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Outline

• R-process (solar) isotopic abundances require accurate neutron-
capture measurements along the s-process path on stable and 
unstable isotopes

• How far are we from direct neutron capture experiments as 
input for r-process  model calculations?
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 Neutrons produce 75% of all the elements (!)
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Nuclear Astrophysics Prospects at DONES

Uncertainties on isotopic (r-process) solar abundances.

Large in some cases: needed for a detailed/quantitative comparison

How to improve them (experimentally)

Isotopic (r-process) abundances



• Fit to s-only: SS + Canonical Multi-Event S-process (MES)
• Needs accurate experimental (n,g) XSs for the s-process part

N = Nr + Ns

Nr = N - Ns
Isotopic (r-process) abundances

MES-model calibrated with s-only nuclei; uncertainty budget:
- SS abundances for the s-only isotopes
- (n,γ) CSs affecting s-only isotopes

R-abundances uncertainties larger for cases with dominant s-process contr.

s-only isotopes used
for calibration

I.Dillmann+ 2023



Nuclear Astrophysics Prospects at DONES

• Starts with s-process fraction and s-only isotopes
• Iterative method for r-”residuals” based on GCE (AGB- and MS-models)
• Needs accurate experimental (n,g) XSs for the s-process part

Nr = N - Ns
GCEIsotopic (r-process) abundances



Nuclear Astrophysics Prospects at DONES

• Starts with s-process fraction and s-only isotopes
• Iterative method for r-”residuals” based on GCE (AGB- and MS-models)
• Needs accurate experimental (n,g) XSs for the s-process part

Nr = N - NsIsotopic (r-process) abundances GCE



Isotopic r-process abundances: uncertainties from (n,γ) Cross Sections

- In general, the uncertainties on many XSs (>10%) still dominating the final r-process isotopic uncertainties New (more 

accurate) measurements on specific stable isotopes are needed!

- Calibration methodology relies on s-only isotopes, but (most of) the s-only abundances are not due to s-only capture cross

sections!!

Nr = N - Ns



s process in Massive Stars (Red Giants) 

core He-burning    shell C-burning 
3-3.5·108 K ~1·109 K
kT=25 keV kT=90 keV
106 cm-3 1011-1012 cm-3

22Ne(4He,n)25Mg

s process

φn  small
λβ >> λn,γ

τβ << τn,γ

= AZ(n,γ) A+1Z

The slow neutron-capture process (s-process) mechanism

 Site well identified MSs
and low-mass TP AGB 
Stars

 Reliable stellar models (5-
10% uncertainty)

 Need:
 Accurate (n,g) cross

sections (5-10%) for
the stable isotopes

 10-20% for unstable
isotopes



204Pb: an s-only determined by an s-branching



204Pb determined by the s-branching at 204Tl (3.78y)
203Tl (225 mg)

203Tl
+
204Tl (9 mg)

There is
no 204Tl 
in nature!



204Pb: an s-only determined by an s-branching
203Tl (225 mg) 203Tl

+
204Tl (9 mg)



Vertical flight path 
leading to EAR2 at 18.2 m

proton beam from the PS

Horizontal flight path 
leading to EAR1 at 182.5 m

NEAR at 3 m

proton beam momentum 20 GeV/c

PS-intensity (dedicated 
mode)

8.5 x 1012  

protons/pulse
repetition frequency 1 pulse/1.2s

pulse width 6 ns (rms)

n/p 2.5 x 1015 

n/pulse
lead target dimensions 70x76x63 cm3

cooling & moderation 
material

N2 & H2O 
(borated)

Neutron beam

Time-of-flight technique for high resolution & high acuracy (n,g) cross section measurements



204Pb: an s-only determined by an s-branching
203Tl (225 mg) 203Tl

+
204Tl (9 mg)



204Pb: an s-only determined by an s-branching
203Tl (225 mg) 203Tl

+
204Tl (9 mg)

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.



204Pb: an s-only determined by an s-branching



79Se branching determines s-only 80,82Kr

78Se 79Se
3x105a

80Se 81Se
18 m

79Br 80Br
17 m

81Br 82Br
35 h

80Kr 81Kr
11 a

82Kr

s-only s-only

EAR2@20 m

6MBq ɣ-ray 
emmiters

ILL: ~3 mg of 79Se (<0.1%) 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



78Se 79Se
3x105a

80Se 81Se
18 m

79Br 80Br
17 m

81Br 82Br
35 h

80Kr 81Kr
11 a

82Kr

s-only s-only

EAR2@20 m

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

79Se branching determines s-only 80,82Kr



About 50% of (n,γ) measurements at CERN n_TOF are related to astrophysics



About 50% of (n,γ) measurements at CERN n_TOF are related to astrophysics



About 50% of (n,γ) measurements at CERN n_TOF are related to astrophysics

Is it time for a new “evaluation” of 
the r-process isotopic abundances
(and uncertainties)?



Outline

• R-process (solar) isotopic abundances require accurate neutron-
capture measurements along the s-process path on stable and 
unstable isotopes

• How far are we from direct neutron capture experiments as 
input for r-process  model calculations?



Sensitivity studies for (n,γ) in r-process nucleosynthesis



How far are direct (n,γ) measurements from r-nuclei?

81Ga (1.2 s)

84Se (3.3 m)

77Ga (13 s)

79As (9 m)
78Ge (87 m)



State-of-the-art TOF neutron-capture measurements:

Origin of heaviest s-
isotopes in SS T in AGBs

and MSs

Isotopic anomalies in 
SiC-grains

Time2001 2025
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2xC6D6
sTED@EAR2 i-
TED@EAR1

4xC6D6

Target#3

Ni/Cu/Zn in 
MSs

TP-AGB 

151Sm 93Zr 63Ni 171Tm 204Tl 94Nb 79Se

• 6 oom improvement over the last 25 y

• Still shortest lived isotope few yr

• Isotope with shortest t1/2 measured is

171Tm(n,γ) (t1/2=701 d)

• More recently 88Zr(n,γ) (t1/2=83 d), but only in 

the thermal neutron-energy range and it has 

a huge cross section

• Limitations (luminosity): 

• sample atoms (>1018), 

• sample half-life / production rates

• Attainable neutron fluxess-process branching point at n_TOF



How far are r-nuclei from direct (n, γ) measurements?

RIB Facility

Storage 
Ring



How far are r-nuclei from direct (n, γ) measurements?

RIB Facility

Storage 
Ring

RING?

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

ISR Project (2030+?)

ISR

+ Other variations/alternatives of 
this novel method being

investigated!



Summary & Outlook
• R-process (isotopic) abundances are affected by uncertainties which, at least for s-process 

dominated contributions are dominated by uncertainties on the (n, γ) capture cross sections of 
the corresponding nuclei

• Calculated s-only isotopic abundances are used for “calibrating” the free parameters of the models 
for the r-process “residuals”. (n,γ) cross sections of neighbouring branching points can severly
affect those s-only abundances used for calibration

• State-of-the-art (TOF) techniques have reached their limit for the measurement of nuclei with half-
lives shorter than 1 y

• In the future, alternative novel approaches based on inverse kinematics, utilizing RIB (ISOL) 
facilities, low-energy ion-storage rings and static neutron targets, could provide access to direct (n,γ) 
cross section measurements in the neighborhood of the r-process path.
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