
TSVV11
C. Bourdelle and the TSVV11 team

11-15/11/2024 Garching



TSVV11 team

• Team members

C. Angioni, J.-F. Artaud, M. Bergmann, N. Bonanomi, Y. Camenen, F.J. Casson, D. Coster, N. 

Cummings, E. Fable, D. Fajardo, T. Fonghetti, P. Fox, A. Ho, R. Lorenzini, P. Maget, P. Manas, 

M. Marin, A. Panera-Alvarez, Z. Stancar, G. Tardini, E. Tholerus, V.K. Zotta

• Regular participants to TSVV11 meetings

F. Koechl, J. Citrin, L. Garzotti, T. Luda, Th. Jonsson, S. Gabriellini, G. Snoep, R. Coelho, P. 

Strand, D. Yadykin, C. Giroud, L. Chôné, F. Imbeaux, R. Dumont, F. Auriemma, P. Vincenzi, M. 

Valisa, E. Militello-Asp, P. Mantica, J. Simpson, J. Citrin, F. Felici, J. Morales, K. van de 

Plassche, S. Wiesen, A. Kirjasuo, J. Lombardo, H. Dudding, S. Shi, F. Eriksson, A. Kit, A. 

Järvinen, E. Vergnaud, R. Bilato, B. Labit, Ph. Huynh



3 in person meetings, 1 ‘hands on’ meeting + 

regular results/challenges update incl. some joined with other TSVVs

Poznan April 2022 Eindhoven March 2023 ITER January 2024

September 2024, ‘hands on’ week at Culham
Regular on-line meetings

3 joined TSVV1 meetings: Er well, L  and L-H
4 joined TSVV10 meetings



Multiple goals for integrated modelling: steady-state, whole pulse 

modelling, tests of controllers, inform design of future device

Physics understanding Prepare operation Design future devices 

1st principle codes High Fidelity Integrated 
Modeling
TSVV11

Pulse Design Tools
Full pulse, testing 

controllers

System codes
in/out are 

engineering 
parameters only

Validation against tokamak experiments

Various levels of non-linear couplings, predicted vs interp.: j+heat only, j+heat+particle, etc, 

Various boundary conditions: pedestal top, separatrix, divertor targets

Various model fidelity: empirical scaling, reduced physics model etc

!

!
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Integrated modelling framework 

to orchestrate iterations btw physics modules 

transport PDE 

solver 𝑡 → 𝑡 + ∆𝑡

Source/sink modules

Transport fluxes

collisional and turbulent

2D magnetic eq

Initial profiles
Predicted temp, density,

and rotation profiles

Multiple such modelling frameworks in use, JINTRAC, 

ASTRA, ETS, TOPICS, PTRANSP among others

Integrate our physics 

understanding: radiation, 

heating, transport, MHD 

stability, equilibrium, 

neutrals in a time 

evolving framework

Multi-scale 

(spatial&temporal) and 

multi-physics problem 

10-3 s

1-1000 s
1-10

𝑡𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑠𝑖𝑚. = 𝒕𝒕𝒖𝒓𝒃.𝒇𝒍𝒖𝒙𝒆𝒔 ×
𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

∆𝑡𝑡𝑟𝑎𝑛𝑠𝑝. 𝑠𝑜𝑙𝑣𝑒𝑟
× 𝑁𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠

𝑡𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑠𝑖𝑚.≈ 104 × 𝒕𝒕𝒖𝒓𝒃.𝒇𝒍𝒖𝒙𝒆𝒔 < ~24h

~<10s

Particle flux

Heat flux

Particle sources/sinks

heat sources/sinks



High Fidelity Pulse Simulator Development Strategy



Guidelines for the High Fidelity Pulse Simulator in TSVV11

High Fidelity Pulse Simulator

Python-driven workflow based on IMASified JINTRAC
Ideally aligned with ITER but… ASTRA (A. Polevoi) , ETS based (F. Poli), IMASified JINTRAC 
(SH Kim), JINTRAC (F. Koechl)

IMAS data structure for inputs and outputs also at module level
NB: Open-sourcing at ITER in the pipeline

Validate advanced physics modules in flux driven int. modelling

Benchmark cases: including W interplay, Burning plasma

Large scale validation against EU operating tokamaks, incl. automated validation tools 

Planned devt: Open-sourcing the workflow and most modules, use of Muscle3 lib. in 
python workflow. Maximize synergy with Pulse Design Tools (TSVV15)

Synergy with other physics activities within EUROfusion and elsewhere

Infrastructure

On-going

upcoming



High Fidelity Pulse Simulator

Coupled to experimental IMAS data from
AUG, JET, TCV, WEST, on the EUROfusion
Gateway

Looking forward for systematic access to
JET IMASified data, as well as AUG and TCV
(Data Management Plan)

Expt
HFPS-QuaLiKiz

𝜌 = 0.5

WESTTCV
AUG

JET



High Fidelity Pulse Simulator

The HFPS is a collection of IMAS actors used together in a python workflow

• Combines ETS components (HCD) and all JINTRAC components

• Coupling framework prototypical but functional: we hope it will grow further

All actors take physics input / output from IMAS Data Structure via argument

• Actors wrapped via FC2K -> migrating to Persistent Actor Framework MUSCLE3

• Each actor handles code specific params in it’s own way

• GUI collects all input files in one folder, launches workflow.  

• Non JINTRAC actors provide their own GUI

• MDS+ and HDF5 backends supported

• Most JINTRAC components containerized, deployed to cloud resources

How it could evolve

• Agree standards for IMAS python workflows, converge on common methodology / tools with 
ETS, ASTRA and TSVV15 Pulse Design Simulator

• Add new actors as they are adapted to python

• A common GUI

• Twice / year: ASTRA, ETS, HFPS meeting on 
workflow/module coupling framework

• To be extended to PDT and TSVV15 in 2025

ACH



Aiming at flexible and modular integrated modelling framework

+ 
Python 

+ 
Muscle 3



1st HFPS training open to all EUROfusion (Jan. 2023)

Wed. Jan. 25
th

10.30-12.30 CET
General introduction and overview (open to all, no 
registration needed):
· Recent achievements of integrated modelling
· What is the High Fidelity Pulse Simulator?

Wed. Jan. 25
th

14.30-17.30 CET
2.30 CET: all, Intro/demo interpretative case: F. Casson
Breakout rooms as needed (ref. supervisor see table 
below)
5 pm CET: all, update on progresses/issues

Thur. Jan. 26
th

9.30-12.30 CET
9.30 CET: all, intro/demo predictive case with QLKNN
Breakout rooms as needed (ref. supervisor see table 
below)
12.00 CET: all, update on progresses/issues

Registered participants 
13 persons

JET, AUG and TCV

Using zoom and breakout rooms.
+ dedicated TSVV11 meetings to support new users, focused on physics module: past FRANTIC 
neutral source, coming turbulent transport codes QuaLiKiz/TGLF and impurity SANCO



High fidelity Integrated Modelling validation and challenges



Time-dependent flux driven integrated modelling over multiple 

confinement times: highly nonlinear coupling

• Level 1: j, Ti, Te

– Forgiving: transport driven by temp. gradients and is “stiff”

– Always predict 𝑇𝑖 and 𝑇𝑒 profiles otherwise turbulence amplitude wrong

•    Level 2: j, Ti, Te, ne

– Non-trivial: particle transport not stiff (off-diagonal transport)

– Depends sensitively on turb. spectra, collisions, kinetic resonances

•    Level 3: j, Ti, Te, ne, Vtor

– Challenging: momentum transport from symmetry breaking

– Feedback potential for barrier formation (ExB shear)

•    Level 4 : j, Ti, Te, ne, ni multi-ion (isotopes, impurities), Vtor

– Exciting territory, complex non-linear interplays

– Heavy Impurity transport needs all L3 channels (sets neoclassical 

transport and poloidal asymmetries), and provides radiation feedback

• Level ++ : j, Ti, Te, ne, ni multi-ion (isotopes, impurities), Vtor in burning plasmas 

where Palpha > Paux (Q>5), background profiles impact Palpha accounting for EP-MHD, 

Alpha redistribution and impact EP/b on turbulent transport



From control room actuators to plasma response: 

highly non-linear physics coupling, a (not-exhaustive) illustration
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From the 
control room

Heating waveforms Coils I/VFueling waveforms CD waveforms

Acting 
directly on

Qe Qi Fuel, impurity sources
q(r), Magnetic equilibirum

+ Wall condition Wall recycling, erosion

Turbulent fluxes: 𝑇𝑒𝑞(𝑟) & 𝑛𝑒𝑞(𝑟) coupled

Triggering 
non-
linear 
couplings, 
& 
feedback

W collisional convection significant & 
coupled to 𝑇𝑒𝑞(𝑟) & 𝑛𝑒𝑞(𝑟)

Γ𝑊 = 𝑍𝐷
1

𝑍

𝛻𝑛𝑊
𝑛𝑊

−
𝛻𝑛𝑒𝑞

𝑛𝑒𝑞
+ 𝐻

𝛻𝑇𝑒𝑞

𝑇𝑒𝑞

radiation

h, bootstrap

𝜕𝑛
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𝑟

𝜕
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Maximizing the ion temperature in an electron heated plasma
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Question: how Ti saturation observed in electron heated 
W7X, AUG, WEST extrapolates towards ITER?

Understanding: ITER vs AUG-W7X-WEST: both shorter tei

and longer tE, hence higher Ti(0)/Te(0)~0.75 

[Manas NF 2024]

• Non-linear couplings: 
j, Te & Ti : NN-QuaLiKiz, equipartition, ohmic, 
Prad up to r=1 (L mode)
• Fixed quantities: 
ne and plasma compo., LHCD source profile 
shape, separatrix values

Modelling
database

WEST

METIS

https://iopscience.iop.org/article/10.1088/1741-4326/ad171e/pdf


Full radius ohmic ramp-up : better prediction if density self-

consistently evolved 
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[M. Marin sub.]

Question: validity of reduced turbulent models up to 
LCFS in ramp up? Crucial to prepare operation

• Non-linear couplings: 
j, Te Ti & nD nC QuaLiKiz / TGLFsat2, 
equip., ohmic, neutrals feedback on nl
up to r=1 Ip ramps 70 to 300 kA
• fixed quantities: sep. values

Metrics averaged over 
multiple radii/times

Te

Understanding: in C envt, reliable Ip ramp modelling up 
to r=1, predictions better with self-consistent nD and nC

TCV

HFPS

https://users.euro-fusion.org/repository/pinboard/EFDA-JET/journal/113864_full_radius_integrated_modelling_of_ohmic_ramp-up.pdf


Integrated modeling a key tool for Knowledge Management



Integrated modelling: as complex as experiments

• Need the equivalent of the control room integration where MHD experts 

work with turbulent transport experts, SOL experts, with control engineers 

and Heating and current drive systems 

• Else each integrated modeler will switch on advanced physics modules only 

in his/her field of expertise… 

• Proposal: Modelling campaigns focusing on some reference benchmark 

cases



Tools developed for automated HFPS launching

Tools developed for automated HFPS (or any IMAS 
I/O integrated modelling framework) launching: 
https://github.com/duqtools/duqtools
open-source
[Azizi et al ArXiv 2024]
Supported now through ACH-VTT

https://github.com/duqtools/duqtools
https://arxiv.org/abs/2409.13529


1st example of automated HFPS launching and validation on > 5000 

pleateaus of JET

To be extended on TCV and WEST in 2025 using TGLFsat2-HFPS
Need Long Term Storage Facility mandatory to pursue this routeC. Bourdelle | EPS2024 | 10/07/24

• Non-linear couplings: j, Te Ti nD NN-
QuaLiKiz

• Fixed: from database NBI, Zeff, Prad, 

exptal measurements at r=0.9

Metrics on Te, Ti and  ne

3936 predicted
0.5 s time
windows

Question: for which range of parameters model 
prediction best/worse (NN, QuaLiKiz, TGLF), to guide 
future model devt needs

Understanding: on-going

[A. Ho EPS/TTF 2023, publi. in prep.]

HFPS



Illustration of importance of physics based understanding in 

burning plasma: impact of b on turbulence (w/o fast particles)

Understanding: Small changes on lowest k modes at 

high b (KBM) impact profiles r>0.6, hence 𝑃𝑓𝑢𝑠 need 

higher fidelity code verification at high b (on-going) 

[Howard ArXiv2024] and GENE-Tango A. Di Siena et al
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• Non-linear couplings: 
j, Te Ti & nT nD, equip., ohmic, Prad , NBI , Pfus

- Core, r<0.93 TGLFsat2, different low 𝒌𝜽𝝆𝒔 settings*
- Ped: nped pellet feedback Pped: ITER-EPED scaling
- nsep Tsep, SOLPS-ITER scaling
• Fixed: plasma composition, ECRH, Vtor = 0

Question: can we predict turbulent transport at high b using 
physics based reduced el-mag model ?

ITER 15 MA case

Filtering low k high w modes, 
min(𝑘𝜃𝜌𝑠) = 0.05

Ti in eV

Pfus + 130 MW

HFPS

with low k high w modes, 
min(𝑘𝜃𝜌𝑠) = 0.1

*[A. Najlaoui et al sub. PPCF 2024, see EUROfusion pinboard]



How to close the gaps?

go up the hierarchy of models and improve model reduction

Physics understanding Prepare (ITER) 
operation

Design future devices (DEMO)

1st principle codes
Turbulent transport

SOL
Pedestal

Core: High b, fast ion*

High Fidelity Integrated 
Modeling

Pulse Design Tools
Full pulse, testing 

controllers

System codes
in/out are 

engineering 
parameters only

Validation against tokamak experiments, 
including high b (JT60-SA), Palpha>Paux hence Q>5 experiments (ITER)
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* Thursday 5-6pm session



Benchmark cases: essential meeting point between ML based Pulse 

Design Tools and High Fidelity Integrated Modelling

• For heat and particle coupling, the cold pulse challenge up to the LCFS [Angioni NF 
2019].

• With reduced cases heat only

• The complex interplay with W radiation based on AUG [Fajardo NF 2024]

• With reduced cases, heat only with prescribed W and radiation etc

• Fueling impact on H mode performances, based on AUG case [Luda NF 2021]

• A case with light impurity seeding should be included as it is a challenge for core-exhaust 
integration, it could be based on JET Ne seeded case [Gabriellini NF 2023]

• A burning plasma reference case, to this aim, within the ITPA transport and Confinement, 
a benchmark ITER 15 MA baseline scenario is presently being defined.



2025 and beyond perspectives



Perspectives 2025 and beyond

• HFPS workflow and module coupling enhancing modularity and interoperability with other 
EF tools such as ETS, ASTRA and Pulse Design Tools (TSVV15), using the toolbox: IMAS, 
Python, Muscle3. Alignment btw EF tools mandatory. With ITER tools tbc

• High fidelity Integrated Modelling validation on high b scenarios, seeded impurities, in Ip
ramp. WPTE and ITER/DEMO priorities welcome. Need IMAS data from all EU machines: JET, 
TCV, AUG asap (see Data Management plan)

• Large scale validation extended to WEST and TCV. Need Long Term Storage facility

• Physics driven Benchmark cases for HFPS/ETS/ASTRA and Pulse Design Tools defined. 
AUG ECRH-NBI and W is one, ITER 15 MA another one. More possible, to be discussed.

• Reduced model missing: for the separatrix parameters, for high b in presence of Alpha in 
bruning plasma (see Thursday 5 pm proposal for a new activity)

• Integrated modelling is a ‘Knowledge Repository’. Need to enforce the maximization of the 
non-linear physic coupling (SOL, MHD, HCD etc) as on tokamak exploitation. Need to think of 
‘modelling campaigns’


