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Why do we need cross-sections measurements?

Online monitoring of the dose Impact of fragmentation on dose 
delivered in treatments

Monte Carlo benchmarking

Hadrontherapy

Characterization of secondary particles
fields

Beam of 1H, 4He, 7Li, 12C, 16O between
80 and 400 MeV/u

Why cross-sections for applied physics? Some results ConclusionFOOT setup
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Why do we need cross-sections measurements?

Impact of fragmentation on dose 
received by astronauts

Monte Carlo benchmarking

Space radiation
protection

Characterization of secondary particles
fields

Galactic cosmic rays (GCR) of 1H, 4He, 
7Li, 12C, 16O 56Fe between 400 and 

4000 MeV/u + Solar Particle Events 
(SPE)
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Why do we need cross-sections measurements?

• Important lack of data between 10 MeV/u and 10 GeV/u ⇒ energies of interest for hadrontherapy and space
radiation safety

Needed data : charge-changing cross 
sections (σZ) and double differential

cross-sections (
𝑑2𝜎

𝑑𝐸𝑑𝜃
)
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Why do we need cross-sections measurements?

• Important discrepancies between models used in radiation protection

Predicted spectra of 3H  and 3He after 60 
g.cm-2 of aluminum shielding

Marie VANSTALLE XSCRC 2024 – 17/10/2024

Why cross-sections for applied physics? Some results ConclusionFOOT setup

Extracted from Norbury et al., Are Further
Cross Section Measurements Necessary for
Space Radiation Protection or Ion Therapy

Applications? Helium Projectiles, Frontiers
in Physics, 2020.
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Why do we need cross-sections measurements?

• Important discrepancies between models and data

What accuracy do we need on cross-
sections for radiobiology?
𝑑𝜎

𝑑𝐸
∼ 10%

𝑑2𝜎

𝑑𝐸𝑑Ω
∼ 5%

𝜎𝑍 ∼ 2% 𝜎𝐴 ∼ 5%

Necessity to measure the missing 
cross-sections in order to improve 

constraints on the models
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How do we measure cross-sections?

• Satellites + ISS ⇒ problem: located in LEO (Low Earth Orbit)
• Ground-based experiments ⇒ accelerators facilities

o Low energy range (space): hadrontherapy facilities (CNAO, HIT,…) ⇒ 4He, 7Li, 12C, 16O & 56Fe ion beams
o High energy range ≥ 1 GeV/u: FAIR (Darmstadt, Germany), NRSL (Brookhaven)
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• FOOT (FragmentatiOn Of Target) : double differential cross-sections measurements of 12C, 16O, 4He, 56Fe
@200-700 MeV/u on C, (C2H4)n , PMMA target
o Goal: cross-sections measurements with 5% of accuracy (double differential)
o Ground-based experiments at GSI and CNAO

• Z identification ⇒ Start counter (SC) + ToF wall (TW)
• A identification ⇒ magnetic spectrometer: beam monitoring (BM) + vertex detector (VTX) + inner tracker (IT) + multi-

strip detector (MSD)
• Total energy ⇒ calorimeter (CAL)
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A focus on FOOT project

What performances do we want?
𝜎(𝑝)

𝑝
< 5%

𝜎(∆𝐸)

𝐸
< 5% 𝜎𝑇𝑜𝐹 < 100 𝑝𝑠
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+ emulsion setup to measure fragments of Z<3 and up to 70º

Direct + inverse 
kinematic approach



• Z identification ⇒ Start counter (SC) + ToF wall (TW)
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A focus on FOOT project

SC: 250 μm-thick plastic scintillator
(EJ-204), active surface 5×5 cm2

TW: 2 layers of 20 scintillators bars 
(0.3 cm-thick, 2 cm-wide, 44 cm-
long) arranged orthogonally, active 
area 40×40 cm2

• Start of Time-of flight 
measurement

• Trigger 
• Measure the incoming flux

• Stop of Time-of flight 
measurement

• Deposited energy ∆E 
• Hit positions

Fragment Z identification 
thanks to ∆E-ToF map

From Battistoni et al., « Measuring the impact of nuclear
interaction in particle therapy and in radioprotection in space: the 
FOOT experiment », Frontiers in Physics, 2021.
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• A identification ⇒ magnetic spectrometer: beam monitoring (BM) + vertex detector (VTX) + inner
tracker (IT) + multi-strip detector (MSD)
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A focus on FOOT project

From Battistoni et al., « Measuring the impact of nuclear
interaction in particle therapy and in radioprotection in space: the 
FOOT experiment », Frontiers in Physics, 2021.

VTX: 4 planes of MIMOSA-28 CMOS pixel sensors, 50
μm-thick of Si, 1×1 cm2

IT: 2×2 ladders of 4 CMOS MIMOSA-28 (PLUME)
MSD: 6 planes of silicon strip detectors (3X + 3Y) of
150 μm-thick each, 10×10 cm2

• Particle trajectory measurement
• Provide the momentum of the particle
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• Total energy ⇒ calorimeter (CAL)
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A focus on FOOT project
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Calibration curves of calorimeter
Work from Alessandro Valetti

CAL: 320 BGO scintillators, truncated pyramid shape,
20×20 mm2 (front) & 29×29 mm2, length of 240 mm

• Total energy measurement
• Can provide extra (A,Z) identification 

coupled with TW
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Detectors performances

BM VTX

SC TW

CAL

σ
/E

 (
%

)

What performances do we achieve?
𝜎(𝐸𝑘𝑖𝑛)

𝐸𝑘𝑖𝑛
< 3%

𝜎(𝑝)

𝑝
< 5%

𝜎(∆𝐸)

𝐸
~4 − 5% 𝜎𝑇𝑜𝐹 < 70 𝑝𝑠

Courtesy of Marco Toppi
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• First published charge-changing cross sections (σZ):
16O @ 400 MeV/u on 5 mm 12C target

o Simplified setup (no magnetic spectrometer)
o Experiment carried out @ GSI
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First measured cross-sections
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∆E-ToF map ⇒ Z identification thanks to Bethe Bloch
Purity calculated by MC 



• First published charge-changing cross sections (σZ):
16O @ 400 MeV/u on 5

mm 12C target
o Simplified setup (no magnetic spectrometer)
o Experiment carried out @ GSI
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First measured cross-sections

𝜎 𝑍 = න
𝐸𝑚𝑎𝑥

𝐸𝑚𝑎𝑥

න
0

Δ𝜃 𝜕2𝜎

𝜕𝜃𝜕𝐸𝑘𝑖𝑛
𝑑𝜃𝑑𝐸𝑘𝑖𝑛 =

𝑁𝑓𝑟𝑎𝑔 𝑍

𝑁𝑝𝑟𝑖𝑚 ∙ 𝑁𝑇𝐺 ∙ 𝜀(𝑍)
𝑁𝑇𝐺 =

𝜌 ∙ 𝑑𝑥 ∙ 𝒩𝐴
𝐴

where
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Preliminary differential cross-sections
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16O (400 MeV/u)+ 12C → 7Li + X (GSI – 2021)
Work from Giacomo Ubaldi

12C (200 MeV/u) + 12C → 7Be + X (CNAO – 2023)
Work from Roberto Zarrella

NB: MC performed with FLUKA

Why cross-sections for applied physics? Some results ConclusionFOOT setup



• Prospects of FOOT experiment
o Double differential cross-section analysis of CNAO experiment performed in 2023 still on-going
o New experimental campaign will start in November 2024 @ CNAO
o Long-term: upgrade of detectors, measurements at higher energies for space and with new ions (4He, 56Fe)
o Comparison with additional hadronic models from simulation (INCL, BIC, QMD…)
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Conclusions & prospects

• Other experiments on-going
o CLINM: measuring secondary particles yields

coupled with radiolysis of molecules after thick
target for space

o Different studies on-going @ GSI
o Secondary neutrons
o … and many other…

Why cross-sections for applied physics? Some results ConclusionFOOT setup

CLINM project - 12C (400 
MeV/u)+ RW3 (tissue-
equivalent) → 4He + X (CNAO –
2023)
Work from Levana Gesson
(Strasbourg university)
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About deep learning => DINo (Deep learning Intelligence for Nuclear 

reactiOns) algorithm


	Slide 1: Cross-sections measurements in hadrontherapy and space radiation protection
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16

