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Outline

Outline:

• n_TOF @ CERN

• Recent measurements and their impact on Nuclear Astrophysics
(Branching isotopes, Neutron source of the s process, BBN)

• Some projects for the near future

Credit: ESO & ESA/Hubble & NASA 
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C. Rubbia et al., A high resolution spallation 
driven facility at the CERN-PS  to measure 
neutron cross sections in the interval from 1 
eV to 250 MeV CERN/LHC/98 02(EET) 1998

n_TOF: neutron time-of-flight facility 
@ CERN
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EAR1: since 2001
EAR2: since 2014
NEAR: Since 2021 

Horizontal flight 
path to EAR1 at 

182.5 m

vertical flight 
path to EAR2 at 

18.2 m

Neutron energy region n/cm2/pp

ALL energies 4.6x108

En<1 keV 0.2x108

1 keV<En<1 MeV 2.9x108

En>1 MeV 1.5x108

NEAR station
~ 3 m

~5x105 n/cm2/pp

~107 n/cm2/pp
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n_TOF @ CERN

proton beam momentum 20 GeV/c

intensity (dedicated mode) ~ 1013 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 + 10B )

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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n_TOF @ CERN

courtesy of Oliver Aberle and Marco Calviani, CERN

3rd generation spallation 
target
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Neutron-induced reactions
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Neutron-induced reactions
Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV) 
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Neutron-induced reactions
Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV) 
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Neutron-induced reactions

For nuclear astrophysics, what is important is the Maxwellian
Averaged Cross-Sections (MACS) at various temperatures (kT
depends on stellar site).

Reaction rate (cm-3s-1):
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Two methods to determine MACS:

1. measurement of energy dependent neutron
capture cross-sections à EAR1 & EAR2
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n_TOF: nuclear data for science (and technology) … so far

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

courtesy of Alberto Mengoni

https://doi.org/10.3390/universe8020100
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n_TOF: nuclear data for science (and technology)
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n_TOF: nuclear data for science (and technology)

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

main 
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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]

Stellar cross sections (MACS) for the s process
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Stellar cross sections (MACS) for the s process
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Stellar cross sections (MACS) for the s process
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
A. Casanovas-Hoste, et al., (The n_TOF Collaboration) Phys. Rev. Lett. 133 (2024) 052702

https://doi.org/10.1103/PhysRevLett.93.161103
https://doi.org/10.1103/PhysRevLett.110.022501
https://doi.org/10.1103/PhysRevLett.125.142701
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.052702
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Stellar cross sections (MACS) for the s process

Some cross sections measured in 2001 - 2024
v Branching point isotopes:

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

28,29,30Si, 91,92,93,94,96Zr, 94,96Mo, 146Nd
v Magic Nuclei and end-point:

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

54,56,57Fe, 58,60,62,64Ni, 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), 40K(n,p), 40K(n,a), 63,65Cu, 93,94Nb, 68Zn, 
69,71Ga, 70,72,73,74,76Ge, 77,78,80Se (weak component),  155,157,160Gd, 7Li(n,p), 7Li(n,a) BBN

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

Ø 26Al(n,p), 26Al(n,a)

Ø 140Ce(n,g)
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The cosmic g-ray emitter 26Al 
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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
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https://dx.doi.org/10.1103/PhysRevLett.110.022501
https://dx.doi.org/10.1103/PhysRevLett.110.022501
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140Ce(n,g)  and the M22 globular cluster

Ø Abundances in s-process enhanced stars in M22 show a strong overproduction of Ce 
wrt AGB-models (Strainero, 2014)

Ø Ce abundance should be dominated by 140Ce, 80% s process (Prantzoset al. 2020)
Ø Neutron-magic (very low CS) implies that previous CS determinations may be 

affected by neutron-sensitivity effects
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140Ce(n,g)  and the M22 globular cluster
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CeO2 powder
140Ce (99.4%)

10 grams.

S. Amaducci, et al. (The n_TOF Collaboration), Physical Review Letters 132 (2024) 122701
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One of the ongoing projects: RAMEN

Ø 63,65Cu(n,g) and (n,tot) 
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rame + n = ramen
Copper is “rame” in italian 



36

How copper was produced?

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

63,65Cu(n,g) and 63,65Cu(n,tot)
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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 would be 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.

63,65Cu(n,g) and 63,65Cu(n,tot)

Cristian Massimi 
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Propagation effect in the weak s-process
nucleosynthesis 

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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63,65Cu(n,g) and 63,65Cu(n,tot)
Impact of 63,65Cu(n,g) cross 
sections on  the efficiency 

for the production of
elements heavier than Cu
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63,65Cu(n,g) and 63,65Cu(n,tot)
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Factor 2

20%

63Cu(n,g)

Cristian Massimi 
Key reactions in Nuclear Astrophysics || 17-21 February 2025 || Trento, Italy 

63,65Cu(n,g) and 63,65Cu(n,tot)

Factor 2
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Ø Time-of-flight data needed for En < 300 keV
Ø n_TOF can accurately cover this energy region

Factor 2

20%

63Cu(n,g)

Cristian Massimi 
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63,65Cu(n,g) and 63,65Cu(n,tot)

Factor 2
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First experiment at n_TOF - EAR1 (July 2024) 
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First experiment at n_TOF - EAR1 (July 2024) 
highly enriched 
(99.8% enriched

63Cu sample

4 C6D6 liquid 
scintillation 
detectors

Neutron flux 
monitor based on 

6Li(n,a)t + Si 
detectors

99.8% enriched
63Cu sample
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C6D6 counts normalized to neutron intensity 
63,65Cu(n,g) and 63,65Cu(n,tot)

Analysis 
ongoing
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Some future perspectives

Ø 25Mg(n,g)

Ø (cyclic) Activation @ NEAR 

Cristian Massimi 
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Motivations

Credit: NASA and the Night Sky Network
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22Ne(a,n)25Mg
22Ne(a,g) 26Mg
25Mg(n,g) 26Mg

Motivations

Credit: NASA and the Night Sky Network

22Ne(a,n)25Mg
22Ne(a,g) 26Mg
25Mg(n,g) 26Mg
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ØNEUTRON POISON:
o 25,26Mg are the most important neutron poisons due to neutron capture on Mg stable

isotopes, i.e. 25,26Mg(n,g), in competition with neutron capture on 56Fe (the basic s-
process seed for the production of heavier isotopes).

ØCONSTRAINTS for 22Ne(a,n)25Mg and 22Ne(a,g)26Mg: 
o 22Ne(a,n)25Mg is one of the most important neutron source in Red Giant stars. Its 

reaction rate is very uncertain because of the poorly known property of the states in 
26Mg. From neutron measurements the energy, Jp and energy of 26Mg states can be 
deduced, in addition to  Gg and Gn.

Cristian Massimi 
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25Mg(n,g) for neutron source reaction in stars
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22Ne(a,n)25Mg

Ea = 832 keV
ECM = 706 keV

Data in the 
literature

Region of 
interest
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25Mg(n,g) for neutron source reaction in stars



53

Ea = 832 keV
ECM = 706 keV

Ea = 832 keV
ECM = 706 keV

22Ne(a,n)25Mg

Ea = 832 keV
ECM = 706 keV

25Mg(n,g) for neutron source reaction in stars
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22Ne(a,n) / 22Ne(a,g)

22Ne(a,n)

Resonance strength 22Ne(α,n)25Mg:

ωa = g GaGn / (Γα + Γg + Γn)

Resonance strength 22Ne(a,g)26Mg:

ωg = g GaGg / (Γα + Γg + Γn)

25Mg(n,g) for neutron source reaction in stars
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22Ne(a,n) / 22Ne(a,g)

Resonance strength 22Ne(α,n)25Mg:

ωa = g GaGn / (Γα + Γg + Γn)

Resonance strength 22Ne(a,g)26Mg:

ωg = g GaGg / (Γα + Γg + Γn)

ω n

ωγ

= Γn

Γγ

Resonance strength ratio 
and Reaction rate ratio 
independent of Ga

a

22Ne(a,n)
25Mg(n,g) for neutron source reaction in stars
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22Ne(a,n) / 22Ne(a,g)

Resonance strength 22Ne(α,n)25Mg:

ωa = g GaGn / (Γα + Γg + Γn)

Resonance strength 22Ne(a,g)26Mg:

ωg = g GaGg / (Γα + Γg + Γn)

ω n

ωγ

= Γn

Γγ

a

22Ne(a,n)

Publication YEAR Result comment

Shahina, PRC 2024 Gn / Gg = 2.85(71) wa res. strength

M. Wiescher, EPJA 2023 Gn = 0.4 - 1.0 eV
Gg = 1.33 eV

Re-evaluation

Y. Chen, PRC 2021 Gn = 0.4 eV
Gg = 1.33 eV

25Mg(d,p)26Mg 
transfer

S. Ota, PLB  2020 Gn / Gg = 1.14(26) transfer

25Mg(n,g) for neutron source reaction in stars
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22Ne(a,n) / 22Ne(a,g)

Resonance strength 22Ne(α,n)25Mg:

ωa = g GaGn / (Γα + Γg + Γn)

Resonance strength 22Ne(a,g)26Mg:

ωg = g GaGg / (Γα + Γg + Γn)

ω n

ωγ

= Γn

Γγ

a

22Ne(a,n)

Neutron width Gn and g-ray 
width Gg can be deduced 
from n + 25Mg experiments

( )
( ) 22

Rn

n
2
n

n
)2(EEk

gE
G+-

GGp
=s g

g

25Mg(n,g) cross section 

25Mg(n,g) for neutron source reaction in stars
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22Ne(a,n)25Mg

Ea = 832±2 keV
ECM = 706 keV

25Mg(n,g) for neutron source reaction in stars
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26Mg levels via n + 25Mg:

22Ne(a,n)25Mg

Ea = 832±2 keV
ECM = 706 keV

25Mg(n,g) for neutron source reaction in stars
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25Mg(n,g) for neutron source reaction in stars
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previous 
n_TOF data
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Ea = 589 keV

Ea = 656 keV
Ea = 649 keV

Ea = 779 keV

Ea = 649 keV Ea = 843 keV
G = 170 eV

Ea = 625

previous 
n_TOF data

25Mg(n,g) for neutron source reaction in stars
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Ea = 589 keV

Ea = 656 keV
Ea = 649 keV

Ea = 779 keV

Ea = 649 keV Ea = 843 keV
G = 170 eV

Ea = 832±2 keV ???
G = 250±170 eV

Ea = 625

22Ne(a,n)

previous 
n_TOF data

25Mg(n,g) for neutron source reaction in stars
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Proposal: 25Mg(n,g)26Mg @ n_TOF

Our proposal is to repeat the measurement in EAR1 with a factor 4 higher 
statistics and with some improvements:
o Combined use of C6D6 and LaBr detectors
o use of a thicker enriched 25Mg sample
o combine with a capture measurement in EAR2
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Activation at NEAR

During the design studies of the 
new shielding around the neutron-
target station the opportunity for a 
new near-target experimental area  
appeared 
(NEAR station) 
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Activation at NEAR

During the design studies of the 
new shielding around the neutron-
target station the opportunity for a 
new near-target experimental area  
appeared 
(NEAR station) 

NEAR Station area
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Filtered 
neutron 

spectrum 
kT = 9 keV
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Activation at NEAR

Filtered 
neutron 

spectrum 
kT = 39 keV
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Activation at NEAR

40c
m

40cm
1cm

20cm

Need for a moderator

Filtered 
moderated 

neutron 
spectrum 

kT = 12 keV
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Activation at NEAR
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+

Sample production at ISOLDE
Rare and/or short-lived isotopes

(n,g) activation at n_TOF

Examples: 59Fe, 94Nb, 125Sb, 134Cs, 135Cs, 144Ce, 148Pm, 154Eu, 155Eu, 160Tb, 170Tm, 171Tm, and 181Hf (s-process), 
137Cs, 66Ni, 72Zn (i-process)
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Activation at NEAR
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courtesy of J. Lerendegui-Marco
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Activation at NEAR (cyclic ?)

Cristian Massimi 
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(n,g) activation with low-lived products

Requisites
Beam period: Rep. rate of n_TOF (max 0.8 Hz) is well suited for short lived (seconds)
Operate a high resolution g-ray detector in the harsh radiation environment in the NEAR bunker

T1/2 ~ seconds
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Conclusions
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Conclusions
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Ø Efforts in neutron-beam facilities (EAR2, NEAR, etc.), detection systems, and sample production techniques (ILL, PSI, 
ISOLDE) have enabled significant progress in the measurement of challenging neutron-capture cross-sections.

Ø However, there are still many neutron-capture cross-sections whose accuracy needs to be improved to the 5% level 
or lower. Achieving this should be possible for stable isotopes with state-of-the-art instrumentation and facilities.

Ø For unstable nuclei, further developments in detection systems and facilities will be required.
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Thank you for your attention

Thanks to the organizers  Many thanks to the
n_TOF Collaboration
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Cosmological lithium problem and 7Be

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
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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
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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)

Date in the literature: scarce and uncertain
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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 mm,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)
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https://dx.doi.org/10.1103/PhysRevLett.110.022501
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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)
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Cosmological lithium problem and 7Be

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

7Be(n,p)
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Cosmological lithium problem and 7Be

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

7Be(n,p)

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 

https://dx.doi.org/10.1103/PhysRevLett.110.022501
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Some ongoing activities: 79Se(n,g)
s-process 

branching at 79Se

- 80Kr and 82Kr are s-only isotopes
- Kr isotopic ratios measured in SiC

grains
- branching ratio provides information 

on the thermodynamical conditions 
of the star

Timeline: 
2018 Sample produced @ ILL (France)
2019 Sample characterize at PSI (Switzerland) 
2019 test of an innovative (n,g) detector i-TED1

2021 Time-of-flight measurement @ EAR1
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Some ongoing activities: 79Se(n,g)
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(n,g)

Sn = 6.5 MeV

198Au

197Au
n +

En
σ

En

The C6D6 Total Energy Detectors (TED)

C6D6 scintillators
at 135°

The BaF2 Total g-ray Absorption Detector
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