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Abstract

Dans les machines a fusion telles que les tokamaks, le gain de puissance augmente non-linéairement
avec le temps de confinement de ’énergie. La qualité de confinement énergétique du plasma détermine
alors largement la taille et donc le cotit d’'un réacteur a fusion. Ce temps de confinement est princi-
palement gouverné par la turbulence plasma existant dans les tokamaks —induisant des fluctuations
d’une amplitude de quelques pourcents dans le coeur du plasma— mais aussi le transport associé.
Comprendre l'origine de cette turbulence et ses propriétés en vue d’un possible contréle est I'un des
problemes critiques pour la fusion par confinement magnétique. Le modeéle le plus approprié pour
simuler ces plasmas faiblement collisionnels est un modele cinétique. Dans les descriptions premiers
principes des plasmas, une équation & six dimensions (3 coordonnées de position et 3 de vitesse) —de
Vlasov ou Fokker-Planck— est résolue pour la fonction de distribution de chaque espéce et couplée
de maniere auto-consistante aux équations de Maxwell décrivant les champs électromagnétiques. Par
chance, dans les plasmas de fusion, les fluctuations turbulentes se développent a des fréquences typ-
iques beaucoup plus faibles que la fréquence cyclotronique. Le probleme 6D peut ainsi étre réduit a
un probleme 5D. Malgré cette réduction d’une dimension, la construction d’outils de simulations basés
sur ces principes reste tres complexe et donc peu répandue. Moins de 15 codes gyrocinétiques 5D sont
développés activement dans le monde, dont 4 sont européens. Cette HDR retrace le développement
d’un tel code depuis 2001 a 'IRFM (Institut de Recherche sur la Fusion Magnétique) au CEA de
Cadarache. Le code GYSELA (pour GYrokinetic SEmi-LAgrangian) permet de résoudre les équations
gyrocinétiques pour plusieurs especes ioniques dans la limite électrostatique (pas de fluctuations du
champ magnétique). Les spécificités du code sont d’étre global (simulation de I’ensemble du tore),
de ne pas faire d’approximation de séparation d’échelle (code full-f) et de forcer la turbulence via
des sources de particules, moment et de chaleur (par opposition aux codes qui fixent les gradients de
densité, de vitesse et de température). Le code est de plus basé sur une méthode semi-Lagrangienne
(qui correspond & un mixe entre approche Particle-In-Cell la plus répandue et 1’approche eulérienne).
Toutes ces propriétés en font un code unique en son genre. Comme tous les autres codes gyrocinétiques,
il utilise de maniére intensive les super-calculateurs et nécessite les techniques de pointe en calcul mas-
sivement parallele. Un tel projet n’aurait donc pas été possible sans une collaboration forte entre
mathématiciens, physiciens et informaticiens. Cette HDR est donc a l'interface entre trois domaines
scientifiques que sont la physique de la turbulence plasma, les méthodes numériques pour les équations
cinétiques et le calcul haute performance (HPC).
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Introduction

In magnetic fusion devices, the power gain increases non linearly with the energy confinement time.
The performance in plasma energy confinement is a major parameter in determining the size and there-
fore the cost of a fusion reactor. This confinement time is mainly governed by plasma turbulence as
observed in experiments [SCM 07, PDM*07]. The latter sustains fluctuations with relative magnitude
of a few percents in the hot core and increasing towards the edge. Turbulent transport is understood
to govern heat transport for both ions and electrons. It also plays a key role in flow generation and
particle transport [ITE99]. Despite extensive experimental and theoretical effort, plasma turbulence
in fusion experiments remains poorly understood and is a major unknown when scaling present exper-
iments to ITER size devices, and, even more troublesome to predict confinement properties of a device
like WEST. Two issues are of particular importance, (i) the level of self-organization, and therefore of
self-regulation that determines turbulent transport properties in ITER standard conditions, and (ii)
the ability of controlling turbulent transport, either towards increasing heat confinement, or towards
increasing impurity out-flux due to turbulent transport. Inhomogeneity in density, temperature, and
magnetic field drive the plasma out of thermodynamical equilibrium, and tend to excite several micro-
instabilities over a wide spectral range. These plasmas exhibit low collisionality so that conventional
fluid models are questionable and kinetic descriptions are more appropriate. A kinetic formalism is
also needed to account for wave-particle resonant interaction.

In such first-principle descriptions of plasmas, a six dimensional evolution equation for the distribution
function — Vlasov or Fokker-Planck equations — is solved for each species, coupled to self-consistent
equations for the electromagnetic fields, namely Maxwell’s equations [Ich92]. Since turbulent fluctua-
tions are observed to exhibit much lower typical frequencies than the high frequency cyclotron motion,
the 6D problem can be reduced to 5D one by removing, using phase space reduction, the gyromotion
and other high-frequency dynamics. The useful part of the distribution function then evolves in a five
dimensional phase space generated by four slow variables and an adiabatic invariant. This model is
known as the gyrokinetic model. For detailed gyrokinetic theory see review papers by Brizard & Hahm
(2007) [BHO7] and Krommes (2012) [Krol2]. However, despite this dimensional reduction, solving 5D
non-linear gyrokinetic equations for several ion species remains quite challenging. Moreover, the com-
plex tokamak geometry and boundary conditions, contribute to making such a simulation tool quite
demanding with respect to development and use. Consequently, these are not very widespread and, to
date, none of the codes addresses routinely all the physics at hand. Less than fifteen 5D first-principle
gyrokinetic codes are actively maintained all over the world, four being European codes. Since 2001, I
am in charge of developing one of them at IRFM at CEA Cadarache: the GYSELA code (for GYroki-
netic SEmi-LAgrangian code). GYSELA is a 5D gyrokinetic code dedicated to non-linear simulations
of Ton Temperature Gradient (ITG) turbulence. The strength of the code is to be a global full-f flux-
driven code. Adding to this the fact that it is based on a semi-Lagrangian numerical scheme makes
it the only one of its kind in the gyrokinetic worldwide community. As the other gyrokinetic codes,
GYSELA benefits from an intensive use of massively parallel supercomputers and require state-of-the-
art high performance computing (HPC). Such a development would not have been possible without
a strong collaboration between mathematicians, physicists and computer scientists. This manuscript
therefore reflects this interface between three scientific domains, namely plasma turbulence physics,
numerical methods for kinetic equations and high performance computing.
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GYSELA a global full-f gyrokinetic semi-Lagrangian code

My first contact with plasma turbulence was during my post-doctoral position (2000-2001) at Centre
de recherche en physique des plasmas (CRPP) at Ecole Polytechnique Fédérale de Lausanne (EPFL)
where I had developed a 4D drift-kinetic ITG code in cylindrical geometry [37]. This work has been
undertaken with M. Brunetti during her post-doc and a positive conservative flux method has been
tested [12, 11]. We had shown that the advantage of prescribing positivity of the distribution function
was counterbalanced by the drawback of an over-diffusivity.

The first task upon my arrival at CEA Cadarache was to develop a 5D gyrokinetic code in toroidal
geometry. The main initial code requirements were to be: (i) global, namely simulating the whole
plasma domain to be able to study the impact of large scale flows on turbulence ; (ii) full-f, meaning
that the whole distribution function —with no separation between equilibrium and fluctuation parts—
is evolved to take into account the back reaction of turbulent transport in the time evolution of
the equilibrium; and (iii) based on the original Backward Semi-Lagrangian (BSL) numerical scheme
[SRBG99] —a mix between widespread Particle-In-Cell (PIC) and Eulerian methods— for which we had
already shown good properties of energy conservation for a simplified 4D drift-kinetic system [38].
Taking into account all these constraints the GYSELA code development started in 2005 [41, 40, 42].

Since the first version, we have continuously improved its numerical scheme and conservation
properties [48]. This has been performed in tight collaboration with IRMA! (Institut de Recherche
Mathématique Avancée) institute from Strasbourg university and more recently with the Numerical
Methods in Plasma Physics Division? from Max-Planck-Institute fiir Plasmaphysik at Garching (Ger-
many) from its creation in 2012 onwards. Thanks to this ongoing collaborative effort, an innovative
Hermite local spline method [MV07, CLS07, CLS09] has been specifically developed to improve the
parallel scalability of the BSL scheme in high-dimensional codes as GYSELA . Several variants of the
BSL scheme for solving Vlasov-type equations have also been tested. Let us for instance mention the
Forward Semi-Lagrangian (FSL) scheme [CRS09] or a Conservative-Semi-Lagrangian (CSL) scheme
[CMS10b] based on the Parabolic Spline Method [ZWS02]. Each of these new schemes were tested
with simplified Vlasov-Poisson models before being tested in a 4D drift-kinetic model [10, 47].

We have learned from this systematic approach, that efficiency of numerical schemes in solving
simplified 2D Vlasov-Poisson systems is a necessary but not sufficient condition for applicability with
conserved efficiency in more demanding codes, typically the 4D drift-kinetic. Given this observation,
the need for using 4D test cases in developing numerical methods has emerged. A simplified 4D test
case has therefore been made available. It is organized with independently tested modules in order to
facilitate step by step changes in production codes as GYSELA.

The decision to develop a platform dedicated to the solution of 4D Vlasov equations including the
4D drift-kinetic case (see for instance description in [38]) has been an important step in developing
GYSELA. This work has begun in 2010, in the framework of the 4 years INRIA ADT (Technolog-
ical Development Actions) SeLaLib® (Semi-Lagrangian Library). This software development is now
pursued in the context of the INRIA Project Lab FRATRES both with the Tonus INRIA Project
Team based at the University of Strasbourg and the Max-Planck-Institut fir Plasmaphysik (IPP) in
Garching. While originally dedicated to the semi-lagrangian method, the structure of the SeLaLib
platform is versatile enough to provide a development and test facility for other types of approaches,
such as particle-in-cell. The SeLaLib software library contains now a collection of building blocks for
the parallel simulation of the Vlasov equations and the gyrokinetic equation either based on semi-
Lagrangian or Lagrangian (PIC) schemes. Besides numerical algorithms the library provides low-level
utilities such as input-output modules and parallelization strategies. Moreover, a collection of ref-
erence simulations for typical test cases with various discretization schemes supplements the library.
A goal for SeLalib is to provide the appropriate numerical environment such that a building block
developed in SeLalib can be implemented in gyrokinetic codes. This has been achieved with a new
gyro-average operator based on Hermite interpolation [CMS10a], [63]. This new operator has been
implemented in the GYSELA code successfully, namely without performance loss. It replaces the Padé

http://www-irma.u-strasbg.fr/
*http://www.ipp.mpg.de/ippcms/eng/for/bereiche/numerik
3http://selalib.gforge.inria.fr/
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INTRODUCTION

approximation first implemented (see section 2.4 for more details) [53].

Presently, we use the modular SeLaLib library to develop a hybrid method based on a coupling
between a semi-Lagrangian scheme and an isogeometric approach. The goal is to find an efficient
semi-Lagrangian method to address various magnetic configurations in the GYSELA code, favoring
comparison to experiments and providing a tool to investigate alternative geometries. As described
in section 2.1.2, in GYSELA a generic circular magnetic configuration is currently considered. Such a
circular configuration is relevant for the Tore Supra tokamak, as well as the region in the vicinity of
the magnetic axis. It is less the case for WEST and ITER, especially when addressing the outer region
of the plasma. Simulations with the ORB5 code, have confirmed the importance of plasma shaping,
since elongation is shown to impact turbulence self-organization [4, 5]. Addressing turbulence control
and confinement optimization thus requires the capability to change the magnetic geometry. This
isogeometric approach had already been tested to solve a Poisson-type equation [CRS12]. An hybrid
approach based on analytical mapping has also been proposed during CEMRACS 2010 summer school
[3] on simplified 2D problems. Coupling with a more general mapping for the 4D drift-kinetic system
is under progress using the SeLaLib framework.

Collisional flux-driven plasma turbulence simulations

Main physical results obtained with GYSELA

The physics of turbulent transport in fusion devices is strongly coupled to experiments. Until the
breakthrough of tokamaks in the late 60’s, small plasma experiments where quite common in fusion
laboratories. Kinetic effects where used in particular to identify the role of turbulence and collisions
on phenomena akin to the plasma echo. In the late 70’s and early 80’s the interest had shifted to
understanding transport from a global point of view as measured profiles became available. Transport
codes emerged which gradually brought the conviction that heat transport, first for electrons, later
for ions, was governed by turbulence. At this stage, understanding turbulent transport was essentially
cast in the quasilinear framework, assuming constrained gradients and determining transport proper-
ties on the basis of the growth rate and most unstable mode number in the so-called mixing length
approximation. During the same years, the discovery of the H-mode in ASDEX triggered a new chal-
lenge for the theoretical understanding of turbulent transport. Several experiments and theoretical
analysis also revealed the occurrence of fast transport events in the radial direction, unfortunately
termed non-local transport. These events clearly indicated a departure of transport from the diffusive
process at the crux of the quasilinear predictions. At the same time a growing consensus made its way
indicating that large scale flows, self-generated by turbulence played a role on the onset of the H-mode.
In the late 90’s, our theory team together with a few other teams worldwide challenged turbulence
modeling with global codes such that the gradients where the result of transport and of the sources
and not prescribed. This flux-driven approach revealed complex turbulence self-organization including
the non-linear generation of zonal flows. The decay of the latter, was shown to be closely linked to
kinetic effects, which proved to be a powerful drive in investigating turbulent transport in the kinetic
framework. This very brief summary sets the scene for the development of GYSELA, with a strong
emphasis on heat sources rather than constrained gradients as well as multi-scale physics, leading
to self-organization, and the idea that no separation between equilibrium and fluctuations could be
introduced a priori. In a first step, GYSELA was developed as a full-f global code as recalled earlier in
this introduction.

Regarding the physics, an important step was achieved in 2009, when the forcing governed by
thermal baths at the two radial boundaries [40] was replaced by a volumetric heat source [57] (based
on the same strategy than the one previously tested in a 3D simplified model developed by Darmet
[16]). Actually, the implemented source term in the right hand side of the gyrokinetic equation is
versatile enough to allow for separate injection of heat, parallel momentum and vorticity [58]. In such
a flux-driven regime, turbulent transport exhibits intermittent large scale events, called avalanches,
which ballistic propagation on radial distances much larger than the turbulence correlation length. In
the analysis of such transport, it was shown in a specific regime, that the flux could be characterized



by a non-local kernel k: Q(r) = — [ x(r,r")V,T(r") dr’ [18]. Such dynamics of large scales —already
observed in fluid codes [56]— have been intensively studied in gyrokinetic simulations and in particular
with the GYSELA code [60, 62, 57, 43, 34]. However, the connection with available confinement scaling
laws and predictive capability of this approach has not yet been achieved.

GYSELA also addresses turbulent and neoclassical transports on an equal footing. A linearized
Fokker-Planck operator was derived [31] and implemented in GYSELA to account for intra-species
collisions. The main results of neoclassical theory are recovered at low (banana) and medium (plateau)
collisionalities vy, i.e. the values of the heat diffusivity, and the v, dependency of the ratio between
the poloidal flow and the ion temperature gradient [17]. The theoretical analysis is based on the
investigation of the extremum of the entropy production [55, 28, 30] where the Maxwellian distribution
function plays a leading role as the distribution belonging to the kernel of both the collision operator,
by choice of the collision operator, and of the Vlasov convection operator by considering that the
Maxwellian parameters are functions of the Vlasov invariants. Recovering known collisional transport
regime in the tokamak geometry is regarded as an important result since this transport could be
a major contribution to that of heavy impurities such as tungsten. More recently, a new collision
operator has been derived and implemented, which models both intra- and inter-species collisions.
It is particularly suited for trace impurities having reached thermal equipartition with the main ion
species. It has also been benchmarked with asymptotic collisional transport formulas in the tokamak
geometry, in the high collisionality regime (Pfirsch-Schliiter) [25]. This development has been required
by the recent possibility in GYSELA to evolve a second distribution function. Coupling between the
species occurs both via the determination of the electric field and via the quasi neutrality constraint:
typically the turbulent branch and the collisions. The two distributions can model two ion species
of arbitrary masses and charges (e.g. main ions plus impurities, or deuterium-tritium plasmas). The
case of kinetic electrons is currently under development.

The properties of the equilibrium flows have been investigated. The order of magnitude of the flux
surface averaged poloidal flow has been found comparable to the one predicted by neoclassical theory.
However, its profile exhibits radial corrugations generated by turbulence, such that its gradient no-
ticeably differs from the one based on the sole neoclassical theory [31, 20, 58, 32]. Actually, turbulence
is shown to globally organize into a so-called “F x B staircase”, characterized by localized regions
of strongly sheared zonal flows associated to permeable transport barriers [18]. Their characteristics
weakly depend on key plasma parameters, but the departure from the instability threshold [23]. As far
as toroidal angular momentum is concerned, the balance of its constitutive equation is well fulfilled in
GYSELA [1], and its transport is found to exhibit avalanche-like events correlated with those observed
for the heat flux [44, 2] and [DKG"13]. When a net toroidal spin-up is generated, either via a volume
source of momentum or through boundary conditions mimicking the coupling to the scrape-off layer,
the energy confinement time is found to degrade with increasing rotation for parallel Mach numbers
typically exceeding 20% [54].

Finally, improved transport regimes have been considered [61, 59]. First, a vorticity source allows
one to efficiently polarize the system. For sufficiently large shearing rates, turbulent transport is
suppressed and a transport barrier builds up. The vorticity source also governs a secondary instability
— driven by the temperature anisotropy in this case [65, 66]. Turbulence and its associated zonal flows
are generated in the vicinity of the barrier, destroying the latter due to the screening of the polarization
source by the zonal flows. These barrier relaxations occur quasi-periodically, and generically result
from the decoupling between the dynamics of the barrier generation, triggered by the source driven
sheared flow, and that of the crash, triggered by the secondary instability. Second, the heat source can
be either thermal or supra-thermal. In the latter case, where fast particles are generated, Energetic
Geodesic Acoustic Modes or EGAMs can be efficiently excited [70] and [GZD"14]. Their impact
on turbulent transport has been evidenced. In the considered range of parameters, the interaction
between EGAMs and turbulence is such that turbulent transport is enhanced in the presence of
EGAMs [71, 24]. Third, no transport barrier could be triggered in the vicinity of a minimum of the
safety factor ¢, although the radial extent of the gap without resonant modes was larger than the
turbulence correlation length [62].



INTRODUCTION

A strong activity of verification and benchmark

The development of the code has been performed with concern of numerical and physical verification.
First of all, one of the difficulty in full-f code is the delicate choice of the initial distribution function.
The influence of the initial state on turbulence and transport has been addressed. For two strongly
differing initial states, it has been found that the steady turbulent regime exhibits nearly identical
statistical properties [19, 22]. Conversely, several simulations with strong flow generation have seemed
to lock in states with reduced turbulent transport quite distinct from the expected regimes. The
possibility of multiple plasma states for the same values of the control parameters cannot be discarded
and long simulations hopefully backed by theoretical predictions will be necessary.

The code has been also benchmarked in the linear and non-linear regimes against other codes as
well as against theoretical predictions. At each stage, each time it was possible, comparisons with
analytical results have been performed: (i) the linear results of the 4D drift-kinetic version have been
validated with the linear dispersion relation results [38]; (ii) neoclassical results have been recovered
with our simplified collision operator [21, 17, 31, 29]; (iii) the radial force balance equation has been
recovered analytically from the conventional first order gyrokinetic equations [31, 1] and successfully
recovered numerically [19, 17, 1]; (iv) local conservation equations for density, energy and toroidal
momentum have been derived [1, 2]. Conventional verification tests for gyrokinetic codes have been
also successfully reproduced: (i) Rosenbluth-Hinton test [42]; (ii) linear and non-linear benchmarks
with the classical Cyclone DIII-D base case [42]. In this verification framework we plan to apply, in
the near future, the Projection on Proper elements (PoPe) method [13]. This PoPe method, developed
by Th. Cartier-Michaud during his PhD, has already proven its capability to verify kinetic codes of
plasma turbulence. It will be of interest to use this method in order to investigate the accuracy of
GYSELA, and test alternative numerical schemes and resolution.

All along the improvement of the physics of the code, turbulence analysis have been confronted
with other gyrokinetic code results [33, 14, 44, 68, 69]. Benchmarking efforts have been also performed
since 2007 within (i) participation to the European turbulence code benchmarks [26]; (ii) non-linear
benchmarks with the global PIC code ORB5 [40]; (iii) comparison of flux-driven simulations with
ORBS5 and XGC1 [58]. This benchmark activity continues in the framework of the european Fusion
project led by E. Sonnendriicker (2015-2017) on “Verification and development of new algorithms
for gyrokinetic codes” [7]. New non-linear simulations have already been compared with the two
European ORB5 and GENE codes [35]. A new collaboration has also recently started with JAEA
(Japan Atomic Energy Agency) with the objective to confrontate GYSELA results with the Japanese
global full- f flux-driven code GT5D.

Finally, in terms of validation, the code has been confronted to tokamak experiments, qualitatively,
but alos quantitatively with a comparison with Tore Supra results [14, 15, 27, 23, 64].

GYSELA a massively parallel code preparing for Exascale

The code is developed in Fortran90 with some I/O routines in C. The parallelization is based on an
hybrid MPI/OpenMP paradigm since 2007 [46]. GYSELA was one of the pioneer in such parallelization
approach, now commonly used to take advantage of the current supercomputer architectures based
on a cluster of SMP (symmetric shared memory multiprocessor) nodes. Since 2009 a large effort has
been dedicated to improving the parallelization efficiency. For detailed presentation regarding the
different optimization steps, we encourage the reader to refer to INRIA reports [49, 45] and papers
[50, 48] by Latu et al. as Rozar’s paper [53]. The difficulties in developing a code scalable up to several
thousands of cores are numerous and call for trade-offs and a close match between some aspects of
the code parallelization strategy and the computer architecture. One issue that is seldom considered
is the difficulty to access sufficiently large machines. As shown in Figure 1, we have tried to take
each opportunity of “Grand Challenge” campaigns —during each installation of new HPCs— to test
and improve the parallelization of the code. GYSELA exhibits now an excellent scalability (91% of
relative efficiency at 458752 cores) using oll the available computing power of JUQUEEN Blue Gene
supercomputer (JSC/IAS, Juelich, Germany) [9]. With such performance, GYSELA is since 2013 a



member of the Hi Q club # (Highest Scaling Codes on JUQUEEN) which has been created to promote
the idea of exascale capability computing. Presently 23 codes coming from all scientific domains
belong to this club. One objective for the GYSELA team is to have access to a bigger machine than
JUQUEEN for scalability tests beyond the present 500k core limit.

Relative efficiency
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Figure 1: Relative efficiency of the GYSELA code for weak and strong scaling on two bullx machines
JADE (CINES, Montpellier, France) and CURIE (TGCC, Saclay, France) and on two Blue Gene
supercomputers TURING (IDRIS, Orsay, France) and JUQUEEN (JSC/IAS, Juelich, Germany).

The code is already using intensively Petascale capabilities with production run of 8k cores to
16k cores during several days or weeks. As shown on Figure 2, the use of CPU time has increased
by a factor 10 in 6 years, thus leading to a CPU time allocation of about 50 millions of CPU hours
in 2016. Obtaining this computing time is another challenge for the team. Every year, this requires
submitting applications, all different of course, to be granted the needed CPU time by different HPC
facilities. This year, the hours are distributed between the Tierl Occigen machine at CINES®, Mont-
pellier, France and the two Tier0 machines : Curie at TGCCS, Bruyeres-le-Chatel, France and Helios
at CSC”, Rokkasho, Japan. Of course the target HPC platforms changes from year to year depending
on the opportunities and availability. Since the development code is mainly performed on the Tier2
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Figure 2: CPU time allocations for GYSELA on the different accessible supercomputers since 2012.

machine Poincaré at IDRIS®, Orsay, France, one faces the fact that the code is always running on
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several HPC platforms at the same time (with little possibility of continuing a run elsewhere than
where started). To cope with these constraints, the GYSELA code has been developed with portability
in mind. This means that parallelization optimization specific to one machine architecture has been
avoided as much as possible. With such strategy GYSELA has already been used on many different
HPC architectures: (i) Harpertown / Nehalem INTEL (SGI Altix ICE), (ii) AMD OPTERON (PC
cluster + CRAY-XTS5), (iii) Intel Itanium?2 quadri-proc/dual-core (PC cluster + BULL Novascale),
(iv) Power 5 (IBM machine), (v) Nehalem Intel (BULL Novascale) ; the list being far from complete
and will most likely grow steadily with years. To facilitate the development and the deployment of
the code, Cmake build-system is used for compiling. Code versioning is ensured via the distributed
version control system GIT. A complete work-flow relies on quality procedures including human code
review and automated testing. The latter has been designed via the tracking system GitLab hosted
by Maison de la Simulation® and the JENKINS continuous integration tool provided by CI-INRIA!Y.
A detailed description of this work-flow is given in Bigot et al. [8].

Despite using petascale computing resources, trade-off between the size of the fusion device and sim-
ulation up to energy confinement time must be found. Examples of three large simulations performed
since 2010 are presented in Figure 3. For each one, we have tried to stress one of the three main
simulation parameters, namely: (i) the mesh size —with a huge mesh of 272 billions of points [2]—; (ii)
a long time simulation —for comparison with Tore Supra experiments [23] (46 days on 5520 cores to
simulate approximately 1 energy confinement time)— and (iii) a simulation with impurities which has
succeed in running 15 days on 16k cores followed by 6 days on 32k cores after adding a second species,
namely tritium. These three simulations —corresponding to 6 million CPU hours for the first and
the third one and to 10.6 million CPU hours for the second one— are already extremely challenging.
They have all led to advances in the physics of plasma turbulence. A "kitchen sink” extrapolation
indicates that a simulation for an ITER grade device and a duration of one energy confinement time,
and for two species, would require more than 50 days on 32k cores, typically 39 million CPU hours
and therefore roughly one year of the present computation budget (combining the allocation time that
is effectively spread on different HPCs).

Number of Number of
Points Time / Q_ Nug;lragsr @i days of
(p*=pla) simulation

Gd Challenge 272 billions

Gd (3 Ef’illlfsnos) 678 510 16 384 15
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Comparison »
with 87 billions 510001000 5520 "

experiment  (p*=1/300)
(in progress)

Figure 3: Some numbers for four challenging simulations performed with GYSELA: the first one with
a big mesh of 272 billion of points for a ITER-like p, = 1/512 (where p, = ps/a with ps the Larmor
radius of species s and a the small radius of the tokamak), the second and third one which have run
several days on more than 16k cores and the last one which correspond to a long time simulation.

This is to be compared to typical GYSELA simulations at present: these are designed to run with a
control parameter p, = 1/150 (~ 33 billions of points for one distribution function), a factor 2 in p, and
8 in number of grid points compared to ITER values, and using 4096 to 8192 cores for a couple of weeks.
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Stepping kinetic electron is altogether another story. If you consider that the ratio of Larmor
radii between ions (deuterium) and electrons is about 60 (scaling like the square root of the mass
ratio), one should increase the mesh size by a factor 60° and decrease the time step by a factor 60.
Therefore, the road is still long for a global flux-driven simulation with both kinetic ions and elec-
trons for ITER parameters. It will not be possible without exascale resources. It will also be very
dependent regarding innovative physical frameworks and well adapted as well as more efficient nu-
merical schemes. Regarding this aspect, aligned coordinates —based on a flux-coordinate independent
field-aligned approach [Ott11, HO13]- have been recently implemented with the aim of decreasing
the number of points required in the toroidal directions. Regarding the physics associated to the
electrons, the first step is to investigate the impact of the mass ratio on turbulence. First GYSELA
simulations with kinetic electrons are planned with “heavy” electrons (mion/Melectron ~ 400 instead
of ~ 1836). A second approach, where filtering to retain the “slowest” electrons (trapped electrons +
part of the passing electrons) as kinetic and the other part being assumed adiabatic, is being developed.

Finally, a computer science effort has been initiated to prepare the code to future exascale ma-
chines. The goal is to obtain an efficient parallelization on million of cores. The expertise gained with
the GYSELA scalability test up to 500k cores on a BlueGene machine has helped identifying several
bottlenecks to achieve efficient exascale simulations. Some of them are inherent to GYSELA, such as
the requirement for large memory per node, but others are more common to all applications, hence:
(i) the probability of crashes, which will inevitably increases with the increase of number of cores; (ii)
the choice for exascale architectures, which are still not clear (MIC, GPU or something else?); and (iii)
all the questions linked to handling large amounts of data (several hundreds of TBytes for GYSELA),
namely data transfer, and data analyses and multidimensional visualization. If options are still open
regarding the type of processors that will be used in exascale HPCs, there is a trend towards less mem-
ory per node. A strong effort has already been performed during F. Rozar’s PhD to improve GYSELA
memory scalability [51, 52], but further effort towards increasing the parallel domain decomposition is
mandatory to further reduce the memory requirement per node. In the course of preparing GYSELA
for future architectures, a simplified prototype (with the main mathematical kernels of GYSELA) has
been designed and tested on Xeon-Phi and GPU accelerators [6]. First results show that porting
codes on such architectures is not trivial and will require significant rewriting to achieve meaningful
performance upgrade. This represents lots of manpower specialized in high performance computing.
Regarding fault tolerance, some work has been initiated: (i) with the development of asynchronous
writing of the restart files during O. Thomine’s post-doc. [67] and (ii) with the implementation of
FTI library [BGTK"11] in GYSELA. Both are still under test in the code and efforts will be pursued
on this issue in the framework of EoCoE european project!!.

This manuscript has been written keeping in mind that is should prove to be helpful for students
and collaborators interested in GYSELA results and running GYSELA simulations. In that spirit,
I hope it can be seen as a brief introduction to gyrokinetic plasma turbulence for mathematicians
and computer scientists, as well as an introduction to Semi-Lagrangian computing for physicists. In
both cases, it would stand as a user’s guide of the GYSELA code. In practice, this document is an
extension of the reference article for the 5D version of the code [36], completed whenever necessary.
It is organized as follows:

e Chapter 1 aims at introducing magnetic confinement in fusion devices. We recall that for strongly
magnetized plasmas, the six dimensional evolution equation for the distribution function — Vlasov
or Fokker-Planck equations — is solved for each species and coupled to the self-consistent equa-
tions for electromagnetic fields, namely Maxwell’s equations. We briefly describe the gyrokinetic
ordering and the so-called gyrokinetic framework model following Brizard and Hahm [BHO07].

e Chapter 2, is dedicated to the global full-f fluz-driven code GYSELA including collisions and
source terms.

"http://www.maisondelasimulation.fr/projects/EoCoE. php
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e Chapter 3 is divided into two parts: (i) a first one addresses the numerical description of the
code based on the Semi-Lagrangian approach and (ii) the second one is focused on the hybrid
MPI/OpenMP parallelization of the code.

e Chapter 4 summarizes the systematic effort for verification and benchmarking performed at each
step the code development.

Whenever suitable, technical parts describing precisely what is implemented in the code are presented
in Appendices. At the end of this document, the reader can also find a copy of the article published
in Société Mathématique de France (SMF) journal “Panoramas et syntheses” [39]. This article stems
from the lecture “Gyrokinetic simulations of magnetic fusion plasmas” I gave during CEMRACS 2010
(Centre d’Eté Mathématique de Recherche Avancée en Calcul Scientifique) summer school, dedicated
this year to numerical models for fusion. A description of the Particle-In-Cell and Eulerian methods,
with a discussion on strengths and weaknesses of the three approaches, is presented there, complet-
ing the description of the various numerical schemes used in non-linear gyrokinetic simulations. In
comparison, the specific properties of the semi-Lagrangian approach will be found there.
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Chapter 1

Gyrokinetic model