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Scintillator Tank Moxon-Rae Detector1 OoM!

εγ = k Eγ

 First quantitative test of s-process theory!

n(A)·σ(A) = constant

The very first s-process neutron-capture experiments 
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F. Käppeler et al. Rev. Mod. Phys. (2011)
I. Dillmann et al. Eur. Phys. Jour. A (2023)

C. Domingo-Pardo et al. Eur. Phys. Jour. A (2023)

Still many s-process data needs today! 

s-onlys-bottlenecks
s-branchings

G. Cescutti et al. MNRAS (2018)
N. Nishimura et al. MNRAS (2016)
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 Today: Situation is far from satisfactory!
 Re-measuring and improving (!) neutron-capture CSs on many

stable isotopes is still very important!
 See e.g. M. Spelta (UT-INFN), Poster#248 on 30Si(n,γ), 

Poster#249 on 64Ni(n, γ), Talk#79 R. Mucciola



Nuclear Astrophysics Prospects at DONES

• Introduction: s-process nucleosynthesis and why more (n, γ) measurements

• The CERN n_TOF facility: a growing family of stations!

• Recent s-process experiments (selected examples):

• Origin of the heaviest s-only 204Pb: Neutron capture on 204Tl(3.78y)

• The 140Ce s-process bottleneck “puzzle” 

• Weak s-process tempreture via the 79Se branching

• Future (experimental) prospects

• Summary & Outlook

Outline



n_TOF @ CERN



NEAR
(3m)

The n_TOF facility

EAR1@186 m

EAR2 @ 20m

@20 m

20 GeV/c proton 
beam from the PS



• instantaneous intensity and energy distribution 
• repetition rate of the proton driver
• time/neutron-energy resolution (long flight-path) 
• background conditions 

Neutron Physics with particle accelerators
N. Colonna, F. Gunsing, and F. Käppeler
Progress in Particle and Nuclear Physics, 101, 177 (2018)

Uniqueness of n_TOF

Radioactive samples  s-branchings
(sample-activity dominated background)

Small cross-section samples  s-bottlenecks
High accuracy measurements  s-only 

https://doi.org/10.1016/j.ppnp.2018.02.002
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Origin of the heaviest s-only isotope 204Pb: Neutron capture on 204Tl (3.78y)

• Pure s-process origin
• No r-process contribution (shielded)
• No radiogenic contribution from U/Th

• Benchmark for AGB- and GCE-models (Travaglio 2004, Bisterzo 2014)
• Primordial abundance preserved: the reference for Pb-Pb clock (Connelly 2012)
• Its nucleosynthesis is impacted (dominated) by the branching at 204Tl
• Thus far only theoretical estimates existed for the latter (x2 variations)!
• γ-process contribution (Pignatari 2016) and/or fractionation in ESS (González 2014)?

A Casanovas-Hoste et al. (The n_TOF Collaboration)
Physical Review Letters 133, 052702 (2024)
DOI: 10.1103/PhysRevLett.133.052702 

J.N. Connelly et al. Science 338 2012
DOI: 10.1126/science.1226919

Poster#88 T. Neff (GSI)
Poster#254 I. Dillmann (TRIUMF)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.052702
https://doi.org/10.1126/science.1226919


A Casanovas-Hoste et al. (The n_TOF Collaboration)
Physical Review Letters 133, 052702 (2024)
DOI: 10.1103/PhysRevLett.133.052702 

Pellet containing 225 mg of 203Tl, 99.5% isotopic 
purity, produced at PSI by machine pressing and 
inserted into quartz container

Irradiated at ILL reactor with thermal neutrons for 55 
days: 9 mg of 204Tl produced

180 GBq of β activity plus radioactive impurities and 
bremsstrahlung

Irradiated 
material

n_TOF beam 
profile Sample holder ring

Quartz 
capsule

Scanner results

The uncertainty arising from the 204Tl(n,𝛾𝛾) cross section on the 𝑠𝑠-process abundance of  204Pb 
has been reduced from ∼30% down to +8%/−6%, and the 𝑠𝑠-process calculations are in 
agreement with K. Lodders in 2021.

Origin of the heaviest s-only isotope 204Pb: Neutron capture on 204Tl (3.78y)

 Remaining open questions:
- Thermal dependency of the beta-decay rate (Goriely 1999) 
- Strength of the 22Ne(α,n) source

Z=0.006

EAR1@186 m

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.052702


The 140Ce s-process bottleneck puzzle

S. Amaducci et al. (The n_TOF Collaboration)
Physical Review Letters 132, 122701 (2024)
DOI: 10.1103/PhysRevLett.132.122701

2nd gen. M22 stars (N – Nr)

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

• Ce abundance should be dominated by 140Ce, 80% s-process
(Prantzos et al. 2020)

• Neutron-magic (verly low CS) implies that previous CS 
determinations may be affected by neutron-sensitivity effects

• Is the 140Ce(n,g) cross section actually smaller (?)

O. Straniero et al., ApJ (2014)

Nd
La  

Ba
Ce 

Pr

https://ui.adsabs.harvard.edu/link_gateway/2024PhRvL.132l2701A/doi:10.1103/PhysRevLett.132.122701


S. Amaducci et al. (The n_TOF Collaboration)
Physical Review Letters 132, 122701 (2024)
DOI: 10.1103/PhysRevLett.132.122701

AGBs
r-process

r-process AGBs

N. Prantzos et al., Mon. Not. R. Astron. Soc. 491, 1932 (2020)

• Possibly increase r-process by a factor x2 GCE model calculations
• Possible i-process contribution?  Larger 140Ba production (↓CS)
• 35% higher than SARAF-activation measurement R.N. Sahoo et al., Phys. Rev. 

C, Volume 109 Issue 2 025808 (2024)  Has to be understood (!)

Disk

Halo

Poster#261 R.N. Sahoo (INFN-Bologna)
Tue. 17th, 17:55 M. Friedman #171

EAR1@186 m

FUNS, Straniero 2006, Cristallo 2011

The 140Ce s-process bottleneck puzzle

https://ui.adsabs.harvard.edu/link_gateway/2024PhRvL.132l2701A/doi:10.1103/PhysRevLett.132.122701


Weak s-process temperature via the 79Se branching

75As 76As
26 h

76Se 77Se 78Se 79Se
3x105a

80Se 81Se
18 m

79Br 80Br
17 m

81Br 82Br
35 h

80Kr 81Kr
11 a

82Kr
C-burning

He-burning

s-only s-only

N. Nishimura et al., MNRAS469, 1752–1767 (2017)
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6MBq ɣ-ray 
emmiters

ILL: ~3 mg of 79Se via 78Se n-activation

3 mg of 79Se
1.6 MBq of 60Co
5 MBq of 75Se

PSI: 208Pb78Se alloy 2.8 g of 208Pb
1.0 g of 78Se

J. Lerendegui-Marco et al. (analysis in progress)

Weak s-process temperature via the 79Se branching

EAR1@186 m

EAR2@20 m
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What comes next?
• Novel detector developments (d12-stilbene array) STAR 

F. Käppeler et al. Rev. Mod. Phys. (2011)

135Cs(n,γ)

LS4

We are 
here

SBR improved 
~x4

H. Beer, et al. (FZK), Nucl. Inst. Meths. 337, 2–3 (1994) 

● Examples: 59Fe, 94Nb, 125Sb, 134Cs, 135Cs, 
144Ce, 148Pm, 154Eu, 155Eu, 160Tb, 170Tm, 
171Tm, and 181Hf (s-process), Cs-137, 66Ni, 
72Zn (i-process)

https://doi.org/10.1016/0168-9002(94)91119-3


What comes next?

F. Käppeler et al. Rev. Mod. Phys. (2011)

@LS4: 
New (IV 
Generation) 
Spallation
Source

Life-time >10y.

φnx4



What comes next?
• Exploring novel approaches: neutron-sources & rings (LANL, TRIUMF) 

René Reifarth et al. Phys. Rev. Accel. Beams 20, 044701 (2017)

 Proof-of-concept project ongoing @ Los Alamos (R.Reifarth, A. Couture et al.)
 LE-customized Storage Ring + NGs @ TRIUMF (see I. Dillmann et al. EPJ-A (2023))
 Why not at CERN n_TOF&ISOLDE? Only one ring is missing…

F. Käppeler et al. Rev. Mod. Phys. (2011)

Spallation
neutron source

RIB 
Facility

Storage 
Ring

RING?

M. Grieser et al., Eur. Phys. J Spec. Top. 207, 1 (2012)

?

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.20.044701


Summary & Outlook
• Over the last years, concomitant efforts in neutron-beam facilities (Gen-III Spal Source, n_TOF EAR2, NEAR, 

etc), detection systems (sTED, i-TED, STAR, etc) and sample-production techniques (ILL, PSI, ISOLDE) 

have enabled a significant step forward in the measurement of some of the most challenging neutron-capture 

rates for stellar nucleosynthesis, including 94Nb(n,γ), 79Se(n, γ), 140Ce(n, γ), 204Tl(n, γ), etc.

• There are still a lot of neutron-capture cross-sections whose accuracy needs to be improved to the 5% level, or

less, which should be doable for stable isotopes with state-of-the-art instrumentation and facilities.

• Improving CSs of unstable nuclei, both in accuracy and covered energy range, will require further

developments in terms of detection systems (STAR) and facilities (4th Gen. Target, NEAR-CYCLING, 

BDF/SHIP, etc)

• Novel concepts, such as inverse-kinematic measurements utilizing storage rings combined with very-large

intensity neutron sources, shall enable one to tackle for the first time neutron-capture rates of the most exotic s-

process branching nuclei (85Kr, 95Zr, 135Cs, 147Nd,170,171Tm, etc), as well as a significant number of i-process n-

rich isotopes.
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