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● Software stack under development at the TSVV Task 10 

(EUROfusion’s E-TASC project) is presented. 

● Major projects requiring the HPC resources are the global gyrokinetic 

codes ORB5 and EUTERPE.

● For longer time scales (e.g. sawtooth cycle), global hybrid-MHD codes 

HYMAGYC and XTOR can be used. 

● Integrated modeling tools include IMAS-based Energetic-Particle Workflow 

and SCENIC framework (radio-frequency heating and fast-ion generation).

● Basic models employed are described and simulation examples are shown.



System couplings in burning plasmas
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• Energetic Particles (EP) are abundant in burning plasmas
• „Meso-scale“ EP dynamics introduces couplings across scales



Single framework
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● Burning plasmas will have high beta and include energetic particles

● Presence of energetic particles creates complex coupled system

● Single framework including all parts consistently is needed

● Many parts of the problem are kinetic and global

● Many connections between the parts are kinetic and global

● Global gyrokinetic approach is a minimal inclusive description

● Global gyrokinetics requires intensive computation (exa-scale)

● Reduced models can be used to speed-up computations

hybrid kinetic-MHD, reduced EP models, integrated modeling

Major actors and topics of interest: 
Energetic particle orbits, global Alfvénic and MHD modes, shear Alfvén continuum, 
avalanches, profile corrugations, phase-space structures (holes/clumps), 
reconnection/turbulence, Alfvén Eigenmodes-zonal flows-turbulence, ... 



Gyrokinetic equations (mixed variables)
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Field equations:

https://doi.org/10.1088/1361-6587/ac0bcb

https://doi.org/10.1088/1361-6587/ac0bcb


Gyrokinetic particle-in-cell codes
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See talk of T. Hayward-Schneider for non-Maxwellian 𝐹0𝑠

• Larmor structure for GPU-enabling in ORB5; OpenACC
• GPU-enabling of EUTERPE: separate routines for different particle species; 

openacc, now transitioning to OpenMP 5.x (wider support, more architectures)
• Replacing „globals“ (global data) with Fortran abstract types
• Gradual transition of the code base (EUTERPE) to C++ 
• General trend in computing
• Better access to accelerator frameworks (such as Kokkos)

https://www.youtube.com/watch?v=RGUn1ZkyWHg&t=18872s


Global gyrokinetic EM turbulence (ORB5/EUTERPE)
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Global EM 
turbulence in 
ASDEX-U and
W7-X

(1) Numerically
accessible on 
existing HPC

(2) Detailed
physics studies
and algorithmic
improvements
ongoing

(3) Extensions
to other
machines (e.g. 
JET, TCV) 
desirable

Extensions to other
physics (meso-/micro-
scale couplings):
(1) Tearing instability: 
interaction with EM 
turbulence
(2) Alfvenic (e.g. TAEs) + 
fast ions + EM turbulence
(ITGs) + ZF

KBM turbulence in ASDEX-U

Nonlinear tearing instability

EM turbulence in W7-X



Nonlinear kinetic-MHD hybrid code XTOR-K
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Internal Kink simulations: 

hybrid simulation with 2 Mev Fusion alphas
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HYMAGYC
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• HYMAGYC is a hybrid MHD-gyrokinetic code to study energetic
particles and Alfvénic instabilities

• Arbitrary tokamak equilibria (e.g. from CHEASE)

• Thermal (core) plasma described by linear full resistive MHD 
equations (MARS transformed to initial value code)

• Energetic particle described by nonlinear gyrokinetic equation
• Fully-nonliner gyrokinetic contribution enters via pressure tensor

in momentum equation

• HYMAGYC is a highly IMASified code



Progress in using HYMAGYC with IMAS-IDSs
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Energetic-particle Workflow (LIGKA)
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linear stability:  GK code LIGKA has been evolved into automated stability workflow (EP-WF)
AUG data example: L-H transition in presence of n=2 TAE 

•analyse L-mode,H-mode and transition phases: 
beat infamous problem of AE stability sensitivity to profiles -
compare trends instead of single time slices
•compare local and global models
•systematic uncertainty quantification feasible
•applied also to TCV, JET, JT-60SA, ITER

integrated data analysis 
+
TRVIEW(IMAS interface) 
+
EP-WF: LIGKA  local 
+
EP-WF: LIGKA  global    

•automated processing of 160 time slices based on IDA equilibria and 
profiles

•fully implemented in IMAS, ensuring reproducibility 

L-mode H-mode
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Energetic-particle Workflow (transport)
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reduced models to describe EP transport:
solve transport equations for phase space zonal structures (Eurofusion ENR ATEP)

ATEP code: solve transport equation for PSZS with sources and collisions

[M. Falessi 2017-2022]

can be extended to include zonal structures
driven by turbulence and their mutual interaction
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The SCENIC code package
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SCENIC computes EP distribution function which can be used by other codes



Conclusions
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● Burning plasma are complex multiscale system

● Coupling electromagnetic turbulence and zonal flows =>

● => Energetic particles and Alfven Eigenmodes =>

● => Alfven Eigenmodes and zonal flows in presence of MHD activity

● Global gyrokinetic theory includes all system components 

● Particle-in-cell codes can be used to simulated burning plasmas

● For long-time dynamics, model reduction is necessary

● Hybrid-MHD for sawtooth cycles, fishbone bursts, etc.

● Integrated modelling for discharge time scale (Energetic-Particle Workflow)

● Integrated modelling for heating

Enabling factors: (1) improvements in theory and simulation algorithms

(2) code optimization and extension to accelerators (GPUs etc.)

(3) strong increase in computing resources and experimental data
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XTOR-K fluid equations
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XTOR-K: hybrid scheme
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NLED ASDEX-Upgrade EP benchmark
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Evidence for anomalous core background ion heating due to Alfvénic modes?

phase with no modes
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assess effect of EP re-distribution on Ti profiles - is the EP transport enough  to explain the Ti difference?

other cases/experiments very welcome - TCV, JET, JT-60SA, ITER ongoing



ICRH in W7-X: He-plasmas with H-minority
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SCENIC computes EP distribution function which can be used by other codes
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