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Radioprotection in space
light ions (p, He, Li, C, O), peak @ 700-800 MeV/u

Since they can interact with astronauts,
to optimize spacecraft shielding
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nuclear cross sectionmeasurements needed!
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Particle Therapy

Particle therapy vs radiotherapy:
• Finite range
• Localized dose profile
• Spare of healthy tissues
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Nuclear fragmentation in Particle Therapy
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Nuclear fragmentation in Particle Therapy

nuclear cross sectionmeasurements needed!
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The FOOT experiment

electronic setup

Goal:
Double differential nuclear fragmentation cross section                         with resolution better than 5%
measurements              
● Fixed target collisions
● Beam kinetic energies between 200 MeV/n and 800 MeV/n for particle therapy and space radioprotection topics
● Table top setup to be moved according to beam facility availability
● Direct / inverse kinematics cross section measurements
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The electronic setup

● Designed for “heavy” fragments (3 ≤ Z ≤ 10)
● Angular acceptance of ~ 10°
● Particle Identification thanks to the several specialized detectors
● Real time acquisition
● Final setup completed in 2024!
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The electronic setup

Upstream region
monitoring the beam before impinging on target

Start Counter
start of ToF (σt ~ 40 ps)
250 μm – 1 mm thick plastic scintillator
5x5 cm² active area
48 SiPMs, 8 channels readout

Beam monitor
beam momentum and direction (σθ < 0.5 °)

Drift chamber 
Ar/CO2 (80%/20%)

12 layers with 3 cells each 
Giacomo Ubaldi 7
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The electronic setup

Tracking region
reconstruction of the track of the fragments and momentum measurement (σp / p < 4%)

Vertex
Tracker

Inner
Tracker

Microstrip Silicon
Detector

Permanent
Magnets

Vertex & Inner Tracker
MIMOSA-28 Si Pixel detector
20 μm pitch, 50 μm depth
4 planes for Vertex
2 planes for Inner Tracker

Microstrip Detector
Si Strip detector

9 x 9 cm2 active area
150 µm readout pitch
3 pairs of X-Y layers

Magnets
Hallbach configuration
B field in y axis (max 0.9 and 1.1 T)
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The electronic setup

Downstream region
particle identification (charge and mass number)

ToF Wall
stop of ToF (σt ~ 40 ps)
energy loss (σEloss/Eloss ~ 5%)
plastic scintillator bars
44x2x0.3 cm3 dimension
2 layers of 20 bars
SiPM readout

ToF Wall
Calorimeter

Calorimeter
kinetic energy (σEkin ~ 2 %)

BGO scintillator
320 crystals

charge reconstruction
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CNAO2024 experimental campaign

Giacomo Ubaldi

 Data-taking at CNAO in November 2024
 12C 200 MeV/u on 5 mm C target with B field
 Total setup
 ~ 1.8 M experimental data
 10 M FLUKA simulated data

● VT, MSD, TW considered
●  Global tracking reconstruction

SC BM

VT IT MSD

DI

TW

DI

CAL
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Tracking Reconstruction
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Clusters of every detector are collected in a global track
using GENFIT library, 

● Setup geometry and magnets map loaded
● Start from VT tracklets
● Projection to (if present) planes of IT
● Kalman Filter extrapolation to MSD
● Kalman Filter extrapolation to TW
● Possible Z from TW → track representation
● Fit the track candidates and extract fitted global track,

with Z, momentum, β, emission angle θ



  

Tracking Reconstruction
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Clusters of every detector are collected in a global track
using GENFIT library, 

● Setup geometry and magnets map loaded
● Start from VT tracklets
● Projection to (if present) planes of IT
● Kalman Filter extrapolation to MSD
● Kalman Filter extrapolation to TW
● Possible Z from TW → track representation
● Fit the track candidates and extract fitted global track,

with Z, momentum, β, emission angle θ

GENFIT Event display, run 7077

First tracking reconstruction in 
magnetic field

of the FOOT apparatus
for experimental data!



  

Yield cuts

Giacomo Ubaldi

The following cuts are used in the analysis:

Reconstruction
● global track using GENFIT
● it has a VTX tracklet

BM – VT tracklet match
BM has only 1 track for the event

● it is made of at least 9 clusters (~70% of totals)
● it considers MSD and IT clusters
● it has a TW point

 

es. Z=2
from simulation
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Yield cuts

Giacomo Ubaldi

The following cuts are used in the analysis:

Reconstruction
Quality cut
● p value > 0.01
● | worst cluster residual | < 0.04 cm
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es. Z=2
from simulation



  

Yield cuts
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The following cuts are used in the analysis:

Reconstruction
Quality cut
Single track cut
● cuts the events with only 1 track
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es. Z=2
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Yield cuts

Giacomo Ubaldi

The following cuts are used in the analysis:

Reconstruction
Quality cut
Single track cut
TW point cut
● consider only tracks with different TW points
● the number of tracks is the same of TW points
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es. Z=2
from simulation



  

Cross Section closure test
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● Closure test to evaluate reliability and robustness of the analysis methods
performed on FLUKA simulated data

● Comparison of reconstructed and reference cross section
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Reconstruction
Quality cut
Multi-tracks cut
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● Closure test to evaluate reliability and robustness of the analysis methods
performed on FLUKA simulated data

● Comparison of reconstructed and reference cross section

      13

[mb/sr] He Be[mb/sr]

● Efficiencies evaluated on global track reconstruction performance
● Cuts progressively improve closure test 
● Systematic discrepancy inside the statystical error, lower than ±5% up to highest angles
● Confirmation of robustness, application to experimental data  

Reconstruction
Quality cut
Multi-tracks cut
TW point cut
MC reference
last cut stat error



  

Cross Section measurements
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● Differential cross section results on experimental data
● normalized to total elemental cross section
● using last cut for yields
● using efficiencies obtained by MC FLUKA simulation



  

Cross Section measurements
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Theta [deg] Theta [deg]

He Li
PRELIMINARY

Exp
MC ref

● Differential cross section results on experimental data
● normalized to total elemental cross section
● using last cut for yields
● using efficiencies obtained by MC FLUKA simulation

PRELIMINARY
Exp
MC ref



  

Cross Section measurements
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● First angular differential cross sections measurements of 200 MeV/u 12C on C, with FOOT full setup, in B field
● Systematical error to be introduced according to agreement with MC closure test
● Behaviour in agreement with what expected by MC_ref, 
● although several aspects to inspect (VT efficiency, MSD clustering, magnets mapping alignment...)

Theta [deg] Theta [deg]

Be BPRELIMINARY
Exp
MC ref

PRELIMINARY
Exp
MC ref
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First attempt to momentum reconstruction
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Momentum p reconstructed from bending of the 
global track in the tracking region

p
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Momentum p reconstructed from bending of the 
global track in the tracking region

p

Z=1

Z=2

Z=3
Z=4

Z=5

PRELIMINARY

[GeV/c]

● no cuts applied, noisy events to be removed 
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First attempt to momentum reconstruction
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Momentum p reconstructed from bending of the 
global track in the tracking region

p

Z=1

Z=2

Z=3
Z=4

Z=5

from MC: 2.48  ± 0.18 ( 7.2% )
from Exp: 2.49 ± 0.23 ( 9.2% )

Quality cut
Z=6

● no cuts applied, noisy events to be removed 
● applying cuts, distribution comparable to MC, in agreement with FOOT resolution requirements

PRELIMINARY

He

4He peak

C

from MC: 7.7  ± 0.2 ( 2.6% )
from Exp: 7.6 ± 0.3 ( 3.8% )

12C peak

[GeV/c] [GeV/c] [GeV/c]
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First attempt to mass reconstruction
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Atomic mass A can be computed combining
● momentum p from GENFIT global track
● TOF from TW point

TOF

p
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First attempt to mass reconstruction

      18Giacomo Ubaldi

Atomic mass A can be computed combining
● momentum p from GENFIT global track
● TOF from TW point

TOF

p

Z=1

Z=2

Z=3
Z=4

Z=5

[AMU]

PRELIMINARY

● no cuts applied, 
● distinction of the main isotopes (es Z=2, A=4)
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First attempt to mass reconstruction
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Atomic mass A can be computed combining
● momentum p from GENFIT global track
● TOF from TW point

TOF

p

Z=1

Z=2

Z=3
Z=4

Z=5

● no cuts applied, 
● distinction of the main isotopes (es Z=2, A=4)
● after cuts, systematical underestimation
● for main isotopes distribution comparable to MC, in agreement with FOOT resolution requirements

PRELIMINARY

[AMU] from MC: 4.11  ± 0.11 ( 2.6% )
from Exp: 4.01 ± 0.24 ( 5.9% )

He

4He peak

3He

from MC: 12.4  ± 0.4 ( 2.9% )
from Exp: 10.9 ± 0.7 ( 6.4% )

C

12C peak

[AMU] [AMU]



  

Conclusions
● Nuclear fragmentation cross section measurements with 

the FOOT experiment
● Fundamental interest in several fields, among which particle therapy 

and space radioprotection

● First results with the full setup!
● Preliminary differential cross section measurements of 12C 200 MeV/u on 5 mm C target
● Preliminary momentum and mass reconstruction,

promising for  ongoing analysis toward isotopic cross sections
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Conclusions

Giacomo Ubaldi

Thanks for the attention!



  

back-up slides
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Yield cuts
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The following cuts are used in the analysis:

Reconstruction
Quality cut
Multi-tracks cut
● cuts the events with only 1 track
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es. Z=2
from simulation

TG



  

The FOOT physics program

Physics aim Beam Target Energy 
(MeV/u)

Inverse or 
direct

Target Frag. PT 12C C, C2H4 200 inv 

Target Frag. PT 16O C, C2H4  200 inv 

Beam Frag. PT 12C C, C2H4, PMMA 350 dir 

Beam Frag. PT 16O C, C2H4, PMMA 400 dir 

Beam Frag. PT 4He C, C2H4, PMMA  250 dir 

Rad. 
Prot.space 

4He C, C2H4, PMMA  700 dir 

Rad. 
Prot.space 

12C C, C2H4, PMMA  700 dir 

Rad. 
Prot.space 

16O C, C2H4, PMMA  700 dir 

Several facilities avaliable:

CNAO (Pavia, Italy)

GSI (Darmstadt, Germany)

HIT (Heidelberg, Germany)
 



  

Physics data taking done up to now
Beam Target Energy 

MeV/u
Statistics 
(millions)

Integral 
Differential 
elemental

Integral 
Differential 

isotopic

direct inverse Emulsions campaig
n

O C
C2H4

200
400

0.06 angle NO YES NO Yes
Yes

GSI 2019
GSI 2020

O C
C2H4

C
C2H4

200
200
400
400

14.2
12.2
5.5
6.5

angle NO YES NO Yes GSI 2021

He C 100
140
200
220

18.5
19.6
13.5
14.4

angle NO YES NO No HEID 
2022

C C 200 4.1 angle NO YES NO CNAO 
2022

C C
C2H4

 200
200       

3.2
2.0

Angle
Energy

YES YES YES Yes CNAO 
2023

C C  200
       

Mostly 
tests

VTX, IT, 
Calo, NIT

Angle YES YES NO NIT tests CNAO 
2024



  

Next Physics data taking 
Beam Target Energy 

MeV/u
Integral 

Differential 
elemental

Integral 
Differential 

isotopic

Emulsions Campaign

C C,  C2H4 100-200 Angle

Energy

YES YES 

(NIT?)

CNAO 2025

O C 500-700 
(?)

Angle

Energy

YES YES GSI 2026

C C, C2H4 200-300 Angle

Energy

YES - CNAO 2026

P C 100-220 Angle

Energy

YES NIT CNAO 2026

C C,  C2H4

PMMA

320-400 Angle

Energy

YES YES CNAO 2027

He C, C2H4

PMMA

200-
400(?)

Angle

Energy

YES YES CNAO 2027



Setup overview



 From Bethe – Bloch formula I can get z:

 Infos taken from SC 
and TW

z=8
z=7

z=6

z=5

z=4

z=3
z=2
z=1

dE

ToF
TW charge reconstruction algo Charge discrimination

Fragments identification



 Mass reconstruction using all FOOT subdetectors:

 In our data no tracker and calorimeter → mass measurement only in MC data!

 Augmented Lagrangian 
Method

Aχ 2 = 11.66 ± 0.38
risoluz. 3.2 %
χ 2 < 5

Isotope identification



Inverse kinematicsInverse kinematic approach



Which target?



Angular distribution of fragments



Projectile and target fragments

● Emulsion setup 
● Electronic setup

(inverse kinematic)

● Emulsion setup 
● Electronic setup

(inverse kinematic)

●  Electronic setup
● Emulsion setup (Z<4)



Cross section measurements in literature



FLUKA MC models for FOOT



  

Hadrontherapy vs conventional radiotherapy



Flue
nce

Dose

Dose 
equivalent

Space particle fluxes and dose
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