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S-process branchings: the σN curve
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Scintillator Tank Moxon-Rae Detector1 OoM!

εγ = k Eγ

 First quantitative test of s-process theory!

n(A) ∝ 1/σ(A)

S-process branchings: the σN curve
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Ns(152Gd) = 6.6E-4 σ30keV = 1104(19) mb Ns σ30keV = 0.73  
Ns(154Gd) = 7.2E-3 σ30keV = 1088(16) mb Ns σ30keV  = 7.83
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S-process branchings: most difficult measurements
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s-process in the labs-process branchings: 151Sm(n,γ)     t1/2=93 y

U. Abbondanno et al., (n_TOF Collaboration) Phys. Rev. Lett. 93 (2004)
S. Marrone et al., (n_TOF Collaboration) Phys. Rev. C 73 (2006)

Constrain T during Shell He-Burning in AGB stars

 151Sm sample 206 mg (ORNL) 90% 154 GBq
 MACS = 3100(160) mb

 H-burning 108 K
 He-Shell flashes 2.5-2.8x 108 K

λβ (T)

EAR1, 185 m, 2xC6D6

theory

n_TOF Experiment



s-process in the labs-process branchings: 63Ni(n,γ)    t1/2=101 y

C. Lederer et al. (n_TOF Collaboration) Phys. Rev. Lett. 110 (2013)

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

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

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

25 Msun Z =0.02

 1156 mg (ILL), 12% 63Ni (240 GBq)  First data on 63Ni(n,g)
 MACS = 66.7 (18.7) mb

EAR1, 185 m, 2xC6D6



s-process in the labs-process branchings: 171Tm(n,γ)    t1/2=1.92 y

C. Guerrero et al. (n_TOF Collaboration) Phys. Rev. Lett. 125 (2020)

 3.12 mg 171Tm 97.91% (ILL+PSI) 24 GBq
 MACS(30keV) = 570(220) mb
 First TOF (+Activation) data on 171Tm(n,g)
 Good agreement with SiC grains from AGBs

EAR1, 185 m, 4xC6D6



s-process in the labs-process branchings: 204Tl(n,γ)    t1/2=3.78 y

A.Casanovas et al. (n_TOF Collaboration), Jour. Phys. Conf. Ser. 1668 (2020), PRL in prep.

 229 mg (4%) 9mg 204Tl 150GBq
 MACS(30keV) = 355(150) mb
 Good agreement with 204Pb s-process

SS abundance corrected for
fractionation effects (condensation
temperature)

EAR1, 185 m, 4xC6D6

 Condensation temperature correction
 Fractionation effects in SS formation
 Violent solar activity
 Possible further contribution γ-process



He-burning

C-burning

N.Nishimura, et al. 2017 MNRAS

The massive-star nuclear-thermometer

79Se79Se

Future s-process branching measurements: 79Se(n,γ)

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

J. Lerendegui, et al. INTC-PAC proposal: https://cds.cern.ch/record/2731962?ln=en

 Pb/Se Eutectic mixture (3.9g 208Pb78Se, 3mg 79Se)

 Scheduled for early 2022
 Combination of EAR2 + EAR1 (i-TED)

MC (expected)

https://cds.cern.ch/record/2731962?ln=en


S-process branching related n_TOF experiments: past & future

Branching n_TOF Publications related

63Ni 63Ni, C. Lederer et al., Phys. Rev. Lett. 110 (2013)
62,63Ni, C. Lederer et al., Phys. Rev. C 19903 (2015) 

79Se 77,78Se C. Lederer-Woods et al., CERN-INTC 2017
https://cds.cern.ch/record/2265570?ln=es
80Se, V. Babiano-Suarez et al. Jour. Phys. Conf. Ser. 12001 (2020)
79Se, J.Lerendegui-Marco (CERN-INTC) 2020
https://cds.cern.ch/record/2731962?ln=en

93Zr, 95Zr 90Zr, G. Tagliente et al., Phys. Rev. C 77 (2008)
91Zr, G. Tagliente et al., Phys. Rev. C 78 (2008)
92Zr, G. Tagliente et al., Phys. Rev. C 81 (2010)
94Zr, G. Tagliente et al., Phys. Rev. C 84 (2011)
96Zr, G. Tagliente et al., Phys. Rev. C 84 (2011)
93Zr, G. Tagliente et al., Phys. Rev. C 87 (2013) 

94Nb 94,95,96Mo C. Massimi et al. CERN-INTC 2020
https://cds.cern.ch/record/2730968?ln=es
94Nb, J. Balibrea-Correa et al., CERN-INTC 2020
https://cds.cern.ch/record/2731959?ln=es

147Pm 147Pm, 171Tm, C. Guerrero et al., EPJ Web Conf. 146 (2017)

151Sm U. Abbondanno et al., Phys. Rev. Lett. (2004)
154Gd, A. Mazzone et al., Phys. Lett. B 804 (2020)

171Tm 171Tm, C. Guerrero et al., Phys. Rev. Lett. 125 (2020)

204Tl, 205Tl 204Tl, 205Tl, A. Casanovas et al., Jour. Phys. Conf. Ser. 1668 (2020)
204Tl Phys. Rev. Lett. in prep. (2021) 
205Tl CERN INTC (2018)  https://cds.cern.ch/record/2299746?ln=es

https://cds.cern.ch/record/2265570?ln=es
https://cds.cern.ch/record/2731962?ln=en
https://ui.adsabs.harvard.edu/link_gateway/2008PhRvC..77c5802T/doi:10.1103/PhysRevC.77.035802
https://ui.adsabs.harvard.edu/link_gateway/2008PhRvC..78d5804T/doi:10.1103/PhysRevC.78.045804
https://ui.adsabs.harvard.edu/link_gateway/2010PhRvC..81e5801T/doi:10.1103/PhysRevC.81.055801
https://ui.adsabs.harvard.edu/link_gateway/2011PhRvC..84a5801T/doi:10.1103/PhysRevC.84.015801
https://ui.adsabs.harvard.edu/link_gateway/2011PhRvC..84e5802T/doi:10.1103/PhysRevC.84.055802
https://ui.adsabs.harvard.edu/link_gateway/2013PhRvC..87a4622T/doi:10.1103/PhysRevC.87.014622
https://cds.cern.ch/record/2730968?ln=es
https://cds.cern.ch/record/2731959?ln=es
https://cds.cern.ch/record/2299746?ln=es


Summary & Outlook

• Since 2000 n_TOF has tackled several of the most challenging astrophysical experiments

related to s-process nucleosynthesis.

• A total of 18 nuclei related to s-process branchings have been measured at CERN n_TOF,

many of them involving radioactive samples, thereby delivering relevant information to constrain

and improve theoretical models of stellar structure and evolution.

• It is worth highlighting the international collaboration, both in terms of sample production (PSI,

ILL, JRC-IRMM, ORNL) and also of preceding instrumental/techniques developments (ORNL,

FZK, JRC-IRMM), which altogether helped us to push further the border of knowledge in this

field.

• Although serveral key measurements have been made [on many s-process branching nuclei],

uncertainties or covered energy-ranges are still limited, and further measurements and

developments will be required for a deeper insight into the stellar nucleosynthesis conditions.

• With the recent target upgrade, new detectors, NEAR station and overall performance

improvements at EAR1 and EAR2, n_TOF is in an ideal situation to contribute further in this

field, with many new measurements in the horizon, particularly with neutron capture on

branching nuclei.
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