
中性子捕獲反応と元素合成：

鍵を握る原子核データの収集と研究戦略

中性子捕獲反応で迫る宇宙の元素合成 9-10 February 2023

西村俊二 （理研）

グローバルなｒ過程の理解 ßà ｒ過程の局所的な元素成分の構造の理解

「r過程・フリーズアウト時の元素合成が重要」

β崩壊の崩壊レートに加え、遅発中性子、質量、中性子捕獲反応が重要な鍵を握る。



ｒ-過程の環境と中性子過剰な原子核

N=126

N=82

N=50

Korobkin 2012

★ 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)

連星中性子星の合体

超新星爆発



RIBF Layout

Self Confining RI Ion Target

700 MeV e-Storage ring

150 MeV e-Microtron

Experimental Projects at Zero-Degree Spectrometer
Decay & Mass 



!

Beta-decay process

Gross properties: Half-lives (T1/2) and neutron branching ratio Pxn

- 𝛽-delayed neutron branching (Pxn)
- Neutron-TOF

BRIKEN/VANDLE/ToFU

- 𝛽-delayed 𝛾 spectroscopy 
(and T1/2)

EURICA/DTAS

GT / FF 



r-Process Nucleosynthesis

2nd Peak (Mass A〜 130) 



high entropy hot wind

cold wind

NS merger
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T1/2 Pn

low entropy hot wind

N=82

Z=50

N=82

Z=50

Sensitivity Study of Decay Properties in r-Process



N=50

N=82

Number of neutron   N

Critical Nuclear Properties in r-Process Nucleosynthesis
（ EURICA Project:2012 – 2016 ）

EURICA (2012 – 2016) N=126
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★ 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=82

N=50



Z.Xu et al, PRL (2014)

G.Lorusso et al., PRL (2015)

SN et al., PRL (2011)J. Wu et al., PRL (2017)
J. Wu et al., PRC (2021)

~ 284 b-Decay Half-lives (New T1/2 ~ 125) Measured at RIBF
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G.Lorusso et al., PRL (2015)

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

Impact on r-process nucleosynthesis

BRIKEN has started producing new data !  

Main (MHDJ)
Fission (NSM）

w/o fission recycling

S. Shibagaki, T. Kajino et al. Astro. Phys. Jour. (2016)

ｒ過程の元素合成
フリーズアウト時の微細構造
の形成、議論



KAKENHI (Japan)

BELEN (Spain) BRIKEN @ RIBF

3Hen (ORNL)

A.Tarifeno-Saldivia et al. 
BRIKEN design, simulation
Jour. Instrum. 12, P04006 (2017)

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

BRIKEN : Highest neutron detection efficiency



Critical Nuclear Properties in r-Process Nucleosynthesis
（ BRIKEN Project ）

BRIKEN (2016 – 2021)
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EURICA (2012 – 2016)

★ 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)

140 3He detector (RIKEN, ORNL, UPC)
beta-counting system

- AIDA or WAS3ABi



b-Delayed Neutron Emission Probabilities (N < 82 )

O. Hall. et al. PLB 816, 136266 (2021) 

PhD thesis
from GSI 

T1/2 … consistent 
with EURICA

Spokespersons: A. Estrade, G. Lorusso, F. Montes

Di. Wu, C.L. Bai, H. Sagawa et al., PRC 104, 054303 (2021)Machine learning.. à



BRIKENで収集した実験データ

BRIKEN (2016 – 2021)

中性子数 N

陽
子
数

Z

EURICA (2012 – 2016)



中性子魔法数N > 82の遅発中性子放出確率の測定に成功

ベータ崩壊に伴い中性子を放出すると、質量が減る。

これら中性子過剰な原子核はベータ崩壊することにより、
安定な原子核（テルル、セシウム、キセノン、バリウムなど）に変換される



速い中性子捕獲過程（ｒ過程）

中性⼦数 (N)

陽
⼦
数

(Z
)

中性子捕獲

β崩壊

遅発中性子放出（1個）

遅発中性子放出（2個）

金、ウランなど重元素の起源

à大量の中性子が存在する環境
西村信哉/和南城

超新星爆発？ 中性子星合体？



宇宙初期の古い金属欠乏星の探索 ハッブル宇宙望遠鏡

すばる望遠鏡

パラナル天文台

SkyMapper

１３８億年

超新星爆発？

中性子星合体？

太陽系

１度の天体爆発で合成された
ｒ過程成分を持つ。

バリウム、レアアース、金、白金、トリウムの
成分比が太陽系のものと酷似

Sneden (2008)



Langanke note.

陽
子
数

中性子数

中性子魔法数
N＝82

ｒ-過程

s-過程
Sneden, Cowan, (2003)

ｓ過程とｒ過程が混在。
138Ba などが大量につくられる。

太陽系の元素の起源：ｓ過程、ｒ過程

138Ba

138Ba135

136134132131130

137

133

130128

127

132Sn

Ba

Xe

I

Te

Cs

La

Sb

Sn

r-Process Nuclei

中性子魔法数
N = 82

①元素には質量の異なる同位体が存在する。
②宇宙初期のBa同位体が観測可能となった。



RIBFのデータを取り込んだｒ過程の計算

核分裂片

r過程の計算（BRIKENデータ）
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質量数

定量的な微細構造の
議論が可能となった。

金、白金

ウラン

○半減期を測定（EURICA)
○遅発中性子放出確率（理論）à実験データ（BRIKEN)

安定
同位
体の
量を
見積
もる

EURICA



Ye Dependence of r-process abundance (A~135)

Ye dependence of odd-even systematics 

C. Wenyuan et al., Astrophys. J. 854, 131 (2018)

V.H Phong et al.

n(135Ba) + n(137Ba) 
n(Ba)

fodd,Ba = 



2ND R-PROCESS PEAK FORMATION DURING FREEZE-OUT TIME OF R-PROCESS 

20V. H. Phong | 3rd NP-PAC meeting | 5 December 2022 

Detailed reaction flows during freezeout

ReacLib2 (FRDM 1995)

V.H. Phong, SN et al. Phys. Rev. Lett. 129 (2022) 172701
M. R. Mumpower, et. al. Prog. Part. Nucl. Phys. 86, 86 (2016)

?

Sn isotopes

masses of 137Sn and 138Sn  ßà expected (n,g) reaction rate
( Large uncertainties )

?

La, Ce production observed GW170817 ?
N. Domoto et al. ApJ 939 (2022)



135Ba,137Ba,138Ba & 135Cs

H.Hidaka, S. Yoneda, 
Scientific Report, 1330 (2013)

関連した研究
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SURVEY PROGRAMS RELEVANT TO R-PROCESS NUCLEOSYNTHESIS (DECAY & MASS)

CAITEN ( 2009 - )

SN, PTEP 2012, 03C006 (2012)
Fast timing decay experiment : CAITEN (2010 - ) 

S.N (RIBF207 approved)

Neutron time of flight 

LaB3(Ce)

K. Steiger et al., EPJ A (2015) 51 

V. Phong (approved)

East of 132Sn 
( Z ~ 50, N > 82)

Project Combined.
Mass measurement : ZD-MRTOF (2019 - )



MASSES AND R-PROCESS ABUNDANCE

23

Masses beyond beyond N = 82 are sensitive to 
the r-process mass distribution around A > 135.

à Experimental values are desired. 

In Sn
Sb

Te

M. Wu et al., MNRAS 463 (2016) 2323
Neutron star merger 



EXPERIMENTAL SETUP AND REGION OF INTERESTS V. H. Phong | 3rd NP-PAC meeting | 5 December 2022 

Devices 

① ZD-MRTOF in ZeroDegree Spectrometer

• Mass measurements of 12 neutron-rich nuclei: 
135In, 136-138Sn, 138-141Sb, 141-142Te and 143,144I

• Search for possible long-lived isomers

ZD-MRTOF 

24

Primary beam : 238U, Target: Be, BigRIPS for RI production 

RI

β-decay 
station

RI

RI in decay station

② Decay 

• β-γ-n spectroscopy

- Fast timing pixel scintillation detector (GARi)

- Neutron time-of-flight (TOFU)

- 3 – 4 clover Ge detectors

- 15 LaBr3(Ce) detectors



H12700A/B : 3 x 3
à CAEN Digitizer 

Time-of-Flight detectors (TOFU) for beta-delayed neutrons 
à CAEN Digitizer

Fast beta-counting system (GARi)

Ready to perform experiments. 

Position sensitive
PMT

Pixel scintillator

MRTOF

n
n

Status: Fast timing Decay Experiment after ZD-MRTOF 

Neutron detection 
efficiency (GEANT4)



r-Process Nucleosynthesis

Rare-Earth Peak 



● Site of r-process

● Observation of electromagnetic wave

Kilonova is expected & observed !

Site of GW170817

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

Optical Infrared

1-day later 7-days later

High neutron density environment

Utsumi, Tanaka+17, Valenti+17

LanthanoidFe

(2)

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

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

nuclear decay heat 



r-process e
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① Neutron shell closure N=50

② Neutron shell closure N=82

③ Neutron shell closure N=126
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①
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S.Wanajo

C.Sneden et al. (2008)

❶

❷
❸

❹

Where & How the Rare-Earth Elements are Synthesized !?
[ Nuclear Physics ]

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

(n, g)⇄(g, n) competition

(3)

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



④

S.Wanajo

C.Sneden et al. (2008)

❹

Where & How the Rare-Earth Elements are Synthesized !?

Asymmetric fission of neutron-rich heavy nuclei
（S. Goriely et al.)

S. Goriely et al, PRL 111, 242502  (2013) 

S. Goriely et al, PRL 111, 242502  (2013) 

Symmetric Fission

(4)

Asymmetric Fission



(n, g)⇄(g, n)
competition

④

S.Wanajo

C.Sneden et al. (2008)

❹

Where & How the Rare-Earth Elements are Synthesized !?

Nuclear deformation（R.Surman et al.)
Formation of rare-earth peak 

at freeze-out time of r-processR. Surman et al, PRL 79, 10 (1997) 
M. Mumpower al., PRC 85, 045801 (2012)

Is there “Kink” in S2n? 
(N = 100 ~ 105)

0.8s

1.18s

2.98s S2n

S2n(Z,N) = E (Z, N - 2) – E (Z, N) 
... Suitable to study on shell gaps, test of magicity(5)



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

M. Mummpower et al., J. Phys. G. Nucl. Part. Phys. (2017)

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

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

(6)



10510095
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15 

AME2020 atomic mass evaluation

160Nd

161Pm
157Pr

164Sm

165Eu 167Gd

168Tb

169Dy 171Ho

172Er
174Tm

151La

151Ce

151Ba

Z=66

Z=68

Z=64

Z=62

Z=60

Z=58

Z=56

There is no data & no evidence 
of S2n kink in N~104 region.

S 2
n

(M
eV

)
Stable

Neutron number ( N )(7)

M. Vilen et al. 
PRL 120 (2018) JYFLTRAP
PRC 101 (2020) JYFLTRAP

R. Orford et al.
PRL 120 (2018) CARIBU
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160Nd

161Pm
157Pr

164Sm

165Eu 167Gd

168Tb

169Dy 171Ho

172Er
174Tm

151La

151Ce

151Ba

Experimental Data
S 2

n
(M

eV
)

Neutron number ( N )

Z=66

Z=68

Z=64

Z=62

Z=60

Z=58

Z=56

Rare-earth peak A ~ 165
AME2020
FRDM(2012)

Δm ~ 1 MeVLarge deviation of S2n among theories 

KTUY05

(8)

Masses (Proposal)

ApJ936 (2022)ApJ 937: 107 (2022)



Nuclear Mass (theoretical prediction with machine learning)
Z.M. Niu and H.Z Liang, Phys. Rev. C 106, L201303 (2022)

New BML with lexperimental results –>  Sn2 “kink” around N = 104 is suppressed. 



Future Plan at RIBF-ZDS

Rare-Earth 
Formation?

❹

Lanthanides



A. Gottardo et al, PRL 109, 162502

Isomer search in progress (J. Wu and A. Morales) 

BRIKEN Experiment in Vicinity of N = 126
Spokespersons: J.Wu, SN,T.Davinson, J.L.Tain



Rare-Earth (4-days)  ... G. Kiss 

M. R. Mumpower et al., PRC 86, 035803 (2012) 

今後の予定 （DTAS: Tataki Project)

N>126 (７-days) ... A. Morales 

Goal : to measure the γ-emission from neutron 
unbound states using the total absorption technique to 
constrain the Hauser-Feshbach model provided (n,γ) 
cross sections. 

single neutron capture rate was changed 
by factor of 10 (YK=10)



まとめ

● 中性子過剰な原子核の性質とｒ過程は密接な関係
- EURICA (2012 – 2016)
- BRIKEN (2016 - 2021)
- DTAS (2019 - ), IDATEN (2023 - )
- ZD-MRTOF (2019 - ) & TOFU (2023 - )

● 中性子捕獲反応の重要性
-第２ピーク領域の微細構造
✔質量数 A = 132の不足 (132Xe)
✔質量数 A = 135, 137 vs 138の不確定性

(135,137Ba and 138Ba)
-希土類元素のピーク形成
✔質量数 A ~ 165 （N~ 104)領域の中性子捕獲 r-process & i-process !?

n(135Ba) + n(137Ba) 
n(Ba)

fodd,Ba = 

Impact of 
i-process 
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