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Outlines 

S-process nucleosynthesis 
#1: Neutron sources 
#2: stellar reaction rates 
#3: stellar decay rates 
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 Beyond Iron – mainly neutron induced 

Reifarth/Goethe U. 

S-only 

Unknown 



S process-only nuclei 
constrain s-process model 

S-process branching points  
involving unstable isotopes 

 weak s-process (?) 

Main s-process  
in AGB stars 

s*Ns~constant 

s-only nuclei  main s-process models 

Reduce the errorbars to 1-3 %! 
#1: Neutron sources 
#2: stellar reaction rates 
#3: stellar decay rates 



Decomposition of solar abundance 
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Nr=Nsolar-Ns-Np 

Accurate s-process model is the starting point to attach the mysterious r-process. 



#1: Neutron Sources 

13C(a,n)16O 
Extraploation  

by Guo et. al., (CIAE)  



First underground 
accelerator based 

on ECR source 

Jinping: deepest underground lab 
Water equivalent depth~7000 m 

12C(a,g)16O 
13C(a,n)16O 
19F(p,a)16O 

26Mg(p,g)27Al 

CIAE,IMP 



Ec.m. (MeV) 

ND new extrapolation 
based on Zickefoose’s 
p0+p1 measurement 

Dayras measurement 

new neutron source: 12C(12C,n)23Mg 

New resonances 
measured by ND 

ND measurement covers more 
than half of the range 

Eth=2.6 MeV 

T9=1.1 

B. Bucher et al.  



#2: Capture rates 

Neutron capture cross section 
-0.1 < En< 500 keV with uncertainties 
(<3%) 
-accurate values for Maxwellian 
average needed 
-Stellar Enhancement Factor (SEF) due 
to thermal corrections 

Unstable isotopes 
 
Capture by excited 
states  

MACS 



              Activation technique at kT=25 keV 

Neutron  production via 7Li(p,n) reaction at a 

proton energy of 1991 keV. 

 

• Only possible when product nucleus is radioactive (AMS for special case) 

• Need theoretical extrapolation to the right temperatures 

• High sensitivity -> small sample masses or small cross sections 

• Use of natural samples possible, no enriched sample necessary 

• Direct capture component included 

Induced activity can be measured after 

irradiation with HPGe detectors.  

109 S-1@ 100 mA 

18O(p,n): 5.1 keV  
3H(p,n): 52 keV 

7Li(p,n) 



Neutron TOF facilities 
Facility 

Parameters 

United States Europe China 

ORELA  LANSCE  IPNS  RPI  GELINA  n_TOF  Back-n 

Source  e- linac  p -SNS p -SNS e- linac  e- linac  p -SNS p -SNS 

Particle E 

(MeV) 

140  800 450  >60  150 20000  

/24000 

1600 

Max Power 

(kW) 

50  80 /4  6.3  >10  11 9 /5  100 

Rep Rate (Hz)  1-1000  20 /50k 30 1-500  Up to 
900  

0.278-
0.42  

25 

Flight Path (m)  10-200  7-55   ~6-20   10-250  8-400  185  55, 80 

e/p Pulse 
Width   

2-30  125/0.125 

(FWHM) 
70-80  15-

5000  
1-2000  7 (rms) <12 (rms) 

Best  Intrinsic   

Res. (ns/m) 

0.01  3.9 /?  3.5  0.06  0.0025  0.034  0.65 

Neutrons/s  1×1014  7.5 /<<0.38 

×1015  
8.1×1014  4×1013  3.2×1013  8.1×1014  2.0×1016 

Back-n collaboration：IHEP+CIAE 



  Better uncertainties (1-3%) 
 

We need to measure (n,g) cross sections between 0.1 and 500 keV. 

Better uncertainties (1-3%) 
 

S-only nuclei 
 

Nuclei with small  
neutron cross section  

(around neutron magic numbers)  

Nr=Nsolar-Ns 

Neutron  
poison 

Weak s-process 



in 187Os at kT = 30 keV: 
 
P(gs) = 33% 
P(1st) = 47% 
P(all others) = 20% 

Re/Os clock: a example for thermal 
correction 

Stellar enhancement factor 

<s>star=0.33*<s>lab+0.47*<s>1st+.. 

Thermal population 
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Calculation by T. Raucher 



How to obtain a reliable 187Os*(n,g)? 

Tn : from elastic and inelastic experiment within astrophysics energy 
range (1<En<500 keV) 
Tg: from GDR experiment (eg, (g,n)) 
Level density at neutron threshold <D>: (n,g) with NTOF 
 
 
 

K. Fuji et al., PRC 82, 015804 (2010) 

[NOT many data around] 



Production of 60Fe 
• Weak s-process component in massive stars 

• During He-core and C-shell burning 

• 59,60Fe(n,g) cross section needed 

• Precise 60Fe lifetime 

Deep-Sea  

Manganese Crust 

63 Myrs ago 

59Fe(44.5 d) 60Fe(1.5 My) 



sE1*G0=565(15) mb 

Number of dissociated 60Fe Maxwellian-Averaged xsec 

E. Uberseder et al. 



86kr(g,n)85Kr with HIgs 

R. Raut et al.,  
Phys. Rev. Lett. 111, 112501 (2013) 

85Kr (10.5 y) 

86Kr target 



SLEGS at Shanghai 
(photo nuclear reaction) 



17O(n,a)14C Study of 17O(n,a)14C with 
17O+da+14C+p 

p 
n 

17O 

See Pizzone’s talk 

Can be used with RIBs! 



High Intensity Accelerator Facility (HIAF) 

2.1 MeV/10 mA proton 1011-1012 n/s/cm2 

Radioactive sample  
from HIAF 

ADS accelerator 
High Power target 



#3: Decays 

NPA404 (1983) 578-598 

Highly 
ionized 
atoms  

Electron soup 

Storage Ring @ GSI, 
IMP , ISODE,RIKEN 
See Litvinov’s talk 



Science 345, 650 (2014) 

Beta decay 
from  
short 
lived 

excited 
states 



R only R+S 

129I/127I 182Hf/180Hf 

182Hf/180Hf 



CJPL 
(13C/22Ne(a,n)) 

Heavy Ion Research Facility 
(explosive nucleosynthesis) 

Beijing Radioactive Ion Facility 
(explosive neucleosynthesis) 

SLEGS at Shanghai 
(photo nuclear reaction) 

Chinese SNS  
(white n-src，s-process) 

(n-process) 
(2018) 

CARR LAMOST 
 

#1: Neutron sources 
#2: stellar reaction rates 
#3: stellar decay rates 
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