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Problems below 100MeV/A
• Despite the numerous and relevant application 

would use it, there is no dedicated model to 
nuclear interaction below 100 MeV/n in Geant4 

• Many papers showed the difficulties of Geant4 in 
this energy domain: 

• Braunn et al. have shown discrepancies up to 
one order of magnitude in 12C fragmentation 
at 95 MeV/n on thick PMMA target  

• De Napoli et al. showed discrepancy specially 
on angular distribution of the secondaries 
emitted in the interaction of 62 MeV/n 12C on 
thin carbon target 

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

Cross section of the 6Li production at 2.2 
degree in a 12C on natC reaction at 62 MeV/n.

[Plot from De Napoli et 
al. Phys. Med. Biol., vol. 

57, no. 22, pp. 7651–
7671, Nov. 2012]

• Exp. data
• G4-BIC 
• G4-QMD
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Suitable models

• Developed by Maria Colonna  
(INFN LNS, Catania) 

• describes the time evolution of the 
density distribution  

• involves the implementation of an 
effective attractive mean-field nuclear 
interaction 

• mean-field is self-consistent, 
depends on the density 

• includes two-bodies correlations 
through nucleon-nucleon collisions
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• Implemented by Paolo Napolitani  
(IPN, Orsay) 

• Derived from SMF 

• Adds fluctuations in the dynamics 
treating the nucleon-nucleon 
collisions as a stochastic process

SMF (Stochastic Mean Field)
BLOB  

(Boltzmann-Lagevein  
One Body)



SMF and BLOB

BLOBSMF 100 test particles per nucleon  
12C on 12C at 62 MeV/n
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Update of a 12C fragmentation benchmark

• 62 MeV/n 12C on  
thin carbon target 

• doubly differential  
cross sections 

• Tritium 

• INCL was not  
available at the  
time of the original publication

Update of the benchmark 
originally published on De Napoli 
et al. Phys. Med. Biol., vol. 57, no. 

22, pp. 7651–7671, Nov. 2012
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Fig. 3 Double differential cross
section of 3H production in the
interaction of 12C with a thin natC
target at 62 MeV/A emitted at the
angles hlab ¼ 11:4", 14:4", 17:2",
and 19:4". The green functions
shows the BIC prediction, in red
the QMD and in blue INCL.
For BIC and QMD the lighter
colours are for Geant4 version
10.4, while the darker are for
Geant4 version 9.4.p1. In black
the experimental data
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Fig. 4 Double differential cross
section of 4He production in the
interaction of 12C with a thin natC
target at 62 MeV/A emitted at the
angles hlab ¼ 2:2", 4.9°, 7:6",
14:4", 18", and 21:8". The green
functions shows the BIC
prediction, in red the QMD and in
blue INCL. For BIC and QMD
the lighter colours are for Geant4
version 10.4, while the darker are
for Geant4 version 9.4.p1. In
black the experimental data
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[C. Mancini-Terracciano et al. IFMBE 
Proceedings Series 68/1 (2018), pp. 675–685. 

doi: 10.1007/978-981-10-9035- 6_126]
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Update of a 12C  
fragmentation 
benchmark
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[C. Mancini-Terracciano et al. IFMBE 
Proceedings Series 68/1 (2018), pp. 675–685. 

doi: 10.1007/978-981-10-9035- 6_126]
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Fig. 4. Double di↵erential cross section of 4He production in the interaction of 12C
with a thin natC target at 62 MeV/A emitted at the angles ✓lab = 2.2�, 4.9�, 7.6�,
14.4�, 18�, and 21.8�. The green functions shows the BIC prediction, in red the QMD
and in blue INCL. For BIC and QMD the lighter colours are for Geant4 version 10.4,
while the darker are for Geant4 version 9.4.p1. In black the experimental data.

• alpha

Update of the benchmark 
originally published on De Napoli 
et al. Phys. Med. Biol., vol. 57, no. 

22, pp. 7651–7671, Nov. 2012



MC codes are also used in radiobiology to link the
physical dose deposited to the biological effectiveness.
Indeed, biological effects are a function not only of the dose
but also of the quality of incident radiation [9].

Besides the importance for medical applications, these
models are used also in simulations for space radiation
dosimetry and nuclear spallation sources.

In this paper we present an update of the compar-
ison between measured fragmentation of 12C ions at
62 MeV/A and the Geant4 predictions published by De
Napoli et al. [10].

Geant4 [11] is one of the most widely used MC toolkit,
both in Nuclear and Particle Physics and in medical appli-
cation. It simulates radiation transport and interaction with
matter and has the capability to import the Computed
Tomography scan (CT) of a patient in DICOM format [12],
allowing to simulate the interaction of the beam with a
specific patient. Moreover, two programs specifically

developed for medical simulations have been built using
Geant4, and therefore use its nuclear reaction models. There
also exist a Geant4 package dedicated to simulation of early
biological damage induced by ionizing radiation at the DNA
scale: Geant4-DNA [13].

2 Geant4 Models

The data shown in this paper have been acquired in the
interaction of 12C with thin targets, these data are of par-
ticular interest as the fragmentation of the secondary prod-
ucts and the electromagnetic interaction in the target are not
relevant. Therefore, they are the perfect test for the Nuclear
Reaction models implemented in Geant4 relevant for hadron
therapy.

The nuclear interactions are described in two steps, usu-
ally called “entrance channel’’ and “exit channel’’. The first
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Fig. 5 Double differential cross
section of 6Li production in the
interaction of 12C with a thin natC
target at 62 MeV/A emitted at the
angles hlab ¼ 2:2", 4.9°, 7:6",
14:4", 18", and 21:8". The green
functions shows the BIC
prediction, in red the QMD and in
blue INCL. For BIC and QMD
the lighter colours are for Geant4
version 10.4, while the darker are
for Geant4 version 9.4.p1. In
black the experimental data

678 C. Mancini-Terracciano et al.

Update of a 12C  
fragmentation 
benchmark
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• 6Li

[C. Mancini-Terracciano et al. IFMBE 
Proceedings Series 68/1 (2018), pp. 675–685. 

doi: 10.1007/978-981-10-9035- 6_126]

Update of the benchmark 
originally published on De Napoli 
et al. Phys. Med. Biol., vol. 57, no. 

22, pp. 7651–7671, Nov. 2012



Geant4 interface to SMF and BLOB

• Developed as a G4-model 

• Loads the SMF/BLOB output 

• Samples the final state 

• Fragments mass and charge 

• Gas particles emitted 

• Applies Geant4 de-excitation to excited fragments
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Interfacing SMF and BLOB to Geant4

• SMF and BLOB 
had been 
interfaced with 
Geant4 and its  
de-excitation 
phase 

• Similar results 
between SMF and 
BLOB

• BLOB 
• SMF
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Interfacing SMF and BLOB to Geant4

• SMF and BLOB 
had been 
interfaced with 
Geant4 and its  
de-excitation 
phase 

• Similar results 
between SMF and 
BLOB
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• BLOB 
• SMF



Coalescence

• To insert more than two bodies correlation in an  
effective way 

• Implemented between SMF/BLOB and the de-excitation 
phase 

• Two small fragments are coalesced if Dx<6 fm 

• Applied recursively 
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Excitation energy correction

• SMF and BLOB tend to 
overestimate the excitation 
energy 

• Especially for peripherals 
interaction 

• A correction to the excitation 
energy has been applied  

• Linear with b 

• Up to 3 MeV/A 0 1 2 3 4 5 6 7 8 9
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Increasing test particles number

• Increasing the test particles number (from 100 per 
nucleon to 500 per nucleon) the excitation energy 
problem is mitigated 

• At the moment it is not possible to increase the number 
of test particle even further (the arrays are not all 
dynamically allocated)
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Correcting for ground state energy
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• Light nuclei are not stable in BLOB and SMF 

• We calculated the spurious excitation energy 
of isolated light nuclei 

• Subtract such energy to produced 
fragments

4He

d



Preliminary results with 
BLOB and Geant4

• alpha
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Preliminary results with BLOB and Geant4

• tritium
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Preliminary results with BLOB and Geant4

• deuterium
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Preliminary results with BLOB and Geant4

• protons
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Preliminary results with 
BLOB and Geant4

• 6Li 

• With larger 
fragments further 
improvements 
are needed 

• We plan to 
modify the 
surface 
coefficient
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Future plans

• Increase number of 
test particles to 1000 

• Test changing 
surface coefficient

Short term
• Add test particle clustering 

to take into account 3 and 
4-body interaction terms 

• Benchmark with more 
data 

• Automatise BLOB/SMF 
running from Geant4

Not-so-long term

• Port the code on GPU
Long term

�23



Profiling BLOB

• Accurate profiling done with Intel VTune Amplifier 
(https://software.intel.com/en-us/vtune) 

• More than 75% of the running  
time is spent in the function 
that calculates the laplacian 
of the mean field
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Code optimisations

• Optimisation of the function “lapla” without changing the code structure  

• 68% speed-up in the function  

• 52% speed-up overall
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Using OpenMP

• Distributing the main loop of the “lapla” 
on 24 cores 

• Small gain overall 

• A lot of time spent in distributing data
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Using Variational Auto Encoder

• Despite the optimisation, BLOB is still too slow 

• The idea: 

• Bin the PDF output of BLOB 

• Creating a 3D “image” 

• Train a Variational Auto Encoder (VAE)  
to reproduce such “images” 

• Condition the VAE to impact parameter
�27



Variational Auto Encoders

Encoder
Latent space

Decoder

�28

• Train an identity function



Variational Auto Encoders

Encoder Decoder
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• Use the decoder to produce artificial images

Latent space



Variational Auto Encoders

• Painting like Van Gogh…
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Conditioning to b

• Taking inspiration from: 
 
 

• VAE for generating new chemical 
compounds with properties that are 
of interest for drug discovery  

• To organize latent space w.r.t 
chemical properties they jointly 
trained the VAE with a predictor 

• It predicts these properties from 
latent space representations

[Automatic chemical design using a data-driven 
continuous representation of molecules, 

Gómez-Bombarelli at al. arXiv:1610.02415]

�31



Conditional VAE

• Convolutional 3D encoding 

• Conditioned latent space 

• Symmetric decoding
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Training dataset

• The BLOB final state is a list with the position in the phase 
space of fragments and gas particles 

• Fragments: A and Z (real), P, Q and Excitation energy 

• Gas particles: Z, P and Q. Each represent a 1/500 probability 
of having a nucleon in that position of phase space 

• 1 000 events 

• Generated with linear impact parameter 

• 90% for training and 10% of them for test
�33



Reducing dimensionality

• Only events with 2 fragments are 
considered 

• We divided the test particles in two 
samples: 

• Projectile like (red) 

• Target like (blue) 

• sin(q) instead of q to:  

• have same sign 

• enhance small angles
�34
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Reducing dimensionality

• To reduce the dimensionality and 
use the keras 3D kernels 

• We consider only: 

• The modulus of the 
momentum 

• its angle with the collision axis 

• The distance of each test 
particle with the fragment 
center
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Reducing dimensionality

• Fragments are represented by 
500*A particles 

• P is sampled with gaussian 
distribution: 

• mean = Pfrag  

• sigma = Excitation energy 

• All with the same q 

• r = 0
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Testing reconstruction

• Fragments are 
identified selecting 
r<1fermi 

• Momentum = average 

• Excitation energy = 
variance 

• q = average
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Testing reconstruction

• Lack of particles at 
mid rapidity 

• Underestimation of 
neck events 

• Because of 
coalescence not 
active
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1−10

Testing reconstruction

• Lack of particles at 
large angle 

• Because of the 
request of 2 
fragments
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Testing reconstruction

• Same on deuterium 

• Next step will be add 
a 3rd channel for 
neck particles 

• And clustering 
algorithm
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With coalescence

• Using the coalescence  

• The mid rapidity lack is 
mitigated 0 20 40 60 80 100
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With coalescence

• Also for deuterium
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Challenges

• Sparse 

• Large input  
(1283 numbers) 

• Small dataset (for the 
moment) 

• Impact parameter 
distribution non 
uniform (for the 
moment)
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Latent space

�44

Im
pact param

eter  [ferm
i]

• 40 epochs of training 

• Events with similar impact 
parameters are close in 
latent space 

• Especially the events with 
very large impact 
parameters 

• b is linearly distributed  
(a uniform distribution is 
needed)



VAE output
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Output distributions

• The generated distributions 
(green) looks similar to the input  
(blue) 

• The generated event has been 
generated sampling two 
gaussian in latent space with: 

• means = position of the input 

• sigmas = 0.1
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Summary

• An interface between BLOB/SMF and Geant4 has been developed 

• Samples the final state (fragments and nucleons emitted) 

• Include a coalescence 

• Corrects excitation energy for large b 

• Corrects the excitation energy of stable fragments  

• The agreement with doubly differential data is good for light fragments 

• Further optimisations are needed for larger fragments
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Coalescence

• Mitigates the gap 
between the 
fragments 
produced by 
projectile-like and 
target-like
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• SMF 
• SMF+coalescence
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Coalescence

• Similar results 
with BLOB 

• Produces high 
energy tritium
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• BLOB 
• BLOB+coalescence
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Coalescence

• Mitigates the 
gap between 
projectile and 
target 
fragments
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Coalescence

• Reduces the 
excess of 
proton
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• BLOB 
• BLOB+coalescence
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Why GPUs

�54

• BLOB and SMF explore the 
time evolution of the density 
distribution with test particles 

• 100 to 1000 test particles 
per nucleon 

• At each step the mean field 
potential is calculated 

• The test particle can interact 
only with elastic scattering 

• Many test particles 

• All the same 

• Only one possible 
interaction 

Low thread divergency


