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Why 63,65Cu? 

(n,g)
(n,n)

(n,n’)

(n,tot)

sn >> sg 
sel > sinel

Natural abundance:
63Cu 69.2 % 
65Cu 30.8 %
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Why 63,65Cu? 

Nucl. Astro. 

ØNuclear Technology

ØNuclear Astrophysics

Nucl. Techn.

63Cu and 65Cu very similar
Ø 63Cu presented here
Ø 65Cu in backup slides
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Why 63,65Cu? 
Nucl. Techn.

TAratura Pila Rapida Potenza ZerO (TAPIRO) 
research reactor:

Ø 5 kW power
Ø U-Mo fuel 
Ø Core = 12 cm cylinder
Ø 235U enrichment = 93.5%
Ø 4x1012 n/s

Ø FAST SPECTRUM

Maximum at 
En = 820 KeV

Evaluation benchmark        Material test

TAPIRO can play a pivotal role in supporting
the development of fast reactor projects
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Why 63,65Cu? 
Nucl. Techn.

ENDF/B-VIII.0 à keff= 1.00000 

Evaluation

Evaluation

TAPIRO: keff study by MCNP

63Cu

65Cu

U-Mo 
core

Copper
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Why 63,65Cu? 
Nucl. Techn.

ENDF/B-VIII.0 à keff= 1.00000 

Evaluation

Evaluation

TAPIRO: keff study by MCNP

63Cu

65Cu

Library effect =
1.5 x regulation rod 

U-Mo 
core

Copper
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Why 63,65Cu? 
Nucl. Techn.

TAPIRO: spectral parameters sensitivity & uncertainty study by ERANOS 2.3

63Cu(n,g)

63Cu(n,n)
63Cu(n,n’)

65Cu(n,g)
65Cu(n,n) 65Cu(n,n’)

MeVMeV MeV

MeVMeV MeV

Se
ns

iti
vi

ty

10 keV < En < 300 keV 50 keV < En < 5 MeV 1 MeV < En < 5 MeV
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Why 63,65Cu? 
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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Why 63,65Cu? 
Nucl. Astro. 

How copper was produced?

Not clear! Candidates:
1. Weak s process (Massive stars)
2. Main s process (AGB)
3. SNe Ia
4. SNe II

The s process requires 
MACS @ kT= 8,25, 90 keV 

With accurate determination of Cu MACS, it is possible 
to clarify what is the s-process contribution to Cu. Once 
this is done, it will be possible to constrain the Cu 
production by other nucleosynthesis processes, where 
stellar and nuclear uncertainties are much larger.
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Why 63,65Cu? 
Nucl. Astro. 

Propagation effect in the weak 
s-process nucleosynthesis 

Impact of 63,65Cu(n,g) cross sections on efficiency 
for the production of elements heavier than Cu

Impact of 63,65Cu(n,g) cross sections on  the efficiency 
for the production of elements heavier than Cu

M. Pignatari, et al., The s process in massive 
stars, a benchmark for neutron capture reaction 
rates, European Physical Journal A 59 (2023) 12, 
10.1140/epja/s10050-023-01206-1
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Data in literature
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Data in literature

Ø Time-of-flight data needed for En < 300 keV
Ø n_TOF can accurately cover this energy region

Factor 2 !!!Factor 2 !!!

20%

63Cu(n,g)

Other capture 
data available 

on a small 
energy range
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Data in literature
63Cu(n, tot)

Ø Time-of-flight data needed 
for 50 KeV < En < 5 MeV

Ø n_TOF can accurately cover 
this energy region with a 
transmission experiment; 
stot = sn + sg + sn’ 

Ø stot ≅ sn for En< 2 MeV

63Cu(n, n)

63Cu(n, n’)

Angular distribution

Ø Currently, detector 
R&D, to study these 
channels at n_TOF

Ø Possible synergy 
with JRC-Geel

Addendum in the future?

Link1
Link2
Link3
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Proposed measurements

Ø Capture at EAR1 
using 4 C6D6 

Ø Transmission at EAR1 
using 235U fission 
chamber from PTB

Consist of capture and transmission experiments at EAR1 using highly enriched samples 
(99.8% in 63Cu and 99.0% in 65Cu)

Example:

2 grams of 63Cu and 
cylindrical sample 
of 1.5 cm radius 
(2.7x10-3 at/b)

2x1018 protons

2 g 20 g
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Proposed measurements

Consist of capture and transmission experiments at EAR1 using highly enriched samples 
(99.8% in 63Cu and 99.0% in 65Cu)

Target:
Ø Observe resonances up to 50-

200 keV
Ø sg uncertainty below 3-5% 

Target:
Ø stot uncertainty below 5% for 

En > 100 keV with 100 bpd
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Conclusion

Ø n+63,65Cu is an intriguing physics case! (new entry in HPRL?)

Ø Capture and transmission @ EAR1
Ø 5x1018 Protons for 63Cu(n,g) and 65Cu(n,g)
Ø 3x1018 Protons for 63Cu(n,tot) and 65Cu(n,tot) 

Ø Proton request split into 2 runs over 2 years
Ø e.g., (n,g) in 2024 and (n,tot) in 2025

Ø Other reactions in future dedicated addendum (if feasible)
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Total: 8x1018 protons on target
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Why 63,65Cu? 

(n,tot)

(n,n)

(n,n’)

sn >> sg 
sel > sinel

Natural abundance:
63Cu 69.2 % 
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Nucl. Techn.
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Why 63,65Cu? 
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ENDF Request 35358, 2024-Feb-06,12:37:04
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Uncertainties in a capture experiment

Mastromarco et al., Eur. Phys. J. A (2019) 55: 9
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Count rate estimate
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Count rate estimate
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Transmission


