An alternative and widely used approach consists in a statistical description of the
population of particles of the same species s using a distribution function fs(x,v,t) in
the 6 dimensional phase space -3 dimensions for position x and 3 dimensions for velocity
space v). fsdxdv then stands for the number of particles in the phase space volume dxdv
at a given time. The distribution function f, is defined for each species in the plasma,
namely the various ions species with positive charge and the electrons of negative charge.
The evolution equation for f; is the Boltzmann equation, which in the case of purely
collisionless plasma is called Viasov equation and reads:

D
Dt

—0 (2.2)

where D /Dt is the total time derivative in phase space. Let X = (x,v) be the phase
space coordinate,  being the position in 3D space and v the velocity also in 3D. The
use of the velocity is suitable for classical, hence non-relativistic, particles.The particle
trajectories when only governed by the Lorentz force, hence electromagnetic fields, can be
expressed in the Hamiltonian formalism according to the Hamiltonian H and the phase
space motion equations for the conjugate variables & and p = mw :

i = %%H - [H, :cLz (2.3)
b= —%a%fl - [H, v]m (2.3b)

and therefore:
X = [H, X] (2.3¢)

p7x

We have introduced here the Poisson brackets [ f g}xp defined by:

of 9g Of Og
= = - - 2 A
[f’ g:|p,:v Op dx Ox Op (24)
In such a framework one can then write:
Dfy(X,t) _8f3 -0 _8]”5 0 B
Dt Ot +X6Xf5 =t [H’X]p,z aXfS =0 (2.52)

This yields the Hamiltonian form of the phase space conservation expression of the dis-
tribution function f;:

/s
ot

+ [H, fs} —0 (2.5b)

p7z
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This equation expresses that particles are neither created nor destroyed. The evolution
equations for each species s are coupled to Maxwell equations to self-consistently com-
pute the electromagnetic field. The resulting system of equations is closed and includes
phenomena over a wide range of spatial and time scales. The numerical resolution of the
complete 6D system is quite challenging. The gyrokinetic framework described in the
next Section represents an alternative to the 6D kinetic model, since the reduction to 5
dimensions allows for numerical simulations on time scales relevant for plasma confine-
ment.

A further reduction of the model is performed when projecting the distribution func-
tion on the position space (x,t), removing the dependency on velocity coordinate. One
can define quantities such as the density n,, particle flux Iy, total pressure tensor Il
and the energy flux Qs as the moments of the distribution function with respect to a
polynomial base of velocity functions:

ny — / fdv ; T, — / fovdv

HSZ/fs(V®V)dV : Qsz/fs(mgPV)dV

These moments undergo a hierarchy of equations, the fluid equations. The complete in-
formation on the evolution of the system in the velocity space is retained when considering
an infinite number of moments. The relevance of the fluid model stands in the trunca-
tion process. Defining the appropriate level of truncation for the magnetized plasma and
quantifying the importance of phenomena in the velocity space, such as plasma-wave in-
teraction, for the evolution of the system is still a matter of active research. In practice,
high collisionality regimes favor the achievement of Boltzmann equilibrium in velocity
space, mitigating the kinetic effects. However this limit, usually called the fluid limit is
not readily fulfilled in conditions of high thermal energy and low density and definitely
not in the plasma core region.

2.2.2 The gyrokinetic reduction

The gyrokinetic theory has been developed as a reduced model, with respect to the fully
kinetic model, for strongly magnetized plasmas. The latter are characterized by a strong
anisotropy between perpendicular and parallel directions with respect to the magnetic
field, hence free parallel motion at typically the thermal velocity and slow perpendicular
drifts as well as high Larmor gyration frequency compared to the longer transport time
scales. The main idea behind the gyrokinetic reduction is to eliminate the fastest time
scales of the particle cyclotron motion. This can be achieved by averaging as well as
more advanced scale separation. The resulting system is then reduced to 4 dimensions
and one motion invariant. The standard reference on the gyrokinetic framework is the
Brizard-Hahm derivation [21]. We describe hereafter the main features of the theory.

The gyrokinetic framework is derived on the basis of an expansion according to a
small parameter that characterizes the strength of the magnetic field. For convenience,
the usual approach assumes a single ordering parameter such that:
0B pi

~—~ =K1 2.6
Qi kL Un BQ L < ( )

w ﬂ on;
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The subscript 7 stands for the main ion species in the plasma. The typical fluctuation
frequency w is much smaller than the gyro-frequency €2;, the parallel wavelength k| much
smaller than the perpendicular one k| , the density fluctuations on; are much smaller than
the mean density profile ng, the fluctuations of the magnetic field § B are much smaller
than the mean field By and the Larmor radius p; much smaller than the typical gradient
length L. Experimental observations are shown to support this ordering in particular
regarding micro-turbulence in the core plasma.

The gyrokinetic equation is derived from the Vlasov equation 2.2 in the 6D phase space
(x,Vv). The change of coordinates from particle phase space to guiding-center phase space
where the three dimensional vector x,, = x — p represents the guiding-center position.
This new position depends on space x and transverse velocity through the Larmor radius
p- In velocity cylindrical coordinate one can then split the velocity into a component
parallel to the magnetic field and a perpendicular component, typically the magnetic
moment 4 = mov? /2B and « is the gyration angle around the magnetic field line. A
series of transformations allows one to remove the dependence on «, while retaining the
information on the fields variation at the Larmor scale and to express the perturbed fields
with a further change of coordinates to the gyro-centers (Xqc, v, ft, ). Note that, in
these transformations, the gyro-average operator J(f) is used to make the change in
position and in coordinates. In Fourier space, the gyro-average operation leads to the
multiplication by the order 0 Bessel function J, of argument k; - p [22]

foc = J(f) = «%(ki'l))ﬂk)

where k is the wave vector, k| its projection in the perpendicular direction to the magnetic
field and the hat notation refers to the quantities in Fourier space. In the resulting system,
the magnetic moment is a conserved quantity, therefore the dimensionality of the problem
is reduced to 4 dimensions (three in the real space and the parallel velocity) plus the
adiabatic invariant pu. The gyro-centers, of which the position and parallel velocity are
evolved in the gyrokinetic equation, correspond not simply to the centers of the Larmor
gyration orbits but to the current rings resulting from the gyro-motion. The latter have
finite extension is space and are magnetized and can be polarized. The gyrokinetic Vlasov
equation in Lagrangian form then reads:

Ofcc  dxge Ofae . dv)jge Ofac _

ot dt Oxacc dt  0vjge (27)

The electromagnetic field and quasi-neutrality equation

The system is closed by coupling the gyrokinetic equation 2.7 to the Maxwell equation for
the electric field E and magnetic field B. One can define the electromagnetic potentials
¢, A such as:

B=VxA (2.8a)
E= VoA (2.8b)

Using the Lorentz gauge 1/c20;¢ + V - A with c®eguo = 1, ¢ being the speed of light, e,
1o the electric and magnetic vacuum permittivity, one can rewrite the Maxwell equations
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as:

1 1
<§8t2 — V2)¢ - a Z Nsqs (29&)

species

1 .

species

Here the species density ns = [ fsdv and current j; = ¢s [ fsvdv are the particle charge
and electric current density that depart from that of the gyro-centers by finite Larmor
radius corrections. These equations can be rewritten in dimensionless units to evidence
the control parameters of the system. We chose a reference time t,, a reference length
L., a reference electric potential ¢, = Teo/e, with T,y the reference electron temperature
and e the unit charge, ny the reference plasma density, the reference vector potential
A, = 1, By, By being the magnetic field amplitude at the magnetic axis, j, = po/l. By with
po the reference plasma pressure. The choice of normalization for the electric potential
and current is wall suited for plasmas since e¢/T, characterizes the electron adiabatic
response stemming from the electron momentum balance, and j, is set according to the
total plasma momentum balance in the transverse direction. Equations 2.9a and 2.9b
then take the form:

(Aaf - v2> ¢=B ) nz (2.10a)

species
(Aaf - VQ)A =C ) i (2.10b)
species
where now all the quantities are dimensionless and the control parameters are:

12 noe’ 12 HoPo
A C2ti ’ GOTeO * )\% ’ Bg 5

The following asymptotic limits on these control parameters are relevant for fusion plas-
mas:

e Setting A — 0, one assumes the phenomena of interest to have characteristic ve-
locities much slower than the speed of light [./t., < ¢. This is the electrostatic
asymptotic limit. In this limit, the time evolution of the electromagnetic field in the
Maxwell equations 2.9 can be ignored.

e Setting B — 400 one assumes that the spatial scales of variation of the electric
potential ¢ are much bigger than the Debye length A\p. This is the quasi-neutral
limit Especies nsqs = 0. At spatial scales larger than the Debye length, the charge
density of the plasma system is null.

e Setting C — 0 one assumes that the characteristic plasma pressure pg is much smaller
than the magnetic pressure B2 /2. This limit is reasonable for magnetized plasmas,
since magneto-hydro-dynamics stability sets an upper limit to £ in the range of a
few percent. Regarding the magnetic field amplitude, the main contribution will
therefore be the external magnetic field, varying on the scale of the confinement
device. One therefore considers the magnetic field amplitude to vary on large spatial
scales compared to the Larmor radius p|VB/B| < 1.
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In this analysis, we have assumed that the scale [, characterizes the large scale variation
of the magnetic field as well as the transverse variation scale of the density or pressure
fields, typically ¢, =~ a where a is the plasma minor radius. Furthermore, we have assumed
the characteristic time t, to be [,/v where v is a characteristic ion velocity, p being the
associated ion Larmor radius. The specific dimensionless plasma parameter p, = p/a
appears in this analysis. These three asymptotic limits are not independent since the
relation c?epuy = 1 enforces:

%pi =1 (2.11)
This constraint is important when recovering the charge conservation equation from the
Lorentz gauge. In the following we shall assume that the three limits hold so that in
particular equation 2.10a is reduced to the quasi-neutrality limit, which can be rewritten
when separating the electron and ion contributions as:

ene = Z”i%‘ (2.12)

wons

While the gyrokinetic equation is solved for the distribution function of gyro-centers
fac., and therefore it is evolved in the gyro-centers phase space, in the quasi-neutrality
equation the charge density ny = [ fidv for each species s is the actual particle density, in
the position-velocity phase space. This feature is governed by the fact that the Maxwell
equations relate the electromagnetic fields to the fluid projection of the distribution func-
tion, namely the density, the zero-moment, and the particle flux, the first moment. Once
the distribution functions are computed in the gyrokinetic framework, a pullback trans-
formation from the gyro-centers to the particle phase space fgo, — fs is necessary to
compute the fields. The relation between the distribution function in the two reference
systems is the following [23, 24]:

fs = fac, + %GJGCS (¢ — dac) (2.13)

where ¢pgc = J ¢ is the gyro-averaged electric potential and ?GC is an equilibrium dis-
tribution of gyro-centers for each species s. The latter is a linearized version of this
relationship since the equilibrium distribution function that is introduced at this step is
that of the unperturbed state with ¢ = 0. Furthermore, relation 2.13 is written at the
particle location, so that a further transformation is required to determine the particle
density at the gyro-center location where the electromagnetic fields are applied. When
integrating 7 fs over the velocity space, one then obtains the required particle density n,.
Given Equation 2.13 this expression combines the density associated to the distribution
J fac., and therefore determined by the gyro-center distribution function solution of the
gyrokinetic equation fgc,, together with a polarization contribution 7, .

pol, = / P T (50T e, (6~ T6)) (2.14)

The polarization term derives from the mismatch between particle and gyro-center ref-
erence systems, which governs a shift of the order of the Larmor radius. However, the
gyro-phase independent contribution is a term of order two in the Larmor radius. When
the electron density variation is found equal to zero, this term becomes important since
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it is the only one that can balance the variation of the ion gyro-center density in the
quasi-neutrality equation. For example, if the perpendicular velocity of a particle is not
constant along the Larmor orbit, the particle will spend more time on a specific arc of the
orbit than on the other. When averaging the cyclotron motion, these differences disap-
pear. However, the fields are modified by these small scales effects: the polarization term
accounts for the electric field response driven on the Larmor scale and proportional to the
applied electric field. A further approximation of the polarization term can be derived in
the large wave length limit &k, p; < 1, with k£, the perpendicular component of the wave

vector k, and reads:
neq5 mg

Npoly = A\ (WVLQﬁ) (215)

The latter term is small with respect to the gyro-center density, of the order pfs and is
therefore a second order correction to the electric potential. In this expression the density
Neq, 15 the the particle density associated to the reference distribution fGCS, and provided
the difference with respect to the actual gyro-center distribution function is of order p, is a
consistent lowest order approximation to determine n,,,,. The latter term will be shown to
only play a leading role when considering the flux surface averaged electric potential profile
taking the form of a kind of radial inertia in the build-up of the zonal structures. As such,
one finds that the shearing rate of the zonal flows is typically proportional to this term.
It can then be argued that given the importance of this physics, accurate expressions are
crucial. However, these would not be consistent with the chosen ordering and expansion
at lowest order in p,. Stepping beyond the present form, especially without introducing
symmetry breaking and only improving the accuracy, would require an alternative gyro-
kinetic framework, including as reference condition an arbitrary profile of the flux-surface
averaged electric potential. Finally, it is very likely that the departure from the adiabatic
electron approximation has a stronger impact on the zonal flow shearing rate as well as
on the profile of the flux-surface averaged electric potential.

The adiabatic electrons limit

When addressing the physics of ion heat transport one refers to the ion scales both in
space and in time. The asymptotic limit on the electron-to-ion mass ratio m./m; — 0
then governs a scale separation so that at lowest order one can assume the electrons to
be at mechanical equilibrium, not only along the field line and also, by extension, on a
flux surface. In the isothermal limit such that VT, ~ 0, the electron density is then

approximated by: (¢ " )
e(o— (), )

T
where (n)_, and (¢), correspond to the flux-surface averaged electron density and poten-
tial. Assuming small fluctuations of the electric potential one can linearize the exponential
in equation 2.16 then yields:

ne = (N) exp( (2.16)

(Qb - <¢>0):| (2‘17)

e
Ne = (N 1
< >60 |: + Te
The latter expression known as the adiabatic electron response is obtained using two ap-

proximations, the infinite mass ratio, and the extension of the adiabatic electron response
to the flux surface, assuming, implicitly here, large F x B poloidal convection. It can be
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noted that the mass ratio asymptotic limit deals in fact with the square root of the mass
ratio \/me/mp =~ 1/60 > p,. Stepping to kinetic electrons can therefore have a consid-
erable impact on the zonal flow magnitude and one can expect this symmetry breaking,
namely the variation of (n),, to be more significant than addressing the non-linearity of
the polarization term.

Equations of motion

The gyrokinetic framework is embedded in the Hamiltonian formalism so that the gyroki-
netic equation, like the kinetic equation 2.5a, directly involves the equations of motion.
These are shown to depend on the vector B which for species s defines the Jacobian Bﬁs
of the coordinate transformation.

. msv)| <B)

B"=B — 2.1
5 + m V x B (2.18a)
. . B-B; mgv)

Bj,=b-Bi=——= =B+ e b-(V x b) (2.18b)

The unit vector b is defined as B/B. For simplicity the subscripts GC' are not recalled
from now on for the guiding center parallel velocity and position. The motion equations
are then:

BTS(;—}; =B + qslBB x VE (2.19a)
ﬁs% = —B{-VE, (2.19b)
ﬁscfl—l; =0 (2.19¢)

The potential = is defined by:
Ee=q¢:J b+ pusB (2.20)

Given this expression one ten obtains the following equations for the guiding center mo-
tion.

. dx
BHSE:B<U||b+’UJ+vD+vE) (221&)
. vy B =
[
where:
1
Bvg = EB x VI (2.22a)
msvﬁ + usB
Bvp = B B xVB (2.22b)
B msvﬁv B 2.22
vy = qS—B X ( . C)

Since ¢ is a gyro-phase averaged quantity, it depends on the Larmor radius and conse-
quently both on velocity and species. The three drift velocities defined above are therefore
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kinetic and species dependent. In the following, unlike what we consider in the asymptotic
limit for the Maxwell-Ampere equation 2.9b, hence f — 0 (C — 0), we cannot assume
V x B = 0 because the chosen equilibrium is sustained by large plasma currents and
assumes a non vanishing S. One must therefore split the assumption on the magnetic
field into an equilibrium contribution that yields a drift velocity v; that must be taken
accounted for and magnetic fluctuations that are not taken into account in the present
version.

2.2.3 Equations in GYSELA

We summarize hereafter the equations solved by the GYSELA code. For the simulations
performed in this thesis we consider a single ion species with adiabatic electrons. The
code solves the following gyrokinetic equation for the main ion species:
1
OUF; + ==V <B|T2Fi> — C + Steat — Sini (2.23a)
I
Here z = (x,v))) is the 4-D phase space coordinate of the gyrokinetic framework. Taking

into account the conservation of phase space volume, namely VZ(B‘TZ) = 0, one can write
the alternative form of the gyrokinetic equation:

OF, + XV, F, + 010y, Fy = C+ Sticat — Sink (2.23b)

In this equation, F; is the distribution of gyro-centers and therefore all coordinates that
appear in the equation are gyro-center coordinates. the equations of motions are given
by Equation 2.22. On the right hand side are the terms driving the physics that are
not part of the Vlasov equation of the left hand side: the collision operator C, the heat
source Sgeq and sink S;,,. The two latter are necessary in flux-driven simulations, see
Section 2.3.1. Although fusion plasmas are weakly collisional, adding a description of the
Coulomb collisions between particles is important to smooth out the distribution function
in velocity space and avoid generating sub-scale velocity structures [25]. From the physics
point of view, synergy between turbulent and neoclassical transport can also be expected
and investigated [26, 27, 28, 29]. An important contribution of collisions is found in the
regulation of the self-generated zonal flows [6]. Also, the neoclassical transport can reveal
dominant in certain conditions of reduced turbulence, such as in presence of a transport
barrier.

The quasi-neutrality equation in the GYSELA system reads:

QiB2 Te

where the function of the electric potential is separated from the terms depending only
on the distribution function of ion gyro-centers. 27TB|T /m; corresponds to the Jacobian
of the gyro-center transformation in the velocity space. The first term on the left hand
side is the ion polarization density. In the code a further approximation is made when
ignoring the variations of the magnetic field, B is replaced by By. The second term is the
linearized electron density. In the GYSELA system of coordinates, see section 2.3.2, the

flux surface averaged potential is computed as:

(0) s = [ 6T dbde
ST Todfdg

_v. (nm w) +IE 0= @rs) = [ o Lapan 7-(Fi- ) @220

(2.25)
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where J, = 1/(B - V#0) is the Jacobian in the real space. With the chosen magnetic
equilibrium, it is found proportional to rR where r the radial coordinate and R the
distance from the magnetic axis, # and ¢ are the poloidal and toroidal angles respectively.
In the adiabatic electron framework, the electron density n., is not evolved and it is
taken as reference density for the equilibrium n.,. The quasi-neutrality equation ensures
the charge balance for the system. Since the electron density profile is fixed, this model
cannot generate perpendicular particle transport. It is to be noted that the slightest
inaccuracy in the charge balance, for example due to numerical errors, translates into a
spurious electric potential via the quasi-neutrality equation 2.24.

2.2.4 Linear analysis

We outline hereafter the linear analysis of the gyrokinetic Vlasov quasi-neutral system.
The main goal of the linear approach is to find a general expression of the growth rate
of the instability. Several approximation will be made so that the calculation can be
performed analytically. The proposed derivation is useful to determine the key physics
at play. As a side product of the derivation of the dispersion relation we obtain the
expression of the linearized electron distribution function in the adiabatic limit.

We consider an electrostatic plasma composed by a single ion species and adiabatic
electrons. Allowing for the simplification v; = boldsymbol0, the gyrokinetic Vlasov equa-
tion for either species s reads:

<at + (b +ve+vo) V+ (= 2976 - 295+ Dvp VB)&l) F, =0 (2.26)

For the sake of simplicity, we neglect in this Section the two force terms V| B/m, and
(vy/B)vE - VB so that the Vlasov operator £ takes the form:

LF, = <8t + V) + v V4vp -V = V0 &,|>Fs =0 (2.27)

The operator V| stands for the gradient in the parallel direction. We linearize the system
by perturbing the gyro-centers distribution functions and the electric potential as:

Fs:Fs—i_ﬁs ; ¢:5+5

For simplicity we consider that there exists an equilibrium for the different gyro-center
distribution functions F'; such that the corresponding electric potential is null ¢ = 0. The
linearized gyrokinetic equation then reads:

LEA+LF, =0 (2.28a)
L=0+vyV|+vpV (2.28b)
L=%pV - %v”ja 0, (2.28¢)

and vp = (B x V%)/BZ. We project the perturbations F,, 5 on the Fourier modes for

each effective angle:
fgv _ Z/g\ efz(wtfk-x)
w,k
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We then define the following frequency operators wy, wp, wy.

wy = vk (2.29a)
Wp =Vp- k (229b)

— = - TS — 4, T
kT 90y, F = iFky(Ts/m)0y, (Long)qT—¢ =iF o) a = ¢ (2.29¢)
G5 VF — iw, F 79 (2.29d)

S

Here k| is the parallel projection of the wave vector k. The linearized gyrokinetic then
allows one to express the perturbation of the distribution function as proportional to the

electric potential.

W —w| —Wwp T,

This compact expression must be understood as the effect of the inverse operator of
w —w) —wp on the electric potential perturbation. The simplifications that have be made
above in the force term modify both the numerator, change in the frequency @) and adding
a frequency related to the parallel bounce effect in the resonant operator (w —wj — wp) L.

ol o)

s

Let us first analyze the case of fast electrons such that v is much larger that the drift
velocities, W) > w, and w| > (w — wp). Furthermore, for the electrons we set J = 1.
The assumption of adiabatic electrons implies therefore that the parallel electron motion is
faster than any other motion in the system. Furthermore, assuming a Maxwellian electron
distribution function in the parallel velocity so that &,H (Logfe) = mev)/Te. Equation
2.30 then yields for the electrons:

—_— = — & — (2.31)

which corresponds to the adiabatic electron response. Because of the large electron mo-
bility, on the ion time scales, the electron distribution function perfectly adapts to the
fluctuations of the electric potential. In this analysis, one has excluded the case kj = 0
since this would yield both w; = 0 and W = 0, in contradiction with the assumption used

to obtain equation 2.31. It can be shown that the case k = 0 discussed here can lead to
w, = 0 so that in this particular case F, = 0. The calculation associated to this case leads

in fact to the result: <Fe> = 0 so that the proper way to take this result into account
FS

18 to assume:

F, =T, AP~ ) (;5 _T<¢>FS> (2.32)

where the notation () g stands for the flux surface average.

We now derive the dispersion relation for the linearized system. Setting the operator
J = 1 also for the ions, then the the quasi-neutrality equation in Fourier space reads:

/ F.dv = / F.dv (2.33)
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Substituting Equations 2.30 for the ions and the solution 2.31 for the electrons into 2.33,
we obtain the dispersion relation:

[;m s [eo (“’;w”)} $=Du(3)=0 (2:34)

It is important here to keep in mind that the denominator in this expression is the inverse
of an operator acting on ¢. Non vanishing modes are therefore the solutions of this
dispersion relation, hence they belong to the Kernel of the operator D,,. For imaginary
solutions w = iy and v > 0, the system is unstable. One can reduce the domain of interest
for the frequencies by assuming a certain ordering of the terms in the denominator. For
the ions, one assumes the limit w > w; > wp so that one can expand the fraction, thus
approximating the inversion of the operator. A derivation of the linear growth rate for
the Ion Temperature Gradient (ITG) instability can be found in [30] as a threshold on the
value n = V,Log(T;)/V,Log(n;). As a first approximation one can assume the system to
be unstable for n > 2, therefore:

o TlodD) L R, R 30

V,Log(n;) L, Lr, Ly,

One should also mention a study of the I'TG threshold with linear gyrokinetic simulations
[31], which yields the following fitting expression for the threshold on the ion temperature

gradient scale:
R T; S R
LI 1+22)(1.334+1.912 ;0.8—} 2.36
Ln_max{< +Te)( i Q> Ln, (236)

where R is the major radius, Ly, L,, the characteristic gradient lengths of the profiles
for the ion temperature and ion density respectively, s = rV,log(q) the magnetic shear,
and ¢ is the safety factor.

2.3 Towards thought experiments: global and flux-
driven simulations

A specific aspect of the GYSELA code is that it evolves the entire distribution function
without separating the equilibrium scales from the fluctuation scales, as done for example
in the linear analysis. This approach is called full-f and involves spatial scales from
the ion Larmor motion to the plasma size, time scales from the integration time step,
comparable to the period of the Larmor rotation up to the evolution time scales of the
global equilibrium. In terms of physics, this allows for back reaction of the turbulent
fluctuations on the equilibrium scales and vice-versa. Therefore large scales flows such as
the zonal flows, quasi-steady poloidally and toroidally symmetric flows, are self-generated
in the evolution of the system [26, 32]. These flows play a crucial role in the regulation of
turbulent transport [33]. Modeling the self-evolution of the zonal flows is important both
for understanding the turbulent transport mechanisms and for predicting the confinement.
More generally, one can expect that the transport self-organization, exemplified above by
the importance of the zonal flow evolution and properties, will introduce intermediate
scales between that of the micro-turbulence drive and the global scales that govern fusion
performance. The relevance of these intermediate scales, their statistical properties, can
only be addressed properly in such global, full-f and flux driven, settings.
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2.3.1 An open system covering all relevant scales

In the full-f framework, the equilibrium plasma is not prescribed and can evolve during
the simulation. This fact has three main consequences:

(i) from the physics point of view, the system can relax its energy content towards
a stable state. A heat source must be added (Sgen when aiming at sustaining plasmas
characterized by high fusion performance, typically by increasing the plasma pressure. In
GYSELA, the heat source in equation 2.23)[32] builds the plasma profiles and sustains
the gradients above the linear threshold, consequently driving turbulent transport. The
outer boundary condition of the code acts as a heat sink S;,;. The heat transport in the
system is a balance between these two terms. This approach is called fluz-driven regime
and reproduces the characteristic of the plasma which is an open system, where the heat
is transported from the very core all across the plasma and it is released at the first wall.
In GYSELA, the heat source is located in the core region and does not evolve in time
[32]. Consequently the heat flux extracted in the heat sink should not be prescribed a
priori but should result from the transport regime. The heat sink only extracts the heat
that reaches the boundary. A self-consistent heat sink that captures our understanding
of the physical mechanisms that occur in actual boundary layers in magnetic confinement
devices is described in Chapter 4.

(11) Although the GYSELA model does not allow for scale separation between equilib-
rium and fluctuating fields, a considerable difference between the evolution scales of these
two actually exists. One can consider that the time evolution of the background profiles
takes place on scales of the order of the confinement time 75 ~ 4 — 65, while the typical
time of turbulence, identified by the instability growth rate, Equation 2.1b, which is of
the order of 7 ~ 10~*s. Achieving the steady state for the equilibrium field is at most 4
orders of magnitude longer than for turbulent fluctuations. This fact brings substantial
issues on numerical simulations. For example, when running long simulations any system-
atic error builds-up so that the simulation can gradually be less and less accurate. Since
numerical schemes are based on approximations, numerical errors are inevitable and one
must then either show that there are no systematic errors, or that the errors drive the
simulation away from the initial trajectory away from the exact one, but close to a trajec-
tory that is relevant but for a setting that cannot be distinguished from that of the exact
one. Another issue is that of resources since the build-up of the plasma gradients from flat
profiles up to statistically steady state is in most cases too long to be performed. Typical
runs with GYSELA correspond to a physical time of the order of 0.17g. This means that
an initial state, more or less close to the equilibrium, has to be chosen. For such short
time interval compared to the confinement time, the evaluation of the equilibrium state
is an issue. A technique to establish if a simulation is close to the equilibrium state is
presented in Chapter 3.

(111) A third consequence of a full-f code concerns the initialization. As we have
discussed in the previous point, an initial state for the simulation has to be chosen[34,
35, 36]. This state is very likely not an equilibrium state for the turbulent regime. An
initial phase of reorganization of the distribution function therefore develops before the
linear growth of the turbulent modes. In most global simulations, the choice of the initial
distribution functions generates Geodesic Acoustic Modes (GAM) [37], global toroidally
symmetric modes oscillating at a given frequency that spatially propagate from the center
to the plasma edge. However, for a particular case, it has been shown that the steady
state turbulent regime in the GYSELA simulation did not depend on the choice of a
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Figure 2.2: Geometrical system of coordinates for a magnetic configuration of circular
and concentric flux surfaces.

particular initial state [38]. In other words, that a single region was explored in the
steady state regime, and that such a region appeared to be a basin of attraction for
different initial conditions. Such a result can be expected when a single state exists but
can be questionable in the vicinity of a bifurcation.

2.3.2 Full-toroidal geometry

Consistently with such a global model, the numerical domain of the code extends over
the whole toroidal volume of the plasma [39]. The magnetic configuration is simplified
to toroidal concentric flux surfaces of circular cross section, similar to the Tore Supra
configuration. It is to be noted however that regarding Tore Supra experiments, the
magnetic surfaces were circular but mot of the time not concentric. Such a specific case
would require zero Shafranov shift, hence a large poloidal beta value, up to four times
that achieved in routine operation. A trade-off between different possibilities has led to
a conservative choice of coordinate system, namely that corresponding to standard geo-
metric toroidal coordinates (7,0, @), respectively the radial direction and the geometrical
poloidal and toroidal angles (Figure 2.2). This choice will be adopted for the rest of the
manuscript. The magnetic field is expressed as:

B = Bgeg + Bcpe@ (237)

Here eg = rV0,e, = RV are the unit vectors on the poloidal and toroidal directions
respectively. Assuming axisymmetry, the toroidal magnetic field is given by the Ampere
law B, = ByRy/R where B is evaluated at the magnetic axis and R = Ry+rcos(f). The
poloidal field can be expressed through the definition of the local field lines pinch, which
in this specific choice of coordinates reads

dy _B-Vo _ B 4l
df | ficta tine  B-V6O  ByR 1+ ecos(h)

(2.38)

where g(r) is a chosen radial function, generally monotonically increasing with radius and
e = r/R. The poloidal magnetic field is then given by By = B,r/q(r)Ry and has the
same poloidal dependence on a magnetic surface r = constant as the toroidal field B,,.
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The safety factor, defined as the average field line pitch, is then:

_ L ["B-Ve alr)
T oar)y B-VH T Ji—e

With this particular choice of the magnetic equilibrium, the dependence of the parallel
connection length on 6 can be analyzed by considering that ds/df = B/(B - V) = GR,
and does not depend on 0. The connection length is the same from bottom to top both
via long field and via high field side of the poloidal section.

q (2.39)

/2 B- Vg@ /2 Q(T)
[ /_W/2 RB 0 do /_W/2 Ro( + 6008(9)) ¥ ecos(d) df = wRyq(r) (2.40)

We note that a different choice of the poloidal angle can be made to define a different
system of coordinates, for which the pitch angle Equation 2.38 only depends on the radial
coordinate. These different systems of angle coordinates 6%, ¢* that satisfy dy* /d6* = q(r)
are called flux coordinates and are widely used in analytical derivations. The difference
between these systems is detailed in Appendix A.
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Chapter 3

Global versus local confinement
properties

The energy confinement time 7 is a key parameter that summarizes the performance of
a fusion reactor. By definition it expresses the typical time of confinement of the energy
inside the plasma volume. For a statistical steady state, it is determined by the ratio
between the internal energy and the power source in the system. Basically it defines
the quality of the energy confinement and is comparable to the thermal resistivity to
evaluate the insulation property of a given medium. In fusion plasmas, it is determined
by the self organization of the energy transport between the heat source, an external
heating mechanism or fusion reactions mostly localized in the plasma core, and the heat
flux at the boundary of the system, namely the power loss'. The energy confinement
time is by definition a global parameter of the system. Given the high non-linearity of
the physics at play, only crude analytical models are available, which are not reliable
enough predict with the required accuracy the energy confinement time of future and
essentially bigger machines. The design of new devices such as ITER and DEMO is based
upon the extrapolation of experimental scaling laws, where the energy confinement time
is expressed as a power law of the main plasma control parameters[1][11]. At present, the
reference scaling for high confinement regime is the following

—2.69 —0.9,0.08 3 70.96 —3.0 4 —0.73,.3.29 p—0.01
QiTth,IPBQ8(y,2)Np* Io4 v, M7 q A KR (3-1)

where p, is an plasma effective size parameter, 5 the ratio between the plasma pressure
and the magnetic pressure, v, the normalized plasma collisionality, M the mass ratio
between plasma ions and the proton, ¢ the safety factor, /A the aspect ratio, x the
plasma elongation, namely the ratio between the minor radius and the plasma height.
The above scaling law addresses the confinement of a set of devices with comparable
geometry and operating in an improved confinement mode, the so-called H-mode. Such
scaling laws are still matter of research and new dependencies are proposed [40]. Note
that 2,7 is dimensionless so that the right hand side of equation (3.1) is also expected to
be dimensionless. Since all the control parameters in (3.1) are normalized but for the last
term R™%%! one must assume that the dependence on major radius R must be R? so that
the exponent —0.01 is therefore indicative of the characteristic error on the exponents of
the scaling law.

Iwhen core radiative losses are significant, these must be subtracted from the heating power
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The idea of building a scaling law for the energy confinement time is based on the
assumption of similarity between plasma states characterized by the same set of nor-
malized control parameters, as also considered for neutral fluids turbulence described by
Navier-Stokes equations [41, 42].

In this chapter we address this issue with GYSELA simulations. We define a reduced
model for the energy confinement time in gyrokinetic and flux-driven simulations and we
recover a scaling law of the energy confinement time in function of the plasma parameters.
We also compare the transport properties between the global scale of the confinement
device and the local characteristic scale of turbulence.

3.1 From 5-D to 0-D: the reduced model for the con-
finement time

The energy confinement time is understood as a characteristic time of variation of the
internal energy in the plasma system. In practice, confinement cannot be perfect and the
plasma must be regarded as an open system which tends to thermodynamic equilibrium
with its environment, hence without forcing is turned off, the internal energy content W
would decay away. The external drive that sustains the internal energy is the heating
source Pjeq:. This heat flux is transported through out the plasma volume and is released
at the boundary as the outgoing power flux P,s. In the GYSELA code the mechanism
generating the core plasma heating is not specified. It is devised to transfer bulk particles
of the distribution function to suprathermal velocities, conserving the number of particles
and momentum. The source has a prescribed radial profile with poloidal and toroidal
symmetry. By construction the heat source does not fluctuate, it is thus constant in time.
The energy confinement time is defined as a coarse grained quantity over the whole
toroidal plasma volume, that is the ratio between the total energy W stored in the system
divided by the rate at which this energy is lost. This definition is appropriate when

considering a quasi steady-state.
(Pioss) = W) (3.2a)

TE
The internal energy balance equation is then (P,s) = Pheat SO that:

W) b (3.20)
TE
For such steady state conditions, the energy confinement time 7g is therefore a global
coarse grained quantity relating the stored energy (W) to the available heating power
Preat- Tt is only relevant because this quantity was found to exhibit a scaling law with so
called engineer parameters characterizing the operating point of the tokamak. In a regime
of thermonuclear burn, the heating power can be related to the fusion power coupled to
the plasma, typically proportional to W? and to the amplification factor Q = Pyys/ Paad
where Py, is the energy released by the fusion reactions and F,qq is the external heating
power. It is then possible to relate the design of the tokamak, hence the engineering
parameters, to a target amplification factor Q).
When addressing the problem from a physics point of view, one considers in fact
a reduced model, namely the energy balance equation for the plasma contained in the
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toroidal volume up to radius » < a. The ion internal energy W of the system is extracted
from GYSELA simulations as the volume integral of the flux surface averaged kinetic
internal energy density, the latter corresponding here to 3/2 of the scalar pressure p,
W (r,t) = [ (3p)ps(r*, t)rdr* where the notation (.) pg stands for the flux surface average.
The internal energy function W is defined to be positive and increases therefore radially.
One can think of the system as the ensemble of consecutive sections of increasing volume,
one for each radial location following a reservoir model. For each of them, one can define
the energy balance equation.

atW(ﬁ t) + Ploss(ra t) = Pheat(fr) (33&)

Following the step leading to the definition of 7z, one identifies the loss term Pj,s5(7, 1)
to W(r,t)/tg(r,t) so that:

W(r,t)
tE (Tv t)

One can then extract the characteristic time tg(r,t) from GYSELA results by inverting
equation (3.3b) so that:

d, W(r,t) + = Phear(r) (3.3b)

B W(r,t) _ W(n,t)
tE(r’ t) B Pheat(r) - (9,5W(7”, t) B -Ploss<r7 t) (343)

It is to be noted that the definition does not ensure that tg > 0. After the first stage of
coarse graining via the flux surface average, and considering close to equilibrium systems
one can expect both Pyey(r) > 0,W(r,t) and Ps(r,t) > 0. However, in the very core
region where Peq () can be small, transient heating by the outer plasma can occur, then
leading to negative values of tg. Conversely, towards the outer layer, where P,s > 0
since there is no outer heat source, one expects tg > 0. The time ¢ expresses the instan-
taneous value of the energy confinement time that can be computed at each radial location.

In the data base of simulations used for this analysis, the source amplitude, hence
Preat is adjusted by a trial and error procedure to ensure that the chosen profiles initial
profiles exhibit a small, close to zero, variation. When such a condition is fulfilled, the
internal energy weakly departs from the initial internal energy Wy = W (¢ = 0). Since:

W (r,t)/Preat(1)

) = T W (D) P ) (3.4b)
the time average of the latter expression then yields:
(W(r 1)) < Wir,t) ( 0W(r,t)/Preat(r) >
tp(r,t)) = + 3.5
< E(T )> Pheat(r> Pheat(r) (1 - atW(Tu t)/Pheat<T)> ( a)

For a weak variation of the internal energy over the simulation time 0;WW/Pje. < 1 and
given that 7g(r) = (W (r,t)) / Preat(r), one obtains therefore:

Te(r) = (tp(r,t)) (3.5b)

Given this result one can then define the energy confinement time as 75(r) = (tg(r,t)).
Its evolution is determined by the turbulent state, which governs the variation of the
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Figure 3.1: Example of the energy confinement time resulting from GYSELA simulations.
Colors: Probability distribution function of ¢g(r, ) in time at each radial position. Solid
line: the time average of ¢tz over a time interval of 2-10°€); !, approximately 0.1¢. Dashed
line: confinement time resulting from a diffusive model with constant diffusion coefficient.

internal energy 0;W. On figure 3.1 the probability distribution function (PDF) of tg(r,t)
is shown at each radial location. The statistics is generated by variation in time for a close
to steady sate simulation. At most radial positions, for example at p = 0.34 and p = 0.56,
the probability distribution can be fitted by a Gaussian function. However, the PDF at
other positions such as p = 0.67 exhibit a long right tail corresponding to transient events
of enhanced confinement. In the neighborhood of these radial positions we have observed
a quasi-stationary E x B shear layer, which is believed to increase the confinement by
shearing the radially elongated turbulent structures. The time average of tg defines
the coarse grained energy confinement time at each radial position 75(r) = (tg(r,1)),.
The time interval considered for this average is typically to 2 - 10°Q; ", approximately
0.1 7(r = a). Furthermore, we define the error on this measure as the standard deviation
of the probability distribution for ¢ at each radial location.

The radial behavior of the average tg can be interpreted as follows: at small r, the
confinement time weakly decreases. When considering the PDF, for p = r/a < 0.25 one
can observe that the PDF tends to broaden as » — 0. In particular, a heavy tale develops
towards the large values of tg. This would be indicative of a weak transport barrier. It is
also observed that is this region the departure from the initial temperature profile is the
largest, with a peaking of the profile typically for p = r/a < 0.1. However, the associated
change in internal energy is of the order of 1073. The impact of this region remains small
on the overall confinement. Ensuring the energy balance in the presence of such a barrier
would require changing the source profile to reduce the source for p < 0.1.

After reaching a minimum where the source locally balances the losses around r/a =
0.3, the confinement time increases with radius, as expected from the radial build-up of
the internal energy at near constant power loss. An important feature that appears in
the PDF of tg, figure 3.1, is that the distribution is relatively narrow and consequently
the standard deviation is small.

The coarse graining process has been applied here on the expression of tg, equation
(3.5b). However, if would be more relevant to consider the average of the energy balance
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equation, allowing for a separation between slow transients and fluctuations induced by
the turbulent transport.

W(r,t)
tE (Tv t)
Given the definition of 7, equation(3.2a), one then finds:

<W(r, t§> _ (W) (3.6b)

tE (Tv t ?E’(n t)

00 W) + () = P (3.62)

and consequently:

(W(r,1))

TE (7“, t)

Consistently with its definition 7 is the characteristic evolution time of the coarse grained
internal energy. However its connection with ¢z is not simply an average as made explicit
in equation (3.6b) where one considers the average of 1/tx weighed by the internal energy.
Let us introduce the fluctuations of the internal energy, W = (W) + W and of ¢ B

—~

tgp = 7 + dtg such that (W) = 0 and (§tg) = 0, hence:

<<W> + W> = V) (3.7a)

Oy (W(r, 1)) + = Pheat(7) (3.6¢)

T + Otp TE

One then obtains the following relationship between the two definitions of the confinement
time:

TE

7 <1+W/<W>>M+<W2> oy (Wts) -

- 1+5tE/TE <W>2 * 7_]25 - <W>TE

The difference depends on second order correlations. When these are negligible one re-
covers T = Tg. If this is not the case, the appropriate definition to be used to define 7,

ensuring 7y = Tg, is then:
1 1 W(r, t)>
3.8a

Te(r,t) — (W(rt)) <tE(r, t) ( )

So that whenever W < (W):

TE(? "~ <tE(1~, t)> (3.8b)

The two latter expressions underline the fact that when fluctuations are significant, the
relevant quantity is 1/tg rather than tp.

Before analyzing the scaling properties of 7z, it is interesting to compare the achieved
radial profile of 7z to that determined by a simple diffusive transport model in cylindrical
geometry with constant diffusion across the radius, dashed line on Figure 3.1. For this
model, we consider a steady state transport equation of the kind:

Vgq=S5 (3.9)
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where on the left hand side is the divergence of the heat flux ¢ and on the right hand
side the radial heat source S. We assume the heat flux to satisfy the diffusion equation
q = —DO0,E with £ the density of internal energy. The volume integral of £, of the heat
flux ¢ and of the heat source S correspond respectively to the internal energy W, the total
power loss P, and the total heating power added P, of the 1D diffusive system. Using
the transport equation (3.9) and the expression of the diffusive heat flux ¢ = —D0,€&,
these latter quantities can be derived from the radial shape of the source S only.

However, considering the definition of the energy confinement time 7, = W/ Py, the
simple 1D diffusive model with a constant D then yields:

W(r)

Do) = =5 w8 Wiy

(3.10)

Since the chosen simulation set-up is such that W(r,t) ~ Wy(r), namely such that the
departure from the initial internal energy profile is small, the right hand side of equation
(3.10) is determined by the chosen initial condition. Let us now define D(r) obtained by
comparing the radial profile of 7p and that of 7z, here approximated by (fg) as shown on

figure 3.1:
_ Drp(r) _ 1 W (r) (3.11)
TE(r) Te(T) r@T(%aTW(T))

The dashed line on figure 3.1 is the curve D7p(r) which does not depart significantly from
that of 75(r). As a consequence, the coefficient D is fairly constant over the whole radial
domain, with variations of the order of few percents between 0.2 < r/a < 0.8. It thus
appears that the internal energy profile chosen as initial condition and sustained during
the turbulent transport phase of the simulation is close to be consistent with a constant
diffusion process. One issue is then to evaluate what is the impact of the observed depar-
ture on the actual internal energy profile. Should this effect be small, the remaining issue
is how can a local ballistic heat transport, as observed in the simulations, translate into
a global homogeneous diffusive like behavior when coarse grained. Both these issues are
important, but require for a proper discussion to investigate a departure from the chosen
profiles, hence exploring the phase portrait when varying parameters such as the density
profile and the shape of the source term. This requires considerable simulation resources
both in computing time and analysis of the results. Without an a priori understanding of
the way to explore this parameter space, such a task was too challenging for the present
research effort.

D(r)

The energy confinement time in the experimental sense is computed considering the
entire plasma volume up to the last close flux surface, identified here in the position
r/a = 1. In the following we will refer to 75 as the time average value (tg) computed at
the radial location 7/a = 1. The error € on this measure is taken as the standard deviation
of the probability distribution in time at the same location. Given the normalization of
the code, the physical quantity we compute is already the dimensionless confinement time
normalized to the ion cyclotron frequency €2;7z. When extracting a single value of the
confinement time, the transport given by the 5-D gyrokinetic simulations is reduced to a
fully coarse grained 0-D model.
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3.2 Similarity of the steady states

Following the standard procedure used to address the empirical scaling laws for the con-
finement time, we express the energy confinement time as a power law of three dimen-
sionless parameters: the aspect ratio A = Ry/a, the plasma effective size expressed by
the parameter p, = p;/a and the plasma collisionality v,.

Oy = C A% p% 1o (3.12)

We compare simulations in which only one parameter is varied, all the others are kept
constant. To achieve the steady state condition, the source amplitude is changed to
compensate for the change in turbulent transport governed by the change in the control
parameter. An ideal situation is achieved when two difference but quite close values of the
source amplitude lead either to a slowly decreasing, respectively slowly increasing, internal
energy. One can then consider that a lower and upper bound of the energy confinement
time can be estimated from the data. As the data base is built-up, it is used to guide
the choice of the source amplitude, this feed-back procedure replacing the initial trial and
error steps. In particular, we perform the scan at constant internal energy value with
respect to the normalized radius p = r/a. All the simulations discussed in the following
converge towards the same steady state plasma pressure profile, close to the initial profile.
The latter is thus maintained for the whole duration of the simulation, approximately one
tenth of the energy confinement time. This condition is equivalent to having a constant
ratio between the internal energy and the integral of the source profile. To clarify this
point lest us use equation (3.4a) in steady state conditions.

_ Wipt) _ faV p(rt)ps
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Here the source profile is chosen such that S(p) = Sos(p) where s(p) is given. Provided
(p(r,t))rs. =~ p(p,t = 0). For the particular choice of the geometry, nest concentric flux
surfaces, the above expression can then be changed so that:

o Jao o (o)
~ a7 s = C5) (3.13D)

The function Cg(p) is a prescribed function of p = r/a that only depends on the chosen
conditions of this set of simulations. When considering a single point in the analysis,
namely p = 1, the product 755y is only determined by the constraint 755y = Cg, where
Cg is a given scalar such that Cp = Cg(p = 1).

(3.13a)

75(p)So

Changing the control parameters in the simulation, consequently 7z, must therefore be
balanced by a corresponding change of the source amplitude Sy to fulfill the condition of
equation (3.14).

Since the magnetic geometry is the same for all the simulations, with circular con-
centric magnetic surfaces, the parameters [, ¢, x are fixed for all the simulations in the
database. We evolve the single species of Deuterium ions with adiabatic electrons, there-
fore also the parameter M is the same for all simulations. The coefficient C' in equation
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3.12 includes the dependency on parameters that are not considered in this study.

A collection of points with errors (1 4 €)€2;7x and their coordinates in the parameter
space (A, p.,vs) is extracted from the simulations result as described in Section 3.1. We
compute the exponents a4, ), o, and the coefficient C' by standard linear regression on
the logarithm of equation 3.12, which is a linear equation of the form:

log(Qite) = log(C) + aalog(A) + alog(p.) + anlog(vy) (3.15)

A database of ~ 40 close to steady state simulations has been collected, costing an
amount of ~ 3 millions of cpu hours. Simulations are run with the same choice of initial
profiles, shown in figure 3.2. This set of profiles appears to be unstable for ITG turbulence
over the full radial range and lead to a turbulent regime that extends also all over the
poloidal section. The source term has a hyperbolic tangent radial shape which extends
typically between 0 < r/a < 0.4. At the radial outer boundary a poloidally symmetric
restoring force acts as heat sink and drives the distribution function to exponential plasma
profiles, namely standard profiles in the Scrape-Off Layer, enforcing a heat sink for r/a >
1.

Figure 3.2: Initial profiles for the simulation dataset: in solid line is the safety factor,
dotted line the density and dashed line the temperature.

3.2.1 Achieving steady state in flux driven simulations

Flux-Driven gyrokinetic global simulations use a heat source to build the plasma pressure
profile and let the turbulence evolve. The statistical steady state condition is reached
when all the profiles and consequently the internal energy fluctuate in the vicinity of a
mean value that can be determined by time averaging on times shorter than the energy
confinement time. As described in Section 2.3.1, one possible strategy to perform simu-
lations on time scales comparable to the confinement time is to initialize the simulations
directly close to the steady state. This can be obtained by tuning the initial profiles or the
source term in order to match the equilibrium condition. In practice, as detailed above,
only the source amplitude is changed between the simulations in the database.
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One can take advantage of the scaling properties of the system to determine new
equilibrium states: we scale the power source P of an already existent steady state simu-
lation, called reference hereafter, using the power law for the energy confinement time in
the parameter space as:

o v
Prow — (UTE)rer  Avef Pures Vire
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(3.16)

here the subscript ref and new refer to the reference simulation and the new equilibrium
state.

When in the new simulation the total internal energy calculated at r/a = 1 is found
to monotonically depart from the initial value, either increasing or decreasing, a further
simulation is run where the source power is corrected, slightly lowered, respectively in-
creased, accordingly. The equilibrium condition is reached whenever the total internal
energy on the system remains constant W(r/a = 1,t) = const, blue triangles in figure
3.3-left. The equilibrium state is also verified locally with the pressure profile (Figure
3.3). Therefore simulations are compared also by checking that the set of profiles, and in
particular that of the ion temperature, only exhibits a weak departure from the initial set

Finally we test the influence of the resolution by varying the numerical control param-
eter such as the time step and the number of points in §—direction. In most of the cases
it tends to show that a coarse discretization leads to overestimate the value of the con-
finement time -turbulent transport is less effective at low resolution. The best simulation
in terms of equilibrium state and numerical resolution is retained to build the scaling law.

W evolution T
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Figure 3.3: left— Procedure of heat source adjustment to reach steady state. right— The
pressure profile remains constant during the entire duration of the simulation.

3.2.2 The scaling law is used to find steady states

In a first stage, the parameters are scanned one by one. We initially perform the scan on
the following parameter range. For the aspect ratio, we scan the values A = [3.2,4.4, 6],
which extend from the usual values of existent machines 2.5 — 3.5 up to the high aspect
ratio values for machines such as WEST with A = 5 — 6. The collisionality is scanned
with three values v, = [0.004,0.02,0.1]. The reference value of collisionality v, = 0.02 is
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used when varying the other parameters. The scan of p, is performed with two different
values of the aspect ratio: for A = 4.4 we scan 1/p,. = [150, 190, 250, 380], for A = 6
the three points 1/p. = [190,250, 380]. One can notice at once that the range of values
for the aspect ratio is rather reduced, less than a factor two, comparable to that for p,.
Conversely, the range of values for v, varies by a factor 25. This set of values already
indicates that the most significant sensitivity of the confinement time has been obtained
on A and p,, with a reduced impact of v,.

The values of A, v, and p, determine three of the five free normalization constants.
Indeed, when the charge and mass are chosen, the gyrokinetic system solved by the GY-
SELA code depends the minor and major radius a and Ry, as well as on the normalization
of the magnetic field By, of the density ng and temperature Ty. Setting a value for the
aspect ratio A allows one to define the major radius from a. Then setting p, and nu,
constrains the parameters ng, Ty, By and a. Similarity properties indicate therefore that
each simulation represents a set of experiments where two engineering parameters can
be varied. In this framework, one can have in mind that the collisionality is used to
determine ny while p, determines a, hence the fact that p, is termed ”effective” plasma
size. The remaining "free” parameters are then T and By. However, the actual similarity
properties are not as stiff. Setting p, enforces that /Ty /(a By) is constant, which defines
a 3D surface in the 4D parameter space, while setting v, yields that nga/Tg is constant,
defining another 3D surface in the 4D parameter space. The intersection of these two 3D
surfaces defines the actual 2D parameter space described by a given simulation.

An initial estimation of the scaling law has been made to set the value of the power
source P. For the aspect ratio we have assumed a4 = 1, which results by assuming the
confinement time to be proportional to the parallel connection time ;7 = qAp; 1 The
collisionality scaling has been assumed on the basis of the experimental results of [43] in
which plasma discharges in JET and DIII-D Tokamaks are compared on the same plasma
profiles. We have assumed a,, = —0.14. Concerning the plasma size we have assumed a
Gyro-Bohm scaling a, = —3, which is also that observed in reference [43]. The reference
simulation was chosen in the GYSELA data base and corresponds to a simulation with
a long run such that a steady state was reached. The above guide line was then used
to generate new simulations, leading to a trial and error process, leading step by step to
corrected exponents for the scaling laws. This procedure of approaching the steady state
condition has been applied on these initial simulations as described in Section 3.2.1. Only
the simulations closest to steady state are used to define the scaling.

A good alignment of the points (1 & €)€;7z is obtained for all the scans (figures 3.4
and 3.5). A power law of the energy confinement time has been extracted depending on
each of the three parameters, one at a time (Black dots and dashed line in figures 3.4
and 3.5). When scaling one single parameter the linear regression procedure allows for
an evaluation of the error on the exponents a4, a,, o, and on the coefficient log(C) (see
Appendix B). The exponent resulting from this first scaling are:

as= 0.67+0.26 log(Cx) = 13.81 £ 0.39

a, = —0.13 £ 0.05 log(C,) = 14.36 + 0.19
Qpa=14 = —2.50 £ 0.21 log(Cpa4) =1.86 £1.09

apa—¢ = —2.81 20.36 log(Cp,6) = 0.269 + 1.97

(3.17)

At this stage of the analysis, the values of the coefficients log(C') are not of primary interest
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to determine the transport scaling properties, since they include the dependence on the
other parameters. They are anyhow reported in 3.17 for completeness. The resulting
exponent for the aspect ratio scaling is a bit lower than the initial guess, conversely the
collisionality exponent matches the initial guess. The error-bars of the two p, scaling

stand in the range between the so-called Bohm scaling o, = —2 and Gyro-Bohm one
a, = —3.
g.leb
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Figure 3.4: left— Aspect ratio scaling on linear-linear axis, the black dots and the dashed
line are the result of the first scaling with exponent a4 = 0.67 £ 0.26 as indicated in
the box, the red triangles are new steady state simulations obtained on the first scaling
law. Other parameters used in the simulations are 1/p, = 190 and v, = 0.02. The violet
diamond correspond to a simulation with low aspect ratio A = 2.2. right— Collisionality
scaling on double log axis, the exponent is o, = —0.13 £ 0.05 is indicated in the box.
Other simulation parameters are A = 4.4, 1/p, = 190

The set of exponents (3.17) can be used to run new steady state simulations. Given
1/p. = 190, v, = 0.02 on the one hand, and ay = 0.67 on the other hand, the source
amplitude has been scaled from the reference simulation A = 3.2, to cases with aspect
ratio values A = [3.8,5, 10]. Similarly, given A =6, v, = 0.02, and «, = —2.81 the source
amplitude has been scaled starting from the reference case 1/p, = 190, to the values
1/p. = [150,310]. The new points have been chosen in order to either interpolate the
scaling, yielding a new point between the original points, or to extrapolate the scaling
outside the initial parameter range. The new simulations (red triangles in figure 3.4 and
figure 3.5) monotonically depart from the equilibrium state. However, the internal energy
at r/a = 1 varies by less than one percent during the total simulation time (2 - 10°Q; ).
We thus consider the new simulations to be close enough to equilibrium to be included in
the data base used to determine the scaling laws. For both the aspect ratio and plasma
size scaling, the interpolation points within the initial range are aligned with the scaling.
Regarding the extrapolation cases to A = 10 and 1/p, = 150, the prediction of the initial
(dashed line) scaling underestimate the achieved confinement time. Possible reasons will
be discussed in the next Section. Adding the three new points to the aspect ratio scaling,
one finds the exponent vy = 0.84 £ 0.14, closer to the initial guess a4 = 1, the error-bar
overlapping with that of the previously determined a4 in the range (0.7,0.93).

The collected simulations in the data-base used to obtain the above results have also
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Figure 3.5: Plasma effective size scaling in double log scale for left— A = 4.4 and right—
A = 6. The black dots and dashed line are the results of the first scaling law, with
exponents a, = 2.50 £0.21 and «, = 2.81 £0.36 indicated in the boxes. The red triangle
are the new steady state simulations run considering o, = —2.7. The magenta solid line
indicates the slopes of the Bohm and Gyro-Bohm scaling laws. The two different slopes
interpolating the points for 1/p, < 190 and for 1/p, > 190 are shown on the figures.
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Figure 3.6: Multi-parameter scaling, black dots are all the simulations collected in all the
single parameter scans, red triangles are the two new simulations for which two parameters
are varied at the same time.
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been analyzed in terms of a multi-parameter scaling (figure 3.6) then following a pro-
cedure comparable to that used for the empirical multi-machine scaling. The resulting
exponents are within the error-bars of the single parameter scaling exponents, namely
ay = 0.88, 0, = —2.4,a, = —0.14. Using this multiple-parameter scaling, two more sim-
ulations have been run starting from the case A = 6,1/p, = 190, v, = 0.02 and changing
both A and p,. The two new simulations are run on the parameters A = 3.2, 1/p, = 450
and A =5, 1/p, = 350, they are found close to steady state and their confinement time
stands therefore close to the multi-parameter scaling prediction.

3.2.3 Interpretation of the scaling law exponents

The choice of the basis function upon which the collection of points is fitted is arbitrary[11].
A power law of the form 3.12 has been chosen historically to interpret the empirical data
on the confinement time. Possible motivations could be the simplicity of the function
and the resemblance with scalability properties in other fields of research, such as in the
fluid mechanics. In this paragraph we discuss then theoretical basis and validity of a
power law as the basis function for the three dimensionless dependencies of the energy
confinement time. Indeed, an implicit, but usually quite significant and important aspects
when addressing physical laws, expressing the variation of a physical quantity in terms
of a control parameter, is the status given to the point (0, 0), the origin of the graph. In
most cases, a linear dependence is considered so that the physical law is consistent with
the (0,0) point. The latter can then be regarded as belonging to the physical law with
no error bars. For a scaling law expressed in terms of a power law, the above remark is
crucial when discussing the sign of the exponent. For example, when the effective size
of the plasma is vanishing, 1/p, — 0T, one can expect the confinement time to be also
vanishing 7z — 07, the power law must then lead to asp < 0. However, with determining
the scaling law exponent in a log-log framework, the (0,0) point is sent to minus infinity,
and the fact that this point is assumed to be known with no uncertainty has no impact
on the result. Given the effort involved to obtain each data point and to estimate and
reduce the error bars, such a flaw in the procedure can be regarded as a critical point that
requires being fully addressed.

Aspect ratio dependence

A possible issue with the choice of a power law as the basis function for the plasma
confinement similarity properties can readily be addressed regarding the aspect ratio
parameter. By definition the aspect ratio is the ratio between the major and minor
radius of the torus and is thus greater than one. A power law of the confinement time
with a4 > 0 implicitly assumes that confinement vanishes at A = 0. However,since
A = Ry/a > 1, the point A = 0 does not exist. The origin cannot be used to constrain
the scaling law. Conversely, for as < 0 the point 1/A — 0+ must be discussed. In the
GYSELA simulations, both the initial guess of the energy confinement time scaling like
the parallel connection time Q;7 o< gAp; I and the obtained data are consistent with the
confinement time increasing with the aspect ratio, similar to the former case a4 > 0.
The power law function can then be considered to be an approximation of an exact
similarity property that only holds in a particular range of values of the control parameter.
This is clearly a weaker result than a power law fitting the full range of interest. To further
address this point, we have run two cases with aspect ratio smaller than 3.2, namely
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A =25 and A = 2.2. Reaching the same steady state condition as described in Section
3.2.1 for the low aspect ratio cases has proven more challenging: the total internal energy
does not depart monotonically from the equilibrium condition, but exhibits oscillations
around the initial value. Furthermore, the confinement enhancement in the plasma center
becomes large and governs a clear increase of the core temperature profile. Despite these
shortfalls with respect to the chosen steady state criteria, we have reported on figure 3.4
two simulations with low aspect ratio, retaining those for which the amplitude of the
internal energy oscillations remains within 1% of the initial value during the simulation
time. The points lay above the scaling, suggesting a smaller value of the exponent a4,
this trend is opposite to the high aspect ratio extrapolation to A = 10 that supports an
increase in the exponent a 4. Other simulations at low aspect ratio, also departing from
steady state, appear to support an increase of the confinement time as A is reduced below
3. One may not exclude the possibility that the slope of the energy confinement time
dependence on the aspect ratio could change sign, with a minimum around A ~ 3. To
support this idea we recall that in the reference empirical scaling for H-mode discharges
(Equation 3.1) the energy confinement time is found to depend on the inverse of the aspect
ratio Q;7p oc A70_ while the more recent analysis [40] starting from a subset of the same
experimental data base, indicates that the data can be consistent with a dependence of the
form Q75 oc A*'. The database of experimental data is biased towards the small aspect
ratio range typically 2 < A < 3.5. One can thus argue, in agreement with the GYSELA
data, that a change in dependence can occur around A =~ 3, separating a large aspect
ration behavior where confinement increases with A from the low aspect ratio branch
where confinement could also increases but with 1/A. In terms of physics, increasing the
aspect ratio tends to reduce the curvature and grad-B drifts, which are the generic drive
for turbulence in magnetic confinement. Insight into the mechanism that could drive a
reversal of the trend at small aspect ratio would help investigating this limit. It is to be
underlined that for the GYSELA simulations, at given profiles of the ion pressure and of
the safety factor, the magnetic shear is unchanged while the balance of plasma rotation
in the poloidal and toroidal direction can be sensitive to the aspect ratio.

Collisionality dependence

Concerning collisionality, the negative dependence of the energy confinement time could
be explained by two theoretical arguments. (i) An increased collisionality would increase
the collisional transport, hence reducing confinement. (i) The plasma collisionality is
known to enhance the ion turbulent transport by damping the zonal flows, non-linearly
generated by turbulence [26, 28]. These mechanisms are consistent with the trend ob-
served in the GYSELA simulations and supporting the asymptotic behavior 7z — 0+
for 1/v, — 0+. Conversely, the plasma collisionality is also known to prevent the forma-
tion of turbulent modes generated by the trapped electrons (TEM) because of electron
collisional detrapping [44]. This physics is not included in the GYSELA model used for
the present simulations since all electrons are assumed to exhibit an adiabatic response.
However, based of these considerations, one cannot theoretically exclude that at large col-
lisionality some form of turbulent stabilization occurs driving a non monotonic behavior.
This physics is usually considered to be the explanation for the so-called Alcator scaling,
a regime such that the confinement time increases with plasma density, hence as v, in-
creases, consequently with a, > 0. The monotonic behavior reported for the v, scaling
with GYSELA could be specific of the low collisionality regime, with possibly a reversal
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of the trend at high collisionality, when Trapped Electron Modes can be stabilized by
collisionality, prior to the large collisionality regime where collisional transport prevails
and the above argument leading to a,, < 0 should hold.

Plasma effective size dependence

The most relevant dependence of the energy confinement time resulting from the GYSELA
scaling corresponds as expected to the plasma effective size parameter p, with a power
close to 3. A simple model to describe the confinement time is to consider a homogeneous
transport model. We shall consider here two cases: a diffusive model with diffusion
coefficient D and a ballistic model with transport coefficient V. We then assume that
these transport coefficients are determined by a local step for the ion radial transport
A, and a local time scale 7, so that D = A\?/7. and V = \./7.. The confinement time
is then the global characteristic time of heat transport on the scale a, the minor radius,
given the transport process governed by the local properties. Hence for the two proposed
mechanisms:

D a®  a?
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In the experimental observation of turbulence as well as in the simulation work one has
found that the ion Larmor radius p; is a key scale. To take this information into account
we thus introduce A\, = p;F. A common expression for the confinement time can then be
written:

Q7. (3.19a)

with n = 2 for diffusive transport and n = 1 for ballistic transport. Regarding the
characteristic time, we have introduced two typical times, the parallel connection time
7] o« ¢ A a/vy, and the interchange growth rate -y, for a case well above the threshold,
such that 1/y o VA a/vy,. One can then consider a dependence of 7, of the form
Q1. = q A™ F,/p., with m = 1, respectively m = 1/2 when considering that the local
mechanism is governed by the parallel time scale or the interchange growth rate. The
scaling law for the energy confinement time can then be written as:

1 qgA™F.
Pt Ry

Qi = (3.19b)
Assuming that the two dimensionless functions F) and F, exhibit no dependence on
p«, one then finds that o, = —(n + 1). The so-called gyro-Bohm regime o, = —3
would then correspond to diffusive transport, while the Bohm transport regime a, = —2
would correspond to ballistic transport. Comparing expression (3.19b) to the proposed
scaling (3.17), one finds that the global behavior suggest that the relevant time scale
stands between the interchange and the parallel characteristic times, while the length
scale points towards a transport process between ballistic and diffusive, also referred to as
super-diffusive in the literature. A means to introduce such strange transport behavior is
to allow the exponent n in the expression (3.19b) to take arbitrary values between 1 and
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2 reflecting transport processes that behave between Levi flights, our ballistic transport
limit, and diffusion. The alternative is to assume that the characteristic transport scale
also depends on the global scale a, hence Fy o p7~!, leading to an increase with p; for
n > 0 as well as an increase with a for n < 1, which is unfavorable regarding confinement
performance, conversely a decrease with a for n > 1, which is favorable for confinement
performance. Let us now define A, = \/a, so that A\, o plF) so that the generalized
expression of the confinement time is of the form:

1 gA™F;
Qitp = W R (3.20a)
The power law dependence is therefore such that:
a, = —(nn+1) (3.20b)

Allowing for two free parameters, with a single constraint, only specifies the relationship

Figure 3.7: Phase portrait of the transport properties. The index n characterizes the
transport law, n = 1 corresponds to ballistic transport and n = 2 to diffusion. The
index n takes into account the impact of the global scale on the turbulence characteristic
scale, 0 < < 1, n = 1 is the limit with no impact of the global scale. The shadowed
regions corresponds scaling laws lying between Bohm (B) and gyro-Bohm (GB) scaling.
For n < 1 the correlation length increases with device size, darker gray, while for n > 1 the
correlation length decreases with device size, lighter gray. Left Lines of constant scaling
law exponent «, are determined by the relation n 7 = —1 — «,. Right Lines of constant
scaling law exponent «, are determined by the relation n n = —0.83 — «,,.

(3.20b) between n ans 7. Given the constraint —3 < «a, < —2 the exponents 1 and n
must therefore verify 1 < nn < 2. When |a,| — 37, the range of possible values of n
converges towards 2 while 7 converges towards 1. Consequently, in the gyro-Bohm limit,
when one constrains 1 < 1, only diffusive transport with no impact of the global scale on
the turbulence characteristic scale is possible (n = 1), figure 3.7 Light Hand Side. The
previous discussion is based on the assumption that ;7. scales like p;! which translates
into the ”1” contribution of equation (3.20b). Should ;7. scale differently would lead to
a shift of the curve a, = constant, as on figure 3.7 Right Hand Side where ;7. o p, 0%

*
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is considered. One can notice that in this case, when assuming n < 1, the p, scaling
law for A = 6 becomes marginal ant requires both diffusive transport, n — 2, with no
dependence of the turbulence characteristic scale A\ on the global scale a, n — 17. The
weaker the dependence of €2;7,. on p,, the more one can expect transport to depart from
the gyro-Bohm limit. The constraint n < 1 that we have addressed, dark gray region in
figure 3.7, narrows the parameter space. Conversely allowing for a stabilizing effect of the
global scale a, n > 1, light gray region in figure 3.7, provides a renewed perspective to
address the transport properties.

When considering a vanishing plasma volume, a — 0, the confinement time should
vanish 75 — 0, hence a power law with a, < 0 is a suitable basis function to interpret
the p, dependence of the energy confinement time. However, in previously published re-
sults of numerical simulations [45, 46, 47] the scaling law of the effective local diffusion
coefficient is observed to change slope with p,. A transition from Bohm, exponent —2, to
Gyro-Bohm, exponent —3, scaling is reported for 1/p, > 300. Regarding the GYSELA
confinement time scaling with the plasma effective size (figure 3.5), one can question the
existence of two different regimes, with a possible transition at 1/p, = 190. Indeed, one
finds that the first slope from 1/p, = 150 to 1/p, = 190 is close to 1, smaller than the
Bohm scaling. Conversely, for 1/p, > 190 a regime closer to the Gyro-Bohm behavior,
is readily observed. The eventual change in behavior reported here is not as clear as in
previous GYSELA simulations [47]. In particular, the possible transition does not seem
to occur at the same value of p,. One possible reason for this change in behavior is the
fact that the present global simulations is different from the annulus geometry used in
[47], this setting being closer to a flux-tube setting that is mostly used when addressing
the p, dependence of confinement. Further analysis and simulations are still needed to
address this issue.

Multi-parameter scaling, parameter interplay and summary

When considering the multi-parameter scaling, the points appear to be better aligned
according to the scaling law. This can be governed by hidden compensation effects
between the departures from the power -law scaling for each control parameter. The
multi-parameter scaling then appears to be rather appropriate, while the single parame-
ter scaling gives evidence that a scaling law behavior can be misleading.

The scaling laws that have been determined prove to be effective when looking for a
new steady states obtained when changing the control parameters. However, it is unclear
that the power law behavior that has been recovered does hold with precision for the whole
range of interest of the different control parameters. It is quite possible that scaling laws
with the accuracy required for the design of reactors are out of reach because the power
law form is a too crude assumption.
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3.3 Similarity properties at global and micro scales:
breaking the paradigm

Dependence on p,

In this Section we address the comparison between global and local scaling laws for the
energy confinement time. In the local point of view, the energy confinement time is given
by the previously computed expression (3.20a).

We compute the local correlation functions for the time and spatial evolution of the
electric potential fluctuations ¢ with the following expressions:

(B + tug) (
e

Ctiag) = ) C(riag) =
VOOt + by
The terms in angle brackets in equation (3.21) are averaged over a time interval 0t =
5% 10301 ¢ corresponds to the fluctuations of the electric potential with respect to its
time average over the considered time interval 6¢t. To compute the correlation functions a
poloidal cut of the electric potential fluctuations resulting from GYSELA simulations at an
arbitrary toroidal location has been used. The correlation time and the radial correlation
length correspond to the values 7,4 and t;,, for which C(7,,) = 0.5 and C(t;44) = 0.5.
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Figure 3.8: Left: Profile of the correlation length A\, = A./a for A = 6 and two values of
Px; P« = 1/190 blue curve head down open triangles, and p, = 1/380 black curve head up
open triangles. It is possible to match the two curves by scaling down the p, = 1/190 data
provided the correlation length is considered to scale as \, o< p1-°®°, blue curve, closed head
down triangles. Right Correlation time €2;7, profile for the same set of simulations. The
correlation time for p, = 1/380 (black curve head up open triangles) is scaled down to the
profile for p, = 1/190 (blue curve, head down open triangles) assuming that ;7. oc p; %83,
black curve, head up closed triangles.

We find that the radial correlation length scales as the local ion Larmor radius but
with a power 1.585 (Figure 3.8, left hand side), hence a stronger dependence than found
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in [32], where A\. o p; is reported. Two reasons could explain the difference, first the
chosen aspect ratio, A = 6 here and A =~ 3 in [32], second the data plotted on Figure 3.8
is that at the midplane while that in [32] is averaged poloidally.

Regarding the data for the confinement time 7., Figure 3.8 right hand side, one
finds that the profiles for the two values of p, match approximately with the scaling
Q7. o< p; 083, This is less than the expected scaling in 1/p. and corresponds to the plot
on Figure (3.7) right hand side. Regarding this plot, the scaling of the correlation length
determines n = 1.585, so that given a, = 2.81, one finds that the exponent characterizing
the transport "strangeness” n = 1.25, as indicated on Figure 3.8 right hand side. The
local analysis indicates therefore that the transport is close to ballistic (n = 1), which is
expected since avalanche transport is observed in the GYSELA simulations (as well as
with other global code, ORB5, GT5D), but that the global scale a has a rather strong
effect in reducing the correlation length n = 1.585 > 1, hence improving confinement
performance. The unfavorable trend of ballistic transport thus seems to be balanced by
the correlation length decrease with increasing plasma minor radius a, the global scale,
so that transport at aspect ratio A = 6 exhibits a confinement time scaling close to gyro-
Bohm.

We find therefore that the p, dependence the present analysis yields a consistent
picture between the local dependence, that of A\, and €2;7., and the global dependence,
that of 75. However, it is to be underlined that the number of constraints is the same
as the number of unknowns so that a match is a priori always possible. In fact the
consistency holds mostly because the obtained values agree with the turbulence physics
that are observed in the simulations.

Dependence on A

The aspect ratio has been found to be the second most important parameter after p..
We analyze therefore the correlation length and correlation time dependence on A. A
striking result on Figure 3.9 left hand side, is that the correlation time does not exhibit
any dependence on aspect ratio A. Similarly, but perhaps not as clearly, on finds that the
correlation length does not exhibit a marked dependence on A. An important result that
emerges from this evidence is that the local turbulence properties cannot account for the
dependence of the energy confinement time on the aspect ratio. This result can be un-
derstood in two ways: first, an equation of the form (3.20a) is not appropriate to describe
the energy confinement time scaling and other features must be introduced in the model
to bridge local and global properties. Second, it indicates that the global properties are
not completely determined by the turbulent scale properties, and, therefore, that physi-
cal mechanisms at intermediate scales, the meso-scales, play a role and must be identified.

In the analysis of the dependence on the aspect ratio we have discussed this property in
terms of the role of various characteristic times, the growth time well above the threshold
% /vp o< pi/sqrtA, or the parallel connection time ;7 o< p,/A. However, wen computing
the actual growth rate, one finds that is in fact driven by a combination od these two time
scales with v = v, — 0/7) since damping processes are found to be governed by parallel
transport. Consequently one finds that ;/+ is not a power law in terms of the aspect
ratio, /7 oc p7(1/V/A — oy/A)~'. The latter equation implies that A > A, which
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Figure 3.9: Radial profile of turbulence correlation time and length for aspect ratio and
plasma size scaling. The curves are averaged in time, the standard deviation on the time
evolution is in shadows, at the poloidal position § = 0. The time average is performed on
a time window of 10°Q2; . The scan in p, is performed at aspect ratio A = 6

stems from v, > o /7, hence a regime with linearly unstable interchange turbulence. One
thus obtains:

Q VA 1 A A/A
JE— “ pu—
Y Px 1—\/AH/A Px \/A/A”—l

Assuming that ;7. oc Q;/7 one then obtains for A > Ay: Q7. o< \/A/A|/px, hence
increases like A2, while ;7. exhibits a minimum for A = 4A). Although the actual
scaling properties of such a model do not much quantitatively the scaling law for the
confinement time, that qualitative behavior could give the appropriate understanding of
the dependence on the aspect ratio.

(3.22)

3.4 Summary and discussion

A scaling law for the energy confinement time has been extracted from GYSELA global
and flux-driven simulations of ion turbulent transport in the core plasma. The scaling
law is recovered in function of the three parameter aspect ratio, plasma size and plasma
collisionality, keeping all the other parameters constant between the simulations. The GY-
SELA scaling has proven efficient in predicting new equilibrium states of the numerical
simulations. This result may indicate that similarity holds for the turbulent transport in
the core of tokamak plasmas. The choice of a power law to interpret the dependence of the
confinement time on the parameters has been questioned concerning the three parameters
under investigation. The existence of the GYSELA scaling law sets the ground for com-
parison between different models: between local and global models, as a benchmark test
between similar codes with different numerical scheme, between models accounting for the
effect of different phenomena implemented such as electron turbulence, electromagnetic
effects or boundary conditions.

The transport properties have been investigated in the local framework of the mixing
length theory. When scaling the correlation time of turbulent fluctuations we do not
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recover the same scaling as the energy confinement time with the aspect ratio and plasma
size parameters. This result would suggest to question the accuracy of local models when
describing the global evolution of the system through the confinement time parameter.

A further discussion pointed out by the results obtained in this chapter concerns the
possibility to define a uniform transport model on the entire plasma volume. In section
3.1 it has been shown that the definition of a unique diffusion coefficient can interpret the
radial shape of the fully coarse grained energy confinement time resulting from GYSELA
steady state simulations. However this property is lost when reducing the coarse graining,
that is when including the detailed time evolution of the system governed by turbulence.
Also, the definition of a transport coefficient in terms of the correlation length and time
of turbulence does not lead to a constant and uniform result over the plasma volume.

Several assumptions of the GYSELA model used in this work could limit the direct
comparison with the experiments. The first concerns the adiabatic electrons limit. In
our simulations only the ion temperature gradient turbulence is modeled. However it
has been shown in local gyrokinetic simulations that electron driven modes could affect
the transport properties [48]. However the trapped electron mode is stabilized at high
collisionality so that the GYSELA scaling results anyhow appropriate at high collisionality
regime.

In the electrostatic limit, hence without driving the electromagnetic effects that de-
pends on the plasma f it is not relevant to address ( scaling. Concerning this argument
the experimental work of [43], comparable to our work since it compares the plasma shots
with the same local profiles, finds no 8 dependence of the energy confinement time. This
result has been confirmed by a more recent work [40]. However the discussion is not closed
and the § dependence should also be addressed with GYSELA simulations. To test this
dependence, a new scaling law could be build on a different value of the internal energy
content by modifying the initial profiles. The main difficulty would be represented by the
seek of the reference equilibrium state for the new profiles. One could begin this study
by investigating the effect of a different initial pressure profile which leads to the same
internal energy content. This would bring insight into the role of profile corrugations on
the global transport regime.

The last limitation of this study concerns the boundary conditions. Those used here are
a simplification that tends to reduce turbulence. It has been observed in experiments[10]
that under some conditions, the spontaneous formation of a transport barrier at the
interface between confined and open field lines region of the plasma leads to an improved
confinement regime, the H-mode. Typically, the transport in H-mode discharges exhibits
a gyro-Bohm like scaling with the plasma size similar to the one recovered in GYSELA
for 1/p, > 190. However the simulation profiles are not characterized by a pedestal in
the vicinity of r/a = 1 and the turbulent regime is extended all over the poloidal section.
The behavior of the scaling in presence of more realistic boundary conditions remains to
be tested.
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Chapter 4

GYSELA with an immersed
boundary limiter: the effect of a
poloidally localized cold spot

The tokamak magnetic configuration aims at confining plasma in a toroidal volume. How-
ever, Some form of transfer, hence effective interaction from the plasma to the wall is
both unavoidable and necessary for steady state operation. This exchange can be me-
diated by non-charged particles, neutrons if fusion reaction s are considered, photons or
neutral atoms and molecules. However, in the present work dedicated to heat transport
we address actual plasma-wall interaction. Two main configurations are mostly used to
organize this interaction: limiter and axisymmetric divertor. A major challenge for such
components is the heat transfer out of the plasma. In such configurations the plasma
volume is usually divided into two regions: the confined core, where magnetic field lines
are closed in the plasma volume and is also called "closed field lines” region and the
external Scrape-Off Layer (SOL), where magnetic field lines intersect the machine wall,
alternatively "open field lines” region. There, transport towards the wall can occur in
the direction parallel to the magnetic field lines and the heat is transferred to the wall
component in the same direction. In the SOL, therefore, parallel and transverse transport
compete and confinement is strongly reduced. In this chapter we implement a simplified
version of the plasma-wall interaction physics in GYSELA, introducing a limiter shaped
heat sink with a dedicated penalization technique. We verify that the poloidal asymmetry
of the sink induces parallel transport in the SOL region by the parallel propagation of
a cold front in the phase space. Regarding the particle transport, we describe how the
cold limiter acts by a mechanism akin to condensation as a particle attractor both in the
parallel and perpendicular directions.

4.1 Penalized limiter geometry for the heat sink

The presence of the wall in GYSELA is modeled with an immersed boundary technique.
Many Immersed Boundary Models (IBM) have already been developed mainly in compu-
tational fluid dynamics [49]. These techniques allow to simulate flows within boundaries,
where the shape of the boundary does not conform with the numerical grid of the code.
In general, a forcing term is localized within the immersed boundary and modifies the
physics simulated in that region. The implementation of an immersed boundary with
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a penalization technique has also been explored in fluid codes for plasma turbulence to
model the plasma-wall interaction [50, 51, 52].

4.1.1 GYSELA limiter configuration

We apply the penalization approach in GYSELA to implement a poloidally and toroidally
symmetric first wall region together with a toroidally symmetric limiter which protrudes
from the wall into the plasma chamber with a finite radial and poloidal extent. It is to
be underlined that the choice of axisymmetric geometries is not governed by a limitation
of the penalization technique but because it is consistent with a key symmetry of the
tokamak configuration. It is also to be underlined that the chosen limiter has a finite
poloidal extent so that transverse fluxes onto the limiter front face participate to the
boundary conditions.

Q)fl’ MLIM(T', 9) Q)(p MSOL(T')

o MWALL (7,.)

@

Figure 4.1: The three masks used in the penalization technique to define different regions
of the numerical domain.

The different regions of the plasma chamber are defined using mask functions. These
select particular regions of the numerical domain. The mask function can take values
between 0, for a location outside the chosen region, and 1, for a location inside the chosen
region. This technique is versatile: many different geometries of the boundary can be
implemented by simply changing the shape of the mask, while the magnetic configuration
remains unchanged. In the present work with GYSELA we combine three different mask
functions, shown on figure 4.1. The geometrical configuration of the immersed boundary
is essentially defined by the mask ML'™(r ) in the poloidal plane, where the shape of
both the first wall and the axisymmetric limiter is drawn, resembling the geometry of Tore
Supra [53]. The last closed flux surface, or separatriz, is the magnetic surface tangent to
the limiter. In this configuration, the impact angle of the magnetic field lines on the limiter
and the connection length change with the radial location in the SOL, since the limiter
surface is flat. This condition can easily be modified by changing the limiter shape. Also
the poloidal position of the limiter and its extent are arbitrary chosen. The remaining two
masks are defined only in the radial direction, M““%(r) defines the whole region outside
the separatrix and M"WALL(r) the first wall region only. These three masks are combined
to identify different physical regions in the numerical domain, summarized in table 4.1.
From the technical point of view let us remark that the masks should only be added or
subtracted when selecting the different regions in order to control this transition.

52



Physical regions Combination of masks
Confined plasma 1 — M5OF
Scrape-Off Layer plasma MSOL _ pfEIM
All plasma 1 — MEM
Wall only MWALL
Limiter only MEIM _ \fWALL

Table 4.1: Definition of the physical regions in the numerical domain of GYSELA with
corresponding mask functions.

The transition between 0 to 1 of the mask functions is supposed to be as sharp as pos-
sible, while being continuous to avoid numerical issues with the discontinuity. In practice,
we chose as transition function a hyperbolic tangent with finite stiffness. On Figure 4.2
are shown a radial and poloidal cut of the masks. Typically, the transition region covers
~ bp; over at least 10 grid points. The smoothness of the transition region is particu-

1 1
0 0
00 02 04 06 08 10 12 0.0 05 s >0

p=ria 6in

Figure 4.2: On the left the radial M9 (r) with transition at p = 1, empty dots, and
MWALL (1) with transition at p = 1.2. On the right a cut in poloidal direction of MM
at p = 1.05. The transition region from 0 to 1 spans over 10 grid points at least.

larly important with respect to the interpolation schemes that are used in the code, and
the issue of oscillation generation is the vicinity of discontinuities. Such oscillations have
been observed is some simulations. Cubic splines are the main interpolation scheme in
GYSELA and these should not generate the so-called Runge oscillations by construction.
The issue might be governed by Fourier filtering in the Poisson equation, in particular
associated to the use the ”aligned coordinates” option. Such filtering would then generate
Gibbs oscillations, see Figure 4.3. The Gibbs oscillations depend on both on the number
of points in the transition region and on the strength of the filtering. For the filtered data
on Figure 4.3, the transition extends over five grid points and two thirds of the modes are
filtered out to enhance the Gibbs oscillation phenomenon. The limiter boundary inter-
sects by definition the field lines and introduce therefore a sharp gradient in the parallel
direction. This aspect of the boundary is in conflict with the assumption that backs the
use of aligned coordinates. From a broader perspective, at the plasma-limiter interface
several assumptions that back our model are not fulfilled, quasi-neutrality, but also some
aspects of the gyrokinetic ordering. A comprehensive investigation of the impact of these
shortfalls will require a specific effort, most likely backed by a full f, two species, 6D
kinetic code. In the present work, we only consider among these issues the signature in
terms of Gibbs oscillations. Due to the chosen shape of the limiter in the GYSELA sim-
ulation that have been performed, the transition region is orthogonal to the z-direction.
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Figure 4.3: For a periodic and symmetric mask function fg., function of x,plain black
line, right hand side axis, Fourier filtering generates the departure Jf from the input
function, plain blue curve and right hand side axis. These Gibbs oscillations governed
by a sinus cardinal spectrum tend to propagate to the whole domain when the transition
region is too narrow or the filtering too strong.

Let 0N, be the extent of the transition region in number of points, the extent in the
poloidal direction is then typically 6Ny ~ NgdN,|sin(0;)|/(27N,.). For Ny = 2N,, this
yields 0Ny ~ |sin(6.)|0N, /7. Here 0 is the characteristic angle of the poloidal potion
where the magnetic surface of interest intersects the transition layer, which depends on
the chosen radius. One thus finds that Ny < 0N, /7, hence with 0N, = 10. The tran-
sition layer will extend over at most 3 points for the resolution chosen in this example.
Improving this matter requires that one increases the ratio Ny/N, or the ratio dN,/N,.
To illustrate this issue we consider two simulations, one with ”aligned coordinates” and
strong filtering and the other with standard coordinates and reduced filtering. The latter
case is illustrated on Figure 4.4, left hand side plot. The poloidal variation of the GY-
SELA computed electric potential at step 0, ¢, hence prior to the evolution is compared
to the expected shape ¢y determined using the penalization constraints. Both potential
are normalized and vary between zero, the constrained value in the limiter, and one in
the plasma. The chosen normalized radius is p = 1.05, and Ny = 512. The poloidal angle
is labeled by the poloidal index i¢. The limiter is centered on ¢ = 360, and, for the
chosen value of p is characterized by a width of 35.15 and extent of the transition region
of 1.2. The maximum poloidal mode is 256 and Fourier filtering is made with a threshold
at poloidal mode number 100. Gibbs oscillations with typical relative amplitude up to
5 % are observed both in the plasma and limiter regions. The same simulation has been
run using the so-called ”aligned-coordinate” calculation of the parallel gradient where all
modes above 50 are filtered out, Figure 4.4, right hand side plot. The departure of the
GYSELA solution ¢¢g from the prescribed shape ¢g, normalized as previously, is plotted
versus the poloidal index. Only the Gibbs oscillations appear, plain black curve. These
are compared to an analytical reconstruction with tanh shape and otherwise identical
parameters, this leads to the plain blue curve. The shape of the solution of the Poisson
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Figure 4.4: Gibbs oscillations of the electrostatic potential from the GYSELA output,
here at initial time to. Left hand side, GYSELA determined potential ¢¢ (black curve) at
the limiter compared to the shape of the mask ¢q (blue curve) versus the poloidal index
ig for the standard coordinate simulation. Right hand side, Gibbs oscillations d¢ (black
curve) for the "aligned coordinate case”, compared to an analytical expression computed
for the mask function M (blue curve) versus the poloidal index.

equation is thus found to quite similar to that of the mask function. One finds in this
case that the Gibbs oscillation nearly reach 20 % and are therefore visible in the output
data.

The existence of such a transition region can also be an issue regarding the physics that
are generated since such a region is characterized by a varying amplitude of the penal-
ization process. As a consequence, within the transition region, both the plasma and
boundary physics are at play, each with varying weight. The transition region thus ap-
pears as a gray zone without straightforward interpretation. Although it is a known
drawback of the penalization technique, that one aims at reducing by increasing the reso-
lution at constant number of points in the transition region, it can be of interest when one
keeps in mind that the geometry of the actual plasma facing components departs from
the simplified picture one can have, by design, actual positioning in the machine, aging,
as well as uncontrolled departure from the ideal magnetic equilibrium, due to ripple for
instance, that can be understood as a change in the shape of the plasma facing component.

Finally, the restoring force that is applied in the penalized regions also acts to damp the
fluctuations which does provides appropriate boundary conditions at the outermost radius
of the simulation domain in the Wall region.

4.1.2 GYSELA heat sink

In flux-driven simulations, and in order to achieve steady state conditions, the radial
outer boundary must take the role of a heat sink that on average in time will absorb the
heat transported from the source region to the outer-parts of the plasma. The GYSELA
heat sink is implemented with a Krook-type restoring force at the right hand side of
the gyrokinetic equation, localized within the immersed boundary. For convenience, we
prescribe different penalization processes in the limiter and wall volumes. However, both

95



restoring forces takes the same generic form:
—uM (1, 6)(f — g) (4.1)

This term is characterized by three parameters: (i) the restoring force strength v de-
termines how fast the distribution function f relaxes towards the target distribution g
with respect to its time evolution. We apply an infinite restoring force v — oo with the
numerical technique described in Appendix C (4) The mask function MM restricts the
action of the restoring force to the limiter shaped boundary region. Finally (iii) the target
distribution ¢ is a Maxwellian in normalized velocity space at low temperature so that
the restoring force acts as a heat sink.

g= Ntarget e—%(vﬁ-‘ruB)/TWALL (4.2)

(27 Twars) G

The target Maxwellian g is characterized by two parameters: the wall thermal energy
Twarr and the density ny,qqe:. These are constrained by the model. Regarding the wall
temperature, one finds that a global code like GYSELA with a single patch for the nor-
malization of the thermal velocity must meet two requirements. Indeed the number of
grid points in both the parallel direction and in the transverse direction must be chosen to
ensure an accurate calculation of the density. Regarding the plasma center, with thermal
energy usually larger than the normalization value, one must choose in a proper way the
upper and lower bounds of the velocity mesh. Conversely, at the wall boundary, the wall
thermal energy is constrained by velocity mesh: a too narrow Maxwellian would extend
on too few grid points for a accurate calculation of the density. For a typical grid (v, u) of
(128, 32) points, the relative error on the velocity integration with Simpson scheme (figure
4.5) is smaller than 10~2 when the dimensionless thermal energy T ranges between 0.05
and 3. When considering the low temperature range, the error is inversely proportional
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Figure 4.5: Relative error on the calculation of the velocity integral of a Maxwellian
distribution with a Simpson integration scheme, in function of the temperature of the
Maxwellian for different velocity grid size. In colors the error for different number of
grid points, the markers indicate the maximum size of the velocity axis. The calculation
is performed for a Maxwellian in the perpendicular velocity, the other direction being
equivalent.

both to the number of grid points and to maximum velocity value, since for a reduced
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maximum velocity the mesh step is smaller providing a more accurate description of the
narrow Maxwellian distribution. Conversely for the high temperature range, reducing the
maximum velocity tends to cut out part of the Maxwellian tail that contributes signifi-
cantly to the velocity integral, thus increasing the error, while the number of grid points
in the chosen range has little impact. In general, we set the wall temperature to be ~ 10
times smaller than that of the core plasma. It is approximately half of the temperature
at the separatrix.

The constraint on the choice of the target density n44rger is governed by particle con-
servation and boundary stability issues. In practice, particle transport is not impeded
across the immersed boundary. When considering particle balance for the gyro center
density nge one obtains:

Oinge + div-Tae = —vM"™ (nge — nyarget) (4.3a)

no — / F (a0 0 s £) Jucdoydy (4.3D)

where the Jacobian J, is defined by J, = 2n B /m and where f is the gyro-center distri-
bution function solution of the Vlasov equation. The gyro-center particle flux I'ge will
be further discussed elsewhere. The important aspect is that it appears via a divergence
operator div, which ensures the conservation properties. Unless nq,ge¢ 18 constrained
to nge, the right hand side contribution will act as a source term. Consistently, in the
limiter region we set at each step of the evolution process n4rget = nac. This appropriate
constraint does ensure however numerical stability since the density can evolve in an un-
controlled way, for instance due to numerical errors. To control such a potential runaway
process, the wall initial density is chosen as target density in the wall region. Any particle
influx into that region will then break particle balance and impact the electric potential
in that region. The rational for this choice is (i) the density and fluxes in that region are
small, thus minimizing the particle imbalance, (ii) the spurious electric fields should only
distort the physics in that region, which is by definition not relevant being inside the wall
immersed boundary. The trade-off presented here will be further discussed in view of the
simulation results.

As for the particle conservation, one can address energy transport with the normalized
second moment balance equations. The restoring force 4.1 is then shown to yield a perfect
heat sink in the limit v — oo. Let Eg¢ stand for the the second moment of the gyro-center
distribution, hence:

Eae = /f(XGC’7 vl 1) <%Uﬁ ™ “B> dvydp (4.4a)

One can then show that the restoring force term yields:

—vM(r,0) /_+Oo(f — g)v*dv = —2vM(r,0)(Ecc — Erarget) (4.4b)

o0

where Eiqrger is the internal energy associated to the distribution function g, by construc-
tion of g this is purely thermal energy. In the limiter region, the densities that appear in
both Eqc and E4pger are the same. Defining the energy per particle as Tao = Eqe/nae
and Twarr = Erarget/Nce, one finds that the energy loss governed by the restoring force
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is proportional to v(Tgc — Twarr)- Since as initial condition we have Tgo > Twarr and
since the system only has a volumetric energy source in the core and heat loss via the
restoring force in the limiter, one readily expects that the initial inequality holds at all
times. Setting v — 400 then ensures that the limiter is a perfect thermal sink since it
will accommodate any energy influx and remain at constant temperature.

4.2 Heat transport: the limiter induces parallel trans-
port in the SOL

In this section we verify that the penalized heat sink described in the previous section
4.1.2 drives a transient parallel heat transport in the SOL region. In that respect, the
poloidal asymmetry given to the mask is crucial since it creates the plasma layer, namely
the SOL, in which the magnetic field lines close inside the cold immersed boundary. When
initializing and enforcing a cold spot inside a poloidally homogeneous plasma domain we
expect the propagation of a cold front along the parallel direction, which progressively
cools the whole SOL towards the limiter temperature. This front can be seen as a 5D
structure defining an interface propagating mostly in the parallel direction in the non-
turbulent regime.

4.2.1 1-D 1-V analytical model: propagation of a cold front in
phase space

The propagation of the cold front is first analyzed in a simplified linear advection model

in the 1-D, 1-V phase space. We follow the motion of a single species along the magnetic

field lines, identified by the coordinate z. We neglect all forces acting on the particles,

except for that yielding the restoring force within the penalization region. The normalized
evolution equation for the distribution function in phase space (x,v) then reads:

O f(x,v,t) = =00, f(x,v,t) — vM(x) (f(m, v, t) — g(x,v)) (4.5)

The first term on the right hand side corresponds to the advection along the field line, the

0 o L_w()L
T

Figure 4.6: Mask function used in the simplified 1-D, 1-V model.

second to the restoring force. The periodic spatial domain is set to be 0 < x < L in the
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parallel direction. The limiter, of width 2z, is placed half at the left edge and half at the
right edge of the domain in the plot of the mask function M (x) on figure 4.6. The plasma
region extends between xy < x < L — xy. The target distribution function using the
normalized phase space coordinates is n(z, t)gc(v) where go(v) = exp(—v?/2T¢) /27 Tc.
The normalized thermal velocity off the cold distribution functiony/7T and n(x,t) is the
local density defined by the O-moment [ f(z,v,¢)dv. The first moment of g is equal to
zero by symmetry, while the second moment is n(xz,t) [ g(v)v*dv2&c = n(x,t)Te.

Let T'(z,t) = [ f(z,v,t)vdv be the particle flux, £(z,t) = 5 [ f(z,v,t)v*dv = 111 the
energy density, and Q = % J fvPdv the energy flux, then, given 4.5, the system satisfies
the following equations:

on(x,t) 4+ 0, (z,t) =0 (4.6a)
oz, t) + 0,1(x,t) = —vM ()l (4.6b)
KE(x,t) + 0,Q(z,t) = —vM(x)(E — &) (4.6¢)

The distribution function is initialized to be hot, namely at the reference thermal velocity,
f(z,b,t =0) = gg(v) = exp(—v?/2)/+/27 in the plasma region and cold f(x,b,t =0) =
gc(v) in the limiter region,

f(x,0,t=0) = folz,v) = nugn(v)(1 = M(x)) + nego(v)M(x) (4.7)

Here npy,ne are chosen initial densities. Starting from homogeneous density one then
sets ng = nc = 1. The normalized thermal energy T¢ is assumed smaller than the 1, as
required for a cold spot, and set here to T = 0.4.

Advection in the phase space

Inside the plasma region, the mask is equal to zero and no force is acting on the system.
The trajectory is a uniform motion at constant velocity:

dx dv
I A 4.
a- ' @ (4.8)

The evolution of the system is determined by the initial state fo(z,v):

f(z,v,t) = fo(z — vt,v) (4.9)

The initial fy is shifted in space on the distance vt. Each point of the velocity space is
decoupled from the others and follows its own motion at velocity v. Let us first consider
the case without the restoring force, hence the free propagation of the initial conditions.
Two fronts are thus generated in phase space (x,v), one from each side of the limiter,
which transport the cold distribution function from the limiter into the plasma domain
as shown in figure 4.7-left. The two fronts are propagating one in the positive direction
in the half-plane v > 0, referred in the following as v, and the other one in the negative
direction in the half-plane v < 0, here v_. The trajectory of the two fronts in phase space,
hence the velocity at which the distribution function changes from gy (v) to go(v) at a
given position x and time t, is determined by the following equations:

vy = (x —x)/t vo=—(L—xy—x)/t (4.10)
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In absence of any restoring force, the periodic boundary conditions make the fronts reap-
pear on the other side of the spatial domain as the boundary in that direction is reached.
The period T = L/v of the motion is inversely proportional to the velocity.

For a given spatial position in the plasma region, the initial hot distribution function
is converted to the lower cold value as the front passes by. Since the motion is ballistic,
this process occurs earlier at higher velocities. Hence, on the right (left) of the limiter, the
cooling process starts at the highest positive (negative) velocity and, as time increases,
it progressively propagates towards lower velocities, as shown in figure 4.7-right (dotted
and dashed lines). After sufficient time for the opposite front to reach the same spatial
position, also the negative (positive) velocities are affected by the cooling (figure 4.7-right
dash-dotted line). Only in the middle of the box, where the distance from the limiter is
the same in both the directions, is the cooling process symmetric in velocity space. At
all other positions, the cooling process asymmetrically distorts the distribution function
in velocity space, consequently the effect on the temperature is non linear.
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Figure 4.7: Left: Distribution function initialization in logarithmic scale. Center: Evolu-
tion of the distribution function in phase space (z,v) in logarithmic scale. The red/gray
solid line is the front v, propagating for v > 0, the black solid line is the front v_ which
propagates for negative velocities. Right: Cut of the distribution function evolution in ve-
locity space starting from the initial hot value (squares), three consecutive times (dotted,
dashed and dash-dotted line respectively) and the final cold state (circles)

Competition between advection and restoring force

Inside the limiter region defined by the mask M, the restoring force drives the distribution
function towards the target value go (Equation 4.6). A competition between the advection
term and the restoring force holds within the limiter. To ensure a static cold spot, the
restoring force term has to be much larger than the advection term. In particular, the
typical time of the relaxation process governed by the restoring force 1/ has to be shorter
than the characteristic advection time, hence the time to propagate through the limiter
of extent 2x( at the thermal velocity vy, here v, = 1 for the initial hot component of the

distribution function, hence

12
S (4.11)

1% Uth

When the restoring force is weak, the hot front can propagate throughout the limiter
region (Figure 4.8-left), following the same dynamics as described before. However, at
each passage through the limiter region the cooling process occurs - black goes gray on left
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hand side Figure 4.8- being all the more efficient at low velocities. For a chosen velocity
v1 # 0 the number of passages required to experience significant cooling is then v, /(2vx)
leading to the characteristic cooling time t. = vy /(2vzg)L /vy, where L/v; is the return
time at velocity v;. The characteristic cooling time is thus shown not to depend on the
chosen velocity vt. = L/(2xg). It only depends of the geometry of the system determined
by the ratio L/(2z¢) and on the efficiency of the cooling process determined by v. An
alternative way of implementing the penalization, which avoids the propagation of a heat
front throughout the limiter, is to apply an infinite restoring force v — oo. In this case the
restoring force is dominant with respect to the advection term inside limiter region, thus
when M # 0. Setting v — oo actually transforms the mask shape into a step function,
with transitions at the first non zero value of M(x). Inside the limiter, the advection of
the heat flux is then negligible compared to the restoring term and the energy balance
can be approximated by:

0E = —v(E — &) (4.12)

The analytical solution of this Equation is:
ER)=E(t=0) e +E(1 —e ) (4.13)

which for v — oo yields £(t) = Ec. Inside the limiter region the energy density sticks
to the target value £- and, at constant density, the thermal energy is driven to the cold
value T-. Consequently, for a given velocity a cold front propagates out of the limiter
while no hot front effectively propagates into the limiter (figure 4.8-right). When the cold
front has completed one period, the whole domain has been cooled down to the limiter
temperature T¢.

0.8— - Hot

0.8 Hot

Cold

L—a,, cold Lz,

X T

Figure 4.8: Distribution function evolution in real space for a positive velocity v = 43 in
the case of weak (left) infinite (right) restoring force.

4.2.2 Parallel front propagation in GYSELA geometry

The numerical implementation of this penalization process in GYSELA is presented in
Appendix C. The parallel propagation of the cold front in the SOL is verified in GYSELA.
A GYSELA simulation is run where only parallel transport is allowed. The motion along
the field lines is observed in the 6 — direction. The propagation of the cold front in phase
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space is observed on the distribution function, along the v and poloidal axes located
inside the Scrape-Off Layer, likewise the 1-D, 1-V model. The propagation velocity of the
front at given v in the poloidal direction can be computed as
do  dfds
dt — dsdt
where s is the curvilinear abscissa along the magnetic field lines. The first factor on the
right hand side corresponds to the #-projection of the field line, the second is the parallel
velocity. Considering the magnetic configuration in GYSELA (Section 2), the poloidal
velocity of the front displacement is constant along the field line with expression
“___u (4.14)
dt  Asq(r)Ro
where A, indicates the mass number of the ion species considered, ¢ the safety factor that
is prescribed in GYSELA and R, the major radius of the torus. The propagation velocity
recovered in the GYSELA simulation is shown on figure 4.9 as well as the theoretical
prediction 4.14. The GYSELA results match the predicted value within 1% relative
error, mostly introduced when identifying the front location in the output data.
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Figure 4.9: Displacement of the cold front in the poloidal direction in function of time.
Dots correspond to GYSELA measurements and solid line to the theoretical prediction.

4.3 Particle condensation in the limiter

We show that the poloidally asymmetric heat sink acts as a particle attractor. Two
mechanisms contribute to this phenomenon, one in the parallel and the other in the
transverse direction. For both mechanisms, a key role is played by the cold temperature
in the penalized boundary, which corresponds to a slower thermal velocity with respect
to the typical values in the plasma.

4.3.1 Condensation via parallel transport

A phenomenon akin to condensation takes place along the parallel direction due to the
propagation of the cold front in phase space. Recalling the 1 — D, 1 — V model of section
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4.2.1, we can derive the analytical expression for the density evolution inside the plasma
region, where only the advection term is active and is responsible for the propagation of
the two fronts v, and v_. This derivation does not take into account the evolution of the
distribution function within the limiter region. The main interest is in the understanding
of the density behavior when the heat sink drives transport in the parallel direction.
This argument is completed in Appendix D, where also the evolution of the flux and
temperature are derived.

The moments M, of order k of the distribution function can be computed as the sum
of three integrals in velocity space, namely:

v_ vy 0o
Mk:/ ncgc(v)vkdv+/ anH(v)vkdv—i—/ nege(v)v*dv (4.15)

—00 vy

The first integral accounts for the convection of the cold distribution function transported
by the front v_, hence it spans from —oo to v_ in velocity space; the second integral
accounts for convection of the initial hot distribution function, thus between v_ and v, in
velocity space; the last integral accounts for convection of the cold distribution function
transported by the front v, and it is calculated from v, to +o00 in velocity space. Here the
notation ny cgm o refers to the initial hot (H) and cold (C') contributions to the initial
condition, see Equation 4.7. It is important to keep in mind that in this calculation the
distribution function in the limiter region is assumed not to vary, hence it remains at the
same initial density. In a more complete modeling, one should take into account that
after a transient of the order of 2x(/sqrtT¢ the influx of plasma entering the limiter on
one side will leave the limiter at the other boundary, which will translate into an increase
of the limiter density compared to the initial value. This feature will introduce further
non-linearity than discussed in the simplified framework described here.

Considering an infinite restoring force v — 0o one can neglect the periodicity of the
propagation of the front in velocity space. Considering the motion equation for the fronts
vy and v_ (equations 4.10), the analytical solution for the zero moment of the distribution
function k£ = 0, the density is:

ng vt
n(z,t) = ng + —erf

Y TS G
2 VeTy ), 2 V2TIe )|,
2 T
erf(x) :ﬁ/o e Udt (4.16b)

(4.16a)

Given the chosen assumptions, nc = nyg = 1 and Ty = 1, one then obtains:

n(z,t) =1+ % [erf(%) - erf(\/g%c)} + % [erf(’“—ﬁ’) - erf(\}%)} (4.16¢)

In this expression vy = (x — xo)/t and |v_| = (L — 2x¢)/t — v;. This expression only
holds within the plasma region given that the restoring force is not taken into account.
In the same way one can compute the expressions of the first moment & = 1, the particle
flux, and second moment k£ = 2, the energy (see Appendix D). Inside the limiter region
the density will also evolve, however, this evolution is not of particular interest since it is
not physical. The only relevant feature of the limiter density evolution is that the total
number of particles must be conserved.
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Figure 4.10: Left: Spatial and time evolution of the analytical density in equation 4.16a.
Right: Cut at time t = 0 (solid line), ¢ = 0.3 (dotted), t = 1.5 (dashed), ¢t = 4 (dash-dotted
line).

On Figure 4.10 are displayed the evolution of the density n(z,t) within the plasma
region ro < x < L — x(. obtained from the analytical expression, Equation 4.16¢. First,
in agreement with Equation 4.16¢, the density is symmetric with respect to the middle of
the plasma region at z = L/2. These feature are recovered when considering the density
evolution at x = L/2 where v, = |v_| = vy = (L/2 — x)/t and at x = xy where v, =0
and |v_| = 2v,.

n(L)2,1) =1 — [erf(\/%> - erf(%)} (4.17a)
(o, t) =1 — %{m(%) - erf(z%)} (4.17b)

Let us consider the density evolution at z = L/2. In the initial phase, a fast particle flux
towards the limiter governs a reduction of the density, pump-out stage. This effect starts
from the regions closest to the limiter. It is delayed in the middle of the box due to the
bigger distance to reach the limiter, see left hand side plot of Figure 4.10. In a second
stage, the matter moving into the plasma from the limiter region restores the density
towards the homogeneous value n(z,t.) = 1, relaxation to equipartition stage, see left
hand side plots of Figure 4.10 and Figure 4.11. This relaxation stage is induced by the
fact that the density from the limiter region is kept constant at all times. It would occur
in a problem where the limiter region is very big and behaves like a thermal and particle
bath, unperturbed when put in contact with the plasma. At the limiter boundary, the
balance between the fluxes appears to maintain the density for a longer time, until the
transient pump-out takes place before the relaxation towards equipartition. The density
trace for a value close to the limiter, red trace on left hand side plot on Figure 4.11, ex-
hibits oscillations of pump-out and relaxation transients until the final relaxation stage.
One thus finds that the specific kinetic effects at work in this evolution govern a non-linear
behavior of the density although the underlying kinetic framework is linear.

The condensation associated to the local pump-out effect is clearer when considering
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Figure 4.11: Left: time trace of the density at three location in the plasma region, black
at the plasma center, blue at the plasma boundary, red close to the limiter boundary.
Right: time trace of the total number of of particles in the plasma region, N, defined by
Equation 4.18.

the total number of particles in the plasma N, defined by:

L—xg

Ny(t) = / dx n(x,t) (4.18)

0

There because of the total particle conservation, adding the plasma and limiter particle
contents, one obtains that the pump-out effect observed on N, must be compensated by
a condensation effect in the limiter, see right hand side plot of Figure 4.11. To address
the relaxation stage of the evolution, let us use the fluid equations for the density and
particle flux.

p(t)
dt2 - al"H(xO? t) - amn(L — Zo, t) (419)

According to Equation 4.19, the relaxation is completed when the pressure gradient is
constant, hence equal to zero due to the periodicity constraint. In such a framework, the
pressure imbalance drives a particle and energy flux to restore homogeneous conditions
on both the density and thermal energy.

4.3.2 Vertical drift vs restoring force in the transverse direction

Regarding the motion in the perpendicular direction, the accumulation of particle is
caused by the interaction between the vertical VB and curvature drifts and the cold
immersed boundary. In the GYSELA magnetic configuration the vertical VB and cur-
vature drifts velocities constantly drives the ions, with approximately a vertical motion,
towards the bottom of the machine. In the confined plasma region, the ions can reconnect
to the top of the machine along the parallel direction as well as ' x B motion within the
magnetic surface. The induced Pfirsch-Schliiter like ion current then eventually balances
the vertical current and bounds the charge separation. The presence of the immersed
boundary, in particular of the poloidally asymmetric limiter, modifies this dynamics: the
parallel motion, the VB and curvature drifts being proportional to the particle thermal
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energy are impeded within the cold limiter. Transiently, these cannot balance the par-
ticle influx. This mechanism then governs particle accumulation within the immersed
boundary, comparable to the condensation mechanism discussed for the parallel motion.

In the previous Section we have focused the discussion on the parallel motion since it
is understood that the poloidal symmetry breaking is a key aspect of Scrape-Off Layer
physics. As a consequence, this generates parallel motion and transport that are an
essential feature of this boundary layer. However, for a limiter with non-zero poloidal
extent, as contemplated in this work and as found in actual experiments, the vertical drifts
come into play and one can find scales such that the vertical drifts exhibit a time scale
comparable to that of the parallel motion. Let us compare the characteristic time scale,
for the vertical drifts 7p = Az/vp where the drift velocity is typically vp/v¥* ~ p./A,
p« = p;/a namely the ion Larmor radius normalized by the plasma radius a and A is the
aspect ratio A = Ry/a. The distance Az is determined by a balance with parallel transport
Tp ~ ty, with | = [ /vﬁh. The largest scale Az is therefore associated to the longest

parallel scale, hence L = mqR, and therefore: Az ~ vp7 and 7 = L”/’Uﬁh. Combining

the various expressions one then obtains: Az/a = mqp,v’/ vﬁh. Assuming v'" ~ vﬁh, one

then recovers the typical scale of neoclassical transport, which is in fact comparable to the
actual scaling retained for the SOL width. For p, ~ 1/250 and gm ~ 10, one then obtains
Az/a ~ 0.04. A ratio vih/vﬁh ~ 4, brings this scale to the typical clearance between the
limiter front face and the wall, Az/a ~ 0.15. This indicates that a class of particles can
experience a drift displacement within the limiter that can be comparable to the radial
extent of the limiter, this being independent of the temperature of the cold spot.

The wall region being rather narrow, particle trajectories reaching the wall interface
will keep drifting vertically and escape the numerical domain. An alternative has been
considered to switch-off this particle loss channel by turning-off the drift terms within
the penalized region. In the GYSELA code this is done artificially with a mask function
that switches off the drift terms. Alternatively, one can increase the magnitude of the
magnetic field at the interface between regions governed by different mask functions.
In the latter case, the variation of the magnitude of B will drive a specific response
in the curvature and VB drifts. These are not computed when penalizing directly the
drift convection. It can be shown that the latter procedure violates the phase space
conservation, normally embedded in the gyro-kinetic framework. This approximation
then governs particle imbalance, which in turn generates large electric fields. Two different
solutions have been tested. In the initial one, all the standard drifts have been switched
off in both the limiter and Wall regions. An interface barrier then appears at the limiter
forefront. Since this region is off particularly interest for the physics, it is far more
appropriate to only penalize the wall region, then accepting particle generation at this
interface and a barrier isolating the wall from the SOL region. This alternative solution
is that presently retained. A better solution would require implementing the variation of
the magnetic field amplitude, compute the corresponding drift terms, and then recover
the complete gyrokinetic framework with penalized B-variation in the wall region. Last
but not least, one can consider particle losses, with kinetic electrons, and then balance
quasineutral particle losses by appropriate particle source terms. This is long term effort
that requires understanding the particle loss mechanism and their importance in the
plasma transport properties. This issue can partly be addressed with the presenting
GYSELA versions.
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Chapter 5

Global plasma polarization and
confinement

5.1 Qualitative discussion of plasma polarization

The electric field generation is most readily understood as the result of charge separation
identified in the Maxwell Gauss equation leading to the standard Poisson equation in
the electrostatic asymptotic limit. Little volumetric charge imbalance then drives intense
electric fields, of the order of MV / m, and the characteristic scale is the Debye length.
as will be discussed for the sheath boundary layer. Polarization is the generation on an
electric field in a neutral media. Charge imbalance then appears as a surface effect and is
coupled to boundary effects. The resulting electric field is then significantly smaller, for
Tokamak plasmas is in the £V /m range.

In the present work, the electric field is determined using the quasi-neutrality equation,
hence considering charge balance. Polarization sets in because of finite Larmor radius
effects. For the electrons, the Larmor radius and the Debye scale are comparable and
polarization is not relevant. Conversely, the ion Larmor radius governs a significant
distance between the current loop sustained by the ion Larmor rotation and the mean
charge position, the gyro-center. In the presence of an electric field, orthogonal to the
magnetic field, the particle tends to be slowed down in the low potential side of the Larmor
rotation. The charge center is then slightly displaced with respect to the gyro-center,
driving a net polarization of the plasma. Consequently, the global electric potential that
develops is sustained by polarization but must be driven by an effective charge difference
at the plasma boundary. A polarization of the plasma is induced by a net charge density
on the flux surface.

The overall build-up of the electrostatic potential structure is thus typically a global
polarization of the plasma that sets in due to charge losses, which are governed by a
complex combination of particle trajectory effects and transport. We address the global
plasma polarization in two stages. We first concentrate on the core plasma, where the
electric potential evolution is driven by ion confinement. We then constrain the SOL elec-
tric potential in terms of electron confinement. At the separatrix, the plasma must bridge
two opposite behaviors. This leads to the specific development of an interface region.

Let us first consider the flux-surface averaged electric potential. As already discussed,
the quasi-neutrality equation takes the form a modified Poisson equation, which when
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flux-averaged leads to:

_v. ( <Z%TVJ—¢>FS> = (nge, — Ney) s (5.1)

The quasi-neutral charge balance, when averaged on a flux surface , Equation 5.1, enforces
that the charge due to the ion polarization must be balanced by the charge stemming
from a mismatch between the ion gyro-center and electron particle densities. Conversely,
when a mismatch between the ion gyro-center and electron charge, appears, governed by
the evolution by the gyrokinetic evolution equation of the ion gyro-center distribution
function, this enforces an average radial electric field, (¢)rs exhibits a radial profile. This
formulation calls for two remarks. First, the polarization term one the right hand side is
the leading order term of an expansion in the small parameter p,, in fact an order two term
as underlined by the 1/B? dependence, it takes very little mismatch of the densities on the
right hand side, to generate significant radial flux surface averaged electric fields. Second,
the electron behavior does not play any role in this equation. The latter consequence stems
from the particular form given to the electron adiabatic response. Indeed, while the latter
appears as a consistent asymptotic limit when considering electron parallel momentum
balance, it is clearly more demanding in terms of electron transport when extended to
the whole magnetic surface. The implication of the latter assumption is that the electron
yield a null contribution to Equation 5.1. It can then be seen that any correction of order
larger than p? of the adiabatic electron response will modify the charge balance, Equation
5.1, and tend to reduce the flux surface averaged electric field.

Figure 5.1: Hlustration of the polarization of the flux surfaces by the vertical drift vp

Let us now consider the transport mechanisms that can lead to a difference between
the ion gyro-center and electron densities, right hand side of Equation 5.1. In toroidal
devices, a drive for large scale currents on flux surfaces are the vertical drifts. On Figure
5.1, a schematic view of this mechanism is shown. Taking into account curvature and VB
effects, the ion and electron densities tend to drift vertically in opposite directions. This
seed for charge separation then drives a polarization of the ions. Equilibrium magnetic
configurations allow for closing the electric current loop along the helical magnetic field
lines. In such a framework, any form of plasma resistivity inhibits the parallel current
and thus enforces a larger response in terms of ion transport. Collisional resistivity in the
parallel direction thus governs neoclassical transport. A localized cold spot on a magnetic
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surface, as chosen to model the limiter, will most likely drive ion cross-field transport and
a change in the radial electric field profile.

In the GYSELA simulations, (¢)rg, which is by construction poloidally and toroidally
symmetric, is a global structure that develops non-linearly in the course of the system
evolution. Its radial profile is directly related to the formation of zonal flows via the
E x B poloidal velocity (vg) ps < 0,(¢)rs. The zonal flows are known to reduce turbulent
transport by shearing radially elongated structures [6]. When shear becomes large, the
consequent quenching turbulent transport is understood as a possible route to the forma-
tion of transport barriers. Key contributions to the zonal flows dynamics are retained in
the following evolution equation.

8t(v9>pg X V,ﬂw (52)

where the Reynolds stress tensor is defined as Il,.p = (0,0p). This term is therefore a
non-linear contribution of turbulent fluctuations to the zonal flow evolution and it can be
shown that it is the only possible source for the zonal flows.

In this chapter we focus on the behavior of the global plasma electric potential aver-
aging out the turbulent fluctuations. We first analyze the self-generated electric potential
in the core and relate it to the ion confinement as observed in the data base of simulation
used to investigate the confinement time. Next, we address the Scrape-Off Layer radial
electric field, and how it is enforced in GYSELA by a penalization of the Poisson equa-
tion. We indicate in what respect these changes are consistent with the parallel boundary
conditions governed by plasma wall interaction. We then analyze the interplay of core
and SOL regions in GYSELA simulations and how this interface generates an £ x B shear
layer.

5.2 Core plasma polarization

The plasma polarization in the confined region is mainly determined by the ions dynamics.
We recall the radial force balance equation, for which we can express the radial electric

field as -
rpP
Er = an — UOB<p + U@BG (53)

In a fully turbulent regime, the three terms on the right hand side can be of the same order
of magnitude and are driven by non-linear effects, the poloidal velocity vy being generated
via F x B interactions and the toroidal velocity v, also generated by the turbulent stress
tensor [54], the pressure gradient Vp modified by turbulence. One can assume that the
radial profile of the plasma polarization can be expressed as the sum of two terms, the first
is a global smooth profile generated mainly by the vertical drift dynamics and the second
corresponds to small oscillations generated by turbulence, primarily the zonal flows. An
evaluation of vy can be achieved in the neoclassical regime: the poloidal velocity predicted
from the neoclassical theory is proportional to the ion temperature gradient, the toroidal
velocity is assumed small in the absence of torque injection. The radial electric field is
then mostly governed by the ion temperature gradient, and the typical electric potential
profile opposite to the ion temperature, hence generating an electric potential well.

The radial shape of the electric potential (¢) g in the core must fulfill two constraints.
Considering cylindrical symmetry it must exhibit a zero radial derivative in the center
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r = 0. At the outer boundary, the machine wall is grounded. In GYSELA simulations
the radial outer boundary condition imposed on the electric potential is set at ¢ = 0
(choosing any other constant would only shift all the values of the potential and have no
implication). Given these considerations, a first approximation for the radial radial shape
of the plasma electric potential obtained in GYSELA simulations can be identified as a
parabolic function symmetric with respect to r = 0 with positive curvature.

In the following two paragraphs we analyze the radial shape of the average electric
potential self generated in the core plasma on the basis of GYSELA simulations. We
use the steady state simulations which have been collected to build the confinement time
scaling law (Chapter 3). In these simulations, a poloidally symmetric boundary condition
has been considered and the turbulence is well developed over the whole poloidal section.

5.2.1 Relation to ion thermal energy confinement

The average electric potential in the core plasma is therefore expected to be a potential
well which confines the ions. In that respect the electric potential can be read as a global
signature of the ion confinement performance.
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Figure 5.2: Radial profile of (¢)rg averaged in time versus the normalized radius Right
p« scan, left v, scan at aspect ratio A = 6 and p, = 150.

In the simulation data base dedicated to analyzing confinement the source is con-
strained to maintain all profiles in quasi steady state. Assuming a strong correlation
between the potential and ion temperature, one would thus expect the same electric po-
tential profiles when plotted in normalized radius p = r/a. As can be seen on Figure 5.2
this is not the case. We can then consider a correlation between the flux surface average
electric potential and the energy confinement time, and in particular its dependence on
the dimensionless control parameters p, and v,. We recall the dependence of the energy

confinement time on these parameters found in the GYSELA scaling: ;75 o< p; 2 7v %14,

The energy confinement time increases with the plasma size and decreases with the colli-
sionality. In figure 5.2 are drawn the flux surface average potential curves for the plasma
size, left hand side, and collisionality scans, right hand side. The time average in solid
line within the standard deviation of time fluctuations in opaque colors. Regarding col-
lisionality, the polarization well exhibits a weaker dependence on v,, the exponent being
typically —0.03, with a similar trend as for the energy confinement time, but very little

actual effect, a slight deepening of the well, while the radial electric field at the edge
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Tmaz T€mains constant throughout the scan. Regarding the p. dependence, the poten-
tial well becomes deeper with the plasma size. A rather poor scaling can be computed,
< ¢(r = 0) >ox p;%3. Compared to the ion temperature profile, a striking feature is
the overall agreement regarding the shape and depth, —T;(r = 0) = —3, but also the
departure with a dependence of < ¢(r = 0) > on p,, although weak compared to that of
T as well as a less triangular shape together regions of larger second derivative, hence
with higher shear. Little effect of the aspect ratio is been observed in the data base.

5.2.2 A minimal data-driven approach describes the electric po-
tential profile

Given its global character, the radial shape of the electric potential could be used as an
additional test to verify the simulation results. At first, one should determine which is the
expected shape for the potential in function of the simulation parameters. This study can
be addressed using the database of GYSELA steady state simulations. As a first step in
this direction we analyze the correlation between the two extremes of the potential curve.
We develop a simple parametric algorithm that systematically interprets the (¢)pg radial
shape as a combination of parabolic functions by a standard best fitting process. The
method that is followed uses the simulation information to set ¢(r = 0) and E,.(r = 7pae)
and then determines a fit of the profiles based on a the combination of two parabolas. The
parabolic shape in the vicinity of r = 0 is generic. Adding a second parabolic dependence
for the edge region must be seen as a fitting procedure with a minimum free parameter
set.

Fit(r) = aor? + (6) s, for r <y
06’2 (r - Tma:E)Q - Er'ma:v (T - rmam) fOr T > ’f’]

The parameters colored in blue are fixed: (¢)rg,_, the minimum of the radial polarization
at r = 0 and FE,,__ the radial derivative of the polarization, the electric field, at the
boundary r = r,,... The other three red parameters, ag the curvature in r = 0, ay the
curvature in r = r,,,, and the position of the transition between the two parabolas rq, are
determined by minimizing the error | [((¢)ps — fit)dr|. An example of the fitting curve

is shown in figure 5.3
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Figure 5.3: Example of the fitting procedure: in blue the instantaneous GYSELA radial
polarization and in red the fitting with two parabolas.
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The fitting procedure is repeated at each time diagnostics of GYSELA data, resulting
in the time evolution of the coefficients «g, as, 1. The three coefficients are found to
oscillate in time at the GAM frequency. For the majority of the simulations in the database
we find the three coefficients to be correlated as shown in figure 5.4. The relation between
the curvature coefficients in the center oy and at the edge as indicates that the higher the
curvature at the boundary, the smaller the curvature in the edge and vice versa. Also,
for an increasing curvature at either one or the other edge points, the intersection point
r1 moves towards one of the two extremity respectively, indicating that for an increasing
curvature the optimal fitting function is represented by only one parabola. The points out
of the trend correspond to rare situations in which the chosen fitting function is a too poor
model to interpret the (¢)rs shape. Despite this model is extremely reduced, it seems to
suggest the existence of a first property of the self-generated electric potential: the higher
the electric field at the edge, the flatter is the radial shape of the average potential in the
center.

x10°0;!
0
; e | ;
) ) i 0.6 \ 4
2 4 20 204 < 33
] [S] - D
: 0.2 2
2 i.,‘ sz . 1
025 050 075 5 10
apa’ r/a Qpa?

Figure 5.4: In colors the time evolution of the tree fitting coefficients ay, as and r;. The
three coefficients are plotted one versus the other to underline the correlations between
them.

5.3 Interface of core and SOL electric field generation

The penalization we introduce to determine the Scrape-Off Layer electric potential is
based on the parallel dynamics of electrons, including the sheath boundary layer at the
contact point with the limiter. This governs a reversal of the radial electric field in the
vicinity of the separatrix, and, in the GYSELA simulations, a localized E x B shear
layer. The simulations with penalized limiter tend to generate a transport barrier at the
core-SOL interface. Such barriers govern long transients so that most simulations have
not reached steady state in the SOL region.

5.3.1 Parallel electron dynamics in the SOL

In the SOL region of fusion machines the magnetic field lines close inside the solid matter.
The net parallel density flux to the wall is not negligible and is maximum at the wall
interface. A sheath layer of the order of a few Debye lengths, in which quasi-neutrality
does not hold is generated. The sheath layer develops a large electric field to accelerate
the ions out and confine the electrons in. The sheath boundary layer naturally develops
to match the electron and ion transport, generating conditions without minimum electric

73



current outflow from the plasma. Within the sheath layer, the ion density is higher than
the electron density and a positive electric field builds up so that electrons remain confined
in the plasma.

The GYSELA mesh size, as in many codes, is much larger than the Debye length,
hence the code cannot properly resolve the sheath physics. To circumvent this shortfall,
we determine the key properties of the sheath in transport regulation. In the penalized
limiter region, we implement specific conditions that provide a reasonable approximation
to the analytical results with two species.

The potential drop in the sheath

We describe here the conditions that we want to recover with the penalized limiter without
modeling the sheath physics. First let us consider the limiter properties.

When considering the physics of plasma-wall interaction one must keep in mind that
the wall is a very high density region compared to the plasma such that all ions reaching
the wall experience prompt recombination. Furthermore, the wall with its electron density
remains neutral despite the plasma influx. It behave as a reservoir with respect to heat,
particle and charge. This reservoir is perfectly grounded so that its potential remains at
zero (or whatever constant value). In case of biasing, namely the fact that not all wall
elements are at the same potential, we further assume that the generator is ideal and
maintains the potential constant. Taking such properties into consideration implies that
in terms of the plasma evolution, the wall is a cold region such that all the plasma heat
is transferred to the solid without modifying the wall temperature, that it will absorb
whatever charge flux and remain at constant potential, that the plasma density promptly
drops to zero close to the wall surface. To recover the latter property would require to
include particle sources in the code to balance the particle loss at the wall, and allow for
particle transport, thus model the electron species. The present penalization implemented
in GYSELA aims at global simulations with available computing resources, therefore
with the trade-off of adiabatic electrons. The condition on plasma density cannot be
fulfilled. Omne then evolves an artificial plasma within the limiter with constraint to
conserve particles. The heat absorption is fulfilled by maintaining this plasma at constant
thermal energy, the latter being the smallest in the whole domain volume. Finally, one
maintains the potential in the limiter volume at a fixed value.

Let us now recover the sheath conditions that must be recovered. The sheath layer is
described based on the following list of properties [55].

e Electrons are modeled as adiabatic and at constant thermal energy, which is rea-
sonable when addressing the physics on the ion time scale and on parallel distances
small compared to the collision mean free path.

e The ion flux I'; is taken constant across the sheath which implies that the ionization
process is negligible in the sheath when compared to the total particle source that
sustains this particle flux, |0I';| < |I'f| where |61 is the change of particle flux in
the sheath layer and |I'}| is the total particle flux that builds-up up to the sheath
entrance.

e We assume the net parallel current j; to be small compared to the maximum current
that the ions can sustain jy, = el'y = enjcs where n? is the ion density at the sheath
entrance and ¢, is the sound velocity at the sheath entrance, |jj| < Jjsat-
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Given the above properties one can write:

g fe=T" =1

5.4
DY =T+ ~ T (54)
Combining these two expressions to the smallness of the current into the wall, one then
has:

w

1 L
r;

I

< I (5.5)

where the superscripts s and W stand respectively for conditions at the sheath entrance
and at the wall. Equation 5.5 thus yields I'¥ = njc, ~ I'"V. The electron flux at the
wall should be computed in the kinetic framework, however, it can be approximated by
LW =n"ol¥ where n’V is the electron density at the wall and v}}_ is the electron thermal
velocity at the wall. As stipulated above, the thermal energy is not expected to vary in
the sheath so that v}l ~ v$, . Furthermore, assuming adiabatic electrons one can relate

the electron density at the wall to the electron density at the sheath entrance:

nics Vol =ng @ 0N/ Te s (5.6a)
e(¢® — o) ns Cs
1. 8 ns 8 Ve ( )

As last step we then use the definition of the sheath entrance as where quasi-neutrality
holds (see Appendix F), hence n{ = nf = n®, so that:

T, m;T, T,
s w 1-e 1te e
_ 1-e, e ) = Zf A 5.7

o= b el ) < o0
Given Equation 5.7, one thus expects a potential drop from the sheath entrance to the wall
proportional to the electron temperature and to the factor A. Whenever T;/Te < m;/m.,
A = {Log(m;/m.) is approximately constant, for deuterium A ~ 4.1 and A ~ 3.8 for
hydrogen.

Penalized quasi-neutrality equation

In the SOL, magnetic field lines close inside the solid matter and the calculation of the
average potential on a flux surface appearing inside the quasi-neutrality equation looses
its physical meaning. On the other hand, the average value of the potential along the field
line in the SOL is determined by the sheath physics (equation 5.7). This effect is added
to GYSELA in the limiter configuration by penalizing the quasi-neutrality equation. In
fact, the quasi-neutrality equation is penalized twice: the first penalization drives the flux
surface averaged potential to behave as the electron temperature profile inside the SOL
region, the second ensures a null potential inside the wall and limiter regions, hence we
consider the latters as electrically grounded.

The masks in figure 4.1 are used at the same time to penalize the quasi-neutrality
equation. In the poloidally uniform region defined by the mask MS°L(r) the flux surface
average potential is replaced by the value A(T, — T.("maz)). The reference value T, (7mqz)
is introduced to ensure the boundary condition ¢(7,.:) = 0 at the radial outer boundary.
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This procedure corresponds to ensuring the value T, (7q:) as a cold electron temperature
within the limiter and wall regions. This value is chosen as the minimum of the electron
temperature profile. To avoid steep gradients close to the wall, it is advisable to set a flat
electron temperature profile for r > 7,4, that is in the wall region. Within the second 2D
mask MM in (r, ), the same used for the penalization of the gyrokinetic equation, the
further term — MM (r 0)A(T, — T.(7mqz)) is added to remove the flux surface average
potential from the wall and limiter regions. The quasi-neutrality equation solved in this
case is:

NeqgM 1

B2 Vigp+ g |0 — (1 = MPOH(r))(¢) rs—

-V Z3T.(r)

(MEOF(r) = MM™ (1, 0))A(T. — To(Pmaz)) | = o (5.8)

5.3.2 Self-generation of £ x B shear at separatrix

The introduction of the parallel electron dynamics in the SOL as described in section
5.3.1 determines the flux surface average potential in the SOL region. Conversely the
electric potential in the confined region is free to evolve. The resulting radial profile of
the flux surface averaged potential changes slope when crossing the closed-open field line
interface: in the core indeed the build up of the flux surface average potential is dominated
by the ion physics as described in section 5.2 resulting in a positive slope. In the SOL the
flux surface average potential follows the electron temperature profile, of negative slope.
An example of the radial shape of the electric potential averaged on the flux surface is
shown in figure 5.5. The curve is extracted from a reference simulation with the penalized

0.00 0.25 0_.50 0.75_1.00 1.25
Normalized radius r/a

Figure 5.5: Radial profile of the flux surface averaged electric potential when coupling
the core and SOL regions. In solid line the mean value on a time interval of 10°Q);
subsequent to the initial reorganization phase. In shadow the standard deviation of the
fluctuations. In dashed line the target value AT, in the SOL.

limiter boundary (Chapter 4) and the penalized quasi-neutrality equation 5.8. Details of
the simulation are presented in the following chapters 6 and 7. A similar behavior of the
electric potential is found when scanning both physical and numerical parameters. The
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reversed slope of (¢)rs when crossing the separatrix appears as a robust result of the
coupling between the core and a reduced SOL dynamics.

The electric field reversal in the vicinity of the separatrix is reported in the experiments
both in low (L-mode) and high confinement (H-mode) discharges, in limiter as well as
divertor configurations [56, 57, 58]. An enhanced negative electric field is observed close to
separatrix in the confined region for H-mode plasmas. One can consider that the poloidal
asymmetries of the electric potential, often due to turbulence, are small compared to the
global radial shape. Hence one can compute the radial electric field as the radial derivative
of the flux surface averaged potential. An example of the reversed radial electric field found
in the GYSELA simulations is shown in figure 5.6. The corrugations in the core profile
are generated by the turbulent fluctuations.
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Figure 5.6: left— GYSELA radial electric field resulting from the coupling of core and
SOL dynamics. In solid line the mean value on a time interval of 10°€;' subsequent to
the initial reorganization phase. In shadow the standard deviation of the fluctuations.
right— Zoom around the separatrix.

As a consequence of the reversed electric field, the E x B shear is enhanced at separatrix
(Figure 5.7), about one order of magnitude higher than in the core. The build-up of this
strong shear layer at separatrix is rather fast: it appears since the first iterations ¢ ~
103Q; . After an initial reorganization phase on time scales smaller than ¢ ~ 10*Q2;!, the
magnitude of the shear layer appears to fluctuate around a mean value, which is increasing
on much longer time scales ~ 10°Q; . The standard deviation of the fluctuations is
reduced at separatrix with respect to the core. The enhanced shear layer at separatrix
results in an enhanced shear of the £ x B poloidal drift velocity. This effect contributes
to generate a transport barrier as described in next chapter, section 6.1.2.

Summary and discussion

This work points out two main conclusion.: On the one hand, the mean value of the
electric potential in the core can be related to plasma confinement and is found to exhibit a
qualitatively similar dependence on the control parameter as the energy confinement time.
However, the dependence is significantly smaller. On the other hand, the interplay with
the Scrape-Off Layer electric potential creates a strong shear layer, which contributes to
generate a transport barrier at the separatrix. These results still need to be confirmed by
(1) simulations with kinetic electrons, which can modify the polarization level in the core,
(i7) achieving steady state simulations with the SOL. These are difficult to reach because
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Figure 5.7: left— E x B shear resulting from the coupling of core and SOL dynamics. In
solid line the mean value on a time interval of 10°Q;" subsequent to the initial reorgani-
zation phase. In shadow the standard deviation of the fluctuations. right— Zoom around
the separatrix.

the transport barrier at the separatrix slows the evolution of the SOL conditions. To
analyze the data base of GYSELA simulations, we have taken advantage of data analysis
techniques: one could perform systematically such studies in order to seek for hidden
correlations between quantities such as the radial electric field, the turbulent fluctuations,
the pressure gradient and the internal energy. Finally, we have found that the core-SOL
interface, with two different mechanisms governing the electric field, generates an interface
transport barrier [59].
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Chapter 6

Initial transient with penalized
gyrokinetic SOL

This chapter is focused on the description of the global effects of the limiter boundary
layers on plasma transport properties. We present the particular transient initial dynamics
of the SOL fluid quantities (density and temperature) generated by a combination of
effects introduced with the penalized limiter boundary condition. Next we analyze the
impact of the new boundary on guiding center transport in the GYSELA simulations.

6.1 SOL initial transient

The initial conditions of the code with immersed limiter boundary generate initial tran-
sients in the SOL region, which results in the reorganization of the SOL gyro-center density
and temperature on intermediate time scales between the characteristic time of turbulent
fluctuations and the energy confinement time. Describing the transient dynamics and its
generation mechanisms is the focus of this section.

6.1.1 Initialization and effects introduced with the SOL bound-
ary condition

GYSELA simulations are initialized with a distribution function fy which is a Maxwellian,
usually at zero mean velocity. The density and temperature distributions are defined by a
radial profile and are poloidally and toroidally symmetric. Within the limiter and first wall
boundary, the temperature is fixed at the wall temperature Ty, which is also the lowest
value of the temperature radial profile anywhere in the plasma volume since initialization.
In the region corresponding to the experimental open field lines r/a > 1, the density is
initialized as constant along the field lines. Conversely the temperature, yet constant in
the SOL plasma, shows a parallel gradient when the field line enters the penalized region
in the limiter. We remind that the presence of the solid matter in GYSELA is modeled
by enforcing a poloidally localized cold plasma: both the field lines and the plasma itself
are still defined within the penalized limiter and first wall regions, although the dynamics
there is not considered in the present discussion. A small perturbation of typical relative
amplitude 1075 fy, is added to the initial distribution as the sum of an arbitrary number
of poloidal and toroidal modes. Within the penalized regions, the perturbation is set
equal to 0. The SOL boundary condition is completed by adding the radial electric field
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penalization, which is designed to account for the parallel dynamics of electrons in the
plasma-wall interactions. The limiter and wall regions are electrically grounded. The
quasi-neutrality is given by Equation 5.8. Finally, in order to limit the particle transport
within the limiter and wall regions, the transverse drifts velocities vp and vg have been
multiplied by the mask (1 — ML™). However, in order to avoid introducing specific
conditions close to the separatrix, this assumption was relaxed in a more recent stage; the
curvature, VB and F x B drift are then only switched-off in the wall region.

The setting of the SOL boundary here described generates an initial phase of redis-
tribution of density and temperature in the SOL. The transient dynamics is governed
by the combination of several effects, driven mainly by the conditions imposed in the
limiter, and adds up to the background initial reorganization of the distribution function
dominated by the GAM activity (see Section 2). Some of these effects have been already
presented in details in the previous chapters, all are summarized hereafter. (i) As de-
scribed in chapter 4, the initialization of a cold and poloidally asymmetric spot in the
plasma induces the propagation of a cold front in the parallel direction which cools down
the SOL at limiter temperature. (i) Regarding particle transport, the limiter acts as a
particle attractor both in the parallel and transverse directions. Hence right after the
initialization, the SOL density begins to migrate towards the limiter. We note that the
condensation mechanism in the transverse direction can be reduced by placing the limiter
at the top of the machine, that is at the poloidal position § = /2. In this latter case the
vertical drift velocity would point opposite to the limiter (with GYSELA conventions for
the magnetic field) and does not sum up to the parallel condensation in the limiter. (i)
When the parallel electron dynamics is introduced in the SOL, an enhanced E x B shear
layer is triggered close to separatrix (see Section 5.3). Also, the positive radial electric
field in the SOL drives a E x B negative drift, hence clockwise in the poloidal cuts. (iv)
The potential difference between the SOL and the grounded limiter develops an electric
field normal to the limiter surface: the latter coupled to the mainly toroidal magnetic
field results in a F x B drift velocity tangent to the limiter surface, which contributes to
moving the particles accumulated at the limiter surface due to the effect (ii). This effect
is proper to the simulation set up, via the implementation of the transition layer, and is
not associated to the sheath layer physics although the latter would drive a qualitatively
comparable effect. (v) Finally the suppression of the vertical drifts velocity in the penal-
ized region corresponds effectively to a localized increase in the magnetic field strength,
which would generate a secondary drift velocity parallel to the plasma-boundary interface
(see Section 4.3.2). However this term is not taken into account in the present model.

In the following we present the initial transient evolution in the SOL referring to a
GYSELA simulation which has been run close to experimental conditions of the Tore
Supra shot #45511. This simulation will be used in the next chapter to show the effect
of the limiter boundary on turbulence development. Although the quantitative analysis
of the initial dynamics changes with each plasma configuration, the qualitative features
of the transient presented here are characteristic of the GYSELA simulations with that
limiter boundary configuration. The considered simulation is run with a set of initial
profiles interpolated from the experimental data, shown in figure 6.1. A single ion species
(Deuterium) is evolved kinetically with the hypothesis of adiabatic electrons. The plasma
size is p, = 1/316, aspect ratio A = 3.2 as in Tore Supra, collisionality v, = 0.24. The
mesh size corresponds to (NT,N07N§D7NUH,NIJ‘) = (512,1024, 64,128, 32) extended on a
quarter of torus 0 < ¢ < 7/2, =7 < v < 7, 0 < p < 20. The radial direction is
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extended between 0 < r/a < 1.25. The distance between the separatrix and the first
wall is between 1 < r/a < 1.2, the limiter is poloidally located at § = 37/2 with a
flat surface geometry as in figure 4.2. The normalized wall temperature is set to be
Tw/T, Ja=0.5 = 0.20, corresponding to the lowest value of the ion temperature profile. The
drift velocities vp and vg are killed within the limiter and first wall mask. The source
term consists in a poloidally symmetric hyperbolic tangent in the radial direction, with
transition to zero at r/a = 0.3, slope 0.1 and amplitude 0.0085. The collision term is the
state of the art linearized multi-species operator developed and tested in [25].

04 : . : t =
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Normalized radius (r/a)

Figure 6.1: GYSELA profiles set interpolated from Tore Supra experimental measure-
ments.

6.1.2 The onset of a weak pedestal

Two of the effects described before are found to affect the temperature distribution in the
SOL. From one side the enhanced parallel transport in the SOL drives the propagation
of a cold front from the limiter sides, which cools down the SOL. On the other hand the
enhanced F X B shear at the separatrix results in a localized sheared poloidal velocity.
The evolution of the temperature as a radial profile averaged on the flux surfaces is shown
in figure 6.2, left. In the core r/a < 0.95, the temperature profile is constant, sign that in
this region the simulation is run close to steady state conditions as described in Section
3.2.1. The temperature gradient steepens at separatrix, between 0.95 < r/a < 1.01 from
early times t = 2 - 10%Q); ! forming a small pedestal. The pedestal is present throughout
the simulation and is found to slightly increase on time scales comparable to the entire
simulation length (105;").

The pedestal region is located in the neighborhood of the self-generated £ x B shear
layer in the vicinity of the separatrix. We observe an increase in the temperature gradient
averaged on the flux surface, shown in figure 6.2, right. The temperature gradient between
0.95 < p < 1.01 increases by a factor three with respect to the initial condition on a time
interval of 104Q; .

The transport barrier at separatrix

The small pedestal in the temperature gradient is sign of the presence of a transport
barrier. If we consider an effective diffusive radial transport the total heat flux @ is
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Figure 6.2: left— Flux surface averaged temperature profile versus radius at different
instant of time: initial Q;# = 0 (solid line), ;¢ = 20000 (dash-dotted line), ;t = 40000
(dotted line), ©;t = 80000 (dashed line). right— Radial derivative of the flux surface
averaged temperature at initial time (black solid line) and at t = 10*Q; ' (red dashed
line).

related to the radial temperature gradient VI' by an effective thermal diffusivity kg
as Q = —RepVT. At constant flux required for steady-state condition, a local increase
of the temperature gradient means a locally reduced effective diffusivity. The increased
temperature gradient is the signature of a transport barrier. If a transport barrier forms
at the very edge of the plasma domain, close to the separatrix, the increased thermal
insulation at the plasma edge leads to the possibility to reach a higher core temperature
with the same heating power and therefore to improved performance. In experiments [10]
a transition from low confinement regime (L-mode) to high confinement regime (H-mode)
is observed as a bifurcation phenomenon with a threshold on the external heating power.
A complete understanding of the mechanism leading to this transition is still missing.

A non-linear drive for the generation of an increased temperature gradient is found
in the radial electric field, as can be readily seen by the radial force balance equation
5.3. We test the influence of the SOL radial electric field on the formation of the barrier.
We compare two simulations, one with the proper SOL polarization (¢)rs = AT, and
in the other we artificially set (¢)rs = 0 so to have null SOL radial electric field. The
simulations are run on the same parameters as in Section 6.1.1. On Figure 6.3 are shown
the time trace of the radial temperature gradient averaged in the region close to separatrix
0.95 < r/a < 1.01 for the two cases. The two curves follow a similar evolution: the
average temperature gradient is always increasing in time, although at lower rate for
t > 3-10*Q; " This indicates that the stationary state is not yet reached in the pedestal
region. The temperature gradient is lower in the case (¢)rs = 0, which can be related to
the fact that for a lower SOL electric field the resulting £ x B shear is lower. Despite
this difference, the resulting temperature profiles of the two cases are quite comparable.
The maximum difference between the two profiles in the pedestal is comparable with
the maximum difference in the confined region, where the profiles are corrugated by the
turbulent fluctuations. The temperature gradient steepening at the separatrix appears as
a spontaneous evolution of the system when coupling core and SOL dynamics, and more
generally when different properties diving the electric potential generate an interface [59].
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Figure 6.3: Time evolution of the opposite of the temperature gradient averaged in the
pedestal region 0.95 < r/a < 1.01 when the flux surface average potential in the SOL is
artificially forced to 0 (empty circles) or to AT, (full squares).

6.1.3 Initial dynamics of the density

We describe the dynamics of the SOL density transient. The simulation starts with a
poloidally symmetric density distribution defined by the initial radial profile. Since the
limiter acts as a particle attractor and the drift velocities are killed within the limiter
mask, the density starts migrating towards the limiter and only penetrates the limiter
region via parallel transport. An initial accumulation of particles at the plasma-limiter
interface is observed. Considering the GYSELA convention for the magnetic field (Section
2.3.2), the E' x B velocity tangent to the limiter surface is directed horizontally towards
the high field side. Consequently, the density accumulated at the limiter surface drifts to
the high field side and an in-out density asymmetry is created close to the limiter. From
there, the negative poloidal E' x B flows in the SOL redistribute the particle accumulation
poloidally in the high field side SOL. An example of the resulting density distribution on
the poloidal section is shown in figure 6.4. A clear poloidal asymmetry of the density is
observed in the SOL, an over-dense region is found in the third quadrant of the poloidal
section. At time ¢ = 1200092; ' the density is increased up to 60% of the initial value
between 1.02 < r/a < 1.15 for poloidal positions close to the limiter on the high field
side region (figure 6.5). The maximum accumulation of the density happens within the
transition region where the mask function varies from 0 to 1 in the high field side (figure
6.5 right). The initial transient described here happens on intermediary time scales of the
order of 10%Q2;!, larger than both the correlation time of turbulence (< 103€2;) and the
parallel connection time but shorter than the energy confinement time (~ 10°Q; ).

The subsequent evolution of the SOL density is found to be affected by a constant
particle loss. This aspect of the simulations with limiter boundary will be analyzed in
detail in next section E.1. Also, while the core region develops during the simulation a
fully turbulent regime, reaching the statistical steady state on long times, the SOL remains
stable for almost the whole simulation duration, that is 10°Q; !, approximately one tenth
of the energy confinement time. The fact that the SOL is initialized out of equilibrium
indeed delays the achievement of a statistical steady state. A comprehensive study of the
2D SOL equilibrium in the poloidal plane for the GYSELA limiter configuration is being
addressed.
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Summary

The new SOL boundary conditions implemented in GYSELA are shown to generate an
initial transient which results in a poloidally asymmetric SOL density distribution and
the formation of a small pedestal in the temperature profile located at the confined-open
field lines interface. The transient takes place on a time scales much longer than the
turbulence correlation time, while much smaller than the energy confinement time. A
comprehensive study of the SOL equilibrium state in GYSELA simulations is still to be
addressed in order to initialize the simulations close to steady state in both confined and
open field line regions. This step is required to investigate the interplay between core-edge
and SOL turbulence.
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Chapter 7

Ion Temperature Gradient and
Kelvin-Helmholtz instabilities in
GYSELA simulations with

Scrape-Off Layer

This chapter is dedicated to describing the effects of the limiter boundary condition on
the turbulence in GYSELA simulations. A first analysis is performed in the axisymmetric
framework where a Kelvin-Helmholtz like instability is observed, governed by the sheared
E x B velocity layer at the separatrix (section 7.1). Next we present the results of a
fully turbulent GYSELA simulation with limiter boundary, where fluctuations are found
in the edge region where the initial profiles appear to be subcritical when considering a
simulation case with the poloidally symmetric boundary layer (section 7.2).

7.1 Kelvin-Helmholtz instability at separatrix

The Kelvin-Helmholtz (KH) instability is typically an instability generated by a sheared
fluid velocity field. It is ubiquitous in neutral fluid turbulence. It can be observed in nature
with structures that are reminiscent of the linear stages of the instability, for example as a
particular shaping of the clouds in presence of stratified winds (figure 7.1). The mechanism
driving the instability can also be extended to the interface between two fluids at different
velocities flowing parallel one to the other along the motion direction. This case usually

Figure 7.1: Kelvin-Helmholtz eddies observed in the clouds.
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allows for simple visualization of the instability. At the interface between the two fluids a
sharp variation, transverse to the motion, then generates ripples of the two-fluid interface.
Fluid particles at higher velocity move inside a slower background fluid - and vice-versa
- and they are twisted, forming turbulent vortices. This phenomenon usually competes
with damping mechanisms, such as viscosity or surface tension at the interface, which
then drives an instability threshold in terms of the shear amplitude.

In the core of Tokamak plasmas, the KH-like instability has been already identified as
a mechanism of both source and damping of the zonal flows[6, 60, 61]: regarding the first
the instability can arise between the streamers, which are radially elongated isopotential
cells corresponding to the Ion Temperature Gradient linear modes. When the instability
arise, it breaks the radial structures in the transverse direction with respect to their
elongation and can form a poloidally and toroidally symmetric flow, the zonal flow. Once
the zonal flows are formed, a KH-like instability can form between the poloidally and
toroidally symmetric layers. This mechanism breaks the symmetry of the zonal flows and
creates turbulent eddies. A KH-like instability can also be triggered by parallel velocity
shear. A net difference in the parallel flow velocity is found between the confined region
and the SOL, where the plasma is accelerated up to the sonic regime due to the presence
of the limiter or divertor plates [62]. The parallel velocity gradient (PVG) instability has
been investigated theoretically [63, 64] and observed in the experiments [65]. It has also
been recovered in 3D fluid numerical simulations [66]. A recent work identifies the parallel
velocity gradient instability as a possible mechanism to drive subcritical turbulence with
respect to the ITG threshold [67].

In this section we focus on the KH-like instability generated by sheared poloidal flows
at the interface between confined and open field lines regions. These flows are driven by
the F x B drift velocity. The flows are sheared in the radial direction since the electric
field changes sign when crossing the separatrix, as shown in section 5.3.1. In this case,
the KH may appear as a primary instability for the system. We show that an enhanced
E x B shear at the closed-open field line interface can generate small scales turbulent
eddies in the poloidal plane. This phenomenon seems to appear above a threshold in
E x B shear. However, in the present GYSELA simulations, the fluctuations that might
be related to the Kelvin-Helmholtz instability appear during a transient with continuously
evolving shear layer. This makes any quantitative comparison to the Kelvin-Helmholtz
models quite challenging.

7.1.1 A reduced model for Kelvin-Helmholtz instability

We investigate here the linear stability of the plasma driven by a velocity modulation
using the TOKAM2D reduced model [68]. In a generic fashion, this system couples a
transported field, either the density, the temperature of the pressure, and the vorticity
field, in the flux tube approximation where variation in the direction parallel to the
magnetic field are ignored. A slab 2D geometry in x, radial, and y, poloidal directions is
considered. The driving velocity shear is introduced in the model as a sinusoidal function
of the electric potential. This particular framework is also referred to in the literature
as the modulational instability. We present the linear analysis of the simplest system,
where the interchange term is set equal to zero, as well as any source or dissipation term.
The evolution of the system is driven by the background electric potential 3 with wave
vector K = (K, K). The effect of the latter is therefore isolated from the interchange
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turbulence drive. Also, since no damping mechanism is considered, the system would
result always unstable. The continuity and the vorticity equations read:

om+ [¢,n] =0 (7.1a)
oW + [6,W] =0 (7.1b)

where n is the transported field, say the density given the chosen notation, ¢ the electric
potential and W = V2¢ is the vorticity. The Poisson bracket in 2D slab geometry is
defined by [ f, g] = 0, f0y9 — 0,90, f. We linearize the system by expanding at first order

in the perturbations |n|,|¢| < 1, considering the order zero density profile as a constant
gradient nyg = xd,n = x/L,, and the background potential &5 = @Kei(KZ’”+Kyy) + cc. We
now assume the system to respond to the background excitation with two different mode
numbers k; and k; satisfying the three wave coupling constraint k; = K+k,. The pertur-
bations 72, ¢ will be expressed by the sum of the two modes as: f; = fkj e tHkizrtkiyy) 4 cc
where j stands either for 1 or 2 and f for the perturbed density or potential, ¢ is the
temporal coordinate. The linearized system reads:

Ot + [®0,71] — 9,0/ Ln =0 (7.2a)
W + [®, W] + [0, V2] = 0 (7.2b)

Since the coupling between the transported field and the vorticity equation has been set at
zero, the density field only tracks the transport governed by the instability. Furthermore,
in the absence of dissipation mechanisms, the waves associated to this independent system
are bound to be marginal. From this system we can extract a linear set of equations for
the amplitude in Fourier space of the modes n; ,ng, ggl and ggg. When considering the
symmetry of the vorticity equation, one finds that the growth rate v will only depend on
the relative direction of the perturbation wave vectors with respect to wave vector K of

the drive, and the latter can take any direction in the x,y plane. One can also redefine
k; and ks as

kleélK‘i‘li
kQZCl{QK—i—K,

with K-k =0 and a; — aps = 1. We write the dispersion relation for the growth rate as

: (l—aZ= X% (1—a=X?)\ -
R G e ) EUNNLY

with X = k/K. Let K 2§, = V' be the absolute value of the amplitude of the velocity
shear due to the potential field @, one finds a compact formulation of the 4 solutions of
the dispersion relation:

v ==+ X|V’

1—a2— X2)(1 — a2 — x2)\ Y2 7.4
’7::|:Z|X|V/ ( 2062 )( 2&1 ) ( )
(af + X?) as + X?

The two former roots lead to marginally stable modes with Doppler frequency =XV’ =
kK |®g|. One of the modes associated to the two latter roots can drive an instability
provided:

X' —(a+b)X*+ab<0 (7.5)
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with @ = 1 — a2, b = 1 — a?. This second order equation in X? always has two roots
X? =band XZ = a and the instability occurs when at least one of these roots is positive.
Given the relation between «; and asy one can set oy = o + % and ay = a — 1. The

2
instability condition is found for —% <a< % and therefore

—2<a; <1 or

7.6
—1<ay<?2 (7.6)

We note from the definition of the coefficients a and b that the largest possible root is
X =1 and a necessary condition for the instability is X < 1, hence x < K. The unstable
mode would develop on spatial scales comparable to the shear layer width or larger.

The reduced model presented here gives a first and analytically tractable description of
the K-H instability as a primary instability for the plasma system. By tuning a background
potential of different shape, one could apply the model to several phenomena, such as the
K-H instability between the linear streamers or between the zonal flows. In our case, one
could improve the calculation by adding a dissipation term, corresponding to the parallel
resistivity of the plasma. This would introduce an instability threshold on the growth rate,
which depends on the amplitude of the velocity shear V’. However, the comparison of the
model with the global system of GYSELA numerical simulations remains still challenging.
The main difficulty is that in GYSELA simulations one cannot identify a constant drive
for the H-K instability: the poloidal velocity shear at separatrix is indeed self-generated,
therefore can be poloidally asymmetric and evolves in time.

7.1.2 Axisymmetric instability

We investigate the problem of the stability of a E x B shear layer at separatrix with
GYSELA numerical simulations. The SOL boundary condition is added, as described in
chapter 6. A shear of the poloidal velocity at the interface between confined and open
field lines region is driven by the self consistent development of a reversed radial electric
field. For the simulations presented in this section, the possibility of an interference of
the sheared velocity field with the interchange turbulence has been eliminated by filtering
out all the non-axisymmetric modes n # 0, where n is the toroidal mode number. Only
the axisymmetric mode n = 0 is evolved, all the parallel terms being still active in
the simulations. In this set up, one would expect neoclassical transport to govern the
evolution of the system. The radial electric field, and therefore the shear, is determined
by the evolution of the plasma as described in Chapter 5 and can be read as enforced by
the radial force balance 5.3. In the core region we can consider the neoclassical regime
for which E, ~ —V,p/en. and therefore the radial electric field behave as the second
derivative of the pressure gradient. In the SOL, the averaged electric potential is at
lowest order slaved to the electron temperature profile due the electron parallel dynamics
E, = —A0,T./e, with A =~ 0.5Log (mi/me) and T, the electron temperature.

We present the results of two GYSELA simulations with different choice of initial
profiles. The first case corresponds to the set of profiles used in the database used to
investigate the ion thermal energy confinement (Chapter 3, figure 3.2), which we identify
as "marginal” since the profiles are close to the ITG threshold V,log(T)/V log(n) ~ 2
over the whole radius. The second set of profiles is interpolated from the experimental
data of the Tore Supra shot T'S45511. We refer to this case as “experimental”. The two
profiles sets are shown in figure 7.2 We evolve deuterium ion species only with adiabatic
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Figure 7.2: Left— Marginal and right— experimental profiles sets.

Ny | No | Ny | Ny | Ny| Ly
Marginal 512 | 1024 | 32 | 128 | 32 | w/2
Experimental | 512 | 1024 | 32 | 256 | 64 | 7/4

Table 7.1: Definition of the mesh size in radial, poloidal, toroidal, parallel velocity and
magnetic moment coordinates. In the last column the length of the toroidal coordinate.

electrons. The plasma control parameters are 1/p, = 150, the aspect ratio A = 6, the
collisionality v, = 0.02 with zero source term. The latter has been considered since for this
set of simulations, the integration time is too short to lead to significant core evolution.
The collision operator, which drive the neoclassical transport, is chosen as the linearized
operator of [25]. The mesh size for the two simulations is given in table 7.1. The radial
range is 0 < r/a < 1.2. The SOL extends in 1 < r/a < 1.15, and the first wall region
is set by r/a > 1.15. The limiter surface is flat, the geometry of the boundary is the
same shown in figure 4.2. The limiter and wall temperature is set as Ty /Ty = 0.18 in the
marginal case and Ty /Ty = 0.20 in the experimental case. These values correspond to
the lowest value of the initial temperature profile, at r/a = 1.2.

The combined effect of different initial profiles and the initial transient in the SOL,
which quickly generates a transport barrier, results in different E x B shear level at
separatrix and in the SOL (figure 7.3, left). In the core plasma p < 0.9 the shear amplitude
levels-off between 104 and 1072 in both simulations. In the vicinity of the separatrix
0.95 < r/a < 1.04 the shear amplitude increases by two to three orders of magnitude for
the experimental and marginal cases respectively. In the SOL r/a > 1.05, the shear level
is of the order of 1072 in the marginal case and 1072 in the experimental case.

The poloidal velocity for the two simulations is shown on figure 7.3 right hand side.
In both cases the poloidal velocity changes sign when crossing the separatrix at r/a = 1,
following the reversed radial electric field. In the marginal case, the poloidal velocity is
one order of magnitude higher close to the separatrix 0.9 < r/a < 1.1 with respect to
both the core region r/a < 0.9 and to the experimental case across the radius. Given
the axisymmetry of the system, the enhanced poloidal velocity shear at separatrix should
be the only physical drive for a possible instability, which would develop in the poloidal
plane.

Fluctuations indeed appear clearly for the marginal case at the inner side of the sepa-
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Figure 7.3: left — Time average between 4 - 103 < Q;t < 8- 103 of the E x B shear, i.e.
02{¢) rs, for the marginal (solid black line) and experimental (dash-dotted red line) cases
in logarithmic scale.right — Poloidal velocity vs the radial position averaged on the same
time window at the outer midplane 6§ = 0 for the two cases.

ratrix, where the poloidal velocity shear is largest. On Figure 7.4 is shown a snapshot of
the potential fluctuations ¢ — (¢)pg for the marginal case in the fourth quadrant of the
poloidal section at time 4 - 103Q2; ! The development of small scale structures is visible
close to the separatrix. The core region is still dominated by the global GAM activity,
which characterizes the initial reorganization of the distribution function as described in

section 2.3.1.
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Figure 7.4: Snapshot of the potential fluctuations ¢ — (¢)rg at time t = 4-10Q; " in the
fourth quadrant of the poloidal section for the marginal case.

Given the axisymmetry of the system, the spectrum of the potential fluctuations can
be extracted using a single poloidal plane. However, in the open field lines region, this
spectrum is distorted by the presence of the limiter, inside which the electric potential
is set to zero. The shape of the limiter is a sum of hyperbolic tangents in the poloidal
direction and its Fourier spectrum at r/a = 1.01 is close to a sinus cardinal function, as
shown on figure 7.5 (blue dotted line). The Kelvin Helmholtz like contribution to the
potential fluctuations in the SOL are identified as a departure form this spectrum. The
poloidal spectra of the potential fluctuations for the two simulations are shown on figure
7.5 for a core radial position, r/a = 0.5 and in the SOL close to separatrix r/a = 1.01. In
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the core, only the large scale modes m < 5 have significant amplitude. They correspond
to the initial reorganization phase with GAMs. In the SOL the spectrum of potential
fluctuations departs from the limiter one at high mode number, for m > 60 in the marginal
case and for m > 110 in the experimental case. This range of poloidal modes is comparable
to that of the small scales instability eddies identified on Figure 7.4. In the marginal case
the SOL spectrum amplitude level-off around 10~ for m > 75. There the spectrum
amplitude exceeds the respective core one of ~ 10 orders of magnitudes. In such a
situation, the instability appears to cascade to the smallest possible mode, which would
be indicative on resolution issues. These have indeed been experienced requiring to run
higher resolution simulations, such that at the highest mode numbers, m > 200, the
spectrum decreases again with mode number. In the experimental case, the SOL spectrum
amplitude is lower than the marginal case from two to four orders of magnitude in the
range m > 75 and does not saturate on a given amplitude. This difference of behavior
can be explained by the lower instability drive, that is the £’ x B shear.

1071
_, —— Marginal SOL
10724~ \: —-— Experimental SOL
f —— Marginal core
10734 —— Experimental core
AR TS LA T P — Limiter mask
N 1074
§1075;
106
-7
107 N
1078 ! - - . | ! .
0 25 50 75 100 125 150 175 200

Poloidal mode number (m)

Figure 7.5: Poloidal spectrum of ¢ at time t = 4 - 103Q; ! for the two simulations. The
spectra are shown at two radial positions: in the core at r/a = 0.5 and in the SOL at
r/a = 1.01. In blue dotted line is the Fourier spectrum of the limiter mask at r/a = 1.01.

We show the time evolution of the SOL Fourier spectrum for the marginal case in figure
7.6. For small modes m < 60, the spectrum is dominated by the constant projection of
the limiter shape in the Fourier space. The largest modes 150 < m < 200 are excited
for t > 2.5-103Q,—1 and propagate in time towards smaller modes. The behavior is
characteristic of the Kelvin-Helmholtz instability with very narrow shear layers, such
that all wave lengths smaller than the shear layer width are destabilized. Noteworthy, in
the trace of the amplitude, Figure 7.6 is both the patterns that appear in the generation
of the spectrum, indicating specific mode coupling processes, and the fact that the broad
spectra are not steady state feature. Finally, we recall that we have had to increase the
poloidal resolution so that the smallest structure is properly resolved.

From the results presented in this section we understand that a Kelvin-Helmholtz-like
instability may be generated by an enhanced E x B shear at separatrix when coupling
core and SOL dynamics. The phenomenon is enhanced for increased velocity shear. Given
this result, one is led to question the soundness of a SOL models when assuming only
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Figure 7.6: Time evolution of the poloidal spectrum of potential fluctuations in the SOL
r/a = 1.01 for the marginal case.

neoclassical transport [69].

7.2 Edge subcritical turbulence, the crucial role of
the SOL boundary layer

There is a long standing evidence from experimental measurements that the fluctuation
intensity, measured by the relative density fluctuations dn/n, increases with radius from
the core towards the SOL [70, 71]. However, recovering this result in simulations has
proven more challenging[72]. While many results from both local [73, 74] and global [75]
gyrokinetic models for various radial position in the deep core have shown agreement with
the experimental turbulence and transport levels, a systematic under-prediction of both
turbulence intensity and heat flux is found when approaching the edge [76]. The same
paper, identifies a possible explication for this mismatch in non-local effects and self-
consistent fast beam ions [76]. More recently, works with the GENE code have attributed
the underestimation of the edge transport to the stiffness of transport in terms of the
ion temperature gradient. The latter have been modified within the uncertainties of
experimental measurements to achieve a better agreement on the edge transport levels
[77, 78]. This sensitivity is problematic for any kind of extrapolation since projected core
temperatures will vary considerably when driving fluxes are changed very little. In the
extreme case, simulations would become irrelevant altogether for any projection.

We propose here a different understanding of the problem based on the role of realistic
SOL boundary conditions. We show the results of GYSELA simulations with the lim-
iter boundary condition where the presence of the open field line region makes the edge
unstable, due to a combined effect of local linear instability and turbulence spreading.

We compare two simulations where only for the radial outer boundary conditions differ.
The first version of the boundary is poloidally symmetric. The heat is extracted by a
Krook restoring force, which acts in the same way at all poloidal locations[79]. A minimal
version of the SOL is modeled by restoring the distribution function towards exponential
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density and temperature profiles, the typical shape observed in experiments. However,
turbulent transport decreases promptly for r/a > 1 and no shear layer appears to develop
at the separatrix. The second simulation is the same as described in Section 6.1 with the
new SOL-like boundary. The two simulations are run close to the ”"experimental” set-up
discussed above. Except for the boundary, the two simulations have the same control
parameters, same initial profiles shown on figure 7.2, adiabatic electrons and single ion
species, namely deuterium. The aspect ratio is A = 3.2, p, = 1/316 and collisionality
v, = 0.24.

We compute a synthetic diagnostics on the turbulent fluctuations dn/n averaging the
fluctuations of the electric potential on a poloidal arc of 8° around the outer midplane,
according to features of reflectometer measurements on Tore Supra [80]. On figure 7.7 we
show the the radial behavior of the experimental measurements for the root mean square of
on/n fluctuations together with the synthetic diagnostics for the two simulations. When
the poloidally symmetric boundary is considered (gray line), the turbulence intensity
decreases when approaching the edge for r/a > 0.6. A stable region is found for r/a > 0.8,
which indicates that the considered set of profiles is subcritical for the ITG instability in
that region. The situation is changed for the simulation with limiter boundary (red line).
In this case, the turbulence intensity monotonically increases with the radial direction,
qualitatively matching the experimental trend.

[ synthetic 0=0x4° T |
p» = 1/316 Experimental
2
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Figure 7.7: Synthetic diagnostic of the turbulent intensity, measured as the root mean
square of dn/n fluctuations versus the radial direction. The experimental measurements
in blue, GYSELA simulation with poloidally symmetric boundary in gray and with limiter
boundary in red.

The development of the turbulent patterns leading to the onset of fluctuations in the
edge can be the result of the combination of many phenomena in the system. We identify
two possible mechanisms that can generate fluctuations: from one side the profiles can be-
come linearly unstable to I'TG modes. Otherwise as shown in section 7.1, fluctuations can
be generated by a Kelvin-Helmholtz instability of the shear layer close to the separatrix.
Once the instability is generated, turbulence can spatially propagate from an unstable to-
wards a linearly stable region. This phenomenon is called turbulence spreading[81]. It is
still matter of scientific discussion whether the turbulence spreads mainly outward, from
the ITG linearly unstable core [82], or inward [83, 84] from the highly turbulent SOL. Our
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result stands in between: indeed when fluctuations start appearing in the edge, around
t = 4000082; ', the SOL region is still in the initial reorganization phase described in Sec-
tion 6.1 and does not exhibit any turbulent activity. Also, the formation of a transport
barrier between the confined and open field lines regions impedes the transport in both
radial directions. On the other hand, turbulence spreading from the core does not appear
sufficient for turbulence to bridge the core to the separatrix in the simulation with the
poloidally symmetric boundary. The change in behavior of the fluctuations level in the
edge thus appears to be determined by the boundary layer properties. Further investi-
gation is ongoing to clarify the role of the sheared radial electric field on the turbulent
state. However a situation in which turbulence is well extended from the core all across
the radial direction up to the SOL region is still to be achieved.

Summary

The SOL-like boundary implemented in GYSELA revealed a possible additional mecha-
nism of turbulent fluctuation generation. The sheared poloidal flows driven by the reversed
radial electric field in the vicinity of the separatrix can become unstable such as in the
Kelvin-Helmholtz fluid instability. The new boundary condition is found determinant to
recover the experimental trend of fluctuations level in the edge. These results suggest that
a complete global description of the plasma system should include the interplay between
confined and open field line regions.
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Chapter 8

Summary and conclusions

This work aims to address the issue of the global non-linear effects of plasma micro-
turbulence on confinement performance of Tokamak plasma. GYSELA global and flux-
driven gyrokinetic simulations have been used as investigation tool, which allow for com-
parison between local and global properties of turbulent transport. We have focused in
particular on two global aspects: the confinement time scaling of Ton Temperature Gra-
dient turbulence in the confined region and the effect of a reduced SOL physics on the
development of turbulence in the confined region.

GYSELA gyrokinetic and flux-driven simulations with poloidally symmetric boundary
show that the steady state of ITG turbulence in the plasma core exhibits global similarity
properties for which it is reasonable to define a scaling law of the energy confinement
time. However the scaling is not reproduced at local spatial and time scales since the
local correlation time and length of turbulent fluctuations does not scale the same as the
global energy confinement time. The scalability properties seem to break at the mesoscale
level. This fact could suggest that phenomena such as avalanches or staircases of mesoscale
typical size have an impact on the scaling of turbulent heat transport. The simulations
in the scaling are run on the same values of internal energy normalized to the radius. A
power law scaling has been recovered over the remaining free dimensionless parameters:
the aspect ratio A = Ry/a, the ratio major to minor radius of the toroidal plasma, the
plasma size as the ion Larmor radius normalized to the minor radius p, = p;/a and the
plasma collisionality v,. It is found that the parallel connection time scales linearly on
the aspect ratio 7] oc A. The aspect ratio exponent is found positive and close to 1, which
suggests the influence of the parallel motion on this scaling. The exponent related to the
plasma size scaling is found in between 2.5 and 3, indicating that the heat transport in the
system is more efficient than in a purely diffusive regime, such as the Gyro-Bohm. The
plasma size exponent is comparable with the experimental scaling of high confinement
modes discharges. The collisionality scaling is found negative and weak, in line with the
neoclassical theory predictions. The validity of the choice of a power law as the basis
function for the linear regression process is found to be questionable.

The influence of the boundary has been investigated by introducing a reduced version
of the Scrape-Off Layer in GYSELA numerical simulations. Two of the main SOL prop-
erties have been included in the code in separate steps: at first, poloidal asymmetry is
given to the radial outer boundary with a dedicated penalization technique, which mim-
ics the presence of the limiter and the first wall by locally enforcing a cold temperature.
The limiter and first wall act as self-consistent heat sink: only the heat that reaches the
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boundary is extracted. The poloidal asymmetry of the boundary enhances the parallel
heat loss. This property characterizes the Scrape-Off Layer where, unlike in the plasma
core, the transport is essentially 2D. The parallel transport in the SOL is verified via the
initial propagation of a cold front from the limiter sides. Regarding the particle transport,
the initialization of a poloidally uniform distribution function together with the limiter
shaped heat sink leads to a reorganization of the SOL density both from the parallel and
transverse directions. From the parallel side a phenomenon alike condensation takes place
along the field line. From the transverse direction, the accumulation of density is due to
the difference between the fast VB and curvature drifts from the core and SOL regions
and the slow parallel motion inside the immersed boundary.

The second fundamental property of the SOL derives from the parallel electron dy-
namics in the open field lines region. The parallel jump of the electric potential at the
plasma-wall interface proportional to the electron temperature, has been introduced by
penalizing the quasi-neutrality equation. Consequently, the limiter and first wall regions
are grounded in order to mimic the electric configuration of the SOL. The development
of an average potential on the flux surfaces has been studied in both the core region only
and coupled to the SOL. In the core, the radial shape of the average potential can be
interpreted as the combination of negative and concave parabolic functions. A prelim-
inary and completely data driven analysis shows that the potential well all across the
radius is deeper for increased confinement regime, i.e. when decreasing either the nor-
malized Larmor radius p, or the plasma collisionality v,. This result suggests that the
plasma confinement could be interpreted with the simple picture of a single pendulum:
the deeper the potential well, the more difficult is for particles to escape. When coupling
the core and SOL regions, the radial slope of the average electric potential is reversed at
separatrix and a reversed radial electric field is self-consistently generated in GYSELA
simulations. This effect seems sufficient to trigger the formation of a transport barrier at
the core-SOL interface. The formation of the barrier appears to be independent on the
choice for the SOL radial electric field, suggesting that the sole presence of any prescribed
mean value for the radial electric field close to the simulation boundary is sufficient to
trigger a transport barrier.

With the new SOL-like boundary condition an initial transient is started in the SOL
region due to the combination of effects such as the parallel propagation of a cold front in
the SOL, the condensation towards the limiter, the development of a E x B shear layer
at separatrix introduced with the penalization technique. In particular, the condensation
effect towards the limiter coupled to the negative E' x B poloidal flows in the SOL result
in a poloidally asymmetric distribution of the SOL density. The poloidally localized over-
dense region polarizes the SOL. Also the initial parallel propagation of a cold front from
the limiter edges combined to the formation of a transport barrier close to separatrix cools
down the SOL. Poloidal asymmetries on the temperature distribution are much weaker
than the one on the density. A steady state turbulent regime for the SOL still needs to be
achieved and modification in the poloidal temperature distribution can be introduced by
the ballooned structures of the fluctuations. The conservation of particles has been tested
in the GYSELA simulations with limiter boundary. Preliminary results indicate a non
negligible influence of the collision operator as well as the loss of phase space conservation.
Further tests are going to be addressed to clarify the influence of the latter. However,
quantifying the impact of this error on the physics modeled is challenging and remains an
open issue of this work.
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Anyhow, the SOL-like boundary condition gives access to additional phenomena hap-
pening in the plasma edge close to the separatrix. We remind here the two outstanding
results brought to light by the limiter boundary condition. (i) The enhanced poloidal ve-
locity shear layer generated at the interface between the core and SOL regions can give rise
to an instability close to separatrix which seems similar in nature to the Kelvin-Helmholtz
instability and could contribute as a turbulence generation mechanism in the SOL. This
result questions the accuracy of drift based descriptions of the SOL heat transport. (ii)
The presence of the SOL boundary condition allows for turbulence development in the
subcritical edge region so that the experimental behavior of turbulent fluctuations in the
radial direction is qualitatively recovered.

The results presented in this work point out two main messages that should be con-
sidered in future research:

e given the clear breakdown of the similarity properties at the mesoscale level, global
models are more appropriate for confinement predictions of future machines.

e the global models should include the interplay between the three regions of core,
edge and SOL to properly treat the boundary effects.

As well, this work reports some fundamental unsolved questions, to be addressed in
future works:

What is the physics behind the similarity properties and why they are not
reproduced at smaller scales? This issue could be at first addressed by planning
a rigorous comparison of large and small scales properties of turbulence between local
(quasi-linear, ¢ f, flux-tube, gradient-driven) and global (full-f gyrokinetic) models. As a
starting point one could address the differences in the near critical behavior of the system,
quantifying the impact of mesoscale phenomena such as the avalanches and staircases on
the global confinement. Comparison with experimental data would be mandatory in order
to validate the results. For this purpose, the development of accurate synthetic diagnos-
tics is required to compare numerical results to the experimental data.

What is the role of the mean electric potential, or alternatively the radial
electric field, on confinement? To answer this question, one could take advantage
of the now mature techniques of data analysis and address a data-driven study on the
terms constituting the force balance equation on the basis of full-f simulations. In a fully-
turbulent regime these terms non-linearly interplay between each other and the physical
mechanisms leading the interplay are still to be identified. The enlightening of corre-
lations between the terms of the force balance in the 3D real space and in time could
help identifying the causality mechanisms behind their evolution. The work should be
supported by theoretical considerations on the possible generation mechanisms at play.
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Appendix A

Difference between the flux

coordinates and the toroidal
coordinates in GYSELA

In this appendix we detail the differences between the two possible system of coordinates

in a Tokamak: the flux coordinates (x, 0", ¢) and the toroidal coordinates (7,6, ). In

the first, the coordinate y is the label of the flux surfaces and is related to the radial

coordinate. The poloidal angle 6, is defined in such a way that the safety factor ¢ depends

only on the coordinate x. The second is the geometrical system of toroidal coordinates.
The GYSELA magnetic configuration is defined as:

B = Byeg + Bg@e@ (Al)

where By = Byr/Rq and B, = ByRy/R. Here By, R, are the magnetic field on the
magnetic axis and the major radius of the torus, R is the distance from the magnetic axis

R(r,0) = Ry + rcos(0) (A.2)

The vectors eg = rVf,e, = RVyp are the unit vectors on the poloidal and toroidal
directions respectively. ¢ is a radial function.
The safety factor of the Tokamak magnetic configuration is defined as

1 [™B-Vp qr)y [*™ 1
= -— = A-
a(r) 27 /0 B-Vo b 27 /0 1 + ecos(0) 40 (4.3)

with € = r/Ry. One can separate the integral in two parts, the first between 0 < 6 < ,
the second between m < 6 < 27.

T 1
I = —_—
! /0 1 + ecos(0) 40

2T 1 (A4)
I, = ——df
? /,r 1 + ecos(6)
To resolve the first integral, one can perform the following substitution:
7 1—¢2 1+ ¢2
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and use the formula
/ dx 1 tan- (bx)
_ = —Tan R
a?+b2z2 ab a

Then

el

tan(60/2) 1 1
I = 2/ dt = 2[—tcm_1 (—t =
0 1+e+ (1 —e)t? 1—e2 1+e o 1—¢

For the second integral s we substitute u = # — m and we follow the same procedure,
resulting in

(A.6)

\/1—+Et>] J—— (A7)

T 1 1
AT W S S S _
? /0 1+ ecos(u) " V1—e? a 1—e¢ o 1—¢

Combining A.6 and A.7 into A.3 we obtain the relation between the safety factor and the
radial function g(r)

_q(r)

One can determine the relation between 6 and 6* by writing the equality

@_B-VG*_1B~V¢_Q< 1 ) - VIt e
d)  B-VO ¢B-VO g\l+ecos(0)) 1+ ecos(h)

(A.9)

By applying the substitution method A.5 on the integral of equation A.9 one finds the
following relations:
V1—c¢ 0*
0 = 2tan* <—t<m<—>>
V1+e 2
V1— 0
0* = 2tan™! <—€tan<§>>

vV1+e

These relations allow the transformation between the toroidal coordinates and the flux
coordinates.

(A.10)

104



Appendix B

Linear regression method used for
the energy confinement time scaling

In this Appendix we show the method we have applied to fit the distribution of points
of the energy confinement time in function of the simulation parameters. This method is
described in detail in [85], chapter 15.

The problem is to fit a distribution of N points y; with error o; on the measure and
coordiante x; to a straight line function y(x) = a + bxz. We define the chi-square function

Clap) =3 (Letn) (B.1)

O'A
i=1 v

which measures the distance of the points from the merit function y = a + bx. The
maximum likelihood fit is obtained by minimizing the y? function with respect to the
coefficients a and b. We derive the function x? with respect to a and b and we seek for
the point in which the derivative vanishes.

da — :

N (B.2)

0 _3)(2 _ zi(y; —a — bx;)

S ob o?
i=1
By defining the following sums:
N N N "
S=D = S=) 5 S=)

i=1 !

=1 (B.3)

the conditions B.2 can be rewritten as

aS +bS, =S,
aS, + bSyy =Sy,
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This is a linear system in the unknown a, b. By inverting the system one gets the following
expressions:

S8y — SuSay

S50 — (5.)2
) _ 55y = 5.5, (B:5)
S50 — (5,)?

We compute the statistical error o, on the coefficients a and b by using the following

relation
2 a o[ 092
o, = g o; <8yi> (B.6)

=1

This relation derives from consideration on the error propagation, but its physical meaning
is not straightforward. Note that to compute the error on the coefficients, an analytical
expression of the coefficients in function of the ordinates y; is needed. The derivative of
the coefficients a and b with respect to y; reads:

Oa Sz — Sy

Oy;  02(SSps — (S2)?)

Oyi  02(SSpe — (S:)?)

(B.7)

so that summing over the points we get the standard deviation on the coefficients a, b

0_2 _ Sacz’

“ 88, — (5,)2

2 S (B.8)
o} e —

b 88, — (S,)?

Multiparameter scaling

One can consider a fitting depending on more than one parameter, that is more than one
x coordinate. In this case, one can rewrite the merit function as

y=a+b-x (B.9)

where X is the vector of the dependence parameters and b is the vector of the respective
coefficients. The values of the coefficients a and b can be extracted following the same
procedure as before. However the linear system to solve is of higher rank. In the case of
fitting the points with a straight line on more than one dimension one cannot derive an
analytical expression of the parameters and therefore one cannot use the expression B.6
to compute the error on the resulting coefficients.
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Appendix C

Difference between the application of
an infinite penalization and a large
Krook restoring force

We detail here the difference in the numerical application of an infinite penalization as
described in Section 4.1.2 and a very strong restoring force of the Krook type.

The numerical algorithm of GYSELA [39] includes a time-splitting technique which
allows to solve the time advance due to each operator of Vlasov equation separately. Thus
the equation for the Krook term corresponds to

Onf = —vM(r,0)(f — ng) (C.1)

To numerically handle v — oo one possible choice is to apply a standard Krook term
with a very large v. However for increasing v the shape of the coefficient v(x) = v M (z) is
close to a step function, which can lead to numerical instabilities. In this case, one should
first define the maximum gradient numerically acceptable for the function 7(z) and next,
given the restoring force strength v, recover a modified mask function M(z) = (z)/v to
use in the restoring force term. Instead, the following alternative approach can be pursued:
at each time step At, inside the limiter and wall region, the distribution function is fully
replaced by its target value g as

ft+At) = (1= M(2))f(t) + M(x)g (C.2)

This formula differs from the application of a standard Krook term with very large but
finite v only in the transition region, where 0 < M (z) < 1. We show the proof Hereafter.
The equation for the Krook term solved by GYSELA corresponds to

Ohf =—-vM(f—g) (C.3)

Where we substitute vM (x) = v(x), allowing a spatial dependence of the restoring force
strength which does not depend directly on the mask function. The analytical solution
of this equation over a time step of amplitude At, corresponding to the time step of one
iteration, is

F(t+ A1) = F(1)e @5 4 g(1 — e~ (C.4)
After k iterations the solution becomes
F(t+ EAL) = f(t)e "@RA L g(1 — e~ P@kAL) (C.5)
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On the other hand, when applying an infinite penalization as in equation C.2, the spatial
dependence of the restoring force is given by the mask M (x) only. After k iterations

ft+EAL) = (1= M(2)*f(t) + (1 = (1 = M(x))")g. (C.6)
The results C.5 and C.6 are equivalent if
— v(x)At = log(1 — M (x)) (C.7)

The right hand side of Equation C.7 does not depend on time step At or restoring force
strength v, as opposed to the left hand side. Thus in the case of infinite penalization as
in equation C.2 the effective strength of the restoring force is v(x) = log(1 — M (x))/At
and depends on the time step At. Substituting #(z) = vM(r,6) in the relation C.7
we distinguish three different cases: (i) the case M(x) = 0 corresponds to v = 0 and the
restoring force is not active in both the formulations; (ii) in the case M (z) = 1 the relation
C.7 exactly gives the limit v — oo; (iii) the case 0 < M(z) < 1, and so 0 < v(z) < v,
is restricted to a narrow region ~ 5p; and corresponds to the only difference between the
two methods. Hence, the formulation C.2 can be preferred to the application of a very
strong Krook term when one would enforce the limit v — oo, taking into account that the
effective restoring force strength depends on the time step only in the narrow transition
region.
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Appendix D

Time evolution of the density, flux
and energy in the 1 — D, 1 -V
penalized model

In order to provide a better understanding of the cold spot effect on the evolution of the
system, we derive in the following an analytical expression for the time evolution of the
moments of the distribution function inside the plasma region, where only the advection
term is active, responsible for the propagation of the two fronts v, and v_ described
in Section 4.2.1. The model does not take into account the evolution of the distribution
function within the limiter region. The main interest is in the understanding of the density
and temperature behavior when the heat sink drives transport in the parallel direction.
In the initial phase, in fact, a fast particle flux towards the limiter empties the SOL. The
decreasing of the temperature is not linear, as a result of the front propagation in the
phase space.

The moments My, of order k of the distribution function can thus be computed as the
sum of three integrals in velocity space, namely:

M, = /v ne fo(v)v*dv + /v+ ny fr(v)v*dv + /00 ne fo(v)v*d (D.1)

—00 vt

The first integral accounts for the cold distribution function transported by the front
v_, hence it spans from —oo to v_ in velocity space; the second integral accounts for
the initial hot distribution function, thus between v_ and v, in velocity space; the last
integral accounts for the cold distribution function transported by the front v, and it is
calculated from v, to +o0o in velocity space.

Considering an infinite restoring force v — oo, thus a step mask function, one can
neglect the periodic propagation of the front in velocity space. The analytical solutions
for the density, particle flux and energy are therefore:

@.t) = e+ Merp ()| = P (22| D2)
n\x, =nNn —Cr — — —er — .
“T VT )|, 2 V2T )|,
TC _02 |V+ TH 2 |V+
[(z,t) =ncy/ —eV?Te| —nyy\/ —eV?TH (D.3)
27 o 27 o
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. TH v TH ,21%2 vt
E(x,t)—Tc—i-{?erf(\/m) \/gve }

TC v TC ,21%20 vt
- [TGTJC(\/Q—TC) — \/;ve } ) (D.4)

The expressions D.2, D.3, D.4 are valid only within the plasma region since we have
considered only the advection term. These results exactly fulfill both the charge balance
(Equation 4.6a) and the momentum balance (Equation 4.6b). Inside the limiter region the
restoring force drives the distribution function to the actual density value n(z,t) and both
density and particle flux can evolve, as derived in the following on the basis of Equations
D.2 and D.3. On the other hand, the energy density is fixed inside the limiter to the cold
value &, since we are considering an infinite penalization.

n(2,t) 1 1.0
Lor 0.96
T
0.9 \%0.92
|
~
- | =0.88
0.8 0.80 P 0.84
Lo B° ; L, 0 10 20 30 40
x T time

Figure D.1: Left: Spatial and time evolution of the analytical density in equation (D.2).

Centre: Cut at time ¢t = 0 (solid line), t = 0.3 (dotted), t = 1.5 (dashed), t = 4 (dash-

dotted line). Right: Relative variation of the number of particles N(t)/N(t = 0) =
L—z0 L—a0 y .

[l t)da/ [ (2, 0)da inside the plasma region.

Figure D.1 shows the analytical expression for the density in time and space, within
the plasma region x¢y < z < L — xg. An initial transient leads to a lowering of the density
profile. At asymptotic time the error functions of Equation (D.2) are all flattened to
zero and the density profile is constant and equal to the initial cold value ne. The total
number of particles inside the plasma region, which is the integral of n(z,t) in the interval
[, L — x¢] is shown in figure D.1-right: it decreases at the beginning of the transient and
then tends asymptotically to the initial value. Given Equation (4.6a), the total number
of particles N = [ ndz in the system is conserved 9;N = 0. Hence, during the transient,
the density increases inside the penalized region. This phenomenon is interpreted as
condensation: the density tends to accumulate inside the cold region. When a constant
density is initialized in the domain ne = ngy, indeed, an initial pressure gradient is created
in the system due to T < Tx. In steady state conditions the momentum balance equation
within the plasma region reads VII = 0 so that during this initial transient the system
adapts to reduce the pressure gradient.

The behavior of the particle flux mirrors the density: at the early beginning particles
are moving towards the limiter to then redistribute much more slowly to the center. The
reorganization of the density profile is indeed subject to two different time scales: the fast
condensation inside the limiter is governed by the hot thermal velocity vy, = v/Tg of the
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Figure D.2: Initial density profile (solid line). Density accumulation transient in the case
of strong restoring force v = 1000 (dashed line) and weak restoring force v = 0.5 (dotted
line).
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Figure D.3: Left: Spatial and time evolution of the analytical particle flux in equation
(D.3). Right: Cut at time ¢ = 0.3 (dotted), t = 1.5 (dashed).
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plasma region. Conversely in the limiter, the temperature is cold so that the following
redistribution of the density from the limiter towards the plasma region is governed by
the cold thermal velocity vy, = Ve < U, - The effect of the restoring force within the
limiter region is not taken into account in the analytical model. When Equation (4.5) is
solved numerically, one can study the effect of the restoring force on the global density
profile (figure D.2). The restoring force resists to the propagation of a higher density
inside the limiter. When the restoring force is strong, indeed, accumulation of density is
observed only at limiter sides, where M (z) < 1 weakens the restoring effect.

e 1.0 1.0

1.25 0.9

0.8
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= «
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0.25 0.5

0.4 012345678
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Figure D.4: Left: Spatial and time evolution of the temperature, computed as
E(x,t)/n(x,t). Right: Cut at x = 0.2 (dotted line) and midbox z = 1 (dashed line).

The lowering of the temperature is not linear, as shown in figure D.4. This happens
as a result of kinetic propagation of the cold front: the bulk of the distribution function is
cooled down on much longer time scales than the tail. At first temperature decreases from
both sides of the limiter towards an intermediate state. It corresponds to the situation
when the tail of the distribution function in velocity space has already stepped to the
cold value. Next the system is cooled at the limiter temperature starting from the region
farthest from the limiter. This last process is governed by the slower time scales of the
bulk velocities.
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Appendix E

Charge balance equation in GYSELA

E.1 Particle conservation test

When the hot plasma comes in contact with the cold solid matter, charged particles
recombine in neutrals and the plasma state is lost. The solid matter therefore acts as a
sink for charged particles. Although the loss of particles is a natural and most important
transport phenomenon in the SOL, this physics is not addressed in the current work
with adiabatic electrons. Indeed when fixing the electron density, the quasi-neutrality
equation imposes that the ion density must be conserved. As already introduced in the
previous chapters, a mismatch between the number of ions and electrons on the flux
surfaces would polarize the plasma, introducing a spurious electric field in the system
which makes difficult the interpretation of the results. Since there is not any particle
source in the model, a particle sink must not be admitted, and vice-versa.

We identify some of the causes that could lead to loss of particle conservation in
GYSELA simulations:

e inaccuracy of the numerical computation of the integral of the distribution function
giving the density due to a lack of resolution in velocity space. This effect could be
increased if the local temperature decreases, for example in the SOL.

e Lack of resolution in the poloidal plane to correctly resolve the transition 0 — 1 of
the penalization mask. This region is critical during the initial SOL transient, given
the fact that particles tend to accumulate at the plasma-limiter interface.

e Breakdown of the phase space conservation within the mask transition 0 — 1 due
to the artificial suppression of the drift velocities within the penalized region. The
divergence of the drifts velocities locally increases, leading to an error on the for-
mulation of the conservative form of the gyrokinetic equation.

e Inaccuracy of the particle conservation due to the formulation of the collision term,
which can loose its validity in high collisionality regime[25], therefore when ap-
proaching the separatrix. This becomes especially important when applying the
collision term on a sparse time step (with accordingly increased collisionality), i.e.
a multiple of the main time step of the advection algorithm, in order to save com-
putational resources. Here, tests are done with the collision operator being called
every eight numerical time steps; in each of these steps, collisionality is thus eight
times the nominal one
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e Breakdown of the gyro-average procedure when the Larmor orbit hits the simulation
boundary.

In general, the particle conservation cannot be perfectly satisfied in numerical simu-
lations. It has already been tested that an acceptable velocity mesh size to resolve the
velocity integrals, even at low temperature as 0.17; /,—05 corresponds to Nv” = 128 and
N, = 64. On the same mesh size the collision operator has been shown to conserve
the particles up to 7 - 1077 relative error on the entire plasma volume [25]. This test is
performed over approximatively one collision time and without considering the particle
trajectories. The attribution of a physical meaning to such a number and in general the
quantitative evaluation of the impact of any loss of particle conservation on the physics
modeled is still an open issue for such global numerical simulations.

We measure the volumetric error on the particle conservation for GYSELA simulations
when including the limiter boundary. At first approximation, one can write the error on
particle conservation by integrating the gyrokinetic Vlasov equation in velocity space.
The error takes the following form

e=0mngc+ V- -Tae (El)

hence it can be measured as the time variation of the density summed to the spatial
divergence of the particle flux. To compute the particle balance from the GYSELA
results, the quantities in equation E.1 are referred to the gyro-centers. The gyro-center
flux can be written as the sum of four components

Fge=Ty,+ Ty, +Ty + T, (E.2)
where

FUD :/Vngch_J (E3a)

FUE :/VEfgcd’U (Egb)

I‘U” :/U”fGCdQ_J (E3C)

myg,

FJ :f)” WV x B (E3d)

b :/ (v” —u(r, 0, 90))2fgcd6 (E.3e)

n(r:0.) = [ facds (E.31)
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1
u(r, 0, ¢) = W/quccdv (E.3g)
where dv is the volume element in velocity space, namely dv = 27TB|’|“midv||du. The
estimation of the order of magnitude of these terms is still an ongoing work.

We note that in the GYSELA model the right hand side of the gyrokinetic equation
corresponds to the sum of the collision term C, the heat source Sjy..; and the heat sink,
namely the penalized Krook term. Also, when artificially suppressing the perpendicular
drift velocities within the penalized region, the divergence of the drift flows is locally not
null. The error € should not be compared to zero but to the quantity

€ —/Cdv—l—/Sheatdv

/( )MLIM(T 6) (f ftarget) (E4)

/ B fooV - [MUM(T,Q)(VE+VD)]d@

The last two terms are introduced with the limiter boundary.

The error € is averaged on the total volume of the plasma and is integrated on a time
interval between 3 - 10%Q2; ! and 4 - 10*Q; !, Tt is found that the volumetric average of the
error considering the total volume of the plasma for the simulations with limiter boundary
is of the order of 3 - 1077, comparable to the accuracy of the collision operator. We
investigate the influence of the numerical resolution on the value of the volume averaged
error. The test is performed on a reference simulation with reduced 1/p, = 150 for
two main reasons: (i) on the same number of grid points the resolution on the poloidal
plane is improved for a smaller poloidal section, (7i) since the radial transport is bigger
in a smaller machine, we put ourselves in an unfavorable situation to quantify what is
certainly an upper limit for the conservation error. The reference mesh size corresponds to
(Nr, Nog, Ny, Ny, N, ) = (256, 512,64, 128, 64), the toroidal length is reduced to L, = 7/4
with periodic boundary conditions. The time step of each iteration is dt = 30§2; !, the
diagnostics on the gyro-center density and the fluxes are saved every 60§2;'. We double
one by one the number of points of each direction of the grid except v. On a separate
case we decrease the time step to dt = 209 ', the saving time for the diagnostics is
maintained the same. We also investigate the effect of the collision term by (i) reducing
the collisionality by a factor of 100 or (7i) reducing the time step in which the collision
operator is applied by a factor of 8, that is applying the collision operator each iteration.
The resulting total error for all the simulations is summarized in table E.1. The average
error on the total volume is found always negative, corresponding to a particle loss.
Surprisingly the mean error on the total plasma volume increases of about 10% when
either the spatial or the velocity resolution is doubled. Reducing the time step does not
seem to affect the value of the error. The error is reduced of about 25% when decreasing
the collisionality to v, = 0.0024 while no significant effect is found when the collision
operator is applied the collision operator every iteration.

To better locate the particle loss, we compute the error £ on different regions of the
poloidal plane, indicated in figure E.1. We compute the percentage of the total error
made in each region i as

- !(&)I
AT (E5)
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where the notation (-) stands for the volume average and time integration operation. The
separatrix region is responsible for 30% — 50% of the error made, followed by the wall
interface region 20% — 30% and the limiter interface 10% — 30%. Inside the limiter 1% to
5% of the total error made corresponds to particle loss. The volume averaged error (e;)
increases of about one to two orders of magnitude in the mask transition regions (limiter
interface and wall interface) with respect to the total volume and to the other regions.
This fact can be related to the loss of phase space conservation within the mask transition
region. The most of the error seems to be made within the separatrix region. A further
check should be addressed in order to fully confirm the results obtained with the limiter
boundary. One should run two simulations more: the first is to check the influence of
the loss of phase space conservation by allowing the transverse drifts in the limiter region
while suppressing them only inside the poloidally symmetric wall region; the second is
to check the influence of the quasi-neutrality penalization by removing the penalization
from the Vlasov equation.

LIMITER

Figure E.1: Sketch of the different regions in the poloidal section considered to compute
the error on the gyro-centers conservation. The core region extends between r = 0
and 7, where 7y, is the last radial position for which the limiter mask M*M(r 6 =
3/2m) = 0. The separatrix and limiter interface regions extend radially over the transition
0 — 1 of MMM(r § = 37/2). The limiter interface region extends poloidally between
1.475 < 6/m < 1.525 and corresponds to the tiny connection area between the last closed
flux surface and the limiter. The limiter region extends radially between the first point
satisfying MM (r § = 37/2) = 1 to the last point satisfying ML™M(r 0 = 0) = 1
and poloidally between 1.3 < 0/m < 1.7; This region includes the whole limiter region,
most of the transition region at the plasma-limiter interface as well as the plasma region
closest to the limiter. The wall interface region is the poloidal sector of the transition
0 < MUM(r § = 0) < 1 which is not included in the limiter region, in the same way the
SOL region, which radially extends between the separatrix region and the wall interface
region. The wall region is the poloidally symmetric layer where MM (r 6 = 0) = 1.
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Appendix F

Adiabatic electron density in the
SOL

The Poisson equation written in the form of quasineutrality equation can be written
n; — Nyg = Ne — Ny Where n;y = ne are the initial ion and electron densities. We
concentrate here on the expression for the electrons:
6 —
ne —= neoee(¢_¢0)/T€ ~ neo <]_ + M) (Fl)
T,
where ¢q is the electric potential of the plasma when n, = n.. The electron density
fluctuation dn. is therefore:
e(¢ — o
Mg = Ne — Ny = N —< T ) (F.2)
e
One then uses the constraint on the flux surface averages < n, >pgs= n.y and therefore
< 0ne >pg= 0 which then yields ¢y =< ¢ >pg. In the Scrape-Off Layer one considers
the same relation, namely:

(F.3)

However, since the flux average surface does not hold, one requires that dn., = 0 at the
sheath entrance which then yields ¢g = ¢, = T.A/e. An alternative and equivalent
approach is to consider the field line (f1) average:

6(<¢>ﬂ — o)

T (F.4)

<5n6>fl = Neo

then assuming that: (dn.) s = 0, one must have (¢) s = ¢o. Finally, when assuming that
¢ ~ eA/T,, in other words that the sheath potential difference exceeds significantly any
electric potential along the field line, one has:

epo

= A F.5
- (F5)
Therefore, in the SOL one can consider the approximation:
e T.A
Sne = gy — ( _ e ) F.6
Me = Neo 7 ¢—— (¥.6)
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