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@ NPA – X:
MACS measurements for nuclear 

astrophysics at n_TOF/NEAR: Feasibility 
study and first results, 

by E. Stamati.
Wednesday 7, at 14:40



n_TOF @ CERN

proton beam momentum 20 GeV/c

intensity (dedicated mode) 7 x 1012 protons/pulse

repetition frequency 1 pulse/1.2s

pulse width 6 ns (rms)

n/p 300

lead target dimensions 80x80x60 cm3

cooling & moderation material N2& H2O (borated)

moderator thickness in the exit face 5 cm

neutron beam dimension in EAR-1
(capture mode)

2 cm (FWHM)

The advantages of n_TOF are a direct consequence of the characteristics of the PS proton beam: 
high energy, high peak current, low duty cycle.
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n_TOF @ CERN

3rd generation 
spallation target

v pure Pb based 

v N2-gas cooled, water 
moderated

v Several innovations have 
been introduced

courtesy of Oliver Aberle and Marco Calviani, CERN
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courtesy of Oliver Aberle and Marco Calviani, CERN
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How chemical 
elements are 
synthesized in 
the Universe?

BIG BANG Nucleosynthesis:

o 7Be(n,a) and 7Be(n,p) cross section 
measurement for the Cosmological 
Lithium Problem. 
Later in this presentation

s process:

o first measurement of the 94Nb neutron 
capture cross-section at the cern n_TOF
facility, by J. Balibrea Correa.
Tuesday 6, at 9:30

o MACS measurements for nuclear 
astrophysics at n_TOF/NEAR: Feasibility 
study and first results, by E. Stamati. 
Wednesday 7, at 14:40

o New detection systems for an enhanced 
sensitivity in key stellar (n,g) 
measurements , by J. Lerendegui Marco.   
Thursday 8, at 11:00

o Measurement of the 140Ce(n,g) cross 
section at n_TOF and astrophysical 
implications, by S. Amaducci.      
Thursday 8, at 11:30

o Poster by S. Lanzi: The impact of n_TOF
data on s-process nucleosynthesis 

@ NPA - X
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n_TOF: nuclear data for science (and technology)
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… so far

C. Massimi et al., Universe 2022, 8, 100

courtesy of Alberto Mengoni

https://doi.org/10.3390/universe8020100


Stellar cross sections (MACS) for the s process
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weak 

main 

main: He shell flashes in low mass TP-AGB stars
weak: core He burning in massive stars

courtesy of Alberto Mengoni

MACS
or

stellar cross section



Reducing the uncertainty in the stellar 
cross section (MACS) is not only a 
question of better nuclear data: higher 
accuracy in the reaction rates opens 
the possibility to investigate new 
astrophysical scenarios

[nuclear clocks, constrains on the BBN, 
AGB modelling, nucleosynthesis 
conditions in explosive scenarios, 
meteoritic grains, others]

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it

Stellar cross sections (MACS) for the s process

courtesy of Alberto Mengoni



Stellar cross sections (MACS) for the s process

What 
Next?

U. Abbondanno, et al. (The n_TOF Collaboration), Phys. Rev. Lett.  94 (2004) 161103
C. Lederer, et al. (The n_TOF Collaboration), Phys. Rev. Lett 110 (2013) 022501
C. Guerrero, et al. (The n_TOF COllaboration), Phys. Rev. Lett. 125 (2020) 142701

https://doi.org/10.1103/PhysRevLett.93.161103
https://doi.org/10.1103/PhysRevLett.110.022501
https://doi.org/10.1103/PhysRevLett.125.142701


Stellar cross sections (MACS) for the s process

What 
Next?

@ NPA – X:
New detection systems for an enhanced 

sensitivity in key stellar (n,g) 
measurements,

by J. Lerendegui Marco.
Thursday 8, at 11:00

U. Abbondanno, et al. (The n_TOF Collaboration), Phys. Rev. Lett.  94 (2004) 161103
C. Lederer, et al. (The n_TOF Collaboration), Phys. Rev. Lett 110 (2013) 022501
C. Guerrero, et al. (The n_TOF COllaboration), Phys. Rev. Lett. 125 (2020) 142701
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https://doi.org/10.1103/PhysRevLett.125.142701


Stellar cross sections (MACS) for the s process
Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV) 
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Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV) 
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What is important is the Maxwellian Averaged Cross-Sections
(MACS) at various temperatures (kT depends on stellar site).

Reaction rate (cm-3s-1):

Two methods to determine MACS:

1. measurement of energy dependent neutron
capture cross-sectionsà EAR1 & EAR2

2. integral measurement (energy integrated) using
neutron beams with suitable energy à NEAR
spectrum.
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Cross sections measured in 2001 - 2022
v Branching point isotopes:

151Sm, 63Ni, 147Pm, 171Tm, 203Tl, 79Se
v Abundances in presolar grains:

91,92,93,94,96Zr, 94,96Mo
v Magic Nuclei and end-point:

139La, 140Ce, 90Zr, 89Y, 88Sr, 204,206,207,208Pb, 209Bi 
v Seeds isotopes:

54,56,57Fe, 58,60,62Ni, 59Ni(n,a)
v Isotopes of special interest:

186,187,188Os (cosmochronometer),197Au (reference cross section), 24,25,26Mg, 33S(n,a), 14N(n,p), 35Cl(n,p), 
26Al(n,p), 26Al(n,a) (neutron poison), 154Gd (s-only isotopes), 93,94Nb, 68Zn, 69,71Ga, 70,72,73,74,76Ge, 77,78,80Se 
(weak component),  155,157,160Gd, 7Li(n,p), 7Li(n,a) Big Bang Nucleosynthesis

v Neutron Sources 22Ne(a,n)25Mg and 13C(a,n)16O:
n+25Mg, n+16O 

Fission program not included in the list !!!

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it
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Stellar cross sections (MACS) for the s process

@ NPA – X:
New detection systems for an enhanced 

sensitivity in key stellar (n,g) 
measurements,

by J. Lerendegui Marco.
Thursday 8, at 11:00

@ NPA – X:
first measurement of the 94Nb neutron capture 

cross-section at the cern n_TOF facility, 
by J. Balibrea Correa.

Tuesday 6, at 9:30

@ NPA – X:
Measurement of the 140Ce(n,g) cross 
section at n_TOF and astrophysical 

implications, 
by S. Amaducci.

Thursday 8, at 11:30



Examples of relevant and/or challenging measurements

v 197Au(n,g)

v 7Be(n,p) & 7Be(n,a)

v 26Al(n,p) & 26Al(n,a)
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197Au(n,g), a reference cross section

Sn = 6.5 MeV

198Au

197Au
n +

En
σ

En

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it

courtesy of Frank Gunsing
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The C6D6 Total Energy Detectors (TED)

C6D6 scintillators
at 135°

The BaF2 Total g-ray Absorption Detector



197Au(n,g), a reference cross section
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GELINA @EC-JRC-GEEL

C. Massimi, et al., 197Au(n,g) cross section in the resonance region, Phys. Rev. C 81 (2010) 044616
C. Lederer, et al., Au197(n,g) cross section in the unresolved resonance region, Phys. Rev. C 83 (2011) 034608
C. Massimi, et al., Neutron capture cross section measurements for 197Au from 3.5 to 84 keV at GELINA, Eur. Phys. J. A 50 (2014) 124

Cooperation/Collaboration 
with other facilities: GELINA

https://doi.org/10.1103/PhysRevC.81.044616
https://doi.org/10.1103/PhysRevC.83.034608
https://doi.org/10.1140/epja/i2014-14124-8
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by C. Paradela Dobarro.
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GELINA @EC-JRC-GEEL

Most of activation 
measurements 

performed so far needs 
to be renormalized !
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v 197Au(n,g)

v 7Be(n,p) & 7Be(n,a)

v 26Al(n,p) & 26Al(n,a)
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Cosmological lithium problem and 7Be

~ 95% of 7Li is 
produced by the 

decay of 7Be 
(T1/2=53.2 d)

7Be is the key

BBN successfully predicts the abundances of primordial  elements such as 4He, D and 
3He. Large discrepancy for 7Li, which is produced from electron capture decay of 7Be

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it



Cosmological lithium problem and 7Be

7Be is destroyed by:
• (n,p) ≈ 97% 
• (n,a) ≈ 2.5% 
With a 10 times higher destruction rate 
of 7Be the cosmological lithium problem 
could be solved (nuclear solution)

7Be(n,α)

P. Bassi 1963

7Be(n,p)

Data in the literature: scarce and uncertain

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it



Cosmological lithium problem and 7Be

The (n,α) reaction produces two α-particles emitted back-
to-back with several MeV energy (Q-value=19 MeV)

2 Sandwiches of silicon detector (140 µm,3x3cm2) with 7Be 
sample in between directly inserted in the neutron beam

Coincidence technique: strong background rejection

7Be(n,a)

M. Barbagallo et al. (The n_TOF Collaboration), Phys. Rev. Lett.  117 152701 (2016)

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it

https://dx.doi.org/10.1103/PhysRevLett.110.022501


Cosmological lithium problem and 7Be

The (n,p) reaction cross section in very high

Q-value=1.6 MeV 

Silicon counter telescope DE-E

A few ng of 100% enriched sample is needed.

7Be(n,p)

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it



Cosmological lithium problem and 7Be
L. Damone et al. (The n_TOF Collaboration), Phys. Rev. Lett.  121 042701 (2018)

7Be(n,p)

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it

Cooperation/Collaboration 
with other facilities:

PSI, ISOLDE

https://dx.doi.org/10.1103/PhysRevLett.110.022501
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Cosmological lithium problem and 7Be

Reaction 
rate

L. Damone et al. (The n_TOF Collaboration), Phys. Rev. Lett.  121 042701 (2018)

7Be(n,p)

7Be(n,a) and 7Be(n,p)
results exclude these 
channels as a solution for 
the problem 

Cooperation/Collaboration 
with other facilities:

PSI, ISOLDE

https://dx.doi.org/10.1103/PhysRevLett.110.022501


Examples of relevant and/or challenging measurements

v 197Au(n,g)

v 7Li(n,p) & 7Li(n,a)

v 26Al(n,p) & 26Al(n,a)
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The cosmic g-ray emitter 26Al 



The cosmic g-ray emitter 26Al 
C. Lederer-Woods et al. (The n_TOF Collaboration), Phys. Rev. C  104 L032803 (2021)
C. Lederer-Woods et al. (The n_TOF Collaboration), Phys. Rev. C  104 L022803 (2021)

The astrophysical reactivities are lower 
than literature data, which would lead 
to a higher destruction of 26A

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it

https://dx.doi.org/10.1103/PhysRevLett.110.022501
https://dx.doi.org/10.1103/PhysRevLett.110.022501
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s-process branching at 151Sm

small samples
180 mg of 151Sm
184 GBq

v branching isotope in the 
Sm-Eu-Gd region: test for 
low-mass TP-AGB
H-burning 108 K, He-Shell 
flashes 2.5-2.8 x 108 K

v branching ratio 
(capture/β-decay) 
provides information on 
the thermodynamical 
conditions of the s-
processing (if accurate 
capture rates are 
known!)

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it



151Sm(n,g)
U Abbondanno et al. (The n_TOF Collaboration), Phys. Rev. Lett. 93, 161103 (2004)
S. Marrone et al., (The n_TOF Collaboration) Phys. Rev. C 73, 034604 (2006)

MACS-30 = 3100 ± 160 mb
<D0> = 1.48 ± 0.04 eV,

S0 = (3.87 ± 0.20)×10-4
<Γ𝛾> = 108 ± 15 meV

- enhancement of the 154Gd yields in AGB’s: 91% wrts, while 
152Gd is at 78% wrts
- remaining uncertainty is the 𝛽-decay rate of 151Sm

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it

https://dx.doi.org/10.1103/PhysRevLett.93.161103
https://dx.doi.org/10.1103/PhysRevC.73.034604


s-process branching at 63Ni

1156 mg (ILL), 12% 63Ni (240 GBq)

first experimental data on 63Ni(n,𝛾) at astrophysical relevant energies

MACS = 66.7 (18.7) mb, a factor 2 higher wrt previous estimations

C Lederer et al. (The n_TOF Collaboration), Phys. Rev. Lett. 110, 022501 (2013)
C Lederer et al. (The n_TOF Collaboration), Phys. Rev. C 89, 025810 (2014)

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it

https://dx.doi.org/10.1103/PhysRevLett.110.022501
https://dx.doi.org/10.1103/PhysRevC.89.025810


s-process branching at 63Ni
C Lederer et al. (The n_TOF Collaboration), Phys. Rev. Lett. 110, 022501 (2013)
C Lederer et al. (The n_TOF Collaboration), Phys. Rev. C 89, 025810 (2014)

- Constrain the weak s-
process inventory in 63Cu, 
64Ni and 64Zn before SN 
explosion takes place

Core He-burning (300 MK, 107cm-3)

Shell C-burning (1GK, 1011-12cm-3)

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it

https://dx.doi.org/10.1103/PhysRevLett.110.022501
https://dx.doi.org/10.1103/PhysRevC.89.025810
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s-wave àJπ= 2+, 3+

p-wave àJπ= 1-, 2-, 3-, 4-

d-wave àJπ = 0+, 1+, 2+, 3+, 4+, 5+

Only natural-parity states in 26Mg can 
participate in the 22Ne(α ,n)25Mg reaction

Jπ= 0+, 1-, 2+, 3-, 4+ …

Element Spin / parity

22Ne 0+ 

4He 0+

Study of 26Mg levels via n + 25Mg

NPA-X 2022, 4-9 September 2022, CERN massimi@bo.infn.it



22Ne(a,n)25Mg 

R-M
atrix

analysis

C Massimi et al. (The n_TOF Collaboration), Phys. Rev. C 85, 044615 (2012)
C Massimi et al. (The n_TOF Collaboration), Phys. Lett. B 768, 1 (2017)

v Indirect approach, resonances above 
n-threshold 

v R-Matrix parametrization (ER, Gg,Gn Jp)
v Deduced 26Mg states with natural parity 

v No experimental Ga
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The C6D6 Total Energy Detectors (TED)

4 x C6D6 scintillators
135°: in-beam g-rays

Efficiency to detect a cascade UNKNOWN: 
depends on the cascade path
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151Sm(n,g)

Sn =10 MeV

A+1X

AX
n +

En

σ

En

The C6D6 Total Energy Detectors (TED)

4 x C6D6 scintillators
135°: in-beam g-rays

Monte Carlo simulations are 
required to give to each signal an 

amplitude dependent weight:
Pulse Height Weighting Technique
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