
Neutron production double differential cross sections 
measurements in fragmentation events (NeuX) 

- designing and building the High-Rate Neutron Counter (HRNC), for fast and accurate measurement of 
neutron double differential cross sections (n-dd-XS)  - INFN-To + UniTO

- validating it by means of benchmarking measurements with precise but slow techniques, the RIPTIDE 
detector (UniBO + INFN-Bo) and Emulsion Chambers (UniNA + INFN-LNGS)

- designing and testing a hadronic calorimeter for measurements up to 10 GeV neutrons (INFN-Ba);

- measuring n-dd XS induced by beam and target fragmentation in the 70-400 MeV/u energy range, 
relevant for Charged Particle Therapy, at CNAO

- Beam fragmentation (He-C at 115 and 200 MeV/u; C-C at 115, 200 and 400 MeV/u) 
- Target fragmentation (p-C, p-Al, p-Al2O3 and p-CaO at 115 and 200 MeV)
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- LGAD detector on the beam tags the crossing time of each particle with a ~30 ps time resolution & 2 ns 
signal duration 

- VETO + segmented scintillator (Time-Of-Flight-based neutron identification & neutron counting)
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Neutron Counting
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Here lies the uncertainty (< 5 -10%)
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TOF spectra for the preliminary test at CNAO
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Zenit angle distribution of the cosmic rays

Benchmarking with RIPTIDE



Monte Carlo simulations. Left: angular distribution for protons from the target entering the EC (red) and for secondary protons 
produced by neutron interactions in the EC (blue). Right: kinetic energy distribution for neutrons interacting in the EC and 
producing a visible fragment.

Benchmarking with Emulsion Chambers



Existing prototype of the Hadronic calorimeter



NeuX (FOOT++) measurement plan 

- CNAO (within 3 years): ~ 4h for a dd-XS measurement

- Beam fragmentation (He-C at 115 and 200 MeV/u; C-C at 115, 200 and 
400 MeV/u) 

- Target fragmentation (p-C, p-Al, p-Al2O3 and p-CaO at 115 and 200 
MeV)

- GSI (when available…)

- Beam and target fragmentation with light (and maybe not-so-light) nuclei
- Up to 2 GeV:  HRNC (TOF is expected to work)
- Above 2 Gev: Hadronic calorimeter replaces segmented crystals



Backup slides



Figure # - Experimental and MC neutron kinetic energy distributions.

Figure # - Bin-by-bin compatibility test between MC simulation and 
experimental TOF distribution based on bootstrap resampling. Shaded bands 
represent 95% CIs. Red bins indicate incompatibility (p-value < 0.05).

Figure # - Gaussian fit of the first prompt gamma peak in the TOF distribution after combinatorial 
background subtraction, used for the estimation of the system time resolution and transmission delay.

Figure # - (A) TOF distribution with the corresponding combinatorial background estimated via the 
multiplicity-resolved procedure. (B) Background-subtracted TOF distribution. Shaded regions denote 
95% confidence intervals obtained from 2000 bootstrap resamples.



Figure # - Geometrical configuration used in the MC simulation for the 
Beer-Lambert fitting proof-of-concept. Showing the segmented detector 
array and beam-target arrangement.

Figure # - MC TOF distributions recorded at each 
detection unit after charged-particle veto 
discrimination.

Figure # - Neutron kinetic energy distributions 
reconstructed from TOF data compared with MC 
truth.

Figure # - Beer-Lambert fit for the 7-43 MeV neutron energy group.



Fig. 4. A signal sample acquired during the exploratory data taking at CNAO. For a charged particle, in addition to the thin 
silicon strips on the beam (blue) and the LaBr3:Ce (green) signals, a signal from the plastic scintillator (red) is present. 
Neutral particles do not induce such signals and can therefore be selected by setting the plastic scintillator output in 
anticoincidence mode in the trigger.
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Fig. 8. MC Residuals of: (Left) cosθ between the proton and neutron direction; (Center) proton range and (Right) neutron 
Energy. 
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Fig. 9. Top. Signals produced by protons of different energies. Bottom Left. Profile of the 
deposited energy for a 70 MeV proton: the Bragg peaks are well visible at the end of the 
track. Bottom Right Single scattering signal from a neutron.

In
te

ns
ity



Fig. 12. NeuX GANTT chart.


