
Shunji Nishimura 
RIKEN

Nuclear Astrophysics
Nishina School 2023, 2023/07/31（Monday）

Neutron Star Merger

Supernovae Black Hole

Photo / Ho/ESA-HUBBLE

NASA/CX/M.WEISS Keywords: Nucleosynthesis & Neutron



We Are Made of ”Star Stuff”

Carl Sagan

A scientist, cosmologist, astrophysicist, astrobiologist, 
author, and science communicator from the United States.



We are Made of “Star Staff”
[ Elements ] 

WikipediaPeriodic Table of Elements

Where and How are the elements made in the universe ..?

Wikipedia



Where & How the Elements are 
Made in the Universe !? 

Nucleosynthesis



Nucleosynthesis in Universe

Big Bang

Interstellar
Material

Get Together

Star
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What kinds of Elements in “Our Solar System” ?



Periodic Table of Elements

Nucleosynthesis in Star

Big Bang Nucleosynthesis

113
Nucleosynthesis of Heavy Elements

中性子(neutron) の寿命：900 秒



For example..  “Gold”

Credit: Pirates of the Caribbean

Gold (Stable) ...
Symbol of Element ... Au
Number of Proton (Z) = 79
Number of Neutron (N) = 118
Mass Number (A) = 197

A = Z + N

197Au
Mass Number A

Symbol of Element
Number of Proton



We are making Golds (Au)
in the Laboratory

Joseph Wright

Alchemy (錬金術)

197Au

... ...

N = 91 N = 131N = 118

More neutrons (Neutron-rich)Less neutrons (Neutron-deficient)

Heavy goldLight gold
Disappear (decay) Disappear (decay)

Gold (Stable) ...
Symbol of Element ... Au
Number of Proton (Z) = 79
Number of Neutron (N) = 118
Mass Number (A) = 197

A = Z + N



Nucleosynthesis of Heavy Elements

Gold

Uranium

Still Open question in Astrophysics and Nuclear Physics

１）Heavy elements have been created before the solar system
２）About half of those heavy elements must be created in short time (~sec).
３）Where and when are heavy elements created ?

Birth of Solar System

Credit：ＮＡＳＡ／ＪＰＬ  

Hints are in the Elemental Abundance in Solar System.



Solar System: Abundance Pattern

元
素
存
在
比

Mass Number A = Nproton（Z） ＋ Nneutron（N）

Fusion in Star Heavy elements !
Where & How they are created !? 

s-process (slow)

Au

Platinum
（Pt)

（from wikipedia）

Gold
（Au)

r-process (rapid)



2nd peak

3rd peak

1st peak

Nucleosynthesis of Heavy Elements
s-process (slow) and r-process (rapid)



s-過程

slow neutron capture process
(s-process)



漸近巨星分枝星内（軽い星の進化段階）で生成



neutron capture (n,g)



beta decay ( n à p+ + e- + ne )  ... (Z+1, N-1)

s-process (slow) and r-process (rapid)

wiki























closed neutron shell

slow neutron capture
τβ- << τn ~ 102 – 105 yr

The s-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zr



closed neutron shell

r-process: τn<< τβ- ~ 0.01 – 10 s

Double peaks due to closed neutron shells

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zrs-process: τβ- << τn ~ 102 – 105 yr

s-nuclei



r-過程

rapid neutron capture process
(r-process)



closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zr

neutron capture (n,g)



closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zr

closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zr

beta decay ( n à p+ + e- + ne )

wiki



closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zr

closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zr

(n,g)

(g, n)



closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br
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89Y
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closed neutron shell

rapid neutron capture
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closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process
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closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu
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closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge
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closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr
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89Y
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beta-decay



closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zr

closed neutron shell

rapid neutron capture
τn<< τβ- ~ 0.01 – 10 s

The r-process

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zr

β-delayed neutron emissionb-delayed 
neutron emission



closed neutron shell

r-process: τn<< τβ- ~ 0.01 – 10 s

Double peaks due to closed neutron shells

65Cu

66Zn 67Zn 68Zn 70Zn

69Ga 71Ga

70Ge 76Ge72Ge 74Ge73Ge

75As

70Se 80Se76Se 78Se77Se 82Se

79Br 81Br

78Kr 84Kr80Kr 82Kr 83Kr 86Kr

85Rb 87Rb

88Sr84Sr 86Sr 87Sr

89Y

92Zr90Zr 91Zrs-process: τβ- << τn ~ 102 – 105 yr

r-nuclei

s-nuclei



Production of Gold in r-Process

Production of Gold via beta-decay:  * à * à 197Os à 197Ir à 197Pt à 197Au

Stable nuclei in Nature



1. What is dark matter ?
2. What is dark energy ?
3. How were the heavy elements from iron to uranium made?
4. Do neutrinos have mass ?
5. What do ultra-energy particles come from ? 
6. Is a new theory of light and matter needed to explain what happen at 

very high energies and temperatures ?
7. Are there new states of matter at ultrahigh temperatures and densities ? 
8. Are protons unstable ?
9. What is gravity ?
10. Are there additional dimensions ?
11. How did the Universe begin ? 

11 Greatest Unanswered                
Questions in Physics

Physics in
Extreme Environments



Sites of r-Process Candidates

Supernova（Mass > 8 x Mass (Sun) ）

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

- Frequent events
- Issue in Explosion of Supernovae
- Lack of Neutrons 
- Special supernovae with 

strong magnetic field ? 

- A lots of neutrons 
- Rare events 
- It takes time to make collisions

Binary Neutron Star Merger (Neutron Star + Black Hole)



Finding Old Star in Early Universe

Supernovae !?

Neutron Star !?

Solar

Single r-Process Event !?
Hubble Space Telescope

Subaru Telescope

Paranal Observatory

SkyMapper

“gold standard” Metal Poor Star

I. 
Ro

ed
er

er
, e

t a
l. 

(2
02

2)

Very Similar Elemental Abundance Pattern

Determined by Nuclear Properties!?



Merger of Two Black Holes: 
GW150914 

Violent Site in Universe
【 Binary Star Merger 】

30 times longer!



Discovery of Neutron Star 
Merger ! （GW170817)

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

Tsukuba
/

Saitama
/

Yokohama
/

Shinjyuku /



Where & How the Rare-Earth Elements are 
Synthesized !?
[ Astrophysics Observation ]

● Site of r-process

● Observation of electromagnetic wave
Site of GW170817

SupernovaeNeutron Star Merger (NS-NS, NS-BH)

Optical Infrared

1-day later 7-days later

High neutron density environment

nuclear decay heat 

Kilonova is expected & observed !

Utsumi, Tanaka+17, 
Valenti+17

LanthanoidFe

Infrared  indicates the synthesis of 
lanthanoid elements in NS-NS collisions



Coffee Break



Dating using Radioisotopes

Natural「Carbon」

Carbon-12
（Stable）

Carbon-13
（Stable）

Carbon-14
（Unstable） Nitrogen-14

（Stable）

Number of 
proton
Number of 
neutron

electron
Neutrino

Half-life
5,700 years

６ ６ ６ 7

６ 7 8 7

Radioisotope
同位体 isotope

Photo by S. Yamashita,
National Geog. 

西暦774-775年
14C … 1.2 % 増加



r-過程
r-Process Nucleosynthesis

Reproduction of r-process Nuclei
(検証実験： Experiment)



Super-heavy
elements

Korobkin 2012

Nuclei Produced in r-Process
（Depending on Environment..)

Making r-process nuclei..
à It is not easy at all !

ニュートン 2011 1月号
「元素の誕生物語」

★ Nuclear Physics Inputs (exp. / theory, astro)
- Masses
- Half-lives  
- b-delayed neutron emission probabilities
- Excited states
- magicity, deformation
- Fission
- Nuclear reactions (n,g), (a,n), (a,p), ….
- EOS (Equation of State)



Make Radioisotopes (RI Beam)

重イオン加速器

Selection of Isotopes
by magnets

RIの生成

Radioactive Isotopes

標的物質

（原子核を加速できる）
（核反応を起こさせる。

ベリリウム、炭素など）

破砕片

標的核

入射核

Make 
Various Nuclei（Ｚ，Ｎ）



RIKEN RIBF (2007 ~)

RAON (2025 ~)

NSCL FRIB (2022 ~)IMP 
HIRFL(2006 ~)

GSI FAIR (2025 ? ~)

GANIL SPIRAL2 (2021 ~)

HIAF (2025 ~)

ANL 
CARIBU (2012 ~)

TRIUMF 

ISOLDE

JYFL

1980s:     First generation RI beam facilities
Early 2000s:   Plans for new generation facilities
2007 - :   Radioactive Isotope Beam Factory (RIBF) @ RIKEN (Japan)
2022 - :     FRIB @ MSU (USA)  
~ 2025 - :   HIAF (China), FAIR (Germany), RAON (Korea)

Radioactive Isotope Beam Facilities in the World



Radioactive Isotope Beam Facility in Your Country !?

Nature

HIAF Home Page

CENS Home page



SRC

BigRIPS

fRC

IRC

RIBF Layout

Radioactive Isotope Beam Facility (RIBF) in Japan



★ Nuclear Physics Inputs (exp. / theory, astro)
- Masses
- Half-lives  
- b-delayed neutron emission probabilities
- Excited states
- magicity, deformation
- Fission
- Nuclear reactions (n,g), (a,n), (a,p), ….
- EOS (Equation of State)

N=50

N=82

N=126

Critical Nuclear Properties
in r-Process Nucleosynthesis 

N (number of neutron)



Decay Experiments 
EURICA Project

Production 
Target

Separation 
of RI

Identification
of RI

RI 
Bea

m

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

１９ countries：２３７ collaborators



beta counting system



Decay Experiment at RIBF

KAKENHI (Japan)

BELEN (Spain)

3Hen (ORNL)

3He  + n à 3H + p + 780 keV  
Thermalization time τ 〜100 μs



Harvesting Decay Properties for r-Process Nucleosynthesis



Harvesting Decay Properties for r-Process Nucleosynthesis



Harvesting Decay Properties for r-Process Nucleosynthesis



Harvesting Decay Properties for r-Process Nucleosynthesis



b-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 (accepted)

128Pd



110 Half-lives of Very Neutron-Rich Rb to Sn
SN
PRL 106, 052502 (2011)40 new decay rates ! 

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

Those nuclei are decaying less than 1 second.. 



r-process Abundance with New Decay Rates

80       100       120      140       160       180       200       220      240
Mass A

r-
pr
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es

s A
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ce

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. 



Beta-Delayed Neutron in r-Process

neutron 
capture

Beta-decay

Beta-delayed one neutron

Beta-delayed two neutrons

Possible Candidates

Supernova Neutron Star Merger

Mass Number A is reduced. 



b-Delayed Neutron Emission 
Probabilities (N > 82 )

V.H Phong, SN, G.L. et al., PRL 129, 172701 (2022)

b-Delayed Two Neutron 
Emitters ! （P2n)  



（Not neutron number N）

So
la

r 
A

bu
nd

an
ce

   
  

V.H Phong et al.



One of Open Questions
related to r-Process



Origin of Rare-Earth Elements
C.Sneden et al. (2008)

❶

❷
❸

❹

④ Lanthanide peak (Z = 64 ~ 70, A = 158 ~ 170)

There is no shell closure expected around A ~ 165..

① Neutron shell closure N=50

② Neutron shell closure N=82

③ Neutron shell closure N=126



Origin of Rare-Earth Elements 



Rare-Earth Peak Formation with Various Mass Models 
【 Uncertainties of Masses in Neutron-Rich Rare-Earth Elements 】

A. Arcones, G.Marinez-Pinedo
(2007, 2012)

M. Mummpower et al., 
J. Phys. G. Nucl. Part. Phys. (2017) Rare-earth peak formation depends on mass models.

à Uncertainties of mass models are critical issue !  

We need experimental data !

FRDM ETFSI-Q

HFB-17 DuZu

C.Sneden et al. (2008)

❶

❷
❸

❹



ZD-MRTOF Project 
for Mass Measurement

Beam

BRIKENDTAS

EURICA (frame)

ZD-MRTOF



Future Plan at RIBF-ZDS

Rare-Earth 
Formation?

❹

Lanthanides



Summary
【Nucleosynthesis】

- There is still an open question about site of r-process nucleosynthesis.

Nuclear Properties play critical role to form heavy elements.

à There are still a lots of isotopes to be studied to understand
how the elements are created in the Universe. 

Neutron Star Merger Supernovae



Do You Like “Gold”? 



We are Producing “Heavy” Gold at RIBF 238U



Enjoy Nishina School at RIKEN !


