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Where 1s the site of heavy elements ?
(r-Process Nucleosynthesis)

T);pé H Supernovae ' Neutron star merger ?
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- Mechanism of Explosion.. ? - Extremely neutron-rich nuclei
- Lack of Neutrino, Neutron : - Very Rare to have two neutron stars
Ye <0.5? close together.

- Strong magnetic field ? - Not possible in 1%t stars !?

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



Origin of Heavy Elements
Supernovae vs Neutron Star Merger

r-process conditions:
Y., S, 1, EOS, ...

Network calculation

with Nuclear Properties r-process abundance Z, A

1on? e T = r
Supernovae explosion? L‘C];;I;;ﬂ;l:)l:); E TR Pl 1) Covwan C.Sneden, Nature 440 (2006)
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Introduction: Rapid neutron-capture (r-) process and
the Rare-Earth Element (REE) peak

JAEA: http://asrc.jaea.go.jp/so1$0hj§<i/gr/chiba_gr/koura/infoKouraDecay_e.htmI
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R. Surman et al, PRL 79, 10 (1997)

Solid line: constant S
Dashed line: constant T,,

> Interplay of nuclear deformation
and B decay
» Forms during freeze-out.

Introduction: The formation mechanism of rare-earth peak
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The spontaneous and [(-delayed
fission cycling takes place in the
very heavy region, part of

fission fragments locates in the
region of rare-earth peak !?




Origin of Rare-Earth Elements

R. Surman’s talk

Experimental Chart of Nuclides >~
2975 isotopes
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Decay Spectroscopy at RIBF



Location of Decay Station at RIBF

e-Rl scattering with SCRIT
(construction)
|

(2080?1;%1 84 high-purity Ge crystals in 12 clusters

Resolution : 2.5 keV
Lz Efficiency : 15% @ 662 keV
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EURICA Spectrometer at RIBF
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B-decay half-lives of neutron-rich nucle1

Decay experiments (2009, 2012 ~2016)
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G. Benzoni et al. PLB 751 (2015)
3 new half-lives

{ G. Lorusso et al. PRL 115 (2015)
40 new half-lives

Z.Y. Xuetal. PRL 113 (2014)
5 new half-lives

S. Nishimura et al. PRL 106 (2011)
18 new half-lives

90 100

F.Recchia
(2016)




P-decay half-lives on r-process path

10°

110 half-lives
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Beta-decay Half-lives N = 82 - Feedback to the Theory

U BD+173248 K.Langanke Phys. Scr. T152 (2013) 014011
' (Courtesy of G. Martines-Pinedo)
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So call r-process waiting point nuclei (N=82)

- r-process path Confirmed by R. Dunlop (2016, TRIUMF)
- residual r-matter flow in freeze-out 130Cd ... T,, =126 (4) ms
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110 Half-lives of Very Neutron-Rich Rb to Sn

) G.Lorusso et al., i SN .
40 new half-lives | PRL 114, 192501 (2015) 18 new half-lives ! PRL 106, 052502 (2011)
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r-process Abundance with New T,, (RIBF)

G.Lorusso et al., PRL (2015)

= Before
= After new RIBF data
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Universality of r-process elements (Z > 56)
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Decay Spectroscopy around mass A =160 was performed !



Z (number of protons)

Survey of Decay Properties at RIBF ( EURICA )

EURICA Data( 2012 - 2016)
O New Isotopes ... 7
(O Beta-decay half-life ... 144
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+ Isomer ... 14
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Rare-Earth Peak Formation at Freeze-Out Time

R. Surman et al. PRL 79 (1997)

N
-
(¢b)

e
=
=
c
o
=
]

+)

<C

95 100 105
Neutron number N

Test r-Process calculation with new RIBF data




Half-lives and Mass Measurement

mass (known)

Proton number Z

. Stable Nuclei

B T..>10s

B 1s<Ti2<10s

. 0.1s<Ty,<1s

0.01s<T;,<0.1s

. Isomericdecay T,

105
Neutron number N




Mass & beta-decay half-lives

M.R.Mumpower, R. Surman et al.
(a) arXiv:1609.09858 J. Wu: PRL (accepted)
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92 B-Decay Half-lives (Mass A = 144 — 175)
vs FRDM+QRPA

J. Wu, PRL (accepted)
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The [-decay half-lives of 92 neutron-rich '#471°1Cs, 1467 154Bg, 14871561 54 150=158Ce 153=160py
156162 159-163pyy, 160-166Gy, 161-168f, 165-170(yq 166-172pp 1691730 o 172175, were

measured at the Radioactive Isotope Beam Factory (RIBF).




92 B-Decay Half-lives (Mass A = 144 — 175)
VS KTUY+GT2

J. Wu, PRL (accepted)
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KTUY+GT2 shows systematic trends similar with exp. values in mid-shell.
However, i1t can not reproduce even-odd effects.




92 B-Decay Half-lives (Mass A = 144 — 175)

vS RHB+pn-RQRPA
J. Wu, PRL (accepted)
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RHB+pn-RQRPA underestimates the T1/2 for Z=55-56 (Cs, Ba) and
overestimates the T, , for Z =63-67 (Eu, Gd, Tb, Dy, Ho).
No reproduce of even-odd effects.




Discussion: Two significant features
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(N =100 : deformed sub-shell gap?)




Rare-Earth Peak Formation

REE-Mid (161-167)

REE-Left (154-160)

REE-Right (168-174)
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Perspective
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Summary

half-life (sec)
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O New Isotopes ... 7 (+44) K Delayedy ... 37
O Beta-decay half-life ... 144 + 92 /26 * Delayed neutron ... 5 m ﬁg% 105

== TIsomer ... 14 Proton emission ... 3

EURICA Data( 2012 — 2016 ) ... 440 isotopes
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* Delayed neutron ... (100 ~ 200 )
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New beta-decay half-lives play important role
in formation of 2"? peak and rare-earth peak




