
n + 63,65Cu 
at n_TOF

rame + n = ramen

(proposal INFN + ENEA in APRENDE )

Copper is “Rame” in italian 



n + 63Cu sn >> sg 
sel > sinel
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Q-value (keV)

Natural abundance:
63Cu 69.2 % 
65Cu 30.8 %

(n,g)
(n,n)
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(n,tot)
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Scientific interest

Nucl. Astro. 

• Nuclear Technology

• Nuclear Astrophysics

Nucl. Techn.
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• 63Cu and 65Cu very similar
• 63Cu presented here
• 65Cu in backup slides
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TAPIRO research reactor

TAratura Pila Rapida Potenza ZerO

• 5 kW power
• U-Mo fuel 
• Core = 12 cm cylinder
• 235U enrichment = 93.5%
• 4x1012 n/s
• FAST SPECTRUM
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Nucl. Techn.
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Nucl. Techn.

Maximum at 
En = 820 KeV

Evaluation benchmark

Material test
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TAPIRO: MCNP study

63Cu

ENDF/B-VIII.0 à keff = 1.00000 

65Cu
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Evaluation

Evaluation

Nucl. Techn.

Mo-U 
core

Copper
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TAPIRO: MCNP study

63Cu

ENDF/B-VIII.0 à keff = 1.00000 

65Cu
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Evaluation

Evaluation

Nucl. Techn.

Mo-U 
core

Copper

Library effect 
=

1.5 times the effect of a 
regulation rod !
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Sensitivity and Uncertainty (S/U) analysis was performed using the deterministic code ERANOS 2.3, for:

1. keff parameter 

2. ratio of fission reaction rates U238/U235 

3. ratio of fission r.r. Np237/U235 

TAPIRO: ERANOS à S/U analysis
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Nucl. Techn.
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TAPIRO: ERANOS à S/U analysis
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Nucl. Techn.

Sensitivity and Uncertainty (S/U) analysis was performed using the deterministic code ERANOS 2.3, for:

1. keff parameter 

2. ratio of fission reaction rates U238/U235 

3. ratio of fission r.r. Np237/U235 

(n,n) 
(n,n’)  
(n,g)

(n,n’) 
(n,n)  
(n,g)

(n,n) 
(n,n’)  
(n,g)

Relevant energy region

• Elastic: 50 keV < En < 5 MeV

• Inelastic 1 MeV < En < 5 MeV

• Rad. capture: 10 keV < En < 300 keV
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Nucl. Techn.

63Cu(n,g)

63Cu(n,n)

63Cu(n,n’)

65Cu(n,g)

65Cu(n,n)

65Cu(n,n’)

MeVMeV MeV

MeVMeV MeV

Se
ns
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ty

TAPIRO: ERANOS à S/U analysis
Example: keff
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Nucl. Techn.

Fusion – study at FNG

Conclusions
…

The present results call for a deep revision/re-evaluation of the copper cross 
sections. The new release JEFF-3.2 for Cu provided the highest disagreement 
in the C/E analysis and must be revised. To this end the results of the 
companion sensitivity/uncertainty post-analysis will help in identifying the 
main causes of uncertainty in the Cu cross sections. It worth to note that the
largest discrepancy among the C/E values was observed for the thermal
(capture) reactions suggesting problems and uncertainties in the 63,65Cu 
capture and elastic cross sections at lower energy rather than at high energy.

20162016
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Not clear! Candidates:

1. Weak s process
2. SNIa

The weak s-process requires: 
• MACS @ kT= 25 keV 
• MACS @ kT= 90 keV

How copper was produced?

n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain    massimi@bo.infn.it

Nucl. Astro. 
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Not clear! Candidates:
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The weak s-process requires: 
• MACS @ kT= 25 keV 
• MACS @ kT= 90 keV

How copper was produced?
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Nucl. Astro. 

Impact of 63,65Cu(n,g) 
cross sections 12



63Cu(n,g)

% MACS
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Nucl. Astro. 
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% MACS
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Nucl. Astro. Relevant energy region
1 keV < En < 300 keV63Cu(n,g)
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Nucl. Astro. 

63Cu(n,g)
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63Cu(n,g) En < 300 keV
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Nucl. Astro. 

TOF1976 - C6F6 -  ORELA

2008 – MACS - FZK

2017 – MACS -  LANSCE & JRC

2019 – MACS - SARAF
 

TOF

 102 mb @ 25 keV

 58 mb @ 25 keV

 92 mb @25 keV
 84 mb @ 30 keV

 70 mb @ 30 keV
 

16



63Cu(n,g) En < 300 keV
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Nucl. Astro. 

TOF1976 - C6F6 -  ORELA

2008 – MACS - FZK

2017 – MACS -  LANSCE & JRC

2019 – MACS - SARAF
 

TOF

 102 mb @ 25 keV

 58 mb @ 25 keV

 92 mb @25 keV
 84 mb @ 30 keV

 70 mb @ 30 keV
 

2016Factor 2 !!!
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(n,g) @ EAR 1

• 4 C6D6 
• Radius = 1 cm
• Mass = 2 g 
• 3x1018 protons
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63Cu(n,tot) En < 5 MeV
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Nucl. Techn.

TOF1976 - ORELA

2013 – GELINA

others
 

TOF

TOF

TOF

TOF
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(n,tot) @ EAR 1

PTB 
235U fission 

chamber 

Mass should
be 10 times 

larger !!!
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(n,tot) @ EAR 1

PTB 
235U fission 

chamber 

20 grams
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63,65Cu(n,n) 

50 keV < En < 5 MeV

• Transmission (@ n_TOF) 
• p-stil (elastic angular sistribution): 1 MeV < En < 10 MeV

n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain    massimi@bo.infn.it

Addendum in the 
future?
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63,65Cu(n,n’) 

1 MeV < En < 10 MeV

• HPGe/LaBr @ EAR1
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Addendum in the 
future?
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Conclusion:

• Ramen: an intriguing physics case! (we have just proposed a new entry in HPRL)

• next INTC (february): capture and transmission @ EAR1 using 1019 protons
• 6x1018 Protons for 63Cu(n,g) and 65Cu(n,g)
• 4x1018 Protons for 63Cu(n,tot) and 65Cu(n,tot) 

• Measurements performed in 2 years (e.g. 63Cu in 2024 and 65Cu in 2025)

• Other reacions in dedicated addendum (if possible)

n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain    massimi@bo.infn.it
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Backup
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63Cu

TOF - DANCE

TOF - ORELAAttivazione - FZK
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n + 65Cu Gn >> Gg 
sel > sanel
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Q-value (keV)

Natural abundance 30.9%
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(n,g) @ EAR 1, 4 C6D6, ∅ = 3 cm, mass = 2 g 
4x1018 p
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(n,g) @ EAR 1, 4 C6D6, ∅ = 3 cm, mass = 2 g 
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kT = 8 keV
63Cu
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Nucl. Astro. 
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63Cu
kT = 25 keV

n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain    massimi@bo.infn.it

Nucl. Astro. 
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63Cu
kT = 90 keV
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Nucl. Astro. 
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Nucl. Astro. 
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63Cu
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Nucl. Astro. 

• 4 C6D6 
• Radius = 2 cm
• Mass = 2 g 
• 3x1018 protons
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65Cu
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Nucl. Astro. 
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65Cu
kT = 8 keV
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Nucl. Astro. 

37



65Cu
kT = 25 keV
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Nucl. Astro. 
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65Cu
kT = 90 keV
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Nucl. Astro. 
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65Cu
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Nucl. Astro. 
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65Cu
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Nucl. Astro. 
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65Cu
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Tecnologie nucleari: TAPIRO

Tipico spettro di fissione, con massimo a En=820 keV
Ideale per studi di reattori veloci: 
Ø test di materiali
Ø Validazione di dati nucleari

RAME
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Nucl. Techn.
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Backup
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