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ABSTRACT

The present work takes place within the general context of research related to the development
of nuclear fusion energy. More specifically, this thesis is mainly a numerical and physical
contribution to the understanding of turbulence and associated transport phenomena occuring

in tokamak plasmas, the most advanced and promising form of magnetically confined plasmas.

The complexity of tokamak plasma phenomena and related physical models, either fluid or
kinetic, requires the development of numerical codes to perform simulations of the plasma
behaviour under given conditions defined by the magnetic geometry as well as density and
temperature profiles. The studies presented in this work are based on electrostatic kinetic
simulations, taking advantage of a reduced kinetic model (the gyrokinetic model) which is
particularly suitable for studying turbulent transport in magnetically confined plasmas, in effect
solving an approximate form of the Vlasov equation for the distribution function of each species
(electrons, ions) along with a reduced form of the Poisson equation providing the self-consistent
electric fields.

The main tool of this work, the gyrokinetic ORB5 code making use of numerical particles
according to the Particle-In-Cell (PIC) method, has been upgraded during this thesis with
different linearized collision operators related to both ions and electrons. The BIRDIE code,
enabling to study collisional effects on the evolution of Langmuir waves in an unmagnetized
plasma, has been written in order to serve as a test-bed for the collision operators ultimately
implemented in ORB5. Some essential algorithms related to collisional simulations have been
jointly implemented, such as the two-weight scheme which is extensively described in this work.
The collision operators in ORB5 have been further carefully tested through neoclassical simu-
lations and benchmarked against other codes, providing reliable levels of collisional transport.
Together with different procedures controlling the numerical noise, the collision operators have
then been applied to the study of collisional turbulent transport in two different regimes, the
Ion-Temperature-Gradient (ITG) regime and the Trapped-Electron-Mode (TEM) regime re-
quiring a trapped electron kinetic response. Although not dominant in core tokamak plasmas,
collisional effects nevertheless lead to interesting modifications in the turbulence behaviour
which are not captured by the often considered collisionless gyrokinetic models. The so-called
coarse-graining procedure, a noise-control algorithm which is suitable for collisional gyrokinetic
simulations with particles, is shown to enable carrying out relevant simulations over many col-
lision times. Consequently, reliable conclusions regarding turbulent transport in the presence
of collisions could be drawn in this thesis. Namely, the turbulent transport in the ITG regime
is found to be enhanced by ion collisions through interactions with so-called zonal flows as-
sociated to axisymmetric modes, while it is reduced by electron collisions in the TEM regime
through electron detrapping processes. The zonal flow dynamics in collisionless and collisional
ITG turbulence simulations is studied, emphasizing the limitation of the zonal flow level due



to Kelvin-Helmoltz-type instabilities. Additionally, some purely collisionless issues related to
tokamak physics are discussed, such as the finite plasma size effects in TEM-dominated regime
which are found to be important in non-linear simulations but unimportant in linear simu-
lations. The role of zonal flows in temperature-gradient-driven TEM turbulence saturation
is confirmed to be weak, in agreement with previous studies. Finally, a realistic global gy-
rokinetic simulation, accounting for a proper TCV tokamak magnetic equilibrium and related
experimental profiles, has been successfully carried out thus demonstrating the relevance of the
ORBS5 code for predictions related to physics of real tokamaks. A good agreement with GAM

experimental measurements is indeed obtained.

KEYWORDS: plasma, tokamak, fusion, gyrokinetics, turbulence, transport, collisions.
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RESUME

La présente these se place dans le contexte de la recherche scientifique liée au développement
de I'énergie de fusion nucléaire. Plus précisément, ce travail est une contribution numérique et
physique a la compréhension de la turbulence et des phénomenes de transport se produisant
dans les plasmas de tokamak, la forme la plus avancée et prometteuse de plasmas confinés

magnétiquement.

La complexité des phénomenes relatifs aux plasmas de tokamak, ainsi que des modeles physiques
associés, qu’ils soient fluides ou cinétiques, nécessite le développement de codes numériques afin
d’effectuer des simulations du comportement du plasma sous certaines conditions de géométrie,
densité et température. Les études proposées dans ce travail sont menées par le truchement de
simulations gyrocinétiques électrostatiques, tirant avantage d’'un modele cinétique réduit qui
se trouve étre particulierement approprié pour les plasmas de tokamak et permet de résoudre
I’équation de Vlasov pour la fonction de distribution d’une espece donnée, avec une forme

réduite de I’équation de Poisson qui fournit les champs électriques auto-cohérents.

L’outil principal de ce travail, le code gyrocinétique ORB5, utilise des particules numériques
suivant la méthode ’Particule-en-Cellule’ (ou PIC, selon 'acronyme de I'appellation anglaise
"Particle-In-Cell’). Pour cette these, ORB5 est amélioré grace a différents opérateurs de colli-
sion linéarisés, qui affectent aussi bien les ions que les électrons. Un petit code pour plasmas
homogenes et non-magnétisés, BIRDIE, a été écrit afin de servir de laboratoire pour tester
les opérateurs de collision, au travers de leurs effets sur les ondes de Langmuir, avant leur
mise en ceuvre dans ORB5. Quelques algorithmes fondamentaux liés aux simulations collision-
nelles sont également nouvellement mis en ceuvre, comme par exemple le schéma a deux poids
qui est décrit en détail dans ce travail. Les opérateurs de collision sont soigneusement testés
au travers de simulations néoclassiques et sont comparés avec ceux d’autres codes, fournis-
sant des niveaux de transport collisionnel considérés comme fiables. Accompagnés par diverses
procédures pour controler le bruit numérique, les opérateurs de collision sont ensuite utilisés
pour étudier le transport turbulent en présence de collisions, et ce dans deux régimes différents :
le régime du gradient de température ionique (Ion-Temperature-Gradient ou ITG) et le régime
des modes d’électrons piégés (Trapped-Electron-Mode ou TEM), ce dernier nécessitant une
réponse cinétique des électrons piégés. Bien que plutot faibles dans les plasmas chauds de to-
kamak, les effets collisionnels peuvent néanmoins mener a d’intéressantes modifications dans
le comportement de la turbulence qui ne sont pas décrites par les modeles gyrocinétiques sans
collisions, souvent considérés. La procédure de I’espace grossierement grenelé (coarse-graining),
un algorithme de controle du bruit approprié pour les simulations gyrocinétiques collisionnelles
avec particules, démontre sa capacité a fournir des résultats pertinents. En conséquence, des
conclusions fiables peuvent étre esquissées concernant le transport turbulent en présence de
collisions. Concretement, le transport turbulent dans le régime I'TG est augmenté par les col-

lisions des ions, au travers d’interactions avec les écoulements zonaux, alors que le transport



est réduit dans le régime TEM par les collisions des électrons qui génerent un processus de
dépiégeage. Les effets de la taille finie du plasma sur la turbulence d’électrons piégés sont aussi
étudiés, apparaissant importants pour les simulations non-linéaires mais faibles pour les simu-
lations linéaires. En accord avec de précédentes études, il est montré que l'effet de cisaillement
de I'écoulement zonal sur la saturation de la turbulence est faible dans un régime TEM sou-
tenu par le gradient de température. Finalement, une simulation gyrocinétique globale basée
sur un équilibre expérimental du tokamak TCV a été menée avec succes, démontrant la fiabi-
lité du code ORB5. Un bon accord avec des mesures expérimentales sur le tokamak TCV est

notamment obtenu.

MOTS-CLEFS : plasma, tokamak, fusion, gyrocinétique, turbulence, transport, collisions.
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Chapter 1

Introduction

1.1 Nuclear fusion as a source of abundant energy

One of the main challenges related to the future of mankind is the quest for appropriate energy
sources, satisfying criteria such as safety, efficiency and sustainability. Among the various en-
ergy production modes matching these requirements, the most promising candidate is probably
the control of nuclear fusion on Earth. Like in the sun, fusion reactions between light nuclei
take place within a hot ionized gas called plasma, when temperatures are high enough in order
for the nuclei to overcome the Coulomb repulsion between two positively charged particles, and
when densities are high enough in order for a nucleus to collide often enough with other nuclei.
Various reactions between different light nuclei may be considered in view of a future reactor.
However, according to the combination of the fusion reaction cross-section, the corresponding
energy released and the element availability, the most promising reaction turns out to be a
fusion between two Hydrogen isotopes, Deuterium and Tritium, formally written as:

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

Note that Deuterium is easily extracted from water, while Tritium can be generated by bom-
barding Lithium with neutrons. The walls of future fusion reactors are planned to contain
Lithium, in order to generate directly Tritium from neutrons produced by the fusion reactions
and hitting the walls. The total mass of the fusion reaction products, a Helium nucleus and
a neutron, is slightly lower than the total mass of the reactants. The missing mass is turned
into kinetic energy carried by the fusion reaction products, according to the relation E = mc?.
Per D-T reaction, a total of 17.6 [MeV] is released in this way. Obtaining a sufficiently hot
and dense plasma for a sufficiently long time, where fusion reactions can occur at a significant
rate and release energy, is related to the quality of the so-called 'plasma confinement’. The
Lawson criterion [1] states that the triple product: electron density n. x plasma temperature
T x confinement time 7z has to reach a given value for the produced energy (through nuclear

fusion reactions) to exceed the energy required for operating the tokamak:

nd g > 10° [keV s/m?]. (1.2)
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In the sun, the confinement is ensured by gravitational forces, an aid which is not (sufficiently)
available on Earth. Alternative techniques are thus required for plasma confinement on Earth
with the purpose of producing energy. There are mainly two potential approaches for producing
energy from nuclear fusion that are currently subjects of intense research activity. The first
approach involves inertially confining a high density, low confinement time plasma pellet thanks
to laser light [2], which compresses and heats the fuel target through shock waves. The present
work deals with the second approach, the magnetic confinement which makes use of strong
magnetic fields to confine a low density, high confinement time plasma in a given device. In
both approaches, the plasma temperature is expected to be T ~ 15[keV]. While the inertial
confinement approach is potentially able to confine a plasma of density n. ~ 103°[m~3] for a
time 75 ~ 107%[s], the magnetic confinement approach aims at confining a plasma of density
ne ~ 102 [m ™3] for a time 75 ~ 1[s]. Note that both approaches can match the Lawson criterion
(1.2).

The first attempts to magnetically confine a plasma were performed within cylinder-shaped
linear machines, featuring either a longitudinal magnetic field (so-called §-pinch machines) or
a poloidal magnetic field (so-called z-pinch machines). The main problem related to linear
machine configurations is the ”loss cone”, i.e. the loss of particles at the ends of the machine.
This problem is logically solved by closing the magnetic field lines in a toroidal topology, forming
magnetic surfaces. The present thesis is actually dedicated to the most advanced device related
to plasma magnetic confinement, the tokamak, a toroidal device which will be described in some
detail in Chapter 2. The other type of toroidal device which is currently under investigation
for fusion through magnetic confinement is the stellarator in which the whole magnetic field
is produced by coils with complicated helical geometry. The main advantage of a stellarator
configuration is its absence of induced toroidal currents, avoiding the risk of toroidal current
disruptions and the periodic stresses of pulsed operation.

1.2 Anomalous transport due to microturbulence as a

critical problem for tokamak physics

Important developments have been achieved in the field of tokamak physics over the last
decades. A few tokamak devices are currently under operation throughout the world, aim-
ing at studying complex plasma phenomena in toroidal configuration with closed magnetic
surfaces, such as macroinstabilities or electromagnetic microturbulence, along with real-time
plasma control and several engineering issues. Note that current tokamaks serve as research de-
vices and generally do not produce any energy. The state-of-the-art machines, currently at the
front of research, are for instance JT-60U (Japan), DIII-D (USA), NSTX (USA), ALCATOR
C-MOD (USA), ASDEX-UPGRADE (Germany), TCV (Switzerland), MAST (England) and
the largest one JET (England), which came closest to break-even related to energy production
through nuclear fusion in magnetically confined plasmas in 1997, when ~ 16[MW] of fusion
power have been obtained during a D-T campaign for ~ 22[M W] of input heating power. Note
that earlier, the TFTR tokamak in Princeton produced 10.7[M W] of fusion power from a D-T
plasma in 1994. In order to definitely prove the viability of a commercial reactor relying on nu-

page 2 Thibaut VERNAY, CRPP/EPFL



1.3. CODES FOR SIMULATING MICROTURBULENCE

clear fusion, a large project called International Thermonuclear Experimental Reactor (ITER)
has been initiated. Thanks to its size much larger than for any existing tokamak and the in-
tensity of its magnetic field, the ITER tokamak is supposed to satisfy the Lawson criterion and
open the way towards the first true reactor called DEMO.

According to the Lawson criterion, obtaining a high temperature is crucial in a future tokamak
reactor. The plasma is naturally heated by the toroidal current through the Joule effect, as
an electrical current going through the wire of a light bulb heats it and the environment. The
plasma resistivity 7, correlated to the efficiency of the Joule effect, decreases however when
the temperature T increases (n ~ T—3/2), finally leading to the inefficiency of the Joule effect
for reaching the required temperatures (typically of T ~ 15[keV] ~ 150 - 10°[°C] in ITER).
Additional heating systems are thus considered, like a Neutral-Beam-Injector (NBI) system for
ion heating and an Electron-Cyclotron-Resonance-Heating (ECRH) system for heating electrons
through injection of high frequency electromagnetic waves which enter in resonance with the
electron Larmor motion (see Chapter 2). Ideally, the ignition regime would be reached, where
the plasma heats itself by the Helium nuclei it produces through fusion reactions. But the
energy confinement time and thus the temperature in a tokamak are limited by radial heat
losses (towards the wall of the tokamak vessel). Regarding the issue of density, critical as well
through the Lawson criterion, the main limitation comes from the Greenwald density limit [3],
including radial particle losses.

The value of the Lawson triple product is thus fundamentally affected by transport phenomena
occuring in a tokamak plasma. Collisions between charged particles provide an intrinsic particle
and/or heat transport in a tokamak, called neoclassical transport. Some basic elements of
neoclassical transport theory in a tokamak will be explained in Chapter 6. After the first
tokamak plasma experiments, it however quickly appeared that the relatively low collisional
transport levels were unable to explain the observed degradation of the confinement time. The
actual heat and particle losses, unexpectedly high in practice, naturally affect the ability of a
plasma to reach the Lawson criterion and thus represent one of the major obstacles in achieving
nuclear fusion in magnetically confined plasmas. Those high transport levels which cannot be
explained by collisions alone are gathered under the single name of anomalous transport. Since
the main mechanism responsible for anomalous transport is at this point widely accepted to
be related to electromagnetic microturbulence, the name of turbulent transport is often used as
well.

1.3 Codes for simulating microturbulence

Electromagnetic microturbulence (or its electrostatic limit as addressed in this thesis) defines
the non-linear evolution of microinstabilities driven by plasma pressure gradients towards a
turbulent regime (see Chapter 2). Plasma microturbulence shares some common features with
turbulence in neutral fluids, like energy cascades, but is governed by more complex kinetic
models involving furthermore Maxwell’s equations. Actually, the system of equations that
needs to be solved in order to properly address the issue of plasma microturbulence, called the
Vlasov-Poisson system in its electrostatic limit and partly detailed in this thesis (see Chapter
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CHAPTER 1: INTRODUCTION

3), is a very demanding set of equations due to its non-linearity combined with its a priori 6-
dimensionality. The gyrokinetic model [4], allowing to reduce the dimensionality of the problem
from 6 to 5, is briefly described in Chapter 3. The gyrokinetic model relies essentially on strong
magnetic fields and small fluctuation levels compared to plasma background temperature. Note
that this thesis addresses the issue of microturbulence in the core of tokamak plasmas, where
the gyrokinetic model assumptions are fully valid. Large pressure gradients in the plasma
edge, forming the pedestal region related to H-mode (high confinement mode) plasmas [5], are
responsible for other plasma instabilities which are not described here.

Although some elegant analytical work may be performed related to the Vlasov-Poisson system
in low-dimensionality plasmas [(], obtaining reliable solutions describing accurately the related
microturbulence in tokamak configuration is only possible through numerical simulations [7].
The most accurate simulation codes for studying microturbulence currently rely on the gy-
rokinetic model presented in Chapter 3, which in the electrostatic limit provides a modified
Vlasov-Poisson system combining the gyrokinetic equation with the quasi-neutrality equation.
Note that a code can consider a global geometry, i.e. accounting for the full torus configuration,
or can be limited to a local (flux-tube) geometry, accounting for a limited plasma volume in
the vicinity of a given magnetic field line. A local code is naturally less demanding in terms of
computer resources than a global code. However, a local code does not account for tempera-
ture and density profile variations and is thus in particular inappropriate for simulating small
tokamak plasmas where characteristic gradient length scales and turbulence correlation length
scales are not clearly separated. For large tokamak plasmas of future reactors, the accuracy of
a local model may nevertheless be satisfying. Another crucial feature of a gyrokinetic code is
its treatment of electrons, which can range from the adiabatic assumption (the computation-
ally cheapest model) to a fully kinetic electron response (the computationally most expensive
model). In addition to the latter models, a gyrokinetic code can consider a hybrid model for
electrons, partly adiabatic, partly kinetic, as described in this thesis.

Several numerical approaches are used for solving the gyrokinetic model equations. Currently,
the most popular way of numerically handling the gyrokinetic model is the Eulerian approach,
where the equations are discretized on a fixed grid in the 5D gyrokinetic phase space and solved
through finite difference schemes. The most prominent Eulerian-based gyrokinetic codes are
GS2 [8], GENE [9] [10], GYRO [11], GKW [12] and GT5D [13]. This thesis is mainly dedicated
to the global gyrokinetic code ORB5 [14] [15] [10], described in detail in Chapters 3 and 4.
ORBB5, like the tokamak code GTC [17] and the stellarator code EUTERPE [15], is based on
the alternative common approach for gyrokinetic codes, the Particle-In-Cell (PIC) approach,
thoroughly described throughout this work and which requires the introduction of numerical
particles. The PIC approach, based on a Lagrangian representation, is more intuitive and
in certain cases less costly (in terms of computer resources) than a Eulerian-based approach
thanks to its grid limited to the 3D configuration space, but suffers from the numerical noise
due to the finite number of numerical particles used for representing the statistical distribution
functions of particles. The issue of numerical noise is addressed in this thesis. Note that a
third approach, the semi-Lagrangian method, is used by the GYSELA code [19] and consists
of integrating the gyrokinetic equation over each time step along trajectories starting from the
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mesh points of a fixed phase space grid. The semi-Lagrangian method is however costly from a
numerical point of view and has not allowed so far to obtain simulation results accounting for

kinetic electron response.

1.4 Contributions of this thesis

The starting point of this thesis is the code ORB5, described in Chapters 3 and 4. The original
ORB5 model [15] was fully collisionless and electrostatic, featuring a single weight scheme. As
a preparatory work, linearized Landau collision operators [20], both for pitch angle scattering
of electrons off the ions and self-collisions, were first implemented and tested in the two-weight
PIC code BIRDIE, written especially for this purpose and described in Appendix B. More
precisely, the collision operators were validated and benchmarked considering the particular
case of electron collision effects on Langmuir waves (also referred to as electron plasma waves).
A similar two-weight scheme [21] was implemented in ORB5, as a necessary requirement before
the introduction of collisional effects. The linearized collision operators, namely the pitch angle
scattering operator for electrons and the self-collision operator both for ions and electrons,
were then included in ORB5 (see Chapter 5). A long testing phase followed, during which both
basic properties of the collision operators, such as conservation properties, as well as several
neoclassical aspects were addressed. Many careful neoclassical benchmarks were performed,
which have shown the reliability of the collision operator implementation [16]. Insights into
neoclassical physics were obtained, like the breakdown of the neoclassical approximation close
to the magnetic axis or the effects of poloidally asymmetric modes on neoclassical transport.
A new scheme, called the background switching scheme, was written in order to run collisional
simulations accounting for a canonical Maxwellian as background distribution function. The
latter scheme was used in order to prepare relevant neoclassical equilibria from which the ITG
turbulence simulations with collisions were systematically started, a novelty in the frame of
gyrokinetic simulations.

A new scheme for controlling the numerical noise, the coarse-graining procedure [22], was im-
plemented in the code by B. McMillan. This contribution was especially important since the
coarse-graining procedure turns out to be the only practical noise-control scheme compatible
with collisions, opening the way towards collisional simulations over turbulence time scales. Fol-
lowing previous studies [23] [24], ion-ion collision effects on ITG-dominated turbulence were ex-
tensively studied through their interactions with zonal flows associated to axisymmetric modes
and acting as an important mechanism in ITG turbulence self-organization [17] [25]. A general
increase in I'TG turbulence levels due to ion collisions was emphasized, along with the collisional
softening of the Dimits shift region. The topic of zonal flow stability and saturation in colli-
sionless and collisional ITG simulations completed the study of the I'TG-dominated turbulent
regime in tokamak plasmas carried out in this thesis [20].

A kinetic electron response was then considered in order to study the TEM-dominated (driven
by electron temperature gradient) turbulent regime. A successful linear and collisionless bench-
mark against the global GENE code [10] in the TEM regime was performed, accounting for
a fully kinetic electron response. The effects of finite plasma size in the TEM regime were
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investigated, appearing to be weak in linear simulations but strong in non-linear simulations.
The zonal flows were shown to play no role in temperature-gradient-driven TEM turbulence
saturation, contrary to I'TG turbulence, confirming previous studies related to this controversial
subject [27] [28] [29]. Regarding collisional simulations, the reduction of the TEM instability
mechanism by electron collisions through detrapping processes was emphasized [30].
Meanwhile, a new electromagnetic, multi-ion species version of the ORB5 code called NEMORB
was written by A. Bottino [31]. The collision operators were successfully merged into this new
version of the code. Collisional simulations of electromagnetic microturbulence are however not
possible yet, due to the (temporary) incompatibility between the two-weight scheme and the
electromagnetic solver.

Finally, a new interface between ORB5 and the equilibrium code CHEASE [32] was written
during this thesis. This has allowed us to perform the first global gyrokinetic ORB5 turbulence
simulation of a TCV shot characterized by a TEM-dominated regime (see Sec. 8.13).

1.5 Outline

The present thesis is organized as follows: Chapter 2 presents the general frame of tokamak
physics and related microinstabilities. The transport phenomena in a tokamak, already men-
tioned in the current introduction, are also briefly summarized. Chapter 3 starts with a general
history of the ORB5 code and provides details about the gyrokinetic formalism, the physical
model on which the code ORB5 relies, along with the appropriate forms of related equations.
Chapter 4 explains the numerical algorithms which translate the equations of the gyrokinetic
formalism into code routines. Different numerical methods for controlling the numerical noise,
inherent to the PIC approach, are presented as well. Chapter 5 is dedicated to the collision
operators, addressing both their analytical and discretized forms and showing some basic tests
of the collision operator properties. A brief discussion related to Finite-Larmor-Radius effects
in collision operators is provided as well. Chapter 6 briefly presents the general framework of
the neoclassical transport theory. A model for calculating the collisionless current in a tokamak
associated to Finite-Orbit-Width effects in the presence of a pressure gradient is described and
compared to ORBb) simulations. Neoclassical benchmarks are carried out, both for electron
and ion transport, either neglecting or accounting for an axisymmetric electric field. Some
limitations of the neoclassical assumptions are exhibited, and the noise-control schemes are
already tested within the frame of neoclassical simulations in order to prepare for the tur-
bulence studies. Chapter 7 deals with I'TG-dominated turbulence simulations and especially
focuses on ion-ion collision effects on ITG turbulence through interactions with zonal flows.
Zonal flow stability is addressed both in collisionless and collisional simulations. The validity
of the Lorentz approximation (pitch angle scattering) for self-collisions is studied in ITG tur-
bulence simulations. The noise-control efficiency in ITG turbulence simulations through the
coarse-graining procedure is carefully checked. The effects of kinetic electron response on I'TG
turbulence are briefly discussed as well. A simple predator-prey model is shown to be able to
recover some basic features of collisionless and collisional ITG turbulence in the presence of
zonal flows. Finally, a few simulations are performed accounting for realistic MHD equilibria.
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Chapter 8 addresses the TEM-dominated turbulence driven by electron temperature gradient
by considering the kinetic response of trapped electrons. In order to validate the code for
TEM studies, a linear benchmark accounting for a fully kinetic electron response is presented.
Linear scans are performed, both with and without collisions. The effects of finite plasma size
on TEM turbulence are addressed, along with the effects of zonal flow shearing on turbulence
saturation. Comparisons with I'TG turbulence are sketched. Electron collision effects both on
linear growth rates and turbulence levels related to TEM instabilities are investigated. Finally,
a simulation including a kinetic response of trapped electrons and accounting for a realistic
magnetic equilibrium corresponding to the TCV tokamak is discussed. The general conclusions
of the thesis are summarized in Chapter 9. Additionally, the role of potential energy fluxes
in turbulence simulations is mentioned in Appendix A. Finally, the BIRDIE code for unmag-
netized homogeneous plasmas, serving as a test-bed for the collision operators, is presented in
Appendix B.
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Chapter 2

Basic tokamak concepts

2.1 Introduction

The tokamak (see Figure 2.1) is a toroidal device whose purpose is to confine a plasma, a
quasi-neutral gas of individually charged particles, through magnetic field lines lying on nested
toroidal magnetic surfaces. The equilibrium magnetic field B of a tokamak is decomposed in a
toroidal component B, produced by external coils, where ¢ stands for the toroidal angle, and
a poloidal component By, mainly produced by the toroidal plasma current j,. The plasma
current is generated by induction (Ohmic regime) and/or by injection of radio-frequency waves
or a beam of neutral particles. Note that the poloidal magnetic field B, is also partly produced
by poloidal field coils (see Figure 2.1) which serve to stabilize and shape the plasma cross-
section. The magnetic axis, near the center of the tokamak vessel, is such that its magnetic
field is purely toroidal: B = By = B,,. Note that the quasi-neutrality of a plasma is broken at
small scale, within a sphere of radius A\p = \/W , where n and T are the density and the
temperature of the plasma respectively. Ap is called the Debye length and is typically of the

order ~ 2 -107°[m)] for a tokamak plasma.

inner poloidal field cails

poloidal magnetic fisld

outer poloidal field coils

resulting helical magnetic field toroidalfield coils

Pl Bl ccine Nt toroidal magnetic field

Figure 2.1: The tokamak device. Figure courtesy of [33].
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2.2 Coordinate systems and safety factor

In order to describe a tokamak, a cylindrical coordinate system (R, ¢, Z) is first introduced with
respect to the symmetry axis of the device. A toroidal coordinate system (r,p,0) is defined

and is related to the cylindrical system by the following relations:

R = Ry+rcost, (2.1)
Z = rsin, (2.2)

where Ry stands for the position R of the magnetic axis and is called the major radius. r € [0, al,
where a is called the minor radius. The local inverse aspect ratio of a tokamak is defined by
e = r/Ry, while the global inverse aspect ratio is given by €go, = a/Ry. Typically €gon ~ 1/3
and for analytical derivations one often makes the assumption € < 1.

One introduces the poloidal magnetic flux ¥ = |, ¢ B -do/2m, where the edge of the surface S
lies on a circular path defined by R, Z = const. Note that, due to the incompressibility of the
magnetic field (V- B =0), B- VU = 0, so that B is tangent to ¥ = const, which thus defines
a magnetic surface. The safety factor ¢;(V) of a tokamak magnetic equilibrium (as defined in
Sec. 2.3), constant on each magnetic surface, is related to the twist of the field line (number of

toroidal turns for one poloidal turn of the magnetic field) and is expressed as follows:

1 dy
qs(V) = %j{ 0

The magnetic shear § is furthermore introduced and defined by:

(V) dg. 04

gs dp(¥)’

1 ("B -V

W= , B-V9¢

along B

d. (2.3)

(D) =

where p() is a label for a given magnetic surface, for instance p(¥) = r for a circular plasma
cross-section. A modified poloidal angle, the called straight-field-line poloidal angle 6%, is
defined such that the magnetic pitch dy/d6*|aong 8 = ¢s(V) is constant on a given magnetic
surface ¥, leading to:

1 "B.Vp
*(0) = 0. 2.
0= ), e 22)

The straight-field-line magnetic coordinate system (W, 8%, ¢) is finally introduced. The Jacobian
Jwe+, of the magnetic coordinate system takes the following form:

1 Ry,
J * = — . 26
VT (VE x V6 - V| B, (26)
The area of the flux surface S(V) is computed by:
2m 2w
() = / / V| Jage o dbdip. (2.7)
o Jo
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Note that the alternative magnetic coordinate system (s, 8%, ), where s = /W /W 44, may be
used as well. The different coordinate systems are presented in Figure 2.2 (a).

»
ions

Vo
d

electrons

A Larmor radius

(a) (b)

Figure 2.2: (a) ORBS5 coordinate systems and circular tokamak configuration, with ion and electron magnetic
drift velocities arising from the magnetic field curvature. (b) Typical motion of a charged particle
along and around a magnetic field line.

2.3 Magnetic equilibrium

The tokamak is designed in order to be axisymmetric, such that 9/9p = 0 for any equilibrium
scalar quantity. The most general axisymmetric field B satisfying V - B = 0 has the following

form:
B=B,+B,u=F(¥)Vy+ VU x Vo, (2.8)

where F(V) = RB, is the poloidal current flux function. The magnetic axis is defined as the
region of the tokamak where the magnetic surface reduces to a toroidal magnetic field line
(with Bpor = 0). Let p(V) stand for the plasma pressure profile. Combining the force balance
relation between the magnetic force and the plasma pressure Vp = j x B with Ampere’s law
V x B = pj leads to the Grad-Shafranov equation:

_ - = _ 2 _
Reoo\mam )+ o = —F(W) R gL, (2.9)

o (10V\ 0V dF dp
OR

For given F'(1)) and p(¥) profiles, the Grad-Shafranov equation (2.9) provides W(R, Z) and thus
the full magnetic equilibrium through Eq. (2.8). The safety factor profile ¢;(V) is obtained from
Eq. (2.3). The important parameter 3 = 2uop/B? is introduced, measuring the ratio between
the kinetic pressure p and the magnetic pressure B? /2. Standard tokamaks typically feature a
ratio § < 1. Note that the main tool of this work, the code ORB5 described in Chapters 3 and
4, provides an interface with the equilibrium code CHEASE [32] which is able to solve the Grad-
Shafranov equation in order to obtain an ideal MagnetoHydroDynamics (MHD) axisymmetric
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equilibrium.

Instead of solving the Grad-Shafranov equation (2.9) in order to obtain an ideal MHD equi-
librium, an analytical equilibrium may be used, which is an approximation of a true solution
to the Grad-Shafranov equation (2.9). The considered adhoc equilibrium consists of toroidal,
axisymmetric, nested magnetic surfaces with circular, concentric, poloidal cross-sections. In
this case, we assume ¥ = ¥(r) with d¥/dr = rB,/q(r), as well as F' = RB, = R(B,y, so that
the axisymmetric magnetic field is given by:

BORO ~ r R
B 2.10
R (GS" * Roq_(r)ee) ’ (2:10)

where é, and €y are the unit vectors in the toroidal and poloidal directions, respectively. At
zeroth-order in ¢, B ~ 1/R. The region close to the tokamak axis of symmetry is thus called
the high-field-side of the torus, the opposite region being called the low-field-side. The ¢ profile,
called here the pseudo-safety factor profile, is chosen quadratic or quartic:

7"2

(.7(7.) = CjO + (Qedge - Cjo)?, (211)
’ 2 3 A

e e e 2.12

q(r) G+h,+Gg o+ dg, (2.12)

and through Eq. (2.3) is related to the safety factor profile ¢s(r) by the following relation:
q(r) =v1—e€ qs(r). (2.13)

Considering a large aspect ratio tokamak (e < 1), we clearly have § ~ ¢,. The standard
safety factor profile used along with the adhoc equilibrium and corresponding to the so-called
CYCLONE case (see Sec. 3.8) is the quadratic profile given by Eq. (2.11) with gy = 0.854 and
qedge - 3038

2.4 Particle motion in the unperturbed tokamak plasma

2.4.1 Larmor motion

Let us consider a particle in the tokamak plasma, of mass m and charge q. The velocity v of
the particle is split into a contribution parallel to the magnetic field v = v - f), where b = B /B
is introduced, and a contribution perpendicular to the magnetic field v, = v —v|;. We consider
here an unperturbed tokamak plasma, i.e. considering no perturbed fields and only the tokamak
stationary magnetic field of equilibrium B. The basic equation of motion for a particle is given
by Newton’s lex secunda:

d
d—‘;:%n xB=v, xQ, (2.14)

the cyclotron frequency € = ¢B/m being defined. Eq. (2.14) leads to the so-called Larmor

motion or gyromotion, i.e. a circular motion in the perpendicular plane around the field line.
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The radius of the Larmor motion relative to the field line is p;, = v, /Q. The vectorial form of
the Larmor radius reads p, = B x v/BS). The phase of the Larmor motion is described by
the so-called gyroangle . The gyroaverage operation (), crucial in the frame of the gyrokinetic
theory introduced in Chapter 3, is defined by:

() 1/0ﬂ~~~doz. (2.15)

T or

The perpendicular Larmor motion added to the parallel motion along the field line forms
essentially the trajectory of a charged particle in the presence of a magnetic field, as presented
in Figure 2.2 (b). In the presence of magnetic field curvature, as is the case in a tokamak,
a charged particle drifts perpendicularly to the magnetic field line in addition to the parallel
motion and the Larmor motion, as explained in Sec. 2.4.2.

2.4.2 Constants of motion

The magnetic moment of a charged particle in a magnetic field B is defined by p = IdS =
qmpiQ/27 = mv? /2B, where I is the current carried by the particle and dS the circular surface
defined by the Larmor motion. The kinetic energy of a particle, written £ = mvﬁ [2+mv? )2 =
mvﬁ /2 + uB, is naturally a constant of motion in the unperturbed system since:

d€ dv

E:mV-E:qV~(VXB)=O. (2.16)

In case of spatially slowly varying magnetic field B over the Larmor scale (|p; - VB|/B < 1),
the magnetic moment y = mv? /2B is an adiabatic constant of motion of the unperturbed
system, associated to the periodic Larmor motion. A third constant of motion related to the
axisymmetric configuration may be derived. Making use of the cylindrical coordinates (R, ¢, Z),

the unperturbed Lagrangian of a single plasma particle reads:
L= % (R2+R2¢2+Z'2> +q (ARR+A¢R¢+AZZ'), (2.17)

where A = Apér+A,é,+Azé, is the magnetic potential such that B = VX A. Since 0L/0¢ =
0 due to the axisymmetry, ¢ is a cyclic variable and the associated conjugate momentum, called
the toroidal canonical momentum Wy, is a constant of motion:

_1oc

Wo= -2 = RA,+ 2R = U +
q0p ~~ ¢

m F(‘II)UH
—(RB =V )
quo (R ‘P),ULP + )

(2.18)
The term AV = F(W)v) /€ represents actually the excursion in W of the particle from a
given magnetic surface ¥, due to drift velocities associated to the magnetic field curvature and
gradient. The drift velocities are treated systematically in the frame of the gyrokinetic approach
in Chapter 3, but the main idea underlying their derivation is presented here. Generally, a
charged particle in a magnetic field B submitted to an external force F undergoes a drift
velocity vy = F x B/¢B?. In a tokamak, the curvature and the gradient of the magnetic field
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both generate an external force, F, = —muvﬁl;- Vb and Fyp = —uV B respectively, giving rise
to perpendicular drifts. Here b = B/B. The drift velocities appear through the gyroaverage of
the non-Larmor velocity v — dp; /dt, giving the so-called guiding-center velocity vge. For an
inhomogeneous magnetic field, it reads:

d
Ve = <V - %> = V|t Vv + Ve (2.19)

where vyp = (mv? /2¢B3)(B x VB) is the VB drift velocity related to the magnetic inhomo-
geneity and v, = (mvﬁ /qB)Bx [b-(Vb)] is the curvature drift velocity related to the centrifugal
force which a particle undergoes in a tokamak. In the case of a low § plasma, § < 1, these two
drifts can be combined: vyp + ve =~ m/qB*(v} /2 + v)B x VB. The difference between the
parallel motion and the guiding-center motion leads to an excursion from the magnetic surface
on which the particle is in principle located. Due to the charge dependence of the magnetic
drifts, the ions and electrons drift in opposite directions in a tokamak, mainly upwards or down-
wards (see Figure 2.2). The charge dependence in the magnetic drift velocities thus prevents
any confinement with a purely toroidal magnetic field to be possible. The poloidal field B,
in a tokamak, although much smaller than the toroidal field B, is crucial in this respect, in
order to prevent the mentioned charge separation from occuring. The excursions from magnetic
surfaces associated to magnetic drift velocities are much smaller for electrons than for ions, due
to the difference between electron and ion Larmor motions. Note that considering an electric
field E in the tokamak yields another drift velocity vpxp = E x B/B? related to the electric
force, central in the frame of microturbulence studies since the drift velocity v« g is believed to
drive the anomalous transport of heat and particles. There can also be an axisymmetric E field
related to the neoclassical equilibrium. The total drift velocity is written vy = vyg+Vv.+VexB.
In a typical tokamak configuration VB/B ~ 1/Ry, giving an ordering for the drift velocity of
the unperturbed system: wvg/vy, ~ pp/Ro < 1. Here the thermal velocity vy, = \/T/—m is
introduced.

The three constants of motion derived above, associated with the axisymmetry of a tokamak,
lead to particle trajectories which are closed in the poloidal plane. Note that collisions break
the magnetic moment conservation and thus lead to trajectories in the poloidal plane which
are not necessarily closed.

2.4.3 Trapped and passing particles

The parallel velocity of any particle is obtained from kinetic energy £ and magnetic moment

W
V)| =1/ % (5 - ;LB). (2.20)

A particle is called trapped at the position (s, ) if its magnetic moment p is large enough in
order to cancel its parallel velocity before reaching the maximum magnetic field Bpax(s) on
the magnetic surface s = const. on which the trajectory lies (neglecting here at first radial
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excursions from magnetic surfaces), i.e. if pBq. = £, leading to:

)| Bmam
— — =1~ 1 0). 2.21
o < B(s.0) €(1+ cosf) (2.21)

The parallel velocity of a trapped particle thus remains low, typically of the order |v)|| ~ /€ v,
and periodically changes its sign when the particle reaches the high-field-side region, leading
to the so-called banana orbit in the poloidal plane (s,#). A particle which is able to overcome
the magnetic barrier on the high-field-side is called passing and is clearly such that its parallel

velocity never vanishes.

The excursion from the magnetic surface due to drift velocities described in Sec. 2.4.2 is on
average larger for trapped than for passing particles. For a trapped particle, the excursion is
given by the so-called banana width Ar, = |V, — U|/VV¥. Estimating VU ~ RB,,, and using
Eq. (2.18), the banana width for a trapped particle is given by:

RB, |Avyl gslopl g

Ay o~ 2% ol 4
T RB @ e M

(2.22)

having furthermore invoked g5 ~ rB,/RB,q. The bounce frequency w, i.e. the frequency of
the banana motion, is estimated by:

Uq
Wy N —— \/_
Ary, qSRO

~ e wy, (2.23)

where w; = vy, /qs Ry is the transit frequency, the poloidal motion frequency of a passing particle.
The excursion of a passing particle from its magnetic surface Ar; is smaller by a factor /e than
the excursion of a trapped particle Ary:

v
Ary ~ Jd ~ q.pr <K Ary,. (2.24)
t

Typical motions in the poloidal plane for trapped and passing particle guiding centers are shown
in Figure 2.3.

The fraction of trapped electrons depends on the considered magnetic surface. The local fraction
is obtained by the following expression, in the limit € < 1:

ftrapped \I/ 0 \/ 1 — €ecos 9
ap(¥,0) = T P B T €(1+ cosfh). (2.25)

In the large aspect ratio limit € < 1, a rough estimate of the flux-surface-averaged fraction of

trapped electron (ay)s(¥) is thus provided by:

(ap)s(V) ~ 2—\/75 V14 cosfdf = 27\/5\@ ~ 0.9v/e, (2.26)

which clearly indicates that there are more trapped particles on the outer magnetic surfaces
than close to the magnetic axis where € — 0.
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12 14 16 18 2 22
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Figure 2.3: Different trajectories in the tokamak poloidal plane for an ion guiding center starting from the
point P: passing particle with v; > 0 and v;| < 0 (black and green curve, respectively), trapped
particle with v > 0 and v < 0 (blue and red curve, respectively). The magnetic surface on which
lies the point P is shown by the dashed grey line.

2.4.4 Diamagnetic drifts

Besides the individual guiding-center drifts due to magnetic inhomogeneities and possible
electric fields mentioned in Sec. 2.4.2, a collective diamagnetic drift velocity may be gener-
ated by plasma pressure gradients [34]. Considering the orthonormal right-handed system
(ér,6y,€, = E)) with a uniform magnetic field B = Bé,, a stationary distribution function f,
to the Vlasov equation for a given species (mass m, charge ¢) may be built as a function of
constants of motion. Let us consider for instance a near-Maxwellian distribution, function of
the kinetic energy £ and the guiding-center position X = z + v, /2, both being constants of

motion:

n(X) &

R = G 00y o ™ T

(2.27)

Expanding to first order in the Larmor parameter 6 = pr, /L., where 1/L. ~ dInn/dz,dInT/dz,

gives:

o= {1 + ”ﬁy (dér;" n g aa:rﬂ Frar(z, €) + O(62), (2.28)

where fra(x,E) is a local Maxwellian distribution function:

(27T (x)/m)/?

fom(z, &) = exp — (2.29)

£
T(x)
The average velocity over the distribution (2.28) (in a fluid sense) provides the diamagnetic

drift:

Vp x B

ez + O(8%). (2.30)

Vdia = — /fongU——
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The diamagnetic drift takes thus the classical form F x B/qB?, where F = —Vp/n is the
macroscopic force related to temperature and density gradients. As further discussed in the
next section, the inhomogeneous magnetized plasmas may carry so-called drift waves or mi-
croinstabilities traveling essentially perpendicularly to B with velocity ~ vgi,. One thus defines
the corresponding diamagnetic drift frequency w* of a given mode by w* = k - vg;,, where k is
the mode wavevector. The diamagnetic drift frequency can be decomposed in a density drift
frequency and a temperature drift frequency: w* = w, + wr, where w, = kyT'Vn/ngB and
wr = kgVT/qB, kg being the poloidal wavenumber. The diamagnetic drift is the main source
of electrostatic microinstabilities, a class of instabilities first introduced in Sec. 2.5 and further
studied in Chapters 7 and 8.

2.5 Microinstabilities

A tokamak plasma houses a lot of electromagnetic and electrostatic instabilities, featuring a
wide range of wavelengths and frequencies. The microinstabilities studied in this work are
driven either by ion temperature gradients (ITG-type instability) or by the interplay of tem-
perature/density gradients with the specific dynamics of trapped particles such as in the case
of the Trapped-Electron-Mode instability (TEM). These microinstabilities are essentially of
electrostatic nature and thus provide no perturbation to the tokamak magnetic field. An elec-
trostatic instability takes thus the form of a perturbed electrostatic potential, solved through
the quasi-neutrality equation (a reduced form of the Poisson equation). Note that the subject
of electromagnetic microinstabilities, such as the Kinetic Ballooning Modes (KBMs) and the
Neoclassical Tearing Modes (NTMs), is not addressed in this work. Several thorough stud-
ies related to the physical properties of microinstabilities have been performed, for instance
in [35] or [34]. Some physical features of ITG and TEM instabilities are reminded in this thesis,
in Secs. 2.5.1 and 2.5.2 respectively. In particular, these waves are characterized by a slow
frequency, typically of the order w ~ w* ~ 1073Q);, where €); is the ion cyclotron frequency.
They can thus be comparable to MHD instabilities with respect to the time scale. However,
while an MHD instability has a typical wavelength comparable to the macroscopic size of the
plasma (~ 1[m]), the wavelength of an ITG or TEM microinstability is of the order of the ion
Larmor radius pr; (~ [mm]), i.e. between 10? and 10® times smaller than a MHD instability
wavelength. A single fluid model such as the MHD model is not appropriate for representing
the instabilities in this range of wavelengths, which require a kinetic or gyrokinetic model, as
detailed in this work.

In a toroidal system, any perturbation field ¢ can be represented as a superposition of poloidal
and toroidal Fourier modes m and n respectively:

S(W,07,0) = dum(W)e™ 1%, (2.31)

The relation V¢ ~ ik provides the wavevector k associated to a given Fourier mode (m,n):
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k =mV0* +nVp. The parallel wavenumber k| is thus:

k-B 1 1
k) = = ngs — m) =~ ngs —m), 2.32
I = "5 T Bggr, e mm) = (g —m) (2.32)
while the poloidal wavenumber is computed by:
kg = m|V*| ~ ? ~ k. (2.33)

The field-aligned modes (k) >~ 0 = m ~ ng,) thus have the phase dependence ¢ ~ explin(¢+
qs0")], with associated wavevector:

dgs
k=n d—iQ*Vr + ¢, V0" +Vopl. (2.34)

For field-aligned modes, the perpendicular wavevector k,; is thus related to the poloidal

wavenumber kg« as follows:

”f (60 + 80%6,) = k- (69~ + 307¢,), (2.35)

k, =

where § is defined by Eq. (2.4). Typically kj ~ 1/Roqs for ballooning modes, while kgpr; ~
kipri~1.

Through a time dependence ~ exp(—iwgt + 7t), a microinstability is furthermore associated to
a real frequency wg and a growth rate v computed from the field energy Ejgeq. The field energy
is defined as follows, taking into account the contributions from all the particle species o, with
associated charge ¢, and perturbed density dn,(x, t):

NOESY q—z" / Sy (x, £)é(x, t)d3z. (2.36)

The growth of the instability and the associated growth rate v are given by the time variation
of the field energy as follows:

1 dEgea
© 2Bgaq dt

v (2.37)

2.5.1 General considerations on ITG instabilities

An Ton-Temperature-Gradient (ITG) mode is an instability driven by the temperature gradient
of ions. The ITG-type waves are non-resonant waves and may thus be described by a fluid
model, contrary to the purely density gradient drift wave instability. Note that a kinetic
electron response is not required in order to study ITG instabilities, since it is an ion-type
instability. Electrons entering the I'TG model through an adiabatic response in the quasi-
neutrality equation are thus appropriate, although considering kinetic electrons may lead to
different ITG growth rates. The so-called slab-ITG mode, an ion-acoustic-wave driven unstable
by ion temperature gradients, develops in a plasma with a uniform magnetic field. Let us point
out that ORB5 allows to study the toroidal-ITG instabilities, first identified in Ref. [30] and
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resulting from a combination between the ion temperature gradient and the toroidal geometry
of the magnetic field which modifies the slab-ITG to an interchange-like mode, whose nature is
similar to the so-called Rayleigh-Taylor instability occuring when a fluid with a higher density is
above a fluid with a lower density. The basic mechanism of the toroidal-ITG microinstabilities
is elegantly described and illustrated in [37]. In the low-field-side region of the torus (outer mid-
plane), the combination of a pressure perturbation with the mainly vertical VB drift velocity
generates a charge separation such that the resulting electric field convects hotter plasma in
the hot spot of the perturbation, as well as colder plasma in the cold spot of the perturbation.
The effect of the electric field is opposite in the high-field-side region (inner mid-plane). The
latter basic mechanism is illustrated in Figure 2.4. This explains why ITG microinstabilities,
through the properties of their dispersion relations, are unstable (y > 0) only if Vp- VB > 0,
i.e. only on the low-field-side of the torus. This latter fact is illustrated by Figure 2.5 which
shows the typical structure of a linear I'TG perturbed electrostatic potential ¢ in the poloidal
plane of a tokamak, both for an adhoc equilibrium and an ideal MHD equilibrium, solution of
the Grad-Shafranov equation (2.9).

Figure 2.4: Basic mechanism of ITG instability. dp+ is a region with higher density and temperature, while
Oop— is a region with lower density and temperature. The drift velocity vgxp reinforces the
instability by bringing dense and hot plasma to the dp+ regions, while less dense and colder
plasma is brought to the dp— regions.

Note that the specific trapped ion dynamics is in general not important for ITG instabilities,
except for modes whose frequency w falls below the ion bounce frequency wy;. In this latter
case, a Trapped-lon-Mode (TIM) develops, similar to the Trapped-Electron-Modes (TEMs)
addressed in Sec. 2.5.2 and Chapter 8.

The starting point to derive a linear I'TG dispersion relation is a kinetic model for ions, as
developped in Chapter 3, and more precisely a linear form of the electrostatic gyrokinetic
equation (3.34) with no collisions (C' = 0) and no source (S = 0) which reads [35]:

9 9 afim®\  q gy OftmyBx VY
(EWLVG'E) <5fi+ T >—ifLM BN + 50 Iz -V (o), (2.38)

where f7) is a local Maxwellian background distribution for ions of temperature 7T; and density
n;, 0 f; is the perturbed part of the full ion distribution, v¢ is the ion guiding-center velocity as
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Figure 2.5: Typical structure of perturbed electrostatic potential field ¢ of a linear ITG mode, in the poloidal
plane of a tokamak for (a) a circular plasma (adhoc equilibrium), mode (n = 16, m ~ gsn ~ 22),

and (b) an elongated plasma (MHD equilibrium solution of the Grad-Shafranov equation (2.9)),
mode (n =9,m ~ gsn ~ 11).

given by Eq. (3.22) and (¢) is the gyroaveraged electrostatic potential. Assuming an adiabatic
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electron response, |w/Q| < 1 and kA\p < 1 so that the quasi-neutrality can be invoked:

Zén, = Z/(szdgv = 5ne = n;¢7 (239)
the relevant dispersion relation for studying the toroidal-ITG instability is derived in [39] and
reads:

1 1 foas 2 (Res)
kw)=—5+—-5 |1 — Wi — wipy) [ @ ! - =0, (2.40
6( ,UJ) kQ}\%e + kQ}‘QDz + ((.U w sz) / v n; kHUH + Wpi — W ) ( )

where e(k,w) is the dielectric function and Jy is the Bessel function of the first kind, related to
Finite-Larmor-Radius effects and defined by:

1 ™

Jo(z) = 2—/ exp(iz siny)dy. (2.41)
™ —T

The temperature drift frequency operator wf, = (k¢I;VT;/qB)0/0T; is introduced in

Eq. (2.40). Moreover, the curvature drift frequency wp;, related to the magnetic field cur-

vature, is wp; = k- (vyp + v.). Taking the fluid-like limit |w/(kjvin:)| > 1 and assuming

lw/wr| > 1 as well as lowest order Finite-Larmor-Radius effects (kgpr; < 1), the dispersion

relation (2.40) becomes:

+w B (1_w +wT) [( ||Uth) +<C:—F>—k§p%i] =0, (2.42)

ZT, w w w

where (wg;) = 2T;k9|V 1 In B|/eB. Considering a homogeneous plasma (wr; = wy,; = 0) confined
by a uniform magnetic field (wg; = 0), Eq. (2.42) becomes:
]{Z|2|02

Tt ke

2

w (2.43)

where ¢, = \/m is the sound speed. Eq. (2.43) in fact results from lowest order Finite-
Larmor-Radius dispersion relation of an ion-acoustic-wave accounting for the polarization drift
effect. Considering now a finite ion temperature gradient (wr; # 0), but still no density gradient
(wn; = 0), and neglecting all the Finite-Larmor-Radius effects, the following dispersion relation

is obtained:

R

In the case of a uniform magnetic field (wp; = 0), Eq. (2.44) is the dispersion relation of the

slab-ITG mode. It leads to finding zeroes of a cubic polynomial which for kjc, < k)| critcs = wri
in particular include a conjugate complex pair, providing an instability:

k| =k crit
~Y

wrre ~ Yrra == (wri(kyes)*)? Wy (2.45)
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In the case of a non-uniform magnetic field (wg; # 0), the presence of F = Fyp + F. changes
the nature of slab-ITG to interchange-like mode, essentially aligned with B (k) ~ 0). Assuming
lw| < |wr;| and k| ~ 0, the dispersion relation (2.44) includes the toroidal-ITG branch and has
the solutions:

| T 2k2TT, VT, - VB
- :l: — 7 i) — :I: - 6~ ° ¢ . 24

assuming Z = 1. The toroidal-ITG mode is thus unstable only if VT; - VB > 0, as already
mentioned, and is therefore located on the low-field-side of the tokamak (so-called bad curvature

region), leading to the ballooning structure shown in Figure 2.5.

Figure 2.6, obtained by solving numerically the dispersion relation (2.40), shows the real fre-
quency w, as well as the linear growth rate v of a toroidal-ITG instability versus the perpendic-
ular wavenumber k. The Finite-Larmor-Radius roll-over provides a maximum linear growth
rate at k, pr; ~ 0.5, leading to a typical ITG wavelength A;r¢ = 27/k, of the order of a few

ion Larmor radii.

ne

o, kikl_/u)

o5
kJ_KL

Figure 2.6: Typical k| -dependence of both the linear growth rate « (dashed line) and the real frequency w;,
(full line) associated to a toroidal ITG mode. Ar is the ion Larmor radius. Figure courtesy of [34].

2.5.2 General considerations on TEM instabilities

A Trapped-Electron-Mode (TEM) is an instability closely related to trapped electron dynamics.
Its frequency w falls below the electron bounce frequency wye ~ v/€vine/qsRo, which allows a
trapped particle to carry out multiple banana orbits over the typical mode time scale. More
precisely, the drive of the mode is the precessional drift velocity (@), i.e. the net toroidal motion
of the trapped particle after a banana orbit is completed, which enters in resonance with the

perturbation. (), stands here for the bounce average, defined as:

Wy dl
< >b 2 /o‘rbit UH ( )
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the drift motion perpendicular to the magnetic field being here neglected in a first approxima-
tion. The starting point to derive a linear TEM dispersion relation is again a linear form of the
gyrokinetic equation for electrons, similar to Eq. (2.38) but where all the Finite-Larmor-Radius
effects are neglected, i.e. the linear drift-kinetic equation:

<8 8>6fe:V¢XB 8fLM_

ot TV R B2 R

Ofrm
o’

evg - Vo (2.48)
where the local Maxwellian f7,, is the electron background distribution and ¢ f. the fluctuating
part of the electron distribution. Using the characteristic TEM frequency range w < wpe,
an average procedure is performed with respect to the wp. periodicity from the drift-kinetic
equation (2.48), providing the so-called linear electrostatic bounce-averaged equation:

0 . 0 efLMqﬁ o e 8(¢)b 8fLM ’V\If| R
(EH@”@) <5fe_ T. )__if“” ot OV By b Vidh  (249)

where (@), is the bounce-averaged electrostatic potential. The linear dispersion relation for
TEM is provided again by the quasi-neutrality equation, considering the bounce-averaged equa-
tion (2.49) for electrons and neglecting the ion drive in the ion drift-kinetic response in order
to isolate the pure TEM mode. Moreover, the bounce-averaged electrostatic potential (@), is
approximated by ¢, assuming a field-aligned (flute-like) structure. Defining w, = wyeLy/Ro,

where L,, = n/|Vn|, the TEM linear dispersion relation reads:

T, 2T 3 w 1 Wi
0=— - nel__e w e) — Wnelle —W e a 7250
£ e (20105

where 7, = dInT,/dInn, and 2, = sign(w,)\/2w/w,. @ is the trapped electron fraction on
the low-field-side of the tokamak where the TEM instability develops (local approximation)
and W (z) is the plasma dispersion function defined as:

T

W(z) = \/%7 /_:O e (-%) dz, Tm(2) > 0. (2.51)

Assuming |w,/w| < 1 as well as T, = T; and retaining lowest order terms provide the following

dispersion relation for TEM [34]:

Wne — 3wWy/2  Bwowne(l+me)|  whe
1 —1 4 el Zremne B =0. 2.52
— T [ + w * 2 w? w (2:52)
adiab. el. < N

-~

non adiab. trap. el. 1ons

The real frequency of a TEM is typically of order wrgy ~ wpe. If T, = T;, the density
drift frequency is estimated by wpne = kgprivini/Ln. For the growth rate, the following rough
approximation is obtained, for n, > 1:

/61/2Ln .
YT EM no coll X Whne Tgn (253)
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Note that the TEM growth rate increases with ¢, i.e. with the fraction of trapped electrons as
expected. The order of the growth rate is typically Yrgnno conl S wne. However, in order to get
a better accuracy for the growth rate estimate, it is possible to solve numerically the analytical
linear dispersion relation (2.50). Note that the TEM frequency range is similar to the ITG
frequency range. The ion diamagnetic velocity being of the order of the electron diamagnetic
velocity, the typical TEM perpendicular wavelength is expected to be close to the typical ITG
perpendicular wavelength as well (~ a few ion Larmor radii). TEM instabilities are thus in
general strongly coupled to ITG instabilities in a tokamak [10]. This reflects the fact that ion
dynamics plays an important role in the TEM instability mechanism as well.

Approximate TEM growth rates accounting for collisions are derived through a fluid model

in Ref. [11]. In a regime of collisions satisfying v.; > €wpe, Ve; being the electron-ion collision

frequency, the growth rate of a TEM is estimated by the following expression:

VT EMcoll = € W2, Te, (2.54)

where 7, is the electron collision time defined by Eq. (3.58). Note that the TEM growth
rate at high collisionality (Tewpn. < 1) does vanish. Eq. (2.54) may suggest a rough empirical
modification in order to account for collisionality in the growth rate estimate, for a weakly
collisional case:

YT EM mno coll
14 1/(ne€32wpete)

(2.55)

YT EM,coll =

Predictions from Eq. (2.55) are compared against simulation results in Chapter 8 [Figure 8.15].

2.6 Transport in a tokamak

The concept of transport in a tokamak refers to the parallel or perpendicular fluxes of parti-
cles, momentum and energy, which affect the density, velocity and temperature profiles of the
different species forming the tokamak plasma. Understanding the transport is of crucial inter-
est for achieving fusion in a tokamak, since the temperature or the density in the core of the
plasma, the key parameters regarding the fusion efficiency of a future reactor, are affected by
the different fluxes. Transport in a tokamak is generated by two distinct mechanisms, collisions

and turbulence, the latter being usually dominant.

2.6.1 Collisional transport: Classical and neoclassical treatment

The classical transport [12] is defined as the transport due to collisions in a plasma where the
temperature and density variations are such that the mean free path A,g, between collisions is
much smaller than the characteristic lengths of the gradients L,, = n/|Vn| and Ly =T/|VT]:

Amip/Ln ~ Amip/ L7 < 1. (2.56)
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The equilibrium magnetic field has to be uniform in order for the classical treatment to be

valid, or at least sufficiently uniform so that
Amip VB/B < 1. (2.57)

The classical transport is described either by a fluid model or by the Fokker-Planck equation
(3.3), developed and simplified according to the assumptions (2.56) and (2.57). The classical
treatment leads to a classical diffusion coefficient D, ~ p2v ~ Tv/B? perpendicular to the
magnetic field, where v is the collision frequency. The perpendicular mean free path in the
frame of the classical approach is the Larmor radius, Awmgp, 1 ~ pr. In a tokamak, the classical
assumption is thus satisfied in the perpendicular direction, since typically p,V, < 1. How-
ever, the classical ordering does not hold in the parallel direction. The mean free path in the
parallel direction is indeed given by Amgp,| ~ vin/v. Considering the tokamak magnetic field of
equilibrium, the classical ordering is thus not valid for standard tokamak parameters:

Autp | VIB _ vV B vin dswr
B By Ryv v

> 1, (2.58)

where the transit frequency w; = vy,/Rogs is in general larger than the collision frequency v.
The special regime where the tokamak plasma satisfies A\, | V) B/B < 1 is called a collisional
or Pfirsch-Schliiter regime. It is the only situation where a fluid model may be applied in order
to study the collisional transport in a tokamak plasma. As soon as the classical assumption is
not satisfied, i.e. considering a standard tokamak plasma, a careful kinetic treatment is required
from the drift-kinetic equation, which retains the features of the magnetic field curvature in
the collisional transport. This model is called neoclassical [13] [11], as an improvement to the
classical approach specifically shaped for the tokamak geometry.

In the frame of the neoclassical theory, the banana width Ar, is assumed to be much smaller
than the characteristic length of the gradients L:

N
Any aipL (2:59)

L~ L

We furthermore assume that:
vg < V||, (2.60)

where vy = |vyp+V,| is the magnetic drift velocity, which is main drive of neoclassical transport
when combined with collisions. Moreover, a second ordering is introduced with respect to the
collision frequency. The value of the ratio v* ~ veg/wy ~ GsleonRo/€?vy, [see Eqgs. (3.57)
and (3.58)], where vog = veon/€ is the effective detrapping collision frequency, is crucial for the
behaviour of the neoclassical transport. The case v* < 1 is called the banana regime, since the
banana orbits of trapped particles are essentially preserved in case of a weak collisionality. The

diffusion coefficient in banana regime is given by:

(2.61)
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where oy, ~ +/€ is the fraction of trapped electrons. The case v* > ¢3/2 is called the collisional
regime, where the collisionality is strong enough to destroy the banana orbits. The intermediate
regime 1 < v* < e 32, where the neoclassical diffusion coefficient Dy, is independent of the
collisionality, is known as the plateau regime. Table NEO summarizes the scaling of D,., with
respect to collisionality.

Note that the electron neoclassical transport is much smaller than the ion neoclassical trans-
port, according to Table NEO. Indeed, v, ~ \/m;/me.v; and pr. ~ +/me./m;v; leading to

Dneo,e/Dneo,i ~ me/mi < 1.

Table NEO. Collisionality dependence of the neoclassical diffusion coefficient D,c,.
banana (v* < 1) plateau (1 < v* < ¢73/2)  collisional (v* > €%/2)

Dico = 2p2v /€32 Do = @2prwy/ /e = ¢2piw, Dyeo = ¢2p3v

2.6.2 Transport due to microturbulence

The microinstabilities briefly described in Sec. 2.5 and the associated perturbed electric field
generate a turbulent transport through the drift velocity vgxp. Experimental measurements
of perpendicular transport level in tokamaks show values much higher than those predicted by
the purely collisional transport. Moreover, the classical scaling law D ~ T/B? appears not to
be verified in magnetized plasmas, showing the importance of non-collisional processes involved
in transport. According to experimental measurements while studying magnetic arcs which
provided the dependence D ~ B~! Bohm has introduced in 1949 [15] the Bohm diffusion
coefficient for magnetized plasmas Dg ~ T /qB.

An empirical approach for turbulent transport associated to given electrostatic or electromag-
netic fields consists of retaining the mode perpendicular wavelength as the characteristic diffu-
sion length, as well as the inverse of the mode linear growth rate as the characteristic diffusion
time. This approach, called mixing length argument, leads to the following diffusion coefficient:
D, >~ v/k?. Considering the typical parameters of an ITG instability, k; ~ pgil and v ~ wr,
and assuming VT ~ T'/a, the following turbulent diffusion coefficient is obtained:

v VT pui T pri

Dy~ L~ ~ ~PLip, <« Dg. 2.62
: k* ~ qBky a qB a B < Ps (2.62)

The new transport scaling provided by the mixing length argument in Eq. (2.62), i.e. the Bohm
scaling corrected by the factor pr;/a (< 1 in tokamak plasmas), is called the gyro-Bohm scaling
D¢p =~ p%.vifa. Note that, if T, = T; and Z = 1, py;/a is called the p* parameter and defines
basically the size of the plasma.

Note that turbulent transport according to gyro-Bohm scaling, although much smaller than
Bohm transport, is usually larger than ion neoclassical transport (and thus than electron neo-
classical transport) in a tokamak, operating mostly in banana or plateau regime. This conclu-
sion is backed by comparing the gyro-Bohm diffusion coefficient with neoclassical diffusion coef-
ficients given in Table NEO. Indeed, typically vq?/e3/? < vy,;/a for a weak collisionality, leading
to dominant turbulent transport in banana regime. Moreover, wthiqg = Usniqs/ Ro < v/ a, lead-
ing to dominant turbulent transport in plateau regime. This simple picture does not account
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for the possible effects of collisionality on turbulence itself, like the mitigating effects of electron
collisions on TEM turbulence described in Chapter 8.

The turbulent transport leads to relaxation of density and temperature gradients, i.e. the drive
of the underlying microinstabilities. In the absence of external source of particles or heat, a
stationary turbulence level cannot thus be established. Simulations aiming at understanding
the features of turbulence in a tokamak plasma have thus to include heat or particle sources,
as described in Sec. 3.4.
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Chapter 3

The electrostatic ORBS5 collisional
model

3.1 The ORBS5 code

The main tool of the present work is the global gyrokinetic §f Particle-In-Cell (PIC) ORB5
code, a tokamak turbulence simulation code developed since the last decade of the twentieth
century by several scientists at the Centre de Recherches en Physique des Plasmas (CRPP) in
Lausanne with major contributions from the Max-Planck Institut fiir Plasmaphysik in Garching.
In fact, the original version of this code was developed by S. E. Parker [10] at Princeton
Plasma Physics Laboratory (PPPL) and later by T. M. Tran [11] at CRPP, who can thus be
considered as the ’fathers’ of ORB5. Many important features have been added subsequently
to the code, turning it into a state-of-the-art tool for gyrokinetic simulations. As examples,
we mention the kinetic electron response implemented by A. Bottino and S. Jolliet [31], the

canonical Maxwellian background by P. Angelino [17], the field-aligned-filter for the field solver

by B. F. McMillan and S. Jolliet [18], the heat sources and the noise-control procedures by
B. F. McMillan [19], as well as the linearized collision operators developed in the frame of
this thesis work [16]. Numerous thesis [37] [50] [71] and papers are related to the code ORB5,

presenting both numerical aspects of its development as well as the physics the code allows to
address. So far, the electrostatic code ORB5 has been successfully used to study some crucial
numerical problems, such as the noise control in a PIC code [19] [26], together with important
physical issues. As examples, let us mention the zonal flow-turbulence coupling without and
with ion collisions [52] [53] [54] [20], plasma current effects [55], the influence of plasma shaping
on turbulence [56], the effects of heat sources [19] [57] and system size [58] on ITG turbulence,
the entropy evolution [57], the neoclassical transport [16], the parallel velocity non-linearity [59],
the trapped electron kinetic response [60] [61] [30] and the effects of background poloidal and
toroidal flows [62]. The ORB5 code has proven to ensure an acceptable energy conservation,
as shown in [51]. Recently, a 3D visualization module has been written by P. Angelino, which
allows to obtain a representation of microturbulence within the full tokamak plasma using the
visualization software Vislt. Examples of 3D electrostatic potential vizualization are given in
Figure 3.1, for a linear and a non-linear simulation respectively. Figure 3.1 (a) is generated
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with MatLab, while Figure 3.1 (b) is obtained with VisIt.

(a) (b)

Figure 3.1: Examples of 3D electrostatic potential visualization: (a) Linear structure of a given toroidal mode
(n=16). (b) Non-linear microinstability electrostatic potential (ITG regime).

The physical model considered by ORBb5 is presented in this Chapter and the numerical basis
on which the code relies [15], the so-called § f PIC algorithm, is presented in Chapter 4. The
0 f PIC method is an approach used for solving the gyrokinetic equation, along with a given set
of Maxwell’s equations in order to obtain self-consistently the electric and magnetic fields in-
volved in the gyrokinetic equation. The ORB5 code was originally electrostatic, i.e. considering
Poisson equation (or its further approximation, the quasi-neutrality equation) and not solving
for Ampere’s equation. The only perturbed field is in this case the electric field, and only the
equilibrium magnetic field of the tokamak is considered. Recently, ORB5 has been upgraded
in order to solve the Ampere’s equation and to treat electromagnetic perturbations, where the
magnetic field is perturbed as well, thanks to A. Bottino’s work [31] [63]. The code has received
the new name of NEMORB (New ElectroMagnetic ORB) after the upgrade. The present work
deals with the electrostatic version of ORB5, studying the neoclassical axisymmetric physics as
well as the electrostatic Ion-Temperature-Gradient (ITG) and Trapped-Electron-Mode (TEM)
turbulence, with emphasis on effect of collisions which is the main contribution of this thesis.
Before going into the details of numerical implementation, this Chapter briefly presents the key
aspects of the gyrokinetic theory and the equations solved by the ORB5 code.

3.2 Statistical treatment

In principle, any species of charged particles in a plasma may be described by following the
trajectory of all particles. The trajectory of a single particle is naturally governed by Newton’s
lex secunda:

dv

Mg = q(E+v x B), (3.1)

where v is the particle velocity, m the particle mass and ¢ the particle charge. In a tokamak, the
fields E and B may be generated by the charged particles of the plasma or come from external
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sources such as magnetic coils. The electrostatic potential ¢ and the magnetic potential A are
introduced, such that E = —V¢ and B =V x A. A stationary magnetic field of equilibrium
A = A(x) is assumed here. The fully individual approach is however impractical due to
the huge number Ny (~ 10%2) of particles in a tokamak plasma. The tools of statistical
mechanics appear to be more appropriate for treating systems such as plasmas, leading to a
description through a distribution function in phase space f(x,v,t) for each species, x being
the configuration space variable and v the velocity variable. f(x,v,t)d*zd®v represents the
number of particles statistically found, at time ¢, in a volume d*zd®v centered around the
position (x,v) in phase space. The evident necessity to find all the N,y particles somewhere
in phase space leads to the normalization condition:

/ £, v, O d%d® = Nype. (3.2)

The equation governing the evolution of f at any position in phase space is the so-called
Fokker-Planck equation, the master equation of kinetic theory:
df of af af

= :EJFV.&JF%(waB)-%:—C[f]+5[f], (3:3)

collisionless traj.

where C' is a general collision operator and S a general source term. d/d?|conisionless traj. T€Pre-
sents the time derivative operator along collisionless trajectories. A thorough and systematic
treatment of C' in the frame of the code ORB5 is the main subject of this thesis, and is dis-
cussed in Chapter 5. In a non-driven collisionless system (C' = 0, S = 0), the Fokker-Planck
equation is called the Vlasov equation and reflects the conservation of the total distribution f
along particle trajectories (note the analogy with Liouville’s theorem):

df _of of |« of

ht'l R Y ) B). =L —
dt v BV )0v

BT % m 0. (3.4)

collisionless traj.

Neglecting collisions, i.e. considering the Vlasov equation (3.4) instead of the collisional Fokker-
Planck equation (3.3), is an approximation frequently used and justified within certain limits
in hot fusion plasmas. However, accounting for collisions in a fusion plasma may, as will
be extensively discussed, significantly affect the behaviour of the system. Note that solving
Egs. (3.3) or (3.4) requires the self-consistent electromagnetic fields E and B.

If the distribution f is known at any time for any position in phase space, all the desired
quantities related to the plasma may be computed, for instance the particle density n, the
current density j or the kinetic energy density e:

n(x,t) = /f(x,v,t)d3v, (3.5)
jx,t) = q/f(x,v,t) v d’v, (3.6)
e(x,t) = / Flv,t) 2 (3.7)

Thibaut VERNAY, CRPP/EPFL page 31



CHAPTER 3: THE ELECTROSTATIC ORB5 COLLISIONAL MODEL

From the particle density n and the current density j, the Maxwell equations are able to provide
the self-consistent electromagnetic fields E and B at any time for any position in configuration
space, forming a closed system with the Fokker-Planck equation. The statistical description for
particles thus appears to be relevant and natural for a plasma, as it is for any gas of neutral
particles. In principle, a simulation code could be implemented for solving the 6D Fokker-
Planck (or Vlasov) equation for all species in a tokamak plasma. But in practice, this approach
is not feasible, as explained in Sec. 3.3. This practical failure led to the development of the
gyrokinetic theory.

3.3 The gyrokinetic equation

Today’s computers are still not powerful enough in order to solve the full Fokker-Planck (or
Vlasov) equation without further approximations. Dealing with the 6D particle phase space
(x,v) in a complete tokamak system is extremely demanding in terms of computer resources,
beyond the capabilities of current computing platforms, even the largest. Addressing the full
6D Fokker-Planck (or Vlasov) equation would indeed require a very small time step able to solve
the gyromotion, as well as an additional grid along the gyroangle dimension. The gyrokinetic
theory [64] [1] [65] is an approximation to the Vlasov equation and arises actually from the
observation of the particle motion in a tokamak. Indeed, due to the presence of large equilibrium
magnetic fields in a tokamak, the so-called Larmor motion, i.e. the motion of a charged particle
around a field line at a frequency 2 = ¢B/m, is much faster than any characteristic time scale
relevant to microturbulence. The gyrokinetic approach makes use of this time scale separation
and basically consists of averaging over the fast Larmor motion and reducing the dimensionality
of the effective phase space from 6D to 5D, while conserving the important features of the
Larmor motion. Consequently, the fast cyclotron time scale is absent in the resulting equations
and thus does not need to be resolved, enabling significantly larger time steps.

particle

~

Figure 3.2: Guiding-center coordinates.

In the frame of the Lagrangian formalism, we introduce the Poincaré-Cartan form ~p =
p - dx — Eidt, where Ei. is the total energy of a charged particle and p = 0L/0v is the
canonical momentum associated to the Lagrangian £ of a charged particle in the presence of
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electromagnetic fields. The unperturbed Poincaré-Cartan form ~pg, corresponding to a system
with no perturbed electrostatic fields and only the equilibrium component of the magnetic field

A, is written in terms of particle variables (x,v) as follows:
L
vpo = [mv + qA(x)] - dx — 5mv dt. (3.8)

The gyrokinetic formalism introduces a new set of variables, the guiding-center variables defined
as (R,v), pt, @)ge. R is the guiding-center position, i.e. the position of the particle averaged
over the Larmor motion. v} is the component of the particle velocity v which is parallel to the
magnetic field B. The magnetic moment is written u = mv? /2B, where v, is the component of
the particle velocity v which is perpendicular to the magnetic field B. « is the gyroangle, i.e. the
phase of the gyromotion. The guiding-center variables are related to the particle variables as

follows:
R = x—p;, (3.9)
vy o= V- %, (3.10)
p o= ZBE 311)
a = arccos [%] , (3.12)

where the Larmor vector is defined by p;, = (B x v)/QB. A small parameter 6 = pr/R is
introduced, R standing here for a characteristic length of the plasma macro-scale (system size,
temperature, density and magnetic field gradient length). In magnetic fusion plasmas, the ion
Larmor radius is of the order of a few millimeters, while the electron Larmor radius is even
smaller by the square root of the mass ratio. Typically R ~ 1[m]. The Poincaré-Cartan form
for the charged particle (3.8) expressed in terms of the guiding-center variables (R, vy, i1, &) e,
keeping terms valid only up to order O(4), is given by [(1]:

. 1
Yaco = %,uda + |mu) b+ qA(R)] -dR — {szﬂ + ,uB(R)} dt, (3.13)

the unit vector along the magnetic field b = B/B being defined. In the case of a uniform
magnetic field, the guiding-center Poincaré-Cartan form (3.13) is actually valid at all orders in
9. Note that the gyroangle « is cyclic (in the absence of perturbed electrostatic potential ¢).
The associated conjugate momentum is the magnetic moment p = const. A perturbation is
now added to the unperturbed Poincaré-Cartan form vqoo = vaco + 71, where 71 is given by:

M= —Q(b(x, t)dt = _Q¢(R + pL(:u7 Oé), t>dt (314)

Note that the only explicit gyroangle dependence is in the perturbed part of the Poincaré-Cartan
form (3.14), in the electrostatic potential ¢. In the frame of microturbulence, it is assumed that
the d-ordering characterizes the perturbed electrostatic potential ¢, its fluctuation frequency w
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as well as its parallel and perpendicular wavenumbers k) and %, respectively:

w 6(;3 k?”

Q™7 "~ ~ o0 (3.15)
Note that the derivation of the gyrokinetic equations presented here is still valid if e¢/T ~ 1,
as long as the perpendicular wavelength of the considered mode is large enough to satisfy
kipried/T ~ vgpxp/vmi ~ O(6), as shown in Ref. [66]. In order to ensure a cyclic gyroangle in
presence of perturbations, a noncanonical Hamiltonian perturbation theory based on Lie trans-
forms [67] is applied for transforming the guiding-center variables into a new set of variables,
called gyrocenter variables, in which the gyroangle o remains cyclic even in the presence of

perturbations:
(RJ UHnu?a)GC A (R7 UH;:uaa)gyro- (316>
The Lie transform applied to the guiding-center variables leads to a new renormalized electro-
static potential, which to order O(9) is given by the gyro-averaged potential (¢):
2m

() (R, p,t) = % ; AR+ pp (1, ), t)dov. (3.17)

The total (unperturbed + perturbed) gyrocenter Poincaré-Cartan form reads:

N ~~ g N
N~ ~
Yo Tr Ve

N 1
e = "t o+ gA(R)] R ~ [§mvﬁ + uB(R) + ¢{¢)(R, i, 1)| dt. (3.18)

The Lie-transformed gyroangle is now clearly a cyclic variable of the total Poincaré-Cartan
form ~gyro. The associated constant of motion is the gyrocenter magnetic moment pgyy,. Note
that the subscript GC' has been dropped for the guiding-center variables (R, vy, i, @)ge in
Egs. (3.13) and (3.14), as the subscript gyro has been dropped for the gyrocenter variables
(R, )|, it, @) gyro in Eq. (3.18). As ¢ — 0, the Lie transform reduces to the identity transform.
The Lie transform is thus called 'near identity’ transform. The equations of motion for the
other gyrocenter variables, R and v, are given by the Euler-Lagrange equations. Introducing
the notation z = (R, v, i1, ) for representing the gyrocenter phase space variables, the Euler-
Lagrange equations read:

oy,  Oy\d¥ Oy 0w,
Z(azi azj> & "o on (3.19)

J

Considering 2" = « provides du/dt = 0, as expected. Considering 2* = p gives the time

evolution of the gyroangle:

dov q° 0{(9)
== 9ae) (3.20)
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The case z' = R in Eq. (3.19) provides the following equation of motion:

0y Oygpdy dR
_9TRTON = _
TR v @ Y X
dy. dR
UV B — qV{e) — m%b + X qB = 0, (3.21)

where the modified magnetic field B* = B 4 mu(V x b)/q = Bﬁi) + mUHI; x b (Vb)/q is
introduced. Applying the operator bx (... ) to both sides of Eq. (3.21) and using v = dR/dt-b
give the equation of motion for the gyrocenter position R:

dR 1

E:VG:Z,.B*

v B* + 513 x VB +b x V(o) = v+ Vvus+Ve+Vvexp. (3.22)

The gyrocenter velocity vg is thus composed of a parallel motion v), a VB drift velocity
vy = pbx VB/qBﬁ, a curvature drift velocity v, = mvﬁl; X b- (Vl;)/qBﬁ and the gyroaveraged
E x B drift velocity vgxp = b X V<¢>/Bﬁ Applying the operator B* - (...) to both sides of
Eq. (3.21) gives the equation of motion for the parallel velocity vy

B g VPV = e (VB gV (o), (3.23)
where the first term on the RHS is the mirroring term and the second term on the RHS is
the parallel acceleration related to the electrostatic perturbation. Egs. (3.22) and (3.23), along
with du/dt = 0, are used in order to build the gyrokinetic equation, providing the evolution of
the gyroaveraged particle distribution expressed in the gyrocenter variables (f(R, v, u, @, 1)),
which will be noted f(R,v), u,t). Indeed, the Fokker-Planck equation (3.3) can be expressed
in any variables, in particular in the gyrocenter variables (R, v)|, t; &)gyro:

of (AR 0f  dy of  dadf

ot P ar R T @ o " ataa - CUIHSUL (3.24)

The cyclic nature of the gyroangle « provides the important following equality:
(da/dt 0f/0a) = da/dt(0f/0a) = 0. Moreover, (dR/dt) = dR/dt and (dv/dt) = dy/dt.
Applying the gyro-averaging operator over the cyclic variable a on Eq. (3.24) thus gives:
0 dR 0 dv
() AR ) | do o)

ot At OR | dt ov —CINH]+ SHNI- (3.25)

Dropping the brackets, the gyrokinetic equation finally reads:

Df
- = —ClI+5l1, (3.26)

where D /Dt is the gyrokinetic advection operator:

D 9 dR 0 du 9
_l’_ R

Di- ot @ OR T at aw (3.27)
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where dR/dt and dv)/dt are given by Egs. (3.22) and (3.23) respectively. The gyrokinetic
equation (3.26) is non-linear, through the drift velocity veyp in dR/dt and the parallel accel-
eration related to the electrostatic perturbation ~ B* - V(¢) in dy/dt. Note that the collision
operator in the gyrokinetic equation (3.26) is usually treated in a drift-kinetic approximation,
i.e. by identifying the particle position x to the gyrocenter position R. There is thus in general

no gyrokinetic corrections applied to the collision operator C' in ORBb5, as discussed in Chapter

D.

3.4 The 6f method

In the §f method, the full distribution f is split into a background distribution f; and a
perturbed part 0 f = f — fy. This decomposition is useful for considering a linearized system of
equations with respect to perturbations ep/T ~ 0 f/ fo and, from a numerical point of view, to
provide a low-noise Particle-In-Cell method (§ f PIC, see Chapter 4). Two different background
distributions may be chosen in ORB5. The first one is a local Maxwellian, fy = fry, written
as follows:

no(W E

Fin9,8) = gty o | iy (329
where W is the poloidal magnetic flux and ng(¥) and To(¥) the background density and tem-
perature profiles respectively. €& = mwv?/2 is the kinetic energy. The deviation of the total
distribution from the local Maxwellian background f7 s is written 0 fryr = f — foa. Note that
frar is itself not an exact stationary state of the (collisionless) gyrokinetic equation as it is not
a function of exact constants of motion: £ is a constant but not ¥. A true stationary solution

is given by the second possible choice for the background, the so-called canonical Maxwellian
fo = four, which reads [17]:
n no(1)) E
fom (¥, &) = = exp {— = 3.29
CM( ) [QWTO(¢)/m]3/2 TO(@M ( )

1 standing here for either the toroidal canonical momentum v = ¥, =
where F(V) = RB
defined by:

+ mF (V) /qB,

)
, or for the corrected toroidal canonical momentum ¢ = W, where W is

N 2
U = Uq + corr = ¥y — sign(m)%Ro\/E(E — 1Bimax (Vo)) H(E — ptBmax(Yo)), (3.30)

with H the Heaviside function and By (Vo) the maximum magnetic field corresponding to the
magnetic surface Wy. The correction in ¥ to the toroidal canonical momentum Uy is nearly
zero for trapped particles and of opposite sign for forward and backward passing particles. \i/,
being clearly a function of constants of motion of the unperturbed system, is itself a constant
of motion of the unperturbed system and approximates the average of ¥ over the closed unper-
turbed guiding-center trajectory in a poloidal plane of the tokamak. fo, is thus a function of
the constants of the unperturbed motion, (‘if, E,p) or (W, E, 1), and is therefore solution of the
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stationary, collisionless gyrokinetic equation in absence of perturbations [Eq. (3.26) with ¢ = 0,
0/0t =0 and C, S = 0]. Since the constant of motion T ofa given particle provides a good esti-
mate of the average (V)y,,; of the magnetic flux coordinate ¥ over the guiding-center trajectory,
the profiles ng(V) and Ty(V) are close to the effective density and temperature profiles of the
background fep, (%) when choosing ¢ = W [17]. The difference between ng(¥), To(¥) and the
actual density and temperature profiles can however become significant, especially in smaller
systems (large p*) when choosing ¢ = ¥,. Moreover, note that choosing the background fc s
as a function of the corrected toroidal canonical momentum ¥ has the purpose of defining an
equilibrium with essentially zero toroidal rotation [62]. The deviation of the total distribution
from the canonical Maxwellian background foy, is written dfoyr = f — fou-

The collision operator C', on the RHS of Eq. (3.26), is in all cases linearized with respect to
local Maxwellian backgrounds:

Clfl = Clfim, 0 fim] + Clo fum, fom] + Z (Cinter [ frras 0 frra] + Cinter [0 frrta, frml)

(3.31)

where terms of the form C[d frar, 0 frar] and Cinter[0 fLara, 0 fLar] are neglected as a result of the
linearization process. In a system with strong flows, linearizing the collision operators with
respect to properly chosen shifted Maxwellian distributions should reduce the ratio |0 f/ fo| and
thus increase the relevance of the linearization. Indeed, in ORBb5 the linearization of the collision
operators is justified as long as ¢ fry; remains small compared to fr,,. This statement is verified
in simulations presented in this work, and in particular for neoclassical results since the time
scale we consider, typically a collision time, is small compared to the neoclassical confinement
time. Indeed, an estimate for the deviation from the background distribution is given by
dfae ~ Ar-N fry ~ fouAr/ L., where Ar is the typical radial excursion of the particle along
its collisional trajectory and L. the characteristic gradient length of equilibrium profiles. As
|Ar/L.| < 1 after a few collision times for the systems of interest, the scaling |0 frr/fom] < 1
is indeed ensured. The terms C|[fra, 0 frar] and C[d frar, foa] in Eq. (3.31) form the linearized
self-collision operator and represent the collisions of § fry; on the background fr,, and the
background reaction respectively. The terms Cinser[ fraras 0 frar] and Cinter [0 fraras frar] represent
the collisions of 0 fry; on the background f s, of another species «, as well as collisions of fr s
on 0 frae, and form the linearized inter-species collision operator in ORB5. The details of
the full linearized collision operator (3.31) are given in Chapter 5. The so-called test-particle
operator Crp[0 fra] is the total operator representing scattering of d fas:

Crp[dfim] = Clfim, 6 fm] + Z Cinter[fLMay 0 fLu]- (3.32)

The so-called background reaction operator Cpg[fry] represents the collisions of the back-
ground fry; on the perturbed parts of the different species:

Cerlfim] = Cl0 frar, frm] + Z Cinter[0 frLa, fra]- (3.33)
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Note that the inter-species thermalization terms of the form Ciyer|frrra, foa], Which strictly
speaking are non-zero if the temperatures are not equal, are neglected in all cases in ORB5

(more details in Chapter 5).

For the collisionless part of the gyrokinetic equation [Left-Hand-Side of Eq. (3.26)] one may
either consider a decomposition of f with respect to a local Maxwellian background f7,, or
a canonical Maxwellian background fc),. Using the general notation fy for fra, or foas and
O0f = f — fo, the ORB5 gyrokinetic equation in the frame of the § f method reads:

Dof D fo

Dt + Crpldfim] = ~ D Cgrlfom] + Sulfo,0f]. (3.34)

Note that at this point, contrary to the collision operator, no approximation such as linearization
has been considered for the gyrokinetic operator D/Dt. Let us detail here the actual heat source
term S considered in ORBb5:

(3.35)

Sulfo.0f] = —vu (5\}(\1’,5,15) - ﬁ)(\p?g’t)fdg (5f(‘1’a5,t)> |

[dE fo(W,&,1)

where ~ stands for the operator which reconstructs the distribution in the (¥, £) space. For any
function A of the gyrocenter variables (¥, 6%, ¢, &, ), where 6* is the straight-field-line poloidal
angle, ¢ the toroidal angle and £ = v);/v the pitch angle, the operator ~ reads:

~ B [ do*dpd€ Jug-, A(T, 0%, 0, E,E, 1)

AU, E,t) = .
(T, &,1) Ta6°d0E Tugs : (3.36)

Jyg~, being the Jacobian for the magnetic coordinates (¥, 6%, ). The heating rate vy is chosen
according to the physical system under consideration, essentially through the intensity of the
heat fluxes. Note that the heat source term (3.35) is by construction particle conserving and is

constant on a given flux surface.

ORB?5 is able to consider two approximations related to the operator D /Dt applied to d f, i.e. to
the Left-Hand-Side of the gyrokinetic equation (3.34). First, the code can run in linear regime,
solving the following equation:

Do D

th . + Crpldfrm] = —FJZO — Cgrlfrm) + Sulfo, 0 f], (3.37)
where

D 0 1 0

— == —_— - — . B—. .

Dt + (V) +vve + V) IR m, (v +vve +Ve) - uV a0, (3.38)

In the linear regime, having thus neglected the quadratic terms ~ ¢ f - ¢, the toroidal Fourier
modes are decoupled in an axisymmetric system, which allows to study separately the growth
rate and real frequency of modes of different toroidal mode numbers appearing in the turbulence
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spectrum. Secondly, the local neoclassical limit gives the following equation:

Do D
Jua + CrpldfLm] = — S _ Cpr(fim] + Sulfoa, 0 foum), (3.39)
Dt | .. Dt
where
D 0 0 1. 0
— — ———b- uVB—. 3.40
Di|. ot YWAR T m MYPay (3.40)
D/Dt| ., is the drift-kinetic advection operator assuming small banana widths compared to the

characteristic lengths of the system. This operator is considered for carrying out axisymmetric
collisional transport calculations in the standard neoclassical ordering limit with no electric
field. In this limit, the local Maxwellian background fy = fras is considered (more details in
Chapter 6).

The notation D’/ Dt is introduced, which stands either for D/Dt, for D/Dt|y, or for D/Dt|ye0
such that in any case the equation for the distribution function solved by ORBbS reads:

D fo

+ Crpldfim] = ~ D Carlfrm] + Sulfo, 0 f]. (3.41)

D5 f
Dt

For later purposes, the time derivative operator D /Dt is defined, combining the § f collisionless
dynamics D’/Dt and the test-particle collision operator Crp:
D D

E = Ft + CTPH- (342)

3.5 ORB5 models for ions

For microturbulence simulations, the time evolution of the ion distribution f; in ORB5 is defined
by the gyrokinetic equation (3.34) described in Sec. 3.4, retaining the effects of the finite Larmor
radius for the collisionless dynamics, essential given that fluctuations related to microturbulence
are such that k, p;; ~ 1. However, for neoclassical studies, for which the characteristic lengths
L. of all fields are such that pr;/L. < 1, the drift-kinetic approximation can be considered.
In the drift-kinetic approximation, the gyrocenter is identified to the particle, which is equiv-
alent to setting pr; = 0. The gyrokinetic equation (3.34) within the latter approximation, i.e.
considering (¢) = ¢ in Eqs. (3.22) and (3.23), is called the drift-kinetic equation. A canonical
Maxwellian background f;o = foas is usually considered for turbulent simulations, while a local
Maxwellian background f;y = fram is the standard choice for neoclassical simulations (some
global neoclassical simulations with fy = fou are presented as well in Chapter 6). For ion
dynamics, only the self-collisions are considered, so that Cie. = 0. Neglecting the ion-electron
collisions is justified since v, /v ~ \/W < 1, where v; and v, are the ion-ion and ion-
electron collision frequencies respectively, but results in neglecting inter-species thermalization.

The ion collision operator in ORB5 thus reads:

Clfil = Ciilframis 0 fraws] + Culd frari, frasil- (3.43)
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An ion heat source defined by Eq. (3.35) may be used.

3.6 ORB5 models for electrons

Three different models exist in ORB5 for electrons:

e Fully adiabatic electrons. This is the first approximation for studying ITG turbulence,
which does neither allow to address TEM nor ETG (electron-temperature-gradient) tur-
bulence. The electrons are assumed sufficiently mobile (along B) to be in an essentially
thermodynamic equilibrium with respect to the fluctuation field ¢, so that the electron
density is given by the Gibbs distribution n. ~ n.yexp(e¢/T.), which is further linearized
to give the fluctuating electron density dn. =~ nee(p — (¢)s)/Te, where () g stands for the
flux-surface-average operator. Note the term (¢)g which ensures that the flux-surface-
averaged electron density (0n.)s = 0, essential for the dynamics of zonal flows [68]. For
the adiabatic approximation to be justified, one must have |w/k| < vipe, where w is the
frequency and k| is the parallel wavenumber of a typical mode. In this case, Eq. (3.34)
is not solved for electrons.

e Hybrid model. This model, which works for studying ITG and TEM turbulence but
does not for ETG turbulence, is developed in detail in [51]. The trapped electrons are
considered drift-kinetic, i.e. the time evolution of the trapped electron distribution f2P
is given by Eq. (3.34) in the drift-kinetic limit, while the passing electrons are considered
adiabatic, in the sense described above.

e Fully kinetic electrons. The time evolution of the full trapped and passing electron dis-
tribution f. is given by Eq. (3.34) in the drift-kinetic limit (pr. — 0), i.e. consider-
ing no Finite-Larmor-Radius effects. The drift-kinetic approximation is justified since

PrLe/prLi ~ \/me/m; < 1.

A local Maxwellian background for electrons f.o = fraze is used in any case, since for electrons
U ~ Uy due to pre/pri < 1. Electron self-collisions as well as electron-ion collisions are
considered in Eq. (3.34) for electrons, as v.. ~ ;. The electron collision operator in ORB5
thus reads:

C[fe] ~ Cee[fLMe; 5fLMe] + Cee[éfLMm fLMe] + Cei[fLMia 5fLMe]- (344>
Note that the term Ce;[0 frari, frare] is neglected (more details in Chapter 5). An electron heat

source defined by Eq. (3.35) may be used.

3.7 The quasi-neutrality equation

In the electrostatic approximation, and considering ITG and TEM modes for which k\p < 1,
the Maxwell system of equations reduces to the single quasi-neutrality equation expressed in
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particles variables:
ne(x,t) = Zn;(x,1t). (3.45)

The ion and electron background densities are assumed to ensure local neutrality, n.g = Zn;,

such that the quasi-neutrality equation reads:
one(x,t) = Zon;(x,t) = Zon;(x,t) + Z6n; poi (X, 1), (3.46)

where Z is the ion charge. Note that the assumption n,y = Zn; is strictly valid only if
fio = frai- The latter assumption is approximately valid if f;p = fCMi(\i/) but is essentially
irrelevant if fio = feari(Wo). Note that the ion density dn; is split into a gyrodensity term 6n;

and a polarization drift term 6n;p, as detailed in Sec. 3.7.1.

3.7.1 Ion contribution

The gyrodensity on; is computed as follows:
— By
(57’Li(X, t) = /R d°R dUH dH da 5fz(Ra Y|l /l,t)(S(R + pLi(:ua CY) - X)? (347)

where Bjj/m = B/m + v (V x b) - b/q is the Jacobian of the phase-space written in terms of
variables (R, v, i1, ). The polarization drift term dn; poi (X, t) is given by the following integral
operator:

B*
Snaga(x,t) = [ 2L R duy dgeda L9 6.0 — (6) (R 0] (R + 1. 0) )

B ou
(3.48)

In ORB5 one furthermore considers the so-called long wavelength approximation, where dn; ;0 is
expanded to the second order in k pr;, where k is the characteristic wavenumber perpendicular
to B, in order to take the following form:

0

B,

O pot(x,1) =2 V| - [ V.ié(x, t)} . (3.49)
This long wavelength approximation is currently a significant restriction to the applicability of
the ORB5 model, especially in the TEM regime for which k£, p;; 2 1 modes can be unstable.

Implementing the integral form (3.48) valid to all orders in k, pr;, similar to Ref. [09], is thus
a priority in the future development of the code.
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3.7.2 Electron contribution and final form
3.7.2.1 Fully kinetic electrons

The electron density is computed in the drift-kinetic approximation:

B*
Ine(x,t) = / E” duy| dpe dev 0 fe(x, v, 1, t), (3.50)

such that the quasi-neutrality equation reads:

N0

B,

-V, [ V o(x, t)] = ony(x,t) — %57%()(, t). (3.51)

3.7.2.2 Fully adiabatic electrons

The electron density is obtained from the assumed adiabatic electron response (linearized):

elop(x,t) — (9)s(¥,1)] _ T, elp(x,t) — () s(¥,1)]
Too(W) 0 Too(W) ’

Ine(X, 1) 2 neg (3.52)

where T, is the background temperature profile and (¢)g is the flux-surface-averaged electro-
static potential. The quasi-neutrality equation in this case becomes:

e[o(x,t) — (9)s(V, 1)]
TeO(\Ij)

M0

B,

N -V, { V.io(x, t)} = on,(x,1). (3.53)

3.7.2.3 Hybrid model

The trapped electron density is computed through the distribution function of trapped elec-
trons, treated according to the drift-kinetic approximation:

B*
5n2rapped(X’ t) = / i dUH d:u da 6fe(x7 vy My t) (354)
trapped
The passing particle contribution is assumed to be adiabatic, such that the quasi-neutrality
equation of the hybrid model reads:

1

e[p(x,t) — (8)s(¥,1)] V.6(x, t)] = Gni(x, £) = n(x, 8),

TeO(\Ij)

o

B,

[1—{w)s]ni0 _VJ_'|:

(3.55)
where (ap)s = () s(V) is the flux-surface-averaged fraction of trapped electrons defined by

Eq. (2.26).

3.8 Physical parameters

The size of the considered plasma is set by the p* parameter, already briefly introduced in
Chapter 2. Let us define the sound speed ¢, = 1/ ZT./m; and the sound Larmor radius ps =
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s/, with T, taken at the reference radial position and the cyclotron frequency Q; = ZeB/m;
evaluated using the magnetic field on axis. Note that, if Z =1 and T, = T}, the sound speed
is the ion thermal velocity c; = vy,; and the sound Larmor radius is the ion Larmor radius
ps = pri- The p* parameter is defined in this work as follows:

* pS
=—. 3.56

= (3.56)
p* ranges typically from ~ 1/80 for a small machine like the TCV tokamak up to ~ 1/1000 for
ITER. The collisionality parameter v* is defined basically as the ratio between the detrapping
collision frequency Vepap = V/607 = v/€, where 0, ~ /€ is the trapping angle, and the bounce
frequency wy, = v/evy,/qs Ro. Tt thus reads for ions:

Rogs 6

v, = ——, with 7; = ,

3/27
TiiUthi€ / Vi

and for electrons:
v, = —— s with 7, = ——, (3.58)

Ve; and 7 being the thermal collision frequencies as given by Eqgs. (5.57) and (5.38) in Chapter 5
respectively. The Coulomb logarithm In A, although weakly function of density and temperature
(A ~ n)},), is assumed to be constant over the whole plasma and typically chosen In A = 18.
Except for the Coulomb logarithm, the radial dependence of the collisionality, through the
explicit dependence in density and temperature profiles, is accounted for. The notation v*,
where the index has been dropped, refers to v. Another notation v is introduced and stands
for the collisionality parameter at the reference magnetic surface.

Most of the simulations presented in this work are based on the so-called CYCLONE case,
inspired by physical parameters underlying a shot of the DIII-D tokamak [70] (see Table CY-
CLONE).

Table CYCLONE. The CYCLONE case parameters.
Rolm] alm] Baua[T] To°lkeV] ng°lm™] qw 30 p°  Ro/Ly, Ro/Ln, 1§
1.7 0.61 1.91 2 4.5-10Y¥ 14 0.8 1/180 6.9 2.2 0.045

3.9 Temperature and density profile initialization

In addition to the safety factor profile g(r) ~ ¢s(r) described in Chapter 2, several kinds of
temperature and density profiles are available in ORB5. Note first that the temperature and
density profiles, as well as the safety factor profile, may be read directly from reconstructed
profiles based on a true MHD equilibrium, through the ORB5-CHEASE interface. Some analyt-
ical profiles are also available in the code, used in particular along with the adhoc equilibrium
described in Chapter 2. Let A stand for either the temperature 7" or density n of a given
species. The first kind of profile, referred to as type 1, is defined with respect to the poloidal
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flux coordinate s = /W /W g

dln A KA 5 (5= 50 5 So
= — h — cosh — | ¢, 3.59
ds? (1 — cosh™?(s9/A4)) {COS ( Ay cos Ay (8:59)
where the reference surface sy = 0.5 is chosen so that dlnA/ds*> = 0 for s = 0,1 and
dIn A/ds* = —ky for s = so. Profiles referred to as type 2 are defined with respect to the

geometrical radial coordinate r, with a similarly peaked shape as profiles of type 1:

dln.A . _9 ’l“—fo
A /a) = —FK 4 cosh ( AL ), (3.60)

with 7y = 0.5a. Note that contrary to type 1 profiles dIn.A/d(r/a) is not zero at r/a = 0, 1.
Profiles referred to as type 3 are defined with respect to the same coordinate r, with a flat

logarithmic gradient over a wide region of the torus:

j(lrL/j) - —%A [tanh (%:AA)) — tanh (%;FAA))] : (3.61)

where the typical values are 7y = 0.5a for the center of profile and A, = 0.04a < A4 for the
ramp up/down length. The width of the profile A4 and the gradient value at the reference
surface k4 = (a/Ro)Ro/L4,, where L4, is the characteristic length of the gradient at r =
7o, are chosen relatively to the physical case under study. Note that the profiles of type 3
are systematically chosen for non-linear simulations in this work, except when a true MHD
equilibrium, which requires profiles of type 1, is considered. Wide gradient profiles of type 3
are indeed appropriate for studying the development of turbulence over a wide radial region
of the torus and capturing avalanche phenomena related to heat or particle transport. On
the other hand, peaked gradient profiles of type 1 or 2 are particularly appropriate for linear
simulations in associating the chosen toroidal Fourier mode n to a localized radial region 7
where the instability develops, providing a properly defined poloidal wavenumber ky ~ ngs/7.
Temperatures are normalized with respect to the electron temperature T,, at the reference
surface. Electron and ion density profiles are equal according to the local neutrality condition:
ne = Zn; := n. Densities are normalized with respect to the density ny at the reference
surface or the averaged plasma density written (n). In general ng ~ (n). Figure 3.3 (a) shows
the density profile of type 2 and the safety factor profile (2.11) corresponding to the global
CYCLONE case. Figure 3.3 (b) presents the difference between the temperature gradient
profiles of type 2 (with a peaked shape) and type 3 (with a flat logarithmic gradient over
a wide region of the torus) respectively, for the CYCLONE case parameters. Note that the
analytical profiles used along with adhoc equilibria do not consider any significant gradients
close to the plasma edge, according to the limited validity of gyrokinetic codes for describing
microturbulence in this region of the plasma.
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===type 2
—type 3

Figure 3.3: (a) Density profile of type 2 and safety factor profile corresponding to the global CYCLONE case.
(b) Comparison of type 2 and 3 gradient profiles used in ORB5 along with the adhoc equilibrium.

3.10 Transport diagnostics

We define respectively the gyrocenter particle flux I'; kinetic energy flux Qyi,, potential energy
flux Qpot and heat flux gm as follows:

AvAl)j dR 1 dw
r = (o dt> - (a1 / dg”fﬂs’ (362)
- a3y > , 3.63
% = (roq1 [ 5 ). (3.63)
ont = <|V—\Il|/d3v Q¢fg>sa (3-64)

P <|V—1\Il|/d3v[ 5vth)—|—ng] f(if> (3.65)

where d¥/dt = VU - dR/dt and (A)g = (1/S) [4.A do is defined as the poloidal flux-surface-
average of a quantity A, S being the surface value. In practice, to ensure sufficient statistical
accuracy from the PIC approach, surface averages are replaced by volume averages using the
relation (A)s = ([VU[A)av /(| VP|)av, where (A)ay = [, A d’z/AV stands for the volume
average over the small volume AV enclosed between two neighboring magnetic surfaces ¥ and
U + AW. The heat flux gy can be written as:

5

¢ = Quin + Qpot — 5T I (3.66)

Note that the presented simulations take into account the potential energy flux for a relevant
computation of the effective heat diffusivity [71], defined as

qu{|V¥|)ay
n|dT/dV|(|[V¥[?)ay

(3.67)

XH =
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In case of circular concentric magnetic surfaces as provided by the adhoc equilibria, the heat
diffusivity takes the simple form yy = qg/(n|VT|). Note that neglecting the potential energy
flux leads in particular to unphysical neoclassical electron heat fluxes pointing outwards, as
explained in Ref. [71]. The main contribution to the potential energy flux comes from a neo-
classical term associated to the Maxwellian background, as discussed in Appendix A. Qpot iS
thus only important for neoclassical computations related to Maxwellian background fluxes, as
presented in Chapter 6. In turbulence simulations, the potential energy flux contribution to the
total energy flux is small in general, as presented in Appendix A. In a collisionless simulation,
or in a collisional simulation dropping the neoclassical drive d¥/d¢t|y in the weight equations
as explained in Chapter 4, the potential energy flux does vanish and the total energy flux @ is
the kinetic energy flux Qyin.

In case of circular concentric magnetic equilibria, the particle diffusivity is defined as D =
['/|Vn| and the energy diffusivity is obtained by xz = Q/(n|VT]). Note that the definitions
of diffusivities used in this work are in fact approximate expressions which assume a local
relation between fluxes and gradients (Fick’s law) and neglect off-diagonal terms in transport
matrix, for instance the thermodiffusive part of the particle flux driven by the temperature
gradient. As a result, xyy, D and yg are themselves functions of temperature and density
gradients and in general would be integral operators over space and time [72]. Diffusivities are
usually normalized with respect to the Gyro-Bohm (GB) units, briefly introduced in Sec. 2.6.2:
XeB = csp2/a or alternatively with respect to xgpa/L, = csp?/ L.

The contribution to the so-called bootstrap current j, [73] from a given species o is given by:

Jbe = / fov Bdv. (3.68)

The neoclassical fluxes are obtained from the contributions §f - d¥/dt|g and fo - dV/dt|pxp
in Egs. (3.62)-(3.65), while the turbulent fluxes, the usual fluxes computed in collisionless
gyrokinetic codes, are provided by the contribution §f - dV/dt|g«p to f - dW¥/dt. Here one has
introduced the E x B drift contribution to the radial velocity d¥/dt|gxp = VV - vp.p and
the magnetic drift contribution to the radial velocity dV¥/dt|g = VU - (vyp + V).
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Chapter 4

ORB5 numerical schemes: the 0f
Particle-In-Cell (PIC) approach

4.1 Introduction

ORBS5 uses the low noise 0 f Particle-In-Cell (PIC) method [71], requiring the introduction of a
set of N numerical markers in the gyrokinetic phase space z = (R, v, it). As already mentioned,
the distribution f is split into a background distribution f, and a perturbed part 6 f = f — fo.
The gyrokinetic equation is solved through a time splitting approach, considering successively
and separately the time stepping of the collisionless dynamics, the collisional dynamics and the
source term Sy. The markers are evolved along their collisionless and collisional trajectories in
phase space. In addition, each marker r is described by two weights, w,(t) and p,(¢), which are
the time functions defined and described in Sec. 4.4. Collisionless and collisional dynamics both
provide a contribution to the time evolution of the weights. The source terms modify the weights
w,(t) as well. Finally, using a finite element method, the quasi-neutrality equation is solved
at each time step, thus providing, after estimation of the perturbed density, the self-consistent
electrostatic potential required in order to evolve the positions in phase space and the weights
of the markers, i.e. the actual evolution of § f. This Chapter presents the numerical schemes on
which the ORB5 code relies and provides the equations for marker trajectories in gyrocenter
phase space, as well as the equations for the time evolution of the weights. The interpretation
of marker weights in a collisional system is discussed. Some basic elements related to the field
solver and the parallelization scheme are introduced. An algorithm for controlling the numerical
noise, the coarse-graining procedure, is extensively described. Finally, the relevant choice of
some crucial numerical parameters for ORB5 simulations is addressed.

4.2 Collisionless marker trajectories

The physical particle trajectories in gyrocenter phase space are given by Hahm’s equations of
motion [75], whose derivation is summarized in Chapter 3 and which are reminded here for the
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sake of completeness:

dR 1 L u )
T - VG:E-B* v B —|—Eb><VB+b><V<¢> =V|+ Vv +Ve+Veyp, (4.1)
dUH B* 1

- - =  (uwVB+gV =——vo- - (uVB+gV , 4.2
P i B (1 qV{¢)) m———c (p qV{(9)) (4.2)
dp

= = 0. 4.3
i (4.3)

As discussed in Sec. 4.4, considering the particular choice of the time evolution for marker
distribution given by Eq. (4.11), the marker trajectories turn out to match exactly the physical
particle trajectories, i.e. Egs. (4.1)-(4.3) describe the actual marker trajectories in gyrocenter
phase space. In the linear regime [see Eq. (3.37)], the electrostatic potential ¢ is switched
off in the system (4.1)-(4.3) for evolving markers along their trajectories. In the standard
neoclassical limit, only the parallel component of the velocity is retained in the marker motion
(ve = vy). In the configuration space, the equations of motion are solved in the magnetic
coordinates (s, 0%, ), the corresponding equations of motion being provided respectively by
ds/dt = dR/dt - Vs, d6*/dt = dR/dt - VO* and dp/dt = dR/dt - V. The chosen time
integrator is a 4th-order Runge-Kutta. The details of the equations integrated in magnetic
coordinates are given in [51].

4.3 Collisional marker trajectories

The test-particle operator Crp defined in Chapter 3 is accounted for through modifications of
the marker trajectories in phase space. Considering drift-kinetic collision operators, i.e. ne-
glecting the Finite-Larmor-Radius effects for the collisional dynamics, leads to modifications
related to marker trajectories in velocity space only. Due to the diffusion part of the collision
operators, the corresponding kicks in velocity space are implemented using random increments
sampled from an appropriate probability distribution function (PDF). The numerical imple-
mentation of the different collision operators in ORB5 is described in detail in Chapter 5. The
time integration of the Crp dynamics through random kicks is a first-order scheme in the time
step At, contrary to the collisionless trajectory integration which is a 4th-order scheme.

4.4 The two-weight ) f-scheme

Here we summarize the two-weight ¢ f-scheme, originally described in [21] and shown in [20]
to be particularly useful when dealing with collisions. Considering a general phase space (z,1),
the marker distribution function g(z,t) can be written in discretized form as follows:

N

g(z,t) = 38z — = (1), (4.4)

r=1

where r is an index labelling the N markers, and ¢ stands for the Dirac function. The physical
perturbed distribution 6 f is linked to the marker distribution g by the so-called weight field
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W(z,t):
df(z,t) = W(zt)g(z,1), (4.5)

which in discretized form, using (4.4), becomes:

(4.6)

having introduced the so-called marker weight w,(t) defined here as the value of the weight

field at the marker position:
wy(t) := Wiz (1), t]. (4.7)

The marker weight w,(t) represents the amplitude of §f carried by the marker r. In the
same way, one may introduce the second weight field P(z,t), linking the physical background
distribution fy to ¢ [21]:

fO(zvt) = P(z,t)g(z,t), (48)

which in discretized form, similar to (4.6), becomes:

fo(z,t) ~ Zpr(t)é[z — z.(t)], (4.9)

having introduced the second weight p,(t) of the marker, defined here as:
pe(t) i= Pla(t), 4] (4.10)

At least formally, there is quite some freedom as to the choice of the evolution of the marker
distribution g. However, for practical reasons, it is convenient to consider the following equation:

th g=0, (4.11)
where D/Dt is defined by Eq. (3.42). Note that Eq. (4.11) is ensured by markers following
trajectories in gyrocenter phase space given by the gyrocenter equations of motion (4.1)-(4.3),
as well as through random kicks for markers in velocity space accounting for collisions, as
briefly introduced in Sec. 4.3. More precisely, using the PIC representation (4.4), the evolution
equation (4.11) for g is ensured by the marker trajectory equations. In the frame of the time
splitting scheme, the time variation of the phase space position z,(t) of a given marker r can
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be written:
) ) )
_ - - 4.12
6t ZT(t) 5t no coll o <t) " 6t coll zT(t)’ ( )

where 0/0t|,0 con 2-(t) stands for the collisionless part of the trajectories, described in Sec. 4.2.
The time variation §/dt|conz,(t) however stands for the collisional contribution accounting for
the Crp operator, described in detail in Chapter 5. The equation of motion (4.12) clearly
involves stochastic trajectories resulting from random velocity kicks, which must be sampled
from appropriate probability distribution functions (PDFs) for correctly representing C'rp. This
type of stochastic equations of motion are called Langevin equations. To represent 0 f and fy
with the numerical markers still requires, according to (4.6) and (4.9), an equation for the
marker weights w,(t) and p,(t) respectively. For this purpose, one writes somewhat more
explicitely the time derivative along trajectories (4.12) acting as an operator on a phase space
field:

o D 0

—=—+(T ) — 4.13

5t~ pi T tad- 5o (4.13)
where D’/Dt stands for the different forms of the collisionless gyrokinetic advection operator
defined in Secs. 3.3 and 3.4, while I'7p is the drag and a. the random acceleration related to

the diffusion part of the collision operator Crp, which in general can be written as:

Crpldfim] = 9. {FTP(V)MLM - Dyp(v)ofra|, (4.14)

ov ov
Dp being the diffusion tensor associated to the collision operator Crp. The operator 6/0t is
related to D/Dt by the relation:

0 D 0 0 0?
a—ﬁ—(a—v'FTP)“c'a—v*m-QTP' (4.15)

4.4.1 Collisionless weight equations

4.4.1.1 Standard 6f method

For the collisionless weight equations, the background distribution may be either a local
Maxwellian fy = fra or a canonical Maxwellian fy = foar (see Sec. 3.4). Considering the

collisionless part of the dynamics, we have, according to Egs. (4.12) and (4.13):

5 D

— = o7

5 (4.16)

no coll

Within the collisionless stepping, the marker distribution thus follows the equation D’'g/Dt = 0.
To obtain the collisionless evolution equation for each weight w,(t), one takes its time derivative:
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Wi = 2 (0.1 = &

d

dt

o

(5f) 1D Sf D
no coll 9

no coll no coll

(4.17)

the last step having been carried out using the chain rule, which is justified as D’/ Dt represents
a first order differential operator. The collisionless gyrokinetic equation D'0f/Dt = —D fy/ Dt
provides thus the collisionless equation for the first weight w, making use of the p-weight
definitions (4.8) and (4.10):

d 1 D 1 D
ol e =—— 5 = —pe(t)+ = fo : (4.18)
no coll [zr(¢),t] [2r(2),t]

Let T stand either for ¥, ¥y or 0 depending on the choice of background (local Maxwellian,
canonical Maxwellian and corrected canonical Maxwellian respectively, see Sec. 3.4). The drive
of the weight evolution (4.18) then reads:

D= ar @ ()

Jo(E) - (v + vys + Vo), (4.19)

where (E) is the gyroaveraged electric field, approximating in fact (E) = (=V¢) ~ —V(¢).
When considering a local Maxwellian background, i.e. T = W, the term 0fry/OV - d¥/dt|y =
Ofra/0V - VU - (vyp + v,.) is usually neglected for turbulence simulations. Note that keeping
this term is however crucial in the frame of neoclassical simulations, since it provides the drive

of collisional transport from density and temperature gradients:

Ofim
ov

dlnn  dInT (mvi/2+uB 3
10 + 10 ( T 5 fom- (4.20)

Similarly, a collisionless equation for the second weight p is derived:

d 4] 4] fo 1D fo D’
— pr(t) = — Plz = z.(t),t] = — (—) =—-——fo— = —g, (4.21)
de no coll ot no coll ot no coll 9 9 Dt g2 \lzé_/
=0
which gives directly:
d 1D 1 D
n pe(t) = == fo =p(t) 3 fo . (4.22)
dt |, con 9Dt L w4 Jo DL 4

Note that, in absence of collisions and if the full marker motion is retained (D'/Dt = D/Dt),
the two weights are closely coupled by the relation d/dt(p, +w,) = 0, which in fact reflects the
invariance of both the full distribution f and the marker distribution g along the collisionless
trajectories. This relation also enables to express the p-weight in terms of the w-weight, thus

illustrating how a single weight is sufficient for carrying out collisionless simulations.
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4.4.1.2 Direct 6f method

In case the full marker motion is retained (D’/Dt = D/Dt), instead of integrating numerically
Egs. (4.18) and (4.22) (standard § f method), one can handle the collisionless dynamics through
the so-called direct-0 f method [76] [77], taking advantage of the fact that the total distribution
f is conserved along collisionless trajectories. In this case, the weight equations for collisionless
dynamics can indeed be integrated analytically:

d

E(wr(t) +p.(t) = 0 = w, +p, = w(to) + pr(to), (4.23)
d DPr Dr pr<t0)
—In = () = = ) 4.24
dt f0|zT fO‘zr fO‘ZT(tO) ( )

Eq. (4.23) results from adding relations (4.18) and (4.22), while Eq. (4.24) is directly ob-
tained by integrating Eq. (4.22). Let us consider a marker r going from position z.(t) =
R, (), v),+(), ur(t)] to position z.(t + At) = [R.(t + At), v, (t + At), u.(t + At)] during a
collisionless time step ¢ — ¢t + At. Making use of Eqs. (4.23)-(4.24), the new weights are thus

given by:
prlt+ Al = py(ryTdzeran, (4.2
fO’ZT‘(t)
we(t+ At) = w(t) + pe(t) — p(t + At). (4.26)

This scheme in particular allows to avoid explicitly evaluating unpractical terms such as A /dt,
appearing through D fea /Dt [Eq. (4.19)] in the case T = WU for the time evolution of the
weights. More precisely, the standard 6f method considering T = U assumes 8@/68 = 0,
which is wrong, in order to avoid singularities in the weight pushing. This latter assumption is
not necessary in the frame of the direct ¢ f method which allows to solve exactly the gyrokinetic
equation with a corrected canonical Maxwellian background (Y = W),

4.4.2 Collisional weight equations

A local Maxwellian background fy = fr is always chosen for handling the collisional dynam-
ics, since the collision operators are linearized with respect to a local Maxwellian. The time
derivative operator along collisional marker trajectories reads, according to Eq. (4.13):

4]

0
St = (FTP + ac) . (427)

ov

coll

The actual collisional trajectory in phase space of a given marker is given by:

0z, (1)
ot

=Trp+ad, . (4.28)

coll
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The operator (4.27) is expressed in terms of the drag I'rp and the diffusion tensor D,p as
follows, according to Egs. (3.42) and (4.15):

1) 0 0 6 0?

— =—+4+C —-T . : Doyp. 4.29

5| oo T Ol (av TP) Ta 5y T ovey oTr (4.29)
In practice, one proceeds by making use of Eq. (4.29), but dropping the last two terms on the
RHS of this relation [20]. One thus carries on by considering

) 10 0

— =—+C — T 4.30

5| ot rrl] = <av TP) ’ (4.30)

where the notation = points out what may appear to be an ad hoc simplification. This issue
is discussed in Sec. 4.4.3. Within the collisional stepping, one has [0/0t + Crplg = 0 as well
as [0/0t + Crpld fry = —Cgr|fru], which gives directly the collisional equation for the first

weight wpp:
(5fLM> 1 0
coll g g 5

= _pLMr( ) LCBR[fLM]
fim

d o

En wimy(t) = 5

Ofem 0
Ofm — Ry

coll coll coll

: (4.31)
(20 (6)

noticing that the contribution from the compressibility of the drag term in (4.30), 9/0v - I'rp,
cancels out. The details on evaluating Cgg for self-collisions are given in Sec. 5.10.2. Note that
in the collisional dynamics, contrary to the situation of the collisionless dynamics, the value
of the marker distribution ¢(z,t) is not invariant along the marker trajectories z,.(t). Making
use of the second weight pras.(t) is thus required in order to avoid a practical problem at
evaluating the factor 1/g[z,(t),t], which can be identified to the phase space volume associated
to the marker r. The two-weight scheme is thus mandatory in the frame of the collisional ¢ f
Particle-in-Cell scheme, while it is optional for a collisionless model. Since Crp[fry] = 0, the
collisional equation for the second weight p is trivial to derive:
Jim 0
Jim — 7 5t g

coll

=0. (4.32)
[Zr(t),t]

d )

el (t) = — Y _1 9
de coll DMy 6t coll g 9 6t

coll

= prmy(t) fLLMCTP[fLM]

One notices that collisions have no effect on the p-weights for the considered local Maxwellian

background fr;.

4.4.3 Interpretation of marker weights

Dropping terms in the operator ¢ /6t going from (4.29) to (4.30) leads to the set of collisional
weight equations (4.31) and (4.32) which are in fact exact when correctly reinterpreted. This
was shown and discussed in detail in [78] and [20]. What needs to be reconsidered however are
the original definitions of the weights w,(t) and p,(¢) in terms of the weight fields W(z,t) and
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P(z,t), given by Eqs. (4.7) and (4.10) respectively. Let us briefly review here the proof, given
in the already mentioned papers, for validating the set of equations (4.6), (4.28), (4.31) and
(4.32) as an exact representation (in the limit of large number of markers) of § f.on, solution
to the collisional dynamics of the gyrokinetic equation. For this purpose, one introduces the
distribution F(z,w, p,t) in the extended phase space (z,w,p):

N

F(z,w,p, t) = 25[2 - Zr(t)]é[w - wr<t)]5[p - pr(t)]7 (433)

r=1

where the evolutions of z,.(t), w,(t) and p,(t) are given by Eqs. (4.28), (4.31) and (4.32) respec-
tively. The evolution equation for F' within the frame of the collisional dynamics is given by:

0 0 (dw o (dp
(atw”’) aw( C011F>+ap<

Taking different weight moments of the distribution (4.33), the three following fields are ob-

F) = 0. (4.34)
coll

tained:
ilet) = / dwdp F(z,w,p,t) = ﬁ;(S[z L), (4.35)

5F(at) = /dwdp w F(zw,p.t Zwr 2 — 2 (1), (4.36)

fru(z,t) = /dwdpp F(z,w,p,t) Zpr [z — 2,.(1)]. (4.37)

While g corresponds obviously to the marker distribution g given by Eq. (4.4), it still has to
be shown that S\f(z,t) and m(z, t), involving weights evolving according to Eqs. (4.31) and
(4.32) respectively, may be actually identified to the physical distributions 0 feon and fra. By
taking the corresponding moments of Eq. (4.34), one obtains the collisional evolution equations
for 25? and f;]/\/[ respectively:

0 -~ d
((‘% + CTP) of =g d—zf = —Cgr[frul, (4.38)

0 — d
<0t + CTP) Jin = dztj " = 0= Crp[fruml; (4.39)

having used relations (4.31) and (4.32). Eqs. (4.38) and (4.39) are clearly the same collisional
evolution equations verified by 6 f.on and fry,. Moreover, if the weights w,.(t) and p,(t) are
initialized according to their original definitions (4.7) and (4.10):

5 CO.
w(t=0) = feon : (4.40)
9 1(z(0),t=0)
pt=0) = L , (4.41)
9 1(zr(0),4=0)
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the two sets of fields (5?, }—.L\]—/w) and (0 feon, frar) furthermore have the same initial conditions,
which finally proves that they are identical at all times and that Eq. (4.36) in particular still
holds as the marker representation of § f.

There is nonetheless an important effect from having dropped two terms in the operator §/dt|con,
with significant practical consequences. As a result of the modifications leading to Eq. (4.30),
once the system has evolved from its initial state and undergone collisional processes, two
markers can meet at the same phase space point with different weights. In other words, a
spreading of weights occurs over time at each phase space point z and at a rate which is
proportional to the collision frequency. The original definitions of the weights (4.7) and (4.10)
as the (single) value of the weight fields at the marker positions, used to initialize the weights
at t = 0, are thus clearly violated at any time other than t = 0. It is in fact only the
statistical average over all weights of markers in the vicinity of a phase space point which
provides an estimate of the weight fields W and P, not the weights of a single marker. Contrary
to a collisionless system, the weights w and p must thus be considered as additional effective
dimensions of the numerical system, whose extensions grow on the collisional time scale. The
practical price to pay for this weight spreading is increasing numerical noise as the simulation
evolves. A solution to the numerical noise problem is presented in Sec. 4.8. The difference in
the weight interpretation between a collisionless and a collisional case is presented in Figure
4.1

WITHOUT COLLISIONS WITH COLLISIONS

Weight field W(x, v) and particle weights w

Weight field W(x, v) and particle weights w

Phase space (x, v) Phase space (x, v)

(a) (b)

Figure 4.1: Schematic representation of marker particle weights in phase space for (a) a collisionless and (b)
a collisional simulation. The local weight spreading Aw, which is nonzero in the collisional case,
appears like a growing additional dimension to the numerical system. Figure courtesy of [20].

4.4.4 The background switching scheme

The background fey, is a stationary state of the collisionless gyrokinetic equation. Making
use of the two-weight approach, it is possible to take advantage of this collisionless equilibrium
function even in collisional runs. This is achieved by switching, in the frame of the time split-
ting scheme, between a canonical Maxwellian background representation for carrying out the
collisionless advection step and a local Maxwellian background representation for carrying out
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the collisional step. This mixed background approach is schematized in Figure 4.2. Considering
a local Maxwellian background for carrying out collisions is indeed a practical constraint, as
the collision operators have been linearized with respect to such a distribution. Let us point
out that this mixed background scheme is essentially used for ions, as fra =~ foar for electrons.

For carrying out collisions, such a switching scheme requires transforming for each marker r
between its two weights (wear ., por,y) in the canonical Maxwellian background fops representa-
tion and its two weights (wrar, prar,y) in the local Maxwellian background fr s representation.
Two equations are necessary for defining this weight transformation. The first is obtained by
requiring that at any time the same total distribution f must be obtained by the two represen-
tations:

f=Tfem+dfem = fim +dfLm, (4.42)

where 6 fcy and 0 fry stand respectively for the deviations of the full distribution from the
canonical and local Maxwellian backgrounds. In the frame of the 6 f PIC discretization, equa-
tion (4.42) implies for the weights of each marker r:

WenMy + PeMyr = WMy + PLMr- (4.43)

The second equation is obtained by noticing that at any time and for any marker r one also
has:

Pcm,r _ fCM(ZT)
PLy fLM(zr)

=0, (4.44)

having introduced the notation o, for the ratio of the two backgrounds at the current marker
position z, in phase space. After the collisionless advection step, one can thus transform from
canonical to local weights using Eqs. (4.43) and (4.44):

poay = SMr (4.45)
Oy
1
WrMy = WoMy + (1 - _) PcMr, (4.46)

and carry out the collisions in the frame of the local Maxwellian background representation, as

described in Chapter 5. This will result for each marker in a new position 2 in phase space and

a corresponding background ratio o) = fon/ frum|.x, as well as a first weight increment Awpay
from self-collisions. Let us recall that the second weight remains invariant, Apry = 0, as a
result of collisions. Transforming back to the canonical weights, one obtains the corresponding

weight increments from the collisional step:

O_*
Apcrviy = Aowprvy = <g—r - 1> PCM,rs (4.47)

r

0_*
Aweny, = Awpyy — Apomy = Awpn, — <—r - 1> PCM,r- (4.48)

r

The new phase space positions z;, as well as the weights w¢,), . = wonr, +Awen, and pgyy, =
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pemr + Apery = pomaso) /o, of each marker may then be used for carrying out the next

collisionless advection step, thus closing the time loop in Figure 4.2.

Time Loop

Collisionless dynamics Collisional dynamics
over At over At

> — —_— -
f=1,,+ 8, f=1,+d, _*

weights W, p weights w,, , p,

CcMm M

Figure 4.2: Mixed background collisional §f algorithm: Time loop for switching between a canonical
Maxwellian background for stepping the collisionless dynamics and a local Maxwellian background
for stepping the collisional dynamics.

4.5 Parallelization

The ORB5 code is designed in order to run making use of thousands of computer processors
at the same time and is therefore parallelized using the standard Message Passing Interface
(MPI). The ORB5 parallelization schemes are described in detail in Ref. [71]. Some basic
features of the parallelization are recalled here for completeness. Considering a simulation
running on P = Pr X Np processors, the torus as a geometrical object is replicated P times,
forming Po clones of the torus, and each clone is decomposed into Np domains. Each domain
must handle at least one point of the toroidal grid for solving the quasi-neutrality equation,
such that Np = P/Pc < N,, N, being the number of grid points in the toroidal direction
for the quasi-neutrality solver. Moreover, N,,/Np has to give an integer value, to ensure that
all domains handle the same number of (equidistant) toroidal mesh intervals, essential for load
balancing (same computational load for all processors). The markers are distributed over clones
and domains according to Figure 4.3. The charge deposition on the toroidal 3D grid, essential
for providing the self-consistent fields through the quasi-neutrality equation, is performed by
summing the contributions of all the markers belonging to the different clones corresponding
to a given toroidal domain.

4.6 The solver for the quasi-neutrality equation

Efficiently solving the quasi-neutrality equation (3.51), (3.53) or (3.55) in a toroidal geometry
is a challenging problem. A lot of different studies have adressed the practical issue of solving
numerically the quasi-neutrality equation in the frame of a §f PIC approach and improved
the efficiency of the different algorithms. The remarkable features of the ORB5 solver, which
is extensively described in Refs. [11], [51] and [1&8], are briefly summarized here. The general
principle is to use a finite element method, similar to the simple solver for the Poisson equation
in one dimension presented in Appendix B. However, the more complex tokamak configuration
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Figure 4.3: ORB5 domain cloning scheme, with markers distributed over the different clones and toroidal
domains. Each block is handled by a processor. Figure courtesy of [51]. Here P, stands for N,.

leads to specific additional issues. The first step is to introduce a grid in the curvilinear
straight-field-line coordinate system (s, 6%, @) for representing configuration space, considering
(N5, No=, N,,) grid points respectively in each direction. The finite element method provides a
representation of the electrostatic potential ¢ on the mentioned 3D grid as follows:

o(x.t) = Y du(t)Au(x), (4.49)

where u = 1, j, k is a general 3D index corresponding to the three configuration space directions
(s,6%, ) respectively. {A,(x)} are tensor products of B-splines (piecewise continuous polyno-
mials), usually chosen of order 3. In the finite element approach, the quasi-neutrality equation

results in a linear system:

Z My,ugb,u = bua (450)
o

which results from inserting (4.49) in either one of the forms (3.51), (3.53) or (3.55) of the
quasi-neutrality equation and projecting on a test function A,(x). While the matrix M,, is
built once during the initialization phase of the simulation, the electric charge carried by the
markers needs to be assigned at each time step to the different grid points in the vicinity of
the current positions of the markers, in order to build the vector b,, the Right-Hand-Side of
Eq. (4.50). This operation is called the charge assignment and is carried out naturally in the
finite element approach through the projection procedure. Note that the charge density is
summed over the clones for each toroidal grid point, as already mentioned. The charge density
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is then Fourier-transformed in the toroidal and poloidal directions. A first filter is applied to
the toroidal Fourier modes n, retaining one particular toroidal mode for linear simulations, a
given range of toroidal modes for turbulence simulations, and only the axisymmetric toroidal
mode n = 0 (or no mode at all) for pure neoclassical studies. As explained in Sec. 4.8 and with
the purpose of reducing the numerical noise, a second filter is applied to the poloidal modes,

retaining the modes m which are such that
Ings(V) —m| < Am (4.51)

for each retained toroidal mode n. gs(\V) is here the safety factor profile and Am is an input
parameter, typically chosen as Am = 5. The same toroidal and poloidal Fourier transforms
are applied to the matrix M,,, as well as the same filtering procedure, leading to a field solver
in Fourier space for the poloidal and toroidal directions but remaining in direct space in the
radial direction [13]. Note that, as a result of the linearization of the quasi-neutrality equation
and the axisymmetry of the unperturbed system, different n modes are decoupled when solving
for ¢. Due to the toroidal dependence of the applied poloidal filter [see Eq. (4.51)], N,/Np
different transformed and filtered matrices are built in the beginning of the simulation. Solving
the Fourier-transformed linear system gives the electrostatic potential in the toroidal-poloidal
Fourier space. An inverse Fourier transform is then applied in order to get the solution ¢,
in the real configuration space. The boundary conditions are ¢(s = 1) = 0, as well as an
imposed unicity on magnetic axis: ¢(s = 0,0%) = ¢(s = 0) VO*. Note that the toroidal-
poloidal Fourier transform implies heavy data transpose according to the chosen parallelization
scheme, which has an important cost in terms of the computer time required for one time loop.
The Fourier transform in the toroidal direction indeed implies that a given processor needs
to have access to the whole toroidal domain data set, which is naturally not the case if the
data are not transposed, according to the parallelization scheme in the toroidal direction. The
size of data which need to be transposed scales with ~ p*~2 and can thus be responsible for
a significant fraction of the simulation time for large plasmas. More importantly, the data
transpose operations degrade the parallel scalability of the code, i.e. how well the computation

performance scales with the number of processors allocated to a given simulation.

The main limitation of the ORB5 solver is the expansion of the polarization drift term in terms
of k1 pr; (long wavelength approximation), as mentioned in Chapter 3. This expansion provides

a solver which is valid only for k,p; < 1.

The gyroaveraged electric field V(¢) involved in Hahm’s equations (3.22) and (3.23) is com-
puted as:

V{p) = (Vo) = <Z ¢u(t)VAu(X>> = ou(t) (VAL()) (4.52)

where the gyroaverage () is taken over a Larmor ring discretized with a finite number of points,
between 4 and 32. This gyroaveraging procedure in fact also appears in the charge assignment
through the gyrodensity dn. In ORB5, the Larmor motion is assumed to lie in the poloidal
plane. Note that the approximation V{(¢) ~ (V¢) actually drops a term ~ O(p?.VB/aB) < 1.
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4.7 Initial conditions: Loading the markers and the

weights

In ORB5 simulations, the initial distribution of each species is either chosen as the Maxwellian
background, local or canonical, [f(t = 0) = fu)] or a perturbed Maxwellian [f(t = 0) =
far+6f]. The initial distribution of the N markers is always chosen uniform over configuration
space and either uniform in the half-plane (v, v, > 0) with constraint , /vﬁ + v < ko (s):

NB
0* t=0)= 4.53
g(57 ’ go’ UH, UJ—’ ) Bﬁ’UJ_ [ﬂ_kvvth(s)]Q f JS/Q*szdS/de*/dSO,’ ( )

or uniform in a velocity sphere of radius k,vy,(s):

NB

7 9*7 ) ) 7t = O = ’ ) 454

9(5,6% ¢, 01,01, = 0) Bi[4nk3v, (5)/3] [ J g pds'd0” Ay’ (4.54)

where k, = 5 is a constant introducing artificial borders in the velocity space for nu-
merical purposes, k, = oo being not feasible. Results are checked to be converged with

k, = 5, a mostly Maxwellian distribution satisfying fus(5vi,) ~ exp(—(5v)?) — 0. The
factor B/B[| in Egs. (4.53) and (4.54) comes from the gyrokinetic phase space Jacobian
dbz = B/ m)d® Rdv;dpda. For a marker r initially at position 2, in phase space, the weights

are initialized as follows:

[f(t - 0) — fO]zro
gt =0z
f0|2r0

g(t = O)|Z7‘O'

(4.55)

(4.56)

4.8 Controlling the numerical noise: Fourier-filtering,

Krook operator and coarse-graining procedure

Due to the PIC representation considered in ORB5, a major impediment to obtaining physically
relevant results is the problem of numerical noise. Noise is diagnosed in ORB5 by examining
the charge density in non-resonant turbulent modes, which are very strongly Landau damped,
and essentially arise due to sampling errors [51]. In order to define a signal-to-noise ratio, the
following definitions are introduced: The signal is defined by the modes of the charge density
inside a certain Fourier filter F, while the noise is defined by the modes outside the Fourier
filter:

an dr Z(n,m)ef ’5n(n7m) (T) |2/CL . an dr Z(n,m)&]—' ‘5n(n,m) (7”) |2/CL
s noise = .
Z(n;fn)E}— Z(n,m)gf

signal =

(4.57)
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COARSE-GRAINING PROCEDURE

Invoking the fact that microturbulence is essentially aligned along the magnetic field line, the
filter F retains Fourier modes (n,m) which, at a given radial position ¥, satisfy the condition
given by Eq. (4.51) . Let us point out that the Fourier modes are computed using a straight-
field-line poloidal angle. The Fourier components outside the filter F are removed from the
density fluctuations before computing the electrostatic field. This is the basic noise-control
procedure.

If the noise becomes large compared to the physical signal, the simulations become irrelevant
and are not further carried out. One must thus ensure that noise is kept as low as possible
and under control. Noise control is especially crucial for simulations with collisions, which
increase the noise due to the random kicks used for representing the diffusive part of the
operators. Collisions indeed lead to weight spreading, in fact adding two additional dimensions
w and p to the extended numerical phase space and thus requiring a new interpretation of
the weights [75], as already discussed in Sec. 4.4.3. ORB5 was already equipped with a noise-
reduction scheme which consists of an artificial decay of the weights through the so-called Krook
operator Sy = —Vkd f + Scorr, added to the Right-Hand-Side of Eq. (3.34). ~; is the Krook decay
rate, typically much smaller than the maximum linear growth rate of the considered instability.
In ORB5, Scorr is designed in order for Sy to preserve the density, the energy, the parallel velocity
and the zonal flows [19]. Unfortunately this method is not practical in a collisional simulation,
since the required decay rate is at least of the same order as the typical collision frequency, thus
masking the physical effects of collisions. ORB5 therefore also features a newly implemented
noise-control scheme, appropriate for both collisionless and collisional simulations and based on
the coarse-graining procedure proposed in Refs. [20] and [22]. The method involves a periodic
binning of markers in phase space and a reassignment of each weight to the average weight value
of all markers within the bin. This approach ensures a significant weight spreading reduction.
The purpose of the coarse-graining is to reduce the numerical noise, by filtering the high-k
modes both in configuration and velocity space in case of a collisionless run and/or by reducing
the weight spreading in case of a collisional run [20]. The aim of this procedure is to enable
to maintain the signal/noise ratio at a higher level than simulations without coarse-graining,
while retaining the key physics from the simulation. At a given time step, the coarse graining
procedure involves 1) the binning of the markers in the whole gyrokinetic phase space, i.e. a
5D binning, and 2) the smoothing of the marker weights within a same bin, achieved through
the assignment of the marker weights to their average value.

4.8.1 Coarse-graining: 1) binning

Let us describe the critical choice of the bin sizes and number of marker particles. In every
direction of phase space, coarse-graining in fact damps any fluctuation scale which is of the
order or below the corresponding bin size. This damping, being unphysical, must therefore
apply to scales which do not contribute significantly to turbulent transport. This constraint
thus fixes an upper limit on the size of bins. A practical choice for an appropriate coordinate
system and grid resolution for defining the bins is provided by the meshes used in Eulerian-
based gyrokinetic codes [10]. However, for the coarse-graining to be effective, one must ensure
that every marker meets sufficiently often at least one other marker in a same bin at the same
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time step. This constraint in turn sets a lower limit on the number of required markers for
a given number of bins. In other words, the binning must not be too large in order not to
damp physically relevant scales and must not be too dense to be efficient. One must emphasize
however that coarse-graining does not need to be applied to each marker at each time step. Such
a constraint would naturally compromise any advantage of a PIC method versus a Eulerian
approach. Practice has shown that, on average, markers need only to undergo an effective
coarse-graining procedure (i.e. meet at least one other marker in the same bin) every n-th time
step for this noise-control method to be efficient, where typically n ~ 10 for I'TG simulations.
As a result, the required ratio of marker number to bin number must be (at least) of order
1/n ~ 1/10.

Let us define the normalized kinetic energy E = v*/2T(s) and the pitch angle £ = v)/v. Note
that the energy dimension depends on the radial coordinate through the temperature profile
T'(s). A uniform grid in 6* is first built, leading to ng- bins. Let us write 65(6*) the function
giving the position of the bin center §; corresponding to 6*:

* 1
05(07) = {FLOOR <9 A;f) + 5} AG* — T, (4.58)

where 0* € [—7; w[ and AG* = 27 /ng« is the width of the bins along #*. FLOOR(z) stands for
the largest integer which is smaller or equal to x. We define a new field-aligned coordinate z:

2= ¢ = qs(s)[0" — 65(67)]. (4.59)

where ¢ is the safety factor and s = \/Wedge the normalized radial coordinate. Note that
this field-aligned coordinate enables to use the largest possible bins in the 6* direction, which
now parametrizes the position along the magnetic field line. Indeed in the coordinates (s, 6%, z)
the dependence with respect to 6* of a field-aligned fluctuation quantity (such as resulting from
microturbulence) represents the slowly varying envelope along the magnetic field line. The fast
phase variation transverse to the magnetic field is represented by both s and z. The binning is
then defined as a block-structured cartesian grid in the new set of variables (s, 0%, z, E,£). The
number of bins in the §* direction is proportional to the radial coordinate s (sA#* ~ const.) in
order to have bins of approximately the same volume, including near the magnetic axis, which
is the center of the polar-like coordinates (s, 0*). Figure 4.4 shows how the binning follows the
field lines in the (6%, ¢) plane, as well as the bin structure in the (6*, z) plane and in the (0*, s)
plane. Note that, unless otherwise specified, the grid resolution for the coarse-graining binning
in velocity space is ng X ng = 64 x 64.

4.8.2 Coarse-graining: 2) smoothing

Let us write « the general index identifying a 5D bin. Considering the bin «, we define the
averaged w-weight and p-weight for the markers with index r present in the bin «a at a given
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time t:

walt) = Nj(t)ZwT(t), (4.60)

req

1
Da t = r t s 4.61
i) = o ) (1.61)
where N,(t) is the number of markers in the bin « at time ¢. Let us consider a marker r in a bin
«, with weights w,(t) and p,(¢). Introducing the relaxation rates v, and 7,, the modification
brought to both weights of the marker r after a coarse-graining procedure is:

Aw, = NAt-v, - (0, —w,), (4.62)
Apr = NAt- Yp - (]joz - pr) ) (463)

where N is the number of time steps of length At between which each coarse-graining is
performed. The typical parameters for the I'TG simulations considering p* = 1/180 and At =
0.22[a/cs] are N' = 10, v, = 0.45[cs/a] and v, = 0.045[cs/a], determined empirically. The
latter parameters turn out to be inappropriate for TEM turbulence which requires the coarse-
graining to be applied more frequently, at each time step actually, in order to control efficiently
the numerical noise (N = 1, v, At = 1). The coarse-graining on the p-weights appears not
to be crucial regarding the simulation behaviour, v, = 0 is thus chosen for TEM turbulence
simulations. Note that, as mentioned, the chosen values are specific to given physical quantities,
like the growth rate of the instability or the collisionality, and are not universal. The only
mandatory requirement is N'At -~y < 1, where v = max(7,,y,). A full relaxation of all weights
in a bin to the averaged weight value corresponds to N'At -, = NAt -, = 1. The effects of
the coarse-graining on ITG turbulence, as well as a proper choice of the bin size, are studied in
Chapter 7 (Sec. 7.6). The issue of coarse-graining in TEM turbulence simulations is addressed
in Chapter 8.

+n +T o

+T

s -

Figure 4.4: Field-aligned binning in configuration space represented respectively in the (0*, ¢) plane, the (6*, s)
plane and the (6*, z) plane.
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4.9 Numerical parameters

This Section describes the important numerical parameters used in ORB5 in order to carry out
relevant and converged simulations. Most of the crucial numerical parameters actually depend
on the p* value, i.e. the sound Larmor radius normalized to the considered plasma minor radius.
Detailed ORB5 convergence tests, both in ITG and TEM regime, have already been performed
in Refs. [01] and [37].

4.9.1 Number of markers

The number of markers, i.e. the accuracy of the distribution sampling, is crucial in order to
obtain relevant results. The important quantity for estimating the relevance of microinstability
simulations is the ratio between the number of markers N and the number of essential Fourier
modes for representing the fluctuations (i.e. modes kept in filter F in Eq. (4.57) [79]). For
collisionless linear runs considering one single toroidal Fourier mode, N ~ 10° —2-10° for each
species provides converged results for CYCLONE-p* values. Non-linear runs addressing the
issue of turbulence are naturally much more demanding and require N ~ 100 - 105 — 200 - 105
for each species in a collisionless case considering the CYCLONE-p* values. The increased
numerical noise due to the numerical treatment of collisions in the frame of a PIC code requires
2 or 3 times more markers for a collisional species. Finally, note that a global neoclassical
simulation, even in absence of electric field, requires a substantial amount of markers, typically
N = 50-10°—100-10° for a standard p* = 1/150, in order to provide converged and accurately
resolved neoclassical fluxes. This is particularly true for quantities related to off-diagonal terms
of transport matrix such as bootstrap current.

4.9.2 Time step

The chosen time step has to resolve the shortest characteristic time of the considered system:
Winax At <€ 1, where wpa, is the largest characteristic frequency of the system which may be
given by the mode frequency w, the transit frequency w;, the parallel frequency w; = k)
or the perpendicular frequency w; = k,vgxp of a given species. The bounce frequency wy,
of a given species may provide the shortest time as well, in the frame of a trapped kinetic
response model such as the hybrid model for electrons in ORB5. For I'TG simulations involving
adiabatic electrons, the time step is typically w;Atirg ~ 0.03. The suppression of the term
dV /dt|o0fra /O in the gyrokinetic equation or the use of a canonical Maxwellian fo, as
the ion background distribution f;y allows to increase the time step by a factor ~ 2. Indeed,
accounting for the term dW/dt|o0fra/OV in a simulation starting from a local Maxwellian
background drives spurious zonal flow oscillations in the initial phase of the simulation [30],
thus providing a limiting factor for the time step through the vgyp drift velocity. Including
fully kinetic electrons would bring a correction Atrgy 22 \/WAtITg, while the hybrid model
allows the time step to be larger, Atrgym =~ \/WAtITG /\/€, due to the ratio between the
bounce frequency and the transit frequency wpe/wie >~ /€. In case of electrostatic simulations
with fully kinetic electrons, the limiting factor regarding the time step is the frequency of
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electrostatic shear Alfvén waves wy, given by:

kH m;
=1, [ —0,. 4.64
wH kj_ Me ( )

Namely, the time step At has to satisfy wgAt < 1 [31]. Another requirement related to the
time step in collisional simulations is naturally ¥At < 1, where v is the collision frequency.
For reasonable collisionalities, i.e. not too far from the physical collisionality of the considered

tokamak plasma, this latter requirement is always satisfied.

4.9.3 Configuration space grid

The resolution of the configuration space grid used for solving the field equations depends
naturally on the shortest wavelengths which have to be represented. The shortest wavelength
of the simulation system is actually determined by a maximum toroidal wavenumber n., ~
k1 max. Considering B-splines of order 3, it has been found that 3 points per wavelength are
usually required for an accurate resolution (although the Nyquist limit would be 2 points only),
such that [51]:

3
Ns 2 _kJ_ maxpPs p*—l’ (465)
2r
NQ* > 3kjL7maxps : P*_17 (466)
Ncp ~ NG*/QS(T)7 (467>

where ¢, is the safety factor and Eq. (4.67) results from fluctuations being aligned along the
magnetic field line. Note that the number of grid points scales with ~ p*~3. The latter estimates
combined with k| maxpri =~ 0.9 (due to the long-wavelength approximation assumed by the
solver) leads to Ny x Ng- x N, = 128x512x 256 for p* = 1/180 and Ny x Ny x N, = 64 x 256 x 128
for p* = 1/80. Note that a wedge option can be used in ORB5, allowing to retain only every
ng-th Fourier modes in the filter and thus reducing the noise. But ny; should not be too large,
in order to preserve the non-linear coupling between the different toroidal modes. For typical
CYCLONE-p* values, ny = 4 is still acceptable.
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Chapter 5

Linearized collision operators for a o f
Particle-In-Cell code

5.1 Introduction

In the gyrokinetic model, different plasma species are coupled through the self-consistent elec-
tromagnetic mean fields related to collective phenomena, as well as through binary interactions
(collisions). A general total collision operator for a given species a is composed of the sum of
contributions related to collisional interactions with all other species b:

C[fa] = anb[fbafa]7 (51)
b

Each term Cy;, is a non-linear operator with respect to {f,, f»} as will be shown in Eq. (5.10).
In fact Cuplfs, fa] is bi-linear with respect to {f,, fo}. Invoking bi-linearity, each term Cj, is

decomposed as follows:

Cavlfo, fa) = Cavlfo,onrs fa,na] + Can[fo,oar5 6 fa] + Cav[0 fo, fa,par] + Can0fo, 0 fa)].  (5.2)

In practice, a full non-linear collision operator is very demanding and complicated from a
numerical point of view. The operators discretized in ORB5 are thus linearized, i.e. ne-
glecting all the terms of the form Cg[dfy,df,]. Moreover, ORB5 was originally a code for
a single ion species, and the collision operators have been developed and implemented ac-
cordingly. This Chapter presents the discretization of the linearized self-collision operator,
used for ion-ion and electron-electron collisions, along with the treatment of the electron-
ion collisions. Ion-electron collisions are neglected in ORB5, due to their small frequency
Vie[Vii ™~ \/W < 1 < Vv ~ \/W Note that the finite Larmor-Radius-Effects
(FLR) resulting from the change of variables from particle to gyrocenter variables, otherwise
retained in the collisionless gyrokinetic turbulent dynamics, have been neglected in the stan-
dard ORB5 version for implementing the collision operators [32], [33]. Nonetheless, an attempt
to estimate the effects of FLR corrections to collision operators in a PIC code, never used
in practice, is presented in Sec. 5.12. The drift-kinetic approximation for collision operators
is justified if the perpendicular wavelength of the electrostatic perturbation is larger than the
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Larmor radius. This should be well satisfied for all species in the frame of neoclassical transport
studies. This assumption should also hold for collisional damping of zonal flows as well as for

collisional trapping/detrapping of electrons in the TEM turbulent regime.

5.2 Phenomenology of Coulomb collisions

Two charged particles are considered, with mass m, and my and charge ¢; et ¢» respectively.
r stands for the relative position vector and v = dr/dt is initially along the axis = (see Figure
5.1). The impact parameter b, the angle o and the deflection angle 6 are defined in Figure 5.1.
The reduced mass of the system p = myms/(my + ms) is introduced. The relative equation of

motion reads:

dv.  qg

B , 5.3
iy dmegr g (5:3)
The angular momentum conservation takes the following form:
vb:r?o}:>i:g (5.4)
r2  wb '

Using Egs. (5.3) and (5.4), the relative velocity gain along the axis y can be written as:

T—0
Avy = N sing = / N Gnadt = ﬂ/ sinada = ﬂ(l—i—cos 9),
4162 0 pAmeqgub

(5.5)
or equivalently:

b
tan = ool _ Do

2 dmweouv?b b’ (56)

where by = |q1q2|/4meouv? stands for the impact parameter producing a deflection with an angle
of 90°. A relation is thus obtained between the impact parameter and the deflection angle. Note
that the deflection angle is related to the center of mass frame. If the target is much heavier

than the impact particle, then 6 ~ 0, where 0, is the deflection angle in the laboratory frame.

5.3 Suitable expression for collision operators

The collisions of a species a on a species b are described in principle by the full Landau op-
erator [31], which accounts for the binary interaction between the charged particles through
the electrostatic Coulomb fields they generate. In a compact and symmetric form, the Landau

operator reads:

2¢InA O
Cab[fbafa] - _L

-/Q(u)- (ﬁ Ofa _ ﬁﬁ) A3y, (5.7)

8medm, v, m, OVy My OVy
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Figure 5.1: Example of a Coulomb collision, here an electron-ion collision.

where € is the permittivity of free space and In A is the Coulomb logarithm, which is the
integral over the inverse of the collision impact parameter b:

AD
InA — / db (5.8)
b 0

u = v, — Vv, is the collision relative velocity and U is a tensor defined as follows:

Uw) = 21 - aa), (5.9)

u

where @ = u/u. The explicit drag and diffusion form of the Landau operator is:

d 0

Cab[fbafa] = v . {Fabfa—a—-<gabfa)1
BN T Oy D, D [y
8re3my, {ava LLab U(u) - v, o d T Ov.ov.  m. U(u) fydvy | ,

(5.10)

where i, = mgmy/ (Mg +my) is the reduced mass. The drag vector T'y, and the diffusion tensor
D, are identified in Eq. (5.10):

qaqb InA / 0 fb
ro = ———— | U 5.11
’ 87reoma,uab U(w)- (9Vb ( )
_ QaQb In A
LBa = Srame / U(u) frd*vp. (5.12)

Noting that:

(5.13)
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the drag vector can be further simplified by integrating by parts:

InA 0 221In A
Ly = a2 /U fb = - qaqzb : /fb =du,
87T60ma,uab 8vb 8TegMafbab ovy
InA
qaqb - /fb—d Vp. (514)
4W€0maﬂab

The following Rosenbluth potentials are introduced:
L3
h(va) = [ fodw, (5.15)
95(Va) = /bedSUb- (5.16)

Since Ohy/0v, = Ohy/Ou = —f(ufb/US)d3vb and 0%gy/0v,0v, = f(@zu/ﬁvaava)fbd%b =
[(0%*u/oudn) f,d*v, = [U(u)fyd®v,, the drag vector and the diffusion tensor are rewritten
using the Rosenbluth potentials:

@C@In A Ohy

r,
b 47reoma fap OVy

(5.17)

C@ElnA g,
8ream?Z Ov,0v,

(5.18)

Qab

5.4 Collisions on a Maxwellian background

and linearization

The case where f; is a local Maxwellian f, 11/ is considered first. The distribution f, is decom-

posed into a Maxwellian background f, ra and a perturbed part ¢ f,:

Cav,eatfo.ons fo] = Cappnalfo,or, fa,one) + Cabaa[fo.oar, 0 fal- (5.19)

The collisions of the Maxwellian f, ;ps on the Maxwellian fj, 15 are computed from Eq. (5.7):

Va Vy

Cav, v [fo,onrs faom] = %({f/a Ja,LMm / U(u) - (fl - ﬁ) fo.oard’op. (5.20)
It implies that Coup par[fo.o01, fa.m] = 0if T, = Ty, since U(u)-u = 0. The hypothesis T, = T} is
clearly satisfied for self-collisions. For electron-ion collisions, we assume v, > v; (the so-called
Lorentz approximation), which leads to U(u) - (v./T, — v;/T;) ~ U(v,) - v./T. = 0, and as a
consequence to Cy;[ fi L, fe.m] = 0 according to Eq. (5.20), even if 7, # T;. In other words, the
thermalization process between electrons and ions is neglected in the Lorentz approximation.

The Rosenbluth potentials Ay ras and gy ras, associated to the Maxwellian distribution f, ras
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and given respectively by Egs. (5.15) and (5.16), may be computed analytically:

7,02/21}2
Ty e "b/TThb g ny
hora(ve) = d’v, = erf< ) (5.21)
(2m)3 205, ) [Va — Vol \/_Uthb

v (V) = W/Wa Vle /2% a3y,

2 ] 3 0, )

= —nbvthb ( Vo )erf( v >—|—\/jv exp <— U; ) ;
Ya Vi V20 T Vthp 205,

(5.22)

where erf(z) = (2/y/7) [ exp(—t*)dt is the error function. Two dimensionless functions H,
and K, are introduced [20]:

Uc?i thb

Hy(v,) = Ufhb eI‘f(Ua/\/_Uthb> \/Evva exp(—vi/?vfhb)], (5.23)

3
Va

Ky(v)) = Vino _<vthb )erf(va/\/_ Venp) \[ —eXp /2vthb)]. (5.24)

In the special case of collisions on a Maxwellian background, making use of the Maxwellian
Rosenbluth potentials (5.21) and (5.22) in the expressions for the drag vector (5.17) and the
diffusion tensor (5.18), respectively, leads to:

=3
VabUiha

Tupra = — 2%ha (44 Me) pp o yy,, 5.25

bLM 208, ( +mb) b(Va)V (5.25)

_ 3
VabViha VaVg VaVg

D = @ tha (e (p) [T — 2H, (v, , 5.26

Lab,rm Loy ( b(v )[ o2 ]+ b(Va) o2 ) (5.26)

where the thermal collision frequency 74, has been identified:

nygaq; In A
=0 (5.27)

Vgp =
2
2medm2vd,

The collisions of a species a on the Maxwellian background of a species b are finally written as:

0
ov,

0
: |:Fab,LM6fa - aT ' Qab7LM5fa1 ) (528)

Cav,eat [ fo.on, 6 fa] =

where o zy and D, 1y, arve given by Egs. (5.25) and (5.26) respectively. The spherical
coordinates in velocity space (v, 0, «) are introduced. We note that:

0 \a% 0 1 1 0 0 1 02 1.,
e 1) oy = Lm(@ (Sm@%) * —sm@} =l (5.29)

where the Lorentz operator L? has been defined, which shows a clear similarity with respect
to the angular momentum operator from quantum mechanics. In Eq. (5.29), 6 is a pitch angle
variable such that cos§ = v /v = £. Note that the last term of the Lorentz operator defined by
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Eq. (5.29) falls for gyroaveraged distributions. Using the drag vector (5.25) and the diffusion
tensor (5.26), the collisions of the perturbed part ¢ f, on the Maxwellian background f;, 1as may
be expressed explicitely as the sum of a pitch angle scattering term and a thermalization term:

Da U3 a K ’Ua ’U2 ~
Cab,LM[fb7LM,5fa] = Ibvgh b(v2> tthQ(Sfa
thb a
Vab Vg O [ 4 Hy(va)0] o ( of,
__I;%_ 3Mfa,LM f . (530)
203 Vi Ma v2 e \ farnt

Considering now the collisions of f, ry on a perturbed part 0f, related to the species b,
CoLmp|0fo, fa.rn] is computed from Eq. (5.7), assuming again T, = Tj:

09, A 0
8re3mamy OV,

Co,pmpl0 fo, fa,nnm] = 'fa,LM/Q(u) : 8ivb ( o ) fooud®vy,  (5.31)

fo.om

which is an integral operator on ¢ f,. Combining the collisions of the perturbed part d f, on the
background fp, Las [Eq. (5.30)] and the background reaction [Eq. (5.31)] gives the full linearized
Landau operator:

= 3 2
, Uap Uy Kp(Va)V7, »
Chn 1= = tha thb LQ(S A
ab [fb? f ] 4 U?hb Ug f

Vab Vina O [ 4 Hb(va)Vi 9 ( dfa
Vo= o Jar 900 \ Toonr

T 5,923
202 vy, Ov, 2

- 3
+Vabvtha% a -fa’LM/Q(u) (9 ( 5fb )fbl/Mdgvb- (532)

4ny, my OV ' 8_Vb fo.om

The first two terms of the linearized operator (5.32) correspond in fact to collisions of species a
on species b in the test-particle operator Crp[d f,], as defined by Eq. (3.32), while the last term
of the linearized operator (5.32) is included in the background reaction operator Cggfa. L]
given by Eq. (3.33). Note that the term Cgy[0 fp, 0 fo] is neglected in the operator (5.32) as a
result of the linearization process.

5.5 The self-collision operator

In ORBS5, the linearized operator (5.32) is used for self-collisions, both for ions (CHM[f;, fi])
and electrons (C1[f., f.]), satisfying thus automatically the condition T, = Tj,. Dropping the

e

index for the considered species (ions or electrons) and defining v = v/vy,, the dimensionless
functions H and K, following Eqgs. (5.23) and (5.24), become:

H(v) = 1 erf(v/v/2) — \/g ve"2/2] : (5.33)

K(v) = k= (v2 — 1)erf(v/v2) + \/g ve"2/2] : (5.34)

G(v) = (2v"—1)H(v) — K(v), (5.35)
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having defined the additional function G(v). The drag vector I' and the diffusion tensor D for

self-collisions are written as follows [20], according to Egs. (5.25) and (5.26):
I = —vHWV)v, (5.36)
)
_ 7 _w v
D - = <K( ) [1[ Uz] +2H(v) v2> , (5.37)

with T the identity tensor and

4In A
p= 4 (5.38)
2megmAvy,
being the thermal self-collision frequency for the species with mass m, charge ¢, thermal velocity
vy, = /T /m and background density n. The linearized self-collision operator C' thus reads,

similarly to the operator (5.32):

C(f) = Clfrar,  fra] + Clofrar, frul, (5.39)

where C[frar, 0 fra] is included in the test-particle operator Crp defined by Eq. (3.32) and
C[6frar, fra] is included in the background reaction operator Cpg defined by Eq. (3.33). The
operator C|fru, d fra] is explicitely decomposed into a pitch angle scattering term and a ther-
malization term:

vp (V) 45 10 [v! OfLm
C J = L6 - == . 5.40
[fLar, 6 fru] fru . Y v (v )fLM(% Fint (5.40)
having defined vp(v) = K (v)/2v? the pitch angle frequency and v)(v) = vH(v)/v? the ther-
malization frequency. Note that the thermalization term in (5.40) may be cast into the sum of

a parallel drag term and an energy diffusion term:

vp(v) » vvZ 0 2H (v K(v
Clfrar, 0feu] - = #L%fLM _Tthav K vz( - v(2)>5fLMV}
N—— th _
pitch angle scattering paralljerl drag
_ 9 2
R 0 vv
vy [H(v)éfLM - ] (5.41)

Vv
energy diffusion

The term C[0 frar, fom] in Eq. (5.39) is the background reaction which ensures conservation
of mass, momentum and kinetic energy of the linearized self-collision operator. For practical
reasons, to avoid having to reconstruct d f; 5, and taking its velocity derivative at each time step,
operations strongly subject to numerical noise in a d f PIC code, one does not implement the
exact form of this operator, as derived directly from the Landau operator and being the last term
on the RHS of Eq. (5.32), but makes use of an approximate form C[6 frar, frar] =~ fomB(8frar)

[85], [20]:
C[0 frar, fru] ~

frm

+V7 G(v)

B(3fuar) = iy {OVAHO TR £ VR G’y | (5.42)
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where 6P| and 0& are respectively the changes in the parallel momentum and the kinetic energy
of the perturbation distribution due to the operator defined in Eq. (5.40):

57D|\(5fLM7X) = —/C[fLM,5fLM]U|d3’U, (543)
55((5fLM,X> = —/C[fLM,deM]’Uzdg?J. (544)

Let us notice that, due to the invariance of the distribution function with respect to the gy-
roangle, we only need to consider the variation of the parallel component of the velocity in
Eq. (5.43). The operator B, although a physical simplification, nevertheless satisfies the local
conservation properties. The functional form of Eq. (5.42) indeed ensures:

/fLMB(5fLM)d3U = 0, (5.45)
/fLMB((SfLM)UHd?)U = 6P||(5fLMaX)> (546)
[ B = 5 i) (5.47)

The operators C|fra, 0 frar) and fraB(d frar) thus together conserve parallel momentum and
kinetic energy and individually conserve mass. One can furthermore show [35], [20] that the
operators (5.40) and (5.42) verify properties of self-adjointness and positivity, thus satisfying
the H-theorem (increase of entropy through Coulomb collisions) and leading to the fact that a
linearized shifted Maxwellian of the form:

|| v?
Ofm = fom (a1 +co— +c3— (5.48)
Uth Uth

is annihilated by the total collision operator, i.e. C[frar, 0 fra] + fomB(dfrar) = 0, where ¢4,

co and c3 are arbitrary constants.

5.6 The Lorentz approximation

The Lorentz approximation assumes m, << my and thus v, >> vy,. Since:

5 2 2 3
<Uthb) ~ lim Hb(“a)“thb<< lim Kb(v“)vthb:<vthb) , (5.49)

Vg Va >Vthb V2 Va >Vthb vg Vg

the operator (5.30) takes the following simple form in the Lorentz approximation:

_ 3
Uab { Vtha \~ 2
Coint owar, 0fa] = Ib ( i ) L*6f,. (5.50)
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Within the Lorentz approximation, U(u) = U(v,) and the operator (5.31) becomes, writing
here T, =1, :=1T:

¢agyInA 9
8ream,T Ov,

CYISI2[0 for fa,La]

‘Q(Va)fa,LM'/éfbvbd3Ub

—
npd(Vp)
22ln A v,
— 9a 2—fa7LMnb . (5<Vb>. (551)

2 3
8megmad v

The full linearized operator in the Lorentz approximation is thus:

_ 3
Uy Vtha \~ 2 Va
Co ™[ fo, fa] = Ib [( ;h ) L*0f, — 2Utha¥fa,LM : 5<Vb>] : (5.52)
The second term on the RHS of Eq. (5.52), which assumes T}, = T}, contrary to the first term,
is the momentum conserving term and may in general be neglected if there is no large flow in
the considered system.

5.7 The electron-ion collision operator

The operator (5.52) neglecting the momentum conserving term is used in ORB5 for the collisions
of electrons on ions. Invoking the low electron-ion mass ratio, m./m; < 1, the electron-ion
collisions are modeled by the Lorentz operator, assuming immobile ions in the lab frame:

Cei[fi; fe] = Vei(v)z2fea (553)
where:

j2__[0q_ 8 L &

P | 0=+ | (5.54)

having introduced the pitch angle variable { = v/v and the gyroangle . Considering the
decomposition f. = frare + 0 foare, one obtains:

Coilfis ] = Cuil fis 0 frare) = vei(V)L?3 frnre, (5.55)

having noted that C;[fi, fome] = 0, as the Lorentz operator annihilates any isotropic velocity

distribution function. The electron-ion collision frequency v,;(v) is given by:

» 3
va(v) = =5 () (5.56)
n;Z%e*1n A
Vi _— 5.57
Y 2medm2ud, (5:57)

where m, is the electron mass and vy = \/Te/me is the electron thermal velocity. It is assumed
that the Coulomb logarithm In A is constant over the whole plasma, and one approximates
n; ~ ni(V) for computing the collision frequency, where n, (V) is the density of the ion local
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Maxwellian background. The distribution being invariant with respect to « in the gyrokinetic

description, the operator C,; thus reduces to:

Calldfuass) = —rv) 3¢ {(1 - »s%%?ﬂ . (558)

5.8 The Langevin approach for solving
the Fokker-Planck equation

In order to introduce the Langevin approach used for the practical implementation of the col-
lision operators in ORBb5, a general form for the Fokker-Planck equation is derived here by
considering a general 1D phase space (x,t) and a collection of particles subjected to determin-
istic and stochastic motion. Let us introduce P(x1,x2,t1,ts) - (x2 — x1) the probability that a
particle moves from a position z; to a position xs between the times ¢, and t5. f(z,t) is the

statistical particle distribution, which can be obtained from:
flz,t) = /f(m — Az, t — At)P(x — Ax,z,t — At t)dAx. (5.59)
Assuming small deflections Az, Eq. (5.59) is Taylor-expanded with respect to Ax:

flz,t) ~ f(x,t—At)/P(m—Am,x,t—At,t)dAx

(& J/
~~

1

_83 f(z,t — At) / AzxP(x — Az, z,t — At, t)dAzx
x
(az)
PR t—At)/AAP( Azt — AL BAA (5.60)
5500 |1 ) rAzP(x T, T, , :i : :
<A;,Aa:>
Eq. (5.60) is divided by At to be written:
flz,t) — f(x,t —At) 0 [(Ax) 0? [(AzAz)
9 A - Al =o.
At Tor | ac ST A T e | aar IR0 =0
(5.61)
Taking the limit At — 0 provides the Fokker-Planck equation:
af 0o 0?
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where the drag coefficient I' and the diffusion coefficient D are defined as follows:

. {Ax)

r = AI?BO IR (5.63)
. (AzAx)

D= Jlim =N (564)

Solving Eq. (5.62) through the Langevin approach requires the introduction of particles for
modelling the distribution f. The time evolution of f is accounted for through individual
particle motion. The position in phase space of the particle i at a given time t, x;(t), is

computed from the position of the particle 7 at the previous time step x;(t — At) as follows:
xi(t) = x;(t — At) + (Az) + R/ (AxAx) = x;(t — At) + TAt + RV2DAG, (5.65)

where the introduction of the random number R, sampled from a PDF of average 0 and variance
1, is required by the diffusive motion related to the second moment of the probability function
P [the last term on the RHS of Eq. (5.60)]. The Langevin approach provides a sound basis for
implementing collisions and the corresponding diffusive processes in a Particle-In-Cell code.

5.9 ¢f PIC implementation of the

Lorentz e-i collision operator

The electron-ion collision operator defined by Eq. (5.55) contributes to the test particle operator
Crp |as defined by Eq. (3.32)], which, through random kicks, affects the marker trajectories
in velocity space according to the Langevin approach briefly described in Sec. 5.8. Effectively,
only the pitch angle direction ¢ of the markers is modified. No background reaction operator
Cpr appears in the electron-ion collisions, and the w-weight equation is thus unaffected by this
type of collisions. Rewriting the e-i collision operator (5.58) as follows:

0 02

Ceilfi, 0 frme] = —vei(v) {—(2£5fLM,e) + 7

5 0= 6fuand . (560

enables to conveniently identify the corresponding drag and diffusion in the &-direction. The
random increment A& on the pitch angle variable resulting from e-i collision over an infinitesi-
mally small time step At may thus be evaluated as:

AE = —2Ev, (V) At + R/2(1 — €2)v(v) At, (5.67)

where R is a random number sampled from a PDF with average 0 and variance 1. In practice,
making use of (5.67) for a finite time step may however result in &,,; = & + A¢ falling out-
side of its correct interval [—1,1]. For the purpose of conveniently treating e-i collisions, one
thus temporarily expands the 2-dimensional gyrokinetic velocity space back to 3 dimensions as
follows: at any configuration space point R, one starts by defining €, as an arbitrary unitary
vector perpendicular to b. The incoming velocity, i.e. before the collisional kick, of a given
particle at R is defined as v;, = v||l; +wv,é,, with v, = \/W As shown in Figure
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5.2, one then expands the velocity space to 3-dimensions by introducing a first orthonormal
coordinate system (z,y, z) with é, := b and éy, = €. A second orthonormal coordinate system
(',y', 2) is then defined, such that é,/ := é, and é,, := vy, /v;,,. Let us introduce the spherical
angles (0, «) associated with the system (z’,y’, z'). In these variables, it is recalled that the e-i
collision operator reads:

Coif = —vei(v) { L o (sin@ﬁ) + ! 82]0} . (5.68)

sin # 00 00 sin? 0 da?

One clearly has #;, = 0. The angles 0,,; = Af and «,,; for the outgoing velocity following the
kick are obtained by taking two random angles: ., from a uniform distribution between 0 and
27, while A8 = 2R/ v.;(v)At is computed making use of R sampled from a PDF of average 0

and variance 1 [36]. The new velocity reads:
Vout = Vin [SIN(AG) cos(aut) €y + sin(A) sin(apys )€, + cos(Ab)é.]. (5.69)

Note that the property v;, = v, is verified exactly, i.e. with no discretization error. Performing

the reverse change of coordinates from (2',y', 2') to (z,y, z) finally gives:

_ 5 / 2 5 5
Vlj,out = Vout €z = Vout * (_ 1- inCy’ + é'inez’>

= Ui {— sin(A0) sin(cpue )1/ 1 — &2, + &in COS(AQ)] , (5.70)

2 _ 2 2
Viowt = Yin = Yjjouts (571)

providing the outgoing gyrokinetic variables (v”,out, Mout = mviout / 2B). The outgoing pitch
angle variable &,,; = — sin(Af) sin(@out)\/1 — &2, + &in cos(A) resulting from (5.70) verifies
Eout € [—1,1] by construction even for finite values of Af, which thus resolves the practical
issue related to the scheme based on Eq. (5.67).

5.10 o f PIC implementation of the self-collision operator

5.10.1 Handling the test particle operator C|frs, 6 /]

Similarly to the Lorentz operator, this part of the linearized self-collision operator is accounted
for through appropriately defined random kicks to marker trajectories. Introducing again
(z,y,z) and (2/,y,7'), the orthogonal systems defined in Sec. 5.9, and making use of the
Rosenbluth potentials defined by Eqs. (5.33) and (5.34), the velocity increments related to
the Langevin method for like-species collisions can be written, according to Egs. (5.36) and
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Figure 5.2: Extended 3-dimension velocity space for random kicks, with the different coordinate systems. The
velocities before the kick v;,, and after the kick v,,; are shown.

(5.37) [20]:
K (v)oAt
Ave — up, %R
K(V)7A
Avy = vm MR%

2
Avy = —H(V)vwAt + v/ H(V)VAL Rs, (5.72)

where R;, Ry, and Rj3 are three independent random numbers sampled from a PDF with
average 0 and variance 1. Going back to gyrokinetic velocity variables provides the new values

(Vi outs Hout = MV 1 /2B) with:

1
Vjjout = F[—AvyrvL,in + (Vin 4+ Av ) in) s (5.73)
1
Ui,out = Avf, + U_2[AUZ/'UH1W —+ (Um + sz’>vj_,in]2- (574)
Notice that by working temporarily in the expanded 3-dimensional velocity space avoids similar
practical problems related to the bounded pitch angle variable space as for the e-i Lorentz

collision operator.

5.10.2 Handling the background reaction operator C[dfryr, f1u]

The background reaction operator C[d fra, fra] is handled in the w-weight equation according
to Eq. (4.31) in Chapter 4, which is recalled here for the sake of completeness:

dw,
dt

coll LM (zr(t),t)
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The functional form for C[0 frar, fra] is chosen as in Eq. (5.42). A straightforward estimation
for the fields P and 6€ would be given by [87] [85]:

IP(x) = Zwr Azt'"‘ C0115<X —x,), (5.76)
Ex) = D w Ag;) Coua<x—x,). (5.77)

T

where A /At|.on stands for the variations due to self-collisions on the background. However, such
an approach does not ensure exact conservation of mass, parallel momentum and energy, as it
suffers from numerical errors related to the finite time stepping and to the statistical description
with a finite number of markers. A modified scheme suggested by Satake et al. [38] has been
implemented in ORB5 which ensures conservation of the three velocity moments within each
configuration space bin « exactly, i.e. to numerical round-off. Let us briefly rederive here the
underlying algorithm. In the time stepping algorithm, the integration of Eq. (5.75) follows the
test particle scattering of markers off the background, which as described in Sec. 5.10.1 accounts
for the contribution C[frar, 0 fra] of the linearized self-collision operator. As a result of this
scattering, each marker r, having an incoming velocity v, ,, is reassigned a new outgoing
velocity Vourr = Vin, + Av. The integration of (5.75) can be written similarly as wou, =
Winr + Aw,. In view of computing Aw, according to Egs. (5.42) and (5.75), one considers the
following functional form:

AP aVl|out,r AEa
Slllelontr G52, (5.78)

Utha Utha

Aw, = —i’—’“ (1 — 3y/7G(V))AN, + 6y/7H(v)
where the functions H and G given by Egs. (5.33) and (5.35) are evaluated at the normalized
outgoing velocity v = Uout r /Vihas N and vy, being the background density and thermal velocity
at the center of the bin « in which the marker is currently localized. The parameters AN,,
AP, and AE,, specific to each bin, are to be determined so as to ensure exact conservation
of the velocity moments. In particular, note the additional term proportional to AN, in
Eq. (5.78) compared to (5.42), whose purpose is to ensure conservation of mass to round-off
despite numerical discretization errors. Conservation of moments within the bin « of volume
AV, over the full discretized collision step reads:

> Wiy =Y Woury => Ai/ > Aw, =0, (5.79)

reo reo rea
1
E Win rV|in,r = E Wout,rV||out,r — AV E AerHout,r = _APHou (580)
rea rea « rea
1
2 _ 2 2 _
§ :winﬂ"vin,r - E wOUthvout,r i AV § :Awrvout,r - _AEHOH (581)
rea rea Y rea

where APjjq = Y, Win,Av),/AV, and A, = >, win,A(v2)/AV,, having defined Av, =
Vljout,r — Vljiny and A(v2) = 02, — v3, . Inserting (5.78) into (5.79), (5.80), (5.81) provides a

out,r in,r*

linear system of three equations for the parameters (AN,,AP,,AFE,) which can be written as
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follows:
AN, 0
M, | AP, | =| AP |, (5.82)
AE, A&,
with:
1 L v
M, = S s ([1—3\/_G] 6/ H 12 NG ) (5.83)
Ava rea N 02 tha tha
out,r

The matrix M, and the RHS of system (5.82) must be computed separately for each bin o and
at each collisional time step. The solution of (5.82) provides the coefficients (AN,,AP,,AE,),
which are then inserted into Eq. (5.78), thus enabling to finally compute the weight increments
Aw,, and fully complete the self-collision stepping. The algorithm clearly ensures exact numer-
ical conservation of the velocity moments by construction. In the limit of a large number of
markers per bin, as well as AV, — 0, the scheme obviously converges to the original equation
(5.42) for the background reaction. In particular, note that in this limit, the matrix M, reduces
to:

M, /d3 Jim UH ([1—3\/_G] 6\/_HU” VaG— ) (5.84)

so that, according to (5.82), AN, =0, AP, = AP|, and AE, = A&, as in Eq. (5.42).

5.10.3 Field-aligned binning for the background reaction

The numerical implementation of the background reaction procedure described in Sec. 5.10.2
requires a binning in the 3D configuration space. In ORB5, the background reaction binning,
written by Ben McMillan, is field-aligned in order to take advantage of the microturbulence
structure which develops mainly along the magnetic field lines. The size of the binning grid
(ns, g+, ny,), different from the size of the field solver grid which is not field-aligned, is an input
parameter. Note that the field-aligned binning for the background reaction term is similar but
not strictly equivalent to the binning in configuration space for the coarse-graining procedure
described in Sec. 4.8, the field-aligned coordinate being differently defined as explained in this
Section and shown in Figure 5.3 (a). For axisymmetric runs, i.e. neoclassical runs or runs
considering no electric field as presented in Chapter 6, a binning in the 2D poloidal plane
(s,0%) (not field-aligned, with a single bin in the toroidal direction) is used, as presented in
Figure 5.3 (b). However, the same binning as for coarse-graining in configuration space should
in fact be used for the background reaction term of the self-collision operator as well. Note
that the required number of bins related to collision operator background reaction is typically
provided by the grid used by a field-aligned solver for the fluctuating fields.
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@

Sy
Sy

(a) (b)

Figure 5.3: (a) Field-aligned binning for the background reaction term of the self-collision operator. (b)
Binning used for neoclassical runs, with a single bin in the toroidal direction (not field-aligned).

5.10.3.1 Radial direction

The binning is uniform in s = \/¥/W44. Introducing the bin size As = (Syaz — Smin) /s,
where S, and $;,4, are the lower and upper radial boundary respectively (Sin < 8 < Spmaz),
the related index is given by:
S — Spmi
o = INT | —™%| +1, 5.85
i = INT |2 (5.9

where INT(z) is the function retaining only the integer part of .

5.10.3.2 Toroidal direction, global treatment

Ignoring so far the parallelization issues, one first defines a global toroidal index, similarly to
the radial index:
i, =INT | -2 | +1 (5.86)
® A(,O ’

where ¢ € [0;27] and Ap = 27/n,, is the width of the bins along ¢.

5.10.3.3 Poloidal direction

The following field-aligned coordinate is introduced:

1
qs(s)

y=0,— [ — wol()], (5.87)
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¢s being the safety factor and p(¢) being the function giving the position of the bin center ¢q

corresponding to ¢, defined as:

wolp) = (i@ - %) Agp. (5.88)

The number of grid points in the y-direction does vary with the radial coordinate:

(5.89)

n, = FLOOR {Mm} |

Smax

where the function FLOOR is defined in Sec. 4.8.1. The related index is computed as follows:

Modulo(y, 27)
2m

i, = FLOOR [ ny} +1, (5.90)
The choice of the field-aligned coordinate y allows to take the largest possible bins in the
toroidal direction ¢, which now parametrizes the position along the field line.

5.10.3.4 Parallelization in the toroidal direction

The toroidal direction requires particular attention since part of the parallelization is based on
domain decomposition, which is performed along the toroidal angle as explained in Sec. 4.5.
The treatment of the n, toroidal bins thus depends on the number of domains Np in this
direction.

Case Np = n,

It is the usual case. Here the final binning index a = (is, iy, ;) does not depend on the toroidal

direction since each field domain gets only one toroidal bin. It is computed as follows:
a = (is — 1)ng- + iy. (5.91)

The different binned quantities have then to be summed over the clones, and over the field
domains covered by each toroidal collision bin.

Case Np < n,

This case is rare in practice. Here each field domain gets n 1, bins in the toroidal direction.
We define a local toroidal index iy joc(%,) which locates the bin within the local field domain.
The final binning index is given by:

@ = [(ZS - 1)”9* + (Zy - 1)]ngo,loc + Z‘go,loc- (592)

Note that Eq. (5.92) is equivalent to Eq. (5.91) for nyj0c = iy 10c = 1, as expected. The different
binned quantities have then to be summed over the clones.

As for the coarse-graining bins, the bins for collisions must be small compared to characteristic
variations and as large as possible for statistics. This is ensured by the natural field-aligned
coordinate system. Note that the practical implementation of the background reaction operator
and the associated procedure to conserve exactly the different moments of the distribution
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require at least ~ 10 — 20 markers per bin in configuration space. In turbulence simulations,
where more than 100 - 10° markers are used, the size of the binning grid (n, ne-, n,) may easily
be chosen similarly to the grid size of a field-aligned solver for the quasi-neutrality equation.
A problem may nevertheless arise in case of linear simulations, where the number of markers
is ~ 105. The number of bins for the background reaction has thus to be reduced accordingly,
with a priori possible consequences on the linear physics of the mode. This issue is addressed
in Chapter 8.

5.11 Basic tests

5.11.1 Lorentz operator for electron-ion collisions

In order to test the relevant behaviour of the discretized Lorentz operator, its analytical prop-
erties are studied. The Legendre polynomials P,(§) defined in Sec. B.2.1 of Appendix B, where

§ = v)|/v is the pitch angle variable, are eigenfunctions of the Lorentz operator, namely:
L2P() = 10+ DA, (5.93)

where [ = 0, 1,2, ... is a positive integer. We consider the simple relaxation of a distribution ¢ f

in the pitch angle space according to the Lorentz operator scattering, described by the equation:

af g

v being the relaxation rate. The distribution is decomposed into Legendre polynomials:

SF(Et) =) alt)P(9). (5.95)

l

Introducing Eq. (5.95) into Eq. (5.94) yields the time evolution of the coefficients ¢;:
a(t) = ¢t = 0) exp[—I(l + 1)vt]. (5.96)

In Figure 5.4 (a), the analytical damping given by Eq. (5.96) is compared successfully to the
numerical damping predicted by the discretized form of the Lorentz operator for

(3¢ - 1)

S(6,1 = 0) = Poe) =

(5.97)

Note that the simulation corresponding to Figure 5.4 (a) has been performed with an initial
marker distribution uniform in &-space, which is not affected by the Lorentz operator. A
marker distribution which is initially Gaussian in £-space becomes uniform in &-space through
the Lorentz operator scattering after several collision times, as checked in Figure 5.4 (b).

The diffusive nature of the electron detrapping through the Lorentz operator scattering can be
emphasized. A simulation of pure collisional relaxation through pitch angle scattering is per-
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Figure 5.4: (a) The numerical damping of the Legendre polynomial P»(£) by the Lorentz operator is suc-
cessfully compared to analytical predictions (yellow lines). Simulation results obtained with a
marker distribution uniform in ¢-space. (b) In &-space, an initially Gaussian marker distribution
is uniformized by the Lorentz operator scattering.

formed with ORB5, only trapped electrons being initially loaded at mid-radius of a CY CLONE-
based tokamak, i.e. at € >~ 0.18. A rough theoretical understanding of the process is obtained
by a simple model where the finite pitch angle space £ is replaced by the infinite space x for
analytical convenience. The following initial 1D hat density n(z,t = 0) is introduced:

n if x| <a,
n(z,t=0) :{ 00 s =1 (5.98)

The situation describes initially trapped particles, which are supposed to be detrapped by a
diffusion process. The evolution of the density n is thus governed by the diffusion equation,
which takes the following form in Fourier space:

51k 1) = —Dk*A(k,t) = (k. t) = i(k, 0)e —bkt (5.99)

where k is a given wavenumber and D the diffusion coeffcient. The initial condition is computed:

1 , a k
Ak, 0) = %/n(x,())e_mdm: ;—;/ e~k dy ";a Slza“. (5.100)

The particle number N(¢) in the initial hat area (|z| < a) is obtained by making use of
Egs. (5.99) and (5.100):

N(t) = /_ n(x,t)dx—/a/ﬁ(k,t)e“”dkdx

noa sin ka ka DRt ik 2nga’ sinka\” _pre
= e dkdr = dk ' e . (5.101)
T
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Defining the error function erf(z) = (2/y/7) [ e ¥’ dy, the particle number is expressed as:

N(t) = 2npa [erf( 2—1) + ﬂ(e‘“Q/Dt - 1)] . (5.102)

ma?

Considering small times ¢ < %2, the following limit is found:

N(t) ~ 2nga (1 - ﬂ) _ N(t=0) (1 - ﬂ) | (5.103)

ma? Ta?

The detrapping evolution, corresponding to the particles leaving the area |z| < a, exhibits the
~ +/t behaviour, typical of diffusion processes. The diffusion in pitch angle space being roughly
similar to the above described process, the time behaviour of the detrapped electron fraction
in ORB5 is expected to follow the law ~ \/m for vei(vime)t < 1. The latter analogy
is clearly not fully accurate, due to the finiteness of the pitch angle space and the different
collision frequency for each electron, depending on its velocity. Considering the collisionality
Vei(Vgne) = 0.05[cs/al], Figure 5.5 shows the time evolution of the detrapped electron fraction,
compared to the function y/ve;(vine)t/2. The diffusive nature of the electron detrapping in the
early time of the simulation is confirmed. When the condition vg;(vi.)t < 1 is not satisfied
anymore, both curves diverge significantly. In particular, after many collision times, the fraction
of detrapped electrons eventually reaches a stationary value, roughly close to 1 — /e ~ 0.55,

through isotropization in &-space.

0.5

o
IS

e
(%)

—ORBS5, v _(v,, )=0.05 [c /a]

°
[¥)

o v 21"

frac. of detrapped el.

°
—t

0 5 10 15 20
time [a/cs]

Figure 5.5: Time evolution of the detrapped electron fraction due to electron-ion collisions, illustrating the
diffusive nature of the electron detrapping process through pitch angle scattering. At later times,
the ~ v/t behaviour is broken due to the finiteness of the pitch angle space.

5.11.2 Self-collisions: conservation of moments

A linearized self-collision operator must conserve mass, momentum and kinetic energy. A shifted
linearized Maxwellian, which is a stationary state of the linearized self-collision operator, is
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loaded as initial perturbation in the code BIRDIE (a kinetic code describing a 1D unmagnetized

and homogeneous plasma presented in Appendix B):

vé  v?
Of(z,v,&,t=0) =cfu(v) (—+—2) , (5.104)
Uth Vg
where ¢ < 1 is a numerical coefficient corresponding to the magnitude of the perturbation.
The time evolution of the spatially averaged kinetic energy and momentum, due to simple
relaxation, is shown in Figure 5.6, both for the full linearized operator and a simplified operator
without background reaction. Considering the Langevin algorithm for the marker kicks without
the background reaction term, by invoking the particle conservation and the fact that the
operator C|[fur, 6 f] relaxes any distribution to a Maxwellian, o f relaxes towards the Maxwellian
distribution 3cfys [the Maxwellian with the same density as the initial condition (5.104)]. As a
consequence, the final parallel momentum is zero if no background reaction term is considered.

The initial and final energies are computed by:

2
muv 3 mc 3 15
E;, = ﬁ(ﬁdxd v = QUchL /U4fMd$d V= 7CW/T, (5105)
_ 3mc 9 s 9
Ey = 5T /v fudxd®v = 2ch, (5.106)

L being the length of the 1D-system treated by BIRDIE (see Appendix B). The final energy
is obviously lower than the initial one if no background reaction term is considered: E;/E; =
0.6. Figure 5.6 shows the relaxation towards the expected level of momentum and energy, as
well as the exact conservation laws (to numerical round-off thanks to the scheme described in
Sec. 5.10.2) when the background reaction is switched on, for ¢ = 0.05 and vAt = 0.01.

0.4
0.05p r
= ',‘ = 0.357\“
Z 0.041% === no background reaction £, 5
-% 0.03 “‘ =—background reaction % 0.3r “'.‘
E | % o) T
=1 “. qC) 0.25- "..\‘.~
= Y
QC) 0.02r ',‘ O [T TR e
IS © 0.2
2 o0.01F £
e Y X ==='no background reaction
v V.15 .
0 = background reaction
. } ; ; 0.1 ‘ : : ‘ .
0 5 10 15 20 25 0 5 10 15 20 25 30
vi vi

(a) (b)

Figure 5.6: (a) Momentum and (b) energy conservation by the linearized self-collision operator, for ¢ = 0.05
and vAt = 0.01. As expected, the conservation laws are broken if no background reaction term is
considered.
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5.11.3 Electrical Spitzer conductivity

The Spitzer test consists in studying the balance between the collisional drag and a constant
drive, e. g. a parallel constant electric field in the present case. The corresponding Spitzer

problem [389] addresses the following equation:
8(Sfe (& 8fMe 8(5fe €EOU||

CAN = .= —CI[f.]. 5.107

ot me | Ov o+ mev fau £ ( )

The parallel current is expected to reach a saturation level jg, directly proportionnal to the
external electric field Ejy. js.¢ is computed by:

Jsat = —e/5foov||d3v, (5.108)

where §f, is the stationary solution to Eq. (5.107). The theoretical Spitzer conductivity
01, = jsat/ Fo in the Lorentz model (C|f.] = yeiﬁ%fe) is given by:

16 e’n,

vV 20 Melei (Uthe) ’

where vg;(ve) is the electron-ion collision frequency evaluated at the thermal velocity, ac-

(5.109)

o1 =

cording to Eqs. (5.56) and (5.57). An arbitrary electron-ion collision frequency v is chosen
in order to build the frequency range [1,1.2,1.4,1.6,1.8,2] X 1. ORB5 simulations, solving
Eq. (5.107), were performed and benchmarked against the theoretical Spitzer predictions. Fig-
ure 5.7 (a) shows how the conductivity computed by ORB5 decreases when the collisionality
increases, consistently with Eq. (5.109). Figure 5.7 (b) presents results from ORB5 simulations
performed with finite Z values (retaining both electron-ion and electron-electron collisions) for
Vei = 1.6 1her. The conductivity comes closer to the predicted Lorentz model value o7 theo
when the ion charge Z is increased, consistently with the Lorentz model assumption Z — oo
(electron-ion collisions only). Moreover, ORB5 results match well the Spitzer model predic-
tions for finite values of Z (also numerical estimates), the difference between the two approaches
being less than 10%.

5.12 Gyrokinetic corrections for collision operators

The ion collision operator used in ORB5 is based on the drift-kinetic approximation, while the
collisionless ion dynamics is treated within the frame of a gyrokinetic model. It is therefore
logical to attempt applying gyrokinetic corrections to the ion collision operator in order to
make the ion model totally consistent. Such corrections are however not straightforward to
handle in practice in a PIC code. Indeed, due to the velocity dependence of the Larmor radius
pL, a gyrokinetic operator leads to diffusion in gyrocenter configuration space as well, contrary
to the diffusion in velocity space only associated to a drift-kinetic operator. The velocity
derivatives appearing in a drift-kinetic operator involve a constant position for the particle,
writen 0/0v|x: The collision operator does not produce any diffusion in configuration space. In
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Figure 5.7: (a) Conductivity in the Lorentz model or: comparison between Spitzer analytical predictions and
ORBS5 results. (b) Z-dependence of the conductivity o for ve; = 1.6 ver: ORBS reproduces the
Spitzer model predictions within a margin of error of 10%.

a gyrokinetic code, the gyrocenter positions are considered, and not the particle positions. The
difference lies both in the FLR effects and the polarization drift. Only FLR effects are addressed
here, related to transformation from particle to guiding center variables. As a consequence, a
gyrokinetic correction should in principle be applied for collision operators in a gyrokinetic
code. The development of gyrokinetic collision operators, as well as their discretization for
implementation in a Eulerian code, are presented in Ref. [32] which neglects the polarization
drift effects as well.

In order to derive formally the diffusion associated to gyrokinetic corrections, the following

relations are introduced:

o _ o LR 0 0| 9 0 0] 1 0
|, Bulg @0 R duly o0 OR  aul, o°F R’ (5.110)
O] _ 0] L 0R 0 _0 dp, 0 _ 0, & 0

(5.111)
o _ o] JOR 9 9| Op O 0|  vi 0
% x B Oa R+ da OR N Oa R oo OR o Oa R+ 0 aRa (5112)

where £ = v /v = cos @ is the cosine of the pitch angle 0, « is the gyroangle and 9/0|gr stands
for the derivative at constant gyrocenter position. The velocity derivative thus reads, using
Oy = —sinf0y = —/1 — €20, and the gradient in spherical coordinates (v, 8, a):

1 o1. 1 o1. v o 1.
% [”L ' @} ot T (‘5 {”L ‘ ﬁ] Co + {6 ' ﬁ] ) - (6113)
R

Note that, since the Larmor radius is perpendicular to the magnetic field, p; - 9r = p; - 01

0

ov

_ 9
v

X
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here. Without loss of generality, the axis a = 0 is aligned with 9, leading to:

Vl'aR = ULSiIlOéaL, (5114)
pr-Or = prcosad,. (5.115)

The velocity derivative is then, making use of Egs. (5.114) and (5.115) in Eq. (5.113):

9
ov

_9
x—aVR

& cosa sin «

9 0169+ O

1
— —ppcosad,é, — 0| éq. (5.116)
v

In order to analyse the different gyroterms of the self-collision operator C[frar,d f], we use the

linearized form given by Eq. (5.41), valid for ion-ion collisions. Each term is treated separately.

5.12.1 Analytical expressions

The guiding center correction to the parallel drag term can be written, using Eqgs. (5.41) and
(5.110):

2
Uth

2H K
ACGK drag = %pL Cos v < v _ v(2V>> d,6f. (5.117)

It appears immediately that there is no gyrokinetic correction coming from the drag term, since
the gyrokinetic correction to the drag term ACgk drag given by Eq. (5.117) clearly vanishes
once gyroaveraged. The gyrokinetic correction to the energy diffusion term is given again by
Egs. (5.41) and (5.110):

ACGK energy = ﬂz—L cos> aH (v)01df. (5.118)

The associated gyrodiffusion coefficient is thus:

o < PL cos? i (v >> T2 HW)(1 - ), (5.119)

2 2

40?2

«

where Q@ = v, /py, is the cyclotron frequency. The gyrodiffusion coming from the Lorentz
operator can be evaluated directly from Egs. (5.111) and (5.112). Indeed, using Eq. (5.54):

(AL%), = <1 _fgsz cosad) (1 — 52)1 _§§2pL cos a8L>
1 ) ) 252
+ <1_—€20L sinad, py sin a&>a 507 —0% + QQZQ, (5.120)

which gives the following diffusion coefficient, according to Eq. (5.41):

2 —

v v v? v
DGK,pitch angle scattering — 8:}]12[(( )92 2<1 "’62) = %K(V)m(l +£2) (5121)
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Finally, the gyrodiffusion coefficient in gyrocenter configuration space is obtained by summing
contributions from Eqgs. (5.119) and (5.121):

Dok = 212 191 (v)(1 — €2) + K(v)(1 +€9)] | (5.122)

which is proportional to p%’thﬂ = 02,7/ as expected, and definitely small compared to turbu-
lent diffusion coefficients presented in Sec. 2.6.2 for reasonable collisionalities. The gyrodiffusion
coefficient corresponds in fact to the classical transport coefficient and can be neglected for neo-
classical studies in large aspect ratio tokamaks where the Larmor radius is much smaller than
the banana width Ary, ~ gspr/+/€. In spherical tokamaks with small aspect ratio, the gyrodif-
fusion coefficient is however important for collisional transport studies as the Larmor radius is
of the order of the banana width in a device where /€ ~ 1.

5.12.2 In a PIC code with magnetic coordinates

In practice, the gyrokinetic corrections are implemented in the ORB5 ion-ion collision operator
through random kicks AR of marker positions in configuration space. The marker kick, as the
Larmor radius, must lie in the poloidal plane. The variation of position is written as follows:

Vs B xVs |
AR = Al v QDGKAt (W COS(ZTFAQ) + m SID(QWAQ)) s

where A; is a random number sampled from a PDF with average 0 and variance 1, and A,
is a random number taken from a uniform distribution between 0 and 1. Dgg is given by
Eq. (5.122). In order to perform the kick, we use the pseudo-cartesian coordinates defined as
follows:

= = scosf”, (5.123)
n = ssinf". (5.124)

Introducing the notation

1
the kick in the variable = is

A= = AR-VZ=
= AR [<|V5]cos€*—M

Vs ssin 0*) cos(2mAz)

F(v NPV
ﬁs sin 0 SID(ZWAQ)} :

(5.126)
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while the kick in the variable n reads

An = AR-Vp

= AR [(|Vs| sin 0" + Vs Vo 5 Cos 9*) cos(2mAs)

V5]
F(v .
- Ws cos 0* sm(27TA2)] ,
(5.127)

where Jg-, is the Jacobian of the magnetic coordinate system (s, 8", ¢). The new magnetic
coordinates are eventually built:

s+As = \/(n+An?2+ (Z+ A, (5.128)
0" + AG* = Modulo(2m, ATAN2(n + An, = + AZE)), (5.129)

where ATAN2 is the standard variation of the arctangent function, related to computer lan-
guages, which produces results in the range | — 7, w]. Unfortunately, the gyrokinetic corrections
are not properly implemented for the ion-ion collision background reaction term C[df, fra],
preventing the gyrokinetic collision operator in ORB5 from being relevant for analyzing colli-
sional Finite-Larmor-Radius (FLR) effects. Accounting for FLR corrections in the background
reaction term appears to be numerically tricky in a PIC code, especially within the frame of
ORB5 algorithm which preserves to round-off precision the density, parallel momentum and
kinetic energy. No practical solution has been found so far regarding FLR correction imple-
mentation in this part of the collision operator.
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Chapter 6

Neoclassical studies using ORB5

6.1 Introduction

Collisional transport in a tokamak, so-called neoclassical transport briefly introduced in
Sec. 2.6.1, relies on a well established theory [13] [11] providing estimates of transport co-
efficients based on certain approximations. Those estimates provide a mean of checking the
validity of neoclassical simulations, which can further be applied to more complicated cases
where an analytical solution is not available. Several studies of neoclassical transport have
been performed in the past by codes designed specifically for carrying out computations within
the neoclassical approximations [73], [90], [91], i.e. in particular Ar,/L. < 1, where Ary is the
banana width and L. the characteristic gradient length of the equilibrium profiles. However,
going beyond neoclassical approximations is clearly of interest. This is achieved through the
implementation of collision operators in global drift- or gyro-kinetic codes including full guiding-
center trajectories, which opens many possibilities of investigating issues related to neoclassical
transport beyond neoclassical approximations. Various studies of neoclassical transport and
equilibria using global codes accounting for Finite-Banana-Width effects have thus already
been performed, both considering Lagrangian [35], [92], [93], [91] and Eulerian [95], [96] meth-
ods. The corresponding axisymmetric electric field ensuring ambipolarity has also been inves-
tigated [92], [93], [91], showing its crucial effect on the neoclassical equilibrium. Such global

neoclassical simulations including full ion and electron dynamics are studied in this Chapter.

Neoclassical transport benchmarks, both for ions and electrons, are first shown here in order
to validate the implementation of the collision operators described in Chapter 5. Simulations
are initialized with 0 fy,/(t = 0) = 0. Invoking the axisymmetry of the neoclassical equilibrium
which may be assumed in a tokamak, the binning for the background reaction operator described
in Chapter 5 needs only to be performed in the poloidal plane (single bin in the toroidal
direction). We use typically 64 bins in the radial direction and 128 bins in the poloidal direction.
These values are determined essentially by profile gradient lengths. The typical number of
markers used in the neoclassical simulations ranges from 100 millions for a typical global case
(p* = 1/150) with self-consistent electric field to 20 millions for local simulations assuming no
electric field. The time step and the total simulation time are dictated by the transit time and
the collision time respectively for the banana regime and inversely for the collisional regime.

93



CHAPTER 6: NEOCLASSICAL STUDIES USING ORB5

6.2 Neoclassical ordering

In the frame of the neoclassical approach, the Finite-Larmor-Radius (FLR) effects are neglected
in order to retain only the Finite-Orbit-Width (FOW) effects. The starting point for the
neoclassical theory is thus the drift-kinetic equation, which reads in the guiding center variables
(R,E, 1) = (9,0,0,E, 1), with & = mv?/2 the kinetic energy:

g—{-l—(wl;—i-vcl)'Vf:—C[f], (6.1)

where v = \/2[€ — uB(V,0)]/m and C is the non-linear Landau collision operator including
intra- and inter-collisions in general. The distribution function is split into a main part f, and

a perturbed part df:

f=Jfo+df, (6.2)
where:

5f Vd AT},

ALY ~ 4, 6.3

fO V)| Lc ( )
vqg = |vep + V.| being the magnetic drift velocity, the main drive of neoclassical transport

related to the magnetic field curvature. § < 1 is the small parameter of standard neoclassical
ordering. Each order in the neoclassical equation (6.1) is treated separately. Note that no
equilibrium electric field has been considered here.

6.2.1 Zeroth-Order equation

Invoking the axisymmetry of the neoclassical equilibrium, the parallel advection operator can
be explicited:
B-Vo 0 By 0 oy 0

B 00 B 198" Re o0 (6-4)

v -V =y

where the last step is obtained within the circular large aspect ratio approximation. The

stationary neoclassical equation at zeroth-order in § thus reads:

v 9fo

~Clfol = vb- Vfo= R0

(6.5)

A non-shifted local Maxwellian f7,(V, £) is obviously solution of Eq. (6.5). Indeed, on one hand
a local Maxwellian is a stationary state to the Landau collision operator: C|[fry (¥, )] = 0. On
the other hand 0f. (¥, E)/08 = 0. Note that a shifted Maxwellian is not solution of Eq. (6.5),
due to its 6-dependence through v = \/2[€ — uB(V, §)]/m.

page 94 Thibaut VERNAY, CRPP/EPFL



6.2. NEOCLASSICAL ORDERING

6.2.2 First-Order equation

The explicit form of the solution at zeroth-order is used in order to compute the next order
neoclassical equation. At first-order in §, the stationary form of Eq. (6.1) becomes:

v 00f o fim
wRa0 Ve VY

b Vof +va-V fra = = —C[of); (6.6)

where (' is the linearized Landau collision operator. Since, for low pressure plasma (Eq. (3.24)
in Ref. [13]):

va=—u [px v (3], (6.7)

the axisymmetry of a tokamak leads to:

F(v
Vi VU =v -V (%) , (6.8)
where F'(V) = RB,. The stationary form of the first-order neoclassical equation reads:
F(\I’)UH afLM . ’UH 0 F(\I/)UH afLM . A
V||'V< O BI +4f _quaQ Q oU +4f ) =—-CI[of]. (6.9)

6.2.2.1 Solution for zero collisionality

A solution to Eq. (6.6) depends on the form of the collision operator C and in general is not
possible to compute analytically without approximation. Here a solution 6 f(°) in the limit of
no collisionality C = 0 is derived. The general first-order neoclassical equation with C =0is
thus considered:

o6fO v 0 (F(O)vdfrm © ) _
o Rqs%( o ov O > =0 (6:10)
leading to:
F (U
5f© = —%%&M +G(z,1), (6.11)
574

where ¢ f; is a stationary solution to Eq. (6.10) and G(z, t) is a function of time ¢ and phase space
variables z. The initial condition § f(°)(t = 0) = 0 is considered, such that G(z,t = 0) = — f,.

Furthermore, G satisfies the following equation:

oG v 9G _
ot ' Rq, 00

0, (6.12)

which can be solved by integrating along zeroth-order trajectories along magnetic field lines:

G('th) = G(Z(Ja 0) = _5fs(Z0)7 (613)
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where 2 is the origin of the trajectory at ¢ = 0 which ends at z at time t. As a result of

filamentation effect, the asymptotic behaviour (in time) of G is given by:

Jim G.0) = {6y = () F(0) 20 (6.14)

()traj stands for the average over the zeroth-order trajectory along the field lines, i.e. considering
v =) b. It is in fact a time average defined by:

1 " 1 0(é2) BdY
o Viraj = ---dtz—/ — 6.15
< >t J (tQ — tl) /t1 (tz — tl) 0(t1) UHB .V ( )

where t; and 5 are the starting time and the ending time of the particle trajectory respectively,
with corresponding poloidal angles 6(t1) and 6(t5). The neoclassical equation, in the limit of no

collisions, has thus the following stationary solution satisfying the considered initial condition
SOt =0) =0:

0 Ofru | /v gl
57Ot — o0) = F(1) = [<ﬁ>tj - 5] . (6.16)
Note that (v)|/€2)ia; = 0 for trapped particles. It has to be pointed out that, contrary to the
stationary solution to Eq. (6.10) [given by Eq. (6.16)], the stationary solution to the collisional
neoclassical equation [Eq. (6.6) with C' # 0] is essentially independent of the initial conditions
as a result of the dissipative nature of the collision operator. Indeed, considering different initial
distributions with the same toroidal and poloidal flows leads to the same collisional equilibrium.
Eq. (6.16) will be further considered in Sec. 6.4 for a large aspect ratio circular cross-section
tokamak geometry.

6.3 Some features of neoclassical fluxes

Although the purpose of this work is not to provide analytical solutions to the general neo-
classical equation (6.6), it is possible to derive some general consequences related to collisional
transport even without specifying the form of the collision operator C, following computations
performed in Ref. [11]. It is important to note that the particle and kinetic energy fluxes associ-
ated to a local Maxwellian background through magnetic curvature and gradient drift velocities
(~ frpmd¥/dt|y) do vanish for the considered circular adhoc equilibrium. The following general
relation is derived:

_ 2B oy - FW)oB
(B x VB)- V¥ =F(V) 5 (Ve x Vb) VI = Ters 50" (6.17)
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where F(¥) = RB,, and Jyg, is the Jacobian of the magnetic coordinate system (¥, 0, ¢). The

unperturbed particle flux associated to a local Maxwellian background is computed as follows:

1 / 5 dw >
—— | BPofiy —
<|V\11| M,/

- <B ALNnihye e 2w, /OO 6_MB/Td“>
\/27Tqvfh B? VU] J_ ! 0 s

mn  /BxVB VU [® _ .o /°° BT >
4 . e ™I/ gy e "B/TBd
szqvfh< BVl s e
2nT< F() aB> ~ 2mT F(¥) [*7 0 1
S

A S A . 1
Juo, B3V U] 90 . s ), aam?? =0 (6.18)

S

q

where the next-to-last step has been performed by integrating by parts, and where S(¥) is the
flux surface defined by Eq. (A.3). The same conclusion is obtained for the kinetic energy flux.
It is possible to show that the particle and kinetic energy fluxes associated to fopdW¥/dt|g do
vanish as well. However, as explained in Appendix A, the potential energy flux due to a local
Maxwellian background does generally not vanish.

Considering certain forms of the collision operator, it is shown in this Section that the neo-
classical particle and kinetic energy fluxes associated to the fluctuating part of the distribution
df do vanish as well. The pitch angle variable A = v? /v?B = p/€ is first introduced. The
infinitesimal volume element in velocity space d*v takes the form:

Z 7 Bv3dvd)\ _ Z 2rBEAEAN

d*v = (6.19)

vy | m?|v|

[ea g

where the sum is taken over o, the sign of the parallel velocity. Let S(W¥) stand for the flux
surface at a given radial coordinate W. We define the flux-surface-averaged flux F(¥) of a
general moment M (v, \) as follows, using Eq. (6.8):

F(V) = <|V—1\II|/d3UM(U,)\)Vd-V‘I’5f>S

s 2 : F(P)v
_ 82(\11) 0 dee)/d UM(U,)\)VH( (Q) ')5fu. (6.20)

Writing explicitely d®v in terms of the (v, \) variables using Eq. (6.19) gives:
27 2 3 F(\I’)|UH|
F(U)=<— [ Jusdd> 7B [ v’dvdAM(v, NV, —q ) of (6.21)

Invoking the following identity, valid for any functions A(¥,0) et C(V, 6):

27 2
A(V|(C)BJgo,d = — [ C(VA)BJyg,db, (6.22)
0 0
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the flux may be written from Eq. (6.21) as

2 2m F(V
FU) = —— / Jq,g(de/d%M(v,)\) (Q)v|v||v||5f. (6.23)
0
Eq. (6.6) is arranged as follows:
Vo f = —va- V foau — Clof). (6.24)

Inserting (6.24) into (6.23) leads to:

F(T) =

2 F (W) /2” Jug,do
0

S(0) QO /dgvM(M) <Vd -V fou + C’[éf]) v

For estimating the particle flux T' [M(v,\) = 1] and energy flux Q [M(v,\) = mv?/2], the
contribution from the term v vy -V frar in the integral over velocity space does clearly vanish
(odd function with respect to v))). Thus:

N () R G T U
(V) = S(\I’)/ ?) /d vC 8 fluy. (6.25)
Q) = argi) [7 el [p,0qspm 0 (6.26)

It appears clearly from Eq. (6.25) that a collision operator which is parallel momentum conserv-
ing, as for instance a self-collision operator, does not produce any particle flux I' at the lowest
order in the frame of the neoclassical theory. This latter property is verified by the ORB5
self-collision operator, as shown in Figure 6.1 presenting the time evolution of the neoclassical
ion particle flux I' at mid-radius r/a = 0.5, considering the CYCLONE case parameters and
no electric field, for the collisionality v* = 3.8. The self-collision operator nevertheless drives a
neoclassical energy flux @, as Eq. (6.26) in general does not vanish to zero. Another natural
consequence of Egs. (6.25) and (6.26) is the absence of neoclassical particle and energy fluxes
in a collisionless system (C’ = 0). Note that the flux derivation presented in this section is not
valid for the parallel momentum flux since mu; = vV2mé /1 — AB(¥,0) # M(v, ). However,
a collisionless system with no perturbed fields drives no transport, and in particular no parallel

momentum transport. As a consequence, the establishment of stationary collisionless current

profiles in ORBb5 simulations is thus expected, as studied in the next Section.

6.4 Collisionless and collisional contributions to the

parallel current

In this Section, an analytical model for predicting the collisionless unperturbed parallel current
in a tokamak is derived [J. P. Graves, Private Communications]. The proposed drift-kinetic
model assumes no electric field and describes an effective current similar to the diamagnetic
current, however related to FOW effects instead of FLR effects. Note however that the FLR
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10 1

==y =3.8, ion-ion collisions

F[nocso]

Figure 6.1: CYCLONE case parameters: Time evolution of the neoclassical ion particle flux I at mid-radius
r/a = 0.5 with only ion-ion collisions and no electric field. After the initial transient and relaxation
phase, the particle flux relaxes to zero, consistently with neoclassical theory.

diamagnetic current is not captured by the drift-kinetic model developed here. In the considered
model, the current due to the stationary solution § (9 of the collisionless drift-kinetic equation,
given by Eq. (6.16), is computed.

6.4.1 Trapped particle contribution

The stationary solution §f( for trapped particle population reads, according to (6.16), as
(V) /Q)raj = 0 for trapped particles:

8fLM F(U)y ‘

S (6.27)

0
6f t(ra)p =

The contribution to the poloidaly averaged parallel velocity coming from the trapping region is
computed as follows, making use of the pitch angle boundaries for a trapped particle 1/Bpax <
A= pu/E < 1/Buin:

Vi = 55 | de J R

ﬂ- n
= do d d)\B 2
erb 20': / / 58 //Bmax |U | 5ftrap’ (6 8)

where Eq. (6.19) is used for writing the velocity space infinitesimal volume d®v. Using the
solution (6.27) in Eq. (6.28) leads to:

27rF Buin afLM
%% / do / déEE / dA , 6.29
Vo =20 T (6.29)

where the factor 2 comes from the sum over both signs of the parallel velocity. The parallel

velocity can be written as follows:

v | = V/2(E — uB)/m = \/2E(1 — AB)/m. (6.30)
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Assuming circular concentric magnetic surfaces, at first order in € the tokamak magnetic field
takes the form B = By(1 — ecos @), leading to:

[01(6)] = 2/ nBoe(k? — sin? 0/2) fm = 21/ AE Boe(k? — sin?9/2) /m, (6.31)
where € = r/Ry is the local inverse aspect ratio and having introduced a new pitch angle
variable:

ER ;i‘)go_ D (6.32)
A is rewritten as follows:

A= [Bo(e(2k* = 1) + 1) 1. (6.33)
Differentiating the definition (6.32) gives:

A\ = —2eByA\2dk? = 2 k2, (6.34)

Bole(2k2 — 1) + 1)2

Since the parallel velocity of a trapped particle does vanish at some point of its trajectory, the
trapping condition becomes 0 < k? < 1. A new rescaled poloidal variable X is introduced as
well, such that:

ksin X = sinf/2. (6.35)

The bounce limit angle corresponds to X = 7/2, so that:

_ ™2 k2cos? X 4
\/ —sin26/2)d0 = — COF 24X = Z(B() + (2 — DK(K?)),
T Jo 1—Kk2sin® X m

(6.36)

where E and K are the elliptic integrals, respectively of the first and second kind:

K = / 1—k2sin? X (637)

E(k*) = /0 V1 — k%sin® XdX. (6.38)

Using the parallel velocity (6.31) in Eq. (6.29) and performing the changes of variable § — X
and A — k2%, an estimate of the trapped particle current is obtained:

C32F (W) [ OfLar a0 /1 €3/ 2 2 217 17.2
mg/QqBO/O Sy & dE 0 [6(2k2_1)+1]5/2[E(k)+(k DK (k?)]dk2.

(6.39)

(Vilhe =
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The integral over energy in Eq. (6.39) gives:

OfLM o379 3m3/? n'(U)  T'(¥)]  3m3¥20P
/O -0 ¢ 24€ = " n(V)T(y) [n(xp) + T(\PJ = 5/or 0T (6.40)

providing the pressure gradient dependence in the collisionless FOW current:

1 )3/2
(Vg = _g_qu (;;) /O %[6 (%ﬁ i e B0 (8 — KGRk (6.41)

The remaining integral in Eq. (6.41) has to be computed numerically and gives an estimate
of the FOW related parallel current coming from trapped particles, for F(V) = RyBy and

retaining only the lowest order term in e:

6 4,,0P
Ji = q(Vifo ~ —56/28@}2 (6.42)

which is valid in the limit € <« 1.

6.4.2 Passing particle contribution

The stationary solution § f(©) for passing particle population reads:

<F(;1f2)v|| >mj _ %

where the average over unperturbed trajectory is computed by, using Eq. (6.15):

<mF(‘If)U|> _m [ BF(¥)y —m/ZW—erGN%quRg,
qB waj 47t Jo B(B - Vo)y, qT

Ofrm

- : (6.43)

5f0), =

where the approximations R ~ Ry and B,/By ~ q,R,/r are used. The transit time 7, is
estimated as follows, using the new pitch angle variable y? = 1/k%

o~ R /2” 40 qRe [ A0 qRly| o d
R oyl 28 /mJo VI=XB  2\/eAéBy/m Jo /1 —y2sin6/2
2q.R
o gy, (6.4

VEAEBy/m

where K is the elliptic function defined by Eq. (6.37). The explicit form of the stationary
solution (6.43) is thus:

(Sf(o) _ afLM@ _F(\I])'UH +7TRQ\/6)\gBo/m (6 45>
0V g | B |yIK(y?) ‘ '
(1) @
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For a passing particle, 0 < A = u/€ < 1/Bpax. The contribution to the poloidaly averaged

parallel velocity coming from the passing region reads thus:

1 27
<VHP>9 = % d@/d?’vv”é éggs
9 2 1/Bumax o
= — / de / dee / dAB‘U 5f80), (6.46)
0 0 0 H

where the factor 2 comes from the sum over both signs of the parallel velocity. The contribution
(1) of Eq. (6.45) is computed as follows from Eq. (6.46):

21 1/Bmax
(VP = —/ d9/ dé‘é’/ d>\|vH\afLM. (6.47)

The change of variable A — k2, as in Sec. 6.4.1, is then performed. Note that the passing

condition is k* > 1. Using the expression (6.31) for the parallel velocity and integrating
directly over the energy variable in order to get the result (6.40) yields:

(9PF 63/2 27
0V B, / Vor [ 2k2—1)+15/2dk2/ V(B2 —sin®0/2)d6. (6.48)

Using the pitch angle variable y? = 1/k? gives an expression for the integral over  in terms of

(Vo =

the elliptic integral E:

2 w/2 4
(k2 —sin®6/2)d / (1 —9y2sin? X)dX = —E(y?). (6.49)
/o \/ Tyl \/ ]
According to Eq. (6.49), writing Eq. (6.48) in terms of the variable y? leads to:
_OPF(V) '3 (2€)3/2
vPy, = / E(y?)dy>. 6.50

The contribution (2) of Eq. (6.45) is computed from Eq. (6.46). Integrating directly over 6 and
performing the change of variable A\ — 12 give:

27 R /B B a
(Ve = mz/;) / do / dee / dA/eAEB, i

ly[K(y*) 0¥

4m2 Ry (By)*/? / afLM 1/Bmas \/X

= o e d€/ e —d
g Ve v RG)
. 87T2R0 3/28fLM € 2
- m3/2qﬁ/o ¢ dg/ @ = y) + R ()
1 3/2

= a—P@/ £ (2¢) dy®. (6.51)

OV q Jo 4 [e(2—y?) +y* 2 K(y?)
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6.4. COLLISIONLESS AND COLLISIONAL CONTRIBUTIONS TO THE
PARALLEL CURRENT

Gathering the contributions (6.50) and (6.51) gives the final current of passing particles, as-
suming F(V) = RyBy:

i =

1 3/2 2
p(1) p2, _  OP (2¢) SE(WY) 3w ]
o+ a0 1o = =55 || o g [ )

(6.52)

Performing numerically the integral in Eq. (6.52) provides the final contribution from passing
particles to the FOW related parallel current, retaining only the lowest order term in e:
oP

Jﬁ >~ —0.4363/28—‘11R0, (653)

which is again valid in the limit € < 1. Note that, in the frame of the considered collisionless
model, the trapped particle contribution (6.42) is dominant compared to the passing particle
contribution (6.53) for the large aspect ratio assumption underlying the presented derivation.

6.4.3 Numerical results

The CYCLONE case is considered (Ro/Lz, = 6.9, Ry/L,, = 2.2), along with the profile shape
of type 2 described in Chapter 3 and a width A4 = 0.2. The electron distribution function
is initialized to a local Maxwellian: f.(t = 0) = fru (V) and no electric field is considered.
The collisionless analytical predictions derived in Secs. 6.4.1 and 6.4.2 are compared in Figure
6.2 to the ORB5 current profiles for trapped and passing electrons. Collisions are introduced
through the Lorentz model described in Chapter 5, retaining only the collisions of electrons on
ions. Note that the collisions do not affect the trapped particle current, as presented in Figure
6.2 (a) for v = 0.5, where the collisionless FOW current predicted by Eq. (6.42) is shown
for reference. The situation is however different for passing particles. Figure 6.2 (b) shows
the ORB5 collisionless current profile for passing electrons, compared to the current evaluated
in Eq. (6.53). As expected, the trapped contribution is dominant compared to the passing
contribution in a collisionless model. However, the passing contribution becomes dominant in a
collisional case, due to the trapping-detrapping process driven by the Lorentz operator. For v} =
0.5, the current at mid-radius is Jj/ <ol 0.05]e(n) e, > Jf- The neoclassical current driven by
collisions and Finite-Banana-Orbit effects is called the bootstrap current. At low collisionality,
it is of the order J/e. It decreases when the collisionality increases [73] and is mainly carried
by passing electrons, through the trapping-detrapping process due to the electron collisions on
ions. Note the difference with respect to the collisionless, FOW related current, which is the
same for ions and electrons if T, = T;, according to Eqgs. (6.42) and (6.53). Differences between
the current coming from ORBb5 simulations and from analytical predictions were expected, since
the flux-surface-average performed in ORB5 takes into account the Jacobian of the magnetic
coordinate system, while the analytical estimates developed in Secs. 6.4.1 and 6.4.2 neglect the
poloidal dependence of the latter Jacobian. Moreover, only the dominant terms with respect
to the e ordering are retained in the analytical estimates obtained in Secs. 6.4.1 and 6.4.2.
Furthermore, drifts are handled perturbatively in the presented derivations (according to the
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neoclassical ordering), while ORB5 makes no approximation on FOW effects.

0.015—— : : : 510
— —_ 4+
1] 0]
0 0.01f v
A A
g g 3
v v
0 °,
= —ORBS5, no coll. =2
» —0.005 ORBS, v =0.5 o=
- - e ‘-
1 —ORBS5, no coll.
==~ model -=- model
0 0

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Figure 6.2: (a) Comparison between ORB5 simulations and analytical prediction (6.42) for the trapped par-
ticle contribution to the parallel current. Collisions do not affect the trapped particle current.
(b) The collisionless ORB5 current coming from passing particles Jﬁ is compared to the an-

alytical prediction (6.53). Collisional passing particle contribution at r/a = 0.5 is of order
Jﬁ’con ~ 0.05[e{n)c,] for v¥ = 0.5 (not shown here).

6.5 Benchmarks for neoclassical transport,

no electric field

6.5.1 Electron transport

The results of this sub-section, obtained with the parameters given in Table I and the adhoc
equilibrium described in Sec. 2.3, benchmark electron neoclassical transport computed with
ORB5 against published numerical and analytical results. One considers the local neoclassical
limit, i.e. solving Eq. (3.39) in Chapter 3 for the electron distribution and no electric field. The
ion dynamics is not taken into account here as it is decoupled from the electron dynamics in the
local limit. Simulations are carried out with either the full linearized electron collision operator,
i.e. considering both e-e self-collisions and e-i pitch angle scattering, or the simplified Lorentz
model, i.e. considering e-i collisions alone. Note that, in appropriately normalized units, the
latter is equivalent to the former when setting the ion charge Z — oc.

The particle flux I' produced by a density gradient alone, considering ,, = 5 and k7 = 0 accord-
ing to Eq. (3.59), is shown in Figure 6.3, and the energy flux Qy, produced by a temperature
gradient alone, considering x,, = 0 and xkp = 5, is shown in Figure 6.4. These results are bench-
marked against analytical fits to results from the Eulerian Fokker-Planck CQL3D code [90]
and analytical results derived for the Lorentz model (Z — o0) in the review by Hinton and
Hazeltine on neoclassical transport theory [13]. Figures 6.3 (a) and 6.4 (a) present the fluxes
at the radial position s=0.425 as a function of the effective collisionality v}, ranging from the
low collisionality (banana) regime for v} < 1 up to the collisional regime for v} > 1. Figures
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NO ELECTRIC FIELD

6.3 (b) and 6.4 (b) present the neoclassical fluxes as a function of radius, accounting for the
radial variations of density and temperature profiles both for computing the local gradients as
well as for estimating collisionality. The collisionality at s = sy = 0.5 was fixed to v} = 0.18
and v} = 0.68 for Figures 6.3 (b) and 6.4 (b) respectively. The agreement between ORBS,
CQL3D and the Hinton-Hazeltine results (H-H) may be considered satisfactory, in particular
considering that the CQL3D curves are only obtained through approximate fits to the actual
simulation results and the Hinton-Hazeltine curves are the result of approximate analytical

derivations.

Table I. Run parameters for local neoclassical electron transport benchmarks.

profiles 1 [Eq. (3.59)] a/Ry=036 Ar=03 A,=03

-6-CQL3D, Z=»
—+—ORBS5, Z=x

-8-CQL3D, Z=1
——ORBS5, Z=1

-6-CQL3D, Z=~

I [<n> CS]
=5

=+—0ORBS5, Z=x
=© H-H, Z==
107 -8-CQL3D, Z=1 |
-6-ORBS5, Z=1
-2 0 ") - -
10 10 * 10 00 0.1 0.2 .3 0.4 0.5 0.6
Ve RI0Y
edge

Figure 6.3: Neoclassical electron particle flux T' for k,, = 5,k = 0, (a) as a function of the effective collision-
ality v¥ at the given radial position s=0.425 and (b) as a function of radius with a collisionality
accounting for the density and temperature profiles, v} (s = s9) = 0.18. ORB5 results are shown
for Z = oo (i.e. only e-i collisions) and Z = 1 and compared with analytical fits to CQL3D results
for Z = co and Z = 1 as well as analytical results for the Lorentz model given in the review by
Hazeltine and Hinton (H-H).

6.5.2 Ion transport

The neoclassical transport of ions resulting from self-collisions, considering no electric field, is
addressed here through a benchmark of ORB5 against the global version of the Eulerian GENE
code [10]. Note that, contrary to what is assumed for the electron benchmarks presented in
Sec. 6.5.1, the full marker motion, including the magnetic drift velocities (curvature and gradient
drifts), is considered here. For the collisionality v = 0.5, Figure 6.5 shows the neoclassical ion
energy flux profile Q(r) and the ion contribution to the bootstrap current jy;(r) after two
collision times 7;;, considering the CYCLONE case parameters as defined in Sec. 3.8 with
background profiles of type 2 considering Ar/a = 0.2 [see Eq. (3.60)]. Considering the different
numerical implementations of the self-collision operator in both codes, the agreement obtained

may be considered satisfactory.
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Figure 6.4: Neoclassical electron energy flux Qi for x, = 0,k = 5, (a) as a function of the effective colli-
sionality v} at the given radial position s=0.425 and (b) as a function of radius with a collisionality
accounting for the density and temperature profiles, v} (s = s9) = 0.68. ORB5 results are shown
for Z = oo and Z =1 and compared with analytical fits to CQL3D results for Z =oco and Z =1
as well as analytical results for the Lorentz model given in the review by Hazeltine and Hinton

(H-H).
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Figure 6.5: Neoclassical benchmark between ORB5 and GENE. (a) Neoclassical ion energy flux profile Q(r)
and (b) ion contribution to the bootstrap current jp;(r) for the collisionality v = 0.5 after two
collision times 27;;. CYCLONE case parameters, no self-consistent electric field. The agreement
obtained between the two codes is satisfactory.

6.6 Global neoclassical ion transport with self-consistent
electric field

The neoclassical theory predicts the establishment of a radial electric field leading to an ax-
isymmetric equilibrium, which was first computed in a global simulation by Wang et al. using
the FORTEC code [93]. In order to study a neoclassical equilibrium with self-consistent elec-
tric field, we solve the global drift-kinetic equation for ions. Indeed, as neoclassical simulations
involve electric fields with long wavelengths, it is relevant to neglect FLR effects even in the
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collisionless dynamics. The drift-kinetic form of Eq. (3.34) is thus solved, together with the
quasi-neutrality equation (3.51) or (3.53), assuming axisymmetry, i.e. keeping only the toroidal
Fourier mode n = 0 of dfry and ¢. Note that no heat source is considered, according to
the negligible neoclassical gradient relaxation over the collisional time scale which leads to ap-
proximately constant temperature profiles over the simulation time. Both adiabatic and kinetic
electron dynamics will be considered in the following. The standard neoclassical approximation
retains only the flux-surface-averaged potential and thus neglects the poloidal components of
the field. The specific parameters of the simulations are given in Tables II (case 1) and III (case
2). If not mentioned otherwise, a standard run is carried out with full marker motion, i.e. in the
global approach, and a purely radial electric field. The radial electric field F, is obtained from
the flux-surface-average (¢)s of the electrostatic potential ¢, solution to the quasi-neutrality
equation: E, = —9d(¢)s/0r. The considered ion species is Deuterium. The electron and ion
temperature profiles are identical. In global simulations, collision frequencies are estimated
locally, i.e. consistent with background density and temperature variations.

Table II. Run parameters, ion transport benchmark, case 1.
profiles 2 [Eq. (3.60)] a/Ry = 0.36 T.)T;, =1 vi(r/a=0.5) =0.03
Kk = 3.58 kn = 0.79 Ar/Ja=A,/a=0.3 1/p* =150

Table III. Run parameters, ion transport benchmark, case 2.
profiles 2 [Eq. (3.60)] a/Ry=10.2 T.)T;, =1 0.012 < v} (r/a =0.5) < 12
Kp = Ky = 1.2 Ar/a=02 A,/a=0.2 1/p* =150

6.6.1 Zonal flow damping: Rosenbluth-Hinton test

The study of the self-consistent axisymmetric electrostatic fields in the frame of neoclassical
transport is closely linked to the study of zonal poloidal flows, which play a crucial role in
regulating ITG microturbulence [17], and Geodesic Acoustic Mode (GAM) oscillations [97].
We thus start by presenting here linear simulations [i.e. solving Eq. (3.37) for §f] of zonal
flow damping, corresponding to the so-called Rosenbluth-Hinton (RH) test. In order to carry
out RH tests, a local Maxwellian background fy = fras is chosen for both the collisionless and
collisional dynamics, and an initial distribution perturbation 0 fryr = (6n/ng) cos(nr/a) fru is
loaded. The electrons are considered adiabatic and the full axisymmetric potential ¢(r, 0, t),—o
is retained. The collisionless theory of zonal flow damping predicts an undamped residual value
[98]. Collisions are expected to lead to a decaying residual zonal flow in a characteristic time of
the order of the collision time [99]. Figure 6.6 shows the damping of the radial electric field E, at
the magnetic surface s = 0.55, for the geometrical parameters of case 2 but having set gradients
to zero (k, = kr = 0), as usually done for carrying out the Rosenbluth-Hinton test. Oscillations,
whose frequency is estimated by wg = (vii/Ro)/11/2 + 43/(11¢2) according to Ref. [100]
in the drift-kinetic limit, are due to the initial excitation of GAMs, which involve poloidal

Fourier components m = +1 [97] and are Landau damped. Neglecting the Finite-Orbit-Width
effects, which leads to a radially local derivation, an estimation of the damping rate is given by
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V6 = (Vini/ Ro)+/2 + 1/q2 exp(—¢Z —0.5), having made use of 76 = we fuid €XP(~We guia/ 2K} Vi)
in the limit W@, Auid > |k|||vthi; where W@ Auid = (Uthz'/RO)\/ 2+ 1/q§ [ ] and |]{ZH| >~ 1/<qu0).
Defining @ = 1+ 1.6¢2/+/€, the time evolution of the radial electric field at a given radius r is
written as follows [99]:

,];3(((?) = (1 - %) exp(—ct) cos(wat) + %eXP (i—?) {1 — erf (ﬂ—ﬂ)} : (6.54)

w

where erf is the error function defined in Chapter 5. The small long-time collisional response
has been neglected here. Considering a finite collisionality 7 as defined by Eq. (5.38), the
coefficient 8 = 37¢>v/7/(eIn*?[16+/€/vt]) in Eq. (6.54) is introduced. Note that for § # 0,
E.(t)/E.(0) goes to zero over the collisional time scale v~1.

and Eq. (6.54) becomes [98]:

In the collisionless limit, 3 — 0

1 1
E.(0) = <1 — 5) exp(—yat) cos(wgt) + — (6.55)

where the residual is given by E,.(t — 00)/E.(0) = 1/w. The predicted damping rates and
residuals, shown by dash-dotted lines in Figure 6.6, match very well the time evolution of the
radial electric field given by ORB5 at s = 0.55, where ¢ ~ 0.15 and ¢s ~ 1.3, for a collisionless
and a collisional run respectively. This test is crucial in order to ensure correct levels of zonal
flows in turbulent simulations.

—ORBS, v '=0
K -- analytic, v'=0
 os ﬂ -~ ORBS,v = 28
S == analytic,v =28
L
=
Luh 0, ) l\,"~7"§l-‘&'4‘;‘00w“‘-“‘-—-—h!
=03 20 40 60 80 100
wG t

Figure 6.6: Rosenbluth-Hinton test at s = 0.55 considering an axisymmetric field, linear dynamics, without
profile gradients. The time evolution of the radial electric field E, = —0{¢)s/0r provided by
ORBS5 is compared to the theoretical estimate derived by Rosenbluth and Hinton, for both the
collisionless and the collisional case. Time is normalized by the GAM frequency wg.

Finite temperature and density gradients may be considered for a Rosenbluth-Hinton test
as well. In collisionless simulations, after relaxation of the GAM oscillations, the residual
value of the radial electric field is proportional to the initial amplitude of the perturbation,
as given by Eq. (6.55), independent of the profile gradients. In collisional simulations, the
situation is fundamentally different: The zonal flows are damped as a result of collisions between
passing and trapped ions [99] and the radial electric field always relaxes towards the neoclassical
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equilibrium value, which is non-zero for finite background profile gradients, regardless of the
initial electric field amplitude. As expected, the neoclassical equilibrium field does vanish if no
gradients are considered, as already shown in Figure 6.6. Figure 6.7 illustrates these different
scenarios by presenting the time evolution of the radial electric field E,.(t) at r/a = 0.5, both for
zero and non-zero CYCLONE case density and temperature gradients, considering density and
temperature profiles of type 2 with Ar/a = 0.2. Note that the simulations considering collisions
along with non-zero CYCLONE case density and temperature gradients need to include the
neoclassical drive, i.e. the term Ofy /0¥ - d¥/dt|y in the drift-kinetic equation, in order to
establish neoclassical equilibrium fields as shown in Figure 6.7 (b).
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... [31£,1=2 1073, no coll, ... [31/,1=2 - 107, no coll

£
PTE

—_[31/,1=107%,v'=0.8

(2]
e e e e

—_[3/,]=107,v'=0.8

.. 5 1,1=2-107,v'=0.8

... 131 1=2 1073, v'=0.8

0.5)a/T
0.5)a/T

v J
NG .
R STE T Taste 0, 00

(r/a
o
(r/la=

eE
eE

20 40 60 80 100 L ‘ ‘ ‘ ‘ J
ot 0 20 40 60 80 100

Figure 6.7: Rosenbluth-Hinton test where (a) no gradients and (b) the CYCLONE case gradients (Ro/Lp, =
2.2, Ry/Ly, = 6.9) are considered. Time evolution of the radial electric field F, at mid-radius
for both collisionless and collisional simulations. The collisionless residual is proportional to the
initial amplitude of the perturbation |df/fras|, while the collisional residual converges towards
the neoclassical equilibrium value, regardless of the initial perturbation. Time is normalized by
the GAM frequency wg.

6.6.2 TITon transport and neoclassical equilibrium
with adiabatic electrons

In this Section, a benchmark is performed against previous global neoclassical numerical results
obtained with both the Eulerian GT5D code and the PIC FORTEC-3D code [102], retaining
only the flux-surface-averaged potential (¢ = (¢)s). In ORB5 this is done by solving the stan-
dard quasi-neutrality equation and then assigning ¢ < (¢)s. These results are also compared
with neoclassical analytical results. All the ORB) results are within the typical range of the
small discrepancies between GT5D and FORTEC-3D and may thus be considered as consistent
with these other codes. Figure 6.8 (a) presents the ion heat diffusivity yp; as a function of
radius in units of xgpa/L, for case 1 parameters (Table IT), which results exclusively from the
dfrmva- V¥ contribution to the kinetic energy flux Qi given by Eq. (3.63), and matches well
the analytical predictions from Chang and Hinton (C-H) [103] away from the magnetic axis,
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where the standard neoclassical ordering is valid.
An important neoclassical relation is the ion force balance, which reflects the conservation of

toroidal momentum:

Jui AV RB,T; d d ZeFE,
—=——|(k—1)—InT,— —Inn; ,
n,; dr Ze ( >dr . dr n + T;

(6.56)

where E, is the radial electric field, n; is the ion density and j,; is the ion contribution to the
bootstrap current. This relation is derived by Hinton and Hazeltine in [13], Eq. (6.134), but
where a ratio B,/ Bpoloidal appears to be missing. The force balance coefficient k is shown around
the mid-radius region for the same case 1 (5 = 0.03) in Figure 6.8 (b) and compared with the

analytical large aspect ratio predictions from Hinton and Hazeltine (H-H) [13], as well as with
results from the moment equation approach derived by Hirshman and Sigmar (H-S) [104].
0.12 ‘ ‘
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Figure 6.8: (a) Ion heat diffusivity x g, and (b) neoclassical force balance coefficient k as a function of radius.
Case 1 parameters (v = 0.03), adiabatic electrons, and retaining only (¢)s from the quasi-
neutrality equation. Global ORB5 results at time ¢ = 7;;(r/a = 0.5) are compared to simulations
from GT5D and FORTEC-3D, as well as to analytical results from Chang and Hinton (C-H),
Hinton and Hazeltine (H-H), Hirshman and Sigmar (H-S).

Figure 6.9 shows a collisionality scan for the ion heat diffusivity xg; and the neoclassical
force balance coefficient k at r = 0.5a for case 2 parameters (Table III). Predictions coming
from the moment equation approach (H-S) [104] are shown in addition to results derived by
Hinton and Hazeltine (H-H) in [43] for the coefficient k appearing in the force balance equation
(6.56). In Figure 6.9 (a), note the larger discrepancy in the neoclassical diffusivity between
the different code results at low collisionality »* = 0.01, probably due to the very long time
required by a simulation at low collisionality to fully converge. In Figure 6.10 (a), showing
the time evolution of the gyrocenter flux at »r = 0.5a for the same case 2, the ambipolarity
condition is verified, resulting in a vanishing ion flux for ¢ — oo since the electrons are assumed
to respond adiabatically. The setting up of the neoclassical radial electric field at » = 0.5a is
shown in Figure 6.10 (b).

Possible effects from the poloidal Fourier modes m # 0, retained beyond the standard neoclas-
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Figure 6.9: (a) Ion heat diffusivity xg; and (b) neoclassical force balance coefficient k as a function of the

effective collisionality v*. Considering parameters of case 2 and adiabatic electrons, global ORB5
results are shown for position r/a = 0.5 and at time ¢ ~ 7;(r/a = 0.5). ORB5 results are
compared to simulations from GT5D and FORTEC-3D, as well as analytical results from Chang
and Hinton (C-H), Hinton and Hazeltine (H-H), Hirshman and Sigmar (H-S).
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Figure 6.10: Time evolution of (a) gyrocenter flux I and (b) radial electric field E, = —9{¢)s/0r at r = 0.5a
for case 2 parameters and v*(r/a = 0.5) = 0.12. Comparison of global results from ORB5, GT5D
and FORTEC-3D. The ambipolarity is satisfied and an equilibrium neoclassical electric field is
established.

sical approximation, are studied in Figure 6.11, corresponding to case 1 parameters (Table II).
In Figure 6.11 (a), the ORB5 results for ¢ = (¢)s have been added for reference. Note that,
if the full axisymmetric potential ¢,—g # (¢)s is retained, there is a radial component to the
E x B drifts leading to contributions to the fluxes from the local Maxwellian background fr s,
(which compensate each other). Considering only the kinetic contribution to the heat flux, one
thus could be misled into interpreting this kinetic energy flux as a contribution to the thermal
transport. It is actually not, as pointed out in Ref. [71]. In fact, the potential energy flux from
the background fr; compensates the kinetic energy flux from the background f;,, leading to

essentially the same heat diffusivity level as in the standard neoclassical approximation (purely

Thibaut VERNAY, CRPP/EPFL page 111



CHAPTER 6: NEOCLASSICAL STUDIES USING ORB5

radial electric field), as clearly shown in Figure 6.11 (a). The potential energy flux is crucial in
order to treat the effects of the m # 0 poloidal modes in neoclassical transport, as discussed in
Ref. [71]. Retaining the m # 0 poloidal modes still ensures a total vanishing gyrocenter flux,
which is shown in Figure 6.11 (b): The full axisymmetric potential ¢ leads to an inward flux
related to the drift velocity vg,p acting on fry, compensating the outward flux contribution
from 0 f1 5 related mainly to the magnetic drift velocity vy g + v.. Ambipolarity is thus satis-

fied, as there is no electron transport, the electron response being assumed adiabatic in these

simulations.
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Figure 6.11: Retaining all poloidal Fourier modes of the axisymmetric potential and comparison to simulation
results within the standard neoclassical approximation assuming a purely radial electric field
(same as in Figure 6.8). (a) Case 1 parameters, adiabatic electrons, ion heat diffusivity at
t = 0.57;;(r/a = 0.5) as a function of radius. Retaining all poloidal Fourier modes does not
change the heat transport level. (b) Case 2 parameters, time evolution of the gyrocenter flux at
r = 0.5a for v*(r/a = 0.5) = 0.085. Ambipolarity is satisfied.

6.6.3 Adding collisional kinetic electrons

The case 1 simulations presented in Sec. 6.6.2 were repeated considering kinetic electrons with
a non-physical ion-electron mass ratio m;/m, = 200 and experiencing both self-collisions as
well as pitch angle scattering on ions. Thanks to the smaller mass ratio, the transit time scale
separation between electrons and ions wye /wy; ~ 1/m;/m, is reduced, which facilitates the multi-
species kinetic simulations. The electron collisionality is chosen such that veein/viim ~ 50.
We notice in Figure 6.12, obtained by enforcing ¢ = (¢)g, that the ratio between electron
and ion heat transport is consistent with the neoclassical ordering of heat transport x./x; ~
MeVee th/MiVisen ~ 1/4. Moreover, electrons and ions both show a similar outward particle flux,
which ensures the ambipolarity condition. The small discrepancy between electron and ion
particle diffusivities reflects the statistical numerical error, as well as the error of discretization
when building the gradients from reconstructed profiles for computing the diffusivities.

The effect of kinetic electrons on the neoclassical equilibrium electric field is small, as clearly
shown in Figure 6.13 (a). This results from the fact that the electric field ensuring the am-
bipolarity by shaping the particle orbits depends mainly on the ion dynamics, since the average
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Figure 6.12: Case 1 parameters with collisional kinetic electrons. Particle and heat diffusivity of ions and

electrons as a function of radius for ¢ = (#)s and time around ¢ ~ v}, ~ 50v ", . Results in

accordance with neoclassical transport scaling laws and ensuring ambipolarity.

ion orbit width is much larger (by a factor \/W) than the electron orbit width. The orbit
squeezing produced by the shear of the radial electric field is discussed in Ref. [105]. Figure
6.13 (b) shows that kinetic electrons lead to an important bootstrap current, mainly carried
by passing electrons, while the ion contribution to this current does essentially vanish. Note
that the observed vanishing ion current is related to the Lorentz model chosen for electron-ion
collisions, which drops the momentum conserving term of the electron-ion collision operator as
explained in Sec. 5.6.
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Figure 6.13: Case 1 parameters, ¢ = (¢)s. Kinetic electron contributions to (a) the neoclassical radial electric
field E,. at r = 0.5a and (b) the bootstrap current j, at » = 0.5a. The electric field is weakly
changed by considering kinetic electrons, while an important bootstrap current is produced and
mainly carried by passing electrons.
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6.6.4 Breakdown of the standard neoclassical approximation

The standard neoclassical approximation is valid under the assumption that the banana width
is small compared to characteristic equilibrium lengths of the system. In order to illustrate
the limitations of this approximation, one chooses a configuration without density gradient,
considering the parameters of Table IV, i.e. with relatively low value of 1/p*. The computations
are carried out without considering self-consistent electric fields. Let us point out that the usual
neoclassical ordering breaks down near the magnetic axis, as the radial excursion of particles
from a flux surface can become comparable to the minor radius. In particular, as stated
explicitely in [100], in this region the ordering |vy -V fra| ~ |va - V fou| applies instead of
the standard neoclassical ordering vy - VO frar| < |va - V foar], which in fact leads to transport
being radially nonlocal. The temperature profile nonetheless does not relax significantly over
the considered simulation times, making relevant the study of an effective diffusivity. It has to
be emphasized that this nonlocal ordering does not alter the scaling |0 fra| < frar. Indeed, it
is the gradient and not 0 f7,, itself that becomes large. Considering the term vy -V fras along
with a linearized collision operator thus brings a relevant correction to the local approximation,
which breaks down near the axis. Note that this correction does not improve the accuracy
of the calculation away from the magnetic axis, since in this case vy - VI frys is of the same
neoclassical order as the non-linear collisionality C[0 frar, d fra] we neglect. Comparing global
and local ORB5 simulations in Figure 6.14, one notices that the neoclassical approximation
is valid over the radial region r/a 2 0.45, while it breaks down near the magnetic axis. This
result is mainly explained by the fact that near the magnetic axis, trapped particles follow
potato orbits whose width is of order A, ~ (¢2p2 Ry)*? [107], which may be significantly larger
than the standard banana width Ar, ~ ¢,pp/+/€. These large orbit widths can thus become
comparable to the local minor radius within a significant radial region around the magnetic axis
for the large aspect ratio and large p* tokamak considered here, which violates the standard
neoclassical assumption. These results are consistent with previous ones: The reduction of the
neoclassical transport near the axis (compared to the standard theory) has been predicted in
a low collisionality regime by a Lagrangian transport theory [108], as well as by simulation
results [107], [109].

Table IV. Run parameters for studying breakdown of neoclassical approximation.
profiles 2 [Eq. (3.60)] a/R=028 T.,/T;,=1 vi(r/a=0.5)=0.1
Kn =10 kp =4 Ar, =0.3 1/p* =80

6.7 Towards gyrokinetic turbulent simulations

6.7.1 The coarse-graining procedure in neoclassical simulations

The beneficial effect of the coarse-graining procedure detailed in Sec. 4.8 on the noise level
is illustrated here in the case of a neoclassical test based on the parameters given in Table
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Figure 6.14: Neoclassical approximation breakdown. Reduction of the neoclassical transport predicted by
ORBS5 close to the magnetic axis, when considering the full marker motion. In the neoclassical
limit, ORB5 results match well the analytical predictions by Chang and Hinton (C-H).

V, performed with adiabatic electrons and at low collisionality: v*(r = 0.5a) = 3.5 - 1072
Let us point out that, in view of preparing turbulent runs, these neoclassical simulations were
performed by retaining poloidal modes m € [—5, 5] of the axisymmetric potential ¢,,—o (see the
field-aligned Fourier filter presented in Sec. 4.6). It is shown in Figure 6.15 (a) that the coarse-
graining procedure stabilizes the weight spreading, which is reflected by the saturation of the
total weight variance o = /(w?) — (w)? once the system has reached collisional equilibrium
at tv; 2 1. As a corollary, the numerical noise defined in Eq. (4.57) also stabilizes at the
same time, as shown in Figure 6.15 (b). The neoclassical properties of the simulations are
essentially unaffected by the coarse-graining procedure, as shown in Figure 6.16 presenting the

heat diffusivity xp; as a function of the radial position for the Table V parameters.

Table V. Run parameters, coarse-graining in neoclassical simulations.

profiles 3 [Eq. (3.61)] a/Ry=037 1T./T;,=1 kr=263 k,=081 1/p*=180

6.7.2 Neoclassical tests of the local/canonical Maxwellian

background switching scheme

In this Section, the background switching scheme described and explained in Sec. 4.4.4 is tested
through global neoclassical simulations with self-consistent electric field and adiabatic electrons.
To this end, we consider both the local Maxwellian background f1,; defined by Eq. (3.28) and
the canonical Maxwellian background fcy, defined by Eq. (3.29) with 1) = Wy, The total dis-
tribution f is thus decomposed using either a local Maxwellian background f = fra + 0fm
or a canonical Maxwellian background f = fou + 0 foar. In order to validate the background
switching algorithm, a collisional simulation is carried out with this scheme, i.e. alternating be-
tween the LM and CM representation for the collisional and collisionless dynamics respectively,
and compared to results obtained for the same physical conditions with the standard fixed local
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Figure 6.15: Effects of the coarse graining procedure. (a) Total weight variance and (b) numerical noise.
Table V parameters with v*(r/a = 0.5) = 3.5-1072. The noise and the weight spreading are
fully stabilized by the coarse-graining algorithm, for this low collisionality.
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Figure 6.16: The coarse-graining (cg) procedure does not affect the fundamental neoclassical results such as
the heat diffusivity xg;. Comparing simulations, with and without coarse-graining, illustrates
that the transport level may be conserved while controlling the noise. v*(r/a = 0.5) = 3.5-1072,

Maxwellian background approach. It is recalled that the quasi-neutrality equation (3.53) for
the self-consistent field ¢ is in fact linearized for fluctuations around a certain reference state.

To be able to exactly compare results from the two algorithms, this reference state must be

chosen the same in the two cases. This is achieved by introducing the density deviation dng:

— B;;
dng(x) = / FH d’R dvy dp da [fi(R, vy, gyt = 0) — foi(R, vy, w)]6(R+p—x), (6.57)

where fy; is the background (either fry or fear) considered when solving the quasi-neutrality
equation. dng is then subtracted at each time step on the RHS of the quasi-neutrality equation
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(3.53):

enio (W)

T.(w) 19000 = (@] = V. <”0_(‘1’)

B,

vm) = on;i(x,t) — ong(x). (6.58)

Note that the RHS of Eq. (6.58) is actually:

- B}
on; — ong = / EH ’R doy dp dev [fi(R, vy, 1, 1) = fi(R, vy, p,t = 0)]5(R + p — %),
(6.59)

which reflects that the reference state for the distribution with respect to which the quasi-
neutrality equation has been linearized is in fact the full initial distribution f;(¢ = 0). Both
algorithms make use of the coarse-graining procedure described in Sec. 4.8. The simulations
solve the global neoclassical problem and consider the physical system described in Table V
with v*(r = 0.5a) = 3.5-1071. The two simulations must in particular represent identical initial
conditions, chosen as the local Maxwellian for the total initial distribution, f(t = 0) = fru.
The standard algorithm is thus fully carried out with the local Maxwellian as a fixed background
fo= fom and §fra(t = 0) = 0, while the new algorithm starts from the canonical Maxwellian
background fy = fonr and 6 for(t = 0) = fru — four, but then switches to the local Maxwellian
background representation for carrying out collisions.

Having addressed the issues of identical initial states and linearizing the quasi-neutrality equa-
tion with respect to the same reference state, both simulations (with fixed and switching back-
ground) should provide the same evolution of the physical system in the limit of sufficient
resolution. This is confirmed by the results shown in Figure 6.17 for the here considered test
case problem. Figure 6.17 (a) plots the time evolution of the radial electric field E, at r/a = 0.5
towards its equilibrium state over a typical collision time, while Figure 6.17 (b) presents the time
traces for the ion kinetic energy flux Qy;,. Note that the curves related to the two numerical
approaches are indeed essentially identical.

One of the advantages of using a canonical Maxwellian background for carrying out the colli-
sionless dynamics is the fact that significantly larger time steps, typically by a factor of 2, may
be taken, than when considering a local Maxwellian background, while still ensuring a stable
and equivalently accurate simulation. This is obviously related to the fact that the Right-Hand-
Side of the weight equations contains a term proportional to d¥/dt|¢0fLa/OV in the case of a
local Maxwellian background, while the corresponding term dW,/dt|o0fcn/0Vy in the case of
a canonical Maxwellian is absent, as d¥,/dt|o = 0. Here, d/dt|y stands for the time derivative
along unperturbed trajectories, so that in particular:

dw

dv| dR
dt |,

| VU= (vos+ve) VI (6.60)

0

0

Considering the same basic parameters as for the simulation results of Figure 6.17, Figure 6.18
illustrates how the collisional algorithm based on background switching may be of an advantage
when considering an appropriate initial distribution. Starting the run with f(¢t = 0) = foun,
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Figure 6.17: Comparing the fixed local Maxwellian background approach with the novel collisional algorithm
switching between a canonical and local Maxwellian background. (a) Radial electric field E, and
(b) ion kinetic energy flux Qi as a function of time. v* = 0.35.

the algorithm with background switching provides a better signal /noise ratio than the standard
fixed local Maxwellian background scheme for the same initialization, as shown in Figure 6.18
(a), in addition to the increased time step already mentioned. The standard algorithm is
however less noisy than the switching background scheme when considering a local Maxwellian
frar as the total initial distribution: f(t = 0) = fra. Figure 6.18 (b) shows how different
neoclassical radial electric fields are established for the different considered initial conditions.
This is consistent with the fact that different toroidal flows are generated for the two types of
initial distributions, which lead to different radial electric fields, in agreement with the force
balance relation (6.56). In fact, the radial electric fields have opposite signs depending on
whether the simulation starts from a canonical or local Maxwellian. Note in particular the
absence of GAM oscillations in Figure 6.18 (b) for the initialization f(t = 0) = fear, the
corresponding simulation therefore reaching more rapidly its stationary state. The ion particle
and kinetic energy fluxes however appear not to be sensitive on the initial conditions, as shown
in Figure 6.19.

6.8 Conclusions

Using the collision operators implemented in ORB5, neoclassical transport in a tokamak has
been investigated in this Chapter. Simulations have been carried out both within the stan-
dard neoclassical approximation as well as beyond, corresponding to respectively neglecting or
keeping drifts in the marker trajectories. Contrary to the former simulations, which are local
to a magnetic surface, the latter, including the full particle trajectories, need to be carried
out over the whole plasma volume and are therefore global. Global simulations have also been
carried out accounting for the possible significant effects of self-consistent electrostatic fields.
Collisionless and collisional currents predicted by ORB5 simulations have been compared to
analytical models, providing a good agreement. The basic features of neoclassical fluxes have
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Figure 6.18: Results from global neoclassical simulations using the mixed background approach and the stan-
dard local background method, considering different initial conditions: either a local Maxwellian
fLa or a canonical Maxwellian fcops. (a) Signal/noise ratio, v*(r/a = 0.5) = 3.5 - 1072 and (b)
radial electric field E, at mid-radius r/a = 0.5, v* = 3.5 - 1071
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Figure 6.19: Results from global neoclassical simulations using the mixed background approach for different
initial conditions. (a) Particle flux T" and (b) kinetic energy flux Qyin at mid-radius r/a = 0.5,
v*=23.5-10""1.

been verified. Collisionless and collisional Rosenbluth-Hinton tests have validated the resid-
ual level of zonal flows provided by ORB5, both with and without collisions, and have thus
demonstrated the feasibility of establishing a proper neoclassical equilibrium electric field in
ORB5. Successful benchmarks of the collisional ORB5 code were carried out by comparing
the simulations both with analytical results within the standard neoclassical approximation as
well as with simulation results from other codes. Comparisons with the GENE, GT5D and
FORTEC-3D codes were particularly valuable for validating the global simulations. In agree-
ment with previous studies, limitations of the standard neoclassical approximations have been
pointed out. This includes the breakdown of neoclassical ordering near the magnetic axis, lead-
ing to reduced fluxes in this region compared to those predicted by the standard theory. The
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role played by the poloidally asymmetric modes of the electrostatic potential, usually neglected
in neoclassical transport studies, has also been analyzed and has turned out to be effectively
minor.

The coarse-graining procedure and the background switching scheme have been successfully
tested within the frame of neoclassical simulations, opening interesting perspectives for the

collisional simulations of turbulence discussed in the next chapters.
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Chapter 7

Collisional Ion-Temperature-Gradient
(ITG) turbulence and zonal flows

7.1 Introduction

The effect of the radial electric field related to axisymmetric modes and associated zonal
flows on tokamak microturbulence has been widely studied in the frame of gyrokinetic sim-
ulations. In particular, the ITG turbulence saturation due to vortice shearing produced by
zonal flows is a well established mechanism which reduces the turbulent transport in ITG-
dominated regimes [17] [110] [25] [7]. Due to the high temperatures in the core of tokamak
plasmas, collisionless gyrokinetic models have extensively been used for turbulent transport
analysis. However, even though collisionality is not a priori a dominant effect for the core
tokamak physics, it may nonetheless significantly affect the transport in at least three ways.
First, collisions produce an intrinsic neoclassical transport, as studied in Chapter 6. Usually
small compared to the turbulent transport, neoclassical transport may nevertheless reach a
comparable level in conditions of marginal stability of microinstabilities. Secondly, collisions
damp radial perturbations and associated zonal flows as predicted in Ref. [99]. Thirdly, colli-
sions may in fact also generate a neoclassical radial electric field for ensuring ambipolarity in
the presence of density and temperature gradients, leading to background E x B flows. This
strong effect of collisions on radial electric field dynamics, appearing through a competition
between generation and damping, affects in turn through zonal flow shearing the turbulent
transport levels.

Studies of collisional ITG turbulence using gyrokinetic simulations have already been performed
in the past, making use of Lagrangian (PIC) [23], Semi-Lagrangian [21] and Eulerian [97]
methods. In [23], the damping of zonal flows by collisions was found to increase the turbulent
heat diffusivity, at all values of the gradients considered. A Eulerian approach combined with
a simplified Krook operator for ion-ion collisions provides the same trend, however somewhat
less pronounced [111]. Turbulence studies in the frame of a Z-pinch configuration show as well
a transport enhancement due to collisions [112]. This general conclusion is confirmed by ORB5
results. In this Chapter, we systematically analyze the mechanisms of neoclassical (purely
collisional) and turbulent transport, as well as their possible interactions. To this end, in a first
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phase of the simulation a neoclassical equilibrium is established by keeping only axisymmetric
(n = 0) Fourier modes. In a second phase, turbulence is allowed to evolve freely by considering
all toroidal Fourier modes (n = 0 & n # 0). Our simulations show that collisional effects
are not simply additive to collisionless turbulent transport: Heat transport in the presence of
both turbulence and collisions is larger than the sum of collisionless turbulent transport and
neoclassical transport. The softening of the Dimits shift region (see Sec. 7.4.1) obtained in [23]
is as well observed in ORB5 simulations [26] and is further characterized in this work. However,
the bursting behaviour of the zonal flows in the Dimits shift region predicted in [23] is only
clearly reproduced for narrow gradient profiles. For wider gradient profiles, a steadier regime is
observed. Additional drive from increased turbulence levels in collisional simulations is found to
essentially balance the zonal flow damping by collisions, leading to zonal flow amplitudes only
slightly reduced in collisional simulations compared to the collisionless situation. Moreover,
the zonal flow levels in collisional simulations turn out to be roughly independent of the finite
collisionality considered. The analysis of ORB5 simulations show how the zonal flow saturation
in fact results from a Kelvin-Helmoltz-like tertiary instability mechanism transferring energy
from zonal modes back to turbulence [20], as originally demonstrated in Ref. [I13]. Similarly
to results obtained in the previously mentioned papers, the electrons are assumed adiabatic
and therefore collisionless in this Chapter. Considering the dynamics of kinetic electrons along
with the related electron collisionality may lead to different effects of collisions on turbulence in
certain regimes [1 14], for instance related to the reduction of microinstability drive by electron
collisions, as emphasized in Chapter 8. Note furthermore that all the collisional simulations
of ITG turbulence presented in this Chapter are performed through the background switching
scheme described in Sec. 4.4.4.

7.2 Linear studies and ion-ion collisions

The linear simulations for ITG instability studies are performed in this Section with narrow
temperature and density profiles of type 2 [see Eq. 3.60] with width A4/a = 0.2. An adhoc
equilibrium is considered. Numerous comparisons between ORB5 and analytical predictions for
the local collisionless ITG dispersion relations, derived in [31] and briefly recalled in Chapter 2,
are given in [51]. As an example, the spectrum of the ITG linear growth rate for the CYCLONE
case parameters is presented in Figure 7.1. The kinetic electron response, through the hybrid
model described in Sec. 3.6, increases significantly the I'TG growth rate of the most unstable
modes, kgpr; ~ 0.3 — 0.4, compared to simulations considering fully adiabatic electrons. More
details about this mechanism are given in Sec. 7.7.

Ion-ion collisions have a negligible effect on the linear growth rates of ITG instabilities. Con-
sidering the CYCLONE case parameters defined in Sec. 3.8, Figure 7.2 shows a very weak
increase of the growth rate with collisionality for a mode kgpr; = 0.4 (~ 5% increase at
v =0.45 ~ 10 v, ), consistently with results obtained in [37] for slab-ITG instabilities. Note
that, as mentioned in [37], the local parallel momentum conservation of the collision operator
is crucial in order to obtain the mentioned increasing behaviour of the growth rate with respect
to collisionality. The parallel momentum conservation is only obtained through a sufficiently
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Figure 7.1: Linear growth rate spectrum for the CYCLONE case parameters, considering both adiabatic
electrons and hybrid (kinetic trapped and adiabatic passing) electrons.

refined binning grid for the background reaction operator (ns x ng- x n, = 128 x 256 x 32) and
therefore requires a large number of markers (80 - 10%), much more than a collisionless linear
simulation. In conclusion, the effect of ion-ion collisions on ITG linear growth rates appears to
be negligible for physically relevant collisionalities.

Figure 7.2: Very weak effect of ion-ion collisions on ITG linear growth rates. kgpr; = 0.4, CYCLONE case
parameters.

7.3 Non-linear global ITG simulations with no heat

sources

The CYCLONE base case [70] is chosen in order to study the effects of the ion-ion self-collisions
on I'TG microturbulence, considering adiabatic electrons and no heat source along with the wide
gradient profiles given by Eq. (3.61). The total initial distribution is a canonical Maxwellian,
f(t = 0) = feur with ¢ = Uy, which is a stationary state of the collisionless gyrokinetic
equation. Without collisions, simulations must start with a small perturbation to that equilib-
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rium, in order for the turbulence to grow. With collisions, and at first enforcing axisymmetry
by retaining only the toroidal Fourier mode n = 0, the full distribution will evolve towards
a different distribution, i.e. a true neoclassical equilibrium together with the corresponding
self-consistent axisymmetric electric field. After the neoclassical equilibrium has been reached,
turbulence is switched on by letting the non-axisymmetric modes (n # 0) evolve freely. For
the turbulent simulations presented in this Section, only every fourth toroidal Fourier mode is
retained (namely n = 0,4,8,...,56), as justified in Ref. [1 15] and corresponding in real space to
a 1/4 toroidal wedge. Note that n,;, = 4 corresponds to kg minpr: =~ 0.06. 500 million markers
are used along with the following grid in configuration space for solving the quasi-neutrality
equation: N, = 128 points in the radial direction, Ny« = 512 points in the poloidal direction
and N, = 256 ~ Ny /g, points in the toroidal direction. These numerical parameters yield an
average of ~ 30 markers per cell. However, since the perturbed density is filtered in the poloidal
and toroidal Fourier spaces, the important ratio is the number of markers per Fourier mode
and per radial grid point [51]. Invoking the alignment of microturbulence with the magnetic
field lines, only the poloidal modes m € [ngs — 5, ngs + 5| are retained for each toroidal mode n.
This filter leads to ~ 3 million markers per Fourier mode. It has been verified that even with
collisions this resolution ensures converged results (for the considered radial resolution).

For the sake of clarity, the turbulent contribution to the kinetic energy flux Q.. is defined in
this Section as follows:

Vr m;v>
Quer = (- [ EV =+ ven) ()

even though this term may contain a small neoclassical contribution through the axisymmetric
but poloidally asymmetric modes (n = 0,m # 0). Note that the mentioned neoclassical
contribution, related to the background fy, disappears if the potential energy flux is properly
accounted for as in Sec. 7.4. ()g is the flux surface average operator and m; the ion mass. The
neoclassical contribution to the kinetic energy flux @, is defined as:

02
Qneo = <|§—:| : /dgvm;] 5f(VVB + Vc)>5a (72)

where vyp is the V B drift and v, the curvature drift. The simulation system considered has no
heat sources, so that the temperature profile is free to relax towards marginally stable gradients
with respect to the instabilities underlying the microturbulence. Figure 7.3 (a) shows the initial
and relaxed temperature profiles for both a collisionless case and v*(r/a = 0.5) = 0.18, which
corresponds to a collisionality about 4 times larger than the one derived from the actual DIII-D
parameters underlying the CYCLONE case. Let us point out that, in the collisional case, the
system never fully relaxes, since the neoclassical heat transport persists even after the turbulent
transport has vanished. As shown below and as expected, this neoclassical transport is however
small compared to the fully developed turbulent transport in the first phase of the simulation,
so that it is therefore appropriate to define the system as having reached a quasi-equilibrium
state once the turbulent transport falls to the level of the neoclassical one. Figure 7.3 (b)
shows the evolution of the ion heat diffusivity yg; with respect to the effective ion temperature
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gradient Ry/Lr;, averaged between r = 0.3a and r = 0.45a. The critical gradient Rg/Lperit
is defined as the temperature gradient of this sourceless system once it has reached the quasi-
equilibrium state as just defined. As clearly seen from Figure 7.3, the critical gradient of the
collisional case is lower than the critical gradient of the collisionless case. Indeed, collisions yield
a critical gradient close to the linear stability of the most unstable ITG modes, Ry/Lp; ~ 5.
This is consistent with the fact that collisions damp the zonal flows and thus soften the so-
called Dimits shift, defined as the difference between the critical gradient for linear stability
and the critical gradient observed in nonlinear collisionless gyrokinetic turbulent simulations.
The latter is larger due to the stabilizing effect of zonal flows. By damping the zonal flows,
ion-ion collisions thus increase the level of I'TG turbulent heat transport, as already observed
and discussed in Ref. [23]. This effect will be studied in further detail in Sec. 7.4.

The time evolution of the kinetic energy flux at r = 0.5a is plotted in Figure 7.4 (a), for the
same cases. For the collisional simulation, the neoclassical phase (keeping only n = 0 modes)
is carried out up to time ¢t = 27, after which the turbulent phase is initiated (keeping modes
n # 0 as well). The small discrepancy between the total flux and the vyg + v, contribution
in the neoclassical phase is due to the small inward neoclassical vg.p contribution through
the poloidally asymmetric modes, as explained above. The fully developed turbulent trans-
port, corresponding to the bursty phase, is clearly much larger than the neoclassical transport.
The neoclassical flux nevertheless becomes dominant once the temperature profile has relaxed.
Figure 7.4 (b) presents the time evolution of the signal/noise ratio. The standard way of eval-
uating the noise in ORB5 has been described in Ref. [79] and briefly reminded in Sec. 4.8. The
considered runs made use of the coarse-graining procedure [22] described in Chapter 4. Note
that even in the late phase of the collisional simulation, the ratio remains above the statistically
relevant threshold (considered to be of order ~ 10, see Ref. [79]). As expected, the collisionless

simulation remains significantly less noisy for the same numerical parameters.

7.4 Quasi-stationary collisional turbulence simulations

started from a neoclassical equilibrium
Simulations based on the CYCLONE case parameters have been carried out for collisionalities
in the range v5 = 0.09 — 0.45, i.e. 2 to 10 times larger than the physical one v7) = = 0.045.
Note that for studying collisional effects, simulations must be carried out over multiple collision
times while resolving the shorter time scale of the turbulent fluctuations. Low collisionality is
thus numerically challenging due to the large number of time steps required in order to reach a
sufficient simulation time, while high collisionality is challenging as well due to the large num-
ber of markers required for ensuring a sufficient signal/noise ratio. Collisional simulations are
performed with 500-10% markers representing the ions and started from a canonical Maxwellian
as the total initial distribution: f(t = 0) = fear(¥). For collisional simulations and as pre-
viously done for simulations with no heat sources presented in Sec. 7.3, a first run with only
axisymmetric modes (n = 0) is carried out over approximately two collision times 7;;, in order
to establish a neoclassical equilibrium with associated electric field and toroidal rotation pro-
file. Note that the toroidal rotation profile of the neoclassical equilibrium is determined by the
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Figure 7.3: Collisionless and collisional turbulent CYCLONE case without heat sources: (a) Relaxation of
the temperature profile towards the quasi-stationary state for both a collisionless and a collisional
simulation with v = 0.18. (b) Evolution of the ion heat diffusivity x g = (@Qneo +Qturb)/ (1| VT3])
in Gyro-Bohm units versus the temperature gradient. Collisions yield a lower nonlinear critical
gradient. The quasi-stationary state is obtained when the heat diffusivity reaches the neoclassical
level Xneo-
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Figure 7.4:

(a) Time evolution of the total kinetic energy flux Qxin = Qturb + @neo at r/a = 0.5 for both a
collisional (full black line) and a collisionless (dashed red) simulation. Also shown is the neoclas-
sical contribution Qpeo for the collisional case (dash-dotted blue). An initial neoclassical phase is
first carried out in order to set up a neoclassical equilibrium. In the bursty phase, the turbulent
transport is much larger than the neoclassical transport. (b) Signal/noise ratio for simulations
using 500 million markers and coarse-graining. The collisionless case is significantly less noisy, but
the coarse-graining enables to keep the collisional simulation above the relevance threshold ~ 10
even at later simulation times.

initial ion distribution function and may in principle affect, through its shearing, the develop-
ment of turbulence in the subsequent simulation. As mentioned in Chapter 3, the choice of the
background fCM(\if) has the purpose of providing neoclassical equilibria with essentially zero
toroidal rotation. For the typical collisional CYCLONE cases considered here, the maximum
toroidal velocity is vioro ~ 0.02 — 0.03 vy,; and the associated toroidal shearing rate is much
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smaller than the E x B shearing rate: wioro ~ dgoro/dr ~ 0.1 wpxp.

In a second phase, the simulation is resumed taking into account both the axisymmetric and
the non-axisymmetric modes (n = 0 and n # 0), thus allowing turbulence to develop and
enabling to study the resulting anomalous transport and in particular the interaction between
turbulence, neoclassical background flows and turbulence-induced zonal flows. Only every
second toroidal Fourier mode is retained, namely n = 0,2,4,...,56, corresponding in real
space to 1/2 toroidal wedge. The typical time evolution of the neoclassical and turbulent
contributions to the kinetic energy flux Qyi, (as defined in Sec. 3.10 but removing the here
irrelevant background contribution ~ fy - dV/dt|gxp), both in the neoclassical and turbulent
phases of the simulation, is shown in Figure 7.5 for the temperature gradient Ry/Ly, = 6.9 and
= 0.18. The use of the heat source described by Eq. (3.35) enables
to reach a quasi-stationary level of transport by maintaining a constant temperature gradient,

collisionality vg = 4 vy,
in a time-average sense. A remarkable observation is the fact that initiating the collisional
turbulence simulations from a neoclassical equilibrium appears not to be equivalent to starting
the turbulence simulations directly from a canonical Maxwellian as the total initial distribution.
Figure 7.6 (a) shows the total heat diffusivity profile in both cases, in the quasi-stationary state
of the simulation, for v§ = 0.09 and Ry/Lz, = 6.9. The turbulent transport appears to be
reduced by the preliminary neoclassical equilibrium. The structure of the radial electric field
profile, for the same physical parameters, is affected as well by the initial conditions of the
turbulence simulation, as presented in Figure 7.6 (b).
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Figure 7.5: Time evolution of the neoclassical (red dashed line) and turbulent (blue plain line) contributions
to the kinetic energy flux Qyin at mid-radius, in the neoclassical phase (¢ < 500[a/cs] ~ 274)
and the turbulent phase (t > 500[a/cs]) of the simulation, for 1§ = 0.18. Once a neoclassical
equilibrium is established, turbulence is switched on and turbulent transport becomes dominant
compared to neoclassical transport, for the here considered CYCLONE case gradients (Ro/ Ly, =
2.2, Ro/Lt, = 6.9). The neoclassical flux is perturbed by turbulence but remains constant in a
time-average sense.
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Figure 7.6: (a) Total heat diffusivity profile and (b) radial electric field profile in the quasi-stationary state
of the simulation, for v = 0.09 and Ry/Ly, = 6.9. Initiating the turbulence simulation from
a neoclassical equilibrium modifies the turbulent transport as well as the radial electric field
structure.

7.4.1 Temperature gradient and collisionality effects
on heat diffusivity

In this Section, two temperature gradients are first considered, along with wide non-zero gra-
dient profiles of type 3 (A4 = 0.3a) for carrying out a collisionality scan. The first one,
Ry/ Lz, = 5.3, is above the linear stability threshold Ry/Ly, ~ 4.5, but below the collisionless
non-linear stability threshold Ry/ Ly, ~ 6.0 of ITG turbulence in the considered physical system
(CYCLONE), i.e. in the so-called Dimits shift region [70]. The second one, Ry/Ly, = 6.9, is
above the non-linear stability threshold and thus ensures a stronger drive for turbulence.

Figure 7.7 shows the neoclassical heat diffusivity x}5° and the quasi-stationary total (neo-

tot neo turb

classical + turbulent) heat diffusivity x¥" = x%° + x%
collisionality. For the gradient below the non-linear stability threshold, Ry/Ly, = 5.3, a non-

at mid-radius with respect to the

vanishing turbulent transport illustrating a softening of the Dimits shift region is established

through collisions. The turbulent diffusivity is relatively small in this latter case, i.e. of the
tot

such that x}7* ~ 2 x%7°).

order of the neoclassical diffusivity at each collisionality (y{™® ~ yieo

Note that, as expected, there is zero transport at Ry/Lz, = 5.3 if the collisions are switched
off [xu(v* = 0,Ry/Ly, = 5.3) = 0]. For the higher temperature gradient Ry/Lrz, = 6.9, the
increase of the total diffusivity due to collisions is significantly larger than for Ry/Ly, = 5.3

turb turb neo

X (V) =X (v =0) > X
thus observes:

(v*)]. For all gradients above the linear stability threshold, one

() > P (v = 0) + O (vY). (7.3)

In general, the heat transport in the presence of both turbulence and ion-ion collisions is thus
larger than the sum of collisionless turbulent and neoclassical transport considered separately.
This reflects the complex interplay between collisional effects, flows and turbulence.
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Figure 7.7: Heat diffusivity x gz at mid-radius versus the ion collisionality parameter v*, for both temperature
gradients Ry/Lt, = 5.3 (blue crosses) and Ry/Lt, = 6.9 (black squares). The contribution of the
neoclassical diffusivity (red circles) to the total diffusivity is important for the weaker gradient
Ry/Lt, = 5.3, while it becomes relatively small for the larger gradient Ry/Lz, = 6.9. The total
diffusivity, increasing with collisions, is in all cases larger than the neoclassical diffusivity added
to the collisionless turbulent diffusivity.

45— : : :
*
a Vv (r/a=0.5)=0.45
3.5
— 3
e~ . ;
© 25 —neoclassical 5
0 turbulent, R/IL, =5.3 £
0 27 —— 0
Kad turbulent, R/LT =6.9
T 1.5¢ = 0
x
1t === Chang-Hinton

Figure 7.8: Heat diffusivity profile x g (r) in the quasi-stationary state of the simulation, for a collisionality
v§ = 0.45 and both temperature gradients Ro/Lp, = 5.3 and Ry/Lt, = 6.9. For the weaker gra-
dient Ry/Lt, = 5.3, the turbulent contribution profile (blue crosses) is similar to the neoclassical
contribution profile (red plain line), while the turbulent contribution profile in the case of the
larger gradient Ry/Lt, = 6.9 (black squares) is clearly dominant. The neoclassical contribution
is successfully benchmarked against the Chang-Hinton predictions (green dashed line).

Figure 7.8 presents the radial profiles of the quasi-stationary diffusivity y g for the particular

L . .
collisionality case v5 = 10 X v

turbulent phase is compared to an analytical prediction derived by Chang and Hinton [103],

= 0.45. The neoclassical contribution computed during the

showing a good agreement. While the turbulent transport is of the order of the neoclassical
transport in the case of the lower gradient Ry/Lz, = 5.3, it becomes clearly dominant for
Ry/Lt, =6.9.

The scan of considered temperature gradients is then extended at fixed collisionality, in order to
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sketch the dependence of the collisional heat diffusivity on the ion temperature gradient. Similar
to studies already done for the CYCLONE parameters in the frame of collisionless simulations
[70], Figure 7.9 shows how the ion temperature gradient affects the ion heat diffusivity for
ITG turbulence at mid-radius r/a = 0.5, for the chosen collisionality v* = 0.09 = 2 v,
well as for the collisionless situation for reference. The full blue line in Figure 7.9 is the fit to

as

collisionless simulation results given in Ref. [70], provided by:

LT a
~154(1—-6=2 —. 74
XH ( Rq > XGB Lo (7.4)
While the Dimits shift softening is again clearly illustrated by the difference between neoclassical
diffusivity and total collisional diffusivity in the collisionless Dimits shift region (4.5 < Ry/Lp, <
6.0), the collisional increase of the transport level is also emphasized in the region above the
non-linear stability threshold (Ry/Lz, > 6.0).
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Figure 7.9: Heat diffusivity x gy at mid-radius versus the temperature gradient Ry/Ly,. The full blue line is
the collisionless prediction resulting from a fit on gyrokinetic simulation results. For v§ = 0.09,
the red dashed line shows the neoclassical diffusivity level and the green diamonds represent the
total diffusivity for different temperature gradients. Collisions clearly increase the heat diffusivity
and soften the so-called Dimits shift region separating the linear from the non-linear collisionless
gradient threshold.

7.4.2 Zonal flows in collisional ITG turbulence simulations

As the ion-ion collisions have a marginal influence on the growth rate of the ITG modes in
the linear phase of the simulation (a slight increase of the linear growth rate if the parallel
momentum is correctly conserved by collisions [37], see Sec. 7.2), it is expected that the effect
of collisions on the turbulent I'TG transport happens mainly through their damping effect on
the zonal flows. Just as for the collisionless case, the study of the zonal flows is thus essential
in order to get insight into the collisional turbulent transport. The standard picture of the
interaction between zonal flows and turbulence is the following [17] [25]: Above the linear ion
temperature gradient threshold for the ITG instability, turbulence starts to develop and non-
linearly drives zonal modes which in turn tend to quench the turbulence due to the E x B

page 130 Thibaut VERNAY, CRPP/EPFL



7.4. QUASI—STATIONARY COLLISIONAL TURBULENCE SIMULATIONS STARTED FROM A
NEOCLASSICAL EQUILIBRIUM

shearing rate wgy g, given by the following approximate form [116]:

rd (gFEr
WExB = ¢.Bodr ( . ) : (7.5)

The maximum saturation level of zonal flows appears to be determined by a tertiary, Kelvin-

Helmoltz (KH)-type instability [113], providing a mechanism for transferring energy back from
zonal flows to turbulence. The KH saturation mechanism is illustrated in Figure 7.10 (a),
showing the time evolution of the radially averaged shearing rate (|wgy (), for the CYCLONE
base case with Ry/Lz, = 6.9, having defined the radial average operator over the width A4 of
the gradient profiles:

1 ro+A4

()= 5an dr. (7.6)

ro—A4

In a first phase (0 < teg/a < 130), three collisionless simulations under the linear Rosenbluth-
Hinton test conditions described in Sec. 6.6.1 are performed, for different amplitudes of the
initial perturbation: |8 fras/ fra|(t = 0) = 0.01,0.05,0.1. The zonal flow residual and associated
shearing rate amplitudes established after a time ¢ ~ 130[a/c;] are proportional to the initial
amplitude of the perturbation, as expected and observed in Figure 7.10 (a): (|wgxp|)r =~
0.04,0.21, 0.42[cs/a] respectively. In a second phase (130 < tecs/a < 520), the non-axisymmetric
turbulent modes (n # 0) are enabled to evolve and interact with the axisymmetric zonal flows.
The lowest initial amplitude case [|0frar/fram|(t = 0) = 0.01] provides a residual zonal flow
level clearly lower than the KH threshold level. Once the turbulence is switched on, it thus
drives the zonal flows of the considered simulation to a higher level until the associated shearing
rate reaches a saturation level of approximately (lwgxp|), >~ 0.11[cs/a], identified as the KH
saturation level. For the higher amplitude cases [|0 fra/foar|(t = 0) = 0.05,0.1], the shearing
rate level of the residual zonal flow reached during the first phase of the simulation is clearly
above the just mentioned KH saturation level. Once the non-axisymmetric modes (n # 0) are
switched on, the axisymmetric modes transfer energy back to turbulence and the wgy g shearing
rate decays to the KH saturation level, (|wgxp|), >~ 0.11[cs/a], as observed in Figure 7.10 (a).
These results are clear proof of the tertiary instability threshold limiting the wgyp shearing

rate amplitude.

In order to fully isolate the KH instability mechanism limiting the shearing rate of the self-
induced zonal flows, the previous runs are repeated with zero density and temperature gradients.
In this case, the growth of n # 0 modes can thus only result from the decay of the ZF’s due
to the tertiary instability, as the actual turbulent drive from the ITG instability has been
removed. As shown in Figure 7.10 (a), for the initial amplitude case |0 frar/ frar|(t = 0) = 0.05,
the shearing rate again decays once the n # 0 modes are turned on and the KH instability is
enabled to evolve, from (|wgpxp|), >~ 0.21]cs/a] at t = 130[a/cs] to (|wexs|)r =~ 0.11[cs/a], i.e. to
essentially the same KH threshold level observed in the presence of background gradients. For
the initial amplitude case |0 frar/ fra|(t = 0) = 0.01, the resulting shearing rate at ¢t = 130[a/c;]
again takes the value (Jwgxp|), =~ 0.04[cs/a] as in the presence of gradients, i.e. lies below the
KH threshold. As the turbulent drive of the zonal flows from the n # 0 modes is absent in
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Figure 7.10: Illustration of the Kelvin-Helmoltz (KH) saturation mechanism. (a) Time evolution of the radi-
ally averaged zonal flow shearing rate (wgx ), in non-linear collisionless simulations, following
an initial linear n = 0 phase (until ¢ ~ 130[a/cs]) started at ¢ = 0 from |df/fra| =0.01, 0.05
and 0.1 respectively. With external turbulence drive from density and temperature gradients
(plain lines), all three cases establish, in the long time scale, a similar level of zonal flow shearing
rate. With no external turbulence drive (dashed lines), transfer of energy is only possible from
zonal flows to turbulence. Note that the KH saturation level with or without external turbu-
lence drive remains the same. (b) Growth of the n # 0 modes through zonal flow decay, for
[0f/fra)(t =0) = 0.1 and no external turbulence drive. The most unstable mode is n = 19 and
its exponential growth phase is detailed in the inset.

this case, this shearing rate remains stationary as expected. The exponential growths of the
n # 0 modes during the initial phase of the tertiary instability mechanism have been estimated.
Modes in the range n = 17 — 20 (corresponding to kgpr; ~ 0.26 — 0.31) have been identified
as the most unstable in this case. Evolution of the n # 0 modes during the KH instability are
shown in Figure 7.10 (b) for the initial amplitude case |0 frar/ foa|(t = 0) = 0.1. A maximum
growth rate yxg = 0.55[cs/a] for n = 19 was measured for this latter case, while essentially
half this growth rate is measured for |0 frar/ frar|(t = 0) = 0.05, i.e. v = 0.27[cs/a] (n = 17),
in very good agreement with theory [113] predicting that the KH growth rate is proportional
to the amplitude of the zonal modes.

In a third phase, the simulation with gradients and the initial perturbation |0 frar/ fra|(t =
0) = 0.05 is then resumed from ¢ ~ 330[a/c,], considering two different collisionalities 1j =

— e

0.09 and v = 0.45 as presented in Figure 7.11. The average zonal flow level (lwgxgp|), is
as expected damped by collisions, but nevertheless maintained close to the collisionless value
through additional drive from increased turbulence in collisional simulations, as presented in
Sec. 7.4.1. Moreover, one observes that both collisionalities considered lead to approximately
the same collisional level of the zonal flow shearing rate wgy g, reduced by ~ 30% compared to
the collisionless value, a fact which is interpreted as an example of self-organization. In the first
phase of the collisional simulation, the zonal flows are more strongly damped for the largest
collisionality vj = 0.45, but then increase in a second phase through additional turbulence
kicks in order to reach roughly the same level as obtained with the moderate collisionality

v5 = 0.09. As a consequence of the stronger turbulence drive, the radially averaged turbulent
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energy flux (Quum), for 1§ = 0.45 is larger than for 1§ = 0.09 [(Qub)r (5 = 0.45) /{Qturb)r (V5 =
0.09) ~ 1.8], essentially in accordance with the collisional increase of the turbulent transport

emphasized in Sec. 7.4.1 despite the different initial conditions.
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Figure 7.11: Non-linear simulations resumed at ¢ ~ 330[a/c,] from the simulation in Figure 7.10 started from
|0f/fra] = 0.05 and with background gradients, turning on finite collisionalities v§ = 0.09
(circles) and v = 0.45 (squares) respectively. A moderate reduction of the average zonal flow
shear level {((wgx () by collisions is observed, roughly independent of the considered collisionality
at sufficiently long time scales.

In absence of collisions, if the zonal shearing rate wgyp is strong enough below or at its KH
saturation level in order to quench the turbulence, as is the case for the temperature gradient
Ry/ L, = 5.3, no turbulent transport occurs. On the contrary, if the drive is strong enough, as
is the case for the temperature gradient Ry/Lr, = 6.9, turbulence is not totally quenched by
the saturated zonal flow shearing and some turbulent transport develops. The existence of a
tertiary instability threshold setting a saturation level on the zonal flows thus explains the end
of the Dimits shift region starting from Ry/Lz, ~ 6.0, where the turbulence drive becomes too
large compared to the saturated zonal flow level and is thus able to produce finite anomalous
transport. The latter mechanism is emphasized in Figure 7.12, which compares the maximum
linear growth rate 7,,.. as well as the time average of the radially averaged shearing rate
(lwexs|)r: from non-linear simulations, for different values of the temperature gradient Ry/Lr;,.
Both collisionless as well as finite collisionality v§ = 0.09 simulations have been considered
for estimating (|lwgxp|)r:- Note that the collisionality v = 0.09 has a negligible effect on
Ymax- The end of the Dimits shift region, at approximately Ry/Lz, ~ 6.0, is characterized
by a maximum linear growth rate 7,,,. which becomes larger than the averaged zonal flow
shear level (lwgxp|)r:. Note that the difference between Ymax and (|wgxp|)r: increases for
temperature gradients Ry/Lz, > 6.0, due to the mentioned tertiary instability mechanism
which limits (Jwgxg|)r+ and thus allows a stronger turbulence to develop at higher temperature
gradients.

Consistently with Figure 7.11, the averaged shearing rate for basically all gradients is only
slightly reduced by collisions (~ 20%), although, as predicted in Ref. [99], the zonal flows
driven by turbulence are shown to be damped by ion-ion collisions. This effect is detailed in
Tables I & II, for both temperature gradients Ro/Ly, = 5.3 and Ro/Lgp, = 6.9 respectively,
where the averaged shearing rate amplitudes (Jwgyx p|)-+ are presented, including statistical error
estimates given by the variance of means for 4 overlapping time windows of width 200[a/c;]
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Figure 7.12: Maximum linear growth rate v,,q, (black crosses) and averaged shearing rate (|wgx |)r+, con-
sidering both the finite collisionality v = 0.09 (red squares) and the collisionless case (blue
circles), for different temperature gradients Ry/Lt,. Note that the averaged shearing rate is in
general slightly reduced by collisions. Beyond the Dimits shift region, Yimae > (|wexs|)r:- The
important difference between Yi,q0 and (wexp|)r: at large temperature gradients is due to a
tertiary instability mechanism.

(~ 2 71;; for v = 0.45) in the quasi-stationary state of the simulation. These values are indeed

only slightly reduced by finite collisionality over the whole considered range vj = 2—10 v, . and

hys
thus remain of the order of the collisionless level. The additional drive for zonal ﬂows,pcgming
from the increased turbulence observed in collisional simulations, thus appears to essentially
compensate the damping by ion-ion collisions. For collisional runs in the Dimits shift region
(including Ry/Lz, = 5.3), the averaged shearing rates can only be maintained at approximately
the collisionless levels thanks to a finite turbulence level, leading to finite transport and to the
so-called Dimits shift softening. A tight equilibrium between zonal flow damping by collisions
and zonal flow drive by additional turbulence is thus apparently established. In the absence
of collisions, no such tight balance between damping and drive is imposed on the zonal flows,
which are thus free to exceed the minimum required level for quenching turbulence in the Dimits
shift region. This probably explains the larger difference seen in Figure 7.12 between wgyp for

vy =0 and v =0.09 at Ry/Ly, = 4.5 than for other values of Ry/Lr,.

Table I. Dependence on v of averaged shearing rate (Jwgxp|)r+ for Ry/Lz, = 5.3.
vy 0 0.09 0.18 0.3 0.45
(|wexs)re[10-2¢,/a] | 5.6 + 0.00 | 4.9 + 0.03 | 4.8 £ 0.03 | 5.2 £ 0.01 | 5.3 + 0.03

Table II. Same as Table I but for Ry/Lgp, = 6.9.
v 0 0.09 0.18 0.3 0.45
(wpxs|)ra[1072¢s/a] | 105 £ 1.3 | 84 £ 0.4 | 95+ 1.4 | 9.4 + 0.5 | 9.5 + 0.0

Figure 7.13 (a) shows the profiles of the absolute values of E x B shearing rate |wgy g|(r), aver-
aged over a time window of 200[a/c,| in the quasi-stationary state of the turbulent simulation,
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for different collisionalities and for the temperature gradient Ry/Lz, = 5.3. For this case in the
Dimits shift region, the averaged shearing rate (|wgxp|)r: > 5.2-107%[c;/a] (average over all v*)
is close to the linear growth rate of the most unstable mode 7,4, =~ 5.8-1072[c,/al, consistently
with Figure 7.12. Furthermore, as mentioned above, the averaged shearing rate (lwgxp|)r: is
only slightly affected by collisions. This is remarkable, given that the radial shearing rate profile
lwexp|(r) is significantly modified when going from zero to finite collisionality. Note however
the almost identical shape of |wgxp|(r) for the two considered finite collisionalities v5 = 0.09
and 15 = 0.18.

Figure 7.13 (b) is similar to Figure 7.13 (a) but considers the higher temperature gradient
Ro/ Lz, = 6.9. For this case above the Dimits shift region, Y,z =~ 15.6-1072[c,/a] is significantly
larger than the averaged shearing rate ({Jwpxp|)r: >~ 9.4 - 1072[cs/a], average over all v*),
allowing the turbulence to survive and continuously drive anomalous transport, in accordance
with Figures 7.9 and 7.12 . As for Ry/Lz, = 5.3, the amplitude of the collisional zonal flows
appears to be only slightly reduced in the case Ry/Ly, = 6.9 compared to the collisionless
situation. The detailed shape of the profile |wgxp|(r) is however affected by collisions and,
unlike in the Dimits shift region, different collisionalities (v5 = 0.09 and v = 0.18) give
different profiles |wgyp|(r) for Ry/Ly, = 6.9.
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Figure 7.13: Profiles of the absolute value of E x B shearing rate |wgx pg|(r) for different collisionalities and
a temperature gradient (a) Ro/Lr, = 5.3 and (b) Ry/Lt, = 6.9, the neoclassical contribution
being emphasized for v§ = 0.18 (red dashed line). The averaged shearing rate level is of the order
of the growth rate of the most unstable mode 4. (grey dashed line) for Ry/Ly, = 5.3, while
the averaged shearing rate level is significantly lower than the growth rate of the most unstable
mode Ypqr for Ro/Ly, = 6.9. The zonal flow damping by collisions appears to be balanced by
an additional turbulence drive. For the considered collisionalities, the turbulence-driven zonal
flows are dominant compared to the neoclassical flows.

Note that ion-ion collisions generate neoclassical background flows through the neoclassical
equilibrium electric field. For the collisionalities considered in this Chapter (up to 10 vy )
and the temperature gradients Ry/Ly, = 5.3 and Ry/Lz, = 6.9, the turbulence-driven flows
are dominant compared to the neoclassical background flows, as shown in Figure 7.13. At even
larger collisionality, one may expect that the neoclassical shearing rate would become dominant,
and thus that the turbulent transport would possibly be reduced due to collisions. However,
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such a high collisionality range would be very far from the typical low collisionality regimes of

fusion-relevant tokamak plasmas.

7.4.3 Details of the Dimits shift softening mechanism

In [23], the zonal flow damping by collisions was first identified as the cause for the non-
vanishing collisional turbulent transport for Ry/Ly, = 5.3, although the temperature gradient
is in the Dimits shift region. A locally bursting behaviour of turbulence, associated zonal flow
amplitude and turbulent transport was observed. The bursting behaviour results from the
following mechanism: Turbulence driven by the (weak) temperature gradients in the Dimits
shift region initially develops and drives zonal flows to sufficiently high levels such that the
associated shearing rate wgyp is able to quench the turbulence, as in the collisionless case.
However, as a result of collisional damping, zonal flow amplitudes and related shearing then
decrease, and turbulence is able to recover, thus completing a bursting cycle. The period of
this bursting cycle therefore clearly scales with the collision time 7;;,. This result is confirmed
by simulations performed with the collisional version of ORB5 based on the parameters of
Sec. 7.4.1, but considering a narrow gradient profile of type 3, i.e. with A4 = 0.15a. Figure
7.14 (a) shows the time evolution of the radial shearing rate profile wg,p(r) for v = 0.3,
considering a narrow gradient profile with Ro/Ly, = 5.3. Note that the observation of a clear
bursting behaviour, as in Figure 7.14 (a), requires narrow gradients. For comparison, Figure
7.14 (b) presents the time evolution of the radial shearing rate profile wgyp(r) for the same
collisionality v = 0.3 and considering a wide gradient profile of type 3, i.e. with Ay = 0.3aq,
and still with Ry/Lz, = 5.3. In this latter case, already discussed in Sec. 7.4.1, the bursting
behaviour is much less obvious.

E «B shearing rate [c_/a] E - B shearing rate [c_/a]

-— +«—s collision time
sl I 0.1
0.8 collision time 0.8
0.05
0.6 / 0.6
L o 0 <

0 0 g oy

. . 0.4

0.2 -0.1 0.2

500 1000 1500 0 500 1000 1500
time [alcs] time [alcs]

(a) (b)

Figure 7.14: Time evolution of the E x B shearing rate profile, considering a collisionality v§ = 0.3 and
a temperature gradient Ry/Ly, = 5.3. The temperature and density gradients are non-zero
from r/a = 0.35 to r/a = 0.65 (narrow-shaped profiles, A4 = 0.15a) in (a) and non-zero from
r/a = 0.2 to r/a = 0.8 (wide-shaped profiles, A4 = 0.3a) in (b). The bursting evolution of the
zonal flows is visible in (a), while much less obvious in (b).
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The bursting behaviour due to collisions for profile width A 4 = 0.15a and gradient Ry/ Lz, = 5.3
is clearly illustrated in Figures 7.15 and 7.16. As expected, transport is totally absent in a col-
lisionless case, as shown in Figure 7.15 for v* = 0, since the temperature gradient Ry/Lp, = 5.3
is in the Dimits shift region, where the collisionless zonal flows are strong enough to quench
the turbulence. Considering again Ry/Ly, = 5.3 and two different collisionalities v* ~ 0.18
and v* ~ 0.3 at the radial position r/a = 0.45, Figure 7.16 shows the time evolution of the
turbulent ion energy flux Q¢,1,, normalized with respect to its corresponding neoclassical value
Qneo, as well as the time evolution of the E x B shearing rate wgy g, normalized with respect to
the growth rate of the most unstable mode 7y, in the linear phase of the simulation. A non-
vanishing turbulent transport is clearly established through collisions. The above mentioned
bursting behaviour appears clearly in Figure 7.16: At an intermittance period which is propor-
tional to the collision time 7;; (indicated for reference in the plots), the E x B shearing rate
is damped, which in turn leads to an increase of the turbulent ion energy flux. The presence
of a non-vanishing turbulent transport implies that the Dimits shift region of ion temperature
gradients is softened by collisions, as already discussed in Sec. 7.4.1 for the A4 = 0.3a cases.
As already mentioned, the observed bursting behaviour is however not as clearly identifiable if
the gradient profiles are larger, maybe due to interaction of this bursting behaviour happening
at different uncorrelated times at different radii, leading to a less coherent evolution of the
overall system in particular resulting from collisionality varying with radius r. The basic un-
derlying mechanisms of turbulence-driven zonal low damping are however probably essentially

the same, leading to an increase of the heat diffusivity with collisions for all gradient widths.
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Figure 7.15: For a collisionless simulation and a narrow temperature gradient with Ro/Ly, = 5.3, time evo-
lution of both the heat diffusivity xm (black plain line) and the E x B shearing rate |wgx gl
(grey dash-dotted line) at mid-radius. |wgxp| reaches a quasi-stationary value comparable to
the linear growth rate of the most unstable mode 74, (grey dashed line), fully quenching the
turbulence and leading to a vanishing heat transport.
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Figure 7.16: For (a) v§ = 0.18 and (b) v§ = 0.3, considering a narrow temperature gradient with Ro/Lp, =
5.3, time evolution of both the kinetic energy flux driven by turbulence Q. (black plain line
normalized with respect to the neoclassical contribution Qneo) and the E x B shearing rate
wexp (grey dash-dotted line normalized with respect to the maximum linear growth rate ymax)
at r/a = 0.45. The periodic damping of zonal flows by collisions leads in turn to periodic bursts
in the heat transport, at a rate proportional to the collision frequency.

7.5 Relevance of the pitch angle scattering

approximation

Historically, collision operators have been implemented in gyrokinetic codes by making use
of several approximations. Certain codes for instance only consider a pitch angle scattering
operator for turbulence studies [I1]. The linearized Landau operator implemented in ORB5
for self-collisions, described in detail in Chapter 5 and Ref. [16], accounts for pitch angle and
energy diffusion, and thanks to its approximated background reaction term ensures all the
essential conservation and symmetry properties. In this respect it is clearly more realistic than
the simpler pitch angle scattering operator (Lorentz approximation). A pitch angle scattering
operator for electron-ion collisions, acting only through random kicks on the markers’ pitch
angle variable, is also implemented in ORB5 and described in full detail in Chapter 5 and
Ref. [16]. Such an operator is clearly relevant for simulating the collisions of electrons on ions,
due to the large mass ratio m;/m. between the two species. Such a mass ratio argument clearly
does not apply for ion-ion collisions, which are thus different from electron-ion collisions, and
the use of a pitch angle scattering operator for ion-ion collisions may be questioned. Using a
Lorentz operator in order to account for self-collisions is equivalent to considering the linearized
Landau self-collision operator without the background reaction term C[d frar, fra] and without

the energy diffusion term, such that the simplified self-collision operator reads [see Eq. (5.41)]:

~ ViiK V)~
L3 frm = V()L% foum, (7.7)

VD(U)

C(6fru) = 5

where v = v /vy, L? = —3/9¢(1 — £2)0/9¢ and K (v) is given by Eq. (5.34).
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Considering the standard CYCLONE case with Ry/Lz, = 5.3, a turbulent run started from a
neoclassical equilibrium at very high collisionality vj ~ 0.71 is first studied. As expected, the
neoclassical equilibrium to which the system settles with the Lorentz operator (7.7) is different
from the equilibrium obtained with the full self-collision operator (5.39). The neoclassical
kinetic energy flux QQne, predicted by the Lorentz operator is for instance larger, by a factor
~ 2, than the neoclassical kinetic energy flux predicted by the Landau self-collision operator, as
shown in Figure 7.17 (a). Note that the neoclassical electric field is in some sense inconsistent
in the case of the Lorentz operator, since the Lorentz operator does not conserve parallel
momentum and thus leads to a neoclassical ion particle flux which is unphysical for self-collisions
[14]. The neoclassical electric field, which must ensure a vanishing ion particle flux in order to
satisfy the quasi-neutrality equation with adiabatic electrons, is thus distorted by the unphysical
particle flux driven by the Lorentz operator. However, the use of the Lorentz operator in
the frame of turbulence studies seems to be roughly justified. Despite evident neoclassical
discrepancies, the time-averaged turbulent kinetic energy flux at mid-radius r/a = 0.5 remains
comparable between the operators: (Qturb, Lorentz)time/ {Qturb, self-coll)time = 1.14. Considering the
statistical uncertainty of 15 % [19], this deviation is probably not significant. Figure 7.17 (b)
shows the evolution in time of the turbulent kinetic energy flux at mid-radius r/a = 0.5 for
both operators.
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Figure 7.17: For v§ ~ 0.71 (7; ~ 70[a/cs]) and Ry/Ly, = 5.3, (a) neoclassical kinetic energy flux profile due
to ion-ion collisions Qneo(s) and (b) time evolution of the turbulent kinetic energy flux Qturn
at mid-radius, predicted by both the Lorentz operator (grey dashed line) and the Landau self-
collision operator (black plain line). The Lorentz approximation is not accurate enough in order
to describe correctly the neoclassical transport due to self-collisions, while the time-averaged
level of turbulent transport is essentially identical using both collision operators.

In order to reduce the importance of the neoclassical transport compared to the turbulent
transport, the gradient Ry/ Lz, = 6.9 is then chosen, along with a weaker collisionality v = 0.14.
The simulation is carried out in this latter case without any neoclassical initialization phase.
Figure 7.18 shows the evolution in time of the turbulent heat diffusivity Xtun = Qun/n| VT,
averaged between r/a = 0.4 and r/a = 0.6, for both operators. The difference is obviously small,
at least in a time-average sense: (Xturb, Lorentz)time/ (Xturb, self-coll \time = 1.05. The discrepancy is
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probably again insignificant relative to the statistical error. The Lorentz approximation for ion-
ion collisions thus appears to make sense in the frame of collisional I'TG turbulence simulations,
at least for a moderate collisionality. Note that this conclusion is strongly related to the similar
damping of zonal flows provided by both the unphysical Lorentz operator for ion-ion collisions
and the proper ion self-collision operator, the pitch angle scattering process contained in both
operators being essentially responsible for zonal flow damping. The importance of collisional
zonal flow damping for ITG turbulence is thus once again emphasized. However, the Lorentz
approximation is obviously inappropriate for handling neoclassical transport of ions.

Xturb [XGB a/Ln]

—self-collision operator

--- Lorentz operator

0 500 1000 1500
tfalc]

Figure 7.18: For 1§ ~ 0.14 (1;; ~ 350[a/cs]) and Ry/Lt, = 6.9, time evolution of the turbulent heat diffusivity
Xturb averaged between r/a = 0.4 and r/a 0.6, predicted by both the Lorentz operator
(grey dashed line) and the Landau self-collision operator (black plain line). The time-averaged
turbulent transport levels using the different collision operators essentially agree.

7.6 Effects of the coarse-graining procedure

on I'TG turbulence

The simulations presented in this Chapter use the coarse-graining procedure, described in
Sec. 4.8, in order to control the numerical noise. As already mentioned, the size of the bins
needs to be chosen so as to be smaller than any length scale relevant to a correct estimation of
the turbulent transport levels. Considering the CYCLONE base case with Ry/Ly, = 6.9 and
taking ng X ng- X n, X ng Xng = 128 x 32 x 128 x 40 x 40 as the binning grid for half of the torus
(corresponding to a total of ~ 840-10° bins), we first consider a non-heated collisionless plasma
discretized with 100 - 10¢ markers. On average, each marker is thus expected to undergo an
effective coarse-graining procedure every 10 time steps, 10 corresponding roughly to the ratio
between the here considered number of bins and number of markers. Figure 7.19 (a) shows that
the coarse-graining procedure has no significant effect on the growth and non-linear saturation
of different I'TG modes, n = 10 and n = 44 corresponding respectively to kgpr; ~ 0.15 and
kopr; ~ 0.68. This result is in agreement with the purpose of the coarse-graining procedure,
i.e. to reduce numerical noise while not affecting scales relevant to turbulent transport. The
size of the binning is, as expected, very important: If the bins are too large, significant length
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scales of the turbulence are affected through the numerical damping of corresponding modes,
as illustrated in Figure 7.19 (a) for a number of bins reduced by a factor two in each direction.
Let us emphasize again that this noise-control method is fully compatible with the physics of
collisions as explained in Sec. 4.8 and Ref. [10]. As the self-induced zonal flows play an essential
role in the saturation of ITG turbulence, it is important to verify that their dynamics remains
unaffected by the coarse-graining procedure as well. As these flows involve large scales, they
are not expected to be directly affected by the potential damping of the binning process. They
may however be indirectly affected by the flow drive, coming from the shorter scale fluctuation
modes. This point is addressed in Figure 7.19 (b) for the same conditions as in Figure 7.19 (a),
showing how the radially averaged E x B shearing rate (|wpxp|), defined by Eqs. (7.5) and

(7.6), is clearly unaffected in a time-average sense by the coarse-graining procedure.
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Figure 7.19: (a) Evolution in time of the energy E(™) of two toroidal Fourier modes (n = 10 and n = 44), for
different coarse-graining parameters, in the linear phase and the early non-linear phase of the
simulation. An appropriate choice of the binning parameters for coarse-graining allows to preserve
the linear growth rate of the modes, while too large bins lead to an important non-physical energy
dissipation. (b) Time evolution of the radially averaged E x B shearing rate (Jwgxg|),» without
(plain line) and with (dashed line) coarse-graining: The coarse-graining procedure does not affect
the time-averaged E x B flow shearing rate, as desired.

Considering the appropriate binning mentioned above, the positive effect of the coarse-graining
is clearly illustrated in Figure 7.20, showing the signal /noise ratio for runs with either 90-10¢ or
180-10® markers, the heating operator being switched on. It has to be noticed from Figure 7.20
that the coarse-graining procedure is able to stabilize the signal/noise ratio. The simulations
for which the noise is not controlled by the coarse-graining method indeed present a decaying
signal /noise ratio in the time evolution, ultimately reaching a level below the threshold of
simulation relevance (~ 10). The described coarse-graining procedure thus allows to carry
out relevant studies of turbulence in the frame of the collisional § f PIC method over multiple
collision times.

Finally, note that the field-aligned coordinates are compatible with the gyrokinetic ordering
(small kjpr;) and are thus the natural choice for representing microturbulence. Considering
bins aligned along these coordinates enables to take the largest possible bins, essential for
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Figure 7.20: Time evolution of the signal-to-noise ratio considering the coarse-graining procedure either
switched off (plain lines) or on (dash-dotted lines), both for 90 - 106 and 180 - 10° markers.
The coarse-graining method is crucial in order to carry out simulations above the SNR threshold
of relevance (~ 10, dashed line).

ensuring that every marker meets sufficiently often at least one other marker in a same bin
at the same time step, while avoiding the coarse-graining procedure to smooth out essential
physical length scales. This is illustrated by the number of bins considered in configuration
space (128 x 32 x 128 for half of the torus) versus the number of grid points considered in
straight-field-line coordinates for the field solver (128 x 512 x 128 for half of the torus).

7.7 Effects of trapped electron kinetic response
on ITG turbulence

The main results of this Chapter were obtained, as already emphasized, considering an adiabatic
electron response. While this latter assumption is in general well justified for passing electrons
which can move freely along the magnetic field lines, it is not appropriate for trapped electron
dynamics. Actually, the proper kinetic treatment of trapped electrons provides different linear
ITG growth rates, as already shown in Figure 7.1. It turns out that in the I'TG regime, the
trapped electrons essentially do not respond to the related microinstabilities. An improved
reduced electron model for ITG turbulence would thus simply consist of only retaining the
adiabatic response of passing electrons and neglecting the response of trapped electrons. This
is achieved by weighting the adiabatic response of electrons by the passing fraction a, and is
equivalent to increasing the temperature ratio Z7,/T;, which is known to have a destabilizing
effect on I'TG modes as clearly reflected by Figure 7.1. Considering the CYCLONE case with
Ry/ Lz, = 6.9 and wide non-zero gradient profiles of type 3 (A 4 = 0.3a), a non-linear simulation
within the frame of the hybrid electron model exhibits a level of ion heat transport which is
much higher (by a factor ~ 4) than the one obtained with a fully adiabatic electron response,
as shown in Figure 7.21 (a). This latter result is consistent with Ref. [03]. A modification of the
radial electric field profile E,.(r/a) presented in Figure 7.21 (b) is also observed. As expected
in the ITG regime and confirmed in Figure 7.21 (a), the heat diffusivity related to trapped
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electrons x g, is much smaller than the ion heat diffusivity xg;. The trapped electrons are thus
in effect not fully non-responsive in the I'TG regime. Note that the coarse-graining procedure
is applied to all electron markers as well, considering the same numerical parameters as for the
ion coarse-graining.
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Figure 7.21: Effects of kinetic trapped electrons on ITG turbulence, for the CYCLONE case parameters, in
the quasi-stationary state of the simulation. (a) The ion heat diffusivity xg; is increased by the
kinetic response of trapped electrons. (b) Modifications of the radial electric field profile E, (r/a)
by kinetic trapped electron dynamics, leading to a weaker zonal flow shearing rate in a wide
radial region of the torus.

7.8 A simple predator-prey model for studying

zonal flow-turbulence interactions

In this Section, a simple non-linear local model is proposed, inspired by [ 17] and which analyzes
the interaction between turbulence (A) and zonal flows (Z), following a predator-prey approach:

% — —WZ+AZ—H(Z-2) (Z—2)/2, (7.8)
% C VA—AZ2—[AZ—H(Z - 7)) (Z - 2.))2), (7.9)

where H is the Heaviside function and Z. = 0.5 is a critical zonal flow level, set for instance by
a Kelvin-Helmoltz-type instability as described in Sec. 7.4.2. All the coefficients are normalized
to 1. ~ is the instability growth rate and v is the collisionality damping the zonal flows.
In the RHS of (7.8), the first term is the collisional damping, the second non-linear term is
the zonal flow drive from turbulence and the third term is the KH instability effect. In the
RHS of (7.9), the first term is the turbulence drive (from temperature gradient and magnetic
curvature and gradient) and the second term describes the zonal flow shearing effect, whose Z2
quadratic dependence comes from semi-empirical observations of imposed sheared E x B flow
effects [118]. The third and fourth terms reflect the total energy conservation in the energy
exchange between turbulence and zonal flows. This model is relevant in the sense that it can
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reproduce the standard picture of zonal flow-turbulence interaction.

Choosing an important drive for turbulence (v = 1), which would represent a temperature
gradient beyond the Dimits shift region, we note in Figure 7.22 (a) that going from a collisionless
to a collisional simulation (from v = 0 to v = 1) leads to a moderatly reduced zonal flow level
and a significantly increased turbulence within the frame of the proposed model. Increasing
the collisionality (from v = 1 to v = 2) increases again significantly the turbulence but does
not affect the stationary zonal flow level.

Considering a weak turbulence drive (7 = 0.2) in order to approach the Dimits shift region
conditions leads to vanishing turbulence in a collisionless case, as expected. In the collisional
case however, a bursting behaviour of turbulence and zonal flows through collision effects ap-
pears, as seen in Figure 7.22 (b). This bursting behaviour is well reproduced in ORB5 if the
temperature gradient profiles are sufficiently narrow, i.e. sufficiently close to a local system
situation, as shown in Sec. 7.4.3. Additionally, the bursting frequency is also increased by a
larger collisionality. The general conclusion obtained for v = 1 are still valid: Going from a
collisionless to a collisional simulation (from v = 0 to v = 0.2) leads to a reduced averaged zonal
flow level and a significantly increased turbulence. Increasing the collisionality (from v = 0.2 to
v = 0.4) increases again significantly the turbulence but does not affect the averaged zonal flow
level. The general conclusions presented in this Chapter relative to the effect of ion collisions on

ITG microturbulence can thus qualitatively be represented with a simple predator-prey model.
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Figure 7.22: Non-linear evolution of turbulence and zonal flows according to a simple predator-prey approach
modelling their mutual interactions, for (a) a strong turbulence drive (y = 1) and (b) a weak
turbulence drive (7 = 0.2). The conclusions of ORB5 gyrokinetic simulations are qualitatively
reproduced.

7.9 ITG simulations considering MHD equilibria

The previoulsy presented results in this Chapter were obtained considering the adhoc equilib-
rium described in Chapter 2. In this section, a true MHD equilibrium inspired by the DIII-D
tokamak and computed by the code CHEASE [32] is accounted for. The considered equilibrium
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is shaped, with a non-zero Shafranov shift, elongation and triangularity, and corresponds to
the equilibrium II described in Ref. [119]. Two different plasma sizes are studied, p* = 1/90
and p* = 1/180. The temperature and density profiles of type 1 are defined with respect to the
s coordinate, as described by Eq. (3.59) in Chapter 3, with sy = 0.6 and A = 0.3. Electrons
are treated adiabatically and the gradient values for both species are roughly based on the
CYCLONE case (T, = T;, k, = 0.8, ki = 2.5). The simulations start from a local Maxwellian
frar for the ion distribution function. The spectrum of linear growth rates of the ITG-type
microinstabilities is computed. The corresponding results presented in Figure 7.23 (a) show
values similar to growth rates provided by the adhoc equilibrium (see Figure 7.1). For the range
of wavelengths treated properly by the ORB5 solver, i.e. for kgpr; < 0.6, there is no significant
difference between p* = 1/90 and p* = 1/180 regarding the growth rate spectrum, except that
both spectra do not peak at the same poloidal wavenumber. Figure 7.23 (b) shows the poloidal
cross-section of the considered equilibrium for p* = 1/90, as well as the perturbed electrostatic
potential e¢/T, of the linear eigenmode n = 16.
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Figure 7.23: (a) Growth rate spectrum for the CYCLONE case gradients, considering adiabatic electrons
and a proper DIII-D MHD equilibrium solution of the Grad-Shafranov equation, with non-zero
elongation and triangularity. (b) Poloidal cross-section of the considered realistic DIII-D MHD
equilibrium and eigenmode structure of the electrostatic toroidal mode n = 16 (p* = 1/90).

Non-linear simulations are performed, considering the equilibrium II used for the linear analysis
as well as the equilibria III, IV and V detailed in Ref. [119], along with the previously described
profiles of type 1 for density and temperature. The considered equilibria are briefly character-
ized as follows: Equil. III is both Shafranov-shifted and elongated but with zero triangularity,
Equil. IV is circular and Shafranov-shifted, and Equil. V is circular with a zero Shafranov shift,
being thus close to the adhoc model used for most simulations presented in this thesis. Figure
7.24 shows the ion energy flux profile Q;(s), averaged between ¢ = 950[a/c;] and ¢t = 1050[a/c;],
for the two plasma sizes p* = 1/90 and p* = 1/180, considering the four mentioned equilibria.
The elongation parameter, which is non-zero for Equil. IT and III, appears to have a clear stabi-
lizing effect on ITG turbulence as predicted by Ref. [76], while the Shafranov shift, non-zero for
the circular equil. IV but zero for the circular equil. V, does not lead to significant modifications
of the ion energy flux. Note that both p* values provide similar ion energy fluxes for elongated
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equilibria, while ion energy fluxes in case of circular equilibria show a strong p* dependence (the

circular plasmas with p* = 1/90 exhibiting a larger ion energy flux in the considered units).

Figure 7.24: Ion energy flux profile Q;(s), averaged between t = 950[a/c;] and ¢t = 1050[a/c;], for the plasma
size (a) p* = 1/90 and (b) p* = 1/180. The different equilibria lead to significant differences in
the turbulent transport level.

7.10 Conclusions

The issue of ion-ion collision effects on electrostatic ITG turbulent transport has been stud-
ied thanks to robust collision algorithms implemented in the global gyrokinetic code ORB5.
Our turbulence simulations with collisions have been systematically started from a neoclassical
equilibrium. The so-obtained neoclassical transport level thus provides a reference for evalu-
ating the relative effects of collisions on turbulent transport. Through ORB5 simulations, the
issue of the possible interaction between neoclassical and turbulent transport physics has been
addressed: Strong collisional damping of turbulence-driven zonal E x B flows is observed, while
the shearing effect from neoclassical background E x B flows remains weak for the smooth den-
sity and temperature background profiles considered. As a result, a general increase in ion heat
transport due to collisions is observed in agreement with previous studies within the frame of the
adiabatic electron model [23]. The mechanisms leading to the mentioned increased transport
(neoclassical contributions and amplified turbulent contributions via interactions with colli-
sionaly damped zonal flows) have been emphasized and studied for different ion temperature
gradients Ry/ Ly, .

Conditions similar to Ref. [23] have been revisited in this Chapter. A more extensive scan in
ion collisionality v* and ion temperature gradient Ry/Ly, in particular enabled to provide a
more detailed characterization of the Dimits shift softening by collisions. The width of the
temperature gradient profile was varied as well in this Chapter. In most respects, results of
Ref. [23] are confirmed: (i) Above the Dimits shift region, the synergetic effect of collisions on
turbulence leads to an increased collisional turbulent transport with respect to the collisionless
situation [yit(r*) > xYWP(w* = 0) + x%°(v*)]. (i) Within the Dimits shift region, finite
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turbulent transport is established through collisions (Dimits shift softening). (iii) The bursting
behaviour described in [23] for ion temperature gradients in the Dimits shift region is reproduced
in the case of narrow temperature gradient profiles, enabling a coherent regime. However, for
wider gradient profiles a steadier regime is observed, which we have interpreted as resulting
from interactions between different radial regions of the basic bursting mechanism, happening
at different phases at different radii.

Both within and above the Dimits shift region for wide gradient profiles, a relatively steady
state of zonal flows and associated shearing rate wgy g is thus observed. Noteworthy is the fact
that the shearing rate level at finite collisionality (v* > 0) is only slightly reduced compared to
the collisionless situation (v* = 0). Moreover, this collisional shearing rate level appears to be
only weakly dependent on the finite collisionality considered. Above the Dimits shift region, a
detailed study has shown that the shearing rate level is limited by Kelvin-Helmoltz-type tertiary
instabilities affecting the zonal flows. It has also been shown that the instability threshold level
is only weakly dependent on the collisionality. At finite v*, the collisional damping of zonal
flows however requires increased drive from turbulence to reach this threshold, resulting in
increased turbulent transport levels. Within the Dimits shift region, zonal flow shearing rates
below the tertiary instability threshold are sufficiently strong to fully quench the turbulence
(less strongly driven than for gradients above the Dimits shift region) in the collisionless regime.
With finite collisionality, the averaged shearing rates are maintained close to the collisionless
levels thanks to a finite turbulence drive counter-acting the collisional damping, thus leading
to finite transport. When increasing collisionality, a balance is thus apparently maintained
between strengthened zonal flow damping and additional zonal flow drive from amplified tur-
bulence levels. This general conclusion has been confirmed by a simple predator-prey model
for representing the interactions between zonal flows and turbulence.

Both for neoclassical and turbulence simulations, the Lorentz approximation for self-collisions
was tested against the linearized Landau self-collision operator in ORB5, which accounts for
thermalization and ensures the local conservation of density, parallel momentum and kinetic
energy. While a physically accurate self-collision operator is required in order to correctly
estimate the neoclassical transport, the Lorentz approximation is sufficient for capturing the
essential features of the collisional turbulent transport in the ITG regime. However, the Lorentz
approximation is inappropriate for handling properly the ion neoclassical transport and thus
leads to inaccurate estimates of the total transport.

Numerical aspects have been addressed as well, such as the successful use of the background
switching scheme or the relevance of the coarse-graining approach for controlling the noise in
collisional ITG turbulence simulations. The kinetic treatment of trapped electrons has been
shown to enhance the ITG turbulence level through an increase of the effective ratio T./T;.
Finally, the ORB5 interface with the code CHEASE has been tested through linear and non-
linear simulations accounting for realistic MHD equilibria. A few insights into the effects of
plasma shaping on turbulence level have thus been given, in particular the stabilizing effect of
elongation.
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Chapter 8

Global gyrokinetic studies of
collisionless and collisional

Trapped-Electron-Modes (TEMs)

8.1 Introduction

The adiabatic electron model considered in Chapter 7, although very efficient from the practical
point of view of computer resources, is not always applicable since the adiabatic assumption
does not hold for trapped electrons nor for passing electrons located at low order mode rational
flux surfaces (i.e. where the safety factor is rational: ¢; = m/n, m and n being integers)
[120] [121] [122]. In particular, the adiabatic electron model does not allow to address the
electrostatic Trapped Electron Modes (TEMs) nor the electromagnetic instabilities. The hybrid
electron model, briefly explained in Chapter 3 and designed for studying electrostatic TEM
instabilities by providing a kinetic trapped electron response, was implemented quite early in
the development of the ORB5 code, but only a few collisionless results have been published
before this thesis work [60] [61] [51]. Note that the hybrid model has the main advantage of
allowing larger time steps for TEM simulations compared to fully kinetic electron simulations,
by a factor corresponding roughly to the ratio between the electron transit frequency wy. and the
electron bounce frequency wye: wie/wpe = 1/4/€, where € = 1/ Ry is the local inverse aspect ratio.
Moreover, the hybrid model prevents electrostatic shear Alfvén waves [31] from appearing and
thus relaxes the corresponding constraint on the time step (see Sec. 4.9.2). Note that thorough
and reliable TEM studies with a global gyrokinetic code, requiring the evolution of both kinetic
ions and electrons, are very challenging computationally due to the multiple time and length

scales involved in such multi-species simulations. As a consequence, very few global results
have been published so far, those related to ORB5 being found in Refs. [60] [37] [61] [51] [30].

One of the major questions regarding the physics of TEM microturbulence is the importance
of zonal flows in turbulence saturation mechanism. The answer to this question remains com-
plex and not fully understood. Non-linear global simulations of collisionless electrostatic TEM
turbulence at n. = VInT,/VInn, ~ 3.1 obtained by using ORB5 are described in Ref. [51], em-

phasizing a moderate role of zonal flows in the saturation mechanism of non-linear temperature-
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gradient-driven TEM instabilities, in agreement with flux-tube (local results) obtained using
the GENE code, see Ref. [27]. This latter result has recently been confirmed by other local
simulations, stating that zonal flows only have an important saturation effect at n, < 1 [29].
Recent global simulations tend to show that zonal flows may constitute an important saturation
mechanism in the case T, = T; [123]. The importance of the parameter range in determining the
efficiency of turbulence saturation by the zonal flow shearing has been pointed out in Ref. [124]

2 1, an alternative TEM saturation mechanism through perpendicular particle

~

as well. For 7,
diffusion is proposed in Ref. [28]. Note that a nondiffusive component in the electron heat flux
due to TEM turbulence is obtained in Ref. [125].

In this Chapter, we at first address some important numerical issues related to the df PIC
algorithm applied to global collisional gyrokinetic TEM simulations. In particular, the relevance
of the different noise-control procedures available for a PIC code, both in collisionless and
collisional configurations, is discussed. Different physical cases are considered, featuring either
a pure TEM spectrum or a TEM-dominated spectrum. From a physical point of view, the role
of zonal flows in TEM simulations is studied, as well as collisional effects and finite-p*-effects
on TEM turbulence.

8.2 ORB5 simulations of TEM instabilities:

model and physical cases

The standard CYCLONE case features dominant ITG modes at low kgpr; < 1 and dominant
TEM modes at higher kgpr; = 1. This physical situation is a major impediment to CYCLONE
TEM studies with ORB5, since the quasi-neutrality solver assumes kgpr; < 1 (long wave-
length approximation, see Sec. 3.7.1). In order to study a typical temperature-driven Trapped-
Electron-Mode instability, we define a so-called TEM CYCLONE case, which is essentially
the CYCLONE case except for a weaker ion temperature gradient: Ro/Lp; = Ro/L, = 2.2,
Ry/Lr. = 6.9. Here, L, and Ly are the characteristic lengths of the density and temperature
gradients respectively. A smaller case, called the TEM TCV case, is inspired by the parame-
ters of the tokamak a configuration variable (TCV) [126]. The TEM TCV case considers the
same temperature, density and safety factor profiles as the TEM CYCLONE case and keeps
the same normalized gradients a/L,, = a/Ly, ~ 0.789 and a/Ly, ~ 2.484 from the TEM CY-
CLONE case, while Ry = 0.88[m], a = 0.25[m|, By = 1.43[T] and p* = 1/80. Deuterium is
chosen as the ion species for both cases. Choosing the parameters of either the TEM CY-
CLONE case or the TEM TCV case leads to dominant TEM instabilities even at low kgpr;.
Considering some TCV-relevant temperature and density values (n ~ 10 — 2 - 10"[m ™3] and
T. ~ 1—2.5[keV]) provides a range of physical collisionality Ve; phys ~ 51072 — 5+ 107 %[vy;/al.
The same range of physical collisionality is obtained for the TEM CYCLONE case, considering
relevant DIII-D parameters (n ~ 210 — 3 - 10[m 2] and T, ~ 2 — 5[keV]). For both cases,
the conditions T; = T, (the standard temperature ratio considered unless otherwise specified)
as well as T; < T, are studied. The linear simulations for TEM instability studies are performed
with peaked temperature and density gradient profiles of type 2 (with A4 = 0.2 or 0.3), while
non-linear simulations usually consider wide temperature and density gradient profiles of type
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3 (see Sec. 3.9). An adhoc equilibrium is considered. For linear simulations with electron col-
lisions, 8 - 10° and 3 - 10° markers are typically used for ions and electrons respectively. In all
the non-linear simulations in the TEM regime, heat sources applied both to electron and ion
distribution functions maintain the turbulence drive and thus provide quasi-stationary states
of temperature-gradient-driven TEM turbulence.

Note that both TEM TCV and TEM CYCLONE cases do not exhibit a purely temperature-
gradient-driven TEM spectrum. Indeed, Electron-Temperature-Gradient (ETG) modes are
present at smaller poloidal wavelengths, kgpr; > 1, which are not resolved both due to the
assumption kgpr; < 1 of the ORB5 solver and the fact that passing electrons are forced to
respond adiabatically in the hybrid electron model used in ORB5, while ETG modes require
a kinetic representation for this group of particles. A physical case corresponding to a purely
temperature-gradient-driven TEM spectrum was found through a linear analysis carried out
with the GENE code, which shows that geometrical parameters of the CYCLONE case with
T, = 03T, Ry/L, = 1.0, Ry/Ly. = 4.75, and Ry/Ly; = 3.0 lead to the so-called pure
temperature-gradient-driven TEM case, i.e. a case with no ETG modes and very weak ITG

modes.

Table TEM CASES. Different cases considered for TEM simulations.
Case |a/Ry p*  a/L, a/Ly, a/Ly, T,/T.

TEM CYCLONE 0.36  1/180 0.789 0.789 2484 <1
small TEM CYCLONE | 0.36 1/60 0.789 0.789 2484 <1
TEM TCV 028 1/80 0.789 0.789 2484 <1

pure TEM 0.36 1/180 0.36 1.08 1.71 0.3

In ORB5, the electrons may be treated in the frame of a fully drift-kinetic model, the electron
FLR effects being neglected according to the scaling pr./pr; ~ \/W With the aim of
simulating electrostatic TEMs, a hybrid model detailed in Ref. [51] and briefly reminded in
Chapter 3 has been developed, considering the passing electrons as adiabatic and the trapped
electrons as drift-kinetic. As already mentioned, the hybrid model allows a larger time step
compared to the fully drift-kinetic electron model, since the bounce motion of trapped electrons
is slower, by a factor /€, than the transit motion of passing electrons. Except for the results
of Sec. 8.6 where fully kinetic electrons are used, all other results discussed in this Chapter are
obtained within the frame of the hybrid electron model.

In order to further facilitate the numerical simulations of TEM instabilities, which are very
demanding regarding the required computer resources, artificially heavy electrons are consid-
ered, m. = m,/100 instead of the physical mass ratio m. = m,/1836, where m,, is the proton
mass. Considering Deuterium as the ion species leads to m;/m. = 200. Heavy electrons are
slower than real electrons and thus allow a larger time step. Note that using heavy electrons
should be relevant as long as |w/wp| < 1, where w is a characteristic TEM frequency of the
considered system and wy. = \/m /qsRo is an averaged electron bounce frequency. The
relevance of heavy electrons for TEM studies is in fact related to the essentially ion time scale
of TEM instabilities (w ~ wvy;/a). A bounce-averaged model for electrons is thus appropriate
in this context and turns out to be electron mass independent if the FOW effects are neglected
(see Sec. 2.5.2).
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The time step chosen for TEM simulations performed using the hybrid model is typically
At ~ 2-1072[a/cs]. In the frame of the hybrid model, a mass ratio m;/m. = 200 is sufficiently
large in order to provide nearly converged values for the linear frequencies and growth rates.
Figure 8.1 shows the collisional linear growth rate v of the mode kypr; = 0.35 as a function
of m;/me, considering the TEM TCV case parameters, for both cases where the collision fre-
quency v,; [Eq. (5.56)] is fixed or the v¥ parameter [Eq. (3.58)] is fixed. The electron-ion and
electron-electron collisions are taken into account. The electron mass, if chosen reasonably small
compared to the ion mass (m;/m. 2 200), has little effect on the growth rate if the collisionality
Vei is fixed (here at vea/vy,; = 6.5 - 1073). Note that this result is consistent with collisionless
TEM results presented in Refs. [27] and [37]. Imposing a fixed v} parameter leads however to
an actual collision frequency v,; which varies with the electron mass, providing variations of the
linear growth rate with m;/m. as shown in Figure 8.1. As a consequence, using heavy electrons
does not allow to study neoclassical and turbulent transport at the same time. Considering
indeed a fixed physical collision frequency, as required in order to estimate correctly the level
of turbulence, and varying the electron mass lead automatically to the variation of the v} pa-
rameter, through the mass dependence of the electron bounce frequency wy. ~ 1/,/m.. The
level of neoclassical transport thus depends on the electron mass through the v parameter,
leading to unphysical neoclassical fluxes from heavy electrons if the physical electron collision
frequency is considered.
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Figure 8.1: TEM instability, TEM TCV parameters. Effect of the artificial electron mass m. on the linear
growth rate of the mode kgpr; = 0.35, for both cases where ve;a/vy; = 6.5 - 1073 is fixed and
vi=23-10"2 is fixed.

Note that the hybrid model should provide similar growth rates as the fully kinetic electron
model for TEM instabilities if the physical electron mass is considered, as checked in Figure 8.2,
which shows the electron mass dependence of a typical TEM growth rate (kgpr; ~ 0.6), for both
the fully kinetic electron model and the hybrid model. The physical parameters corresponding
to Figure 8.2 are p* = 1/60, a/Lr; = 0 and a/Ly. = 2.5 (the complete set of physical and
numerical parameters can be found in Ref. [37], Sec. 4.1.1). Note that using heavy electrons
appears to be physically valid for studying TEM microturbulence only within the frame of the
hybrid model. A fully kinetic electron simulation apparently needs a physical electron/ion mass
ratio in order to provide accurate results, at least for the considered case (small plasma).
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Figure 8.2: Electron mass dependence of a typical linear TEM growth rate (kgpr; ~ 0.6, p* = 1/60, a/Ly; =
0,a/Lt. = 2.5). Using the hybrid model with heavy electrons allows to obtain physically relevant
results regarding the TEM regime.

As a consequence of the use of heavy electrons, contrary to the ITG simulations presented in
Chapter 7, the TEM turbulence simulations do not take into account neoclassical transport and
therefore do not start from a neoclassical equilibrium. The backgrounds fy are chosen as local
Maxwellian distributions for both species, and the term which drives the neoclassical transport
in the kinetic equation, (vyp + v.) - V frar, is artificially suppressed for both species. For the
practical purpose of reducing the number of markers, the ions are considered collisionless in
the frame of the TEM turbulence simulations. Collisionless ions in TEM simulations appear to
make sense since v; /v, ~ \/m Both species start the simulation from a local Maxwellian
distribution, slightly perturbed for ions (f.(t = 0) = frae, fi(t =0) = frai +9f:).

8.3 Importance of background reaction term

Ceeld frre, frare] and associated binning

In addition to electron-ion collisions, accounting for electron-electron collisions requires a back-
ground reaction operator Cee [0 fLare, frae), as explained in Chapter 5. The practical implemen-
tation of the background reaction operator involves a binning in configuration space, described
in Sec. 5.10.3. In principle, the size of the field-aligned binning grid should resolve the charac-
teristic length scales of the fluctuating fields along the different spatial directions, in order to
avoid the numerical damping of any length scale of interest. In practice however, the size of the
binning grid for the background reaction term of the electron-electron collision operator appears
to have a marginal influence on the linear growth rate of TEM instabilities. Considering indeed
a TEM TCV case with kgpr; = 0.42 and vea/vg; = 5 - 1073 (electron-ion + electron-electron
collisions), the linear growth rate of the TEM ~ does not vary significantly with the binning
grid size, as shown in Table BINS. This latter quasi-invariance reflects the fact that the linear
growth rate of a TEM instability depends mainly on the electron detrapping process driven by
the electron-ion collisions and the pitch angle scattering part of the electron-electron collisions,
not on the background reaction part which is the only term involving the binning procedure. It
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reflects the fact that the background reaction term of the collision operator Cee[d frare, frase]

is probably not strongly significant regarding collisional TEM turbulence simulations.

Table BINS. TEM TCV case, linear growth rate, kgppr; = 0.42, vea/vip; =5 - 1073,
Mg X Ng= X N | 8X 32X 4 16 x 64 x8 32x128 x8 64 x 256 x 32
Y[Vini ) Ln] 0.156 0.154 0.154 0.155

8.4 Linear simulations: Convergence with the number

of markers

According to the conclusion reached in Sec. 8.3 and considering the same physical case, a coarse
binning grid n, x ng- X n, = 16 X 64 x 8 is chosen in order to vary the number of electron markers
down to 10% in linear simulations, a level which still fullfills the requirement of ~ 10—20 markers
per bin in configuration space. Figure 8.3 shows how the linear growth rate is well converged
already for 10° electron markers. Note that non-linear simulations require many more markers
as explained in Sec. 4.9.1.

04ro
0.35"
03t O
— 025
{4
<
£ 02
= (o]
=015t 0 O (o) o o
0.1
0.05"
% 0.5 1 2 3

markers 6

x10

Figure 8.3: TEM TCV case, linear growth rate of the mode kgpr; = 0.42. Convergence with the number of
electron markers, ve;a /v = 5 - 1075,

8.5 Different contributions to the TEM instabilities

The contributions from the different dynamics of the different species to the growth of a mi-
croinstability are identified through the dot product between the current carried by a given
species

Jspecies and the electric field E, related as follows to the growth rate associated to a

given specles Yspecies:

. 3
o - _\/“]species'}:‘)da7
species — )
2Ffec1a

(8.1)

where Fgoq is the field energy. Considering a collisionless TEM CYCLONE case with
kopr; = 0.4, Figure 8.4 shows both the ion and electron contributions to the associated linear
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TEM instability growth rate. The ions do not provide any significant contribution, since the
stabilizing ion parallel dynamics balances the destabilizing ion drift motion, consistent with
the TEM nature of the instability. In the frame of the electron hybrid model used for this
study, the trapped electron parallel dynamics does not bring any contribution either, trapped
electrons changing periodically the sign of their parallel velocity, while the adiabatic passing
electrons do not provide any contribution to the current. The main contribution to the growth
of the mode thus comes from the electron VB drift and curvature drift. Note that the VB drift
~ v? is dominant compared to the curvature drift ~ vﬁ, consistent with the typical velocity
ratio v /v > 1 of trapped particles.
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Figure 8.4: Contributions from different ion and electron dynamics to the linear growth rate of a TEM in-
stability. TEM CYCLONE parameters, kgpr; = 0.4. (a) The ions do not provide any significant
contribution to the growth of a Trapped-Electron-Mode. (b) The electron VB and curvature drifts
combined to trapped electron dynamics in the presence of pressure gradients are the main driving
mechanisms for a Trapped-Electron-Mode instability.

8.6 ORB5-GENE linear TEM benchmark

Considering the TEM CYCLONE case with T; = T, and the peaked gradient profiles of type 2
for density and temperature, as described by Eq. (3.60) with A4 = 0.3a, a global collisionless
linear benchmark in the TEM regime is performed against the global version of the Eulerian-
based gyrokinetic code GENE [10]. Contrary to the other results and simulations presented
in this Chapter, fully kinetic electrons of mass m;/m. = 400 are considered in this Section.
In the electrostatic approximation, fully kinetic electrons may destabilize electrostatic shear
Alfvén modes and thus require small time steps for proper TEM simulations with particles, as
explained in Ref. [31]. The required time step scales with At ~ ky according to Eq. (4.64) and
thus needs to be even smaller for simulations considering long poloidal wavelengths. ORB5 uses
time steps in the range At ~5-107* — 5-1073[a/c,] for the considered TEM CYCLONE case
with fully kinetic electrons. Due to the above-mentioned numerical challenges, the simulation
for the lowest considered value kyps = 0.125 has in fact been performed in the case of ORB5
within the frame of the hybrid model. Figure 8.5 shows the benchmark results for both the
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growth rate spectrum and the real frequency spectrum. Note the very good agreement at long
2 0.5 can probably

~Y

wavelengths (kgps < 0.5) between both codes. Discrepancies at larger kqps
be attributed to the long wavelength approximation assumed by the ORB5 field solver. In
addition, local (flux-tube) results obtained with GENE are shown in Figure 8.5. Only a very
small difference is observed in the linear growth rates and real frequencies between local and
global simulations. The weakness of finite-p*-effects in linear temperature-gradient-driven TEM

simulations is confirmed by ORB5 simulations presented in Sec. 8.8.
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Figure 8.5: TEM CYCLONE case, T, = T;. Global simulations for p* = 1/180 and fully kinetic electrons
(except kgps = 0.125 for ORB5 where hybrid electrons are considered). Linear benchmark in
TEM regime between ORB5 and GENE, providing a good agreement regarding (a) the linear
growth rate spectrum and (b) the real frequency spectrum for kgps < 0.5. Discrepancies at larger
kops 2 0.5 come from the long wavelength approximation assumed by the ORB5 field solver. For
comparison, local (flux-tube) simulations obtained with GENE are also shown.

8.7 Comparison of noise-control methods

In view of carrying out collisional, non-linear simulations it is essential to address the issue
of numerical noise. In this Section, a comparison of collisionless TEM simulations using dif-
ferent noise-control methods for electrons, either the Krook operator or the coarse-graining
as explained in Chapter 4, is performed within the frame of the hybrid model. The choice
of the coefficient v for the Krook operator, which needs to be smaller than the maximum
linear growth rate of the spectrum corresponding to the considered physical system, is natu-
rally important, as well as the coarse-graining parameters. Note that, for a so far unknown
reason, TEM simulations require a coarse-graining procedure applied to electrons at each time
step in order to maintain a stationary transport level (while applying the coarse-graining every
10th time step is sufficient for ITG turbulence with adiabatic electrons [26]). At each time
step, the electron w-weight is thus set to the average bin value, while the p-weight is unaf-
fected. Moreover, a higher grid resolution in configuration space appears to be required for
the coarse-graining binning in TEM simulations. As a consequence, a small plasma is easier
to handle for the comparison between the Krook operator and the coarse-graining, due to the
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fact that a higher grid resolution in configuration space can be afforded. A reduced TEM
CYCLONE case is thus chosen, considering T; = T./3 and p* = 1/60. Non-linear simulations
are performed, using either the Krook operator or the coarse-graining procedure, for different
numerical parameters as presented in Figure 8.6 (a) showing the electron energy diffusivity
xE averaged between r/a = 0.2 and r/a = 0.8. Within the statistical uncertainty range in-
herent to non-linear simulations, a good agreement related to turbulent transport is obtained
between the two noise-control methods. However, as shown in Figure 8.6 (b) presenting the
energy spectrum, the turbulent modes are more damped by the coarse-graining procedure in
the range of shorter wavelengths (n ~ 20 corresponding to kgps ~ 1). Due to the limited role of
short wavelength modes in the turbulent transport, the electron diffusivity is only marginally
affected by the choice of the noise-control method, as already emphasized. Note however that,

as already mentioned, the Krook operator is inappropriate for collisional simulations.
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Figure 8.6: Small TEM CYCLONE case, T; = T./3, p* = 1/60. (a) Electron energy diffusivity xZ aver-
aged between r/a = 0.2 and r/a = 0.8 compared for different noise-control methods, both Krook
operator and coarse-graining (cg), and different numerical parameters. (b) Toroidal mode en-
ergy spectrum E(™) averaged between t = 800[a/cs] and t = 1050[a/c,]. Differences at short
wavelengths are observed between the coarse-graining procedure and the Krook operator.

8.8 Linear and non-linear p* effects in TEM regime

The plasma finite-size-effects on the turbulence level, appearing through the p* = p,/a parame-
ter in global simulations, turn out to be important both in linear and non-linear ITG regimes, as
discussed e.g. in Refs. [127], [128], [10] and [58]. Global simulations are found to provide lower
linear growth rates and turbulent diffusivities than simulations performed in the local flux-tube
limit (p* — 0). As an illustration, let us quote results from the standard ITG-dominated
CYCLONE case (p* = 1/180, T; = T., R/Ly, = R/Ly, = 6.9, R/L, = 2.2). ORB5 CY-
CLONE simulations with adiabatic electrons provide a maximum linear growth rate ¥,,..(p* =
1/180) ~ 0.12[vypi/ Ly), while the same simulations considering p* = 1/60 give a significantly
reduced maximum linear growth rate v,,q.(p* = 1/60) ~ 0.07[vpi/ Ly] >~ 0.58%max(p* = 1/180).
The situation in the TEM regime is however different. Figure 8.7 (a) shows the kp-spectrum
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of the collisionless TEM growth rate v, for the TEM CYCLONE case (p* = 1/180), the TEM
TCV case (p* = 1/80) and a small TEM CYCLONE case (p* = 1/60), considering T, = T;
and the hybrid model for electrons. Peaked gradient profiles of type 2 described by Eq. (3.60)
with A4 = 0.2a are used here. Although the plasma size is different for each case, the linear

growth rates appear to be only slightly reduced in a smaller plasma. This observation can
be explained by the radial extension scaling of linear TEM modes. While the radial exten-
sion of ITG modes Arrrg scales as Arjrg/ps ~ 1/3/p* or Arprg/a ~ /p* [129] [130] [7],
we observe that the radial extension of TEM modes Arrpy scales as Arpga/ps ~ 1/p* or
Arpgar/a ~ constant. For the mode kgps = 0.3 corresponding to the TEM CYCLONE case,
the radial extension Arpgy/a ~ 0.2 is found for all the p* values considered. The TEM modes
are thus more radially localized in a small plasma, as illustrated in Figure 8.8, leading to weaker
profile shearing effects [131] due to finite plasma size and hence to a weaker reduction of growth
rates compared to the ITG case. In addition, results of collisional linear simulations, account-
ing for both electron-ion and electron-electron collisions with collisionality ve;a/vig; =5 - 1073,
are shown in Figure 8.7 (b) and provide the same trend as the collisionless case regarding the
plasma finite-size-effects, i.e. weak p* effects. Consistently with results obtained in Sec. 8.11,
the linear growth rates are reduced by collisions through the electron detrapping process, re-
gardless of the considered wavelength or plasma size. Note that, as mentioned in Sec. 8.2,
different temperature and density profile shapes are used for linear and non-linear simulations,
which could provide different sensitivities to finite-p*-effects. In order to address this issue and
further pursue the study of finite-p*-effects in linear TEM simulations, the TEM CYCLONE
case is again considered, this time with 7; = T, /3 and using the wide gradient temperature and
density profiles of type 3 as given by Eq. (3.61), the same profiles as for non-linear simulations.
The growth rate of the mode kypps = 0.5 is found to be vy(p* = 1/180) ~ 0.27[cs/L,]. The
same simulation is repeated for p* = 1/60, i.e. corresponding to a small TEM CYCLONE case.
The obtained growth rate, v(p* = 1/60) ~ 0.24[cs/L,], is only marginally reduced (~ 10%)
with respect to the TEM CYCLONE growth rate, which confirms the weak p* effects in linear
temperature-gradient-driven TEM simulations.

Considering again the TEM CYCLONE case, the TEM TCV case and a small TEM CYCLONE
case (p* = 1/60), non-linear collisionless simulations of turbulence using the hybrid electron
model are performed for T; = T,./2 (the chosen temperature ratio aiming at stabilizing the
ETG modes), and using the Krook operator in order to control the numerical noise (v, ~
0.03[cs/a]). The turbulence energy spectra, averaged between ¢ = 1000[a/c,] and ¢ = 1100[a/c;],
are similarly shaped but exhibit a turbulence level depending on the plasma size, as shown in
Figure 8.9 (a). The electron energy diffusivity xZ in gyro-Bohm units, averaged between
t = 800[a/cs] and t = 950[a/cs], is much larger for the largest plasma case, i.e. the TEM
CYCLONE case, as presented in Figure 8.9 (b). The TEM-related turbulent electron transport
reduction through finite-p*-effects is thus of the same order as observed for ion transport in
the ITG regime, i.e. a reduction of corresponding diffusivities by a factor ~ 4 when going from
p* = 1/180 to p* = 1/80 (see also Figure 1 of Ref. [58]). As shown in Figure 8.9 (b), going
from p* = 1/180 to p* = 1/60 reduces the electron energy diffusivity of the TEM CYCLONE
case by a factor ~ 10 in Gyro-Bohm units. Contrary to the linear p* effects, the non-linear p*
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Figure 8.7: ky-spectrum of the linear growth rate v, for the TEM CYCLONE case (p* = 1/180) and the TEM
TCV case (p* = 1/80) with T, = T;, considering (a) a collisionless case and (b) a collisional case.
Additional collisionless results related to a small TEM CYCLONE case (p* = 1/60, T, = T;) are
shown as well. The influence of plasma size (through p* effects) on TEM linear growth rates turns
out to be small, both for the collisionless and the collisional situations. As expected, electron
collisions tend to reduce the linear growth rate at each value of kgpp;.
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Figure 8.8: Linear structure of the mode kgps = 0.3, in the poloidal plane, for (a) an ITG-dominated regime
and (b) a TEM-dominated regime in a small plasma (p* = 1/60) considering T, = T;. TEM
instabilities are more radially localized than ITG instabilities.

effects thus appear to be important in the TEM regime, in agreement with Ref. [125].

8.9 Effects of axisymmetric modes on temperature-
gradient-driven TEM turbulence
The axisymmetric electric fields, corresponding to the toroidal Fourier mode n = 0, and as-

sociated zonal flows are a well-established mechanism for ITG turbulence saturation [17] [20].
In the TEM regime, the effects of zonal flows on the saturation mechanism turn out to be
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Figure 8.9: (a) Turbulence energy spectra averaged between ¢ = 1000[a/cs] and ¢ = 1100[a/c,] and (b) electron
energy diffusivity profile x(r) averaged between ¢ = 800[a/c,] and t = 950[a/c,], for the TEM
CYCLONE case (p* = 1/180), the TEM TCV case (p* = 1/80) and a small TEM CYCLONE case
(p* = 1/60), considering T; = T./2. Important non-linear finite-p*-effects regarding the electron
energy transport are observed, the diffusivity in Gyro-Bohm units being significantly reduced in
smaller plasmas (similarly to the ITG regime behaviour).

less obvious. Refs. [27] and [29] claim that zonal flows do not contribute significantly to the
TEM saturation mechanism for 7, = VInT,/VInn, > 1, i.e. for mainly temperature-gradient-
driven TEM turbulence. This assertion is confirmed in Ref. [51], where only a limited role
of zonal flows in TEM turbulence simulations is observed for the TEM CYCLONE case with
both T; = T, and T; = T,/3. Here, additional confirmation regarding the latter conclusions
is provided through new collisionless simulations (within the frame of the hybrid model) of
the pure temperature-gradient-driven TEM turbulence case described in Sec. 8.2, for which
ne = 4.75. Figure 8.10 shows the electron energy diffusivity profile xZ(r) averaged between
t = 1000[a/cs] and t = 1800[a/cs|, for both cases where the toroidal Fourier mode n = 0 is
retained or not in the simulation. The transport level is clearly only marginally affected by the
presence of zonal flows, contrary to the transport level in I'TG regime which is largely reduced
in the presence of zonal flows. The Krook operator is used both for ions and electrons, with
Yk ~ 0.02[c,/a] significantly smaller than the maximum linear growth rate v,,q, ~ 0.07[cs/a] of
the most unstable TEM.

8.10 Varying the electron temperature gradient in TEM

regime

In this Section, a comparison between linear and non-linear electron temperature gradient scans
is performed, considering the collisionless TEM CYCLONE case with T; = 7. /2 along with the
wide gradient density and temperature profiles of type 3 [Eq. (3.61)]. The Krook operator is
used for controlling the numerical noise, both for electrons and ions. Note that the relaxation
rate 7y, does vary according to the maximum linear growth rate v,,q, of the considered system,
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Figure 8.10: Effects of axisymmetric Fourier modes (n = 0,m) on electron transport level in temperature-
gradient-driven TEM regime (pure TEM case described in Sec. 8.2). Electron energy diffusivity
profile x5 (r) averaged between ¢ = 1000(a/cs] and ¢t = 1800[a/cs]. Regarding the averaged
turbulent transport level, no clear effect of zonal flows is visible in the temperature-gradient-
driven TEM regime.

i.e. according to the electron temperature gradient.

In the I'TG regime, there is a well-established difference between the collisionless linear and non-
linear critical ion temperature gradients, the so-called Dimits shift [70]: Due to the shearing
effects of zonal flows, a temperature gradient which provides a linear unstable I'TG mode might
be unable to sustain a non-vanishing turbulent transport if the corresponding maximum linear
growth rate 7,4, is of the order of the averaged E x B shearing rate (Jwgxp|),. For a finite
turbulence level to persist, the ion temperature gradient should provide a maximum growth
rate Ymqe Which is clearly larger than the maximum possible zonal flow shearing rate, limited
by Kelvin-Helmoltz-like instabilities: Yinar > (|wessl)r [110] [26].

The situation in the temperature-gradient-driven TEM regime turns out to be different, as
shown in Figure 8.11 obtained with the TEM CYCLONE case parameters. Considering low
electron temperature gradients (a/Lz. < 1.5), which provide marginally unstable linear TEM
instabilities, a non-vanishing turbulent transport level is obtained in non-linear simulations.
Both the linear growth rates 7., and the non-linear turbulent diffusivities x5 appear to
scale linearly with the electron temperature gradient (the drive of turbulence) and to have
approximately the same critical gradient (a/Lz, ~ 1), contrary to the ITG regime where ion
temperature gradients in the so-called Dimits shift region give rise to linear instabilities but
cannot maintain a finite turbulent transport as a result of the shearing of turbulence by zonal
flows [17]. Note that a finite level of electron energy transport is found even for electron tem-
perature gradients at which ymax >~ (|wrxs|)r, contrary to the ITG regime situation (see Figure
7.12). This illustrates the limited effects of zonal flows on temperature-gradient-driven TEM
turbulence, as already discussed in Sec. 8.9.

A convergence check is performed for a particular case addressed in this section, i.e. considering
the electron temperature gradient a/L7, = 2.484. Increasing the electron marker number by a
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factor 2, i.e. considering 200 - 10° electron markers, and reducing the relaxation rate by a factor
2, i.e. conmsidering v, ~ 0.015[c,/al, provide an electron energy diffusivity of x%/xgp =~ 2.1,
averaged between r/a = 0.4 and r/a = 0.6. The latter value is within the typical uncertainty
range of 15% [19] regarding the diffusivity xZ/xep =~ 2.35, obtained with 100 - 10 electron
markers and 7, ~ 0.03[cs/a] and shown in Figure 8.11 (b). Note that the signal/noise ratio,
i.e. the energy of the nearly field-aligned Fourier modes divided by the energy of the unphysical,
non-field-aligned Fourier modes, is satisfactory for both simulations (above 50). The latter
result thus provides confidence as to the convergence of the presented TEM non-linear results.
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Figure 8.11: Electron temperature gradient a/Lr. dependence of (a) the maximum TEM linear growth rate
Ymaz and the radial average of the absolute value of the E x B shearing rate (|wgx p|)» (averaged
between 7/a = 0.4 and r/a = 0.6), and (b) the electron energy diffusivity x%, averaged between
r/a = 0.4 and r/a = 0.6 and over a time window of At ~ 300[a/c;], in the quasi-stationary
state of the simulation (¢ ~ 1000[a/cs]). Linear and non-linear critical temperature gradients are
obviously essentially identical (a/Lp, ~ 1).

8.11 Linear and non-linear collisional effects in TEM

regime

While ion collisions tend to non-linearly increase the ITG turbulence through zonal flow damp-
ing as developed in Chapter 7, electron collisions have a strong and mostly linear effect on
temperature-gradient-driven TEM instabilities, actually reducing the TEM drive through the
electron detrapping process they generate. The most obvious collisional effect is thus the re-
duction of TEM linear growth rates with increasing collisionality. The TEM TCV case is
chosen for illustrating this latter fact, considering the following modified gradients: a/Ly, = 0,
a/Ly, = 1.70, a/L,, = 0.85 which provide an essentially pure TEM regime. Figure 8.12 (a)
shows the dependence on electron collisionality v,; of the linear growth rate v corresponding
to the mode kypr; = 0.4, for different temperature ratios 7./7; and collision operators. As
expected, neglecting electron-electron collisions (Lorentz model) leads to a weaker collisional
growth rate reduction. Note that the collisional reduction of the growth rates is in accordance

page 162 Thibaut VERNAY, CRPP/EPFL



8.11. LINEAR AND NON-LINEAR COLLISIONAL EFFECTS IN TEM REGIME

with numerical results obtained in Ref. [132] using the flux-tube version of the gyrokinetic code
GEM. The collisionality v,; is normalized with respect to the real frequency of the mode at zero
collisionality w(ve; = 0), i.e. w(ve; = 0) =~ 0.54[vp; /a) for T; = T, /3 and w(ve; = 0) ~ 0.38[vy/al
for T; = T, /2. Note that w remains essentially unaffected by electron collisions.

A small TEM CYCLONE case, i.e. the TEM CYCLONE case described in Sec. 8.2 with p* =
1/60, is chosen in order to address the difference between linear and non-linear collisional
effects on temperature-gradient-driven TEM instabilities. The temperature ratio 7; = T,/3 is
considered. The collisional reduction of the maximum linear growth rate 7,4, (corresponding to
the mode kgpr; = 0.3) with increasing electron-ion collision frequency v; is shown in Figure 8.12
(b) and compared to the collisional damping of the quasi-stationary electron turbulent energy
flux @, averaged between r/a = 0.4 and r/a = 0.6. The reduction of non-linear turbulent
transport (compared to a collisionless case) turns out to be stronger than the reduction of
the linear growth rate and can thus not be explained by a simple mixing length argument
X ~ Ymax/{k? ). Note that the real frequency of the mode kgpr; = 0.3, w ~ 0.48]c,/L,,], remains
essentially unaffected by collisions, and that both electron-ion and electron-electron collisions
are accounted for. The non-linear runs for simulating collisional TEM turbulence presented
in Figure 8.12 (b) are actually very challenging due to the large number of markers which is
required (~ 600 - 10° electrons and ~ 200 - 10° ions) combined with the small time step related
to electron dynamics, leading to ~ 500’000 CPU hours consumed for each simulation.
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Figure 8.12: (a) Collisional damping of linear growth rates in TEM regime. TEM TCV case with a/Lz, = 0,
a/Ly, = 1.70, a/L, = 0.85, mode kgpr; = 0.4. The electron-ion collision frequency v,; is
normalized with respect to w, the collisionless real frequency of the considered mode kgpr; =
0.4. (b) Small TEM CYCLONE case, T; = T./3. Electron collisionality scan, both for the
quasi-stationary electron turbulent energy flux Q.;, averaged between r/a = 0.4 and r/a = 0.6,
and for the maximum linear growth rate 7,,4,. Electron collisions have a damping effect on
TEM instabilities both in linear and non-linear simulations, the damping of non-linear turbulent
transport (compared to a collisionless case) being however stronger than the damping of linear
growth rates.

Considering again the small TEM CYCLONE case with T; = T./3, Figure 8.13 shows the
turbulent component (in the poloidal plane) of the electrostatic potential, e(¢ — (¢)s)/Teo, at
t = 1000[a/cs] for the two collisionalities ve;a/cs(r/a = 0.5) = 7.5:107% and vea/cs(r/a = 0.5) =
4.5-1073. As expected, the averaged turbulence level is weaker for a stronger collisionality.
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Note that the collisionality dependence on density and temperature profiles is accounted for
in ORB5 simulations, leading in fact to stronger collisionality close to the plasma edge and
weaker collisionality close to the magnetic axis. The collisionality increase towards the edge is
explained by a weaker reduction of collisionality due to lower density (~ n) than the increase
of collisionality due to lower temperature (~ T, pld 2), as shown in Figure 8.14 which presents
the electron collision frequency profile v,;(r/a) corresponding to the TEM CYCLONE case.
Compared to the weakly collisional situation, the TEM turbulence in the case of stronger
collisionality is thus more reduced and even quenched when going towards the plasma edge as
illustrated in Figure 8.13.
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Figure 8.13: Small TEM CYCLONE case, T; = T,/3. Poloidal cross-section of the non-zonal component
of the electrostatic potential e(¢ — (¢)s)/Te0 at ¢ = 1000[a/cs] for the two collisionalities (a)
veia/cs(r/a = 0.5) = 7.5-107% and (b) ve;a/cs(r/a = 0.5) = 4.5-1073. The turbulence reduction

through electron collisions is clearly visible.
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Figure 8.14: TEM CYCLONE case, electron-ion collision frequency ve; ~ n/Té3 /% as a function of radius
r/a, normalized with respect to collision frequency at mid-radius r/a = 0.5. Collisionality is
significantly stronger close to the plasma edge than close to the magnetic axis.

In order to further study the effects of electron collisions on linear TEM instabilities and possibly
compare them with analytical estimates, additional results are shown in Figure 8.15 (a) which
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presents the growth rates of the TEM CYCLONE case for kgpr; = 0.3 and clearly demonstrates
the stabilizing effect of collisions, both for the Lorentz model (electron-ion collisions only)
and for the full linearized collision operator for electrons (electron-ion and electron-electron
collisions). Note that the growth rate reduction through electron collisions is qualitatively
consistent with Figure 8.12 (a), obtained for the TEM TCV case and different temperature
and density gradients. The analytical estimates in Figure 8.15 (a) are provided by a numerical
solution to the analytical collisionless dispersion relation derived in [34] (also based on a hybrid
model), along with the re-scaling described in Eq. (2.55) for low collisionality. The fully kinetic
electron model provides growth rates which are higher than those predicted by the hybrid model.
Consistently, a higher collisionality is required in order to stabilize the mode if trapped and
passing kinetic electrons are considered. The difference between the hybrid model and the fully
kinetic model arises partly because of the choice of heavy electrons (m;/m. = 200) for carrying
out the simulations both in the fully kinetic model and the hybrid model, the results of the fully
kinetic model being not fully converged with respect to the electron mass. According to Figures
8.12 (a) and 8.15 (a), one may conclude that a TEM instability can be significantly stabilized
by electron collisions for TCV and DIII-D plasmas of order vg; ~ 10™2vy,;/a. Note that electron
collisionality affects only marginally the real frequency of a Trapped-Electron-Mode, as shown in
Figure 8.15 (b) which presents for both collisionless and collisional situations the time evolution
of the TEM electrostatic potential ¢ at position (r/a = 0.5, = 0, = 0), the growing part e’
being subtracted. The considered mode is here kypr; = 0.4 and the associated real frequency
read from Figure 8.15 (b), w =~ 0.8 wy,, is as expected close to the diamagnetic density drift
frequency wye.
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Figure 8.15: TEM CYCLONE case, T; = T.. (a) Electron collisions have an important effect on the growth
rate of TEM instabilities. Analytical estimates are compared to ORB5 results, both for the
Lorentz model and the full linearized collision operator, kgpr; = 0.3. (b) Marginal influence of
collisionality (Lorentz model) on the real frequency w =~ 0.8 wye of a Trapped-Electron-Mode,
k‘gpLi =0.4.

Finally, the linear dependence of the TEM growth rates on the electron temperature gradient,
as established in Sec. 8.10 for a collisionless case, is shown to persist in the presence of elec-
tron collisions. For a collisionless TEM CYCLONE case, the critical gradient for kypr; = 0.3
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is Ro/Lre|ait =~ 3, as shown in Figure 8.16. In other words, the considered TEM instabil-
ity is suppressed if 7. = L,,/Lr, falls below ~ 1.4, the density gradient being kept constant
(Ro/L, = 2.2). For the collisionality v;a/vy; = 1.4 - 1072 the critical instability threshold
of the temperature gradient is raised up to Ry/Lre|ais =~ 5, clearly reflecting the stabilizing
effect of electron collisions on the TEMs, while the growth rate still increases linearly with the

electron temperature gradient (Figure 8.16).
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Figure 8.16: Electron collisions (electron-ion + electron-electron) raised the critical linear instability threshold
of the electron temperature gradient Ro/Lz,. In a collisionless model, stabilization occurs at
Ro/Lrelerit ~ 3 for the TEM CYCLONE case parameters and kgpr; = 0.3, while at vea/v; =
1.4-1072 and for the same mode kgpr; = 0.3, Ro/L7e|erit = 5.

8.12 Effects of electron collisions on zonal flows

As studied in Chapter 6 and demonstrated in [99], ion-ion collisions have a damping effect on
zonal flows. Here we numerically address the issue of electron collisional effects on zonal flows
(ion-ion collisions being neglected), considering the CYCLONE case geometrical parameters
with zero density and temperature gradients. The so-called Rosenbluth-Hinton test defined in
Sec. 6.6.1 is performed by initializing the simulation with a perturbed ion distribution function
of the form 8 frar; = 1073 cos(mr/a) frars. Figure 8.17 (a) shows that the residual of the radial
electric field E,.(t), averaged between r/a = 0.4 and r/a = 0.6, is essentially unmodified by
the fully kinetic and collisional electron response (compared to the adiabatic electron model
results). Figure 8.17 (b) reaches the same conclusion in the frame of the hybrid model with
electron collisions, i.e. the zonal flow levels appear to be unaffected by electron collisions.

8.13 Realistic simulation of microturbulence related to
the TCV shot # 45353

This Section presents collisionless simulation results obtained by considering the realistic mag-
netic equilibrium corresponding to the TCV shot # 45353 at 0.3 [s], just before the electron
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Figure 8.17: RH test considering collisional electrons, CYCLONE case geometrical parameters, no gradients.
Time evolution of the radial electric field E,.(t) in the presence of electron collisions, averaged
between r/a = 0.4 and r/a = 0.6, for (a) the fully kinetic electron model and (b) the hybrid
electron model. Both cases are compared with the adiabatic (collisionless) electron model results.
Electron collisions are found to have no influence on zonal flow levels, both for the fully kinetic
electron model and the hybrid electron model.

cyclotron resonance heating by the gyrotrons. The related experimental density and temper-
ature profiles, measured and/or reconstructed from different TCV diagnostics, are accounted
for as shown in Figure 8.18. The associated microturbulence being clearly TEM-dominated,
the hybrid model is chosen for describing the electron dynamics, in order to capture the TEM
instabilities. Note the corresponding p* = 1/81 at the reference surface sy = 0.6. Heat sources
and particle sources aim at maintaining the temperature and density gradients approximately
constant in a time-average sense, in order to obtain a quasi-stationary state of turbulence pro-
viding reliable levels of heat and particle transport. The particle diffusivity profiles D(s), both
for ions and electrons, are shown in Figure 8.19 (a), while the energy diffusivity profiles x¥(s),
again both for ions and electrons, are shown in Figure 8.19 (b). All the diffusivity profiles are
averaged between t = 800[a/cs] and ¢ = 1100[a/c;]. Figure 8.19 (a) shows the same particle
diffusivity profiles both for ions and electrons, reflecting the ambipolarity of the particle flux.
Figure 8.19 (b) shows a dominant electron energy diffusivity compared to the ion energy diffu-
sivity (by a factor ~ 2), consistent with the TEM-dominated nature of the turbulence regime
related to the mentioned TCV shot.

The poloidal cross-section of the perturbed, non-zonal electrostatic potential e(¢ — (¢)s)/Teo
(corresponding to the TCV shot # 45353) is presented in Figure 8.20, both in the linear phase of
the simulation (¢ ~ 40[a/c;]) and in the early non-linear phase of the simulation (¢ ~ 100[a/cs]).
The typical ballooning structure of microinstabilities is clearly visible on the low-field-side of
the torus in Figure 8.20 (a), while the typical microturbulence chaotic structure is presented in
Figure 8.20 (b).

Figure 8.21 (a) shows the time evolution of the E x B shearing rate profile wgyp(s)a/cs |as
defined by Eq. (7.5)], which exhibits GAM oscillations close to plasma edge with clear outward
propagation. Figure 8.21 (b) presents the E x B drift velocity profile vg«p(s) in the sound
speed unit, averaged between t = 800[a/c,] and ¢ = 1100[a/c;]. As expected, the drift velocity
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Figure 8.18: TCV shot # 45353 at 0.3[s]. (a) Electron temperature profile T, (s) measured by the Thomson
scattering diagnostics and estimated ion temperature profile T;(s). (b) Density profile n(s)
measured by the Thomson scattering diagnostics and safety factor profile gs(s) reconstructed
from magnetic measurements.
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Figure 8.19: Simulation of the TCV shot # 45353 (equilibrium at 0.3[s]). Both for ions and electrons and
averaged between ¢t = 800[a/c,] and t = 1100[a/c;], (a) particle diffusivity profiles D(s) and (b)
energy diffusivity profiles x¥(s). Ambipolarity is satisfied, while electron energy transport is
larger than ion energy transport, as expected in a TEM-dominated regime.

vgxp 18 larger in the radial region where the temperature and density gradients are maximum,
i.e. close to s ~ 0.8 (see Figure 8.18). Note that a good agreement with GAM experimental

measurements is obtained [133].

8.14 Conclusions

In this Chapter, results from global gyrokinetic simulations of temperature-gradient-driven
TEM turbulence performed with the code ORB5 are discussed. In order to validate the pre-
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Figure 8.20: Simulation of the TCV shot # 45353 (equilibrium at 0.3[s]). Poloidal cross-section of the per-

turbed, non-zonal electrostatic potential e(¢ — (¢)s)/Teo, both (a) in the linear phase of the
simulation (¢ ~ 40[a/c;]) and (b) in the early non-linear phase of the simulation (¢t ~ 100[a/c;]).
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Figure 8.21: Simulation of the TCV shot # 45353 (equilibrium at 0.3[s]). (a) Time evolution of the E x
B shearing rate profile wgxp(s)a/cs with GAM oscillations. (b) E x B drift velocity profile
vExB(8)/cs, averaged between t = 800[a/c;] and ¢ = 1100[a/cs].

sented results, convergence tests were first carried out. Two different methods for controlling
the numerical noise (inherent to the PIC approach) were successfully evaluated and compared
in TEM simulations. A linear benchmark in the TEM regime against the Eulerian gyroki-
netic code GENE is presented (accounting for a fully kinetic electron response), which shows a
good agreement between both codes at long wavelengths (kgps < 0.5). At shorter wavelengths

(kops ~ 1), a discrepancy between both codes arises, essentially due to the long wavelength
approximation in the quasi-neutrality equation solved by ORB5.
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While there is almost no effect of finite plasma size in the TEM linear regime, the effects of
finite plasma size on TEM instabilities turn out to be important in the TEM non-linear regime.
Note the difference compared to [TG-dominated cases, where the effects of finite plasma size
are important both in linear and non-linear regimes.

In the temperature-gradient-driven TEM regime, the zonal flows are shown to play no role in
turbulence saturation, at least in considered parameter range (7; < T., 7. > 1), confirming
previous studies [27] [29]. Accordingly, no Dimits shift region is observed in this regime, unlike
in the ITG regime which features a Dimits shift region as a consequence of the importance of
zonal flow shearing on associated turbulence saturation.

Electron collisions are found to reduce both the linear growth rates and the transport levels
related to TEM instabilities, through the collisional electron detrapping process. Note that,
oppositely, the ion collision effects on ITG turbulence are almost fully non-linear and lead to a
general increase in ITG turbulence level through zonal flow damping [23] [20].

Finally, a realistic global gyrokinetic simulation of a TCV tokamak shot, accounting for the ac-
tual experimental profiles and magnetic equilibrium and considering a trapped electron kinetic
response, has successfully been carried out and thus demonstrates the ability of the ORB5 code
to provide relevant predictions regarding the physics of real tokamaks.
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Chapter 9

Conclusions and outlook

Within the frame of research related to the tokamak device for controlling nuclear fusion on
Earth (magnetically confined plasma physics), the global gyrokinetic ORB5 code and the re-
lated physics of microturbulence the code can address have been presented in this thesis. In
a first stage, some basic tokamak concepts as well as a few insights into theoretical modelling
of microturbulence have been recalled for the sake of completeness. The history of the ORB5
development over many years has been briefly reviewed with a particular focus on the imple-
mentation of linearized collision operators, the main code development in the frame of this
work. The physical model upon which ORB5 is based, the gyrokinetic model, was then sum-
marized. The algorithms providing the code routines from both the collisionless and collisional
model equations have been detailed, including the noise-control procedures allowing to carry
out relevant turbulence simulations. The noise-control procedures are especially crucial in the
presence of collisions treated here with a Langevin approach which increase the numerical noise.
The collision operators have been thoroughly tested and first applied to neoclassical physics
studies. Careful benchmarks have been performed, comparing ORB5 results with both nu-
merical results from other codes and analytical models and thus allowing to validate the im-
plementation of the collision operators in the code. The rich topic of interactions between
collisions and electrostatic turbulence in tokamak plasmas has then been addressed, both in
Ion-Temperature-Gradient (ITG) and Trapped-Electron-Mode (TEM) regimes. The effects of
electron collisions have been found to act mostly linearly on TEM regime and decrease the
turbulence level through the electron detrapping process, while the effects of ion collisions in
ITG regime turned out to be essentially non-linear and increase the turbulence level through
interactions with zonal flows. The zonal flow dynamics in collisionless and collisional ITG tur-
bulence simulations has been studied, emphasizing the limitation of the zonal flow shearing
rate level due to Kelvin-Helmoltz-type instabilities.

Additionally, some collisionless results related to TEM turbulence have been presented. The
linear simulations in TEM regime have been validated through a successful benchmark against
the global GENE code. The zonal flows have been found to play a weak role in TEM turbulence
saturation, at least in the temperature-gradient-driven TEM regime, in agreement with previous
studies. In the TEM regime, the effects of the finite plasma size appeared to be weak in linear
simulations but strong in non-linear simulations, unlike the effects of the finite plasma size in
ITG regime which are important both in linear and non-linear simulations.
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For the first time, a realistic non-linear global gyrokinetic ORB5 simulation, accounting for
a proper magnetic equilibrium related to the TCV tokamak along with the corresponding
density and temperature profiles, has been successfully carried out including a kinetic response
of trapped electrons and has obtained a good agreement with GAM experimental measurements
[133]. The potential of ORB5 related to further studies of realistic tokamak shots has thus been
demonstrated.

The ORB5 code has proven belong to the state-of-the-art codes for studying microturbulence
in tokamak plasmas. As such, it is ready to address crucial topics of current research in theo-
retical core plasma physics, such as a better understanding of momentum transport or global
electromagnetic simulations requiring fully kinetic electron dynamics. Studies of turbulence in
a realistic ITER geometry have already started to provide results of interest regarding heat
transport levels in the future ITER tokamak [131]. This thesis work allows the future ORB5
users to include reliable collisional effects in different specific studies. Note that the electro-
magnetic solver of NEMORB, the new version of ORB5, remains to be modified in order to
be compatible with the 2-weight scheme before collisional electromagnetic studies can become
accessible. Moreover, non-linear benchmarks remain to be performed against other gyrokinetic
codes, both in electrostatic TEM and electromagnetic regimes with and without collisions. Ad-
ditionally, simulations accounting simultaneously for both electron and ion collisions remain to
be carried out in the different turbulence regimes.

The main current weakness of the ORB5 code is probably the long wavelength approximation
assumed by the quasi-neutrality field solver which prevents the code from studying properly
microturbulence at smaller wavelengths. A new integral solver [09] is definitely required in
order to further study the mixed I'TG-TEM regime, of clear relevance to realistic tokamak
experimental conditions [135].

Some work actually remains to be done regarding the collision operators which are (so far)
not multi-ion species. Although appropriate for the single-ion plasma simulations presented
in this work, the current collision operators will have to be upgraded for future simulations of
multi-ion plasmas [136], taking for instance plasma impurities such as Carbon into account.
Moreover, ion-electron collisions and associated drag need to be implemented for accurate
parallel dynamics. Full non-linear collision operators could in principle be considered as an
improvement to the current linearized operators, but the practical complexity of such non-linear
operators, for a questionable benefit regarding core tokamak physics, makes them unlikely to
be implemented soon in the code.

Ultimately, in order to increase the physical relevance of its transport predictions for a real
tokamak device, ORB5 should be coupled to a code describing accurately the edge of tokamak
plasmas. Standard gyrokinetic codes indeed rely on the core ordering on/n ~ ep/T < 1
which essentially breaks down close to the plasma edge. Strong gradients in edge transport
barriers also lead potentially to the breakdown of gyrokinetic theory. Edge plasma physics is
however crucial for modelling properly the behaviour of a future fusion reactor, especially in
high confinement regime (H-mode plasmas) where the associated pedestal cannot be accurately
modeled by ORB5 and the current gyrokinetic codes in general.
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Appendix A

Potential energy flux in turbulence

simulations

The generic term heat flux is often used in order to qualify the quantity which is strictly
the kinetic energy fluz. Actually, the proper heat flux, as defined in Eq. (3.66), should also
account for the potential energy flux [71] and the particle flux contributions. In the frame of
simulations with adiabatic electrons, the total ion particle flux does vanish in order to ensure
the ambipolarity condition, but the potential energy flux does not vanish in collisional runs.
Here one gives an estimate of the potential energy flux magnitude compared to the kinetic
energy flux magnitude, the only term usually retained in the heat flux computation. ORB5
simulations show that the net potential energy flux is due mainly to the neoclassical Maxwellian
contribution:

N 1 3 dw
ont ~ <|V—\I/| /d vq9 fo E 0>57 (A~1)

the two remaining contributions ~ q¢ § fdW/dt|y and ~ q¢ fodV/dt|pxp balancing each other.
It is recalled that d¥/dty = VV - (vyp + v.) and dV/dt|gxp = VU - ve.p. The potential
energy flux (A.1) is inward for the considered CYCLONE case parameters, and has thus a

balancing effect on the resulting outward kinetic energy flux. Considering a local Maxwellian
background fo = fra, it is possible to show, by analytically expliciting the integral on the
Right-Hand-Side of Eq. (A.1), that the potential energy flux arises from the poloidal variation
of the electrostatic potential:

F(P) (#1099 .,
ont ~ 27m0T0 S(\I/) /0 ﬁ@de s (AZ)

where S(¥) is the flux surface defined by:

2T
(W) = 2 / Juge |V U|d0", (A.3)
0

Jugrp, = 1/[(V¥ x V) - V| being the Jacobian function. Note that Qpor = 0 in simula-
tions retaining only the flux-surface-averaged electrostatic potential (¢ = (¢)g), according to
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Eq. (A.2).
It turns out that the magnitude of the total potential energy flux is small. For CYCLONE base

case simulations considering the temperature gradient Ry/Lz, = 6.9 and adiabatic electrons,
at r/a = 0.5 the scaling is empirically found to be a quarter of the neoclassical kinetic energy

flux, with opposite direction (pointing inwards):

Qpor ! (A4)

~ __ _
~

Qkin,neo 4 ‘

As an illustration of the ratio given by Eq. (A.4), Figure A.1 shows the time evolution of
the neoclassical kinetic energy flux Qyinneo and the potential energy flux Qpo respectively, at

mid-radius r/a = 0.5, for the collisionality 1§ = 0.45 and considering the CYCLONE case
parameters. It appears thus that the potential energy flux may be dropped in the heat flux
computation for turbulence simulations if turbulent transport is clearly dominant compared to
neoclassical transport. However, as stated in Chapter 6, the potential energy flux is a priori

important for computing the neoclassical heat diffusivity.
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Figure A.1: Time evolution of the neoclassical kinetic energy flux Qxinneo (blue) and the potential energy
flux Qpot (red) at mid-radius r/a=0.5, for CYCLONE case parameters (adiabatic electrons) and
vy = 0.45. The potential energy flux, pointing inwards, remains small compared to the total heat

flux (neoclassical + turbulent).
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Appendix B

A collisional 0 f PIC code for

unmagnetized plasmas

B.1 Description

Although the subject of the present work is essentially the use of collisional ¢ f Particle-In-
Cell (PIC) methods in the frame of gyrokinetic simulations in toroidal geometry, the same
numerical approach may be applied to much simpler physical systems for testing purposes.
BIRDIE, a collisional § f PIC code for unmagnetized homogeneous plasmas, has been written
from scratch, mainly for testing the collision algorithms. It features a kinetic description of
electrons in a one-dimensional, unmagnetized, homogeneous plasma of length L, assuming a
cold ion background. These characteristics allow it to study numerically the high frequency
electron plasma waves, also called Langmuir waves, accounting for realistic collision operators.
Langmuir waves typically have a real frequency w ~ wp., where w,. is the electron plasma

frequency defined as follows:

nee2

(B.1)

Wpe = .
The wavelength of a Langmuir wave is typically A = Ap., where Ap, is the electron Debye length
defined by Ape = Uthe/Wpe, Vthe = \/Le/me being the electron thermal velocity. Let f stand
for the total electron distribution function. Dropping the electron index, the Fokker-Planck
equation solved by BIRDIE is:

of of e of

ZJ N —E.ZL
+v v

ot tor m —Cl (B2)

where C' is a general collision operator and E the perturbed electric field. One introduces the
0 f decomposition f = fy; + 0 f, where f); is a Maxwellian:
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where temperature T = mv?, and density n are constant. Considering a Lorentz operator
for electron-ion collisions and a linearized Landau operator for electron-electron collisions, as
described in detail in Chapter 5, Eq. (B.2) reads in the § f formalism:

dfm

+va(0)L8f + Clfu, ) = —B- 22 = Cl6f, fu. (BA)

90 f aof e ad f

o T T mt oy
The velocity space is described by the two variables (v, ), where v is the norm of the velocity
and £ = v, /v is the pitch angle variable. A velocity space border vy.x = Tvy, is introduced.
Eq. (B.4) is solved by the ¢ f PIC method described in detail in Chapters 3 and 4. N numerical
particles, called markers, are introduced. To each marker r are associated two weights w, and
p, defined as in Chapter 4. They allow the discretization of the distribution functions J f and

fur by linking the numerical particle distribution to the physical particle distribution:

51 (2, v,1) = 3 wi(H)8(x — 2,(4)8(v — v,(1)), (B.5)

fu(@, v, t) = po(t)d(x — 2,(2)5(v — vi (1)), (B.6)

where J stands for the Dirac function. The marker distribution ¢ is initially chosen uniform in
configuration space and pitch angle space:
3N

max

Marker trajectories in phase space and weight evolutions, integrated in time according to a
second order scheme in At, are given here in normalized code units (Ape, Wpe, m, —€,n):

i—f = v, = V¢, (B.8)
i—: - Eéx+AZ;OH, (B.9)
W g 4 B, (B.10)
% = —pEv, (B.11)

where Av, accounts for the random motion in velocity space due to collisions, as explained in
detail in Sec. 5.9 for electron-ion collisions and Sec. 5.10.1 for electron-electron collisions. Awcon
corresponds to the background reaction algorithm described in Sec. 5.10.2. Egs. (B.8)-(B.11)
are coupled to the Poisson equation:

d2
da?

o(x,t) = e/éf(m,v,f,t)d?’v = —p(x), (B.12)

along with a periodic boundary condition ¢(0) = ¢(L). Eq. (B.12) is solved by making use of a
finite element method. In the frame of the § f PIC approach, the Poisson equation for electrons
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reads in normalized units:

d Zwr (x — x.(t)). (B.13)

A regular grid of size n,esn + 1 is introduced in configuration space and the potential is repre-
sented by a set of linear spline functions A;, as shown in Figure B.1:

Nmesh
= > ¢it)A(2). (B.14)
i=0
The Poisson equation becomes, making use of Eq. (B.14) in Eq. (B.13):

Nmesh

Z bi(t) de :—Zwr 6(z — x,(t)). (B.15)

In order to use the finite element method of Galerkin, the system is multiplied by a test function

—A, and is integrated over the whole space. It gives:

Uy d2A UL Lan,; dA,

= Sul) [ b= 0) @) (B.16)

since the boundary term vanishes due to the periodic boundary condition. Eq. (B.16) is a linear
system Y 7" Dy = R;, with:

D;; = /A;(x)A;»(x)dx, (B.17)
Rj = Zwr(t)‘/\j<xr(t))v (B18)

the notation ' standing for the z-derivative. The solvability condition fOL p(z)dz = —d¢/dz|§ =
0 = Z"’”“h R; = 0, along with the periodic boundary condition, allows to choose ¢g =
®n,.., = 0. The system is thus reduced to n,esn, — 1 unknown values ¢;,% = 1, ..., Nypesn — 1.

Building the charge density given by Eq. (B.18) is called the charge assignment. Let us write
Ax = L/npesn, the width of each bin. The left and right borders of the bin ¢ are the mesh
points ¢ — 1 and ¢ respectively. The marker r in the bin ¢ contributes to the elements R; and
R;_1, relatively to its position in the bin. Namely, the fraction |z,(t) — z;_1|/Ax of the marker
charge is assigned to the element R;, while the fraction |z,(t) — x;|/Ax of the marker charge
is assigned to the element R; ;. At the end of the charge assignment, the charge density has
been distributed over the splines.

Related to the LHS of the Poisson equation, the matrix D is symmetric and tri-diagonal, due
to the linear order of the splines: On each interval, two splines overlap each other. The matrix

Thibaut VERNAY, CRPP/EPFL page 177



CHAPTER B: A coLLISIONAL ¢f PIC CODE FOR UNMAGNETIZED PLASMAS

elements are explicitely computed as follows:

Ax 1 2Azx 1 2
D; = —d ——der = —, B.1
/0 Az? $+/AI A2 T Az (B.19)

Az
Diiy1 = Diy1i=Di1i=Dij1=— ; ﬁdx = —é- (B.20)
The other elements vanish. Note that the matrix D is time-independent and is thus built once
at the beginning of the simulation, unlike the charge assignment which is performed at each
time step. The described linear system is solved numerically in order to provide the potential
¢(x,t). The corresponding electric field E(z,t) = —d¢/dz = — > 7" ¢;(t)dA;/dz is used in
the Fokker-Planck equation (B.2).

Figure B.1: Illustration of the finite element method with linear splines. In BIRDIE, an equidistant mesh is
considered: h; = Az Vi.

B.2 Linear studies

B.2.1 Analytical considerations

In a linear regime, the collisionless term of order Jf2? is dropped out, giving the following
equation to solve:

a0 f a0 f -5 e Ofur

— F U + Ve (v) L7 Clfu,0fl =—E.-———=C|df, : B.21
In BIRDIE, it means practically to replace Eq. (B.9) and Eq. (B.11) by dv/dt = Avo/At
and dp/dt = 0 respectively. A study of the collisional linear damping rate of a Langmuir wave
is presented in this work. The mode kAp. = 0.3 is chosen, where k is the wavenumber of the
perturbation. The system size is chosen as L = 2x/k. The initial perturbation is loaded as
follows:

df(x,v,&,t =0) = acos(kx)fr(v), (B.22)
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where o« = dn/n < 1 is the perturbation parameter. A typical initial perturbation is shown
in Figure B.2 (a). The perturbation (B.22) is damped by Landau wave-particle interaction,
at a rate strongly affected by collisions. Although an analytical model for the damping rate
accounting for self-collisions does not exist, it is possible to derive analytical values of the
damping rate assuming a Lorentz model, i.e. neglecting self-collisions and retaining only the
pitch angle scattering of electrons off the ions. The perturbation § f is decomposed into a sum

of Legendre polynomials F;:

0f(z,0,6,t) =Y P(&a(v,t)e™ = 5 fi(v, & 1), (B.23)
l

where the Legendre polynomials are solutions of the following differential equation:

d 2 d —
e |a-egene©] + v vre o (B:21)

and are thus eigenfunctions of the Lorentz operator:
L*R(&) = 1(1 + 1) P(&). (B.25)

Moreover, the Legendre polynomials satisfy an important orthogonality property:

! 2
| ReoP©s = (B.26)

Using Eq. (B.23) in order to write the Fokker-Planck equation (B.21) in z-Fourier space and
neglecting self-collisions leads to:

90 f
ot

Ofur
ov

+ikvEs f — %Ek{’ = —u(v)L26 ;. (B.27)

The recurrence relation for the Legendre polynomials reads:
(I+1)Py = 2L+ 1)ER = 1Py, (B.28)

Combining Egs. (B.23) and (B.28) gives:

[+1 l
§0fr = E ] (—PZ+1 + —Pl—l) : (B.29)
l 20+1 20+1

Eq. (B.27) thus becomes, according to (B.29):

aéfk . l/“‘ 1 I € an 59
ot + ZkUlZCl/ (21, n 1Pl’+1 + —PZ’—I) — EEk Pi(§) —— = —v(v)L76 fi.
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fil d€P,/2 is applied to both sides of Eq. (B.30). It follows from the decomposition (B.23),
the orthogonality property (B.26) and the Lorentz operator applied to Legendre polynomials
(B.25):

1 %+@kv . l 1 Lo I+1 1 e Ofu __Vl(v)c
21+ 1 ot Tor—1or+1 M r320+1)  3m  Fov Mt 241
(B.31)
where v;(v) = v(v)l(l + 1). The following system is obtained:
dcy  ikv
— e Ty o § B.32
{ 0 ot + 3 C1 0 ( 3 )
Oc 2 0
=1 8_t1 + ikv (Co + 502) — —Ek% = —Vl(v)cl. (B33)
Jdc 2 3
=2 8—; + ikv (501 + ?Cg> = —VQ(U)CQ. (B34)
80[ { l+ 1
2 — _ = — ) B.
[ > It + ikv (21 — 1Cl 1+ o0+ 3Cl+1> yl(v)cl ( 35)

The system (B.32)-(B.35) for [ = 0,1,...,lnax = 10 is solved numerically by introducing a
velocity mesh, providing the time evolution of the Legendre coefficients ¢;. The time evolution
of the electric field is given by the Poisson equation in Fourier space:

Ex(t)

— = k/éfk(vft Z%/chtﬂ &)v*dvdg

2 [

= 0 co(v,t)Ude/ Py(&)d§ ~ iriv
;,_/

Z(jAv)Zco(jAfu,t), (B.36)

2

where an artificial cut-off is introduced at v = Twvy, by the discretization of the velocity space,
Av = Tvy, /N, being the mesh width. The evolution in time of the electric field Ej(t), linked
to the evolution in time of the coefficient ¢ according to Eq. (B.36), provides the analytical
real frequency and growth rate of the Langmuir wave, which may be compared to BIRDIE

predictions.

B.2.2 Linear benchmark

The potential amplitude is defined as:

) \//,Mt ()P \/22"%% (1)~ ()(6)* B

(nmesh + 1)

where n,,.s, is the number of intervals related to the Poisson grid and where:

_ % /0 " (e ). (B.38)
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In the linear phase of the simulation, the potential amplitude reads:
[61(t) = |gole™| cos(wt)], (B-39)

where w is the real part of the frequency and v > 0 the imaginary part. The results of
the analytical approach described in Sec. B.2.1 are found to match well BIRDIE’s damping
rates. Figure B.2 (b) shows how the collisionality increases the damping rate. Results from
BIRDIE are compared to analytical predictions for the Lorentz model (electron-ion collisions
only) using Eq. (B.36), as well as benchmarked against results from a fluid code for the full
linearized collision operator. Note that the real frequency of the mode kAp. = 0.3 is found to
be w ~ 1.16 wy, and is not significantly affected by collisions.

0.12 : ‘ ‘ ‘ g
0.1+ 2 ,
= 0.02 . oY
n 2 . gﬂ 0.08' 2 o) 1
Z 2 .06 ¢ 4
o -0.02 g % A
g 0% 8 A BIRDIE 5-f,e-i coll.
4 O analytical, e-i coll.
20 0.02 t ¢ fluid code, e-i+e-e coll. |
2 10 Y BIRDIE 5f, e-i+e—e coll.
G L L L L
vIvy,] 00 x ] 0 0.1 0.2Vei /mpeo.s 0.4 0.5
(a) (b)

Figure B.2: (a) Typical initial perturbation o f (¢ = 0) in the (x, v) space. (b) kApe = 0.3. BIRDIE predictions
for linear damping rates are successfully benchmarked against analytical estimates for the Lorentz
model and numerical results from a fluid code for the full linearized electron collision operator.
The linear Landau damping rate of a Langmuir wave is increased by electron collisions.

B.2.3 Convergence studies

The typical numerical parameters used to obtain linear results are At = 0.005%;1, Nmesh =
100, N = 600'000. These parameters are checked to be converged in Figure B.3 showing the
collisionless linear damping rate of the mode kAp. = 0.3 for different numerical parameters.

B.3 Non-linear studies

In the non-linear regime, the full Fokker-Planck equation (B.4) is solved. The non-linear term
gives rise to a new and complex physics related to the Langmuir wave which is not addressed
in detail here. Note that the simple case considered by the code BIRDIE;, i.e. a homogeneous
and unmagnetized plasma, already features a high complexity through the non-linearity of the
Fokker-Planck (or Vlasov) equation. A thorough description of non-linear phenomena in the
frame of the Langmuir wave physics is given in Ref. [39]. Typical numerical parameters for
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0.017 " " " " " 0.024
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3, ° 3, 0.018;
b o
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0.012l 0.016}
o
0.0111 o 1 0.014;
o
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(a) (b)

Figure B.3: Collisionless linear damping rate of the mode kAp. = 0.3. BIRDIE convergence studies with

respect to (a) the number of markers (At = 0.005w,.", Nmesn = 100) and (b) the mesh size in

configuration space (At = 0.005w.., N = 600'000).

pe

non-linear runs are At = 0.005w,.', Nmesh = 100 and N = 10 x 10°. The considered mode is
kApe. = 0.3.

B.3.1 Energy conservation

The averaged energy density in BIRDIE is defined as follows:

1
EY) = T [ 5f (0,6, HPdad®o + - / ol t)é(x, t)dz, (B.40)
(Eren) (Epot)

where p(x,t) is the charge density. Making use of the Fokker-Planck equation (B.2) and using
the energy conservation properties of both the Lorentz collision operator and the self-collision

operator (as detailed in Sec. 5.5), the conservation of the total energy may be derived:

d(Ekin) _ d(Epot)
dt dt

(B.41)

The conservation property (B.41) is numerically checked in Figure B.4 (a) for kAp. = 0.3,
on/n = 0.05 and no collisions. Note that the energy conservation is not ensured in linear

simulations which drop the non-linear term ~ E - 96 f/0v in Eq. (B.4).

B.3.2 Collisionless entropy conservation

The entropy production is defined in BIRDIE as:

(65) = % / (;—fzdmdv?’. (B.42)
M
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Using the collisionless Vlasov equation [Eq. (B.4) with C' = 0 and L = 0], it is possible to show
that:

d e Jf2 of Ofu 3
D:i;d

The time derivative of the quantity (4.S) given by Eq. (B.42), computed by a finite difference
approach, is compared successfully in Figure B.4 (b) to Dgegq, the RHS of Eq. (B.43).

: ‘ 0.015
— kinetic energy

— potential ener —d § S/dt
b 9y 0.01

BT |

(a) (b)

Figure B.4: (a) Exchange between kinetic and potential energy leads to the total energy conservation, as
ensured by BIRDIE simulations. (b) Check for the collisionless entropy balance in BIRDIE
simulations.

B.3.3 Non-linear evolution of the perturbation

The main non-linear effect affecting the evolution of a Langmuir wave is the trapping of electrons
in the electrostatic potential wells. The non-linear interaction between the electron distribution
function and the electrostatic Langmuir wave leads to an undamped, finite amplitude mode
called a BGK wave. Choosing dn/n = 0.05 and kAp. = 0.3, the long time, non-linear evolution
of the wave is shown in Figure B.5, for several collisionless and collisional runs accounting for
the full linearized electron collision operator. Note that collisions strongly damp the Langmuir
waves and prevent the BGK mode from persisting even at moderate collisionality. The initial
amplitude of the potential is computed according to the Poisson equation:

ell(t = 0) _ dn(t = 0)

_ ~ 0.55. (B.44)
T nk2\%,

It is shown in Ref. [39] that the bounce frequency wy. of electrons trapped in electrostatic wells
is related to the plasma frequency as follows:

1/4
Woe _ kADe<<Ep”t>t> | (B.45)

Wpe nT
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Figure B.5: Collisional effects on the non-linear evolution of the Langmuir wave amplitude

. on/n = 0.05,
kApe = 0.3. The BGK modes do not persist even at moderate collisionalities.

where (E,0): is an estimate of the time-averaged potential energy which may be given by Figure

B.4 (a): (Epet)e/nT ~ 0.001. Eq. (B.45) gives thus the bounce time Tywy. = 27wy, /wpe & 64.5,

corresponding to the time at which a maximum of the non-linear amplitude occurs as shown
in Figure B.5.
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