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* Injection of cryogenized projectiles inside the plasma
* Composed of H, or D,
* Scope: Fuel the core & maintain fusion reaction

* HFS (inner) or LFS (outer) injection

Gas Fuelling Pellet Fuelling

Routine Rarely used
Technically simple Use of pipes

Reliable Matter & velocity loss
Lower penetration Higher penetration

Pellet characteristic:

* Main fueling in future reactors Velocity ~ 200 m/s
Diameter ~ 2 mm

\
o Length ~ 2 mm

Pellet
Injector

[*] L.R. Baylor et al. Nucl. Fusion 47 443 (2007).
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Physics background: How Pellet interacts with
plasma -> Ablation.
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« Particles extract neutrals from the pellet > Neutral cloud
- Particles ionise the neutral cloud - ionised cloud or plasmoid
B
« Plasmoid follow magnetic field lines - neutral cloud and pellet . . .
leave the plasmoid
« Cyclic process | —

| | Time



Plasmoid homogenize in background plasma.

C

Plasmoid expand along B-field lines
VB - Charge separation - currentinduced -
polarization current - Electric field > E X B
drift outwards
Drift stopping mechanisms:

o Magnetic tension in ideal MHD

o External connection: related with q

o Internal connection: related with §;VB
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What does the fusion research community need?

Need for good understanding

* Understand pellet ablation & deposition
physics.

* Predict performance in future devices (as
ITER or DEMO).

* Design and optimize operational scenarios.
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Need for fast simulators
* Explore large scenario spaces quickly.
* Enable real-time control and digital twins.
* Integrate into pulse design workflows.




Need for good understanding and prediction

- HPI2 model [*].

Physics model to explain and predict pellet interaction with
tokamak plasma.
HPI2 calculates the ablation rate and the homogenization.

The pellet ablates and eject plasmoids.
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Inputs: T, , T; and n, profiles, pellet mass, pellet velocity,
magnetic equilibrium quantities.

Main outputs: electron density & temperature profiles after
injection.

Pellet model integrated into High Fidelity Pulse Simulator.

Computation time of the model ~15 min per pellet

Big pellet entered the tokamak!
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Can we trusy HPI2?

Validation of HPI12 in WEST tokamak *

Scope: Compare HPI2 predictions on WEST experimental data.

Best option: compare against interferometry measured line-integrated density.

Model validated using figure of merit a over different lines of sight (LoS).

Estimated pellet mass through interferometry measurements.

WEST shot 58656

—sum of lines (1019 m'z)

——total number of electrons (10°)
O trigger in plasma
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time (s)

A?’L?xp = nl(tafter) — Ny (tbefore)

A2 = 0P (tagrer) — 177" (Fvefore)
HPI2
Y — An,
— exp
An,

E of
Pellet 1st 2nd | 3rd
LoS 3 0.84 | 0.85 | 0.94
LoS 4 1.03 | 1.05 | 1.01
LoS 5 1.02 | 0.99 | 0.96
LoS 6 1.08 | 1.17 | 0.94
LoS 7 0.84 | 0.94 | 1.004
LoS 8 1.35 | 1.29 | 1.23
LoS 10 0.88 | 0.87 | 0.94
Avg. |a—1] (%) | 13.1 | 123 | 6.6
Minimum 0.84 | 0.85 | 0.94
Maximum 1.35 | 1.29 | 1.23

*Panera Alvarez et al., in preparation (2026)




Need for fast simulators - Al-based pellet Surrogate

Model HPI2-NN

Surrogate Models drastically reduce computation time, allowing for several

capabilities:

+ Coupling HPI2-NN with bigger simulators.

 High Fidelity Pulse Simulator (HFPS/JINTRAC): Validation of HPI2-NN
(ongoing) and acceleration of modelling on pellet cases.
« Faster and lower fidelity simulators (TORAX, RAPTOR, METIS...). Fast

scenario simulation on pellet cases, faster than real-time.

* HPI2-NN for density control in tokamak operation.

« Using the fast deposition profile of HPI12-NN in the control loop

and controller design > More accurate control

« Explore pellet scenarios in multiple machines faster
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Typical Fully Connected NN architecture used
in surrogate modelling, such as in HPI2-NN



HPI2-NN: pellet surrogate model
15t step: Data generation

WEST n, input profiles

* ~10000 runs of HPI2 simulating pellet injection in WEST

tokamak experimental data, and ITER simulation data.

 Inputs: ne, Te, Ti/Te, q profiles, BO, pellet size and velocity

 Profiles - scalars: Input profiles approximated with

Proper Orthogonal Decomposition (POD) method. | | Btors nom | |

- Output profiles: variation of electron density An, and . ITER n. input profiles

electron temperature A4T,, both approximated as sum of
two gaussians.
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 Training database is built!
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HPIZ'NN oo WEST test prediction
2"d Step: Training and test o

—— HPI2 | — HP2
—— HPI2-NN ~100, — HPI2-NN

(o)}

Fully Connected Neural Network is trained.

Ane (m-3)
S

Modified loss function to compare profiles.
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From ~15 min in HPI2 to ~10 ms in HPI2-NN ~600

o
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Inputs: ne, Te» Tir q, BO and pEHEt pa rameters Norm. minor radius Norm. minor radius

Predicts matter deposition profile An, and

. ITER test prediction
change in temperature A4T,.
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 Average mean relative error on test of ~5-10 % = . :
2.01
(WEST) and ~3% (ITER) in both An, and AT, = _
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- Relative error of peak value ~5-10 % (WEST) 05 i
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HPI2-NN
3rd Step: Stand-alone Inference

n, T, T; q Pellet size, speed and B,
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High Fidelity Pulse Simulator (HFPS) with HPI2-NN

* WEST case simulated using JETTO, coupled to BgB turbulent transport model and
simulating a pellet injection predicted by HPI2-NN

* After injection - pellet deposition - the density profile relaxes and evolves.
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No description, website, or topics provided.

alexpanera Merge pull request #1 from fcasson/python3.7 B £5{1630 - last month  £5) 13 Commits
[[d Readme
BB artifacts_hpi2nn Improvements towards robustness and coupling to JETTO 3 months ago El8 MIT license
A~ Activit
B8 inference_hpiznn Injection line setting JETTO 3 months ago v
=] Custom properties
B9 results_hpi2nn Improvements towards robustness and coupling to JETTO 3 months ago Yy 2stars
BB src_hpi2nn Support python 3.7 for JDC last month ® 0 watching
% 1fork
O .gitignore Improvements towards robustness and coupling to JETTO 3 months ago .
Report repository
0O HPI12-MMN-copyright-disclaimer layout DIFFER.p... Copyright disclaimer 4 months ago
Releases
D LICENSE Initial commit 4 months ago
Mo releases published
[ README.md Improvements towards robustness and coupling to JETTO 3 months ago

packages NIt PS://github.com/DIFFER-NL/hpi2nn/

Mo packages published

[0 README &8 MIT license

Contributors 3

HPI12-NN: Surrogate Model for Pellet Fuelling in Tokamak
Discharges

alexpanera Alex Panera Alvarez

rl1 fcasson Francis Casson

Author: Alex Panera Alvarez
derks8834diff

- Overview

Languages

HPI2-NN is a machine learning surrogate model of the HPI2 pellet ablation and deposition code
]

(https://gitlab.com/hpi2_group/HPI2_code), developed to accelerate integrated modeling of pellet-fuelled tokamak ® Python 100.0%

discharges.

The model learns from around 10000 HPI2 simulations on WEST experimental data and ITER simulation data, and
predicts pellet deposition profiles based on plasma parameters and pellet injection conditions.


https://github.com/DIFFER-NL/hpi2nn/
https://github.com/DIFFER-NL/hpi2nn/
https://github.com/DIFFER-NL/hpi2nn/

Take-home message

* HPI2 model is well positioned to offer reliable pellet fueling predictions but is slow.
* Accurate and fast models for pellet fueling are needed.
* Al-based model HPI2-NN fills this gap within its operating space.

* HPI2-NN can be used for fast scenario simulation and operation control of the

tokamak.

Thank you for your attention!
Questions?

O
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Physical discretization of the model

6r

* Arbitrary discretization parameter to
calculate ablation: dx

o Arbitrary variation in depositior§§

A (n)[101° m3]

o Numerical problems §¢

* New physical approach: dx = t it * Vpeliet

—dx=0.005---dx=0.01 ~--dx=0.05 —dx "Physical"

0 teyit Calculated during ablation computation

O Vperier fiXx parameter
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Striation study

* Striation: ablation light associated with the plasmoid ejection

* Frequency can vary in a random manner

* Simulation study using random factor for dx:
6_

—Mean
Standard deviation

o dx'=A-dxwithA ~ U(0.5,2)

* Bigger variation around peaks

I
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g rational surfaces impact in depositio!

Source: Bernard Pego

* Rational surfaces of q affect

external connection - shorten

connection line - stop the VB drift 7 , | w a3 I T g ,

——Deposition profile (ne)

6L - --Rational surfaces
—q profile

faster > deposition peak.

* HPI2 model to study the effect

 Rational surfaces - correlation.
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Validation framework

Scope: Compare HPI2 predictions on WEST shots

and experimental data.

Profile comparison: discarded
o Poor time resolution - due to eq. reconstruction.

o Hollow profiles = not measured due to reflectometer

and inversion method.

* Best option: compare against interferometry
measured line-integrated density.

o HPI2 reconstructed prediction using Syndi code.

¢




Velocity’'s impact on accuracy

Shot 58656 Pellet 1 LoS HPI2 accuracy
| |

1.2 I

——Core LoS Branch
——Edge LoS Branch

1.15}
* Core and Edge LoS /

Cross 1.1lr Ji

* Massused = 38 %

. 3 1.05F
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