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Copper is “Rame” in italian



n + %3Cu

Natural abundance:
63Cu 69.2 %
65Cu 30.8 %
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Scientific interest

* Nuclear Technology

* Nuclear Astrophysics

e 63Cu and ®°Cu very similar

e 63Cu presented here
* 65Cu in backup slides

Jn]'} n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain massimi@bo.infn.it . ENen QINFN

uuuuuuuuuuuuuuuuuuuuuuuuuuuuu



TAPIRO research reactor

TAratura Pila Rapida Potenza ZerO

* 5 kW power

* U-Mo fuel

* Core =12 cm cylinder
235 enrichment = 93.5%
e 4x1012 n/s
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TAPIRO research reactor

TAratura Pila Rapida Potenza ZerO

* 5 kW power

* U-Mo fuel

* Core =12 cm cylinder
235 enrichment = 93.5%
e 4x1012 n/s

* FAST SPECTRUM

—TAPIRO..|

Maximum at
En =820 KeV

Evaluation benchmark

Neutron energy spectrum (a.u.)

Material test

0,E+00
1E-02 1,E-01 1,E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07
Energy (ev)
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TAPIRO: MCNP study

ENDF/B-VIII.0 = k.= 1.00000

»
JEFF3.3 1.00637 4 0.00001 63
JENDL-5 1.00147 £ 0.00001 Cu
TENDL-2021 | 1.00102 = 0.00001
-

JEFF3.3 0.99980 4 0.00001
JENDL-5 0.99782 4+ 0.00001
TENDL-2021 | 1.00017 £ 0.00001

65Cu
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TAPIRO: MCNP study

ENDF/B-VIII.0 = k.= 1.00000

[ oo T
! JEFF3.3 1.00637 + 0.00001 |

JENDL-5 | 1.00147 % 0.00001 *Cu
JINDL-2021 | 1.00102 % 0.00001

Evaluation

ket
: 0.99980 4 0.00001
, 3¢ 0.99782 4+ 0.00001
ENDL-2021 | 1.00017 £ 0.00001

65Cu

Library effect

1.5 times the effect of a

regulation rod !
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TAPIRO: ERANOS - S/U analysis

Sensitivity and Uncertainty (S/U) analysis was performed using the deterministic code ERANOS 2.3, for:
1. ks parameter
2. ratio of fission reaction rates U238/U235

3. ratio of fission r.r. Np237/U235
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TAPIRO: ERANOS - S/U analysis

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

(n,n) Relevant energy region
1. ke parameter { (n,n’)
(n,y)
(n,n’) * Elastic: 50 keV < E, < 5 MeV
2. ratio of fission reaction rates U238/U235{ (n,n)
(n,y)
(n,n) * Inelastic 1 MeV <E, <5 MeV
3. ratio of fission r.r. Np237/U235 { (n,n’)
(n,y)

* Rad. capture: 10 keV <E, <300 keV

(LA 8
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TAPIRO: ERANOS - S/U analysis

Example: k ¢
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Istuto azianale i Fisea Nacleare

v/n]'} n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain massimi@bo.infn.it



Nucl. Techn.

Fusion — study at FNG

Fusion
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sineering anq Design 109
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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
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How copper was produced?

GZGa GBGa 64Ga GEGa GGGa 67Ga GSGa
116.00 ms 32.40 s 2.63 m 15.20 m 9.49 h 3.26d 1.13 h
BT BT BT BT BT BT B
61Zn 627n 63Zn 64Zn 65Zn
1.48 m 9.19h 38.47 m 48.63 243.63 d

BT BT BT 59 mb 162 mb, Bt

6OCU 61CU 62Cu 63Cu 64Cu 66CU

23.70 m 3.33 h 9.67 m 12.70 h 5.12m
B B B* B
59Ni 63N 65Ni
75.99 ka 100.11 a 2.52 h

87 mb, Bt 31 mb, B~ B-
58Co 61co 62co 63Co 64co
70.86 d 5.27 a 1.65h 1.50 m 27.40 s 300.00 ms
B* B B B B B
57Fe S9Fe 60Fe 61lFe 62Fe 63Fe
2.119 44.50 d 1.50 Ma 5.98 m 1.13 m 6.01 s

40 mb B B B B B

massimi@bo.infn.it



6ZGa GBGa 64Ga 6SGa 66Ga 67Ga 6SGa
NUCI' AStrO' 116.00 ms 32.40 s 2.63 m 15.20 m 9.49 h

o = | adiy | dmn | gl | e | a
SiZn 65Zn
How copper was produced? sl
60Cy 64Cu
Not clear! Candidates: . .
SONi 63N;j 65Ni
75.99 ka 100.11 a 2.52 h
87 mb, Bt 31 mb, B~ B
1. Weak s process

58Co 59Co 62Co 63Co 64Co

2 SN Ia 70.86 d 100 . 1.50 m 27.40 s 300.00 ms
[ ]

1CU6.3+1n .->1CU64+V

13 13 1CU65 +1n ->1CU66 + Y
— default ' i gefault
L s | 2] T
o v o WM
. + 1.1 5 3 + 1.1 : \ \
The weak s-process requires: © N e S ¥, |
D 10 P Tk }m 2 L0 P beaxsnmsEEET
* MACS @ kT= 25 keV I S N
0.9 - 0.9 ' R4S Y
* MACS @ kT= 90 keV - S I
0.7 . : ; ; ; 0.7 ; ; : ; .
60 70 80 90 100 60 70 80 90 100

Mass number

Mass number

Impact of ©3:5Cu(n,y)
J\ . . . _ cross sections
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Nucl. Astro.

63 ( )
Cu(n,y) 1o-
0.8 -
X 0.6 -
(Vp)]
@)
A
0.4 -
0.2 1 —— ENDF-B-VIII.O (8 keV)
~ ENDF-B-VIII.O (25 keV)
—— ENDF-B-VIII.O (90 keV)
0.0 ——— ———————
1071 109 101 102 103 104

Energy (keV)
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Relevant energy region

1 keV < E, < 300 keV

63 ( )
Cu(n,y) 1o-
0.8 -
X 0.6 -
wn
@)
%
0.4 -
0.2 1 —=— ENDF-B-VIII.O (8 keV)
ENDF-B-VIII.O (25 keV)
r" —=— ENDF-B-VIII.O (90 keV)
0.0 —
101 109 101 102 103 104

Ener keV & 14
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Nucl. Astro.

°3Cu(n,y

h

¥ Recommended MACS30 (Maxwellian Averaged Cross Section @ 30keV)

63Cu (n,y)%#Cu

View Maxwellian-Averaged (n,g)
Cross Section

Isotope ’630u ’ [ Show]

(Examples: Ba138, Tal80m, Se.)

Total MACS at 30keV: 60.1 £ 6.2mb

Cross sections do not include stellar enhancement factors!

¥ History

Version Total MACS [mb] Partial to gs [mb]
1.0 60.1 £ 6.2 -
0.3 55.6 £ 2.2 -
0.0 94 + 10 -

(Version 0.0 corresponds to Bao et al.)

¥ Comment

Partial to isomer [mb]

New rec. value is from HKUO8, renormalized by 632 mb/586 mb = 1.0785, and recalculated with normalized energy dependencies of
tendl15,endfb71,jendl40. Uncertainty is the deviation between different evaluations plus 4% exp. uncertainty from HKUO8. Note the large
deviation between the activation measurement and the TOF measurements. More investigation needed!

Last review: April 2017

n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain
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°3Cu(n,y) E_ <300 keV

1976 - C¢Fs - ORELA TOF 102 mb @ 25 keV

2008 — MACS - FZK 58 mb @ 25 keV

92 mb @25 keV

2017 — MACS - LANSCE & JRC
84 mb @ 30 keV

2019 — MACS - SARAF 70 mb @ 30 keV

m
o . TR S A | N P T T T |

0.1 1 10 100 1000
Neutron energy (keV)
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63Cu(n,y) E_ < 300 keV

1976 - C¢Fs - ORELA TOF 102 mb @ 25 keV

\
L=

2008 — MACS - FZK 58 mb @ 25 keV _

92 mb @25 keV

2017 — MACS - LANSCE & JRC
84 mb @ 30 keV

2019 — MACS - SARAF 70 mb @ 30 keV

m
o . TR S A | N P T T T |

0.1 1 10 100 1000
Neutron energy (keV)
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(n,y) @ EAR 1
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63Cu(n,tot) E, <5 MeV

1976 - ORELA
2013 — GELINA
others

e

Neutron energy (keV)
v/n]'} n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain massimi@bo.infn.it




h

(n,tot) @ EAR

1

Mass should

be 10 times
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(n,tot) @ EAR 1

20 grams
8
c 0.8 —
o - ' :
@ b /i :
= : : 235 fission
§ ok _ chamber
=L :
0.2 -
ot ' I —

—
o
~

10 10° 10°
Neutron energy (eV)

) ZElr EN
\/n]'} n_TOF Collaboration Meeting, 22-23 November 2023, Valencia-Spain massimi@bo.infn.it . . @



50 keV < E, < 5 MeV

* Transmission (@ n_TOF)
* p-stil (elastic angular sistribution): 1 MeV < E,, < 10 MeV

Addendum in the

future?

5 Q‘:‘:‘:"' 2 2
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63,65Cu(n,n’)

1 MeV < E, < 10 MeV

* HPGe/LaBr @ EAR1

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 101 protons

* 6x10%8 Protons for ®3Cu(n,y) and ®>Cu(n,y)
e 4x10*8 Protons for ®3Cu(n,tot) and ®>Cu(n,tot)

* Measurements performed in 2 years (e.g. ®3Cu in 2024 and ®>Cu in 2025)

e Other reacions in dedicated addendum (if possible)
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Backup
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¥ List of all available values

original renorm. year type Comment Ref

84.0 £ 7.8 2017 ¢ TOF; W Spall., Au WBC17
3 x 2. .

E$=325Ife?/ 60.1 2016 r VdG, Act., Au:RaK88 corrected by 632/586= 1.0785; en. dep. from endfb71,jendl40,tendl15 HKUO8

60.3 £ 2.4

KT= 25keV 55.6 £ 2.2 2008 c VdG, Act., Au:RaK88; en. dep. from Bao00 HKUO08

94 + 10 1977 r Linac, TOF, 6Li, Au:Sat., Recalc. indl. data of Alt75 at 50 < E(n) < 300 keV PGM77

E(n)= 25 (5) keV 1979 ¢ F.N.B., Act., 1/v(E), 1:832 mb b keV) AJB79

21 1970 ¢ Sb-Be, Act., 1/v(E), Au:640 mb ChP70

Attivazione - FZK

TOF - ORELA
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Natural abundance 30.9%

‘ Q-value (keV)

6 5 5Cu+n 0
n + ‘ u Cu+ 7065.9 % 0.9
Co+ a 193+ 18
65N + p _1355.5+ 0.8

5.00
—— 29-Cu-65(n,total) ENDF/B-VII.1 —— 29-Cu-65(n,total) ENDF/B-VII.1
—— 29-Cu-65(n,elastic) ENDF/B-VII.1 —— 29-Cu-65(n, elastic) ENDF/B-VII.1
—— 29-Cu-65(n,inelastic) ENDF/B-VII.1 —— 29-Cu-65(n,inelastic) ENDF/B-VII.1
—— 29-Cu-65(n,gamma) ENDF/B-VII.1 —— 29-Cu-65(n,gamma} ENDF/B-VII.1
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2 g
c c
2 S
-’ B
Q Q
7] 7]
n E+0 4 N
[} )
() [0
o o
£ —
&) U
) -\J
E-2 -
I.OOE_‘Q 3 3 e 3 3 3 ' : } " 3 e ' " 3 3 :
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(n,y) @ EAR 1,4 C D6,¢ 3cm,mass=2g
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(n,y) @ EAR1,4C.D;, @=3cm, mass=2¢g

T

LI |

—

06 i

Transmission

02 r i

n + 65Cu ; . . 1

10 100 1000 10000 100000 1x10°
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kT = 8 keV

63Cu 104
0.8 -+
X 0.6 -
O
3
0.4 -
—— ENDF-B-VIIL.O (8 keV)
0.2 - —— JEFF-3.3 (8 keV)
—— JENDL-5 (8 keV)
—— TENDL-2021 (8 keV)
0.0 e S ——
101 109 101 102

Energy (keV)
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kT = 25 keV

63Cu 1.0 1 —
0.8 -
X 0.6 -
O
¥,
0.4 -
—— ENDF-B-VIIL.O (25 keV)
0.2 A — JEFF-3.3 (25 keV)
—==JENDL-5 (25 keV)
——== TENDL-2021 (25 keV)
0.0 ———————————————r———————————
10°1 100 10! 102 103

Energy (keV)
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kT = 90 keV

63Cu 104
0.8 A
X 0.6 -
O
5
0.4 -
—— ENDF-B-VIII.0 (90 keV)
0.2 - ——— JEFF-3.3 (90 keV)
—— JENDL-5 (90 keV)
—— TENDL-2021 (90 keV)
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kT = 8 keV
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kT = 25 keV
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65Cu

¥ Recommended MACS30 (Maxwellian Averaged Cross Section @ 30keV)

65Ccu (n,y)%Cu

Total MACS at 30keV: 31.2+ 1.7 mb

Cross sections do not include stellar enhancement factors!

¥ History

Version Total MACS [mb] Partial to gs [mb] Partial to isomer [mb]
1.0 31.2+1.7 - -
0.3 29.8 £ 1.3 - -
0.0 41 + 5 - -

(Version 0.0 corresponds to Bao et al.)

¥ Comment

New rec. value is from HKUO8, renormalized by 632 mb/586 mb = 1.0785, and recalculated with normalized energy dependencies of
tendl15,endfb71,jendl40. Uncertainty is the deviation between different evaluations plus 4.3% exp. uncertainty from HKUOS.
Last review: June 2016
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¥ List of all available values

32.0+ 1.4 . _ .
KT= 25 31.2 2016 r VdG, Act._, Au:RaK88 corrected by 632/586= 1.0785; en. dep. from HKU08
K endfb71,jendl40,tendI15
eV
320+ 1.4 29.8 +
kT= 25 1 3 2008 ¢ VdG, Act., Au:RaK88; en. dep. from bao00 HKUO8
keV '
Linac, TOF, °Li, Au:Sat., Recalc. incl. data of PGM77 at 0 < E(n) < 50 keV (k= 0.9507)
41 + g v ; PGM77,GaK76
153 | and data of GaK76 at 50 < E(n) < 400 keV
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Nucl. Techn.

Tecnologie nucleari: TAPIRO
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Tipico spettro di fissione, con massimo a E,=820 keV
Ideale per studi di reattori veloci:

» test di materiali
» Validazione di dati nucleari
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—TAPIRO..|

Figura 2.25: Sezione del reattore TAPIRO realizzata grazie al programma VISED. Nella
figura si possono osservare in arancione il riflettore in rame, che si estende per un diametro
di circa 80 cm, e in blu il nocciolo, costituito dalla lega di uranio e molibdeno, con
diametro pari a 12 cm. Sono inoltre evidenti le 5 barre: 1 di regolazione (R), 2 di

controllo (C1 e C2) e 2 di sicurezza (S1 e S2).
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