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Outline

A close look up to the netron data in the literature

• Neutron production in THIN targets: cross sections, angular distribution, 
… as input to MC

Ø Proton-induced reactions: inclusive Vs exclusive cross section
Ø Light-ion induced reactions

• Neutron production in THICK targets: comparison/benchmark with MC 
simulations

Ø Proton- and Carbon-induced reactions on homogeneous target: 
measurement of secondary neutron yields

Ø Proton- and Carbon-induced reactions on clinical phantom

FOOT Collaboration Meeting December 2020



Thin target, proton-induced reactions 

Example: exclusive cross section 
data for 12C(p,pn)11C

K. Matsushita et al., Nuclear Physics A 946 (2016) 104–116

2016
Total 

cross section



Thin target, proton-induced reactions 

8-O-16(P,2N+2P)7-N-13
EXFOR Request: 14961/1, 2020-Aug-28 12:20:18
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Example: exclusive cross section 
data for 16O(p,n), 16O(p,2n), 16O(p,3n) 

Data retrieved from the EXFOR database

Total 
cross section



Thin target, proton-induced reactions (p,nx)

Example: inclusive cross section 
data for C(p,xn) @ 113 MeV

NUCLEAR SCIENCE AND ENGINEERING: 102, 310-321 (1989)

Differential
cross section

p + C 
@ 113 MeV



Thin target, proton-induced reactions (p,nx)

Example: inclusive cross section 
data for C(p,xn) @ 256 MeV

NUCLEAR SCIENCE AND ENGINEERING: 110, 289-298 (1992)

Differential
cross section

p + C 
@ 256 MeV



Thin target, proton-induced reactions (p,nx)

Example: inclusive cross section 
data for C(p,xn) @ 597 MeV

NUCLEAR SCIENCE AND ENGINEERING: 115, 1 - 1 2 (1993)

Differential
cross section

p + C 
@ 597 MeV



Thin target, proton-induced reactions (p,nx)

Example: inclusive cross section 
data for C(p,xn) @ 800 MeV

NUCLEAR SCIENCE AND ENGINEERING: 112, 78-86 (1992)

Differential
cross section

p + C 
@ 800 MeV



Thin target, proton-induced reactions (p,nx)

Example: inclusive cross section 
data for O(p,xp) @ 113 MeV

NUCLEAR SCIENCE AND ENGINEERING: 102, 310-321 (1989)

Differential
cross section

p + O 
@ 113 MeV



Thin target, proton-induced reactions (p,nx)

Example: inclusive cross section 
data for O(p,xp) @ 256 MeV

NUCLEAR SCIENCE AND ENGINEERING: 110, 289-298 (1992)

Differential
cross section

p + O 
@ 256 MeV



Thin target, proton-induced reactions (p,nx)

Example: inclusive cross section 
data for O(p,xp) @ 597 MeV

NUCLEAR SCIENCE AND ENGINEERING: 115, 1 - 1 2 (1993)

Differential
cross section

p + O 
@ 597 MeV



Thin target, proton-induced reactions (p,nx)

Example: inclusive cross section 
data for O(p,xp) @ 800 MeV

Differential
cross section

NUCLEAR SCIENCE AND ENGINEERING: 112, 78-86 (1992)

p + O 
@ 800 MeV



Thin target, proton-induced reactions (p,nx)

NUCLEAR SCIENCE AND ENGINEERING: 102, 310-321 (1989)
NUCLEAR SCIENCE AND ENGINEERING: 110, 289-298 (1992)
NUCLEAR SCIENCE AND ENGINEERING: 112, 78-86 (1992)
NUCLEAR SCIENCE AND ENGINEERING: 115, 1 - 1 2 (1993)

TOF
technique

Inclusive cross 
sections



Thin target, proton-induced reactions (p,nx)

NUCLEAR SCIENCE AND ENGINEERING: 102, 310-321 (1989)
NUCLEAR SCIENCE AND ENGINEERING: 110, 289-298 (1992)
NUCLEAR SCIENCE AND ENGINEERING: 112, 78-86 (1992)
NUCLEAR SCIENCE AND ENGINEERING: 115, 1 - 1 2 (1993)

Target: 
Be,  B,  C,  N,  Al,  Fe,  Pb, U

Energy:
113, 256, 597, 800 MeV

Angle:
7.5°, 30°, 60°, 150° LE & 30°, 60°, 120°,150° HE 

Incoming proton energy, MeV

TOF
technique

Inclusive cross 
sections



Thin target, proton-induced reactions (p,nx)

NUCLEAR SCIENCE AND ENGINEERING: 102, 310-321 (1989)
NUCLEAR SCIENCE AND ENGINEERING: 110, 289-298 (1992)
NUCLEAR SCIENCE AND ENGINEERING: 112, 78-86 (1992)
NUCLEAR SCIENCE AND ENGINEERING: 115, 1 - 1 2 (1993)

Target: 
Be,  B,  C,  N,  Al,  Fe,  Pb, U

Energy:
113, 256, 597, 800 MeV

Angle:
7.5°, 30°, 60°, 150° LE & 30°, 60°, 120°,150° HE 

Incoming proton energy, MeV

TOF
technique

Inclusive cross 
sections



MC simulations – particles from target (5-mm thick)
1H+C2H4 @200MeV/u (newgeom) statistics: 5x107 primaries

q
L = 1 m

Area = 45 cm2
Dq ~ 2 deg.

- neutrons
- protons
- Heavy part.
- g rays

q (deg.)

Angles: 30        60 deg

En TOF

1 MeV 72 ns

10 MeV 23 ns

50 MeV 10.6 ns

100 MeV 7.8 ns

200 MeV 5.9 ns

150 deg



MC simulations – particles from target (5-mm thick)

q = 30°
L = 1 m

Area = 45 cm2
Dq ~ 2 deg.
Geometric eff. ~ 1% 
of the ring

- neutrons
- protons
- Heavy part.
- g rays

Kinetic energy (GeV)

En TOF

1 MeV 72 ns

10 MeV 23 ns

50 MeV 10.6 ns

100 MeV 7.8 ns

200 MeV 5.9 ns

~ 10000 neutrons 
Geometric efficiency ~ 1%
Detection efficiency ~ 10 %
à 10 events in the detector for 5x107 primaries

1H+C2H4 @200MeV/u (newgeom) statistics: 5x107 primaries

28° < q < 32°



MC simulations – particles from target (5-mm thick)

q = 60°

L = 1 m

- neutrons
- protons
- Heavy part.
- g rays

Kinetic energy (GeV)

En TOF

1 MeV 72 ns

10 MeV 23 ns

50 MeV 10.6 ns

100 MeV 7.8 ns

200 MeV 5.9 ns

~ 550 neutrons 
Geometric efficiency ~ 1%
Detection efficiency ~ 10 %
à < 1 events in the detector for 5x107 primaries

1H+C2H4 @200MeV/u (newgeom) statistics: 5x107 primaries

58° < q < 62°



Thin target, heavy-Ion induced reactions

Example: inclusive cross section

PHYSICAL REVIEW C 64 (2001) 034607

@ 135 MeV/u



Thin target, heavy-Ion induced reactions

Example: inclusive cross section

PHYSICAL REVIEW C 64 (2001) 034607

@ 135 MeV/u



Thin target, heavy-Ion induced reactions

PHYSICAL REVIEW C 64 (2001) 034607

@ 135 MeV/u

Angular
distribution



Thin target, heavy-Ion induced reactions

Example: inclusive cross section

PHYSICAL REVIEW C 64 (2001) 054609

@ 290 MeV/u
@ 400 MeV/u
@ 600 MeV/u

C Cu Pb

Differential
cross section



Thin target, heavy-Ion induced reactions

Example: inclusive cross section

@ 290 MeV/u
@ 400 MeV/u
@ 600 MeV/u

PHYSICAL REVIEW C 64 (2001) 054609

Angular
distribution



Thin target, heavy-Ion induced reactions

Example: inclusive cross section

NUCLEAR SCIENCE AND ENGINEERING 157 (2007) 142

@ 230 MeV/u
@ 400 MeV/u
@ 500 MeV/u
@ 600 MeV/u

CDifferential
cross section



Handbook on Secondary 
Particle Production And 
Transport by High-energy 
Heavy Ions

by Nakamura and 
Heilbronn

Thin target, heavy-Ion induced reactions



Thin target, heavy-Ion induced reactions
Target: 

Li, C, Al, Cu, Pb, U and CH2

Beams:
He, C, N, Ne, Ar, Si, Fe, Kr, Xe 

Energy:
135, 230, 290, 400, 500, 560, 600 MeV/u

Incoming proton energy, MeV

Inclusive cross 
sections

TOF
technique

Handbook on Secondary Particle Production And Transport by High-
energy Heavy Ions by Nakamura and Heilbronn
NUCLEAR SCIENCE AND ENGINEERING 157 (2007) 142
PHYSICAL REVIEW C 64 (2001) 054609
PHYSICAL REVIEW C 64 (2001) 034607



Thin target, heavy-Ion induced reactions 
Target: 

Li, C, Al, Cu, Pb, U and CH2

Beams:
He, C, N, Ne, Ar, Si, Fe, Kr, Xe 

Energy:
135, 230, 290, 400, 500, 560, 600 MeV/u

Incoming proton energy, MeV

Inclusive cross 
sections

TOF
technique

Handbook on Secondary Particle Production And Transport by High-
energy Heavy Ions by Nakamura and Heilbronn
NUCLEAR SCIENCE AND ENGINEERING 157 (2007) 142
PHYSICAL REVIEW C 64 (2001) 054609
PHYSICAL REVIEW C 64 (2001) 034607



Thin target, heavy-Ion induced reactions 
Target: 

Li, C, Al, Cu, Pb, U and CH2

Beams:
He, C, N, Ne, Ar, Si, Fe, Kr, Xe 

Energy:
135, 230, 290, 400, 500, 560, 600 MeV/u

Incoming proton energy, MeV

Inclusive cross 
sections

TOF
technique

Handbook on Secondary Particle Production And Transport by High-
energy Heavy Ions by Nakamura and Heilbronn
NUCLEAR SCIENCE AND ENGINEERING 157 (2007) 142
PHYSICAL REVIEW C 64 (2001) 054609
PHYSICAL REVIEW C 64 (2001) 034607



MC simulations – particles from target (5-mm thick)
16O+C2H4 @200MeV/u (newgeom) statistics: 5x107 primaries

q
L = 1 m

Area = 45 cm2
Dq ~ 2 deg.

- neutrons
- protons
- Heavy part.
- g rays

q (deg.)

Angles: 30                      80 deg

En TOF

1 MeV 72 ns

10 MeV 23 ns

50 MeV 10.6 ns

100 MeV 7.8 ns

200 MeV 5.9 ns



MC simulations – particles from target (5-mm thick)
16O+C2H4 @200MeV/u (newgeom) statistics: 5x107 primaries

q = 30°
L = 1 m

Area = 45 cm2
Dq ~ 2 deg.
Geometric eff. ~ 1% 
of the ring

- neutrons
- protons
- Heavy part.
- g rays

Kinetic energy (GeV)

En TOF

1 MeV 72 ns

10 MeV 23 ns

50 MeV 10.6 ns

100 MeV 7.8 ns

200 MeV 5.9 ns

~ 181000 neutrons 
Geometric efficiency ~ 1%
Detection efficiency ~ 10 %
à 181 events in the detector for 5x107 primaries

28° < q < 32°



MC simulations – particles from target (5-mm thick)
16O+C2H4 @200MeV/u (newgeom) statistics: 5x107 primaries

q = 80°

L = 1 m

- neutrons
- protons
- Heavy part.
- g rays

Kinetic energy (GeV)

En TOF

1 MeV 72 ns

10 MeV 23 ns

50 MeV 10.6 ns

100 MeV 7.8 ns

200 MeV 5.9 ns

~ 36000 neutrons 
Geometric efficiency ~ 1%
Detection efficiency ~ 10 %
à 36 events in the detector for 5x107 primaries

78° < q < 82°



Homogeneous THIK target, charged-particle induced reactions

Handbook on Secondary 
Particle Production And 
Transport by High-energy 
Heavy Ions
by Nakamura and 
Heilbronn



IAEA Benchmark of 
Spallation Models available 
online: https://www-
nds.iaea.org/spallations/
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p (63 MeV) + Pb208 -- Neutron spectrum

cascade04
cascadeasf
cascadex
cem0302
cem0303
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24o guertin et al.

Homogeneous THIK target, charged-particle induced reactions



THICK target: non homogenous target (clinical phantom) 

Phys. Med. Biol. 65 (2020) 155002

@ CNAO

BW3 phantom: 30 cm x 30 cm x 
15 cm (thick enough to stop the 
proton and carbon-ion beams)



Phys. Med. Biol. 65 (2020) 155002

BW3 phantom: 30 cm x 30 cm x 
15 cm (thick enough to stop the 
proton and carbon-ion beams)

200 MeV
protons
at 45°

@ CNAOTHICK target: non homogenous target (clinical phantom) 



Phys. Med. Biol. 65 (2020) 155002

@ CNAO

293 MeV/u 
&

388 MeV/u 
Carbon

THICK target: non homogenous target (clinical phantom) 



Conclusions 
• Large number of experimental data sets but often 

not made available on nuclear reaction 
databases.

• A few exclusive cross section measurements on 
p + 12C  and + 16O, respectively. Very challenging 
experiments and most valuable data(?) 

• Inclusive differential cross sections on thin targets
for p + 12C and 16O  available at several angles 
and energies.

• No neutron data for the 12C + 16O reaction. Few 
neutron data for 12C + 12C. 

• Experiments on thick targets, show the need for 
more accurate neutron data.

Worth 
investigating  

feasibility    @ 
FOOT ?

d2s/dEdW could 
be improved and 

perhaps cross-
checked?

Similar 
experiments 

could be 
performed 
@ FOOT?

d2s/dEdW could 
be improved and 

perhaps cross-
checked?



During the next test beam at CNAO It could be possible to repeat some 
measurements present in the literature about neutron production in p+12C 
and 12C+12C reactions:
• p + 12C @ 30 and 60 (150?) deg. with energy of 113 and 256 MeV
• 12C + 12C @ 30 and 80 deg. with energy of 135 and 290 MeV/u

These tests will provide the information about the feasibility of detecting 
neutrons with the present setup and with other detectors.

Dedicated simulations are required to be able to better prepare the test 
and estimate the required beam time.

Dedicated beam time (approximately … h) is neessary to perform the test. 
Count rate might be an issue!

Conclusions 
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backup

• Handbook on Secondary Particle Production And Transport by High-
energy Heavy Ions, by Nakamura and Heilbronn

• IAEA Benchmark of Spallation Models available online: https://www-
nds.iaea.org/spallations/


