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Nuclear interaction models
In Geant4

e Nuclear interaction models are Trade-off between
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Problems in Geant4 below 100 MeV/u

No dedicated model to nuclear
interaction in Geant4

Many papers showed discrepancies:

Braunn et al. : one order of magnitude in 12C fragmentation at
95 MeV/u on thick PMMA target

De Napoli et al. : angular distribution of the secondaries
emitted in the interaction of 62 MeV/u 12C on thin carbon
target

Dudouet et al. : similar results with a 95 MeV/u 12C beam on
H, C, O, Al and Ti targets

Hybrid Nuclear Interaction Models
for Improved Fragmentation Modeling in lon Therapy

o

Exp. data [Plot from De Napoli et al.
e G4-BIC Phys. Med. Biol., vol. 57, no.
22, pp. 7651-7671, Nov. 2012]
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Cross section of the 6Li production at 2.2 degree in
a 12C on natC reaction at 62 MeV/u.
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» [est-particle approach

e Self-consistent +
collisions

* Probabillity to find a nucleon in the
phase space
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BLOB (Boltzmann-Lagevein One Body)
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» [est-particle approach

e Self-consistent +
collisions

* Probabillity to find a nucleon in the
phase space
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BLOB (Boltzmann-Lagevein One Body)
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» [est-particle approach

e Self-consistent +
collisions

* Probabillity to find a nucleon in the
phase space
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BLOB (Boltzmann-Lagevein One Body)
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» [est-particle approach

e Self-consistent +
collisions

* Probabillity to find a nucleon in the
phase space
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BLOB (Boltzmann-Lagevein One Body)
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BLOB (Boltzmann-Lagevein One Body)

2C + "'C — 4He at 62 MeV/u
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Blob code optimization

* We optimised BLOB without changing the
code structure (52% speed-up overall)

for practical applications

Deep Learning to accelerate NIMs

Elapsed Time : 231.966s

CPU Time : 231.938s
Total Thread Count: 1
Paused Time 0s

v

Elapsed Time :(110.2358

CPU Time 110.223s
Total Thread Count: 1
Paused Time 0s

Starting from a proof-of-concept study on G4-QMD
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Graph Networks Simulator approach

Train a Graph Neural Network to emulate the

Each nucleon is a node of the graph

Particle render

[A. Sanchez-Gonzalez et

.“ 7>, Convolve the central 41 Loaring to simuiats
/A node’s representation with complex physics with
— : : ; : graph networks." PMLR,
—V Its neighbours’ representations 2020.]
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Drawbacks

Quantities are conserved on average

Comparable performance to Euler method

Results with fully connected graph

x N?

D
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Going Hybrid

Why?
* Approximating complex functions with Neural Networks
* | everaging for ultra-fast execution
How?

Physics under control
 Building Physics-inspired architectures =—»
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What to emulate?
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The Potential

) Elapsed Time " : 110.235s

; ) CPU Time “: 110.223s
It IS the BOttIeneCk Total Thread Count: 1
Paused Time 0s

©® lapla

@ other ) Top Hotspots [

This section lists the most active functions in your
application. Optimizing these hotspot functions
typically results in improving overall application

Profiling BLOB
with Intel VTune Amplifier

performance.
4 : Function Module ~ CPU Time "~
_ mlns_ per lapla run 56.086s
INnteraction erff libm.s0.6 17.038s
define_two_clouds_rp run 9.051s
sortrx run 7.450s
powf libm.so.6 5.184s
3 mins: computing mean field laplacian [Others] 15.414s
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Learning the Potential: DL model

Particle-wise MLP for Potential Prediction

In QMD V. = ZAU’ + (ZBU)Y

f (ql9 qja pi9 p]9 Ci9 C]) —
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Learning the Potential: DL model

Particle-wise MLP for Potential Prediction

@
In QMD V.

1 (Gi> gj D> Pj> € €))
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Learning the Potential: DL model

Particle-wise MLP for Potential Prediction

|
Building a DL model which:

* |s coherent with the Physics

® Two body interactions embedded in the
architecture

o  works with number of particles

Particles are treated in batch
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Potential Predictions

5 layers MLP + RelLu + LayerNorm

23K stories
10 events

24 particles : ~5 M examples

~3d training on Nvidia V100

Results: Median Relative Error

Hybrid Nuclear Interaction Models
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Implementation in Geant4

Exporting the DL models from pytorch to

Using ONNX C++ APl —»  substituting GetPotential() Method in QMD

G4double MyQMDMeanField::GetPotential dl1( G4int i )
{

return static_cast<G4double>( ONNXInterface::GetInstance()->Generate(i, system) [0]);

Thread-safe implementation
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Test on the Potential

Simulating the reaction:

2 200
C12 on C_nat at 62 MeV/u E:
@ 150
o)
Interfacing DL model with Geant4 £
'a' 100-
o)
£
 Reasonable accuracy on 5 50
double differential cross section -

of
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Test on the Potential

However: for heavier fragments

 Even on the potential
badly to the double
differential cross sections

* |t is not the bottleneck!

020 /9E/ndQ [mb/sr MeV/u]

Only 4%  of QMD execution time
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Another possibility

Derivatives of the Hamiltonian

oH oH

Emulating a—, a—
1) Cross sections are to
1-2% errors
Callees CPU Time: Total v » ‘ 2) This Is the
MyQMDReaction::ApplyYourself 100.0%

G4QMDMeanField::DoPropagation 88.7% :
G4QMDMeanField::CalGraduate 47.5% Calczraduate() IS
G4QMDMeanField::Cal2BodyQuantities 40.5% 50% of QMD
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Emulating the derivatives

Same architectural design of the Potential model

~ ) At ), ( Bl:(]@)

P dq p e

®
o ®

® Approximating the derivatives

Hyper-parameter optimization on the
o o number of
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2 a(k) terms +

5 layers MLP + RelLu + LayerNorm

12Kk stories
1 events
24 particles :

Derivatives prediction

~300k examples

~3h training on Nvidia V100

Results: Median Relative Error
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Implementation in Geant4

Exporting the DL models from pytorch to

Using ONNX C++ APl —»  substituting CalGraduate() Method in QMD

1 MyQMDMeanField: :CalGraduate dl()

ffr.resize( system->GetTotalNumberOfParticipant ) ;
ffp.resize( system->GetTotalNumberOfParticipant ) 5

Thread-safe
uto gradients = ( ONNXInterface::GetInstance()->Generate(system)); implementation
ffr = gradients[0];
ffp = gradients|[1];

}
Hybrid Nuclear Interaction Models Lorenzo Arsini - 22/09/2025

for Improved Fragmentation Modeling in lon Therapy 25 EuNPC 2025 - Caen, France



Emulating H Grad
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Multi lon Training

» Extension to multi ions and energies

e Extension to Light lon QMD

Recent QMD optimization

Projectile
o
®

14 "
N Training
160
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v YA+ 2 (X BP) y
aq P q® 201\76
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Projectile Energy [MeV/U]
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Double differential cross sections

Test set
4He on "3tC at 115 MeV/u 8Be on "2tC at 75 MeV/u

“He - 6 = 21.8° H - 8=17.2°
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Double differential cross sections

Test set
160 on "atC at 105 MeV/u °ONe on "C at 85 MeV/u
H - 6=11.4° 2H - 0 = 11.4°
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Next steps

Extension to BLOB
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Next steps

Extension to BLOB

Full DL modeling

Inputing the potential removes
the need for fully connected
geometry

Emulating tracking and
collisions with GNN
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Next steps

Extension to BLOB QMD and LiQMD Optimisation

Fully differentiable pipeline:

: DL
Full DL modeling Model’s parameters Cross Sections

Inputing the potential removes
the need for fully connected

Gradient based
geometry

optimization

Emulating tracking and

collisions with GNN Emulating de-excitation model
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Thank you for your attention!

 Nuclear interaction models in Geant4:
o Sophisticated models are slow

e No dedicated model under 100 MeV/u

 Deep Learning approach for model emulation
 Emulation of Hamiltonian derivatives with DL for QMD
* Multi ion training to achieve generalization
* Possible model optimization or speed-up
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e QCD ﬂ.r O/
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Carbon lon Radiation Therapy

Carbon lon
300 MeV 1

High biological effectiveness '

Subject to fragmentation

Responsible for the tail in the

Accurate modeling of Lack of dedicated nuclear interaction
fragmentation is crucial models under 100 MeV/u
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Deep Learning

X =Y
'
@ f.0)=Y

gradients =—p

B OY Analytical
Neural Network VXf W(X ) wrt input
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Differentiability

Training a Neural Network

Minimization of a Loss Function

<, =1fX) = £,X|
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Differentiability

After the training Fast and Accurate approximation of f(X)

Fix the weights W =——- fw(X) is differentiable with respect to X

— f0=r —(¥)
)

Gradient based VX]’ZW ( X)

optimization

Hybrid Nuclear Interaction Models Lorenzo Arsini - 22/09/2025
for Improved Fragmentation Modeling in lon Therapy 38 EuNPC 2025 - Caen, France



Graph Neural Networks e

Learning on Graphs . o

o .
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Message passing

Neighborhood information

!

Process Learning on
nodes
Learning on
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QMD

Quantum extension of the classical molecular dynamics

. 1 —r;)* 4
Nucleons —» Gaussian wave packet pi(r) = (2n L)/ exp( (x 45) | ;_Lr-pz-)

Covariant Hamiltonian

H oH
H:Z\/P?JFW?JFQ?”?JV% I"v;=8 ,  Di I
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QMD Potential
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Lighter fragments

I2C on ™IC at 62 MeV/u
1H - 0 = 11.4°

Double differential cross sections

H - 6 =11.4°
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Heavier fragments

‘He - 0 = 14.4°

Double differential cross sections

I2C on ™IC at 62 MeV/u
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