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Bragg Peak
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Fragmentation Figure - Bragg curve of a 200 MeV/u 12C ion beam in 
water with the Monte-Carlo code PHITS [1]
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Secondary particles dose distribution not taken into account
          ∼ 5% of total dose in Bragg peak (BP)
          dose tail after BP
          higher Linear Energy Transfer
          interact outside tumor     healthy tissues irradiation
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Figure - Absolute differential angular cross-sections of 
protons, 4He, 6Li, 7Be, obtained for the carbon target. [7]
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Figure - Absolute differential angular cross-sections of 
protons, 4He, 6Li, 7Be, obtained for the carbon target. [7]

Enhance nuclear reaction models to 
better understand secondary 

particles production

Cross-sections experimental measurements 
(ex. FOOT collaboration experiments)

More “simpler” and “direct” measurements 
(statistics, energies, angular distribution)

Hadronic models theory improvement 
(ex. DINo deep learning algorithm)
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02. CLINM – 
Secondary particles 
measurements



Secondary particles measurement
CLINM project
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Combined measurement of secondary particles and radiolysis effectiveness with 
radiochemistry team (IPHC)

CLINM – Cross-Sections of Light Ion and Neutron Measurements

Secondary charged particle identification + 𝛾 + neutrons of high energy measurement 
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CLINM project
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Combined measurement of secondary particles and radiolysis effectiveness with 
radiochemistry team (IPHC)

CLINM – Cross-Sections of Light Ion and Neutron Measurements

Secondary charged particle identification + 𝛾 + neutrons of high energy measurement 

ΔE-E telescope
CeBr3 crystal scintillator + plastic scintillator 

Facility Ion type Energy

GSI - Darmstadt 12C 110 - 180 MeV/u

CNAO - Pavia
12C 120 - 200 MeV/u

1H 80 – 200 MeV/u
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Secondary particles measurement
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Experimental data Geant 4 simulation
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Perspectives
⇾ More experimental measurements with varying 
conditions à ongoing
⇾ Implementation in Geant4 of experimental data 
to improve nuclear models accuracy

CNAO CLINM experiment
⇾ Significant discrepancies between experimental 
data and Geant4 simulation
     ⤷ inaccuracies in simulation of the carbon 
break-up into alphas
     ⤷ underestimated secondary particle yields

Conclusion
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Linear energy transfer (LET) 
Restricted local version of dE/dx
Related to track length
Dominated by ionization e-

𝐿𝐸𝑇 =
𝑑𝐸
𝑑𝑥 −.𝐸'(𝑒()

Total kinetic energy of electrons 𝛿

[3]

Secondary particles in heavy ion therapy
Physical aspects
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Secondary particles in heavy ion therapy
Biological aspects

41

D =
dE
dm

[Gy]

Mean energy deposited 

Mass element 

J/kgDose

D =
ɸ
𝜌
LET

Material density

Particle flux

Linear energy transfer

Relative biological effectiveness
Take into account radiation type
Based on cellular survival curves

RBE =
D)*+,
D-.$

Reference dose with 
X-ray therapy

Dose under investigation 
yielding equivalent 
cellular survival

Oxygen enhancement factor
Reduced oxygen concentration in cell (hypoxic cell) 
reduce radiation effectiveness

OER =
radiation	dose	in	hypoxia
radiation	dose	in	air
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Secondary particles in heavy ion therapy
Treatment plan

5

Treatment planning 
System (TPS)

Imaging
Define tumoral/targeted volume

Treatment

Irradiation 
Control (PET)

Corrections
Comparison between 

delivered dose and 
planned one

[5] [6]

[6]

Margins
Dose calculation

Physical 
processes

Biological
processes

Uncertainties

Chemical
processes

Physical 
processes
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Calibration



S (V.MeV-1)
∼ Scintillator material ⇾ conversion efficiency 

of energy deposited into detected signal
∼ 10-2 to 100 g.MeV-1.cm-2 

Secondary particles measurement
Calibration measurements

44

Birks’ law : A = E∗GHI
JHK!∗G

Amplitude (mV)

kB (MeV-1)
∼Quenching effect of light ⇾ High kB ≡ high quenching

For organic scintillator ∼ 10-2 – 10-3 cm.MeV-1

For inorganic scintillator ∼ 10-3 – 10-4 cm.MeV-1

Pedestal (mV)
Offset value added to measured signal to 

compensate background noise
∼ few mV to 101 mV
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Secondary particles measurement
Plastic scintillator

45
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Voltage applied : - 1200 V
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S = 2.30 ± 0.16
kB = 0.0048 ± 0.0019

p = 7.4 ± 0.5 

Energy resolutionCalibration in amplitude

Energy resolution : 
𝜎&
𝐸
= 𝑝' +

𝑝(
𝐸Birk’s law respected up to 50 MeV

   Energy resolution : beam straggling effects

Birks’ law : A = )∗+,-
(,.!∗+
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Secondary particles measurement
CeBr3 scintillator

(b)

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
E_dep (MeV)

0

50

100

150

200

250

Am
pl

itu
de

 (m
V)

 / ndf 2χ  1.086e+04 / 11 / ndf 2χ  1.086e+04 / 11

 / ndf 
2

χ  1.037e+04 / 3

p2       06− 6.057e± 0.0008638 

 / ndf 
2

χ  1.037e+04 / 3

p2       06− 6.057e± 0.0008638 

C CNAO12 
C GSI12 

H CNAO1 

0.1495 ± 0.0005
36.0 ± 0.6

0.0008570 ± 0.0000024

p0
p1
p2

0.359 ± 0.002
12.07 ± 0.17

0.0008638 ± 0.0000024

p0
p1
p2

(a)

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
E_dep (MeV)

0

2

4

6

8

10

12

14

Re
so

lu
tio

n 
(%

)

 / ndf 2χ   4006 / 7

p0        0.01448± 1.108 

p1        0.2736± 47.18 

 / ndf 2χ   4006 / 7

p0        0.01448± 1.108 

p1        0.2736± 47.18 

H CNAO1 

C CNAO12 

0.01108 ± 0.00015
0.4718 ± 0.0027

p0
p1

(b)

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
E_dep (MeV)

0

50

100

150

200

250

Am
pl

itu
de

 (m
V)

 / ndf 2χ  1.086e+04 / 11 / ndf 2χ  1.086e+04 / 11

 / ndf 
2

χ  1.037e+04 / 3

p2       06− 6.057e± 0.0008638 

 / ndf 
2

χ  1.037e+04 / 3

p2       06− 6.057e± 0.0008638 

C CNAO12 
C GSI12 

H CNAO1 

0.1495 ± 0.0005
36.0 ± 0.6

0.0008570 ± 0.0000024

p0
p1
p2

0.359 ± 0.002
12.07 ± 0.17

0.0008638 ± 0.0000024

p0
p1
p2

(a)

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
E_dep (MeV)

0

2

4

6

8

10

12

14

Re
so

lu
tio

n 
(%

)

 / ndf 2χ   4006 / 7

p0        0.01448± 1.108 

p1        0.2736± 47.18 

 / ndf 2χ   4006 / 7

p0        0.01448± 1.108 

p1        0.2736± 47.18 

H CNAO1 

C CNAO12 

0.01108 ± 0.00015
0.4718 ± 0.0027

p0
p1

Voltage applied : + 350 V

Energy resolutionCalibration in amplitude

Energy resolution : 
𝜎&
𝐸
= 𝑝' +

𝑝(
𝐸

Birks’ law : A = )∗+,-
(,.!∗+

S = 0.359 ± 0.002
kB = 0.0008638 ± 0.0000024

p = 12.07 ± 0.17 

S = 0.1495 ± 0.0005
kB = 0.0008570 ± 0.0000024

p = 36.0 ± 0.6 
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Secondary particles measurement
CeBr3 scintillator
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Voltage applied : + 350 V

Calibration in amplitude

Birks’ law : A = )∗+,-
(,.!∗+

DisJnct calibraJon funcJons for each ion type

     Birk constant similar for both ions

     Birk’s law up to 2350 MeV

S = 0.359 ± 0.002
kB = 0.0008638 ± 0.0000024

p = 12.07 ± 0.17 

S = 0.1495 ± 0.0005
kB = 0.0008570 ± 0.0000024

p = 36.0 ± 0.6 
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Secondary particles measurement
CeBr3 scintillator
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Energy resolution

Energy resoluZon : 
𝜎&
𝐸
= 𝑝' +

𝑝(
𝐸

∼10 MeV energy resolution for both ion types

    Highlight scintillator precision for this ion energies
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Secondary particles measurement
Calibration measurements

Time resolutionCeBr3 +400V (a) and +600V (b) CeBr3 deposited energy 120MeV/u 
12C (a) and 80MeV/u 1H (b)
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Plastic scintillator

5cm
CeBr3 scintillator

Proton beam
80-180 MeV

Exit window 77cm

Plastic scintillator

8.5cm
CeBr3 scintillator

12C beam
120-200 MeV/u

Exit window 150.1cm

2cm
CeBr3 scintillator

Plastic scintillator

Proton beam
16-25 MeV

Attenuation 
wheel (Al)

Collimator 1cm (Al)

3.5cm
Exit window 2cm

0.5cm
CeBr3 scintillator

Plastic scintillator

12C beam
180 MeV/u

54.5cm 2cm

Plastic scintillator
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Exit window 10cm PMMA 
target

(a) Cyrcé setup

(c) GSI setup

20.6cm
CeBr3 scintillator

Brass collimator 
1mm

Proton beam
62 MeV

Exit window

(b) CAL setup

(d) CNAO setups

Secondary particles measurement
Calibration measurements

50

Facility Ion type Energy

Cyrcé - Strasbourg 1H 16 - 25 MeV

CAL - Nice 1H 60 MeV

GSI - Darmstadt 12C 110 - 180 MeV/u

CNAO - Pavia 12C 120 - 200 MeV/u
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σ = 244.7 ps

Resolution in time of the coincidence detection
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R6231-100 
Hamamatsu 

PMT
CeBr3

5.1cm x 5.1 cm

Polytetrafluoroethylene
1mm

Aluminium
400!m

Entrance windowPlastic 
6cm x 6cm x 0.2cm

Support + optical guide

Hamamatsu
R7057 or  XP3990

PMT

Secondary particles measurement
Detectors

12

PlasJc scinJllator
PhotomulJplier (PMT) (- 1200 V)

CeBr3 crystal scintillator
PMT (usually + 1200 V)
+ 600 V for protons and high energy 𝛾
+ 350 V / + 400 V for 12C 

∆E-E method : 

∆E-E results from simulation with a carbon-ion beam of 
200MeV, the detectors at 5° from the beam axis, and a 

PMMA target of 4 cm
Work done by M. Vanstalle

European Nuclear Physics Conference 2025 - levana.gesson@lpsc.in2p3.fr
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Centered around beam energy (after target)
     Fragments from projectile
Data broader than MC
     beam spread bigger than anticipated
     further refinement in beam control needed
     angular secondaries distributions non accurate
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Data broader than MC
     beam spread bigger than anticipated
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Secondary particles measurement
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Secondary particles measurement
Experiment at CNAO
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Plastic scintillator

2.2 cm
CeBr3 scintillator

12C beam
400 MeV/u

Exit window
RW3 target

23 cm

120 MeV/u

Plastic scintillator

2.2 cm CeBr3 scintillator
12C beam

200 MeV/u

Exit window
RW3 target

5 cm

120 MeV/u
5°

Config.1 

Config.2 

Z=1 Hydrogen (MC_rec and exp data)
Strong correspondance in energy between
Resolution constraint at low energy
Proton scattering and beam spread

Z=1 Hydrogen (MC_rec and MC_true)
Overall agreement
Minor distribution and energy shift 5MeV/u
Overestimation of H by 39.31% in the cut
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Z=1 Hydrogen (purity and efficiency)
Cut purity 45.52%

mostly He mistakenly classified as H
protons isolation challenging with this setup

Cut efficiency 75.01%
most H included in the analysis
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Z=1 Hydrogen (MC_rec and exp data)
Both centered at 70MeV/u
Resolution constraint at low energy
Proton scattering and beam spread

Z=1 Hydrogen (MC_rec and MC_true)
Overall agreement
Overestimation of H by 55.09% in the cut
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Exit window
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Config.1 

Config.2 

Z=1 Hydrogen (purity and efficiency)
Cut purity 36.54%

mostly He mistakenly classified as H
protons isolation challenging with this setup

Cut efficiency 78.88%
most H included in the analysis
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Plastic scintillator

2.2 cm
CeBr3 scintillator

12C beam
400 MeV/u

Exit window
RW3 target

23 cm

120 MeV/u

Plastic scintillator

2.2 cm CeBr3 scintillator
12C beam

200 MeV/u

Exit window
RW3 target

5 cm

120 MeV/u
5°

Config.1 

Config.2 

Z=3 Lithium (MC_rec and exp data)
Isolation and identification difficult (statistical
presence of He)
Agreement in energy apart resolution

Z=3 Lithium (MC_rec and MC_true)
Overall agreement
Minor distribution and energy shift 10MeV/u
Overestimation of Li by 15.31% in the cut

Z=3 Lithium (purity and efficiency)
Cut purity 53.27%

overlap in the energy loss with He and Be
Cut efficiency 62.90%

significant fraction of Li excluded
confirm overlap
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Z=3 Lithium (MC_rec and exp data)
Isolation and identification difficult (statistical
presence of He even more important)
Small shift in energy of 10MeV/u

Z=3 Lithium (MC_rec and MC_true)
Overall agreement
Minor distribuhon and energy shii 10MeV/u
Overeshmahon of Li by 6.75% in the cut
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12C beam
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Exit window
RW3 target
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Config.1 

Config.2 

Z=3 Lithium (purity and efficiency)
Cut purity 58.18%

overlap in the energy loss with He and Be
Cut efficiency 62.39%

significant fraction of Li excluded
confirm overlap
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Plastic scintillator

2.2 cm
CeBr3 scintillator

12C beam
400 MeV/u

Exit window
RW3 target

23 cm

120 MeV/u

Plastic scintillator

2.2 cm CeBr3 scintillator
12C beam

200 MeV/u

Exit window
RW3 target

5 cm

120 MeV/u
5°

Config.1 

Config.2 Z=4 Beryllium (MC_rec and exp data)
Energy shift of 10MeV/u
Better accurate resolution reproduction

Z=4 Beryllium (MC_rec and MC_true)
Good agreement in distribution and energy
Slight underestimation of Be of 4.65% in the cut

Z=4 Beryllium (purity and efficiency)
High cut purity 77.92%

effective discrimination criteria
Cut efficiency of 74.46%

reasonable balance between capturing most
particles and maintaining purity
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Z=4 Beryllium (MC_rec and exp data)
Energy shift of 25MeV/u
Better accurate resolution reproduction

Z=4 Beryllium (MC_rec and MC_true)
Good agreement in distribution and energy
Slight underestimation of Be of 13.09% in the cut

Plastic scintillator

2.2 cm
CeBr3 scintillator

12C beam
400 MeV/u

Exit window
RW3 target

23 cm

120 MeV/u

Plastic scintillator

2.2 cm CeBr3 scintillator
12C beam

200 MeV/u

Exit window
RW3 target

5 cm

120 MeV/u
5°

Config.1 

Config.2 

Z=4 Beryllium (purity and efficiency)
High cut purity 69.96%

effective discrimination criteria
Cut efficiency of 61.86%

reasonable balance between capturing most
particles and maintaining purity
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Plastic scintillator

2.2 cm
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12C beam
400 MeV/u

Exit window
RW3 target

23 cm

120 MeV/u

Plastic scintillator

2.2 cm CeBr3 scintillator
12C beam

200 MeV/u

Exit window
RW3 target

5 cm

120 MeV/u
5°

Config.1 

Config.2 Z=5 Boron (MC_rec and exp data)
Slight energy deviation less than 10MeV/u
Improved reproduction of calculated resolution

Z=5 Boron (MC_rec and MC_true)
Consistent agreement in distribution and energy
Marginal underestimation of 0.67% in the cut
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Z=5 Boron (purity and efficiency)
High cut purity 80.05%

high purity at the higher energy setting
effective discrimination criteria

Cut efficiency of 79.66%
reasonable balance between capturing most

particles and maintaining purity
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Z=5 Boron (MC_rec and exp data)
Slight energy deviation of 10MeV/u
Improved reproduction of calculated resolution

Z=5 Boron (MC_rec and MC_true)
Consistent agreement in distribuhon and energy
Small energy shii of 10MeV/u
Marginal undereshmahon of 4.05% in the cut

Plastic scintillator

2.2 cm
CeBr3 scintillator

12C beam
400 MeV/u

Exit window
RW3 target

23 cm

120 MeV/u

Plastic scintillator

2.2 cm CeBr3 scintillator
12C beam

200 MeV/u

Exit window
RW3 target

5 cm

120 MeV/u
5°

Config.1 

Config.2 

Z=5 Boron (purity and efficiency)
High cut purity 92.16%

high purity at the higher energy setting
effective discrimination criteria

Cut efficiency of 65.58%
reasonable balance between capturing most

particles and maintaining purity
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Plastic scintillator

2.2 cm
CeBr3 scintillator

12C beam
400 MeV/u

Exit window
RW3 target

23 cm

120 MeV/u

Plastic scintillator

2.2 cm CeBr3 scintillator
12C beam

200 MeV/u

Exit window
RW3 target

5 cm

120 MeV/u
5°

Config.1 

Config.2 Z=6 Carbon (MC_rec and exp data)
Slight energy shift less than 5MeV/u
Close reproduction of calculated resolution

Z=6 Carbon (MC_rec and MC_true)
Consistent agreement in distribution and energy
Significant underestimation of 59.84% in the cut

Z=6 Carbon (purity and efficiency)
Highest cut purity 94.56%

good identification fidelity
Cut efficiency 59.16%
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Z=6 Carbon (MC_rec and exp data)
Slight energy shift less than 5MeV/u

Z=6 Carbon (MC_rec and MC_true)
Consistent agreement in distribution and energy
Insignificant underestimation of 0.24% in the cut

Plastic scintillator

2.2 cm
CeBr3 scintillator

12C beam
400 MeV/u

Exit window
RW3 target

23 cm

120 MeV/u

Plastic scintillator

2.2 cm CeBr3 scintillator
12C beam

200 MeV/u

Exit window
RW3 target

5 cm

120 MeV/u
5°

Config.1 

Config.2 

Z=6 Carbon (purity and efficiency)
Highest cut purity 99.48%

good identification fidelity
isolation with great precision when aligned

with the beam
Cut efficiency 98.71%
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400MeV/u on a 23cm target, with 
detectors at 0°

200MeV/u on 5cm target, with 
detectors at 5°Secondaries

Cut efficiencyCut purityCut efficiencyCut purity
78.88 ± 0.04 %36.54 ± 0.03 %75.01 ± 0.03 %45.52 ± 0.03 %Z=1 (H)
79.36 ± 0.02 %85.11 ± 0.01 %83.01 ± 0.01 %88.01 ± 0.01 %Z=2 (He)
62.39 ± 0.04 %58.18 ± 0.04 %62.90 ± 0.07 %53.27 ± 0.06 %Z=3 (Li)
61.86 ± 0.05 %69.96 ± 0.05 %74.46 ± 0.09 %77.92 ± 0.09 %Z=4 (Be)
65.58 ± 0.03 %92.16 ± 0.02 %79.52 ± 0.10 %80.05 ± 0.09 %Z=5 (B)
98.71 ± 0.01 %99.48 ± 0.01 %59.16 ± 0.14 %94.56± 0.08 %Z=6 (C)

Cut parameters highly effective for some Z (He and C)
But variability in performance across different Z and 
experimental setups
For H and Li further refinement of detectors resolution 
needed
     adjusting ΔE-E thresholds to reduce overlap
     adding detectors
     use better resolution detector than plastic like silicium
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