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Solar System: Abundance Pattern	
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Solar System: Abundance Pattern	
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remaining components 
       à “r-process”	

“s-process”	

r-process peaks (A~80, 130, 195) are also associated to  
  neutron magic number N = 50, 82, 126 !	
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β-delayed neutron emission	
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Where is the site of heavy elements ? 
 (r-Process Nucleosynthesis)	

Type II Supernovae	

NASA/JPL-Caltech/O.Krause  
(Steward observatory)	S. Wanajo	

- Mechanism of Explosion.. ? 
- Lack of Neutrino, Neutron ： 
  Ye < 0.5? 
-  Strong magnetic field ? 

- Extremely neutron-rich nuclei 
- Very Rare to have two neutron stars   
     close together.   
-  Not possible in 1st stars !? 

 NS-BH ? 

Neutron star merger 	

N. Nishimura, T. Takiwaki, F.-K. Thielemann 
Astrophys. J. 810 109 (2015)	



Nucleosynthesis for neutrino-driven winds 
(snapshot; Martine et al. 2015)	

Nucleosynthesis for dynamic ejecta 
(snapshot; Korobkin et al. 2012)	

http://compact-merger.astro.su.se/Macronovae_04_2017.html	



S. Rosswog, U. Feindt, O. Korobkin et al. arXiv:1611.09822	

Key: We need properties of very neutron-rich nuclei. 



GW170817 
Neutron Stars Merger !	

Gravity Wave “Chirp”	

https://www.ligo.caltech.edu/video/	

Aug. 17, 2017	

1.7 sec delay over  :  
                     0.13 billion years )	

Gamma Ray  
Burst	

Vgravity ~ Vc	

GRB170817A	

-7     -6      -5     -4     -3    -2      -1       0       1       2       3       4       5 s	



Neutron Star Merger : Scale	
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Mapping “NS-NS”, “NS-BH” Merger Events	

Mass M1	

Mass M2	

Observation	

GW 
Kilonova 
GRB 
   : : 

(as func. of time)	

Nuclear Physics  
   EOS, Reactions, 
    Mass, Decay, … 	



kilonova after Neutron Star Merger	

Credit: NAOJ/Nagoya Univ.	

Radiation from  
radioactive isotopes (RI).  

Is there any evidence of fission recycling?   à  Au, Pt, U 

a few days later	 one week later	



Nuclear Properties are Key Inputs	

Mass 　… r-proces path (n,γ) ⇄ (γ,n) 
Half-lives … process speed/abundance 
Delayed neutron emission & Fission 

 … freeze-out path, odd-even 
Nuclear Structure  
  - Neutron Magic (N=50, 82, 126) ,   
    Deformation, Quenching  	



r-Process Nucleosynthesis 
 

Reproduction of r-Process Nuclei 
in the Experiment	

Oh !  it is not easy at all .	



New Isotope Search (History)	



RI Beam Factory (RIBF)	

　※All accelerators and experimental facilities are underground. 

Decay Experiment	



Decay Spectroscopy	



Decay Spectroscopy: EURICA	

Production  
Target 

Separation  
      of RI	

Identification 
       of RI	

EURICA	

Primary Beam  
(238U / 124Xe / 78Kr) 

RI Beam 

Beta-counting system WAS3ABi 
inside EURICA 

gamma-ray	

84 high-purity Ge crystals in 12 clusters 
Resolution : 2.5 keV  
Efficiency : 15% @ 662 keV 



β-decay half-lives on r-process path	

130Cd	

110 half-lives 
(40 new T1/2) 
G. Lorusso 

36 new isotopes, Y. Shimizu et al. JPSJ (2017)	

128Pd	



First Excited States E (2+)	
Pr

ot
on

 N
um
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1200 
 
 
 
 
800 
 
 
 
 
400 
 
 
 
 
0 

Neutron Number （N）	

à  No evidence for shell-quenching in 
128Pd…. 	 128Pd (N=82)	126Pd (N=80)	

H. Watanabe et al., PRL111 (2013) 

Z = 50	

(keV) 

136Sn 138Sn 134Sn 

G. Simpson, G.Gey, A.Jungclaus  
PRL113 (2014) A.Jungclaus (GSI)	



Beta Decay Half-lives	

Likelihood method  with 10 ms bins (0 – 5 sec)  
Free parameters for fitting  
   - Background   … ~ 0.5 cps 
   - Neutron emission Probability (Pn)  
   - Detection efficiency  (ε) … 40% - 80%    
Consistency check 
    - Monte Carlo Simulation 

T1/2  

98Rb  
decay	

daughter and granddaugter 
( β & β -n branches )	

background	



440 Exotic Isotopes Surveyed by EURICA Spectrometer	

82	

50	

50	

28	
28	

half-life（sec）	
EURICA Data( 2012 – 2016 ) 

Delayed γ … 37~ 
Delayed neutron  … 6  

Proton emission  … 5  

New Isotopes … 62 
Beta-decay half-life … 240+38	

Isomer  … 23 

Z 
(n

um
be

r o
f p

ro
to

ns
)	

N (number of neutrons)	

New beta-decay half-lives play important role  
  in formation of 2nd peak and rare-earth peak   	



110 Half-lives of Very Neutron-Rich Rb to Sn  
Around N = 82	

S.Nishimura 
PRL 106, 052502 (2011)	40 new half-lives ! 	

G.Lorusso et al., 
PRL 114, 192501 (2015)	 18 new half-lives ! 	



92 β-Decay Half-lives (Mass A = 144 – 175) 
vs FRDM+QRPA	

Promethium	Praseodymium	Lanthanum	Cesium	

Nucleon paring effect	

Terbium	 Holmium	Europium	

Gadolinium	 Dysprosium	Samarium	Neodymium	Cerium	Barium	

Sudden reduction  
of T1/2 at N=96à 97	

N=104 à 105	

J. Wu, PRL (2017) 	



r-process Abundance with New T1/2  (RIBF)	
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Before	
After new RIBF data	

 
 
	

 
 
	Dip 

problem!	

Rare earth 
elem. 

1st Peak 
2nd Peak 

3rd Peak 

238U	

195Pt	

130Xe	

232Th	

235U	

128Te	

G.Lorusso et al., PRL (2015) 

Assumption:  (n, γ) ⇄ (γ, n) equilibrium.  



Origin of Rare-Earth Elements 	

S. Goriely et al PRL 111, (2013)	

R. Surman et al. PRL 79 (1997) 

Th(Z=90) vs Eu(Z=63) …. deviation !? (A.Frebel) 
 à r-process condition? or Contaminants !? 	



 Universality of r-process elements (Z > 56)	

Decay Spectroscopy around mass A =160 was performed !	



mass (known)	

How About Mass Measurement ?	



Rare-Earth Peak with Different Mass Models	
            Half-lives: FRDM and new half-lives.    Mass: FRDM and KTUY.     	

With new half-lives, the direction of changes with new half-lives are the same for FRDM and KTUY mass	

by J. Wu	



MRTOF & Decay in ZeroDegree ( 2019 ? ~ )	

BigRIPS/ZDS Experiments à MRTOF (Symbiotic Collaboration) 
 - In-beam, New isotopes, Interaction cross-section, Decay 	

Mass & Decay Spectroscopy  	

Yakitori Mode	

Gas Catcher & MRTOF	

ZD-MRTOF Workshop (3-4, September, 2018) … to be announced.	



ZD-MRTOF à Decay	

AGARI  
(Active mass Gated stopper 

for RI spectroscopy)	

Development has been started..  

RI Identification by MRTOF	



Beta-delayed neutron 
emission probabilities Pn	

BRIKEN (2016 ~ )	

•  Beta decay of neutron-
rich nuclei 

• Far enough Sxn < Qβ: 
multiple neutron emission 



M.R. Mumpower et al. 
Prog. in Part. and Nucl. Phys 
86 (2016) 86-126	

beta-delayed neutron emitters	

low entropy hot wind 

high entropy hot wind 
N

=8
2	

N
=8

2	

cold wind 

NS merger 

Z=50	

Pn values: 
How Sensitive in  
r-Process Calc.?	



3He gas detectors	

BELEN (Spain)	

3Hen (ORNL)	

RIKEN (Japan)	

3He  + n à 3H + p + 780 keV   
No info. about initial En, but large efficiency 
Thermalization time τ　〜100 µs	

BRIKEN @ RIBF	



r-Process Elements : Freeze-out Time	
A. Estrade, G. Lorusso, F. Montes	



BRIKEN Campaign (2017 Nov.)	
Spokesperson: SN, A. Algora 

＊50 ~ new Pn values (expected). 
＊~ 20 new T1/2 (expected).  
＊Isomers 
＊Beta-delayed gamma with neutron-gate 
＊U-beam int. ~ 65 pnA 



Delayed neutrons in mass A = 100 region	



Summary	

N (number of neutrons)	

-  278 (à ~ 340) T1/2   
-  6 (à ~ 150) Pn, P2n, .. 
-  Excited States, Isomers 
-  Nuclear Magic / Deformation 

0             20           40             60            80          100          120          140          160          180	

Decay spectroscopy (N~126)  
Mass measurement 
High density nuclear matter (EOS) 
Fission & Nuclear reactions 

Survey of decay properties EURICA/BRIKEN (CAITEN) in progress. 

Future	



EURICA Collaboration	
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