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Abstract

Impurity transport is an issue of utmost importance for tokamaks. One reason
is the choice of tungsten for ITER divertor. Indeed high-Z materials are only
partially ionized in the plasma core, so that they can lead to prohibitive radiative
losses even at low concentrations, and impact dramatically plasma performance
and stability. On-axis accumulation of tungsten has been widely observed in
tokamaks. While the very core impurity peaking is generally attributed to neo-
classical effects, turbulent transport could well dominate in the gradient region
at ITER relevant collisionality. The transport of low and medium-Z impurities
also results from both neoclassical and turbulent transport. Up to recently, first
principles simulations of corresponding fluxes were performed with different ded-
icated codes, implicitly assuming that both transport channels are separable and
therefore additive. The validity of this assumption can be questionned.

Preliminary simulations obtained with the gyrokinetic code GYSELA have shown
clear evidences of a neoclassical-turbulence synergy for impurity transport. How-
ever no clear theoretical explanation was given. New simulations have been
done using a new and more accurate collision operator, improved boundary con-
ditions and more flexible sources. The new simulations confirm the neoclassical-
turbulence synergy and allow identification of a mechanism that underly this syn-
ergy.

Turbulence can induce poloidal asymmetries. An analytical work performed
during this thesis allows to compute the level and the structure of the axisym-
metric part of the electric potential knowing the turbulence intensity. Two mecha-
nisms are found for the generation of poloidal asymmetries of the electric poten-
tial: at large frequencies, flow compressibility is a key player for the generation
of poloidal asymmetries. In this case a sin 6 structure is predicted as in the case
of GAMs. For lower frequencies, the ballooning of the turbulence is instrumental
in the generation of the poloidal asymmetries. In this case, a cos 6 structure is
predicted.

A new prediction for the neoclassical impurity flux in presence of large poloidal
asymmetries and pressure anisotropies has been derived during this thesis. It
turns out that both banana/plateau and Pfirsch-Schliter contributions are signif-
icantly impacted by the presence of large poloidal asymmetries and pressure
anisotropies. A fair agreement has been found between the new theoretical
prediction for neoclassical impurity flux and the results of a GYSELA simulation
displaying large poloidal asymmetries and pressure anisotropies induced by the
presence of turbulence.



Résumé court

La compréhension du transport d'impuretés dans les tokamaks est cruciale. Une
des raisons vient du choix d’utiliser du tungstene pour le divertor d'ITER. En ef-
fet, les noyaux lourds ne sont que partiellement ionisés dans le coeur du plasma,
ils peuvent alors fortement rayonner et entrainer une diminution importante de
la qualité du plasma. Une accumulation des impuretés au coeur du plasma
est souvent observée au sein des tokamaks. Cette accumulation est souvent
attribuée a la physique néoclassique mais le transport turbulent pourrait bien
dominer dans la zone de gradient dans ITER. Dans le cas des impuretés Iégeres,
les transports néoclassique et turbulent sont du méme ordre de grandeur dans
les machines actuelles. Jusqu’a récemment, le calcul des flux néoclassique
et turbulent étaient réalisés de fagon distincte, supposant implicitement que les
deux canaux de transport sont indépendants. On peut se demander si cette
hypothése est valide.

En effet, des simulations préliminaires obtenues avec le code gyrocinétique
GYSELA ont montré I'existence d’'une synergie entre transports néoclassique
et turbulent dans le cas des impuretés. Mais la compréhension théorique de
cette synergie était manquante. Des simulations utilisant un nouvel opérateur de
collision, des conditions aux limites plus réalistes et des sources plus flexibles
ont été réalisées. Ces simulations ont permis de confirmer I'existence d’'une
synergie et un mécanisme permettant sa compréhension a éteé trouve.

La turbulence peut générer des asymétries poloidales. Un travail analytique
réalisé pendant cette thése permet de prédire le niveau et la structure de la par-
tie axisymétrique du potentiel électrique. Deux mécanismes sont a l'origine des
asymeétries poloidales du potentiel électrique: a haute fréquence, la compress-
ibilité du flot est a l'origine de I'asymétrie et la théorie prédit une structure en
sin # comme dans le cas des GAMs. Pour les fréquences plus basses, le bal-
lonnement de la turbulence engendre I'asymétrie poloidale. Dans ce cas une
structure en cos # est prédite par le modele analytique.

Une nouvelle prédiction du flux d'impureté néoclassique en présence d’asymétries
poloidales et d’anisotropie de la pression a été réalisée. Il s’avere que les con-
tributions banane/plateau et Pfirsch-Schllter sont fortement impactées par la
présence d’asymétries poloidales et d’anisotropie de la pression. Un bon ac-
cord a été trouvé entre la nouvelle prédiction et une simulation réalisée avec
GYSELA pour laquelle la turbulence est a l'origine des asymétries poloidales et
de I'anisotropie de la pression.



Résumé long

Les étoiles sont alimentées par I'énergie dégagée par les réactions de fusion.
La fusion est la réaction de deux noyaux légers pour produire un noyau plus
lourd. Les réactions de fusion liberent énormément d’énergie en comparaison
des réactions chimiques. La réaction la plus facile a obtenir sur Terre est la
fusion du deutérium avec le tritium.

*DH3T =5 He4+pn

Cette réaction produit un noyau d’hélium, un neutron et libere 17.6 MeV par
réaction ce qui est considérable. Le deutérium est présent en quantités quasi
illimitées sur Terre. Les réserves en tritium sont en revanche faibles (quelques
dizaines de kilogrammes) d0 a la radioactivité de cet isotope de I'hydrogene.
Heureusement il est possible de générer du tritium en bombardant du lithium
avec des neutrons énergétiques comme ceux produits par les réactions de fu-
sion. La fusion du deutérium avec le tritium nécessite des températures de
I'ordre de 100 millions de degreés.

Dans ces conditions extrémes I'état de la matiere est un plasma: les élec-
trons sont totalement découplés des noyaux (au moins pour les plus légers). Un
plasma peut étre considéré en premiere approximation comme un gaz sensible
au champ électromagnétique. Cette sensibilité vient du découplage des élec-
trons et des noyaux rendant le plasma conducteur. La sensibilité du plasma au
champ électromagnétique peut étre utilisée pour le confiner. Plusieurs types de
pieges électromagnétiques ont été testés. En I'état actuel des connaissances le
tokamak est le dispositif le plus prometteur pour générer les conditions néces-
saires pour produire des réactions de fusion contrdlée sur Terre. Le tokamak
ITER, qui sera de loin le plus grand tokamak au monde, est actuellement en
construction sur le site de Cadarache.

Le tokamak est un piege magnétique qui repose sur le fait que des particules
chargées en présence d’'un champ magnétique effectuent un mouvement de gi-
ration autour des lignes de champ magnétique (en premiére approximation). Si
les lignes de champ se referment sur elle-mémes, on a alors créé un piege mag-
nétique. Le champ magnétique principal du tokamak est donc un champ toroidal
imposé par des bobines extérieures. Cependant, il existe une vitesse de dérive
magnétique lorsque le champ magnétique n’est pas homogéene. Dans le cas
d’'un piege magnétique purement toroidal, cette dérive est verticale et dépend
du signe de la charge de la particule. Cette dérive verticale détériore fortement
le confinement en créant une séparation de charge qui conduit finalement a une



expulsion du plasma vers I'extérieur du tokamak via une dérive électrique. Pour
compenser la séparation de charge engendrée par la dérive magnétique, un
champ magnétique secondaire dans la direction poloidale est ajouté au champ
principal. Ce champ poloidal, généré par le courantcirculant dans le plasma,
permet de connecter magnétiquement le haut et le bas de la machine et limite
fortement le déconfinement lié a la dérive verticale. Ce piege magnétique per-
met de confiner les particules chargées dans une zone délimitée de I'espace
(lintérieur du tokamak). Une fois le confinement assuré, il est possible de chauf-
fer le plasma en injectant de I'énergie au sein de la machine notamment avec
I'utilisation d’ondes. On atteint ainsi des températures suffisantes pour que les
réactions de fusion puissent avoir lieu.

Un plasma de fusion parfait est composé uniquement de deutérium, de tri-
tium et d’électrons. Toute autre espéece est considérée comme une impurete.
Les impuretés peuvent provenir des réactions de fusion (hélium), étre injectées
pour I'opération de la machine (par exemple de I'argon) ou encore venir des
parois du tokamak (cas typique du tungsténe W). Les impuretés ont deux ef-
fets néfastes sur les performances d’'un tokamak. Tout d’abord elles diluent les
réactifs et diminuent ainsi le nombre potentiel de réactions de fusion. Ensuite
les impuretés lourdes (comme le W) ne sont pas totalement ionisées méme a
des températures de I'ordre de 100 millions de degrés. Pour cette raison ces
impuretés rayonnent énormément d’énergie méme a des concentrations trés
faibles et refroidissent ainsi le plasma. De plus, les impuretés lourdes ont ten-
dance a s’accumuler au centre du tokamak. Pour ces deux raisons il est crucial
de comprendre comment se transportent les impuretés au sein d’'un tokamak
afin de tenter de les évacuer du centre du tokamak. C’est la problématique prin-
cipale de cette these.

Il existe plusieurs approches distinctes pour décrire un plasma: I'approche
particulaire qui suit chaque particule individuellement, I'approche cinétique qui
est une méthode statistique reposant sur le tres grand nombre de particules
présentes dans le tokamak et enfin I'approche fluide qui peut étre vue comme
une réduction en moments de I'approche cinétique. Chacune de ces méthodes
possede des avantages et des inconvénients. Dans I'étude présentée dans cette
these, c’est I'approche cinétique qui est choisie afin de décrire correctement un
maximum d’effets avec un minimum d’approximations. Lapproche cinétique fait
évoluer temporellement une fonction de distribution dans un espace a 6 dimen-
sions (3 d’espace et 3 de vitesse) appelé espace des phases. La fonction de
distribution représente une densité de probabilité de trouver une particule a un
certain endroit de I'espace des phases a un instant donné. Cette fonction de
distribution évolue temporellement a cause de la présence du champ électro-



magnétique. Du fait de I'évolution temporelle de la fonction de distribution, la
densité et le courant qui en sont des moments, évoluent également. Finale-
ment, di aux équations de Maxwell le champ électromagnétique est modifié.
A ce stade, tres peu d’approximations ont été faites mais le systeme est tres
complexe a résoudre.

Il s’avere qu’a cause du fort champ magnétique présent dans les tokamaks
(~ 5T, la fréquence de giration des particules autour des lignes de champ mag-
nétique est beaucoup plus grande que la plupart des autres fréquences typiques
du plasma. Grace a cette séparation d’échelle, il est possible de réduire I'espace
des phases accessible aux particules en moyennant sur leur mouvement de gi-
ration. On passe alors d’un espace des phases a 6 dimensions a un espace
des phases a 4 dimensions plus un parameétre (I'invariant adiabatique ). Cette
réduction du probleme s’appelle la théorie gyrocinétique. Cette théorie posséde
un domaine de validité assez large. Elle est a I'heure actuelle la théorie avec le
moins d’approximations qui reste numériquement abordable.

Il existe plusieurs codes gyrocinétiques dans le monde. Chacun posséde des
points forts et des points faibles dépendant des choix réalisés par ses développeurs.
GYSELA (Fig.0.1) est un code gyrocinétique développé par une collaboration de
laboratoires frangais et suisses et allemands, depuis le début des années 2000.
Les points forts de ce code sont qu’il permet de simuler 'ensemble de la partie
confinée du plasma (global) sans séparation d’échelles entre I'équilibre et les
fluctuations (F total). Létat quasi-stationnaire peut étre atteint en ajoutant des
sources (forcé par le flux) et il autorise plusieurs espéces ioniques ce qui est
crucial pour I'étude du transport des impuretés. GYSELA posséde plusieurs lim-
itations. En effet un champ magnétique simplifié est utilisé empéchant I'étude
d’'une géométrie plus réaliste. De plus I'hnypothése électrostatique est utilisée ce
qui limite le nombre d’instabilités pouvant se développer. Remarquons tout de
méme que I'hypothése électrostatique est plutdt bien vérifiée dans les plasmas
de tokamak. En particulier, les deux instabilités principales se développant a
I'échelle ionique on Temperature Gradient ou ITG, et Trapped Electron Modes
ou TEM, sont bien décrites dans cette approximation. Enfin les électrons sont
supposés avoir une réponse adiabatique dans cette these méme si GYSELA
autorise a présent de traiter les électrons cinétiquement.



Figure 0.1.: Potentiel electrique en sortie du code GYSELA

Un des canaux majeurs de transport des impuretés est associé a la présence
de collisions entre les particules du plasma. On peut distinguer deux types de
collisions dans les plasmas (cf Fig.0.2). Les collisions dites fortes résultent d’'une
interaction importante entre deux particules (a ~ 1) ou « est I'angle de déflec-
tion défini sur la figure 0.2 . Les trajectoires des particules sont alors fortement
modifiées en seulement quelques interactions. Lautre type de collision est com-
munément appelé collision faible (« < 1). Dans ce cas, chaque interaction en-
tre deux particules est faible d’ou leur nom. Il faut alors un trés grand nombre
d’interactions pour modifier significativement la trajectoire d’'une particule. Les
collisions faibles, majoritaires, sont celles qui jouent un réle prépondérant dans
les questions de transport des particules. Ce sont les seules décrites dans cette
thése.

La fréquence de collision entre particules décroit avec la température. Au vu
des températures régnant au coeur des tokamaks, les plasmas de coeur sont peu
collisionnels. Il est toutefois nécessaire de prendre en compte les collisions en-
tre particules pour une prédiction réaliste du transport de particules au sein d’un
tokamak. En effet, elles sont a I'origine d’un transport dit néoclassique qui est im-
portant pour les impuretés. De plus, les collisions amortissent les écoulements
macroscopiques et influencent ainsi le niveau de saturation de la turbulence. En-
fin, les collisions dissipent les fluctuations a petites échelles et stabilisent ainsi
les simulations numériques en limitant le développement de structures sous ré-



solues.

Pour ces raisons un opérateur de collision linéarisé adapté au code GYSELA a
éte développé au cours de cette thése. Il est valide quelle que soit la nature des
especes considérées (masse, charge, concentration). Une de ses particular-
ités est qu’il prend en compte les dérivées par rapport a I'invariant adiabatique
p. Cela permet a cet opérateur de collision d’avoir une propriété essentielle:
la relaxation collisionnelle des fonctions de distribution vers une Maxwellienne
isotrope. Les dérivées par rapport a i ont été prises en compte en utilisant une
méthode de projection de la fonction de distribution sur une base de polynémes
orthogonaux dans la direction n. Cette technique permet un traitement analy-
tique d’'une grande partie de l'opérateur de collision, réduisant d’autant le co(t
de son traitement numérique. Les dérivées par rapport a la vitesse paralléle v
sont traitées en différences finies.

Il a été vérifié numériquement que I'opérateur de collision possédait les pro-
priétés attendues: conservations (particules, impulsion, énergie), taux de relax-
ation (isotropisation, échanges d’'impulsion et d’énergie entre espéces). Cette
étude numérique a également permis de connaitre la résolution minimale néces-
saire a l'opérateur de collision. En I'occurrence une discrétisation (ana NH> =
(128, 64) est suffisante pour 'opérateur de collision.

Figure 0.2.: Gauche: Déviation d’une particule chargée par intéraction Coulombi-
enne avec une autre particule chargée. Droite: Nombre de particules
avec un parametre d’impacte compris entre b et b + b

Il existe deux sortes de particules dans les tokamaks: les particules dites pas-
santes qui suivent les lignes de champ magnétique avec une vitesse parallele
v a peu pres constante et les particules dites piégées. Le piégeage vient de



la dépendance du champ magnétique avec le grand rayon B < R™!. Les par-
ticules n'ayant pas assez d’énergie dans la direction parallele au champ restent
alors piégées du cote bas champ (extérieur). Les collisions peuvent modifier les
trajectoires des particules en modifiant leur contenu énergétique (valeur totale
et répartition entre direction paralléle et perpendiculaire au champ). La théorie
néoclassique permet de quantifier I'effet des collisions sur les trajectoires des
particules et de calculer le transport associé.

Il existe trois régimes de collisionalité (cf Fig.0.3). Le régime “banane” corre-
spond au cas le moins collisionnel. Dans ce cas, les trajectoires des particules
sont peu affectées par les collisions. Le régime de collisionalité intermédiaire
est appelé “plateau”. Pour ce régime de collisionalité, les trajectoires des partic-
ules piégées sont fortement impactées par les collisions alors que les particules
passantes le sont marginalement. Enfin dans le régime de forte collisionalité
appelé “Pfirsch-Schliiter” toutes les trajectoires de particules sont fortement im-
pactées par les collisions. Les prédictions de la théorie néoclassique dépen-
dent fortement de la collisionalité. Chaque espéce a sa propre collisionalité qui
dépend essentiellement de sa densité, sa température mais aussi de sa masse,
sa charge et la présence des autres espéces. Lion majoritaire est typiquement
dans le régime “banane” dans tout le coeur du tokamak alors que les impuretés
sont plutét en régime “plateau” ou “Pfirsch-Schlliter” selon les cas.

Pour un plasma sans impuretés, trois résultats néoclassiques sont importants.
Tout d’abord la théorie néoclassique prévoit un transport diffusif de chaleur pro-
portionnel au gradient de température. Méme si ce transport est souvent sous
dominant devant le transport turbulent, il peut se révéler compétitif lorsque la
turbulence est localement réduite comme par exemple dans le piedéstal d’'un
plasma en mode H. La théorie néoclassique prévoit également une rotation
poloidale du plasma proportionnelle au gradient de température. Cette rotation
est souvent en bon accord avec les mesures expérimentales. Enfin la théorie
néoclassique prévoit un amortissement collisionel des structures aux grandes
échelles comme les écoulements zonaux. Ces écoulements étant connus pour
réguler la turbulence, la prise en compte des collisions est importante pour une
prédiction quantitative du niveau de turbulence.

La théorie néoclassique est également trés importante pour la compréhension
du transport d'impuretés. En effet, le transport néoclassique est souvent domi-
nant devant le transport turbulent dans le cas des impuretés lourdes. Ceci est
d0 au fait que la collisionalité d’'une impureté est proportionnelle au carré de sa
charge. Elle peut donc étre un ou deux ordres de grandeur plus grande que
pour I'ion majoritaire. La théorie néoclassique standard (sans asymétrie poloi-
dale autre que celle du champ magnétique) prévoit que le transport d'impureté,
hormis le terme de diffusion, est dominé par deux termes convectifs en opposi-
tion: le gradient de densité de I'ion majoritaire engendre une vitesse de pince-
ment conduisant a une accumulation des impuretés au centre. Au contraire,
un gradient de température conduit en général a un flux sortant pour 'impureté.



Ceci se retrouve sur I'équation (0.0.1). Pour cette equation, I', ., est le flux
d'impureté prédit par la théorie néoclassique, NV, la densité d'impureté, N; la
densité d’'ions majoritaires, 7' la température (supposée égale pour toutes les
especes). D est un coefficient de diffusion proportionnel a la fréquence de colli-
sion des impuretés sur les ions.

8T‘NZ Zz aer ZZ 8TT

— — H,., 220 0.
N. Z. N, theo 7 T (0.0.1)

Fzmeo = _NZD

Tous les phénomenes décrits ci-dessus ont été testés avec succes en utilisant
le nouvel opérateur de collision dans GYSELA. Ces tests ont permis de vérifier
'ensemble des propriétés de 'opérateur de collision.

Figure 0.3.: Gauche: Coupe poloidale d’une trajectoire de particule passante.
Droite: Coupe poloidale d’une trajectoire de particule piégée. (Extrait
de la soutenance de D. Esteve)

Laturbulence est souvent associée a une ou plusieurs instabilités sous-jacentes.
Une instabilité provient toujours d’un écart a I'équilibre thermodynamique. Cet
écart correspond a un réservoir d’énergie libre qui peut étre utilisé pour faire
grandir une instabilité. Une fois l'instabilité développée, elle génere des fluctu-
ations (typiquement du potentiel électrique) que I'on appelle turbulence. Dans
le cas de la turbulence se développant a I'échelle ionique, une des principales
instabilités sous-jacentes est due au gradient de température de I'ion majoritaire.
Cette instabilité, dite ITG (lon Temperature Gradient), est de type interchange.
Cela signifie qu’elle nécessite un gradient de l'intensité du champ magnétique
colinéaire au gradient de température (dans le cas ou § = 2@_;02]3 < 1. Cette sit-
uation arrive typiquement du cété bas champ du tokamak (vers I'extérieur). On
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obtient donc souvent une turbulence dite ballonnée. Cela signifie que l'intensité
de la turbulence est plus grande du c6té bas champ que du cété fort champ.
Cette caractéristique est visible sur la figure 0.1.

Il existe plusieurs mécanismes de saturation de la turbulence. Un premier
mécanisme de saturation est associé au transfert non-linéaire de I'énergie tur-
bulente vers des grandes structures comme les écoulements zonaux (structure
axisymétriqgue sans dépendance poloidale). Ces écoulements zonaux sont en-
suite saturés a cause des collisions et des effets non linéaires. D’autres mé-
canismes de saturation de la turbulence existent. Par exemple, le transport en-
gendré par la turbulence peut réduire les gradients et donc la source d’énergie
libre a l'origine de la turbulence. Les non linéarités dues a la turbulence peuvent
également générer des petites échelles qui peuvent étre efficacement dissipées
par les collisions.

La turbulence est le principal mécanisme de transport pour I'ion majoritaire.
Dans le cas des impuretés, elle peut également jouer un réle important en partic-
ulier dans le cas ou la collisionalité est suffisamment faible. C’est typiquement le
cas pour les impuretés légeres. La prédiction turbulente du flux d'impuretés est
composeée de quatre termes. Trois sont de type diffusif et associés respective-
ment aux gradients de densité, température et de vitesse paralléle de I'impureté.
Le dernier terme est purement convectif. Le flux d'impureté prévu par la turbu-
lence est proportionnel a l'intensité turbulente au carré.

Il est souvent observé expérimentalement que la densité des impuretés pos-
sede une asymeétrie poloidale importante (cf Fig.0.4). Dans les tokamaks actuels,
cette asymétrie est souvent associée a I'utilisation de sources de chauffage ex-
térieur. La présence d’'une asymétrie poloidale de la densité d’'impureté mod-
ifie le flux néoclassique d’impureté dit “Pfirsch-Schllter” jusqu’a un ordre de
grandeur. La prise en compte de cette modification du flux néoclassique par
I'asymétrie poloidale de la densité d'impureté permet de trouver un bon accord
avec les résultats expérimentaux dans les tokamaks actuels.

On peut toutefois se demander si le cadre théorique actuel est suffisant pour
la prédiction du transport d'impuretés dans des machines plus grandes telles
gu’lITER. En effet, pour ces machines la collisionalité des impuretés sera plus
faible a cause notamment d’une température plus élevée. Les impuretés lour-
des devraient typiquement étre dans le régime de collisionalité intermédiaire dit
“plateau”. Dans ce régime, I'anisotropie de pression joue un réle crucial. Cette
anisotropie peut étre générée par des sources externes mais aussi par la tur-
bulence. Les prédictions actuelles du transport d'impuretés néoclassique ne
prennent pas en compte la présence d’'une éventuelle anisotropie en pression
importante et doivent donc étre révisée pour des machines de la taille d’ITER.
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De plus, le poids relatif des sources extérieures par rapport a I'auto-organisation
du plasma devrait décroitre avec la taille de la machine. Dans ce cadre, deux
questions sont posées. Tout d’abord comment le flux banane/plateau d'impureté
est-il modifié en prenant en compte une anisotropie de pression importante. En-
suite est-ce que la turbulence peut générer une anisotropie en pression et des
asymeétries poloidales suffisantes pour impacter significativement la prédiction
néoclassique du transport d'impureté. Sic’est le cas, on parlera de synergie en-
tre les transports turbulent et néoclassique pour le transport de I'impureté. On
entend par synergie la non additivité¢ des deux mécanismes de transport. De
telles synergies ont déja été observées dans d’autres contextes comme par ex-
emple le flux de chaleur porté par I'ion majoritaire.

Figure 0.4.: Asymétrie poloidale du rayonement associé a la présence d’impuretés

Le calcul du flux d’impuretés néoclassique en présence d’'une part d’asymétrie
poloidale de densité et de pression, et d’autre part d’anisotropie en pression a
été effectué. Plusieurs conclusions résultent de ce calcul. Tout d’abord le flux
“banane/plateau” peut étre largement amplifié par la présence d’'une anisotropie
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en pression présentant une asymétrie poloidale. De plus, le flux “Pfirsch-Schltter”
est lui aussi modifié par la présence d’'une anisotropie en pression.

Cette prédiction du flux d'impureté a été comparée aux résultats d’'une simu-
lation a haute résolution effectuée avec le code GYSELA. Cette simulation a été
effectuée en considérant I'ion majoritaire comme étant du deutérium et I'impureté
comme étant du tungsténe avec une charge effective de Z=40 et présente a |'état
de trace. Le choix d’une impureté trace a été fait pour simplifier 'analyse. Ce
choix est pertinent dans le cas du tungstene. Lion majoritaire est en régime
banane sur tout le domaine de simulation. Limpureté est en régime Pfirsch-
Schliter partout mais est trés proche du régime plateau dans une certaine zone
spatiale. La simulation est turbulente et aucune source susceptible de générer
une asymétrie poloidale n’a été employée.

Dans cette simulation, des asymétries poloidales importantes (~ 30% dans
le cas de la densité) ont été observees. De plus, une anisotropie importante
s’est également développée dans la zone spatiale ou le tungsténe est proche
du régime plateau. Le niveau d’asymétrie poloidale et d’anisotropie est suffisant
pour impacter le flux néoclassique ce qui montre que la turbulence est capable
de modifier la prédiction néoclassique du flux d'impuretés. Une comparaison
entre le flux prédit par le modele théorique et le flux obtenu directement en sortie
du code GYSELA a été réalisée. Un bon accord a été obtenu sur 'ensemble du
domaine de simulation. Sans la prise en compte de I'anisotropie en pression, il
N’y aurait pas d’accord dans la zone ou I'impureté est proche de régime plateau.

La charge importante des impuretés lourdes, les rend sensibles aux asymétries
du potentiel électrique. En effet, une réponse de type Boltzmann stipule que
‘?VNZZ ~ Ze‘%d’ ou les quantités avec les deltas sont a comprendre comme un écart
a la valeur moyenne sur la surface de flux. Par conséquent, une asymétrie
poloidale méme modérée du potentiel électrique engendrera une asymétrie im-
portante sur I'impureté. La derniére partie de cette these permet la compréhen-
sion du mécanisme de génération d’asymétrie poloidale du potentiel électrique
par la turbulence.

Le modele analytique développé permet de comprendre la génération turbu-
lente des écoulements zonaux, des GAMs (Geodesic Acoustic Modes) et des
cellules de convection avec un seul formalisme. Les cellules de convection sont
des modes de potentiel présentant une asymétrie poloidale et évoluant a une
fréquence faible devant celle des GAMs. Deux mécanismes de génération de
cellule de convection ont été identifiés. Le premier est d0 a la compressibilité du
flot (comme dans le cas des GAMs) et domine aux fréquences intermédiaires.
Ce mécanisme conduit a une asymétrie de type sin 6, ou 6 est 'angle poloidal
(@ = 0 sur le plan équatorial, cété faible champ). Le second mécanisme est di
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au ballonnement de la turbulence. Il domine a basse fréquence et conduit & une
asymétrie de type cos 6.

En résumé, cette these a permis d’identifier un mécanisme de synergie en-
tre physique néoclassique et turbulence dans le cadre du transport d’impuretés.
Cette synergie passe par la génération d’asymétries poloidales par la turbulence.
Ce mécanisme est d’autant plus important que le tokamak est grand. En effet,
le rapport de I'asymétrie poloidale générée par la turbulence sur celle provenant
des sources extérieures devrait augmenter avec la taille de la machine. Ce mé-
canisme doit donc étre pris en compte pour une prédiction quantitative du trans-
port d’impuretés sur ITER et les futures machines de taille comparable.

14



Remerciements

J’aimerais remercier 'ensemble des personnes que jai rencontré durant mes
trois années de thése au CEA de Cadarache, a commencer par celui sans qui
cette these ne se serait sans doute pas aussi bien passée, j’ai nommé le grand
Xavier Garbet. Un trés grand merci a toi Xavier d’avoir été¢ mon mentor durant ma
these. Tu m’as appris énormément de choses et méme s’il me reste beaucoup
a apprendre, je pars avec de solides bases grace a toi. Merci également pour
ton extréme gentillesse et ta bonne humeur tout au long de ma thése. Comme
je te I'ai déja dit, tu es un modéle pour moi et ¢ca a été un honneur de travailler
avec toi. J'aimerais également remercier Yanick Sarazin. Merci de m’avoir pro-
posé de travailler avec Xavier et toi quand j'étais encore en master. Merci égale-
ment pour 'ensemble de ton aide durant ces trois années et notamment tes
nombreuses remarques pertinentes sur le fond comme la forme qui ont permis
d’améliorer grandement la qualité de mes publications et présentations orales.
J’ai également particulierement apprécié d’encadrer les TP de master avec toi.
Merci aussi a Virginie Grandgirard. Merci d’avoir pris le temps de m’apprendre a
coder en Fortran et a utiliser GYSELA. Merci également d’avoir répondu a toutes
mes « petites questions » tout au long de ma thése et toujours dans la bonne
humeur. Merci pour les soirées « Villelaurienne » tres sympathiques. J'aimerais
également remercier Guilhem Dif-Pradalier, Philippe Ghendrih, Guillaume Latu
et Chantal Passeron. Merci a vous pour votre gentillesse et votre disponibilité
lorsque je venais vous demander un conseil ou vous poser une question. Ca
a été un trés grand plaisir de travailler au sein de I'équipe GYSELA, non seule-
ment grace a chacun d’entre vous mais aussi grace a la tres bonne ambiance
de travail que vous avez mis en place et que vous entretenez tous les jours.
J’espere sincerement que j'aurais de nouveau I'occasion de travailler avec vous
tous. Merci a 'ensemble des stagiaires, thésards et post-docs de I'|RFM que j ai
rencontré durant ces trois dernieres années. Gréace a vous j'ai passé trois an-
nées trés agréables a I'lRFM mais aussi en dehors avec nos soirées. J’'aimerais
remercier en particulier Laurent Valade qui a été mon co-bureau pendant la pre-
miere moitié de ma thése. Merci d’avoir partagé avec moi tes nombreuses ques-
tions de physique, que jai pris beaucoup de plaisir a résoudre avec toi. Merci
aussi pour ton aide sur l'utilisation du Python. Malgré ton insistance, je ne suis
toujours pas passé au bépo mais jai beaucoup ri en t'entendant tenter de con-
vaincre tout le monde que c’était « le meilleur clavier pour écrire en frangais ».
Merci aussi pour nos quelques ascensions de la montagne Sainte-Victoire. En
bref, ca a été un trés grand plaisir de partager mon bureau avec toi. Merci égale-

15



ment a Elisabetta Caschera. Ta bonne humeur quotidienne a été vraiment tres
agréable pour moi. Merci également pour tes « soirées pizza » toujours tres
plaisantes. Je suis heureux d’avoir partagé ma fin de thése avec toi et Anas-
tasia Dvornova. Merci a vous deux de vous étre occupé de mes cadeaux de
these qui sont vraiment super | Merci également a tous les « jeunes » du 513
pour la bonne ambiance générale : Jae Heon Ahn, Camille Beaudoin, Nicolas
Bouzat, Guillaume Brochard, Charles Ehrlacher, Olivier Février, Camille Gillot,
Nicolas Nace, Jéréme Richard et Fabien Widmer. Merci également a mes amis
de I'IRSN Caroline Arcanjo, Hamza Chaif, Cécile Dubois, Alexandre Flouret,
Rémi Guédon, Marine Roullier, Audrey Souloumiac et Marie Trijau. Merci a tous
pour votre gentillesse et les trées nombreuses soirées passées ensemble. Je
suis content de vous connaitre et jespére que nous resterons en contact. J'en
viens maintenant aux personnes qui comptent le plus pour moi. Tout d’abord
ma famille : mon frere James Donnel, mon péere Jonathan Donnel, mon oncle
Francois Donnel et ma tante Brigitte Calippe. Merci a vous de m’avoir soutenu
tout au long de ma vie et d’avoir toujours cru en moi. Sans vous je ne serai
certainement pas arriver ou j'en suis maintenant. Merci d’étre toujours présent
pour moi quand j’en ai besoin. J'aimerais également remercier du fond du coeur
Sophia Murat. Merci pour tout ce que tu as fait pour moi depuis que je te connais
et de partager ta vie avec moi.
Je dédie cette thése a ma mere qui nous a quitté beaucoup trop t6t.

16



Contents

Abstract
Résumé court
Résumé
Remerciements
List of Tables
List of Figures

1. Introduction

1.1. Fusion . . . . . . .
1.2. Plasmas . . . . . . . .. .
1.2.1. Basicdescription . . . . . ... ...
1.2.2. Characteristic scales in hot magnetized plasmas . . . . . .

1.3. Tokamak . . . . . . . . ...
1.3.1. Lawsoncriteria . . . . . . ... ...
1.3.2. Magnetic configuration . . . . . ... ... ... ... ...
1.3.3. Particle trajectories . . . . . ... ... L.
1.3.4. Transport accross the magnetic field: underlying mecha-
NISMS . . . . . .

1.3.5. Typicalvalues . . . ... ... .. ... ... ... ..
1.4. Impurities . . . . . . ..

2. The gyrokinetic code GYSELA
2.1. Gyrokinetictheory . . . . . . ... ...
2.1.1. Kineticdescription . . . . . .. ... ... ...
2.1.2. From kinetic to gyrokinetic . . . . . .. .. ... ... ...
2.1.3. Quasi-neutrality equation : limit of adiabatic electrons . . .
22. The GYSELAcode . . . . . . . . . . ...
2.21. Mainfeatures . . . . . . . .. ...
2.2.2. Numericalaspects . . . . . ... .. ... ... ... ....

3. A multi-species collision operator for GYSELA
3.1. Introduction . . . . . ...

17

14
16
20
20

24
25
28
28
29
30
30
31
34

36
37
37

40
41
42
43
45
48
48
20

54



3.2. Presentationofthemodel . . . . . .. ... .. ... ... ... .. 56
3.3. Analytical approximations for an optimized numerical treatment of

the collision operator . . . . . . ... ... 59
3.3.1. Separation of the different collisionterms . . . . . . .. .. 60
3.3.2. Evolution of thermalenergy . . .. .. .. ... ... ... 60
3.3.3. Approximation of the distribution function . . . . . . . ... 61
3.3.4. Treatment of the i derivatives . . . . . .. ... ... ... 64
3.3.5. Evolution equation of the distribution function components 65

3.4. Numerical implementation . . .. ... ... ... .. ... ... 70
3.4.1. Numerical schemes . . . . . .. .. ... ... ... .... 70
3.4.2. Numerical implementation of conservation properties . . . 71
3.4.3. Choice of numerical parameters . . . . . . ... ... ... 72

3.5. Verification of the collision operator . . . . . ... ... ... ... 73
3.5.1. Single speciestests . . . ... ... ... .. ... .... 73
3.5.2. Testwithtwospecies . .. ... ... ... ... .. .... 76

. Standard neoclassical physics 79
4.1. Introduction . . . . . . ... 80
4.2. Physical description of neoclassical theory . . . . ... ... ... 80
4.3. Neoclassical test of the collision operator : single species case . . 84
4.3.1. Neoclassical diffusion and poloidal rotation . . . . . . . .. 84
4.3.2. Zonalflowdamping . . . .. ... ... ... .. 87

4.4. Neoclassical test of the collision operator : trace impurity . . . . . 88
4.4.1. Neoclassical prediction . . . ... ... ... ... ..... 89
4.4.2. Comparison with GYSELAresults . . . .. ... ... ... 95

. Turbulent prediction of impurity flux 99
51. ITGturbulence . . . . . ... . ... ... ... 100
5.1.1. Underlying instability . . . . . . ... ... ... ... .... 100
5.1.2. Linearstability . . .. ... ... ... ... ... 101
5.1.3. Turbulence saturation processes . . . . . . .. ... .. .. 106

5.2. Theoretical prediction of impurity transport related with turbulence 107

. Neoclassical impurity flux in presence of poloidal asymmetries 110
6.1. Experimental evidence of poloidal asymmetries of impurity . . . . 111
6.2. Neoclassical impurity flux in presence of large poloidal asymme-

tries and pressure anisotropy . . . . . ... ... 112
6.2.1. Structure of the impurity flow in presence of poloidal asym-

metries . . . . .. 113

6.2.2. Determination of the poloidal variationof K, . . . ... .. 114

6.2.3. Neoclassical flux . . ... ... ... .. ... ....... 115

6.3. Comparison with results from gyrokinetic simulations . . . . . . . 117

6.3.1. Choice of the simulation parameters . . . . . . . ... ... 117

18



6.3.2. Definitionsof fluxes . . . . . . . . . .. ... ... .. ... 120

6.3.3. Poloidal asymmetries and anisotropy . . . . . .. ... .. 122
6.3.4. Comparison between GYSELA results and theoretical pre-
dictions . . . . .. .. 124
6.4. Discussion on the theoretical model . . . . . . ... .. ... ... 127
7. A mechanism of turbulent generation of poloidal asymmetries 130
7.1. Evidence of impurity poloidal asymmetries generated by poloidal
asymmetries of the electric potential . . . . . . .. ... ... ... 131
7.2. Context for the generation of axisymmetric modes of the electric
potential . . . . . . . . 133
7.3. Evolution of a toroidally symmetricmode . . . . ... .. ... .. 136
7.31. GAMs . . . . . 138
7.3.2. Poloidal convectivecells . ... ... ... ... ... ... 140
7.4. Link between source terms and turbulent Reynolds stress tensor 142
7.5. Discussion . . .. ... 144
7.5.1. Phase and amplitude of poloidal convective cells . . . . . . 144
7.5.2. Numerical solution . . . . . ... ... ... ... ... ... 145
7.5.3. Limitsofthemodel . . . . . .. ... ... ... 146
7.5.4. Poloidal asymmetry of the distribution function . . . . . . . 148
Conclusion 150
Appendix 153
A. Derivation of the Vlasovwithg . . . .. .. ... ... ... .. .. 153
B. Vlasov equation of the resonant part of the distribution in balloon-
ing representation . . . .. ... Lo 154
C. Linear response of the distribution function . . . . .. ... .. .. 155
D. Derivation of the collisional parallel momentum exchange for trace
and heavy impurities . . . . ... 155
E. Fluxofvorticity . . . . ... ... .. ... .. 157
F.  Treatment of the resonant functions L; (£2) and numerical solution 158
Bibliography 170

19



List of Tables

1.1. Typical valuesina Tokamak . . . ... ... ... .. ....... 37

6.1. Parametersscanned . . . . . . . . . . ... ... ... 119

List of Figures

0.1. Potentiel electrique en sortie du code GYSELA . . . . . .. .. .. 7
0.2. Gauche: Déviation d’'une particule chargée par intéraction Coulom-

bienne avec une autre particule chargée. Droite: Nombre de par-

ticules avec un parametre d'impacte compris entre betb+6b . . . 8
0.3. Gauche: Coupe poloidale d’'une trajectoire de particule passante.

Droite: Coupe poloidale d’'une trajectoire de particule piégée. (Ex-

trait de la soutenance de D. Estéve) . . . . . . . ... ... 10
0.4. Asymeétrie poloidale du rayonement associé a la présence d’'impuretés 12

1.1. The Aston curve represents the average binding energy per nu-
cleon as a function of the number of nucleons. Large values cor-
responds to stable nucleus. The maximum is reached for Fe’S,
which is therefore the most stable nucleus. . . . . . . .. ... .. 26

1.2. Reaction rate of various fusion reactions. The curve in red corre-
sponds to the reaction of deuterium with tritium Eq.(1.1.1) which
is the one envisaged for fusionreactors. . . . . . .. ... ... .. 28

1.3. Left: Coulomb collision between two particles in the frame of the
particle b. The deflection angle o depends on the impact param-
eter b. Right : number of particle colliding with a particle a with an
impact parameter between b and b + 6b. It increases with 5. . . . . 30

1.4. Drift instability of a plasma in a pure toroidal magnetic field. The
drift velocity depends on the sign of the charge. It leads to a sep-
aration of charge and so a vertical electric field. The F x B drift
then leads to an outward movement of the plasma. . . . . . . .. 32

1.5. A general magnetic surface. . . . . ... ... ... ... ... .. 33

20



1.6.

1.7.

1.8.

2.1.
2.2.

2.3.

2.4.

3.1.

3.2.

3.3.

3.4.

Magnetic field lines (blue) define magnetic surfaces (yellow) which
are toruses. The toroidal component of the magnetic field is cre-
ated by the coils depicted inred. . . . . . . .. ... ... L.
Poloidal projection of an unperturbed particle trajectories. On the
left for a passing particle and on the right for a trapped particle . .
Radiative collapse due to tungsten accumulation in the core. The
top left graph shows the increase of radiative power as a function
of time. The right hand side figure shows a radiative spot in the
core due to tungsten accumulation. . . . . .. ... ... L.

Potential fluctuations obtained with the gyrokinetic code GYSELA
In Lagrangian-PIC methods, markers initial positions are loaded
pseudo- (or quasi-) randomly in phase space (A). Markers are
evolved along their orbits (B). Charge and current perturbations
are assigned (projected) to real space (C). Field equations are
solved (D), e.g. on a fixed grid in real space. Figure coming from
[B4]. . . .
In Eulerian methods, a fixed grid is defined in phase space (A).
Finite difference expressions are used (B) in order to obtain value
of f at grid point at the next time step (C). Field equations are then
solved (D) after integration over velocity space. Figure coming
from[34]. . . . . .
In semi-Lagrangian methods, a fixed grid is defined in phase space
(A). The orbits are integrated back in time from each grid point
(B). The value of f at grid points is obtained by interpolation at
the foot of the orbit (C) and using the property f = const along
orbits. Field equations are then solved (D) after integration over
velocity space. Figure coming from [34]. . . . . . . .. .. ... ..

Velocity dependence of the velocity modulus diffusion rate v, 4
(blue), the deflection frequency v, (red), the slowing-down fre-
quency v, 4, (black) and the absolute value of the energy-loss rate
lve.w| (green). All quantities are normalized to v25 . . . . . . . ..
Velocity dependence of D, ,;, (solid line) and of its fit (dashed line)
defined by EQ.(3.3.11) . . . . . . ..
Velocity dependence of v, ., — 4.4 (SOlid line) and of its fit (dashed
line) defined by EqQ.(3.3.12) . . . . ... ... ... ...
Initial (top) and final (bottom) slices of the distribution function in
velocity space are given. The initial distribution function is far from
a Maxwellian in the v, direction on the left and in the v direction
on the right. In both cases, the converged state is an isotropic
Maxwellian. . . . . . . . . .

21

34

36

48

o1

52



3.5.

3.6.

3.7.

4.1.

4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

4.8.

5.1.

5.2.

Top : Time evolution of the perpendicular 7', (red), the parallel
temperature T (green), and the total temperature T;,, = 2Lt
(blue). Bottom : Time evolution of the logarithmic difference of
temperatures. The slope of the curve gives the relaxation rate. . . 76
Left : Time evolution of the parallel velocity of the main species
V] 0 (red), and of a trace impurity V} ; (blue). Right: Time evolution
of the logarithmic difference of parallel velocities. The slope of the
curve gives the momentum exchangerate. . . . . ... ... ... 7
Left : Time evolution of the temperature of the main species Tj
(red), and of a trace impurity 77 (blue). Right : Time evolution of
the logarithmic difference of temperatures. The slope of the curve
gives the thermal energy exchangerate. . . . . . . . ... .. ... 78

Trajectory of a particle (red) in the phase space (9, v”) in presence
of collisions. The jumps in the v direction represent the effect of
the diffusion in the velocity due to collisions. Due to this diffusion,
a particle can cross the frontier between the trapping and passing

domains (green) and change its nature. . . . . .. ... ... ... 81
Pfisrch-Schlter diffusion. On the top, collisions lead to an out-
ward flux. On the bottom collisions lead to an inward flux. . . .. 83

Comparison between the classical prediction (blue), the banana-
pateau contribution (red) and the Pfirsch-Schliter contribution (green)

...................................... 84
kneo = eBg% versus v, predicted by theory (dashed line) com-
pared with GYSELA results (reddots) . . . . ... ... ... ... 86
Xneo = —NLVT versus v, predicted by theory (dashed line) com-
pared with GYSELA results (reddots) . . . . . ... .. ... ... 86
Time evolution of the normalized ¢y, coming from the code GY-
SELA (red) compared with the theoretical prediction (blue). . . . . 88

Normalized particle flux of impurities versus density gradients.
The solid line corresponds to GYSELA results and the dotted line
toitslinearfit. . . . .. .. ... 97
Normalized particle flux of impurities versus temperature gradient.
The solid line corresponds to GYSELA results and the dotted line
toitslinearfit. . . . . . . . ... 98

Qualitative explanation of an interchange instability. The initial
potential fluctuations (blue and red circles) are growing due to an
umbalanced vy advection. Indeed due to the pressure gradient,
there are more particles going to the right than in the opposite
direction. Combined with the vertical drift due to magnetic curva-
ture, this leads to an instability. . . . . ... .. ... ... .. ... 101
Linear threshold for the ITG instability inthecase s=¢ . . . . .. 106

22



5.3.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

6.9.
7.1.

7.2.

7.3.
7.4.

7.5.
7.6.

Mechanism for turbulence generation and saturation by zonal flows

Poloidal reconstruction of radiative power loss in a JET discharge
[57]. This radiative power is attributed to impurity. . . . . . . . .. 112
Radial variation of collisionality of the impurity (blue). The limit
between plateau and Pfirsch-Schllter regime is represented by

theblackline . . . . ... ... ... ... 120
Radial variation of the impurity fluxes. These fluxes are time av-
eraged on approximately 3000we;. . . . . . ... 121
Left: poloidal asymmetry of the impurity density. Right: recon-
struction of the poloidal asymmetry with 6 (¢») and A () . . . . . . 123

Radial shape of Eq.(6.3.5) inred and Eq.(6.3.6) in green. The blue
curve represents the radial shape of Eq.(6.3.5) in the absence of

poloidal asymmetry of the impurity density, i.e. for6 = A=0. . . 124
Left: parallel pressure. Middle: perpendicular pressure. Right:
CGL tensor divided by the magnetic field. . . . . .. .. ... ... 124

Components of the neoclassical flux. The banana/plateau contri-
bution Eq.(6.2.12) is represented in green. The Pfirsch-Schllter
contribution Eq.(6.2.13) with H = — and H = 0 are depicted re-
spectively by the red and the blue curves. The various profiles,
including their possible asymmetries, are taken from the GYSELA
simulation. . . . . ... 126
Radial comparison of the theoretical predictions of the neoclassi-
cal radial impurity flux (H = —31 in red, H = 0 in blue) with the
neoclassical flux coming from the GYSELA code (black). . . . .. 127
Mach number of the impurity . . . . . . ... ... ... ... .. 128

Amplitude of the non zonal electric potentital in the GYSELA sim-
ulation . . . ... 132
Comparison of density poloidal asymmetry with (solid line) or with-
out (dotted line) poloidal asymmetry of electric potential. A time
average on several turbulence correlation time has been performed.133

Absolute value of Qhog and Qhyq . . . . Lo 146
Real and imaginary parts of the ratio ;% vs Q. . .. . .. .. .. 146
Phase of % .............................. 147

Real and imaginary parts of the ratio h’"‘_l—lﬂn vs Q for K.p; =0.25 . . 148

23



1. Introduction

Contents

1.1. Fusion . . . . . . . . Lo 25
1.2. Plasmas. . . . . . . . . . ..o 28
1.2.1. Basic description . . . . . . .. ..o 28
1.2.2. Characteristic scales in hot magnetized plasmas . . . . 29
1.3. Tokamak . . . . . . . . ... ... 30
1.3.1. Lawson criteria . . . . . . . . . .. ... 30
1.3.2. Magnetic configuration . . . . . . . .. ... ... .. 31
1.3.3. Particle trajectories . . . . . . . . . ... ... .. 34

1.3.4. Transport accross the magnetic field: underlying mecha-
nisms . ... Lo Lo 36
1.3.5. Typical values . . . . . . . .. . . ... 37
1.4. Impurities . . . . . . .. ..o 37

24



1.1. Fusion

Stars are hot and dense astronomic objects. They release a considerable amount
of energy by radiation over billions of years. One could consider that the totality
of this energy comes from the gravitational energy lost by the star while contract-
ing. The Kelvin-Helmholtz time scale 7y is the approximate time it takes for a
star to radiate away its gravitational energy content at its current luminosity rate.
In the case of the sun, 7, ~ 3 - 107years which is small compared to the sun
lifetime 7, ~ 1.5 - 10'%ears. Hence the sun, and all stars in general, needs to
produce their own energy.

There are two kinds of reactions that can produce energy : chemical and nu-
clear. Chemical reactions consist in an exchange of electrons between atoms,
that can either produce or require energy. In any case, chemical reactions leave
atomic nucleii untouched. On the contrary, nuclear reactions are by definition as-
sociated with an evolution of the nucleus composition. Chemical reactions are
long range interactions (~ 10~m) compared with nuclear reactions (~ 10~%m).
For this reason, the energetic density of nuclear reactions is approximately 10°
larger than the one of chemical reactions. Considering the sun composition
(~ 74% of hydrogen, ~ 24% of helium) and the relatively small energetic density
of chemical reactions, one can safely discard chemical reactions to explain the
enormous amount of energy contained in stars.

Nuclear reactions consist in a evolution of nucleus, which are composed of nu-
cleons (neutrons and protons). The coherence of a nucleus is due to a binding
energy between nucleons. The average binding energy per nucleon represents
the stability of a nucleus. This quantity depends on the nucleus which is consid-
ered. The Aston curve, shown in the figure 1.1, represents the average binding
energy per nucleon as a function of the number of nucleons in the nucleus. For
small nucleii, the average binding energy per nucleon increase with the size of
the nucleus. That means that small nucleii can react together to create heavier
elements while releasing energy. This kind of reaction is called a fusion reaction.
For elements heavier than Fe®, the Aston curve is decreasing. That means that
heavy elements can release energy if they become lighter. This kind of reaction
is called fission.

Fission reactions are already exploited in conventional nuclear reactors to pro-
duce energy. Indeed these reactions are relatively easy to trigger on earth. Even-
though fission reactions allow producing large amount of energy for a relatively
low cost, the drawbacks of this energy are well known. The main drawback of
fission is the treatment of its nuclear wastes. Indeed, no sustainable solution
has been found yet and the storage of nuclear wastes in a safe place for tens
of thousands of years is a challenging issue. Another issue with current fission
reactors is related to safety. Indeed, eventhough nuclar accidents are rare, they
have led to major catastrophes for both humans and nature like Tchernobyl and
Fukushima accidents.
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Figure 1.1.: The Aston curve represents the average binding energy per nucleon
as a function of the number of nucleons. Large values corresponds to
stable nucleus. The maximum is reached for Fe®®, which is therefore
the most stable nucleus.

Stars are fuelled by fusion reactions. Indeed, stars are mainly composed of
hydrogen, which is the lighter element. The fusion of hydrogen in helium is the
nuclear reaction that produces the largest energy per mass. Indeed, the slope
of the Aston curve (fig.1.1) is maximal in absolute value for light elements. The
chain reactions of fusion in stars are complex and would be really difficult to
be reproduced on earth. Nethertheless, this proves the enormous potential of
fusion energy production. Furthermore, light elements are abundant on earth.
Hence fusion reactions are good candidates to obtain a new source of sustain-
able energy on earth.

Different fusion reactions can be envisaged on earth. The figure 1.2 shows
the reaction rate (cv) which measures the probability of reaction for two species
at equilibria (Boltzmann distribution function) as a function of temperature for
different reactions. This curve shows that the best candidate for a fusion reaction
on earth is the fusion of deuterium (D) with tritium (T), both isotopes of hydrogen.
This reaction produces an helium nucleus, a neutron and releases 17.6 MeV by
reaction.

2D3T =4 He+ln (1.1.1)

Deuterium is abundant on earth. Indeed the massic concentration of deu-
terium in water is ~ 33¢g - m~3. On the other hand tritium is rare as it is a ra-
dioactive element with a half time life of approximately 12 years. Tritium can
be produced either naturally in the atmosphere by cosmic rays or industrially in
fission plants and laboratories. The current stock is approximately 20 kg. This
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stock will not be enough for a fusion plant. Indeed a 800 MW fusion plant will
require ~ 300 g of tritium per day [54]. Fortunately, it is possible to produce tri-
tium by bombarding lithium with energetic neutrons like those created by fusion
reactions. It is envisaged to use this method to generate tritium in fusion plants.
The lithium stock is by far enough for fusion plants operation using this method
of tritium generation.

The required conditions to achieve fusion reactions are unusual on earth. In-
deed one can make a rapid estimation of the energy required to overcome the
Coulomb repulsion between nucleus by assuming that fusion reactions require
that both nucleus are at a distance of the same order as the typical size of a
nucleus (~ 10~'m). Because nucleus are much smaller than atoms ( ~ 10~1°m)
one can neglect electron screening. As both nucleus are positively charged, they
repel. The typical energy of Coulomb interaction between a deuterium and a tri-
tium nucleus at a distance » ~ 10~°mis given by Ecouioms = 4;62 -~ 10%V. This
is an enormous energy. In fact due to a tunnel effect, the probability of fusion
between nuclei at a distance larger than » ~ 10~'°m is increased, therefore the
required conditions to produce fusion reactions are less stringent. The figure
1.2 accounts for the tunnel effect and shows a maximum for ~ 105V for the
reaction of deuterium with tritium (1.1.1). This is two orders of magnitude higher
than the temperature at the center of the sun. We mention here that star core
temperature (~ 10%cV) is typically two order of magnitude lower that the tem-
perature of the maximum efficiency of fusion reactions. Nethertheless, fusion
reactions are efficient in stars thanks to the enormous densities and excellent
confinement resulting from gravity. These criteria are of great importance to as-
sess the performance of a laboratory device. They will be detailed in the section
1.3. In anycase, the extreme temperature required for fusion reactions is one
of the reason why it is so hard to produce fusion reactions on earth. But this
difficulty is also a good news concerning safety issues : if fusion conditions were
met in a reactor and an incident was to occur, the pressure would decay rapidly
and the energy production would drop extremely fast. For such high tempera-
tures, matter is in the form of a plasma. In the next section we present briefly
what is a plasma.

27



Figure 1.2.: Reaction rate of various fusion reactions. The curve in red corresponds
to the reaction of deuterium with tritium Eq.(1.1.1) which is the one
envisaged for fusion reactors.
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1.2. Plasmas

1.2.1. Basic description

A plasma is composed of nuclei and electrons. In a plasma some or all electrons
are unbounded to nuclei, thus plasma are conductors. On the other hand, nuclei
are also in an unorganized state, as in gases. The easiest way to understand a
plasma is then to consider it as a conductor gas, and as such, it is sensitive to
electromagnetic fields and can also generate them.

A plasma can be either partially or fully ionized. The ionisation rate depends
on the density, the temperature and the different elements which compose the
plasma. If the plasma is partially ionized, some nuclei conserve bounded elec-
trons. Atomic physics then plays a role as these ions may absorb or produce
photons and may also change their ionization state. In this thesis we will study
hot plasmas. In this case, only heavy impurities are not fully ionized. In the
following of this thesis, no atomic physics effects will be taken into account.

Another important parameter to characterize a plasma is the plasma coupling
parameter defined as I' ~ % ~ €N where N is the density of the plasma, e
the charge of a proton, ¢, the vaccum permitivity and kg7 is the thermal energy.
Note that in the rest of this manuscript, we will omit k5, therefore the notation T
will corresponds to a energy. If I' > 1, the plasma is strongly coupled meaning
that a particle experiences some large interactions with other particles. On the
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other hand, if I' < 1 the plasma is weakly coupled meaning that collective effects
play a key role. In the following, we will study diluted and hot plasmas and so
I'< 1.

1.2.2. Characteristic scales in hot magnetized plasmas

In hot magnetized plasmas many characteristic lengths, frequencies and veloci-
ties need to be introduce to study the physics of plasmas. In this section we give
a brief overview of the most frequent ones. Other quantities will be introduced
when needed.

Characteristic frequencies:  In presence of a constant and homogenous mag-
netic field, charged particles exhibit a cyclotron motion. In a plane orthogonal
to the magnetic field, trajectories are circular. The characteristic pulsation as-
sociated with this motion is known as the cyclotron pulsation w,, = <
es is the charge of the particle considered and m, its mass. The magnetlc field
is noted B and the index s design the species considered (s = e for electrons,
s = 1 for the main ion and s = z for an impurity). Another important quantity is the
plasma pulsation w, , = e,,/-2=-, which is the typical frequency of response of

€0Ms

charges to an electrostatic field. Finally, the collision frequency associated with a
species a colliding on a species b, v, = /28 A N, (i + i) W will

3 471‘60 Mq m mp
( ) “ Ta va)
js

play an important role. Here In A ~ 20 is the Coulomb logarithm and vy, = o
is the thermal velocity of the species s. A full chapter (chapter Ill) will be dedi-
cated to collisions.

Characteristic lengths: The first characteristic length that can be defined is the
typical distance between ions. It is known as the Loschmidt length and defined
as A\ = N;1/3. The second one is the radius associated with the gyromotion. It
is known as the Larmor radius (or gyroradius) and defined as p;, ; = ZL The De-

bye length \p ; = ,/%is the typical Iength above which a charge is screened by

the others. The Landau distance A\, ; = 47r€ T is the minimal distance approach

when considering two particles of identical charge e;. Note that I" = AL allowing
a clearer interpretation of the coupling parameter. Indeed, I' < 1 <:> AL < A
It means that strong (« ~ 1) collisions, which are collisions with an impact pa-
rameter b ~ )\, and so a large deflection angle o ~ 1, are rare events. In this
case, the main contribution of the collisions comes from weak collisions, which
means that a particle experiences a huge number of small interactions (o« < 1)
with other particles instead of few strong interaction with other particles. The left
hand side of the Fig.1.3 depicts a Coulomb collisions between two particles and
clarify the notions of impact parameter b and deflection angle «. The right hand
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side of Fig.1.3 shows all the particles interacting with the particle of reference. In
practice, all particles with an impact parameter in the range A\, < b < \p partic-
ipate to weak collisional processes. The upper limit is the Debye length. Indeed,
Ap corresponds to the maximal distance of interaction between two charged par-
ticles. We introduce also the parameter A which is in the Coulomb logarithm is
simply given by A =~ 42.

Figure 1.3.: Left : Coulomb collision between two particles in the frame of the
particle b. The deflection angle o depends on the impact parameter b.
Right : number of particle colliding with a particle a with an impact
parameter between b and b+ 0b. It increases with b.

1.3. Tokamak

1.3.1. Lawson criteria

We have seen in the part 77 that fusion reactions can produce a large amount
of energy. But the condition on the temperature to get efficient fusion reactions
is extreme. Two other parameters are critical for a fusion reactor : the density
and the confinement time of energy defined as 7z = % where W is the inter-
nal energy and P, the power loss. The number of fusion reactions is indeed
proportionnal to the square of the density (if deuterium and tritium are present in
the same proportion). On the other hand the confinement of energy is naturally
an important parameter to maintain a hot plasma.

In principle, the energy needed to sustain the temperature of a burning plasma
can be entirely produced by fusion reactions. Indeed « particles (=helium) cre-
ated by the DT fusion reaction have a large energy (£, ~ 3.5MeV). If the number
of fusion reactions is large enough and « particles are confined long enough to
transfer their energy to the deuterium/tritium mixture, then no external heating
system is required. This is called ignition. A 0D model allows to compute a cri-
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terion to obtain ignition. In this model, the only ion species are deuterium and
tritium in equal proportions. They have the same density % and temperature T’
(no temporal or spatial dependences is taken into account). The internal energy
is given by W = 3NT whereas the fusion power is given by Py, = EQN{ (ov) .
For ignition, this power has to be greater than the power loss Py, > Ps,. This
inequality can be writen as

1272
NTtg >
B = E, (ov)

This is the Lawson criteria. The minimum of % is obtained for a temperature

of T,,,x. ~ 14keV. For this temperature, one get NT7; > 3 - 10*m ™ - keV - s.

With the help of this criterion, we see that two kinds of approaches can been
envisaged to obtain fusion on earth. Indeed, the temperature is more or less
fixed around 7,,;.. Then one can try either to increase the density or the confine-
ment time.

The first approach consists in maximizing the density. This is called inertial
fusion. It consists in compressing and heating a target via lasers. This solu-
tion relies on the use of powerful, carefully shaped and well synchronized lasers.
Inertial fusion energy production at large scales seems currently unrealistic. In-
deed it suffers major drawbacks : low frequency rate, lack of energy efficiency
for laser production, high cost of target production. For these reasons, inertial
fusion research is mainly dedicated to military purposes. The two largest instal-
lations are the NIF in the USA and the Laser Mégajoule in France.

The second category of device that can be used to obtain fusion relies on the
sensitivity of plasmas to electromagnetic fields. The idea is to create a static
electromagnetic trap for charged particles. Different kinds of devices have been
studied like Z-pinches, 6-pinches, stellarators and tokamaks. Tokamaks have
demonstrated the most promising performances in the past. The present record
of fusion energy production has indeed been obtained in 1997 in the tokamak
JET, the current biggest tokamak in the world, located in UK. In the rest of this
thesis, only tokamaks are considered.

1.3.2. Magnetic configuration

Tokamaks use a magnetic field to confine a plasma. The main magnetic field is
toroidal and is created by magnetic coils. If charged particles were only follow-
ing magnetic field lines, this toroidal magnetic field would be enough to confine
perfectly a plasma. Indeed, it produces closed field lines. Unfortunately, if the
magnetic field is not uniform, particles experience a magnetic drift. It is possible
to show that this velocity takes the form vp = ;1 (vi + QUﬁ) BXVEB in the low f3

2we B2
limit. Where the parameter 5 = % is the ratio between the thermal pressure

210
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and the magnetic pressure. For tokamaks, the limit 3 < 1 is relevant. Here v

represents the velocity of the particle projected on the direction of the magnetic

field vy = v - bwith b = £ and v, is the norm of the velocity component perpen-

dicular to the magnetic field line (we assume isotropy in the plan perpendicular
v2—vﬁ

to the magnetic field) v, =/ ——.

In a pure toroidal magnetic field B = Zsfue , this velocity is vertical and de-

pends on the sign of the charge vp = ﬁ (vi + 2vﬁ) e.. Notice that the major
radius dependence of the toroidal magnetic field comes from the Maxwell equa-
tion divB=0. Since ions and electrons have opposite charges, the magnetic drift
creates a separation of charge and thus a vertical electric field. A charge in the
presence of both a magnetic and an electric field experiences an electric drift
velocity vy = ng. This velocity does not depend on mass or charge. There-
fore it corresponds to a velocity of the whole plasma. The electric field created
by the charge separation then causes a net movement of the plasma in the out-
ward direction leading to a rapid loss of confinement. This simple mechanism of

deconfinement is illustrated in Fig.1.4.

Figure 1.4.: Drift instability of a plasma in a pure toroidal magnetic field. The drift
velocity depends on the sign of the charge. It leads to a separation of
charge and so a vertical electric field. The E x B drift then leads to
an outward movement of the plasma.
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To solve this problem, a secondary magnetic field is added. It is a poloidal
magnetic field created by the plasma current flowing in the toroidal direction.
This secondary magnetic field reduces drastically the electric field by averaging
poloidaly the distribution of charge. A tertiary vertical magnetic field is added for
stability reasons.
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It can be shown that for an axisymmetric magnetic field (%—’j = 0), the existence
of magnetic surfaces is ensured. In this case, the magnetic field has to take the
form

B=1(y)Vp+Vpx Vi

where I = ©2W and ) = — L2 with I, = [y J-dS the currentand ¢, = [ B-dS
the flux of the magnetic field accross the surface S defined as the intersection
of the magnetic surface considered and a poloidal plane. The notations are
illustrated on Fig.1.5. We can define an intrinsic poloidal angle 6* such that the

safety factor ¢ is a flux function ZY£ = ¢*(1).

Figure 1.5.: A general magnetic surface.
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In the rest of this thesis we consider the limit case of circular magnetic surfaces
for which the magnetic field lines lay down on circular concentric toruses as
illustrated on Fig.1.6. In this case, it possible to show that 7 (¢)) = ByRy = cst
where R, is the major radius of the plasma and B, the norm of the magnetic field
on the magnetic axis. The magnetic field then takes the form

B = BOR()V(,O + VQO X V@U
An alternative form of the magnetic field is given by
B = Bgeg + B¢e¢

with B, = 25 where R is the local major radius. It is stressed here that the
angle 6 is the geometric angle and not the intrinsic poloidal angle 6*. Indeed, it
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can be shown that

. 1—e€ 0
0 —2arctan( 1+6tan <2>>

where we have use the local inverse aspect ratio e = -, r being the local minor
radius. The large aspect ratio limit ¢ < 1 is often considered for which the
difference between the two angles is small. Anyway, the use of the geometrical
angle implies the introduction of a new the safety factor ¢ (r,6) = g‘&g = ;BB*; :
B, is the local toroidal field and B, the local poloidal field. One can introduce
the cylindrical safety factor which is the limit of the previous safety factor for
infinite aspect ratio q.,; (r) = Rffgg and allows to rewrite the safety factor ¢ (r,6) =
Qeyt (1) %. The advantage of ¢.,, is that it is a function of the radius only. Finally,
one can also define the aspect ratio of the machine £& where « is the minor radius

of the plasma. Most tokamaks have an aspect ratio in the range % < % <6.

Figure 1.6.: Magnetic field lines (blue) define magnetic surfaces (yellow) which are
toruses. The toroidal component of the magnetic field is created by
the coils depicted in red.

1.3.3. Particle trajectories

The unperturbed equation of motion of a particle in a tokamak is integrable, since
there exists three motion invariants, namely

« the unperturbed Hamiltionian H., = imv® + e®.,. It comes from the sta-
tionarity of the electromagnetic field.

 the magnetic moment y = @—? which is an adiabatic invariant coming from
the fast cyclotron motion.
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« the kinetic toroidal momentum P, = —ey) + mRZ2v;. Its invariance comes
from the invariance of the problem by rotation in the ¢ direction.

The parallel velocity can be written as a function of the Hamiltonian and the
magnetic moment ‘v”‘ = % (H., — pB). This formula implies that the parallel
velocity changes along a magnetic field line due to the variation of B. If H., >
1Bmq then the sign of the parallel velocity has to be constant. This particle
is called passing or circulating. On the other hand if H., < pB,,.. , there is
a point on the trajectory of the particle where v; = 0 and the particle bounces
back. The particle is trapped on the low field side of the tokamak. Making a
development at leading order with respect to ¢, the trapping condition can be
recastas -L| < /2e

If uBm,w << Heq, then the variation of v along the particle trajectory can be
neglected. The particle trajectory projected on the poloidal plan is a circle. The
pulsation of the motion in the toroidal direction is given by w, = ;—‘(‘) whereas the
one associated with the poloidal direction is given by wy = q%l‘o. Due to the term
B,y inthe definiton of P,, there is a shift of particle trajectories compared to the
reference magnetic surface which depends on the sign of eB, v . If eB v > 0
then the shift is in the low field side direction whereas for eB, v < 0 the shift is
in the opposite direction. The shift is given by 4, = 22 ~ Z.

Y

If uB. > H., the particle is deeply trapped on the Iow field side of the

a*Rj
term B, v in the definition of P, there is a shift of particle trajectories compared
to the reference magnetic surface which depends on the sign of e 5,v; This gives
a banana width 4, = %2-L=¢
The two kinds of trajectories are represented on Fig.1.7. In absence of colli-
sions and electromagnetic field evolution, the type of trajectory cannot change.
The particle is thus perfectly confined. It is shown in the next section that colli-

sions or the evolution of the electromagnetic field can lead to transport.

tokamak. The bounce frequency is given by w, = ,/n’;BOT, . Again, due to the
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Figure 1.7.: Poloidal projection of an unperturbed particle trajectories. On the left
for a passing particle and on the right for a trapped particle
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1.3.4. Transport accross the magnetic field: underlying
mechanisms

The description of the particle trajectories is an opportunity to introduce particle
transport. Indeed, one can imagine different ways to perturb particle trajecto-
ries, leading to transport. The easiest way to impact particle trajectories is to
change the magnetic field. Indeed, particles are following closely magnetic field
lines. The large parallel motion of particles lead to an efficient homogeneiza-
tion of all quantities (density, temperature...) along a magnetic field line. There-
fore, if a magnetic field line connects two areas with different densities and/or
temperature, it creates a huge transport leading to a rapid loss of confinement.
Depending on the areas which are connected, this loss of confinement can be
either localized radially (i.e. magnetic island) or global (i.e. disruption). The
magnetic stability of a plasma is described within the MagnetoHydroDynamics
(MHD) theory.

Another way to perturb particle trajectories is to include collisions. Indeed, col-
lisions are responsible for a diffusion in the velocity space. Therefore, a particle
trajectory can change in nature (trapped/passing) as time goes by. As 6. < dy,
a change of nature for the particle leads to a net radial transport. Note that the
detrapping frequency of the main ion species is v4eirap = 52. One can therefore
create a diffusion coefficient D = vy.,4,07. This simple reasoning gives the right
order of magnitude for the diffusion coefficient in the low collision frequency limit.
The neoclassical theory describes the effects of collisions on particle trajecto-
ries and the resulting transport. The chapter 4 is dedicated to the neoclassical
theory.

Finally, turbulence that corresponds to small scales and rapid fluctuations of
the electromagnetic field around its equilibrium state can be responsible for a
large transport. These fluctuations are the signature of the non linear response
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Table 1.1.: Typical values in a Tokamak

| distance | values (m) |

=10 | frequency | value (Hz) |
PL :

5 T We 2.10° || velocity | value (m/s) |
5; 110~ W 10° vy 7-10°

- T W 1-10° oy 2-10°

Ao | 6-107 - et = 210

N 2107 “ 10

of the plasma to different instabilities. Different instabilities are possible in a
tokamak and they can co-exist. In this thesis, we will focus on only one instability
. the lon Temperature Gradient (ITG) driven instability. It is one of the main
instability in the core region (along with trapped electron modes). More details
about this instability and the turbulence associated are given in the chapter 5.

In principle, these three channels of transport should be treated on equal foot-
ing. However in this thesis, only neoclassical and turbulent transport are consid-
ered.

1.3.5. Typical values

In this section some typical values of the different quantities introduced previ-
ously are given. These quantities are just indicative and can of course vary
depending on the machine considered. We consider a tokamak with a central
ion density of N ~ 102°m =3, a central temperature of ' ~ 10*cV, and a toroidal
magnetic field of B, ~ 57. The minor radius is a ~ 1m and the major radius
Ry ~ 3m. For the values given we place ourselves at r = ¢ so ¢ ~ ;. We
consider a safety factor of ¢ ~ 2 and a typical radial electric field of 10*V/m.
The considered species is deuterium. The typical values are given in Tab.1.1.
One can also introduce four dimensionless parameters: the normalized Debye
length 5 ~ 5, the normalized gyro-radius p, = 2 ~ 3107, the collisionality
v, = Zetrar. — Vi ~ 4 -10~! and the béta parameter 3 = %L ~ 1072 These

3/25T
Wy 25/ o

2

four dimensionlees parameters will serve to establish the model that will be used
to described the plasma. The model will be detailed in the chapter 2.

1.4. Impurities
An ideal fusion plasma is composed of deuterium, tritium and electrons. Any
other species is considered as an impurity. Impurities may come from fusion

reactions (helium), the wall (tungsten, berillium) or be injected on purpose to ra-
diate energy and reduce the heat flux on plasma facing component (e.g. argon).
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Impurities have a deleterious effect on plasma performance. Indeed impurities
that accumulate in the core of the plasma can dilute the fuel (N ), thus lead-
ing to a decrease of the fusion reactions rate and/or radiate intensely (7 \)
if they are not fully ionized. This is typically the case for heavy impurities like
tungsten. The radiation of energy is critical even for tokamaks without fusion
reactions. Indeed, even at low concentration, heavy impurities can cool down
efficiently a plasma and lead eventually to a radiative collapse. An exemple is
given in Fig.1.8 [57] where a radiative collapse due to accumulation of tungsten
in the core of JET is shown.

Figure 1.8.: Radiative collapse due to tungsten accumulation in the core. The top
left graph shows the increase of radiative power as a function of time.
The right hand side figure shows a radiative spot in the core due to
tungsten accumulation.

The understanding of impurity transport is therefore of utmost importance for
core plasma performance. Like any particles, impurities are transported via three
channels : neoclassical, turbulent and MHD. MHD activity is known to be able
to impact significantly impurity transport [3]. But in this thesis we will focus on
the two other channels.

For heavy impurities, neoclassical transport is expected to be dominant. In
absence of strong poloidal asymmetries, neoclassical theory predict an inward
flux due to the gradient of density of the main species and an outward flux due to
the temperature gradient [46]. But it has been recently shown that neoclassical
prediction is significantly affected by poloidal asymmetries [4]. These poloidal
asymmetries may originate from turbulence [25] or sources [7, 5]. For light im-
purities, turbulence is expected to play an predominant role.
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In this context, one can ask many questions on impurity transport:

» What is the dominant channel of transport depending on the nature of the
impurity (light versus heavy), plasma parameters (density and temperature
profiles, geometry...) and the nature of the sources?

« Can transport processes interact?
» Can we predict the impurity flux with a simple model?

The aim of the present work is to tackle these questions on both theoretical
and numerical grounds. In chapter 2, the numerical tool used to described the
plasma is detailed. Chapter 3 is dedicated to collisions. Chapter 4 is dedicated to
the standard neoclassical physics. Chapter 5 deals with turbulent prediction for
impurity transport. Chapter 6 gives numerical results for the impurity transport
in the case of turbulent generated poloidal asymmetries. Chapter 7 clarifies the
turbulent generation of poloidal asymmetries. Finally a conclusion is drawn.
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2. The gyrokinetic code GYSELA
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2.1. Gyrokinetic theory

As mentionned in the introduction, plasmas are composed of charged nuclei in
presence of electrons. One can envisage three kinds of description to calculate
the plasma response.

+ Particle description: the evolution of each particle is described in a 6D
phase space (3 dimensions of space and 3 of velocity). The particles are
interacting via Maxwell equations. In this approach all informations are re-
tained. This approach is by far too costly to be envisaged as the density
of a fusion plasma is N, ~ 10?°particles /m3. Even if this kind of approach
was possible, it would contain a lot of useless information: there is no need
to follow each particle individually to understand phenomena happening in
the plasma.

+ Kinetic description: given the huge number of particles, a clever way to de-
scribe a plasma is to use a statistical approach. An assembly of particles
of a same type (for instance electrons) is statistically described by a distri-
bution function living in a bounded 6D phase space : three dimensions of
space bounded by the physical space in which the plasma is evolving ( for
instance the tokamak chamber) and three dimensions of speed bounded
for instance by the speed of light. In this approach the elementary vol-
ume of phase space f (x,v) dedv represents the probability for a particle
to be in the elementary volume dxdv centered on the point (x,v) times
the total number of particles. The distribution function is evolved via the
Fokker-Planck equation which needs to be coupled to Maxwell equations
for a complete description. This approach allows a description of all phe-
nomena of interest but stays at the moment challenging from the numerical
point of view.

+ Fluid description: this approach is obtained by considering a limited number
of moments of the distribution function. These moments evolve in a 3D
space. The major advantage of this approach is the reduction of the space
allowing a huge reduction of computational cost. On the other hand a part
of the physics is overlooked in this approach. For instance wave-particles
interactions that often involve resonances in the velocity space cannot been
studied. Moreover certain classes of particles (e.g. trapped, fast) require
a specific treatment. The limited number of moments which is retained
implies a closure procedure that remains a delicate problem.

The fluid approach is valid in different cases. For instance, if collisions
are strong enough, they will push the distribution function to evolve in the
direction of Maxwellian which is fully described by three moments. But
core fusion plasmas are almost collisionless and distribution functions can
be far from Maxwellians especially in presence of external drives like those
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used to heat the plasma. The fluid approach is also valid, if wave-particles
interactions and the effect of trapped particles is negligible. This is typically
the case if the two following conditions are fulfilled kv < w and k6 < 1 with
k the wave number of the wave, w its puslsation and ¢ the trajectory width.

2.1.1. Kinetic description

In this part we show how to obtain the Fokker-Plack equation starting from the
equation of motion of a particle. Two approaches are possible for this demon-
stration: one based on the Klimontovich approach and another one starting from
the Liouville equation and using the so-called BBGKY (Bogoliubov Born Green
Kirkwood Yvon) hierarchy [67]. A brief presentation the Klimontovich approach
is given. More details on the two derivations can be found in [72].

The phase space density N, corresponding to N, particles of the species s is
given by

N, (2, v,1) = Zoj(s(w C X ()6 (v — Vi (1))

where X, (t) and V; (t) are respectively the position and the velocity of the
particle i at time t. Taking the time derivative, one obtains

P No dX;
aNS (z,v,6) == o Vo0 (x— X (1) (v—Vi(t))]

=1

get

;NS (2, v, 1) = —év V. [6 (@ — X, ()6 (v — Vi (1))]
_ ; _“1 (E" +v x B™) -V, [5 (@ — X, (1) (v — Vi ()]
o —i—'v~Vst+§; (E™ +v x B™)-V,N, =0 (2.1.1)

Where e, is the charge of the species s and m, its mass. This equation is
known as the Klimontovich equation. It is exact but still contains all the infor-
mation on the position in phase space of all particles. To remove useless in-
formation, a statistical average of the Klimontovich equation is considered. We
define
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Ns = Fs + 6Fs
E"=FE+FE
B"=B+B
where F, = (N,), E = (E™) and B = (B™) are statistical mean values

of respectively N;, E™ and B™. Taking the statistical average denoted (-) of
Eqg.(2.1.1). one find

FS S
8& +v-Vsz+n€T(E+v x B)-V,F, =Y C(F,, Fy)

where C'(f,) = == ((0E +v xdB)-V,0f;) is the collision operator which
will be discuss in detalil in the third chapter. This equation is the Fokker-Planck
equation. Note that using the ergodic hypothesis, the statistical average can be
replaced by a temporal average. This statistical approach holds if the number of
particles in an elementary volume of phase space AzAuw is large enough. Indeed,
if one consider fluctuations § Na,, Of the order of / Na,a, , Where Na.a, is the
number of particles in the elementary volume AxAwv then the statistical approach
can be considred as valid if the fluctuations are much smaller than the mean
value. For instance, ‘SNNAAiAA < 10% < Naya, > 100.

In practice, this thesis considers the following assumption Az > Ap. In the
Debye sphere there are NA?, ~ 10'° particles. These particles need to be dis-
tributed in a 3D velocity space. The constraint Na,a, > 100 left more than 100
values in each direction if one consider a cartesian description. It will be con-
sidered as sufficient and we will consider in the following that the statistical ap-
proach is valid. The Fokker Planck equation needs to be coupled with Maxwell’s
equations to have a self consistent description of the evolution of the distribution
function together with the electromagnetic field.

2.1.2. From kinetic to gyrokinetic

We have mentionned in the section 1.3.2 that the motion of particles in a toka-
mak is integrable if the electromagnetic field is static and the system considered
as toroidally symmetric. If the perturbations are weak enough, the KAM (Kol-
mogorov Arnold Moser) theorem states that some of the quasi-periodic motion
persists. In core fusion plasmas, electromagnetic fluctuations are small and slow
compared to the ion cyclotron frequency. Indeed, experimental results suggest
the following ordering for small scale turbulence [34]

0B edg w

~ O %0 1
BT w (pxi) <
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where the subscript i stands for the main ion species. Due to this ordering,
the gyromotion which is the fastest of the three quasi periodic motions, is only
slightly affected by the electromagnetic perturbations and the adiabatic invariant
p which is proportional to the action associated with this moment (J; = **1) can
be redefined to give another invariant. The gyrokinetic approach is basically a
change of variable ensuring that the new adiabatic invariant i = p+o () is atime
invariant (in absence of collisions). With this change of variable, the phase space
associated with the gyromotion is orthogonal to the rest of the phase space.
Therefore, the dimensionality of the problem is reduced: one passes from a 6D
phase space to a 4D phase space plus a parameter ji.

A rigorous derivation of the gyrokinetic equation that will be used can be found
in the review paper of A.Brizard [12]. Details on the derivation of the model are
not given in this thesis. We just mention that the derivation of the gyrokinetic
equation from the Fokker-Planck equation is done in two steps: the first step
allows one to obtain the evolution equation of the guiding center by eliminating
the gyroangle coordinate from the Fokker-Planck equation. At this stage, the
guiding center magnetic moment . is a dynamical invariant. The introduction of
low-frequency electromagnetic fluctuations reintroduces the gyroangle depen-
dence in the perturbed guiding-center problem. A second transformation allows
one to remove the gyrocenter gyroangle coordinate of the problem and leads to
the gyrokinetic equation

OF, dXg.,

+ dvng 8}1
ot dt

-V oF,
¢t dt 81;(;,“

=Y C(F. Fv) (2.1.2)

S/

where the index G stands for the gyrocenter coordinates. The equation of
motion of the gyrocenters is given by

d-XG,s
dt

= vg,|b; + VExBs + VUDs

where vy, 5 s and v , are respectively the electric and magnetic drift velocities
that have been introduced in the section 1.3.2 but expressed in the gyrocenter

H * B msvg, P * ms
framework. We also define b = Bﬁﬁqu*GgVXB with Bj; = B+ vg,1b-(V x b)

lls

which corresponds to the Jacobian of the gyrocenter system of coordinates.The
gyrocenter parallel velocity evolution equation is given by

d -
mo =l = b VB — b} Vo +

B

VExB,s VB

where ¢ = 7 - ¢ is the gyro-average potential with 7 the gyroaverage operator.
One should note that the new adiabatic invariant 1 is a real invariant only with-
out collisions. In this thesis, we will also consider the slow evolution of this quan-
tity due to collisions. One could question the validity of the gyrokinetic approach
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when collisions are accounted for because of the evolution of the magnetic mo-
ment. Fortunately, core fusion plasmas have collision frequencies much smaller
than gyration frequencies v, » < w. and the gyrokinetic approach is relevant to
study core fusion plasmas even when collisions are accounted for.

2.1.3. Quasi-neutrality equation : limit of adiabatic electrons

The gyrokinetic equation has to be coupled with the evolution equation of the
electromagnetic field. In the following, the electrostatic limit is considered. It
consists in neglecting the time derivative of the potential vector 9, A = 0. With
this assumption, the evolution of the electric field is linked to the one of the po-

tential E = —V¢. The evolution of the potential is governed by the Poisson
equation
Vi =—— Z N,Ze
€0

where N, = [ F.dv is the density of the particles and the sum is on all the
species considered. Defining the dimentionless parameters ¢ = e¢’ , N, = N—
and L the typical dimension of the problem considered, the P0|sson equation
can be recast
~S N, Z,

where \p . is the Debye length of electrons. As seen previously, if one consider
scales larger than the Debye length A\p . < L, then the plasma can be treated
as quasi-neutral. This result is retrieved here and the quasi-neutrality is simply

given by
ZnSZS =0

ITG (lon Temperature Gradient) turbulence, which is the one considered in
this thesis, develops at scales of the order of a few Larmor radii of the main
ions (with p; ~ 1073m) whereas the Debye length is typically A\p ~ 10~*m. The
scale separation justifies the quasi-neutrality approach. One should note that
Ap.e ~ pe, Which means that for a turbulence developing at the electron scale like
ETG (Electron Temperature Gradient), one should not use the quasi neutrality
equation.

At this stage, the gyro-average potential dependence is not obvious. Moreover,
one should note that the quasi-neutrality equation uses the density of particles
and not the the density of gyrocenters. We can rewrite the quasi-neutrality con-
dition to make the dependence on the potential and the density of gyrocenters
explicit. To do so, one can use the link between the distribution function of gyro-

2
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center F, and the one of particles F,:

Zge

Fs (fB,'U,t) = —m
eq,s

Fogs (,0) [6 () — ¢ (26, 1)] + F. (T, v6,1)  (2.1.3)

where F, , is the equilibrium distribution function of the species s, which is a
Maxwellian. Integrating over the velocity space, one has

N, (2,1) = /F (@,0,8) v = Ne.y (2,) + Nyors (2. £)
where

NG,S (JI, t) = / [jﬁg} ({B, Vg, t) d3UG

is the density of gyrocenters and

Npors (x,t) = _ﬂqZ:ZB)/Feq’S (xz,v) {gzﬁ (x,t) — [j%] (a:,t)} d*vg

is the polarisation density. Indeed, the gyroaverage operator 7 can been under-
stood as an operator allowing to pass from particle space to the gyrocenter space.
From now on we do not explicit the spatial dependence. The quasi-neutrality in
the gyrokinetic framework can be written

S ez, [ TRdv =Y (ise
s €q

s

! / Fope (6 — T%0) d (2.1.4)

In the long wavelength limit, the gyroaverage operator reads
1 mslt
~p+-V -|——V 2.1.5
Foxos 59 (910) 219
Using Eq.(2.1.5) in Eq.(2.1.4), the quasi-neutrality becomes

— N@ S S
ZZS/JFSCPU - YV, ( s wﬁ) (2.1.6)
s S €q

where N, , is the unperturbed density of the species s. Notice that, due to the
proportionality to the mass of the polarization density, one can restrict the sum
over the ions on the RHS of Eq.2.1.6. At this stage, we assume that electrons
have an adiabatic response on a flux surface, namely

N, (x,t) = Neo () exp le (¢ (wvt)T; ﬁf;m (‘Dﬂf))] (2.1.7)

where N,y and T, are respectively the electron density and temperature and
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(¢) p the flux surface average of the potential defined as

(6) [ Jeddrde
FS [ Jxdf*dy

where 6* is the intrinsic angle introduce in the section 1.3.2 and J; = 5= is
the the Jacobian in space. Note that in the special case of a circular geometry,
using the geometrical angle 6, one has

J Jopdfdp
\Ohrs = 71 dbd
zavay
J, = JPEXE — L. This adiabatic response is chosen to reduce the numerical

cost of the simulation. Indeed it reduces the number of species to treat. More-
over, the gyrokinetic resolution of electrons requires to refine the grid size and
the time step. Indeed, if one considers the main species to be deuterium, then
Wee — i, 36.10% and p— = Wl —  [Me % The development of a version

Wei Me Pi VTiWee m;

of GYSELA retaining the gyrokinetic contribution of trapped electrons has been
developed recently but has not been used during this thesis. The fact that only
ions are treated on a gyrokinetic framework implies that only ITG turbulence is
retained. The instability underlying this kind of turbulence will be explained in the
chapter 5. We just mention here that this is the main type of turbulence observed
in the core of current tokamaks. Introducing the adiabatic response Eq.(2.1.7) in
the quasi-neutrality Eq.(2.1.6), one gets

e(o(x,t) — <¢>FS (x,1)) - Neg s
Too () ] - §V'< Bz, V-
(2.1.8)
where the sum is from now on understood as a sum on the ionic species only.
Eqg.(2.1.8) contains a degree of freedom being the initial value of the poten-
tial. If one is not careful in this choice, a large potential appears rapidly and
the numerical resolution of Eq.(2.1.8) becomes tricky. To avoid this problem, we
assume that there exist a distribution of ions Feqﬁs such that the potential is zero.
This distribution function is chosen at initial state. Furthermore, the potential fluc-
tuations are expected to be small e‘%‘z’ = o(p,). Therefore one can develop the

exponential exp {e(qﬁ(’”vt);ei@fs(w’t))} ~ 14+ 6(¢(w7t);e§<?iis($’t))_

Dividing by N (r) Eq.(2.1.8) one gets

> Z, / J Fod®*v—Ng (1) exp

1 L
Neo (1) zs: Zs / J (FS - Fequ) d'v =

vy (N;jgf%m ¢> @ @set)
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This is the version of quasi-neutrality that is used in GYSELA.

2.2. The GYSELA code

The gyrokinetic code GYSELA (Fig.2.1) is developed since the beginning of the
2000’s. It evolves continuously to include more and more physics, taking advan-
tage of the development of bigger computers and uses state-of-the-art high per-
formance computing. Despite access to a large amount of numerical ressources
(=~ 100 millions of CPU hours per year) it is currently impossible to describe all
the physics happening in a tokamak with a single code. Some choices have
been made to retain some part of the physics and simplify others. This choice is
not unique and different codes have emerged, each with its strenghs and weak-
nesses. In this section, we will first make a short overview of the main char-
acteristics of the GYSELA code and then give some numerical aspects of the
code.

Figure 2.1.: Potential fluctuations obtained with the gyrokinetic code GYSELA

2.2.1. Main features

As mentioned previously, the GYSELA model uses the electrostatic limit. It im-
plies that the magnetic field is static. Furthermore GYSELA uses of a simplified
geometry for the magnetic field which is given by B = Hefo (qGY;(r) mo€o+ e@).
The definition of ¢5y s corresponds to the cylindrical safety factor introduce in the
section 1.3.2: ¢gys (1) = qeu (r). The radial shape of the safety factor ¢gys(r)
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is an input parameter of the GYSELA code. Despite its simplicity, this approx-
imated magnetic field retains the main characteristics of the magnetic field in
a tokamak as described in the introduction. Unfortunately, the electrostatic as-
sumption implies that all MHD activity is neglected removing de facto one chan-
nel of transport. Moreover only electrostatic turbulence can be studied.

GYSELA is a full-F code, meaning that the full distribution function can evolve
and in particular the background profiles are free to evolve. The code is also
global, which means that the domain of simulation is not limited to the neigh-
boring of a magnetic field line but is on the contrary extended to the totality of
the core of the tokamak. The fact that GYSELA is both a full-F and global code
raises the question of evolution of background profiles on long times scales. In-
deed, without sources, the heat radial transport would lead to a flattening of the
temperature profile, which would ultimately reach marginal stability. To avoid this
phenomenon, GYSELA is flux driven. It means that a source is added in the right
hand side of Eq.(2.1.2). This source term can in principle model a source or a
sink of any moment of the distribution function. In GYSELA, the source term can
represent a source of particles, momentum, energy or vorticity [37].

The global feature of GYSELA raises the question of boundary conditions. The
use of polar coordinates to describes the poloidal plan implies an unphysical
boundary condition on the magnetic axis. This boundary condition has been
recently removed [62]. On the other hand, a physical boundary condition exists
at the outer edge of the simulation domain. Indeed, this boundary corresponds
to the passage between the core to the scrape-off-layer which is magnetically
connected to the wall. The physics in the scrape-off-layer is complex and is not
tackled by GYSELA. On the point of view of the core, the scrape-off-layer can be
seen at leading order as a sink of energy (and a source of particles). To mimic
this effect, the exhaust of energy on the outer region of the domain simulation
is assured via a Krook term which makes the distribution function relax toward
a target distribution function, in practice a Maxwellian with low temperature [23].
This approach allows one to limit the impact of numerical boundary conditions
which are often unphysical. Another thesis is currently dedicated to the improve-
ment of the outer boundary condition in GYSELA. The goal is to mimic the effect
of a limiter. The limiter like boundary condition has not been used in this thesis.

The last main feature of GYSELA is that it allows different species to evolve
simultaneously, tacking into account accurately intra and interspecies collisions.
The description of the multispecies collision operator developed during this the-
sis is presented in the chapter 3. The multi species characteristic of the code
and the use of a precise collision operator is of prime importance for this study
which aims at studying the transport of impurities.
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2.2.2. Numerical aspects

The GYSELA code has to solve self-consistently the evolution of the distribution
function Eq.(2.1.2) and compute the electric potential at each time step thanks
to the quasi-neutrality Eq.(2.1.9). Different methods of resolution are available
in the GYSELA code. In this part, we present the method of resolution used for
the results presented in this thesis.

The evolution of the distribution function Eq.(2.1.2) can be splitted into two
parts. One part consists in an advection in phase space assuming collisions
and sources to be zero. It is the Vlasov part of the equation

8158 dXGs — dUG I 8FS
: V FS 777_:0
ot dt TR

(2.2.1)

The second one corresponds to the evolution of the distribution due to colli-
sions and sources only

OF
ot

=Y C(F., Fv) + 5, (2.2.2)

The evolution of the distribution function due to collisions and sources Eq.(2.2.2)
is solved independently of the Vlasov part Eq.(2.2.1) of the gyrokinetic equation
and can be done with a different time step. This separation allows a critical re-
duction of numerical cost of collisions (and sources) and respect the time scale
separation between turbulent time scales 7;,,, and collision time scales 7..;. In-
deed, except in some singular cases like the one of heavy impurities, we have
Tturb < Teoll

The resolution of the turbulent time scale described by the set of equations
((2.1.9)-(2.2.1)) is the following : at the begining of each time step, the electric
field is computed E (t,,) by solving the quasi-neutrality Eq.(2.1.9) and taking its
gradient. The distribution function is evolved by solving the Vlasov Eq.(2.2.1)
on half a time step allowing the computation of F, (tm%). This new distribu-

tion function is employed to compute the new electric field E (tn+%) thanks to
the quasi-neutrality Eq.(2.1.9). Finally, the electric field at time ¢ is replaced by
E (tm%) in Vlasov Eq.(2.2.1) to compute the evolution of the distribution function
on a full time step F; (t,,,) starting from F (¢,,). This method of resolution called
predictor-corrector requires the temporary saving of two distribution functions
F, (t,) and F, (tn%) but increases dramaticaly the precision of the resolution.

There exists a large number of gyrokinetic codes. Each code has its strenghs
and weaknesses both in terms of physics which is described and numerical as-
pects. One way to distinguish these codes (not unique) is to consider the choice
for the numerical resolution of the Vlasov equation (2.2.1). Three categories exist
for solving of the Vlasov equation.
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 Lagrangian-PIC code (Fig.2.2): The Lagrangian approach, often referred
to as “particle-in-cell” (PIC), relies on the invariance of the distribution func-
tion along trajectories during the solving of Eq.(2.2.1). The method consists
in sampling initially the 5D phase-space with markers and then follow their
orbits in the phase-space. At each time step, the density and currents are
recomputed to feed the Maxwell equations (or a subset) to compute the 3D
electromagnetic field which is then used to compute the particle trajectories
at the next time step. The main advantage of this method is its relatively
easy parallelization. The main drawback of the method is the numerical
noise associated with the computing of the fields (“assignment”). Indeed,
the “assignment” can be interpreted as a Monte Carlo integration having
a relative error proportionnal to \/% where N is the the number of mark-
ers in the cell. A large number of particles is therefore needed to increase
the signal-to-noise level. Historically, the PIC approach has been the first
to be used. Several codes are based on this PIC method e.g. GTC[63],
ORB5[58], XGC[39] (the list is not exhaustive).

Figure 2.2.: In Lagrangian-PIC methods, markers initial positions are loaded
pseudo- (or quasi-) randomly in phase space (A). Markers are evolved
along their orbits (B). Charge and current perturbations are assigned
(projected) to real space (C). Field equations are solved (D), e.g. on a
fixed grid in real space. Figure coming from [34].

C: assign

D: solve fields
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* Eulerian code (Fig.2.3): The Eulerian approach uses a fixed grid in the 5D
phase space. Finite differences or spectral methods are used to obtain
the value of the distribution function at time ¢ + ¢ knowing the distribution
function at time ¢. Eulerian codes are not subject to numerical sampling
noise and are able to accurately treat the E x B non linearity. On the other
hand, these codes often use an explicit time step and are therefore subject
to the Courant-Friedrichs-Lewy (CFL) stability condition, which reduces the
time step. The Eulerian technic is used by the gyrokinetic codes GS2[27],
GYRO[14], GENE[55], GKV[85], GKW[71] and GT5D[52] (the list is not ex-
haustive).

Figure 2.3.: In Eulerian methods, a fixed grid is defined in phase space (A). Finite
difference expressions are used (B) in order to obtain value of f at grid
point at the next time step (C). Field equations are then solved (D)
after integration over velocity space. Figure coming from [34].

t
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» Semi-Lagrangian code (Fig.2.4): The last method is an hybrid method
between the two previous methods. It is called semi-Lagrangian. It is
based on a fixed Eulerian grid but uses the invariance of the distribution
function along trajectories when solving of Eq.(2.2.1) like PIC codes. GY-
SELA[37] (GYrokinetic SEmi LAgrangian) is the only large gyrokinetic code
to use this method of resolution. The method of resolution used in GY-
SELA is the following : starting from a grid point of the phase space at
time ¢t + At, one computes the position of this point at time ¢ by solving
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the trajectory equation (2.2.1) backward in time. At this stage, the value
of the distribution function is the same as the one at the starting point
F,(t+ At,z (t + At)) = F,(t,z (t)) where z (t + At) is the coordinate of
the starting point and z (¢) the corresponding coordinate at time ¢. Unfortu-
nately, in most cases z (t) does not correspond to a mesh point. An interpo-
lation is thus done to compute F, (¢, z (t)) knowing the distribution function
at all points of the mesh at time ¢.

This method is not subject to numerical sampling noise nor CFL condition,
but the time step is constrained by accuracy requirements. Moreover two
difficulties appear with the semi-Lagrangian method. The first one is the
choice of interpolation operators. Indeed a trade-off between numerical
dissipation and unphysical oscillations coming from the high order interpo-
lation technic has to be found. Moreover the conservation of particle is not
granted. Small errors made on particle conservation, lead to large unphys-
ical electric potential.

Figure 2.4.: In semi-Lagrangian methods, a fixed grid is defined in phase space
(A). The orbits are integrated back in time from each grid point (B).
The value of f at grid points is obtained by interpolation at the foot
of the orbit (C) and using the property f = const along orbits. Field
equations are then solved (D) after integration over velocity space.
Figure coming from [34].
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3. A multi-species collision operator
for GYSELA
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The containt of this chapter is coming from [26].

3.1. Introduction

The perpendicular transport in core fusion plasmas is dominated by turbulent
processes. Nevertheless, accounting for collisions remains essential for several
reasons. First, to a large extent, collisions govern the level of large scale flows —
both the mean ion poloidal flow and turbulence-driven zonal flows — via the fric-
tion on trapped particles. Second, neoclassical transport can reveal dominant
(or at least competitive) with respect to turbulent transport in certain regimes
such as transport barriers, or for certain classes of particles such as heavy im-
purities like tungsten. Third, collisions are essential for trapped electrons which
are often in a collisional regime. Finally, and more fundamentally, collisions en-
sure the relaxation of the distribution function towards a Maxwellian. In turn, they
are critical for gyrokinetic simulations since they smooth out small scale struc-
tures in velocity space, contributing to numerical stability.

The full collision operator and its properties are well known but its non linear
character makes it impossible to use numerically with present gyrokinetic codes.
It is then necessary to develop a linearized model of collision operator easier
to handle numerically. Different model operators have been developed in the
literature [1]. Depending on its specificity, each code chooses a different model.
A PIC code like ORB5[80] uses a different operator than an Eulerian code like
GENE[36], GKW [64] or GS2 [9]. In the framework of the GYSELA code, one of
the major difficulties is to write an operator in the variables (v”, u) whereas the

collision operator is separable in the set of variables (v, %) This difficulty has
been overcome by Esteve [29]. The collision operator is linearized around un-
shifted Maxwellians and is gyroaveraged using the method developed by Brizard
[12]. Itis valid for arbitrary species and can be shown to fulfill all properties re-
quired for a model collision operator. Its derivation and analytical verification can
be found in detail in [29]. A simplified version of this operator has been imple-
mented in GYSELA and benchmarked against neoclassical theory [29]. It uses
the slow limit approximation (energy and pitch-angle scattering are assumed
equal) and removes all i derivatives. A particular consequence of these approx-
imations is that the implemented model is only valid for trace thermal impuirities.
This article describes the treatment of the collision operator without those two
assumptions, hence alleviating the former restrictions regarding the domain of
validity.

The outline of this chapter is the following. In 3.2 the important results of the
model derived by Esteve et al [29] are recalled. Part 3.3 is dedicated to the
description of analytical approximations for an optimized numerical treatment
of the collision operator. Part 3.4 presents different aspects of the numerical
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implementation. Finally, the section 3.5 consists in a serie of tests which validate
the collision operator.

3.2. Presentation of the model

The model described here is derived directly from [29]. The linearized collisional
operator describing the collisions of species a colliding on species b takes the
form

Cop(Fyy F) = C% (Fasoas Faron) + Chy(Fuy )

where Fy, represents the local unshifted Maxwellian with density n, and tem-
perature 7T,

L\32
Froa(T,v,t) = Ny(x,t) <2> exp (—xi)

2mvg,

The normalized speed has been used =, =

velocity.
CY represents the exchange of energy between the unshifted Maxwellians

v H . T,
Tao With vy, = /e the thermal

T, -1,

Tb IEVE,abF]VIOa (321)

CO (Frtoa, Faiop) =

Neglecting all finite Larmor radius effects, C, is composed of three terms
Coo(Fuy, Fy) = Cyan(Fo) 4+ Caap(Fy) + Clpap(Fas Fy)

Cy.qp IS @n operator acting on the norm of the velocity. When written in the set
of variables (v”, UJ_), it reads as follows (g, is close to the normalized distribution
function and is defined below):

1 8 agab agab
F,) = — F
Cv,ab( a) 2UJ_ 81& [ MO0aVv ab'UJ_ (UJ_ 01} +v | 811” >]
1 8 ag agab
+ 2 02}” [FMOGVU abV|| (ULaUJ_ + 8UH >‘| (3.2.2)
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Conversly Cy ., only modifies the direction of the velocity vector (deflection)

10 09 94
Caa (Fa) = 20, Ov, [FMOan abUL) (U 8i 2~y c‘i”b)]
10 99a 99a
[FNIOan abU1L <—’U|| aif + vy 8€)b)] (323)

T 20y
Finally the term C) ., ensures momentum exchange between species and con-
servation of the total parallel momentum.

Vs ab( )
UT UH (UHda U||ba) FMOa (324)

Clab (Fo, B) =
The normalized distribution function has to be shifted to ensure that C, ,, and

Caqp CONserve momentum and energy
Fq

FMOa

U Ujda .
™ lida 2Hd’ — 22 qp, With f, =

Gab = fa -
UTa

More specifically, U) 4, ensures that C, ., and Cy ., cOnserve momentum

Ul (0) = 5 [ decf, with g ="1

Ta
Then in order to take into account momentum exchange between species

while keeping the total momentum constant, a second velocity U, is chosen

as
<Vs,abU2UHd,a>v

A dimensionless parameter ¢, accounting for energy exchange between species

is defined as ,
<I/E,ab%fa>v

ab = 1
Qab b<yEab (mav2)2>

The bracket corresponds to mean values in velocity space < .
Various frequencies appear in the previous expressions. They are defined as fol-

3.0y FMoa
L= [dPoe

lows :
» the Hirshman and Sigmar’s inter-species collision frequency [46] =
N, Z 404 . . . ..
\/_sz2 Vaa Where v,, = %Z&i;‘)‘;‘ —Na is the intraspecies collision fre-
a“Ta

quency and In A ~ 20 is the Coulomb logarithm.

HS,. O(zp)
ab xba .732

+ the velocity modulus diffusion rate v, 4 (x,) =

HS Y(zp
ab Ib(l iZ )

+ the deflection frequency vy . (z.) =
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* the slowing-down frequency v, ., = (1 + m) z3 O (zp)

1 0
« the energy-loss rate vg o, = — g — 5, (V.0 Fa10a0”)

Where the ratio between the thermal velocities is introduced z;,, = “L«. The
following functions are also define

v = YV lew - ow)

4 x
O@) = 3\2/_G£(Cx)
Gx) = M[ z) — 2®' (z)]

O () = \/E/Oggdyexp(—yf)

The function ® is the error function and G is the Chandrasekhar function. The
different frequencies normalized to v2° are plotted in Fig.(3.1).

We mention here that a Jacobian appears in the original model, namely prefac-
tors Bf,, = B+ m“”“ b-(V x b) in the definitions of C, ., and C, ., (equations (73)

and (74) of [29]). These terms have been dropped as B, = B+ O (%) where
pa = Fo is the Larmor radius and a the minor radius of the tokamak considered.
In all cases considered, one has 2« < 102 justifying the approximation used in
this article B, ~ B. With this approximation, the magnetic field dependence
disappears and one gets the definitions given previously (3.2.2) and (3.2.3). To
ensure rigourously the conservation of particles, the Bj; , dependence should be
taken into account. The loss of accuracy on particle conservation due to the ap-
proximation B} , = B is partly compensated by the use of a numerical treatment
detailed in part 3.4.2. The mismatch on particle conservation is presented in
part 3.5.1.
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Figure 3.1.: Velocity dependence of the velocity modulus diffusion rate v, 4 (blue),
the deflection frequency v44, (red), the slowing-down frequency v qp
(black) and the absolute value of the energy-loss rate |vg 4| (green).

All quantities are normalized to v .
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3.3. Analytical approximations for an optimized
numerical treatment of the collision operator

This section is devoted to the description of various approximations required for
an efficient numerical implementation of the collision operator. Section 3.3.1
describes the separation of the collision operator in three sub parts. The first
one (Cy (3.2.1)) acts on the Maxwellian distribution functions and corresponds
to the exchange of energy between species. This term is detailed in section
3.3.2. A second part of the operator (C)(3.2.4)) corresponds to the evolution
of the parallel momentum. Section 3.3.3 is mostly devoted to the description
of this part of the operator. The last part of the operator (C, + C; (3.2.2) and
(3.2.3)) is the trickiest one as it governs the evolution of the distribution function
in velocity space. Section 3.3.4 details to the treatment of x derivatives, using a
projection on a set of orthogonal polynomials. Finally section 3.3.5 describes a
complete rewritting of the evolution of the distribution due to C, + C; using the
approximations presented in the parts 3.3.3 and 3.3.4.
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3.3.1. Separation of the different collision terms

The collision operator is difficult to treat as a whole. It is much easier to split
the different parts of the operator and treat them separately with a time splitting
scheme. The first step is to discriminate the evolutions of Fj;, and 0F, via
collisions. The equation that needs to be solved is

O0F,
ot

:Zoab(FmFb)
b

which can be split as

8Fz\10a Zb ab (FMOaa FMOb)
(%F“ =32 Cay (Fa, 1)

The second equation of the system can be recast as the evolution of the total
distribution assuming that the Maxwellian is unchanged. This alternative expres-
sion is valid provided that the evolution of the Maxwellian is treated by the first
equation. This new expression is useful especially for the treatment of the u
derivatives.

8t = Z ab Fa, Fb Wlth Froa = cst
b

A second step is to separate the evolution of  F, in two parts for the numerical
resolution. Indeed, the evolution governed by C, ., + Cq4 is difficult to treat as
it includes y: derivatives. It will be treated differently from C) ., which is easier
to implement. In the end, the problem can be split in three parts for the numer-
ical resolution: the evolution of the Maxwellian due to C?,, the evolution of the
distribution function due to C) ., , and the evolution of the distribution function
due to Cy, o + Caay - The last two steps are performed by keeping constant the
Maxwellian Fyq,.

8FMO" =32 C% (Froa, Fron)
dF“ =5 Clab (Fa, Fy) (Furoa = cst) (3.3.1)
”ﬂ =32 Coap (Fuy Fy) + Caay (Fay Fy)  (Fagoa = cst)

3.3.2. Evolution of thermal energy

Here we detail how the thermal energy evolves due to collisions. The effect of
CY is to exchange thermal energy between Maxwellians. The thermal energy
exchange is exactly known in the case of Maxwellians. It is made of two contri-

butions : the first term corresponds to the thermal energy equipartition and the
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second one corresponds to the opposite of the work of the friction force.

Mg
QM,ab = —SHaMVab (T Tb) + ”amaVabvla (vla - V\b)

where Vi, = - | Faqvjd®v is the parallel velocity associated to the Maxwellian.
The evolution of thermal energy is governed by Qs ap

30T

2 = Z QM ab
which is equivalent to
2 2
= Z MaVab [ — (T, — To,) + gVHQ (VHQ — Vb)} (3.3.2)

This relation will be used to compute the evolution of the Maxwellian distribu-
tionineq.(3.3.1). Note that the total (thermal + kinetic) energy remains unaffected
by the latter term, as it should to preserve Galilean invariance.

3.3.3. Approximation of the distribution function

The quantities U, and ¢, are difficult to compute numerically . Indeed both
include collision frequencies (v, ., and vg o) that depend on the mass ratio %b
and the integrals are then difficult to compute in the two limits ¢ > 1and 7« < 1.
An analytical approach is used to overcome this difficulty.

3.3.3.1. Expansion on a set of orthogonal polynomials

Following the method developed by Hirshman and Sigmar [47], the distribution
function is projected on a set of orthogonal polynomials

Ue;@c ZFém Yeme%)

with . the phase of the cyclotronic motion and Y;,, (6, ¢.) the spherical har-
monics | .
Yim(0, 0) = Prm(€)e™? and cos = & = -
v

As the method is used in a gyrokinetic approach only the m = 0 component is
kept :

= ZE:FZ(U)Pe(f)

where P, are Legendre polynomials.

61



Then each component Fy(v) is expanded in Laguerre polynomials

L
v [AR
IOEDY (21}2 ) FOLD (12) o, (3.3.3)
7 Ta
with
¢ (+3)
70 = (R
2m3/2 41 o0 1 F,
== TJ 3 / UELEHQ)(xg) E(U)U2dv
L(j+043) Jo N,
where Lg.”?) is the generalized Laguerre polynomial of order ¢+1. Note that the
L§”§) are chosen as functions of v2. The underlying rationale is that the lowest
order terms of the expansion capture explicitely the dependence with respect to
the two motion invariants: the kinetic energy F = m2”2 = m;” + pB and the kinetic
toroidal momentum P, = —eV + mRuv,, where U is the poloidal magnetic flux

and v, = Z2u) is the velocity in the toroidal direction. Note that in the present
study, ¥ is a parameter as the problem is spatially local due to the neglect of
finite Larmor radius effect. Finally, (I = 1,5 = 0) scales like v, hence capturing
the P, dependence, while (I = 0, j = 1) scales like v* which corresponds to the

energy. Using these definitions it is possible to show that ]—‘éo) =1, }‘1(0) =0,
F =2V, A = 2 (s} (fu - 1)) and

15

4 4 5)
JT-'l 5naTa 5 ’UH x, 5 fa ) (33 )

where ¢, respresents the parallel heat flux. Then keeping only the first two
polynomials in both directions, the normalized distribution function can be ap-

proximated by
a 21
fo~ 1 U'UQII l‘f”a q <1_ l“)

] — - (3.3.5)

We mention here that the expansion (3.3.5) is the minimal expansion in order
to recover the predictions of the standard neoclassical theory [46], in particular
the thermal screening effect studied in section 4.4. The expansion is restricted to
the lowest required orders since keeping higher order corrections would require
a refined discretization of the velocity space, hence increasing the numerical
cost of the operator. Note however that it has been recently pointed out that
higher order moments could modify the screening factor (see the discussion in
section 6.3.4)
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3.3.3.2. Expression of ()

The Cj ., term deals with momentum exchange between different species. In-
deed one can show that the rate of momentum exchange of the total operator is
given by

RHab = —NgMgVap <U||zzb - UHba)

To evaluate the two quantities Uj4, (v) and U, the approximate distribution
function (3.3.5) is used. It gives :

o 2
Ujda = Vija — nq“T (1 — 53:2) (3.3.6)
3 qpp 1
U”ba ‘/”b - ganb <1 + I% >

and so

m

_ a dlja ( 2 2) 3 qp 1
C ab = s,a F a Vi — Va L= al T %
I, ab Vs, ab T, V|| L Mo [ 12 la =+ n,T, 535 5npTy \ 1+ a2,

The collisional drag force becomes

3 q||a 1 3 q||b 1
Ra = T Tgglq Va_v -z e h—
Jab ”m””l la = Vlie 5naTa<1+x§b)+5anb 1+ 22,

For a Maxwellian, the result is exact and reduces to the friction force :

Rjjarab = —NaMaVab [Vua — V||b}

To ensure this property, one needs ¢, = 0 for a Maxwellian distribution func-
tion. Then the definition of ¢, is adapted accordingly :

1 2
Qo = 3 /d3fvma {(U“ — V”a) + Ui (UH — VHa) F,

This new definition is equivalent to the one used in Eq.(3.3.4) in the limit of
small Mach number. It is the one used in [29].

A long but straightforward calculation allows one to show that for the simplified
distribution function (3.3.5) ¢, = 0. This approximation will be used in the rest
of this article. Then g, reduces to

Ma) Ujda

9o = fa - T (337)

63



3.3.4. Treatment of the i derivatives

Derivatives with respect to p are present in the terms C, ., and Cy 4. The treat-
ment of these derivatives by finite differences may be problematic if one wants
to use a relatively low resolution in the p direction. An alternative method based
on a projection on orthogonal polynomials in u is adopted. It allows one to solve
the problem while keeping a relatively low resolution in the 1 direction (typically
N, = 64). The equation solved with this method is

OF, af, _
8t _ZCvab Faan)+Odab (FauFb) 8{; :anb (338)
b b

where we have introduced the normalized collision operator C(F) = SetElrCaall),

This approach is possible because a Maxwellian is in the kernel of C, . + Ci ap-
This term can be expressed differently to simplify its numerical treatment.

— 89 0? YJa a Ja
= K K K
Cab(ga) 1, aba ” + K9 ab o 81}2 + 3abl (7~ (%Hau
09,
+K4 ,abU—=— a + C’m ab(ga)

where u = % . Defining Dy o = %yd,abvz, it is possible to show that

10D Dd,ab‘| . vjv d (Vo,ab — Vd,ab)

Kiap = v”[ 2 ov

v Ov V¥,

+U|| (Vv ab — Vd,ab) (2 - l’z)

H
K2,ab = Dd ab t (Vv,ab - Vd,ab)

2
K3,ab = 2UH (I/U,ab — I/d,ab)
K ab = _ v ab — u I v,ab d,ab
4,ab ( U%) (Vo.ab — Vaab) + - o
= 2 0 844
Cm a a = 5= F a D a v.ab — o
ab(g 2 Faron O l Mo ( dab + V3t (Vyap — Va, b)) u au]

f is projected on a set of orthogonal polynomials:

fa(r v, u,t) = apa(r, v, t) Po(uw)
l
Projecting equation (3.3.8) on polynomial P, gives

aafd_z< ab ga |PE>
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In practice, Laguerre polynomials are chosen. Thus it defines the scalar product
as

(flo) = | dae™f (2) g (a)

3.3.5. Evolution equation of the distribution function
components

3.3.5.1. Projection of g, on Laguerre polynomials

The first step is to compute the projection of g, on Laguerre polynomials. Starting
from the equation(3.3.7), one gets

9o = fo + Po(u)koa + Pr(u)k1,4

with
o maen [ e (3 et
0. 7, |l N1, \5 5T,
and
_ 2mavyqja
Fe = T5N T2

So g, can be easily projected on Laguerre polynomials
=Y P

with
Ay = Qig+ Kiaq fi<2
QL , = Qig otherwise

7,0

3.3.5.2. Expression of the C, + C; part of the operator

Using the properties of Laguerre polynomials, and summing over the species,
Eq.(3.3.8) can be written

a a a i,a j a z a
O‘é -y [ N+ O; Nf 4+ E e gt (3.3.9)
J
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with

Ng,la = Z<]K4ab(P P 1)+Omab( ])|P1>
b

N{', = S(K P+ jKsm (P;— Py) |B)
b

Ni, = S (KowP;|P)
b

At this stage, these quantities remain somewhat too intricate to be computed
analytically. Using the definitions given in the previous part and defining the fol-
lowing quantities

i,ab
Ly = (Vo — vaw|u')
8 (V »b — Vg b) :
L(S) _ B v,a ,a i
i,ab < 2 av ‘U’
2.0 (Voab — Vaap) |
L\ = (HraZlveb ZVdab),; 3.3.10
(0, = (a2l rum), 3:3.10)

It can be shown that

@ )L@V%@+» )Q&

; j+e
Now = 32.2.C
b

i=0 —2L ab T 2L1 ab — 2Lz('—2&-)1,ab
Zﬂ“i—l , 2Lz(’,)ab + <3 - 1;2|) Lg’%)ab
_ ,] CZ'—I,Z 02 Ta
v i +@+Q>M%
Ta
| il _L(o)b L L(l)b _ ng)l )+ L(d)b
Nﬂa = 0 Ct " m o2 N v
L I ;; it + (2 +2j - 2v|2Ta> Lz(,za)b
J+He—1 2)
— 7 Z Z 1(2]Lz ,ab
/=0
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j+e
jl 0 2
M= S5 ot [0+ 518
b =0 Ta

3.3.5.3. Computation of the scalar products

Integrating by parts the expressions of the LY Eq.(3.3.10), it is possible to show

i,ab
that

Dy ap(v),u=
), = _w L IO,
1 0 .0
L£>)Ov‘1b - Ll(}a)b - ZLz(—)Lab
3 v? 2
K= o H e v (0 =)
2) 2
+‘£’§ ab L(() z)zb
3 v 2 . 9
Liha = 5 (Lo = L2 + L — (4 1) LD,
Lg,lt)zb = LE)?()lb - (Vv,ab - Vd,ab) (UH, u = O)
3 2 (2
L§>)O,ab - Lz(,a)b - ZLZ(—)I,ab

The only last difficulty is then to compute ng)b and Lfl)b Unfortunately, the v
dependences of v, ,, and v, ., prevent one from computing these scalar products
analytically without approximation. On the other hand a numerical approach
would be too costly. A solution consists in fitting the v dependence of D, ., and
(vv.a0 — Vaap) DY suitable functions that enable an analytic computation of the
scalar products. The following fits are made

D _ 0TV s 83.11)
U2a T (v 2 ¢ o
T et ()
0.75
Vvab~Vdab = — ﬁ as (3312)

Va
(xi +21 (32)2)3/2 b

The fits are given respectively in Fig.3.2 and Fig.3.3 for the self collision case
which is the most sensitive one. These fits have been obtained by building con-
tinuous functions matchlng the two asymptotlc cases 5 —
The case fv
notice in Fig.3. 2 and Fig.3.3.
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Figure 3.2.: Velocity dependence of Dy, (solid line) and of its fit (dashed line)
defined by Eq.(3.3.11)
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Figure 3.3.: Velocity dependence of v, o — Vgap (solid line) and of its fit (dashed
line) defined by Eq.(3.3.12)
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Thanks to these fits, the scalar products can be approximated by analytical
expressions :

97?11
LY = 075yl 1" ( ‘ 16@“)
Ta
2 [
L® = —075ymis '2 +21 Tb)
’ UTq V3,
With
(n) 0o u'iefu
;7 (z) = / duy—————7
( ) 0 (u+x)n+1/2

=eZ< ) 2)' " Jpn (o)

where J; (z) = [>° du e *u'"/2, can be easily computed by recurrence.
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3.4. Numerical implementation

This section describes some numerical aspects associated with the implemen-
tation of the collision operator.

3.4.1. Numerical schemes

An explicit scheme is used to compute the evolution of the distribution function
due to CY, and C),. For stability reasons Eq.(3.3.9) is solved with a Crank-
Nicholson scheme [20], detailed here: the problem can be written in a vectorized
form:

15/6"
~=Ta+ S
ot
with
of?
of?
o= :
k
Oég\[ﬁ)lolfl
(k+1)
o7

and 0 < k < Kz,

By Co 0 0 0 0 0
A, B C; 0 0 0 0
0 Ay B, C, 0 0 0
T=|1 0 0 . . . 0 0
o 0 0 . . . 0
0 0 0 0 . . Cro
0 0 0 0 0 A, B

where N, is the number of Laguerre polynomials that are kept, k is the index
associated with the v direction, and the A;, By, C}, are square blocks of size
N,.i. Their respective components are

® _ N n N
alj - 24y Avﬁ
p) Kl _ oM

l] - 0,(1 A’Uﬁ

LK) LK)
ORIV v
lj QAUH Av2
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and

. (k) . 2, (k) .

(k) _ (k) Ryil K04 K7il 97Ko.a Kril
So " = KpalNoa + a0, Ny, + 572 Ny,
. (k) . 2, (k) .

(k) _ (k) Ryil 9Ky 4 x7il "Kia Kril
Sl = Kia ,a + a9 Nl,a + a@ﬁ 2,a

S$ =0

i :
S](V])Jolfl =0

The Cranck Nicholson scheme is split in the following way

(I-41)8  =(I+57T")a
& =&+ AtS”
(I=4&1m) o+t = (I+ 457" &

where n stands for the time index and I is the identity matrix. The scheme is
split for stability reason. Indeed, the tridiagonal by blocks inversion problem can
be solved thanks to a LU decomposition valid only if the left hand side matrix is
diagonal dominant. This condition gives a limit on the time step for collision as
the dominant off diagonal term is proportional to AA—I%. Interestingly the splitting

allows for a time step twice bigger than the one without splitting.

3.4.2. Numerical implementation of conservation properties

Due to numerical and physical (B ~ B) approximations, conservation prop-
erties are not perfectly satisfied. We present here a method used to improve
these conservation laws. It is used to correct only the C* part. Indeed the way
C" is treated automatically satisfies conservation properties. All fluid quantities
without indices correspond to the initial values. The ones noted with the prime
correspond to values after the use of C*. Finally the quantities with two primes
are corrected values. The procedure is the following, in chronological order :

i)Density is corrected by simply applying an homothety on the distribution func-
tion

F'N
F// — N/

ii) the parallel velocity and the temperature are then corrected simultanously
by removing the Maxwellian after collisions Fj, and adding a new Maxwellian
F}, with the corrected moments defined as
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Vo= Vie+ AL, e
=T,

The corrected parallel velocity comes from the momentum evolution equation

Z Rjjap

N @v|a

where the exchange rate of momentum is given by Eq.(3.3.7). The temperature
has to be kept constant 7”7 = T to be consistent with the development made in
section 3.3.2. Indeed, one can show that the exchange rate of energy due to C},
is :

a

Wlb = I/VHCLb + Wuab + Wd7ab
with W) ., the work of the drag force

Wiab = ViiaL)jab

and

3T, Tyn,mgv, o w
Wv,ab + Wd,ab = CrotbaaTab <Qb fab,

Bo _20) —0as g =0
ma+mb Ta Tb) flab

It follows that the energy evolution of species a due to the C* part is then given
by

3 aTa V‘a aI—YCL

“Na 57 a ava Wl YR =0

2" i |, e ey = 2 Wa = )

3.4.3. Choice of numerical parameters

The choice of the main numerical parameters used for the collision operator
is detailed here. The first choice is the number of polynomials N,, kept for
the projection in the p direction. For this choice, the most stringent test is to
retrieve neoclassical prediction for the poloidal rotation presented in the section
4.3.1. The minimal number of polynomials to have the expected poloidal rotation
is Ny = 3. Once the number of polynomials is set, one has to choose the
discretization in the 1 direction. A necessary condition for the projection to work
properly is to ensure the orthonormality of the polynomials and so to check the
condition

0ij — /due_“B(U)Pj(u)H < 1foranyij

The optimal choice for the number of points in the ;. direction has been found
to be N, = 64 and the optimal value for the upper limit in the x direction is
[tmaz = *oL. The number of points in the v direction is less critical in terms of
numerical cost. 128 points reveal sufficient for the collision operator.
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The last point is to choose the collisional time step At.,;. Indeed in order to
save computational resources, the collision operator can be used on a different
time scale compared with the rest of the code GYSELA. Of course, the collisional
time step At.,; has to scale with (max (v*))'where v is the collisionality of the
s species . In practice, a collisional time step At.; ~ 2 - 102y, ! is sufficient
to recover the main results of neoclassical theory. In the case of developed
turbulence, the collisional time step should be reduced compared with a pure
neoclassical case to properly take into account the effect of collisions on turbu-
lence. An upper limit for the collisional time step At..; < 10Atgys is suggested.

This limit already allows reducing drastically the numerical cost of collisions.

3.5. Verification of the collision operator

To validate the collision operator, a first step is to perform conservation and re-
laxation tests by solving collisions only, i.e. without the effects of trajectories

Ofa
ot %:Cab

In this section critical physical properties of the collision operator are tested
. conservation properties, relaxation toward the Maxwellian and its dynamics
and the exchange rates of momentum and energy between species. All the
results shown here are obtained with a discretization of (N, , N,) = (128,64)
which is the optimal discretization for this operator. For these simulations, the
collisionality of the main species is v, = 1. For the single species cases, the
time step in GYSELA is At = 100w,;. For the multispecies cases performed
with deuterium as first species and tungsten as second species, the time step is
reduced to take into account that the collisionality of the impurity is higher than
the one of the main species. These tests are performed without gyroaverage
to be consistent with the fact that FLR effects are not included in the present
version of the collision operator.

3.5.1. Single species tests

Collisions should conserve particles N = [ Fd*v, parallel momentum p; =
[ myyFd*v and kinetic energy E;, = [ %mszd%. Conservation laws are tested
by initializing a Maxwellian that belongs to the kernel of the operator and should
therefore remain constant in time. After approximately one collision time, the
following conservations are observed for an initial mach number M, =0 :

AN
~ =7 1077 Ap| ~107° —— ~6-107°
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For an initial Mach number of M = 1 comparable conservation properties
are found. The mismatches are much smaller than the ones (of the order of few
percents) obtained when running the entire code in the turbulent regime [37].
This means that the collision operator can be used for Mach numbers M| < 1
without any breakdown of its conservation properties.

Relaxation toward the Maxwellian has been tested by initializing two different
distribution functions. For the parallel direction, the initial distribution function is

chosen as
Fy = P (14 e
a — 4'MOa 2Ta
For the perpendicular direction, the initial distribution function is

myv?
F,=F 1 a L
a MOa( + 2Ta>

The results are shown on Fig.3.4 . As expected, a relaxation toward the
Maxwellian is observed in both cases after a few collision times.

Figure 3.4.: Initial (top) and final (bottom) slices of the distribution function in
velocity space are given. The initial distribution function is far from a
Maxwellian in the v, direction on the left and in the v) direction on the
right. In both cases, the converged state is an isotropic Maxwellian.
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To investigate the dynamical relaxation to the Maxwellian, a case with T} # T,
and J-- < 1 is launched
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where T, — % Then at first order in % <1
T‘Ha - TLa 1 2 Ui

a=1+————|vf— =

fom e M 2

Integrating 0, f., weighted by the energy, over the velocity space leads to :

dln(TH—TL) 16 00 ) 3
- [ s
dt N I 1

This integral can be computed either with the actual expressions of v, and v,
or their approximate values :

dt
din(7)-T.)

dt

an(T)=Ts) —0.80v,, for actual expressions
= —0.78v,, for fitted values

The discrepancy is small, thus justifying the fits represented in Fig.3.2 and
Fig.3.3. The prediction for the actual expressions of v, and v, is used as a
theoretical prediction and compared with GYSELA results in Fig.3.5. A mismatch
of 15% percent is found. This discrepancy is acceptable as most of physics
processes studied with gyrokinetic codes are independent of the isotropisation
rate.
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Figure 3.5.: Top : Time evolution of the perpendicular T'; (red), the parallel
temperature 7| (green), and the total temperature T, = %
(blue). Bottom : Time evolution of the logarithmic difference of

temperatures. The slope of the curve gives the relaxation rate.

3.5.2. Test with two species

The exchange rates of parallel momentum and energy between two Maxwellians
are respectively

Ristar = —Namava, (Via = Vip)
N,m,
w = —3— (T, —T
QM,b ma—l-mbyb( b)
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It is then easy to show that

dIn (Vie = Vi
( dt ) - - (Vab + Vba)
din(To =T) ) MaVab + Mole
dt a myg + my

These two relations have been checked. The results for the velocities are
shown in Fig.3.6 and for temperature in Fig.3.7. The agreement regarding relax-
ation rates is within one percent. Notice that, in each case, the time evolution is
governed by the impurity. This is a direct consequence of the trace impurity limit
which is considered here, implying a negligible impact on the main species.

Figure 3.6.: Left : Time evolution of the parallel velocity of the main species V] o
(red), and of a trace impurity V|, (blue). Right : Time evolution of
the logarithmic difference of parallel velocities. The slope of the curve
gives the momentum exchange rate.
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Figure 3.7.: Left : Time evolution of the temperature of the main species Ty (red),
and of a trace impurity 77 (blue). Right : Time evolution of the
logarithmic difference of temperatures. The slope of the curve gives
the thermal energy exchange rate.
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4. Standard neoclassical physics
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4.1. Introduction

As mentionned in the part 1.3.4, neoclassical physics is one of the three mech-
anisms that lead to transport. Physically, it represents the effect of collisions on
particle trajectories. In conventional neoclassical theory, it is assumed that the
system is axisymmetric and in steady state. In addition, the poloidal asymmetry
of the magnetic field plays a key role. This poloidal asymmetry comes from the
dependence of the toroidal magnetic field with the major radius B, = B, 2.
This is why neoclassical theory scales with the e = - parameter. Other poloidal
asymmetries coming from the plasma are weak but non zero. A generaliza-
tion of the conventional neoclassical theory by removing one or more of these
assumptions is often needed. For instance, the effect of ripple can be tack-
led by removing the axisymmetric assumption [33]. Concerning the transport
of impurities, poloidal asymmetries of the impurity density are often observed
experimentally[53]. These poloidal asymmetries are large compared with those
predicted by the neoclassical theory and are often associated with the presence
of external heating sources like NBI [15] or ICRH [73, 59]. Poloidal asymmetries
lead to significant modifications of the neoclassical theory [31, 42, 4]. These
effects will be addressed in chapter 6. In the current chapter, we restrict our-
selves to the framework of conventional neoclassical theory. The goal is to give
some insight into the neoclassical physics while avoiding too heavy calculation.
Moreover, this approach allows a verification of the collision operator described
in chapter 3.

This chapter starts with a qualitative description of the conventional neoclas-
sical physics allowing the introduction of the three neoclassical regimes. Then
some predictions for the single species case are given and compared with GY-
SELA results. Finally, the neoclassical prediction of impurity flux in the trace limit
and neglecting poloidal asymmetries of the impurity is derived. This prediction
is compared with GYSELA simulations.

4.2. Physical description of neoclassical theory

Neoclassical physics is the effect of collisions on particle trajectories with finite
orbit width. Let us consider an axisymmetric case and assume a steady state
situation. It is reminded that in absence of collisions and electromagnetic field
evolution, the motion of particles is integrable as mentionned in the section 1.3.3.
There are two classes of particles, some are passing and others trapped. When
collisions are added, this simple vision is somewhat modified. Indeed, at leading
order collisions are equivalent to a diffusion in the velocity space. Therefore, a
particle can pass from the trapped to the passing domain (and vice-versa) as
shown in Fig. 4.1.
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Figure 4.1.: Trajectory of a particle (red) in the phase space (0, v”) in presence
of collisions. The jumps in the v direction represent the effect of
the diffusion in the velocity due to collisions. Due to this diffusion,
a particle can cross the frontier between the trapping and passing
domains (green) and change its nature.
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The neoclassical theory predicts a diffusive transport of particles. The neo-
classical diffusion coefficient is the sum of two contributions

Dneo = Dpp + DPS

» The first one comes from a collisional layer in the phase space near the
trapped/passing boundary and is called banana-plateau Dgp. As men-
tionned above, a particle can pass from the trapped to the passing domain
due to collisions. The detrapping frequency due to collisions is given by
Vaetrap = <. 1rapped particles explore a much larger region than passing
ones in the radial direction: their distance with respect to their reference
magnetic surface reaches ¢, which is of the order of §, ~ 10p,. for typical
plasma parameters. ¢, is the characteristic radial step of trapped particles
per collision in the low collisionality regime (banana). As the trapped frac-
tion of particles is given by f; ~ /e, the diffusion coefficient associated
with collisional detrapping is roughly given by fivicirapdi ~ E;{%up?. This
expression is valid only if vgeirqp < wp. INdeed if wy < vgerrap, trapped par-
ticles do not have the time to experience a full ’lbanana’ orbit before being
untrapped by collisions. Therefore the banana-plateau diffusion saturates
when w, ~ v4qp @nd is even a decreasing function of the collision fre-

81



quency for large collisionalities 1 <« v, where the collisionality has been
introduced v, = ”duj—bp Finally, the banana-plateau diffusion takes the

form Dgp ~ with C7,Cy ~ 1. This expression

2
egﬁl/pQ (l+ClV*)(11+CQ€3/2V*)
allows one to retrieve the two usual limit expressions: for low collisionality
v, < 1, the diffusion coefficient takes the form Dzp ~ ;2 vp?. For interme-
diate coII|S|onaI|ty 1 < v, < €372, the diffusion coefficient takes the form

(%
Dpp ~ 63/2 ,0 ~ RTqu

The second contribution to the neoclassical transport is associated to pass-
ing particles and called Pfirsch-Schliter Dpg. The reasoning for the Pfirsch-
Schliiter is the following : the radial diffusion is due to the curvature drift
vp. Therefore, due to collisions there are jumps in the radial direction over
a typical length Ar ~ vpAt ~ LAt Itis clear from the Fig.4.2 that if the
drift is upward, a radial jump on the top of the tokamak leads to an outward
flux whereas a radial jump on the bottom of the tokamak leads to an inward
flux. Therefore the typical time At corresponds to the time for a particle to
pass from the top to the bottom. As the parallel motion is interrupted bzy

collisions, it is also a diffusive process with a diffusion coefficient D ~ -~
Therefore, the time for a particle to pass from the top to the bottom is given

by At ~ quJ‘) ~ U (%)2 Finally, the Pfirsch-Schliter diffusion coefficient

is given by Dpg ~ 25 ~ 1 (gp)>.

t
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Figure 4.2.: Pfisrch-Schliter diffusion. On the top, collisions lead to an outward
flux. On the bottom collisions lead to an inward flux.
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The neoclassical diffusion can be compared with the classical prediction com-
ing from the effect of collisions on the gyromotion and simply given by D, = vp%.
The comparison is shown in Fig.4.3. This curve allows one to distinguish the
definiton of the three colisionality regimes: The banana regime for low collision-
alities (v, < 1), the plateau regime for intermediate collisionalities (1 < v, < e=3/?)
and finally the Pfirsch-Schlliter regime for large collisionlities (¢=3/2 < v,).

In the next sections, the results coming from GYSELA simulations in the ab-
scence of turbulence are compared with neoclassical predictions. These tests
are performed for the verification of the collision operator described in chapter

3.
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Figure 4.3.: Comparison between the classical prediction (blue), the banana-pateau
contribution (red) and the Pfirsch-Schliiter contribution (green)
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4.3. Neoclassical test of the collision operator :
single species case

Satisfying the intrinsic properties of the collision operator, as reported in the sec-
tion 3.5, is mandatory but relatively easy. A more challenging test is provided
by neoclassical theory. For the single species case, the poloidal rotation and
heat diffusion coefficient can be compared with theoretical predictions in a pure
axisymmetric case, i.e. not allowing any helical instability. These tests allow one
to assess different parts of the collision operator depending on the collisionality
regime and are useful as their results are sensitive to the details of the colli-
sion operator. Before starting, one should notice that neoclassical physics is by
nature local. Therefore, for an effective verification of the code, one should en-
sure for each neoclassical simulation a scale separation between the gradients
lengths of the background quantities and the banana width : ¢, < Ly, Ly where
Ly and Lt are respectively, the gradient lengths of density and temperature.

4.3.1. Neoclassical diffusion and poloidal rotation

The neoclassical theory is tested by filtering out non axisymmetric (n # 0, where
n is the toroidal mode number) components of the electrical potential. This fil-
tering prevents the onset of turbulence. Four simulations are performed with a
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scan in v, going from 1072 to 10. The phase space grid used for these simu-
lations is (7‘,6, cp,U”,,u) = (256, 256, 32, 128 64). The dimension of the tokamak

that is simulated is fixed by p, = 2 = 150 The results from GYSELA are taken
at mid-radius where the inverse aspect ratio ¢ = 0.15 and the safety factor is

g =1.6. The local gradients are given by 42 ~ 6 and 2 ~ 0 where R, is the ma-
Jor radius. The collisional time step depends on v, and the numerical time step
is adapted consistently to keep the same temporal resolution of collisions. In
the single species neoclassical theory, two quantities are of utmost importance
: the poloidal rotation and heat diffusivity. These two quantities are compared
with neoclassical predictions.

In neoclassical theory, the poloidal velocity is tied to the thermal gradient via
the relation vy = kyeo (14, €) Y. Theoretical predictions of k., are accurate in the
asymptotic banana and Pfirsch-Schliter regimes and approximate in the plateau
regime. The sign of the poloidal velocity depends on the collisionality regime :
rotation in the ion diamagnetic direction (k,., > 0) is expected in the banana
regime and the opposite (k,., < 0) in the Pfirsch-Schliter regime. The transition
is expected to take place in the plateau regime. A model inspired by Hirshman
and Sigmar is given by [60] and predicts .., in all collisionality regimes including
corrections due to finite aspect ratio e. This theoretical prediction is used to
benchmark GYSELA's operator. The results are shown in Fig.4.4. The shape of
the curve is the same and the inversion of sign takes place in the plateau regime
as expected by theory. The agreement is better for the banana regime where
the theoretical prediction is more accurate.

Another important quantity predicted by neoclassical theory is the thermal dif-
fusion coefficient x,.,. Even if neoclassical transport is subdominant as com-
pared to the turbulent one for the main species, it can be important for heavy im-
purities like tungsten and for the main species close to transport barriers where
turbulent transport is reduced. To check their validity, GYSELA results are com-
pared with the Chang-Hinton prediction [16] valid in all collisionality regimes .
The results are shown in Fig.4.5. Again a satisfactory agreement with analytical
prediction is found.

85



Figure 4.4.: kyeo = eBg% versus v, predicted by theory (dashed line) compared
with GYSELA results (red dots)

Figure 4.5.: Xneo = —NLVT versus v, predicted by theory (dashed line) compared

with GYSELA results (red dots)
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4.3.2. Zonal flow damping

Zonal flows are known to control the level of turbulence by energy transfer from
low to high wavenumbers [21]. The only linear damping mechanism for these
flows comes from collisional friction. It is then critical to get the correct damping
rate of zonal flows to predict the right level of turbulence.

Collisionless plasmas are known to exhibit linearly undamped axisymmetric
potential ¢, although the amplitude of this mode may evolve due to plasma
polarization [76]. There is therefore a residual axisymmetric potential ¢y in the
collisionless limit. The level of this residual flow is given by

Yoot = %0) _ 141 e collisionless fimit (4.3.1)
¢00(t == 0) (%

where a =1+ 1.63726. Hinton and Rosenbluth [44] have predicted the collisional
damping of this residual flow.

boolt)  _ exp (g;’) erfc (i\/?)

Poo(t’ = 0)
Bj [ 1.8 (mt))*? exp (- (3uot')*?)
+ erf t/ 79 0 0 432
(f) o Bz [ +1 + exp (—v4t') (4.3.2)
. 3mq251/2 . 1/2 . .
with 3 = “Z75—, A = Xln (16 (E) with A ~ 1 and some frequencies
associated with collisions are defined as v = 0.61v;;, vy = 1.9v;, vy = —Xi

0.64+/€"
Note that the initial time in Eq.4.3.2 (¢’ = 0) corresponds to the case where

all GAM oscillations have been Landau damped and therefore corresponds to
the limit (¢ — oo) of Eq.4.3.1. Details on GAM oscillation and damping can be
found in the literature [90, 78]. The first term of Eq.4.3.2 corresponds to the fast
collisional smoothing of the distribution function in the trapping boundary layer.
The last term is the contribution from high-energy ions which have small collision
frequencies and thus dominate the long time behaviour. An extra term erf (1)
has been added in front of the last term of the right hand side to ensure the
relation also holds for the initial time.

The collisional damping of the residual can be tested by first launching a colli-
sionless simulation, waiting for GAM decay and then adding collisions. The dis-
cretization of the simulation is (r,@, go,v”,,u) = (127,64, 8,255,64). Flat profiles
of density and temperature have been chosen to avoid the radial dependence
of the collision frequencies. For the same reason, the profile of the safety factor
g = 1.4 is flat. The other parameters of the simulation are p, = 1%0 e =0.1at
mid radius. A good agreement is found between predicted and computed ¢
decay once collisions are activated as can be seen in Fig.4.6. To have a better
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match, the value of A has been adjusted (A = 1.04). Note that in the comparison
between theory and simulation, GAMs are not fully damped in the simulation.
This is the reason of the oscillations observed in Fig.4.6.

The previous bunch of tests provides a successful verification of the intraspecies
collisions. In the next section, the conventional neoclassical predictions regard-
ing the transport of heavy impurity is derived analytically and then compared with
GYSELA results. These tests allow a verification of the interspecies collisions.

Figure 4.6.: Time evolution of the normalized ¢¢y coming from the code GYSELA
(red) compared with the theoretical prediction (blue).

4.4. Neoclassical test of the collision operator :
trace impurity

As mentionned in the section 1.4, heavy impurities are not fully ionized even in
the core of a tokamak. Therefore, they lead to an important radiative power loss
even at low concentration. Neoclassical transport is expected to be dominant for
heavy impurities. Furthermore, the divertor of ITER will be in tungsten. In this
context, it is natural to test the neoclassical transport of a trace (o = %gﬁ < 1)
heavy impurity like tungsten. As a starting point, the conventional neoclassical
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prediction of a trace impurity in the Pfirsch-Schllter regime is derived. It is then
compared with the results of simulations performed with the code GYSELA.

4.4.1. Neoclassical prediction

A derivation of the theoretical prediction for trace impurity transport in the Pfirsch-
Schliiter regime can be found in [46]. The main steps for this derivation are the
following: first the particle flux is linked to the collisional exchange of momentum
via the toroidal momentum conservation. Second, the parallel flows of particle
and heat are linked to the gradients. Finally, the parallel flows are linked to the
perpendicular ones using conservation of particles and energy respectively. This
procedure allows one to write explicitely the dependance of the impurity particle
flux with respect to the gradients.

4.4.1.1. Link between neoclassical impurity flux and collisional exchange of
momentum

The starting point is to link the radial flux of particles to the collisional friction
force. The easiest way to do it is to use the toroidal momentum conservation
equation for each species s [77, 2, 51]

I
Ol = Ze (TV = T4.) — 9,115, + <BR||7S>¢) (4.4.1)

with the toroidal momentum L., ,, the particle flux I'%, the turbulent flux ng and
the Reynolds stress H:ﬁ,s respectively defined as

L,s, = ms/dTu%,FS

Where u, = Lv|, v¥ = (vgxp + vp,s) - Vi and ¢ is the gyro-averaged electric
potential. Here dr = d*v£42 is the phase space volume element in between two
magnetic surfaces ¢ and ¢+dy and (...),, indicates the flux surface average. R
is the total collisional drag force applied on the species s R, = >, R ss. Neo-
classical theory is done assuming a steady state and no toroidal dependence.
Furthermore, the Reynolds stress Hg,s is often neglected. Therefore, the rela-

tionship Eq.(4.4.1) allows one to express the neoclassical impurity flux coming
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from the collisional exchange of parallel momentum between species as

1 /1
ry :—<BR,75> (4.4.2)

The collisional exchange of parallel momentum is linked to the parallel velocity
Vjs and the parallel heat flux ¢ via the equation [26]

3 (1 ) 3w (1
By = —Numa Vi —vi, — 3 g L 4.3
lab MgV bl I b 5, T, <1+x§b) * 5Ty \1+ a3, )

4.4.1.2. Structure of perpendicular flows

To compute the parallel quantities required for the solving of Eq.(4.4.3), one
needs to express first perpendicular quantities. To do so, the idea is to derive a
vectorial expressions of particle and heat fluxes. This is not obvious because of
the scalar form of the gyrokinetic equation, i.e.

OF + ;*vz (2B F) = C(F) (4.4.4)
I

It must be kept in mind that the actual trajectories of particles differ from those of
gyrocenters by a cyclotron motion. We consider the limit of large scale flows,
which is well described by the drift kinetic limit £, p, — 0 of the gyrokinetic
equation Eq.(4.4.4). At first order in p, the particle velocity is of the form v =
vyb+vg+vp, where b = %, vg is the E x B drift velocity and v, is the sum of
curvature and V B drift velocities. Taking the first moment of Eq.(4.4.4), one gets
V -T' = 0in steady-state, where I = I'|b 4+ I" ;. Note however that this is a flux
of guiding centers. One needs the particle flux. This is done by adding the mag-
netization flux, whose divergence is zero and does not change the conservative
form V- T = 0. Hence

I‘L:NVE+N<VD>—V><

o’
N{—=—Db 4.4.5
<Z€ >v:| ( )
where the bracket is an average over the distribution function.
1 _
() = N/d?’vF...

The perpendicular flow associated with the curvature drift plus magnetization
term is

(b x k) +

B
D __
Y= (A -r) ZeB Zegz * VL
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where B
P = /d?’vavﬁ

P = / &vFuB

This perpendicular flux T'}’ can be reexpressed as the divergence of a CGL stress
tensor B
Hij = /d3VFmUﬂJj = .P”bzbj + PL ((51 - bzbj)

by noting that

P —P
V-II=VP + (P - P)k+ [(B V) ('BLN b (4.4.6)
so that B

A similar calculation can be done for the perpendicular energy flux

2 2
Q. = SNTV,+ N <m”vD> —V x [N <m““b>] (4.4.8)
2 2 2 e
Introducing the "energy flux tensor”

— va
®ij = /dSVFm’UinT = @Hblb] + @J_ (5” — blbj)

where 9
Q)= /d3vﬁmvﬁ%
2
0, = /dSVF’p,B%
one gets
3 B
where
0,—06
V-@ZVQL—F(@—@L)FL%—[(B-V) (BL>]b (4.4.10)

We now consider a Maxwellian distribution function, the average over the distri-
bution function can be recast as

(i), = /0+oo duexp (—u) /:O \jg_ﬂexp (—i) (4.4.11)

91



where ¢ = v /vy and v = uB/T are normalized parallel velocity and perpendicu-

lar energy (vy = \/T/m). One recovers that Py = P, = Pand © = ©, = 2NT?
so that the perpendicular flux reads

B x Vi
I = N=—5 0 (4.4.12)
where Q () = 52 + 7155 and
) ) B
= —-T1TT, =—-P—— T—-PV 4.4.1
q.=Q. 5111 =7 2632XV B (4.4.13)

The second term —PV g in Eq.(4.4.13) is usually neglected in standard neoclas-
sical theory as its contribution to the flux average flux is small. The correction
— PV appears because the convective energy flux due to the E x B drift is
gPVE in the hydrodynamic formulation (it is the enthalpy that is convected, not
the energy), whereas in kinetic theory, the energy flux can only be gPVE since
the F x B drift velocity does not depend on energy. This problem has been here
and there for a long time, without a satisfactory answer. If one accepts to neglect
this term, the perpendicular heat flux appears to be simply

op B vr (4.4.14)

=57 B

which is the classical expression for the perpendicular diamagnetic heat flux.

4.4.1.3. Structure of parallel flows

Now that the perpendicular flows are known, the idea is to use the conservation
equations (particle and energy) to link them to parallel quantities. We begin
with the particle flux. We use the fact that B x V¢ = I (y) B — B?R*Vp to
separate the perpendicular flow of particle Eq.(4.4.12) in a compressible part
and an incompressible part I'; = I'“ + I'* with

. I
= N_,0B
I = —NQR*Vy

It is easy to show the incompressibility of the total particle flux. Indeed the
local conservation of particles reads

ON
- T =
5 +V 0

Using the steady state assumption, one gets the incompressibility condition
V - T' = 0 over the total particle flux, which is used to link the compressible part
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of the perpendicular flux to the parallel flux

(ri+1y)B IS + 1
V.=V |2 =y lB] —0

with 'S, = NLQ. Since the system is assumed axisymmetric here, it is equiv-
alent to:

Iy = K(@)B-T1
&NV, = K(w)B—NéQ

with K (/) an unknown function at this stage. And so

K B I
Vi = %) -4

Then multiplying by the magnetic field and taking the flux surface average, it is
possible to compute K (v))

K@) _(BY), 1w
N, B,

Finally one gets the expression of parallel velocity

V) = (4.4.15)

<BVH>¢B_IQ<1 B >

(B2)y B

B (B?%),
For the parallel heat flux, a similar derivation is performed. To prove that the
heat flux is incompressible, the local energy conservation is required

OE
S TV Q=0

where E'is the total energy £ = E,+ E, and Q is the total flux of energy. Here we
neglect the contribution of the electric field. Inthiscase F ~ E;, and Q ~ q+§TI‘.
Using the stationarity one gets

V-q+2(TV~F+VT—I‘):0
Using the incompressibility of the particle flux (V - T" = 0) one gets

5}
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In this section it has been assumed that the temperature is a flux function 7" (¢)
suchthat VI'-T' = %V¢ -T',. As the perpendicular flux of particle Eq.(4.4.12)
is orthogonal to V« then VT - T" = 0. Therefore, the heat flux is incompressible
V - q = 0. Then using exactly the same procedure as for the parallel velocity,
one gets

Bg)) B
(Bay), 5P 0T (; <B€>w> (4416

WS, 2 Ze0y

4.4.1.4. Impurity flux

Using the previously derived expressions of the parallel quantities Eq.(4.4.15)
and Eq.(4.4.16), and the definition of the collisional exchange of momentum
Eq.(4.4.3), one can compute the parallel exchange of momentum between species
due to collisions

S0 (1 B
R||zz = VU m <_> Nz

* Ze \B (B%),
OlnN, Z,0InN; Z,0InT
[ o0 7 0w ey, 8@&] A

In this expression, the contribution of the impurity parallel heat flux has been
dropped due the mass ratio between impurity and the main species. Identical
temperatures have also been assumed for both species. Using the parallel mo-
mentum exchange due to collisions Eq.(4.4.17), one can compute the neoclassi-
cal particle flux Eq.(4.4.2)

o,.N, Z,0,N; Z,0,T
r = (T, - = —-N.,D - = — Hipoo— —
z,neo < z vr)w z theol Nz ZZ ]\[2 theo ZZ T ]
with )
D m,T,I? < 1 > 1 dr
eo Vi - R
" (Z.c \\B2/y~ (B%),) \dv
i dar _ g 2 (/LN _ _1 ~ 92
In circular geometry, one has = and / (<32>w (B%) ~ 2r4. Therefore

Dtheo ~ 2q27/zz,02

This expression is close to the one found in the qualitative approach in the first
section.
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4.4.2. Comparison with GYSELA results

In fusion plasmas, tungsten is only partially stripped and its ionization state de-
pends on the local temperature. But only a single charge state is allowed in
the current version of the GYSELA code. Thus a fixed charge is chosen for
the tungsten Z,; = 40. The main species is deuterium in the banana regime
(v;, = 0.1 at mid radius). Tungsten is therefore in the Pfirsch-Schllter regime as
Vi = V225 [ B v = 2360) = 23,6.

Recovering the expected neoclassical expression of the thermal screening co-
efficient H,,., reveals being a stringent test of both the Vlasov part (the left hand
side of the gyrokinetic equation, governing the trajectories) and the collision op-
erator. More precisely, the final value — and sign — of Hy;,, results from a partial
compensation between two different contributions: one coming from the parallel
velocities of both species (of the order of 1 in the Pfirsch-Schllter regime), and
another one coming from the parallel heat flux of the main ions (of the order of
—3 in the Pfirsch-Schliter regime).

In this framework, the accurate computation of ¢, is a critical issue. As a mat-
ter of fact, its neoclassical expression Eq.(4.4.16) results from the incompress-
ibility of the total flux V - g, = 0. The transverse flux ¢,; computed in GYSELA is
in perfect agreement with the neoclassical prediction, Eq.(4.4.14). Conversely,
the present accuracy of the energy balance is not sufficient to recover the ex-
pected expression of ¢;: while the poloidal shape is properly recovered, the
magnitude is not. More precisely, the parallel heat flux coming from GYSELA is
approximately half of its theoretical prediction. Note however that this issue is
not related to the collision operator, although it impacts neoclassical transport.
Indeed, it comes from the treatment of the Vlasov part of the gyrokinetic equa-
tion. For the time being, the solution to overcome this difficulty is to impose that
the parallel heat flux takes the expected value Eq.(4.4.16) in the collision oper-
ator. This temporary solution has been used to obtain the results in the rest of
this section.

The diffusion coefficient and the screening factor in the Pfirsch-Schliter regime
with trace impurities are given respectively by Dy., = 2¢° p?vi./a and Hy,eo =~
—0.5+0.29/ (0.59 + 1.34g'2) with g = v7¢%/? [46]. To test this prediction we as-
sume that the flux computed in GYSELA takes the general form

0.N, 0, N; 0, T
ngS — _nZDgys [N — KgvaZT — HgySZT‘| (4418)

with a modified definition of the impurity flux

. dr 1
M= {Ff ~ T =7 (0L + ‘%%)]

The modification of the definition of the impurity flux is required for an accurate
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comparison between simulation and theoretical prediction. Indeed in the simu-
lations, the contribution of the other terms is non-vanishing and they need to be
taken into account.

Using the ansatz Eq.(4.4.18), one can measure D,,,, K, and H,, and to
compare them with their analytical predictions D;j,co, Kineo = 1 and Hy,e, . TO
do so, two simulations are used. The first one with VT' ~ 0 is used to com-
pute D, and K,,,. Radial density profiles are chosen to get a radial scan of

2 () — 29%%%: (r) around zero. It is then possible to plot I'%** /. as a function

of —D,,s [‘9;52 — KyysZ ONN} with D, and K, as free parameters determined
via a least square method. This approach uses the global character of GYSELA
and the locality of the neoclassical transport. Small gradients of density and tem-
perature are considered to minimize the radial dependence of Dy., and Hypeo,
making the analysis simpler. For the same reason, a flat profile of the safety
factor is chosen (¢ = 2). The other parameters of the simulation are p, = ﬁ
e = 0.15 at mid radius as in the previous part. The result of this simulation is
given in Fig.4.7. The good fit gives confidence in the dependence of the flux
of tungsten on the density gradients of both species. The discrepancy with the
theoretical prediction for K, is of few percents and the one on the diffusion

coefficient D, is below 15%.
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Figure 4.7.: Normalized particle flux of impurities versus density gradients. The
solid line corresponds to GYSELA results and the dotted line to its
linear fit.

The second step consists in a simulation with % - ZVT]\[Z' = 0. In this case
the flux is expected to be directly proportional to the temperature gradient I', =
—NyDgyysHgyys Z 35 since the previous simulation has shown that %, ~ 1. Using
also the fact that the diffusion coefficient is close to the theoretical prediction, we
can replace D, by Dy, in the previous expression and then directly measure
H,,s using a method similar to the one presented previously. The result is given
in Fig.4.8. Again a discrepancy of few percent is found between the results from
the code and the theoretical prediction.
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Figure 4.8.: Normalized particle flux of impurities versus temperature gradient.
The solid line corresponds to GYSELA results and the dotted line to

its linear fit.

Summary of the chapter

In conclusion, the tests performed in this chapter have shown that GYSELA, with
its new collision operator presented in the chapter 3, is able to reproduce suc-
cessfully the results coming from the conventional neoclassical theory derived
in absence of turbulence and external sources. This is an important result in the
perspective of impurity transport studies as neoclassical transport is expected
to be the main contributor to heavy impurity transport.
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5. Turbulent prediction of impurity
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Turbulence is one of the three mechanisms of particle transport in tokamak.
It is the dominant one for the main ion species and can also have an impact on
impurity transport, especially in the case of light impurities or if the collisionality
of the impurity is not too large. Turbulence in plasmas is a very rich topic and an
exhaustive presentation of its specificities is beyond the scope of this thesis. In-
stead, a general view of the turbulence observed in tokamak plasmas is given in
the first part of this chapter. The second part is devoted to the turbulent transport
of impurities.

5.1. ITG turbulence

5.1.1. Underlying instability

Turbulence in plasmas often comes from an underlying linear instability. This
instability is always associated with a deviation from thermodynamic equilibrium,
providing the necessary source of free energy. The source of free energy can
be due to the existence of radial gradients or come from deviation from the
Maxwellian distribution function as in the case of the bump on tail instability.

In the nonlinear simulations performed in the frame of this thesis, the instabil-
ity that leads to turbulence is due to the temperature gradient of the main ion
species. Therefore the resulting turbulence is called ITG (lon Temperature Gra-
dient) driven turbulence. ITG is akin to the so-called “interchange instability”. In-
terchange instability is locally unstable (stable) on the low (high) field side of the
tokamak. These instabilities are indeed due to the presence of the magnetic drift
combined with density and/or temperature gradients. A schematic description of
an interchange instability is depicted in Fig.5.1. This figure shows a typical situa-
tion found on the low field side of a tokamak. Initial potential fluctuations (red and
blue circles) are amplified because of an unbalanced advection (vx) due to the
gradient of pressure. In the case depicted, the gradient of the magnetic field in-
tensity V B and the gradient of the pressure are pointing in the same direction. In
this case, the unbalanced advection leads to an increase of the fluctuations, and
therefore to an instability. Conversely, if the gradients were pointing in opposite
directions, the situation would be stable. This is the reason why ITG turbulence
like other interchange instabilites exhibits stronger turbulence intensity in the low
field side of the tokamak.
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Figure 5.1.: Qualitative explanation of an interchange instability. The initial po-
tential fluctuations (blue and red circles) are growing due to an um-
balanced vg advection. Indeed due to the pressure gradient, there
are more particles going to the right than in the opposite direction.
Combined with the vertical drift due to magnetic curvature, this leads
to an instability.

VB

VP

1

The low field side of the tokamak is always locally unstable to interchange
instability, while the high field side is stable. As both areas are magnetically
connected, a pending question is whether the overall magnetic field line is stable
or not. We know derive the linear stability criterion for ITG turbulence.

5.1.2. Linear stability
5.1.2.1. Equilibrium field, particle trajectories and gyrokinetic equation

The unperturbed part of the magnetic field is written in Clebsch representation,
B, =VaxVy

where a = ¢ — q(v)0, where 1, ¢, and ¢ are respectively the poloidal flux nor-
malised to —2, the toroidal and poloidal angles, and ¢(v) is the safety factor.
This structure of the field is identical to the one defined in the section 1.3.2
B., = I(¢)Vy + Vo x Vi for a straight field line coordinate ¢ such that B, -
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Ve/Be, - V8 = q(¢). In the special case of a large aspect ratio tokamak with
circular concentric magnetic surfaces labeled by their minor radius r, the func-
tion v is given by 2¢ = o7, where Ry is the major radius. The inverse aspect
ratio e = R— is conS|dered as a small parameter, and calculations are done at
first order in e. The unperturbed equation of motion is integrable, since there
exists three invariants of motion, namely the unperturbed Hamiltonian H.,, the
magnetic moment ., and the toroidal canonical momentum P, = —ey + mRuv,
where v,, is the particle toroidal velocity. The gyrocenter distribution function F is
a function of the variables (H.,, i1, P,, 0, o) (strictly speaking there should also be
a label giving the sign of the parallel velocity). The action /. is conjugated with
the gyroangle, while the toroidal canonical momentum is conjugated with the
toroidal angle. The last degree of freedom (H.,,6) can be replaced by a set of
action/angle variable, which does not need to be detailed here. The gyrokinetic
Vlasov equation reads

— —{H,F} =0 (5.1.1)

where H = H,,+h is the total Hamiltonian, and {, } denotes the Poisson bracket.
This Poisson bracket is fully determined at this stage by the equations of motion
expressed in the set of coordinates (H.,, i, P,, 6, ¢). It is convenient to write the
distribution function as

F(Hethluap 07 ()07 ) = Feq(H,M,P@,t) +g(H€q7lu7P%0767907t)

where F.,(H.,, 1, P,) is the unperturbed distribution function that depends on
motion invariants only. Noting that F,,(H, u, P,) ~ Fuy(Heq, 1, P,) + hou,, F., for
small values of the perturbed Hamiltonian, and using {¢, P,} = 1, {0, FP,} = 0
the following equation over the “resonant’distribution function (i.e. non adiabatic)
g is derived in the appendix A.

5 - F, [0 9\ -

= I H, =2 =+Q—|h 5.1.2

or 1y =7 (815 * a@> (5:1.2)
where - = —57-In F,, is the inverse of a “temperature’and * = TeqagnPFeq is

the kinetic diamagnetic frequency. Both quantities depend on the motion invari-
ants only. T, is the usual local temperature when F,, is a Maxwellian. Accord-
ingly, the kinetic diamagnetic frequency can be reexpressed using the approxi-
mation P, ~ —e:

Q* — _Q Teq
reBy

OlnNy | (Heq 3) o, (0 = Viea) OV)eg

or T, 2 or v3 or

There and in the following, F., is considered to be a Maxwellian. The function
g is then expressed as a function of the non canonical set of gyrocenter coordi-
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nates (r, 0, v, UH>. The corresponding Poisson bracket in the gyrokinetic Vlasov
equation on g reads

F.G} = F— - — :
{ ’G} mBﬁ V <%H 8U“VG eBﬁ

B ( oG _OF )—b“"q VF x VG (5.1.3)

where m is the mass, e the charge, b,, = B:Z the unit vector along the magnetic
field, B* = B., + =1V x b,, and B/} = b, - B* is the Jacobian of the gyrocenter

e

transformation. The Poisson bracket Eq.(5.1.3) fully determines the equations
of motion. In the electrostatic limit, these are

d
dit‘ = —{H.y,x} = Vp + Vg + v b
dv
me—t = —{Hegymuj} = =bey - V (uBeg + €T 8) + mvjs - (vp + V)

where
_1bg

eBﬁ

is the magnetic drift velocity (x = (b, - V)b, is the field curvature) and

VD X (,uVBeq + mvﬁm)

b, -
Vg = eBﬁ x Vh
the E x B drift velocity ( h = eJ ¢ is the perturbed Hamiltonian, ¢ is the perturbed
electric potential and J the gyroaverage operator). The volume element in the
velocity space reads d*v = 27 Bjidudvy.

At this stage, no approximation was done apart from the ones based on the
standard collisionless gyrokinetic ordering. ITG is coming from the passing parti-
cles. Therefore we now focus on the role of passing particles, i.e. neglect particle
trapping. For highly passing particles, this is equivalent to ignore the mirror force
and the parallel electric force in the parallel equation of motion (weak non linear
term). Given this framework, the compressional term in the parallel equation of
motion can be ignored as well because it is of the same order of magnitude as
the terms neglected. The parallel velocity then appears to be a motion invariant,
as expected for highly passing particles. The gyrokinetic Vlasov equation can
then be reformulated as follows:

dg ~ 1 0g _ _ _
E—{H,g} :E—FUHVHQ—FVE-VQ-FVD-VQ
F, (0 9\ -
= — 4+ 1.4
T, <8t i 890) h (5.14)
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5.1.2.2. Linearization

The electric potential is split in an axisymmetric component (¢) , (¢, ¢) and a he-
lical perturbation ¢ (1,6, ¢), i.e. ¢ = (9),, + ¢. We place ourselves in the rotating
referential for which the flux surface averaged electric field is zero. Therefore
the term v - Vg is strictly non linear and neglected for the linear analysis. In
the following we are interested in the helical part, which is the one which can be
unstable. The ballooning representation is used [18, 75, 86], i.e.

(5(1/}7 0,p,t) = Z G (Or, 0 + 2pm) exp {in [p — q(¢) (0 — Oy + 2p7)] — iwt}
) (5.1.5)

where k = (n, 0, p). The integer p spans the interval | — co, +00[. However for
a ballooned turbulence, it is sufficient to keep the component p = 0 only. In this
case, a useful reformulation of Eq.(5.1.5) in the set of field aligned coordinates
is

GBW; a,0,t) = Z Orw exp {1 [nOrq(V) + na — wt|} (5.1.6)

where we recall that o = ¢ — ¢ (1) §. Considering large toroidal numbers n >
1 and after a bit of algebra detailed in the appendix B , it can be shown that
Eq.(5.1.4) can be written

8gkw
00

F,,

Q
t T,

— i (W —Wwp) Jkw = —1 (W — Wy) Iy (5.1.7)

where the transit frequency is defined as 2, = q%o. wp stands for a frequency
associated to the field curvature

wp = kgup [cos O + s (0 — O) sin 0]

where vp = ||vp|| and finally, a modified diamagnetic frequency is defined as

koToy [0I0N,y  (He 3\ 0Ty, (v = Vie) 0V
L, =n) = 4 = “_ - = 1 (5.1.8
Wem eBy or + (Teq 2) or + v, or ( )
Also, the poloidal wavevector is defined as ky = —"Z and the magnetic shear

iss = 2%- Eq.(5.1.7) is a first order linear differential equation. The solution of
this equation is an integral form

_ LW Wy Feq
Jkw = —1
Qt Teq Omin

46/ exp {i [Areo () — Ares (6)]} b (8)

with 23ke — =20 The causality imposes the choice 6,,:, = —sign (€;)xoco. This
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expression can be written differently by using the Heaviside function H:

W — Wy

- Feq e / / /
G = I /_OO d0'G (0,0) hiey (¢) (5.1.9)

w
with w
G(6,0) = —iﬁ exp {7 [Axw (0) — Awe, (0")]} H [(6 — 6') sign(©)]
t
The next step consists in using the Poisson equation to link the "resonant”
distribution function ¢ with the potential ¢. This equation reads

/d%jg - ]j\}q (1+7)ed (5.1.10)

eq

where 7 = L. The dispersion relation then reads

3 w—wy Feg , , _&
/dvj[w%‘/_wdigG(Q,e)jqﬁkw(e) _T <1+7—)¢kw

eq

This expression is equivalent to the one derived by Romanelli (Eq.(5) of [74]).
This formula is pretty general but difficult to exploit directly due to its integro-
differential form. Different limits have been derived analytically, allowing for sim-
pler expressions but with restrained validity domains.

ITG is an instability with a threshold value [61]. This threshold is of utmost
importance for confinement. Indeed, above the threshold the turbulent flux is
rapidly increasing thus leading to a profile relaxation. In practice, profiles are
close to the threshold value. This is called “profile stiffness” [32].

An extensive study of the linear stability criteria with a gyrokinetic code [56]
allows one to derive a linear threshold criteria in the infinite aspect ratio limit
e—0

;;C :max{(l—l—T) (1.33+ 1.912) ,0.8;1} (5.1.11)

Fig.5.2 illustrates Eq.(5.1.11) in the case s = ¢. Above the curve, ITG is un-

stable and below it is stable. From Eq.(5.1.11) it is clear that 7 and ? have a

stabilizing effect for ITG, as well as large values of %.
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Figure 5.2.: Linear threshold for the ITG instability in the case s = ¢
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5.1.3. Turbulence saturation processes

In the previous section, a linear stability analysis of ITG mode has been derived.
This approach gives a threshold temperature gradient for the ITG turbulence. Itis
known that in the non-linear regime, the effective threshold is larger. This charac-
teristics, sometimes called “Dimits shift” in reference to the pionnering work done
by A. M. Dimits et al. [24], is often attributed to the non-linear generation of zonal
flows by turbulence. Part of the free energy extracted from the instability is then
transferred by non-linear coupling to the large scale zonal flow. Zonal flows back
react on turbulence by transferring energy from low wavelengths to high wave-
lengths via a diffusion process in k-space [21]. These processes reduce the ef-
fective source of energy available for turbulence growth. Ultimately, a zonal flow
saturates at a level governed either by collisional damping [44, 26] and/or the non
linear destabilization of the zonal mode via different possible mechanisms [21]
(Kelvin-Helmholtz instability, other tertiary mode instability, hyper diffusion). This
mechanism of turbulence saturation is depicted in Fig.5.3. It is an efficient satu-
ration mechanism because zonal flows are not Landau damped [76], therefore
they can saturate at a relatively large level. A new and more general approach of
the turbulent generation of large scale structures including zonal flows is derived
in the chapter 7.

Note that other saturation mechanisms for turbulence can be at play. For in-
stance, mode-mode coupling transfer energy to small scales structures which
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are eventually damped (for instance by collisions). Background profiles can
also relax thus leading to a decrease of the linear drive for turbulence. Non-
linear wave-particle interaction can also transfer energy to another species (i.e.
electrons in the case of ITG).

Figure 5.3.: Mechanism for turbulence generation and saturation by zonal flows
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5.2. Theoretical prediction of impurity transport
related with turbulence

In the previous section, the generation and saturation of ITG turbulence has been
presented. This turbulence can generate an impurity particle flux. The turbulent
impurity flux takes the general form

Fz,turb - <FZ turb * VT </ d3vfz n#O )>
Pt

where f, = F, — F,, . is the perturbed distribution function of the impurity and
(-), refers to both flux surface and time average. Note that only modes n # 0
are considered here. Indeed, although axisymmetric modes (n = 0) can be
generated by turbulence via non linear coupling (cf. chapter 7), they are linearly
stable. Therefore, restricting the definition of the turbulent flux to the modes
linearly unstable, one discards the contribution of n = 0 modes in I', ;. Using
the fact that vg - Vr ~ —%ﬁ and taking the Fourier transform, one obtains

1—‘z,turb = Z/fz,kw <_Zk‘9¢'éw> dSU (521)
kw

The linear response of the distribution function is given by (proof can be find in
the appendix C)

W — Wy

Fokw = — [1 - j] WL (5.2.2)

w —wa — k) Tq
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where k; is the wavevector associated to the parallel direction. Combining Eq.(5.2.1)
and (5.2.2), one gets

T turd = Z/T;’ ( ¢’““> [1 —jw_w*j] eZrd®v  (5.2.3)

W — Wy — /{JHUH

The non resonant part (term proportional to R (1 — j“““*j)) is exactly

w—wa kv
zero as Yy, ko |¢rw|” = 0 and can be discarded. Eq.(5.2.3) is the flux of par-
ticles. In GYSELA, the computed flux corresponds to the flux of gyrocenters. It

is given by
Fz Jgurb — </d UF n;ﬁO VT) >,¢)t

Both definitions differ by a polarization term. By a similar procedure as for the
particule flux, the gyrocenter flux can be shown to take the form:

_ . j¢kw * er
L.ty = / —ik Z w ’ng
o Z (w wrkm)( "B ) Ao,

z7eq

_ N W — Wy ieZB ik T O ik T Ok *F e
%;/\S (Ld — Wq — kv|> k@TZ76q 1o B to B zeq® Y
_ ~ W — Wy eZB | _ 2 F d3

%/\f( ) k’eTz,eq |UE7k:w| z,eq v

W — Wqg — kHUH

where |0gko|” = ‘kzg% ’ Using the Sokhotski—Plemelj theorem, the imag-

inary part can be replaced by < (“‘“) = —im(w—w,)é (w — Wq — kHv”).

w—wd—k”v”

Therefore the turbulent flux can be reexpressed as

zturb_/]rZ/ w = (.U*

Using the expression of the diamagnetic frequency Eq.(5.1.8), one gets

eZB

_ 2 3
—) (w — Wy — k”vH) VB k| Ereqd’v
k@ z,eq

fZ,turb = —WZZ / ) (w — Wy — kHU”) ‘Q_)E,k,wIQ qudgv
kw

w

y Oln N, ., N H, 3\9WnT.,, N (Un - V||z,eq) OVizeq B
or Tz,eq 2 or U% or keTz,eq
(5.2.4)
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The velocity integral is intricate due to the resonance condition. But it is clear
from Eq.(5.2.4) that the flux of impurity takes the general form

Oln N olnT. aV,
T — DuN T Vzeq G Fzeq “lzeq 25
z,turb NiVzeq [ Or + C(T or + CV or + Vp (5 )
with
WA _ 2 3
DN = —N Z/(S (w — Wq — kHU”) |UE,k,w’ Fzﬁqd v
Z,eq kw
H, 3 _
DNNZ’erT = —WZZ/ (T 4 _ 2> 0 <W — Wq — kHU”) ‘UE,k,w|2 Fz,equv
kw Z,eq
U = Vizeq)

DyN.oyCy = —72 3" / (v 5 (w0 — wa — kyvy) sl Fregd®
kw

V7

DyN...V, =17 B o) 108 kwl? Faood?

NNeoVp =723 | —w (w = wa = kyvy) [0Ekwl” Fregd®
kw 0L zeq

The terms Dy, Cr, Cy and V), represent respectively diffusion, thermo-diffusion,
roto-diffusion and pure convection. The values of these coefficients can be found
for instance in [5] where they were derived in the plasma rotating frame. The
latter approach makes explicit the specific contributions of the centrifugal force
and of the Coriolis force.

Some qualitative conclusions can be drawn from Eq.(5.2.5). First of all, the tur-
bulent impurity flux scales like the turbulence intensity squared fz,turb x ’?_]E7k,w|2.
This result is intuitive: more turbulent fluctuations lead to a larger turbulent flux.
Thermo-diffusion and roto-diffusion are expected to change sign depending on
the turbulence nature of the underlying instability. Both terms are expected to
give an outward flux for ITG turbulence [13]. The sign of the pure convection is
not as clear and depends on the specific situation.
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6. Neoclassical impurity flux in
presence of poloidal asymmetries
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6.1. Experimental evidence of poloidal asymmetries
of impurity

Poloidal asymmetry of the impurity distribution is often observed experimentally.
An example coming from a JET discharge [57] is shown in the Fig.6.1. In this fig-
ure, the radiated power shows a large poloidal asymmetry in the center. This
asymmetry is associated with a density asymmetry of the impurity. Poloidal
asymmetries are often associated with external heating systems. A way to ap-
preciate how heating systems can generate poloidal asymmetries of the impurity
density is to consider the following formula [10, 15]

N. (,0)  T..(0)
N: () Ti.(¥)
o d _ZL0W.0) — ¢ ()] | m
" p{ 7= (¥) T (W)

7.0 - 12 ]}
(6.1.1)

where the quantities with a star are taken at the outer mid-plane f* (¢) = f (¢,0 = 0).
In this formula, a rigid body like rotation is assumed for the impurity 2.. In
Eq.(6.1.1), the poloidal asymmetry of the perpendicular temperature is associ-
ated with anisotropy.

TJ_,Z (¢70) _ [TI,Z (¢) + <1 . TI,Z (77Z))> B* (¢) ]
TI,Z (¢) T\Lz (w) TH,Z (¢) B (% 9)

Eq.(6.1.1) clearly shows that toroidal rotation can generate density asymmetry.
This is in particular the case when Neutral Beam Injection (NBI) is used for cur-
rent generation [6]. The combination of Eq.(6.1.1) and Eq.(6.1.2) indicates that
anisotropic heating like the one provided by lon Cyclotron Resonance Heating
(ICRH) can produce an asymmetric density distribution [59, 73].

(6.1.2)
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Figure 6.1.: Poloidal reconstruction of radiative power loss in a JET discharge [57].
This radiative power is attributed to impurity.

6.2. Neoclassical impurity flux in presence of large
poloidal asymmetries and pressure anisotropy

In current tokamaks, heavy impurities like tungsten are in the Pfirsch-Schliter
regime. But on larger devices, like ITER, heavy impurities should be in the
plateau regime due to higher temperatures. The banana-plateau contribution
of the impurity flux is expected to be linked to the pressure anisotropy. Moreover,
the poloidal asymmetry of the impurity density is known to modify significantly
(up to an order of magnitude) neoclassical flux of impurity in the Pfirsch-Schliter
regime [4]. It is therefore natural to take into account both pressure anisotropy
and poloidal asymmetries of the impurity for the computation of the neoclassical
flux of impurities.

The computation of the neoclassical impurity flux in this framework is done in
three steps. First, the perpendicular flow is expressed. An unknown function
K, (¢, 8), related to the impurity poloidal velocity, is then determined using the
incompressibility of the flow and parallel force balance. It leads to the expression
of the impurity flux.
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6.2.1. Structure of the impurity flow in presence of poloidal
asymmetries

We come back to the computation performed in section 4.4.1. For the main
ion species, it is assumed that there are no changes. In other words, poloidal
asymmetries and anisotropy of the ion species are still at their neoclassical level
which is small. On the other hand, large poloidal asymmetries and anisotropy
are now allowed for the impurity.

We now come back to the general expression of the impurity flux derived in
the drift kinetic limit (i.e. neglecting finite Larmor radius effects) in section 4.4.1.

B B
L. =Tbey + N x Vo 4~ x V1L (6.2.1)

where the CGL tensor II, reads
I, =P .1+ H||Zbeqbeq

and IIj, = Pj. — P... It has been shown (Eq.(4.4.6)) that the divergence of the
CGL tensor reads

I
V-, = VP, + .6+ [(B V) < g ﬂ beg
Where k = —b., x (V X b,,) is the field curvature. Noting that V¢ = g%w +
%V and VP, = %42V + 242V, and using the identity

B B
B2XV¢_IB2 RV

one can express the impurity flux as follow

I dp 1 0P..\ B
B B ) E 9@ =
I'=K.B—N,Q.R*Vy + 7eD (beg X k) + <NZ B 7 Ze 06 ) Vo

All quantities depend on (v, #) and the following definitions have been introduced

86 1 OP.
0, =22
o0 N.Ze 0v
D I
K. = =5 + N0,
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6.2.2. Determination of the poloidal variation of K,

The poloidal variation of K, (v, ) is constrained by the incompressibility of the
flow V - T', = 0, which reads

B-V)K,+V-T,=0 (6.2.2)
where I 96 op B
S |E 1 1z
I‘Z—ZeB(beqxn)+<Nae+Ze 80) x Vo

The expression of the divergence of a vector V' that does not depend on ¢ is
V.v. 9 (V-Vy +2 V.-V
B-V6 0y \B-Vd 00 \ B-Vo

Using the following relations

0 /1
(beq X Fn',) Vw IB. VH% (B)

9 /1
(bey x ) V0 = ~IB- Vo ()
(B x V0)- Vi) = —IB - V0

one then obtains

V-I. 9[10 (M\]_9f I [, 0 0P. g Huz
B-Vd 00 |Bov\ZeB)| ou )\ zeB2 | 00 " 00

6

At this stage, one can note that in the absence of poloidal asymmetries (9y = 0)
and pressure anisotropy (HHz = O), Vv -T, = 0. Therefore K, depends on 1 only
as in the case developed in section 4.4.1. For low Mach number, the parallel
force balance reads

B- V¢ [N 790 9P g0 <HBZ>] = BRy.; (6.2.4)

00 00 00

Then putting together Eq.(6.2.2), (6.2.3) and (6.2.4) an equation for K, can be

derived 0 1 0 (I 0 IR
il -7 Iz | = & | U=t
90 [KZ " Bay (ZeBﬂ 39 [ZeB B ve)] (6.2.5)
We note here that an integration on 6 of Eq.(6.2.5) leads to arg;;“ = 0, where the
““’>¢. This con-

neoclassical impurity flux is given by Eq.(4.4.2) T'? ., = —£ (

Z,neo Ze
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dition can seem surprising at first sight. But on second thoughts, this condition
is natural. Indeed, in the approach considered, there is no source of particles,
no turbulence and we consider a steady state solution. The neoclassical flux of
impurity is therefore equal to a constant. To alleviate this conceptual paradox,
one should keep in mind that we neglect time derivatives in the neoclassical the-
ory because they typically scale as the inverse of the confinement time which
is much larger than any other typical time of the problem. But rigorously, time
derivatives are not equal to zero. Having this fact in mind, we continue our anal-
ysis.

Unfortunately, the analytical solution of Eq.(6.2.5) is not trivial as R.; is an
implicit function of K. To continue the analytical derivation, we neglect the rhs of
Eqg.(6.2.5). This is the equivalent of neglecting locally the collisional contribution
in the parallel force balance Eq.(6.2.4). It can be shown that this approximation is
valid if Z/ev, ;¢ < 1. This approximation is therefore valid for light impurities or
if the collisionality of the main ion species is low enough. Note that even though
the collision friction is neglected locally in the parallel force balance Eq.(6.2.4),
it has to be kept in its flux surface average version, for the expression of the
neoclassical flux. It is quite remarkable that no solubility problem arises when
the friction force is neglected locally in Eq.(6.2.4). The function K, then reads
K.(¢,0) = K,o(¢) + K.1(¢, 0), where

KzO = <Kz>¢
1o (I, 19 (I,
__+ 9 -9 2.
K B oy <ZeB> * <B(‘3w (ZeB " (6.26)
Here, the bracket denotes the flux surface average :
) dbdyp
<f>1p = BJZJZ
B-Vo

6.2.3. Neoclassical flux

If the main ion is in the banana regime, it can be shown that the friction force
reads (proof is in appendix D)

T, I
R, =muv,;{ —Ny——+ B (N,u — K, 6.2.7
I mV{ ZeBLw—'— (N )} (6.2.7)
1 1 1 H 1 _ OlnP 30InT; 1 _ 1 OP, .
whereL—w—ermwnhm_W—5 % andm_—TiZNz &i.Lw,i

is a flux function whereas Ly, is a function of ¢ and 6. In Eq.(6.2.7) u is a flux
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function given by

3) L oL (6.2.8)

2) e(B2), 0i
This quantity is closely link to the poloidal rotation of the main ion species as

can be seen in its expression. If the main ion is in the banana regime, impurities
in the trace limit NTZZ < 1 and large aspect ratio are considered ¢ < 1, then

Ekneo ~ 1.17 and u takes the limit given in the literature [31] u ~ —0.336%2)%.

This value is used in the following. Note that v.; is also a flux function. Using
Eq.(6.2.4), while keeping the friction force leads to the solubility constraint

BRy,;\ _ /B-V0 0P, LRE
(Bis) (B[00 58 ()]} e
Combining Eq.(6.2.6), Eq.(6.2.7) and EQ.(6.2.9), one finds
T.I /1 B2\ o /B!
o 20 () o (5),
/B o (I /BT /10 (1,
N0y \ZeB) [, \N./, Boy \zeB) /[,

1 /B-VO[oP. 0 (I B2\
_mZVZi< N [ae +B@9<B)]>w<l\@ . (6.2.10)

U= <kneo -

These expression of K, can then be plugged into the friction force to calculate
the impurity radial flux 'Y, i.e.

z,neo

I 1 B-Vo |[0OP o (II
W -4 1z v |E:
ar - e (B2 et (%)), oo
%

z
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I T, I (/N 1 (B?)
rY = — MUy — <Z> - —u | (N,), — v
PS5 Ze {eLwi( B2/ <32>w) ( ¥ <]L\272>
TiI N, 1 1
+ —
€ B2L¢,Z " R Y

L
_<1 o (IH||Z>>w+ <15£A(IZHB)>w} (6.2.13)

Boy \ ZeB

Eq.(6.2.12) can be seen as a modification of the banana-plateau flux. Note that
it is independent of the interspecies collisionality and will therefore dominate for
low collisionality regimes.

The first and second terms of Eq.(6.2.13) are identical to Eq.(10) of [4] for which
only poloidal density asymmetries are considered. The third term corresponds
to a simple diffusion which is often neglected but can become important when
impurity peaking is strong. The last two terms are entirely controlled by K.,
and represent a modification of the friction force due to the impurity pressure
anisotropy.

6.3. Comparison with results from gyrokinetic
simulations

The goal of this section is to assess the relative importance of the various contri-
butions in the neoclassical prediction derived in the previous section Eq.(6.2.11)
using the results of simulations performed with the GYSELA code.

6.3.1. Choice of the simulation parameters

Different simulations have been performed with the GYSELA code to test the the-
oretical prediction previously derived. Two parameters have been played with:
the nature of the impurity (He versus W) and the collisionality of the main ion at
mid-radius. Helium is considered as fully ionized Z = 2, whereas a fixed charge
state (Z = 40) is taken for tungsten cases. For these simulations, the main ion
species is deuterium and the impurity is in the trace limit (232 ~ 10-%). The elec-
tron response is adiabatic. The size of the machine simulated is fixed by the di-
mensionless parameter p, ; = 2 = T;O where p; is the Larmor radius of a thermal
ion at mid-radius. GYSELA uses a simplified geometry with circular concentric
magnetic surfaces characterized by an inverse aspect ratio % = 4.4 and a safety
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factor profile ¢ (r) = 1.5+ 1.3exp [2.5log (% )]. The two ion species are initiated
with identical density and temperature profiles “27:(”) — 2.2 cosh (”&gf) and
MTst) — 6 cosh 2 (”(; gf). To approach a statistical steady state, an isotropic
source of energy is added [37]. Its amplitude depends only on the radius. Fi-
nally, the outer boundary condition is ensured via a penalization technique [23].
More precisely, a krook term with a radial dependence is applied on the distribu-
tion function. It allows to extract the energy coming from the heat flux without
injecting/removing particles.

The phase-space grid is well resolved. In the case of helium impurity, the nu-

merical resolution is (NT,NQ,NW,NUH,NM) = (256,512,32,127,64), whereas for

tungsten the resolution is higher (N, Ny, Ny, N, N,) = (512,1024,32, 127, 64).
This difference of resolution comes from the dependence of the Larmor radius

of the impurity p, = + w=p; (assuming T; = T). In both cases, the time step

is Atw.; = 16 and is chosen to resolve accurately both turbulent and collisional
time scales. Because of this high resolution and the presence of two species,
the numerical cost of this simulation is very large. In order to reduce this cost,
the following strategy has been used: in a first stage, the code is run without
impurity until statistical steady-state with a resolution of (N, Ny, Ny, Ny, N,,) =
(256,512, 32,127, 64) which is enough for the main ion species. If the impurity that
is studied is tungsten, a second step is performed, with a resolution increased in
view of the later impurity introduction (NT, Np, Ny, Ny, NM) = (512,1024,32,127,64).
This step, performed without impurities, is done to allow for some reorganization
of the system when numerical resolution is increased. Eventhough this reor-
ganization is rather short, it is numerically cheaper to perform it in absence of
impurities. Finally, the impurity is added when statistical steady-state is reached
without impurities. Despite this strategy, the convergence of a simulation with
impurity toward a statistical steady-state still requires several millions of CPU
hours.

The various scanned parameters are given in Tab.6.1. The result of the three
performed simulations has been used to derive the theoretical prediction pre-
sented in section 6.2. But it has been rapidly realized that the numerical cost
of a converged simulation would severely limit the number of cases that could
be studied. In particular, the cases with the lower collisionalities were really far
from convergence. It has therefore been decided to focus on a single well re-
solved simulation for a quantitative comparison between theory and simulation.
Considering the problem of convergence, the choice of a “large” collisionality
has been made: v} (g = 0.5) = 10~'. Tungsten has been chosen for this well
resolved simulation for two reasons: Firstly, the understanding of tungsten trans-
port is important in current tokamak discharges, in particular for the tokamak
WEST which should run with full tungsten divertor and walls. Secondly, tung-
sten has been chosen to have a collisionality profile of the impurity close to the
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Table 6.1.: Parameters scanned

simulation | v/} (2 = 0.5) impurity
A 1072 He
B 1072 W
C 1071 W

plateau/Pfirsch-Schliiter transition in order to compare the simulation and the-
oretical predictions of the banana/plateau and the Pfirsch-Schliter fluxes with
a single simulation. The collisionality of tungsten in the considered simulation
is given in the Fig.6.2. The impurity is in the Pfirsch-Schliter regime in all the
simulation domain but in the region ranging between 0.15 < £ < 0.4 where it is
close to the plateau regime.

Despite the choice to focus on a single simulation, this simulation is not in the
quasi steady-state and departure from stationarity is expected to play a role in
particular in the parallel force balance Eq.(6.2.4). As the model derived in the
previous section is strictly valid only for steady-state, a perfect match between
the neoclassical flux given by the code and the theoretical prediction is not ex-
pected. Nevertheless, it turns out that the flux predicted by the model presented
in section 6.2.3 gives the right order of magnitude for the impurity flux coming
from GYSELA as will be discussed hereafter. Note that the cost of this single
simulation is approximately 3 millions of CPU hours. This cost did not allow a
large scan of parameters.
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Figure 6.2.: Radial variation of collisionality of the impurity (blue). The limit
between plateau and Pfirsch-Schliiter regime is represented by the

black line

6.3.2. Definitions of fluxes

The flux of particles coming from GYSELA does not make any difference be-
tween neoclassical and turbulent fluxes as both are treated self-consistently
within the code. This observation raises the question of how to separate the
two contributions a posteriori. For this purpose, the definitions proposed by Es-
teve et al. [30] are used:

(e . vy, </dvfs vDs+@g=°)-w>w (6.3.1)

(Tt Vw < / dPufo" - > (6.3.2)

where v} = (vg),, and 0770 = v — 02", The definition of these fluxes is not
unique and some authors call “turbulent” the flux associated with the £ x B drift
and “neoclassical” the flux associated with the magnetic field drift. These fluxes
are defined as
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(r2-vy) = < / Pofovp, - v¢>¢ (6.3.3)
(rf.vy) = < / P fovg - v¢>w (6.3.4)

Fig.6.3 depicts the different fluxes for the impurity in the simulation presented
in the previous section. There is a clear difference between the definitions of
the turbulent and neoclassical fluxes (solid lines) and the definitions sometimes
found in the literature (dotted lines). This observation tells us that the axisymmet-
ric modes of the electric potential actively contribute to the impurity flux. Note
also that turbulent and neoclassical fluxes are of the same order of magnitude,
although sometimes of different signs. The overall transport of tungsten is mainly
inward in this simulation.

For a fair comparison with the theoretical prediction of the neoclassical flux
derived in the section 6.2, it is mandatory to use the definition given in this thesis
Eq.(6.3.1). This comparison is discussed in section 6.3.4.

Figure 6.3.: Radial variation of the impurity fluxes. These fluxes are time averaged
on approximately 3000w,;.
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6.3.3. Poloidal asymmetries and anisotropy

In the considered GYSELA simulation, the poloidal asymmetries are generated
by turbulence. The poloidal asymmetry of the tungsten density Fig.6.4 is of the
order of 30% and can be expressed in the form [4]

N, =(N,) (@) [14 6 (¥)cosf + A () sin 0]

The knowledge of § () and A (¢)) then allows one to compute the impact of
density asymmetries on the first and third terms of (6.2.11), which correspond
to terms already present in the literature [4]. Indeed, one can show that these
terms take the following simple expressions [4]:

N1 <Nz>¢[€ . 62+A2]

<B2>¢ ECE 2 (e +0) + (6.3.5)

Wl -7 = (, [eo+ 22 636
(%),

In these expressions, the contribution of density poloidal asymmetry is con-
tained only in the § and A terms. Fig.6.5 shows the radial shape of Eq.(6.3.5)
and Eq.(6.3.6) for the GYSELA simulation. It readily appears that both expres-
sions remain close to their value at § = A = 0, i.e. in the absence of any poloidal
asymmetry. More precisely, the relative impact of the poloidal asymmetry of den-
sity compared with the one of the magnetic field is moderate in the deep core
and weak in the outer part of the simulation.

Fig.6.6 shows that the poloidal asymmetries of both parallel and perpendic-
ular pressure are significant in the inner part of the simulation where the ba-
nana/plateau contribution is expected to be important (0.15 < = < 0.4).
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Figure 6.4.: Left: poloidal asymmetry of the impurity density. Right: reconstruc-
tion of the poloidal asymmetry with 0 (¢)) and A ()
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Figure 6.5.: Radial shape of Eq.(6.3.5) in red and Eq.(6.3.6) in green. The blue
curve represents the radial shape of Eq.(6.3.5) in the absence of poloidal
asymmetry of the impurity density, i.e. for § = A = 0.

Figure 6.6.: Left: parallel pressure. Middle: perpendicular pressure. Right: CGL
tensor divided by the magnetic field.

6.3.4. Comparison between GYSELA results and theoretical
predictions

An important point for the comparison between the theoretical prediction and
the results of the GYSELA code is the value of the screening factor. From the
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theoretical point of view, the Pfirsch-Schliter component of the screening fac-
tor should be H};S = —1. This can be seen in the derivation performed in
section 4.4.1. Alternatively, this value is contained in the expression of ﬁ =

olmp _ 39T, _ olnN, 19T, |n this expression, there is a factor +1 coming

o 2 o o 2 0y .
from the difference of velocities (%fi) and a factor —g coming from the paral-
lel heat flux (—%alanfi). It has already been mentioned in section 4.4.2 that the

value of the parallel heat flux coming from GYSELA is not in agreement with the
theoretical prediction Eq.(4.4.16). More precisely, the poloidal shape is in fair
agreement with the theoretical prediction but the amplitude is approximately half
the one predicted. For the neoclassical benchmark presented in section 4.4.2,
this problem has been circumvented by imposing the parallel heat flux to take its
theoretical value. With this trick a fair agreement has been found between the
pure neoclassical case performed with GYSELA and the standard neoclassical
prediction. In the simulation presented in this chapter, this trick was not used to
avoid any artificial modification of the results of GYSELA. In the simulation used
in this chapter, the parallel heat flux is still about one half of its theoretical pre-
diction Eq.(4.4.16). The effect of this disagreement is to reduce drastically the
thermal screening factor of the Pfirsch-Schliter component HZY g ~ 0.

The origin of the disagreement between the predicted parallel heat flux and
the one observed in the code is still unclear. A remaining bug in the advection
part of the code appears unlikely given the numerous tests and benchmarks
already successfully performed [37], although it cannot be ruled out completly.
Alternatively, the discrepancy could be due to some shortcomings of the theoret-
ical prediction. Interstingly, we mention here that a benchmark of the gyrokinetic
code GT5D against the standard neoclassical prediction in presence of impurity,
in the same spirit as the one performed in section 4.4.2, seems to give a screen-
ing factor in the Pfirsch-Schltter regime close to zero HE%., ~ 0, in line with
GYSELA’s results. The relative agreement between GYSELA and GT5D which
are two independent codes points in the direction of a limitation of the thermal
screening prediction. This observation could results from the necessity to take
more moments in the development made in section 3.3.3. Indeed, it has been
recently realized that the Pfirsch-Schliter screening factor can be modified by
the third moment of the distribution function in the development (j=2 in Eq.(3.3.3))
[49, 68]. If the third moments is retained, the Pfirsch-Schluter screening factor
is predicted to be close to zero. This explanation is still under investigation to
explain the observations made by both codes. In the rest of this section, two
distinct predictions are then used for the Pfirsch-Schllter contribution of the flux
Eq.(6.2.13). The first one, labeled with H = —0.5, is the one coming from the the-
ory, i.e. with ﬁ = ag‘fi — %8};&‘ = aglei — %agfi. The second, labeled H = 0,

is the same prediction but using a different definition of the ion gradient contribu-

H 1 _ O0lnP; - OlnT; _ 9InN; . .y . i .
tion Too = 09 9= o This distinction makes a huge difference in the

outer part of the simulation, as discussed in the following.
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Fig.6.7 shows the radial dependence of the banana/plateau contribution Eq.(6.2.12)
(green curve) and the Pfirsch-Schluter contribution Eq.(6.2.13) with the two def-
initions for L, ;. The Pfirsch-Schliter prediction with £ = —1 is depicted in red
and the one wit H = 0 is depicted in blue. From this figure, it is clear that the
banana/plateau contribution is large where the impurity is close to the plateau
regime (0.15 < & < 0.4) as expected . For the Pfirsch-Schllter component,
there is a large impact of the screening factor, especially in the outer part of the
simulation.

The final test consists in comparing the neoclassical flux coming from GYSELA
with the neoclassical prediction Eqg.(6.2.11). The definition of the neoclassical
flux is given in Eq.(6.3.1).The comparison between the GYSELA results (black
curve) and the theoretical prediction (red and blue curves) is depicted on Fig.6.8.
The right order of magnitude is recovered with a vanishing thermal screening
H = 0 (blue curve) as expected from the previous discussion.

Figure 6.7.: Components of the neoclassical flux. The banana/plateau contribution
Eq.(6.2.12) is represented in green. The Pfirsch-Schliiter contribution
Eq.(6.2.13) with H = —% and H = 0 are depicted respectively by the
red and the blue curves. The various profiles, including their possible
asymmetries, are taken from the GYSELA simulation.
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Figure 6.8.: Radial comparison of the theoretical predictions of the neoclassical ra-
dial impurity flux (H = —3 inred, H = 0 in blue) with the neoclassical
flux coming from the GYSELA code (black).

6.4. Discussion on the theoretical model

There is a rather good agreement between the theoretical prediction and the
neoclassical flux coming from GYSELA provided a vanishing thermal screening
factor H ~ 0 is assumed. This point has already been discussed in the previous
section. In this section, other limitations of the theoretical model developed in
section 6.2 are discussed. The goal of this discussion is to clarify the limitations
of the current theoretical prediction in view of future developments.

A first limitation of the model is to assume subsonic flows even for the impurity.
Supersonic flows of impurity are indeed often observed in tokamaks, especially
when NBl is applied. Note that in the GYSELA simulation used to test the model,
the maximum Mach number is ~ 40% as shown in Fig.6.9. As the corrections are
proportional to the square of the Mach number (see for instance the dependence
in Q% of Eq.(6.1.1)), the approximation of subsonic flows is acceptable in this
particular case. To take into account the corrections due to supersonic flows,
the full gyrokinetic equation should be used in the derivation instead of its drift
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kinetic limit. 1t would also introduce the gyroviscous stress tensor which is due to
FLR effects. In the same spirit, the model should take into account the Reynolds
stress contribution to the stress tensor IT.. Indeed, due to presence of turbulence
there is a non negligible force (divergence of the Reynolds stress) that should
be taken into account in the parallel force balance. This is a difficult task but it
would probably lead to a modification of the neoclassical flux.

Figure 6.9.: Mach number of the impurity

Another limitation of the model concerns the main ion species. More precisely,
the derivation of Eq.(6.2.8) is done assuming that the main ion species is rotating
poloidally at the speed prescribed by neoclassical theory (cf derivation of « in
appendix D). This hypothesis can easily breaks down due to the presence of
turbulence [22]. This is the case in the GYSELA simulation presented in the
previous section.

Finally, it is mentioned that the rhs of Eq.(6.2.5) has been neglected. This
approximation could modify the theoretical prediction, especially in the Pfirsch-
Schlliter regime. But it is probably a small effect.
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Summary of the chapter

In this chapter, a theoretical prediction of the neoclassical impurity flux in pres-
ence of large anisotropy and poloidal asymmetries has been derived. This pre-
diction has been compared with the neoclassical flux coming from a simulation
performed with the code GYSELA in presence of turbulence. In this simulation
large anisotropy and poloidal asymmetries are generated by the turbulence. A
good agreement is found between the theoretical prediction and the flux coming
from the code GYSELA if a vanishing thermal screening factor is taken for the
theoretical prediction.
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A large part of the results of this chapter can be found in the article [25]. This
chapter clarifies how turbulence can generate low frequency structures of the
electric potential with poloidal asymmetries. These structures in turn impact the
poloidal repartition of impurities which finally modifies the neoclassical flux as
shown in the previous chapter.

The chapter is organised as follows. First, it is shown numerically that poloidal
asymmetry of the electric potential generates poloidal asymmetry of the impu-
rity. Secondly, a general introduction on the problem of turbulent generation of
poloidal asymmetries of the electric potential in a tokamak is given. It allows
one to clarify the relationship between several large scale structures of the elec-
tric potential which are often studied separately. The method used to calculate
poloidal asymmetries of the electric potential is then described in section 7.3.
The link between the turbulence drive term and the turbulent Reynolds stress
is established in section 7.4. Finally, the main properties of poloidal convective
cells are given in section 7.5.

7.1. Evidence of impurity poloidal asymmetries
generated by poloidal asymmetries of the
electric potential

In the previous chapter, a turbulent simulation performed with the code GYSELA
has been presented. In this simulation, strong poloidal asymmetries of the im-
purity quantities are present. These poloidal asymmetries are not generated
by external sources as the only source used is an isotropic source of energy
which depends only on the radius. Moreover, neoclassical theory predicts weak
poloidal asymmetries. In the simulation, poloidal asymmetries are therefore gen-
erated by turbulence. One way for turbulence to generate poloidal asymmetries
of the impurity fluid moments (density, temperature..) is to generate an electric
potential with poloidal asymmetries. Indeed, it has been shown in the previous
chapter that there is a link between those poloidal asymmetries Eq.(6.1.1)[10, 15]

N, (¢, 9) _ TJ-,Z (wv 9)

N: () Ti.(®)
. eZ[p (W, 0) —¢* ()] | mQZ o, 2
timesexp{ — + “— |R* (¢,0) — R* (¢
- ) [ 0 - B2 0)

From Eq.(6.1.1), it is clear that even weak poloidal asymmetries of the electric
field can lead to significant poloidal asymmetries for heavy impurities due to their
large charge Z. Fig.7.1 shows that in the considered simulation, the poloidal
asymmetry of the electric potential is of order of e(‘i’”zo_‘;mzo*":(’) ~ 1% where m
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and n are respectively the poloidal and toroidal mode numbers. As a reminder,
the amplitude of the density asymmetry for the impurity is of the order of 30%.
As the charge of the impuriy is Z = 40, the right order of magnitude of poloidal
asymmetry of the impurity density is retrieved with this simple argument. This
was already observed in a previous study with the code GYSELA [30].

To quantify the relationship between electric potential and impurity poloidal
asymmetries, a numerical test has been performed. The same simulation as
the one presented in chapter 6 has been performed except that a numerical filter
allowing to remove all axisymmetric modes of the potential with poloidal asym-
metries (m # 0,n = 0) has been applied at each time step. Fig.7.2 depicts the
poloidal asymmetry of the impurity density in both cases using the following defi-
nitions NV, = (N,) () [1 + ¢ (¢) cos 0 + A () sin 0]. From this figure, itis clear that
the poloidal asymmetry of the electric field has an impact on the poloidal asym-
metry of the impurity density. In the following of this chapter a clarification of the
mechanism of turbulent generation of axisymmetric modes (n = 0) of the electric
potential is given. One should note that there are still poloidal asymmetries of
the impurity density when the axisymmetric part of the electric field exhibits no
poloidal asymmetry. This is due to non linear coupling between modes (m;,n)
and (my, —n) where m; + ms # 0 and n # 0. This point will also be clarified in
this chapter.

Figure 7.1.: Amplitude of the non zonal electric potentital in the GYSELA simula-
tion
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Figure 7.2.: Comparison of density poloidal asymmetry with (solid line) or without
(dotted line) poloidal asymmetry of electric potential. A time average
on several turbulence correlation time has been performed.
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7.2. Context for the generation of axisymmetric
modes of the electric potential

Poloidal asymmetries of the £ x B plasma flow are usually neglected in neo-
classical transport. Indeed the predicted level of asymmetry is quite small in
conventional neoclassical theory, so that its effect is considered as negligible
[45, 43]. Toroidal momentum transport is however an exception, since it ap-
pears to be sensitive to poloidal asymmetries, even at the neoclassical level
[88]. This picture changes somewhat if poloidal variations of the electric poten-
tial are generated by turbulence. Steady or slowly varying structures may then
boost neoclassical fluxes. These structures are know called "poloidal convective
cells”, since once isolated from axisymmetric flows (mean and zonal flows), and
turbulence vortices (helical patterns), poloidal asymmetries of the electric poten-
tial are usually characterized by closed streamlines with typically a few lobes in
the poloidal plane of a tokamak, and no variation in the toroidal direction. In other
words, poloidal convective cells are modes with a toroidal wave number n = 0
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and poloidal wave numbers m # 0 (usually m = 1 prevails). In this classification
, zonal flows are n = 0, m = 0 modes, while turbulent vortices are characterized
by n # 0, m # 0. Convective cells have a long history in the context of drift waves,
sometimes related to different objects [69, 17, 70, 50, 65]. The word "poloidal” is
used here to make their definition more precise. One should note that recent ex-
perimental measurements have evidenced asymmetries of the plasma poloidal
flow which may be related to steady convective cells [81, 82]. One important
point related to both observations and theory is the difference between asymme-
tries of the electric potential and the flow. The E x B drift velocity is vy = 2572,
where B is the unperturbed magnetic field and ¢ the electric potential. Any fully
symmetric potential, i.e. that depends on the radial coordinate only, already pro-
duces flow poloidal asymmetries because the magnetic field depends on the
poloidal angle. One cause is that the magnetic field strength decreases as the
major radius in a tokamak. Other sources of asymmetries come into play for
shaped geometries. It turns out that this effect could only partially explain flow
asymmetries on the Tore Supra tokamak. Poloidal asymmetries of the electric
potential were invoked to explain the observation [81, 82]. In the following, a
large aspect ratio, circular equilibrium limit is considered. In this case poloidal
asymmetries in potential imply poloidal asymmetries in poloidal flow.

One obvious mechanism for the effect of convective cells on neoclassical
transport is the modification of the distribution function by the asymmetric po-
tential, that correlates with its associated E x B electric drift velocity, and/or with
the magnetic drift velocity to produce additional fluxes to the standard neoclas-
sical value. One has however to be careful when using this argument, since the
flux driven by the E x B drift velocity contains a contribution due to the response
of the distribution function to the magnetic drift that tends to counter-balance this
effect [41, 83]. Also poloidal variations of the electric potential induce asymme-
tries of the density of an impurity, which in turn enhance its neoclassical flux
[4]. This effect is expected to be particularly large for heavy impurities in core
plasmas, since a Boltzmann type response is proportional to the charge num-
ber. It was proposed as an explanation for synergies between turbulent and
neoclassical fluxes of impurities observed with the GYSELA code [30]. Another
reason for investigating poloidal flow asymmetries is their potential role in turbu-
lence self-organisation, via vortex shearing. The understanding of turbulence
self-organization has been an active area of research in the past decades. It is
well known that zonal flows are instrumental in these processes. Indeed they are
generated by turbulence via the Reynolds stress, and in turn self-regulate turbu-
lence by transferring energy from large scales to small scales [21]. The intensity
of Zonal Flows is quite large compared with other helical turbulent structures,
because they are not Landau damped [76, 79]. Another player in turbulence
self-regulation is the Geodesic Acoustic Mode (GAM) [87] , which is the sum of
two axisymmetric components of the potential: a zonal plus an up-down asym-
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metric component, i.e. a combination of n = 0, m = 0 and n = 0, m = +1 modes.
The whole GAM structure oscillates at a frequency that scales with the acous-
tic frequency, and is driven by perpendicular flow compression, proportional to
the geodesic curvature (hence the name GAM [87, 40]). These modes are also
driven by turbulence via mode coupling, and can back-react on the turbulence
background [19]. GAMs have been shown however to be less effective than
zonal flows in this retro-action process, due to their high frequency [38]. More-
over they are Landau damped in contrast with Zonal Flows. Therefore one open
issue is whether low frequency poloidal flow asymmetries can have an impact
on turbulence in a way similar to Zonal Flows, as proposed in [84]. Let us note
that some recent turbulence simulations seem to indicate that this effect is weak,
while the synergy with neoclassical fluxes appears to be prominent in most trans-
port channels, except momentum transport [8].

Quite curiously a predictive analytical calculation of the dynamics and ampli-
tude of poloidal convective cells is not available in the literature. A previous
attempt exists [35], which was originally intended to explain the anti-correlation
between fluxes of momentum driven by E x B and magnetic drifts seen in several
gyrokinetic simulations. However this calculation does not account for the coex-
istence of convective cells with zonal flows and GAMs, an important expected
property of a comprehensive theory. A model that enables a simultaneous es-
timate of Zonal Flows, GAMs and convective cells is proposed. A complete
theory of convective cells generation is out of scope here, as it requires to keep
the whole dynamics of trapped and passing particles and the inclusion of colli-
sions, to recover the correct dynamics of zonal flows at low frequency [76, 44].
Instead a simpler model that keeps only passing particles, and neglects the ef-
fect of trapped particles is used. The Vlasov gyrokinetic equation can then be
solved for n = 0,m = 0,+1 modes, assuming non linear terms are given. The
latter corresponds to the turbulence drive, and can be shown to be related to the
turbulent Reynolds stress. The calculation is done at low Mach number and in
absence of RF heating sources. So asymmetries found here differ from those re-
lated to the centrifugal force or RF effects [15, 73], though these effects could be
addressed in the present approach. This method allows one to recover exactly
the GAMs dispersion relation, and to compute poloidal convective cells in an in-
termediate range of frequencies that goes down to the trapping frequency. Two
mechanisms of generation are identified: the generation of cells due to compres-
sional effect of zonal flows, and the poloidal asymmetry of the Reynolds stress
due to turbulence ballooning. The first one is dominant in the range of frequency
of the order of the curvature frequency, while the latter appears to be prominent
at very low frequency. One interesting finding is that the asymmetry of poloidal
convective cells is in-out at low frequencies, and up-down at intermediate and
high frequencies (GAMSs).
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7.3. Evolution of a toroidally symmetric mode

For the simple geometry of concentric circular magnetic surfaces considered
here, flow asymmetries are due to asymmetries of the electric potential, i.e. with
a toroidal wavenumber N = 0, and poloidal wavenumbers |M| > 1. The elec-
tric potential is first split in an axisymmetric component (¢) , (¢, ¢) and a helical

perturbation ¢ (1,6, ¢), i.e. ¢ = (¢)_ + ¢. The axisymmetric part is written as a
Fourier series
(), (¥, 0) = dma(¥)exp {i (MO —Qt)}
MSQ
As in the chapter 5, a ballooning representation is used for the non axisymmetric
part Eq.(5.1.6):

¢, a,0,1) Z P (0) exp {i [nbrq () + na — wi]}

Different notations are used for the frequencies (2 and poloidal wave numbers M
of the axisymmetric potential on the one hand, and the toroidal wave numbers
and frequencies n,w of the helical perturbations. We omit to specify the null
toroidal wave number N = 0 of axisymmetric perturbations, which are made
distinct from helical fluctuations by these different notations (i.e. capital vs lower
case letters). Taking the Fourier transform in radial position and assuming % <
K,, one can compute the linear solution of the Vlasov equation Eq.(5.1.4) for the
axisymmetric perturbations

—i(Q—= M%) gua+2 (Grr1.0 — u-1.0) = —ZQ “harg — [UE Vg} (7.3.1)

eq

v2 v v . .
where Qp = fspir <2vz' + ;) and Q; = . Note that the direct basis
T T

(e, €9, e,) has been chosen. The non linear term {(V;ﬁw -V (g)w} o =~ 0s ne-

glected, since 1st order terms only are kept. However this term may play a role
in the dynamics, and could actually provide a saturation mechanism that does
not have a counter-part for zonal flows. In principle, poloidal asymmetries are
associated with modes with N = 0 and |M| > 1... However it appears that the
ratio of the M poloidal harmonic of the electric potential to its M = 0 value goes
like (K,p;)™, as already well known for GAMs [79]. Hence the analysis is re-
stricted to low values of k,.p; in order to keep only 3 modes M = 0 and M = 1,
and M = —1. The relation Eq.(7.3.1) can then be written

{7} = —iQG*;&q {n} =G {[oe-vi|} (7.3.2)

€q
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where

{ow-val} =] [oe- vl

and
—iQy  Qp 0
G=| -Qp —iQ Qp
0 —Qp Q-

where Q. = Q, +£Q. The determinant of the G matrix is det G=-iQ (2. Q_ + 203%)).
A useful quantity is the transpose of its comatrix, given by

Q_Q+02 —iQpQ 02
com G' = iQpQ_ 0.0 iQpQ,
02 —iQpQ, —Q.Q+ Q2

Assuming adiabatic electrons and keeping a single hydrogenoid (charge number
Z = 1) ion species, the quasi-neutrality equation reads

N, 7
S (1= 8 (M) 7 (k) = [ T {3} dP (7.3.3)
eq
where 7 = l is the ratio of ion to electron temperatures, and 7 is the gyro-

average operator Combining the quasi-neutrality condition Eq.(7.3.3) with the
equation on {g} Eq.(7.3.2), and assuming the gyroaverage operator commutes
with all quantities at all frequencies, one gets

eq . —1F€q 2 3
et 1+ (1= (M) 7] p+ie [ G T (7.3.4)

:_/G—lj{[{—;E-vﬁ]}d%

Eq.(7.3.4) is the formal solution that gives the amplitude of the poloidal convec-
tive cells. It can be expressed as £ - {h} = {S}. Defining (-), = [ -d*v and using
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the fact that (¢g), = 0 whatever g odd with respect to v, one can show that

Ea —iE. &4
Ne “a c .
E = f;] ( ch gb —ch )

Eq & &,

where

ga: 1+T+L0(Q)—L2(Q)

&=(1-7J") +2L,(Q)

E=L11(Q)

Es=—Ly(Q) (7.3.5)
where o i

B 02107, 9

Assuming that 7 [5E : Vﬁ}MQ is an even function of v, it can be shown that

1 S10+@(So,—1 — S2,-1 — S21)
{S} = Q —i8" = 811+ 511+ 2iS5
—S10+1(So1 — S2.-1 — S21)
where i
Q 7]Q‘7D ~ ~ 3
Sjm = / 0 +29%)J [UE : Vghmd v
and ) )
S = /j i 3],
Two typical frequencies Qy, = 22—, Qpy = B — ¢K, p,Qy, and two

- q(r)Ro’ "7~ Ro
dimensionless parameters K = K,p; and Q) = Q% have been introduced. It is

reminded that the hypothesis K < 1 is used, consistently with the low number of
poloidal harmonics that are kept A/ = 0,1, —1. In this limit, one has (1 — 7?%) =
K2,

7.3.1. GAMs

In this section, large frequencies are considered () = O(1). In this case, noting
that 7 =1+0 (f(?) and the fact that whatever the function f even with respect

T ), e
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one can show that the coefficients L; (Q2) Eq.(7.3.6) become at leading order

L (Q) = 2\/_ lf9+(1+9)g<\%ﬂ

Ly (Q) = 252 [3 + Q2+ \5/25 (24 + O+ 1) ¢ (\%ﬂ (7.3.8)

where ¢ (z) = L [ <
Eq.(7.3.7) implies also S, = [
following quantities are defined

QJQ

—L2J {UE Vg} d®v at leading order. The

N,
Xo=="L1+7+ Lo ()]
T.,
X, = ]j\feq L1 (Q)
eq
N,
Xy = =" [K?+2L, ()] (7.3.9)
eq

where the functions L; (Q2) are given by Eq.(7.3.8) when Q = O(1). At this stage,
one should remark that notations have been chosen such that X; = O (f(ﬂ) and

Sim = 0O (f(ﬂ) These properties greatly simplify the computation. With these
notations, the determinant of £ is given by

det€ = Xo [Xo X, — 2X7| + O (K*) (7.3.10)
One should notice that the relation det€ = 0 gives the kinetic GAM disper-

sion relation. Indeed, replacing the coefficients X; Eq.(7.3.9) in the expression
Eq.(7.3.10) leads to

C@){3+$[§Q3+(3+7)m157]}

3 2.9
+1+T+§q292+§q2(1+7)+%C2 <> =
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which is the fully kinetic dispersion relation of GAMs [89, 91, 79]. Assuming that

the order of 7 [EE : V§]MQ is independent of M, it appears that

iQh_LQdetE = iXoXls/ + XOX1 (Sl,—l — 51’1>
+ (X7 = XoX2) So1 + X7So1 + O (K?)

iQh17Qdet5 = — iXoXlS’ + Xo X1 (Sl,l — 517_1)
+ (X} = XoXz) So1 + X7So1 + O (K?)

iQhg odete = X3S’ +iXg (S11 — Si-1) +iXo X1 (11 — Si1) + O (K?)

At leading order, one has h_; o = —h; . Hence the mode poloidal depen-
dence is sin 6 (up-down asymmetry), as expected for GAMs. It is shown in sec-
tion 7.4 that S’ is linked to the turbulent Reynolds stress tensor. This calculation
shows that for the GAM limit, the side bands M = 41 are mainly fed via the
toroidal coupling with the mode M = 0. This result is new and non trivial, as one
could have also expected a direct feeding via a source of the form 7 [5,5 . Vé]

to be competitive.

1,0

7.3.2. Poloidal convective cells

Lower frequencies are now considered Q) < K < 1. The analysis is restricted
to the first order terms in 2. Using the property

e

v

for any even function f(v)), it turns out that at leading order the functions L;
Eq.(7.3.6) become

gK (7.3.12)
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The simplification Eq.(7.3.11) leads to the redefinition of the source term:
i Q2iQ! - -
- - v v - Va d3
V2/] Q- iﬁQDJ [UE g] ma @’
—0(KY) x 0 (@)

Sim =

Using this ordering, the potential at leading order is given by

. Teq 1 - Q %
1Qh—1,§z = Neq (14+71)gK (ZQS + QK(Sz,—1 + SQ,l))
. Teq 1 - Q! %
Zth,Q = Neq W (—’ZQS + QK (Sgyfl + 52,1))
T., 25
iQhy g = —2 5 -
7 Neq ﬁQK

Two limit cases are found. In the intermediate frequency regime K2 < Q < K,
one gets

Teg S’

Neg (14 7) gKQu,

This corresponds to a sin(#) poloidal structure (up-down asymmetry). It appears
that the main drive comes from the source S’ thatisa N = 0, M = 0 component
of the source. It is shown in the next section that it is related to the flux surface
average of the turbulent Reynolds stress , i.e. the same source as zonal flows.
The underlying mechanism is flow compressibility, that results in a pumping of
N =0,M = +1modes by N =0, M = 0 zonal flows - i.e. a sideband effect.

The second limit corresponds to quasi-stationary structures, i.e. very low fre-
quencies Q) < K2, for which at leading order

—h_10="hio=—

Teq (S2.—1 4 S21)
Ney iQ2(1471)

hoio=ha=

It corresponds to a cos(f) poloidal variation (in-out asymmetry). The source
terms S, 1, corresponds to M = +1 components of the turbulent source. Hence
the drive rather comes from turbulence ballooning, which induces in turn a bal-

looning of the turbulence source, i.e. non zero poloidal harmonics of the turbu-
lent drive.
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7.4. Link between source terms and turbulent
Reynolds stress tensor

It turns out that the leading term is often proportional to the source term S’. In this
part a connection is established between this quantity and the Reynolds stress
tensor. In other words a kinetic version of the Taylor identity [66] is demonstrated.
The first step, detailed in appendix E consists in demonstrating that the turbulent
source J [Vg - Vgl,,q can be written as a flux, J [vg - Vgl,,q = 8dr$, where the
flux T’ is a flux of vorticity

T 21 .
FH—/ dt/ de —iMO+iQt i 62106 (5 f)

and £, = 279 is the o component of the gyroaverage electric field. Therefore

S = (7.4.1)

O [ [Tdt o [>r df
0 Te 0 27r0

% -
whereo = [ g—i [d3vT (E’af) and the time 7" should be longer than the time scale
of convective cells, i.e. typically longer than a turbulence auto-correlation time.

One is left with the computation of . From now on, the calculation is restricted

to the large wavelength limit £, p; < 1. Using 7 ~ 1 + 3 Z”]_f-j V2, one finds

T (Eaf) = EaT F + = fv - Viba-Vif

B

It is convenient to calculate the contribution of 7 f by using the Poisson equation
that writes

T (o= t0,) - V- (9.0) = [evai

Then

[ (&.1) = 5“]7%5 (¢~ (0),)

where P, = fd3WBeqf. The next step consists in integrating with respect to
a. The terms proportional to (gb — <¢>w) is obviously not contributing. The terms
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Neg
632

are varying at large scales and so their derivatives can be neglected. Then

Negm (27 da [

s (PLV1E) =&V - (V.i9)]

g =

Using integration by part and the factthat £,V (V 1 ¢) = V-(£.V 1 ¢) — 0. V.ol
One can show that

Negm 27 do P.
7= eB2, Jo gv' [(5044- eN, > VL¢]

eq

where P, = 83%- The definition of the divergence in ballooning coordinates is

where /g = Beqlw is the Jacobian. The ¢ dependence of g can be neglected.
One then finds

_ a Neqm do P 9
T o leng o (ot Re) (86 IVUP + EVY - Va) ]
where &, = 5. Note that V¢ - Va = —¢V - VO — 9 |V¢|2. Moreover one has

the foIIowmg propertles in ballooning representatlon

¢ = Z ¢ (0,t) exp {i [nOrq(¢) + nal}

Ey = Zm—&k(bk (0,t) exp {i [nOrq(¢) + nal}

E, = Z ingy(0,t) exp {i [nOrq(¢) + nal}
k
where it is reminded that n¢, > dd"f Similar relations can be derived for the
perpendicular pressure. Using also the limit Q@ << w, one gets

¢ Pk * 0
o= [eg;”z ? (o + ) o (aj (0~ 6) [V +qVis - ve)]

If we moreover assume the distribution function is mainly advected by the turbu-
lent E x B drift velocity, then fy ., = —%Z"Tﬂ*hk,w, and one has

o= |5 S (1) ol (5080170 +4v0- v0)|
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It then appears that o is close to — 2 (?;f ]evg—quRS), where Ilzs = (v, (vge + V)

is the turbulent Reynolds stress tensor, with FLR effects. Itis a function of radius
r, poloidal angle ¢, and time t. Using Eq.(7.4.1), source S’ is then shown to be
related to the M = 0 component of the stress tensor

N,,eB, 0?
q q 27HRSO (7, Q)

S =—
T, 'or

where p; is the thermal ion gyroradius. Radial variations of g—f and all equilibrium
quantities have been ignored compared to variations of the turbulence intensity
to get this estimate. Other source components S; ,; are more difficult to estimate
accurately, but can be shown to scale as the Reynolds stress tensor.

7.5. Discussion

7.5.1. Phase and amplitude of poloidal convective cells

The results obtained for poloidal convective cells are now examined. In the in-
termediate frequency regime Q < Qp, the level of the M = 1 mode is given
by

_ II Q
o 910 _ “K.p, Rrs,0( v)
B., B, (I1+7) 5

This corresponds to an up-down asymmetric potential i.e. sind structure This
level is finite. For Q ~ Qp,
the level of poloidal convective cell is smaller than a typical saturated zonal flow
by a factor K,p;. The main drive mechanism is in this case the perpendicular
compressibility of the flow.

The low frequency regime Q < QpKp; is more intriguing. Admitting that the
source term (S, _; + S21) is of the order of S” times a factor f,, representative
of the level of turbulence ballooning, one gets the estimate

1.0 d-10 ) HRSO(Q)
2= T = K02
B Be, t fbal(1+ 0

€q

No convergence is found for 2 — 0 unless the Reynolds stress frequency spec-
trum vanishes at low frequency, which is unlikely. The same behavior occurs for
zonal flows. This indicates a lack of dissipative processes, probably due to a
break-down of the theory in absence of particle trapping. Note however that the
ratio ¢1 <2 is regular and of the order of K, p;. The poloidal asymmetry is of the
form cos 0 i.e. in-out, and the drive appears to be the asymmetry of the turbulent
stress tensor due to turbulence ballooning.
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7.5.2. Numerical solution

We assume that the source terms are separable in energy, (2 and M , i.e. we
prescribe the following form

{[o6-V3]} = FusuS(Q)

where s_,; = sy is real, and the frequency spectrum S(Q) is chosen as a
Lorentzian ~

s@=1 8¢

T2+ AQ2?

All matrix &y, and source elements S,; can then be expressed as combina-
tions of the functions L;(€2). The latter can be calculated numerically using a
collocation method (see appendix F)[11, 28]. Inverting numerically the matrix
& then provides the values of h = £ - S. In the following, parameters are
safety factor ¢ = 1.5, normalised radial wavenumber K,p;, = 0.1 , ion to electron
temperature ratio , = 1 , amplitude of source term s; = —1, sideband ratios
s1/50 = 5_1/50 = 0.5, and frequency width of the source AQ = 0.1.

Fig.7.3 shows the frequency spectra of Qh  and Qh; o. A GAM signature ap-
pears clearly at high frequency, while zonal flows and poloidal convective cells
appear at low frequencies. Hence the level of the m = 1 component of the
electric potential is smaller than the m = 0 component by a factor K, p;, in agree-

ment with estimate ‘3233 ~ K,p;. Fig.7.4 and Fig.7.5 show respectively the ratio

hhj—fg and the phase of Z;—g It appears that the ratio hhj—lﬂﬂ is about —1 in the GAM

Z;g is 90° (up-down asymmetry). At lower frequency

QZ—? ~ K,p;, the ratio hh_l—lgn is again close to —1, i.e. up-down asymmetry, but
with a polarity closer to —90°, i.e. opposite to GAMs. The very low frequency
limit Qg—fo < (K,p;)? is more difficult to assess. The collocation method imposes
to choose a frequency mesh with the same mesh size as the velocity variable.
Low frequency then means a highly resolved velocity space, and therefore a
large computation time. The difficulty is circumvented by increasing the value of
K,.p; up to 0.25. It can then be checked in Fig.7.6 that the ratio hh_l—l““ is close to 1

at vanishing frequency, in agreement with a mostly in-out asymmétrical poloidal
convective cells. In summary, GAMs and convective cells in the intermediate
frequency range are up-down asymmetrical, while low frequency cells are in-out
asymmetrical. It also stressed that the polarity of a poloidal convective cell is
rarely as clean cut as a GAM, i.e. it varies continuously with the frequency.

range, while the angle of

145



ol

e 2 N W s o o

h,,

05 1.0 15 2.0 25 3.0 35 00—%5 10 15 20 25 30 35
QRO/ Uy QRO/ Ui

Figure 7.3.: Absolute value of Qhyq and Qhy g

1.0f | | | | | | |
- §|[E'(’h'mzl/h'm:—l)
0.5¢ -t g(’h'mzl/h'm:—l) i

—2.0—35 10 15 20 25 30 35
QRO/’UTi

Figure 7.4.: Real and imaginary parts of the ratio hhj—lﬂﬂ vs

7.5.3. Limits of the model

The model does not account for trapped particles. This is visible by considering
the limit 2 < © and looking at the dynamics of the mode M = 0. In this case,

at leading order in K = K, p;, one gets

iQhg odete = XG5’
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- Neq 3 2 79 q72 ™ \/ﬂ
detf ~ <T6q> (1+7)"K* |1+ 5 1+2<1+7_)+z 5

Since the source S’ is equal to KQM%?‘?HRS,O (Q), where ITxg(t) is the M = 0,
component of the turbulent Reynolds stress at scale K, one finds the following

equation for the zonal flow
2
q @ 9 [ 9o T qur Qo
I+ 1+ = = —Igso(t) — /==
[ 3 ( +2(1+7)> ot (Beq> rsolt) =5 Ry B,

The right hand side of the equation is the expected value with a neoclassical
damping in plateau regime. The factor in front of the time derivative corresponds
to the renormalisation of inertia due to the passing particles. It differs from the
fluid classical value 1 + 2¢* [48] since the prefactor of ¢ is of the order of 1, i.e.
twice smaller. If the trapped particles were taken into account, this factor should
be 1+ 1.6q72e [76], where € = -.

Trapping is important when the frequency (2 is of the order of the bounce fre-
quency ;’TTO\E. The present modelis valid for 2 ~ Qp only if K.p; > % This
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obviously excludes large scale flows, and requires small values of the inverse
aspect ratio. The very low frequency regime Q2 ~ QpK,p; seems even more
difficult to reach since is requires K2p? > % which would only occur for highly
corrugated flows in the radial direction. We also recall that the non linear term
[(VE) - V{3 W] o =0 which represents the advection by the convective cell of
the associated distribution function, was ignored in this analysis, though it may
play some role in the dynamics. Recent numerical simulations actually suggest
that its amplitude is comparable to the Reynolds stress tensor S’ in some cases

[8].

7.5.4. Poloidal asymmetry of the distribution function

Most of this chapter is dedicated to the turbulent generation of axisymmetric
modes (n = 0) of the electric potential. But the numerical test presented in
section 7.1 has shown that even in the abscence of poloidal asymmetry of the
electric field, the distribution function can displays large poloidal asymmetries
(density in the case shown in section 7.1). An explanation of this observation is
contained in Eq.(7.3.2)

_ 1 Fag g i o
{3} = —i0G Teq{h}—G {[oe-va|}

Indeed, if one considers a special case without poloidal asymmetry for the ax-
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isymmetric part of the potential B_LQ = BLQ = 0, the axisymmetric part of the
distribution function can still dispays poloidal asymmetries g_; o, g1.0 # 0. Thisis
due to the perpendicular compressibility of the flow (off diagonal terms of G~ pro-

portionnal to 25) and the ballooning of the turbulence ([5E : Vé} Vg - Vf]} a7
0). ’

-1,0’ [

Summary of the chapter

In this chapter, the turbulent generation of poloidal asymmetry for heavy impu-
rities has been clarified. Two mechanisms have been identified. On the one
hand, perpendicular compressibility of the flow allows the excitation of M = +1
modes by the M = 0 mode. This mechanism is dominant for large frequencies.
On the other hand, the ballooning of the turbulence directly produces a poloidal
asymmetry of the source term for the axisymmetric modes of the potential and
distribution function. This mechanism seems to be dominant for lower frequen-
cies.
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Conclusion

In fusion plasmas, impurities refer to any species different from deuterium and
tritium, the fusion nuclei. Reactor plasmas will have both intrinsic — the he-
lium ashes (alpha particles) — and extrinsic impurities, the latter coming from
the plasma-wall interactions or being voluntarily injected (light impurities in this
case) so as to radiate the power at the plasma periphery. Understanding impu-
rity transport is of utmost importance as core accumulation has a deleterious
effects on plasma performance, by diluting the deuterium-tritium fuel and by ra-
diating energy. In worst cases, the latter can lead to disruptions, i.e. the sudden
loss of plasma confinement. There are three mechanisms of impurity transport.
One is associated with turbulence, the second is coming from neoclassical (i.e.
collisions) physics and the last one is due to MHD activity. This thesis focuses
on the two firsts mechanisms and on their possible synergies. For this study,
both mechanisms must be treated on an equal footing. Therefore a gyrokinetic
approach has been adopted and the gyrokinetic code GYSELA has been chosen
for the numerical calculation.

A new linearized collision operator valid for arbitrary species (mass, charge)
and arbitrary concentration (trace or non-trace) has been developed and imple-
mented in the GYSELA code. This collision operator possesses the most rele-
vant properties which should be fulfilled by any full-f linearized operator within
the gyrokinetic framework ', in marked difference with the previous GYSELA ver-
sion on two aspects. Firstly, it takes into account derivatives with respect to the
adiabatic invariant x , which is crucial for the isotropisation role of collisions in
the velocity space. To do so, a projection of the distribution function on Laguerre
polynomials in the p direction allows treating the derivatives with respect to
analytically. Finite differences are used for the parallel velocity derivatives. Sec-
ondly, a distinction has been made between the modulus diffusion rate v, and
the deflection frequency v, . This distinction is especially crucial for treating ac-
curately the collisions of electrons on ions and the case of non-trace impurities.
The conservation properties (number of particles, momentum and energy) have
been tested successfully. The relaxation toward the isotropic Maxwellian and
the exchange rates of momentum and energy between species are also in good
agreement with theoretical prediction.

IThe present operator still proceeds from 2 simplifications, which are regarded as less important:
(i) it does not account for the classical diffusion coefficient, which emerges when accounting for
the gyroaverage of the distribution function, and (ii) the Jacobian coming from the gyrokinetic
transform is neglected (technically speaking, BIT is replaced by B).
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Neoclassical physics has been tested with the new collision operator. In the
single species case, diffusion and poloidal rotation have been tested success-
fully in all collisionality regimes. Moreover, zonal flow collisional damping is in
good agreement with theoretical prediction. This is a crucial point for the tur-
bulence saturation, since these large-scale turbulence-driven poloidal flows are
known to efficiently contribute to the saturation of ion-scale turbulence. Concern-
ing the impurity transport, the standard neoclassical prediction (assuming weak
poloidal asymmetries of the impurity fluid moments and of the electric potential)
of diffusion, pinch velocity and thermal screening has been retrieved.

Poloidal asymmetry of the impurity density is often observed experimentally.
This asymmetry is known to modify significantly the neoclassical prediction of im-
purity flux: the diffusion coefficient can vary by orders of magnitudes, while the
pinch velocity can even reverse sign. Impurity density asymmetries boost only
the Pfirsch-Schliiter contribution of the neoclassical flux. This regime is relevant
for heavy impurities in current tokamaks. But heavy impurities should be closer
to the banana/plateau regime in larger machines like ITER. The banana/plateau
contribution is associated with pressure anisotropy. Therefore, a generalized ap-
proach of neoclassical impurity transport allowing for large pressure anisotropy
and poloidal asymmetries of the impurity quantities has been developed. The
main conclusion is that the banana/plateau flux of impurities can also be strongly
impacted by the combined presence of pressure anisotropy and poloidal asym-
metries. Large pressure anisotropy and poloidal asymmetries can be externally
controlled by means of anisotropic heating sources (e.g. lon Cyclotron Reso-
nance Heating) and torque injection (e.g. Neutral Beam Injection) in the view of
impurity control and/or self-generated by turbulence. The simulations reported in
this PhD thesis, performed with GYSELA have confirmed that turbulence can pro-
duce pressure anisotropy and poloidal asymmetries by turbulence. Neoclassical
theory has been modified to account for large pressure anisotropy and poloidal
asymmetries. This analytical model agrees well with simulation results.

In this framework, so as to help reaching quantitative predictions regarding
impurity transport, but also to provide a tentative explanation to some reported
experimental evidence of asymmetric flows, the turbulent generation of poloidal
asymmetries has been clarified by means of an original derivation which encom-
passes — and extends to the low frequency regime — the physics of the Geodesic
Acoustic Modes. Two mechanisms have been identified for the generation of
so-called convective cells, which correspond to axisymmetric modes (i.e. in-
dependent of the toroidal coordinate, characterized by a vanishing toroidal wave
number n = 0) of the electric potential with large poloidal wave length (in practice
mainly m = +1 modes, with m the poloidal wave number). The first mechanism
comes from the fact that turbulence is ballooned. That means that the Reynolds
stress is larger where the turbulence intensity is maximum, i.e. on the low field
side. In this case, the mode displays an in-out asymmetry. The second mecha-
nism is associated with the compressibility of the flow. The mode then displays
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an up-down asymmetry.

In summary, it has been established that the standard neoclassical theory
must be modified for heavy impurities in situations where turbulence drives pres-
sure anisotropy and poloidal asymmetries. A new model has been derived, that
allows a better understanding of the synergies between neoclassical and turbu-
lent impurity transport observed with the code GYSELA. This study has demon-
strated the necessity to take into account different parameters for a quantita-
tive prediction of impurity transport in large devices like ITER. Firstly, the ba-
nana/plateau component of the neoclassical flux and its modification by large
anisotropy and poloidal asymmetries is required. Secondly, it is necessary to
account for the effect of turbulent generated poloidal asymmetry on neoclassi-
cal transport. This point is even more critical in large devices for which external
sources should have a smaller impact than in current devices.

This study opens the way to various possible continuations. Firstly, a paramet-
ric scan could be done near the reference case presented in this thesis. The most
critical parameters for a quantitative prediction on larger devices are the collision-
ality v, and the normalized Larmor radius p,. Secondly, external sources could
be added to demonstrate the predictive capability of the code GYSELA by com-
paring with experimental results. Once this capability proven, the study of the
competition between externally and turbulent driven poloidal asymmetry would
be necessary to evaluate the capability to control impurity transport by external
sources on large devices. Finally, the inclusion of kinetic electrons (trapped elec-
trons can now be treated kinetically in GYSELA), would also be highly desirable,
keeping in mind the limitations imposed by the large numerical resources re-
quired by such multi-species flux-driven simulations. Indeed, this could change
the nature of the turbulence by allowing more instabilities.
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Appendix

A. Derivation of the Vlasov with g

The goal of this appendix is to derive Eq.(5.1.2) starting from Eq.(5.1.1)

OF
ot

Using the relationship F(H,,, 1, P,, 0, ¢,t) = Foy(H, i1, P,y t)+G(Heg, 11, Py, 0,0, 1),
one gets

~{H,F}=0

99

5 {H,g} - —;Feq(ﬁ,u, P, t) + {ﬁ, Fe(H, p, Pwt)}

For the time derivative on the rhs, we use the relationship F.,(H, u, P,) ~= Foq(Heq, 11, P,)+
hoy,,Feq(Heq, 11, P,,) where H = H.,, + h. Adding the fact that 2 F.,(Heq, i1, Py, t),
one gets B
0 _ oh
EFGQ(Ha s PLP? t) = aHeqFaI(Hem w, P ) ot
To treat the Poisson bracket on the rhs, one uses the fact F,, is a function of
the invariants F,, = >, JkaFeq where J,, are the actions of the movement. As
{Heq, Ji} =0 whatever k, one gets

_ _ OF., (-
UL Fog(H . P ) = 3208 (e i

The only non vanishing Poisson bracket is {B, Pw}. As {4,P,} =0,{0,P,} =0
and {¢, P,} = 1 then {B, PSD} = 2 Therefore

dg _ OlnF., d- OlnF,, oh
A3\ =F «a g O
o gy = eq( oH,, oi' = oP, 8@)

Defining the inverse of a “temperature” ;- = —%@qln F,, and the kinetic geo-

magnetic frequency Q* = Teqag‘PFE‘l one finally gets Eq.(5.1.1)

af’—{ﬂ,g}—Feq(a+Q*a>h

ot ot Op
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B. Vlasov equation of the resonant part of the
distribution in ballooning representation

The goal of this appendix is to derive Eq.(5.1.7) starting from Eq.(5.1.4):

g _ _ _ Fy (0O L0+
aJrvHVHQvaE«VgnLVD'Vg— T (at+Q éko)h

and using the ballooning representation Eq.(5.1.6):

&(% a, 87 t) - Z ¢kw exXp {Z [nekQW) +na — Wt]}
kw

The parallel derivative present in Eq.(5.1.4) can be written

_ v 1 _
’U||V||g = Rill) (Qa + q(%) g

— % 3 lm <1 - ;’) Tk + ;aegkw] exp {4 [nfrq(¢) + no — wt]}

0 kw
= Y OpGw exp {i [nbrq () + nov — wi]} (B.1)

kw

where ), = —-. The term with the magnetic drift becomes

Yl
qRo

0
vp-Vg=wvp <sin 00, + CO: 89) g

=—up ), m% [cos 0+ (6 — 0;) sin Og&q(w) Okw €xp {7 [nOrq(v) + na — wt] }

kw

The derivatives of g, have been neglected 0,9k, < n (0x — 0) 9,q(¢)gr., and
Oogre < Nqgr., because large toroidal wavenumbers are considered. Using the
relationships s = g .q(¢) and kg = —=Z, one get

vp Vi =1 wpgkeexp {i [npq() + no — wi]} (B.2)
kw

where

wp = kgup [cos b + s (0 — O) sin 0]
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Using Eq.(B.1) and Eq.(B.2), then Eq.(5.1.7) is naturally coming from Eq.(5.1.4):

q F
s (1= ) e = i (0 = ) Py "

Q

C. Linear response of the distribution function

The goal of this appendix is to derive the linear response of the distribution func-
tion Eq.(5.2.2). The first step is to link the perturbed distribution function of par-
ticles to the resonant distribution function of gyrocenters Eq(2.1.3)

Ze _
Fz (iB,’U,t) - _sz,eq (iB,’U) [¢( ) ¢(wG7 )} Fz (a:Ga’UG>t)
This relation combined with the definition of g: F(Heq, W, Py, 0,0,t) = ( s Py t)+

G(Heq, b, Py, 0, ¢, t) and the development of the dlstrlbutlonfunctlon Feq(ﬂ I, P )
Fog(Heq, pt, Py) + ZeJ ¢90n,, Feq(Hey, 1, P,) Where H= H., + h gives

Fz7eq

Z7eq

fz =—eZ ¢ + 9.

The second step of the computation is to use the linear response of the reso-
nant part of the gyro center distribution function g, that is directly coming from
Eq.(5.1.7)

W — Wy F, eq

j€Z¢kw

W — Wqg — ]{3||UH TZ eq

gz,kw =

where the term Q%% has been replaced by ikjvgx. for the simplicity of the
notation. ngorously, the notation kv, has to be understood has an operator.
Putting all together, one gets Eq.(5.2.2)

w—w F
zkw — — 11— = Z w e
o w —wq — Ky | eae T eq

D. Derivation of the collisional parallel momentum
exchange for trace and heavy impurities

The goal of this appendix is to derive Eq.(6.2.7) and Eq.(6.2.8). We begin our
derivation by taking the expression of the collisional exchange of momentum

Eqg.(4.4.17) in the case of a trace ( f & 1) heavy impurity (m > 1)

3 qi ]
. N NV, — Vi, + = D.1
Rz 2MzVzi [ ll= Iz 5 N, T; (D.1)
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Moreover, the parallel velocity of any species can be expressed in the form

K 1€,
‘/”3 = FB o B

(D.2)

with Q, = g—i + Nzlez% for any species s. In the same spirit, the parallel heat

flux of the main ion takes the form
W _gp_ > LonL
N, T, LB 2eB O
where L; is a flux function. Substituting Eq.(D.2) and Eq.(D.3) in Eq.(D.1), one
gets directly Eq.(6.2.7)

(D.3)

T I
Rzi: 2V _Nili BNZ _Kz
I mV{ ZeBLw+ (NVu )}
at the condition to define ﬁ = ﬁ + ﬁ with ﬁ = malfi — %manfi and Li,z =
OP, ,

_Tilez avi and

K, 3

U
YTN 5

The second step of this appendix is to prove the expression of u Eq.(6.2.8). The
first step is to compute £:, to do so we use the vector expression of the ion
velocity l

The poloidal velocity of the main ion is kown in the neoclassical theory vy =
kneo (v, €) Y& The poloidal projection of Eq.(D.4) then leads to

K; I 0T

N e (B, 09

L; can be computed directly with Eq.(4.4.16)

(Bsim), 5 1 or
(B%),  2e(B?%), d¢

Li:

It has been showned [46] that <B%>¢ ~ \/eL;. Then at lowest order in e,
Eq.(6.2.8) is retrieved

_<k _3>I<9Ti
T T ) (B, o
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E. Flux of vorticity

We calculate in this appendix, the turbulent drive of poloidal convective cells
J [VE - Vgl,q- This source term can be recast as

B,
BQ

JTIVe-Vilya=JT (V(J9) x Vg)

MQ

The gradient of any field can be written as V¢ = 25V0 + 52V + 2Va. Let us
note that

29
5 1761 < 57 1901, 22 [%al

in the frame of the ballooning representatlon, i.e. the gradient of fluctuations
along the field lines is much smaller than the transverse gradients. This also im-
plies that transverse gradients of fluctuations are larger than gradients of metric
elements or of any equilibrium quantity. Another consequence is that the gyroav-
erage operator .7 commutes with quantities that depend on 6 only. This implies

that B
0(J¢)0g 0(J¢)dg B
Ooa O 0Y  Oa
Using integration by part on the « integral, it is possible to show that

V(JT¢) x

_ _ Tdt o (dO _ipe [da O 5
Ve Vilara = 0 Te 27re 21 OV (5 )
where &, = % Using the large wavelength limit &, p; < 1 the gyroaverage

can be expressed simply J ~ 1 + 5 QB . The perpendicular laplacian is in fact

close to the complete laplacian V3 for ‘small parallel gradients. Moreover, the
general definition of the laplacian for the set of coordinates =" = (¢, «, ) is

V2= <\/_Vx Vi g%)

- \/‘8
where /g = 5 w is the Jacobian. With the ordering given before, and a quasi-
circular equmbrlum Va -V ~ 0, one gets the following approximation

1 0 0 02
Vio= -8 (mvw ¢) Vo 20

where the metric elements |V¢|?, and |Va|? do not depend on « . It can then be

shown that 7 [Vg - Vg|,,0 = aarzf
Tdt df da
ro_ / dt —iMO+iQt / g
= 1) 276 27rj(g 9)
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We note that g can be replaced safely by f since the adiabatic response does
not contribute to the flux as [ 2&, (J¢) = 0.

F. Treatment of the resonant functions L; (2) and
numerical solution

The Bessel functions are expanded at lowest order in K2. It then appears that
the matrix £ and the source {S} can be expressed as

Ea=1+7)(1),+Lo— Lo

E=K?>+2L,
gc — Ll
Ei=—1Lo (F.1)
and
—i2 {S}szl = (—’LLl + LO — 2L2) S(Q)S,l
—iQ{S} o = (=14 2Ly) S(2)s0
—iQ{S}—; = (1L1 + Lo — 2L,y) S()s1 (F.2)
where

QQ—ij
L:(Q)=(—" "D
5 (%) <Q+Q +2Q%>
and the prefactor = X1 has been removed in all kinetic integrals. The potential {A}

is given by the relation {h} =&1{S}.
The dimensionless functions L; (2) can be expressed in normalized form as

~\ 2—j
~ . Q +oo _ oo dC C2QD
L; (Q) = (q) /0 due™ \/_ I (F.3)
where u = 1°4%, ( = 1251 R = 2(2 + 202 — (%)2 and Qp = %(u+2§2).

These are resonant integrals, WhICh must be continued analytically to ensure a
proper inverse Laplace transport (Landau prescription). This is most easily done
by introducing an elliptical change of variables

¢(p,0) = HKpsind
u(p,d) = \/_pCOSQ K2¢?p?sin® 0
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The quantities of interest (magnetic drift frequency, resonance, and energy) have
still simple expressions in this set of variables
_ 22 (0)?
R(p,0) = K*p* — (7))
Qp(p,0) = f/%pcosﬂ
E(p,0) = u+ (* = V2pcosf — S K?¢*p*sin® §

The Jacobian of the change of this variables is J = ¢/ p. The resonant integrals
Eq.(F.3) can then be recast in the following convenient form

LS
LS
where the angle 6y(p) is such that costy = —a + 1+ a?,
%pcos 0, and w = qf}(
u is always positive. For positive and real values of K, the Laplace contour

prescription in 2 translates to the same one on the normalized variable . Hence
the integrals to be calculated are of the form

oo 2p 6o(p) _
— 2— -E
Lj(w)=-"—=w"’ ; dpp2 5 /0 dfe= "),

fKqu Qp =

L[t 2pG(p)
Li(w) = o J/ dpL23P)
](w) w Jo ppz_wg

where the functions ~
qK fo(p)
G.(p) = 1=

i(p) J7 o
are smooth in p. This formulation allows an easy implementation of the Landau
prescription by using the identity

dhe EQY,

2 1 1
4 -

P-—w? p-—w p+w

Restricting the analysis to ®(2) > 0, one find the rule

2 [ ) ) >0
Li(w)={ @w*P.P. [ *dp 2pG 2 4+ irw?iG, (@) SY(w)=0
w? Jf+°°dp2pG(p)+2mw2 1G;(w) (w) <0

The principal part that appears in the function L, exhibits a logarithmic singularity
near w = ( that is regularized by the = prefactor . The functions L, and L, are
regular near @ = 0. The functions L; can be computed in the domain R(£2) < 0
by using the properties L;(—Q) = [Lj(fz)]* for positive K. All these integrals
are calculated numerically by using a collocation integration method [11, 28].
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The asymptotic forms Eq.(7.3.8) are recovered when Q > 1 with an excellent
accuracy.
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