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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,y), (a,n), (a,p), ...
- EOS (Equation of State)
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Experimental Projects at Zero-Degree Spectrometer
Decay & Mass
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Gross properties: Half-lives (T,/,) and neutron branching ratio P,,

Beta-decay process

- f-delayed neutron branching (Pyn)
- Neutron-TOF
BRIKEN/VANDLE/ToFU

- B-delayed y spectroscopy
(and Ty,)
EURICA/DTAS
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r-Process Nucleosynthesis

2"d peak (Mass A ~ 130)



Sensitivity Study of Decay Properties in r-Process
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Number of proton Z

Critical Nuclear Properties in r-Process Nucleosynthesis

( EURICA Project:2012 — 2016 )

EURICA (2012 —2016)
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. Nuclear Physics Inputs (exp. / theory, astro)
a8 - Masses
C - Half-lives
'! [ . ege, o
{15 - B-delayed neutron emission probabilities
- Excited states

.

- magicity, deformation

- Fission

- Nuclear reactions (n,y), (a,n), (a,p), ...
- EOS (Equation of State)
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~ 284 [-Decay Half-lives (New T1/2 ~ 125) Measured at RIBF

ZXU et al, PRL (2014) | 4 '”'Yzln & ’25":'ng ‘Y“ ~‘6 "9"“;7Rh
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. S. Shibagaki, T. Kajino et al. Astro. Phys. Jour. (2016)
Impact on r-process nucleosynthesis
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BRIKEN has started producing new data !




BRIKEN : Highest neutron detection efficiency

3He + n = 3H + p + 780 keV
Thermalization timet ~100 ps

—————

ORNL) ' |

A.Tarifeno-Saldivia et al.
BRIKEN design, simulation
Jour. Instrum. 12, PO4006 (2017)




140 3He detector (RIKEN, ORNL, UPC)

beta-counting system

Critical Nuclear Properties in r-Process Nucleosynthesis °°>“nE2 Y20

( BRIKEN Project )

EURICA (2012 — 2016)
B BRIKEN (2016 — 2021)

Nuclear Physics Inputs (exp. / theory, astro)
- Masses

- Half-lives

- B-delayed neutron emission probabilities
—> - Excited states

:} - magicity, deformation

- Fission

- Nuclear reactions (n,y), (a,n), (a,p), ...

- EOS (Equation of State)
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B-Delayed Neutron Emission Probabilities (N < 82 )

Spokespersons: A. Estrade, G. Lorusso, F. Montes
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Ye Dependence of r-process abundance (A~135)

V.H Phong et al.
Ye dependence of odd-even systematics

- Y? % 0.25 ¥ f = n(13°Ba) + n(137Ba)
- Y?x05 == Y’x4 R SRR
: g n(Ba)
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C. Wenyuan et al., Astrophys. J. 854, 131 (2018)
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2NP R-PROCESS PEAK FORMATION DURING FREEZE-OUT TIME OF R-PROCESS
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SURVEY PROGRAMS RELEVANT TO R-PROCESS NUCLEOSYNTHESIS (DECAY & MASS)

SN, PTEP 2012, 03C006 (2012)

Fast timing decay experiment : CAITEN (2010 - ) CAITEN ( 2009

Project Combined.
Mass measurement : ZD-MRTOF (2019 - )
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MASSES AND R-PROCESS ABUNDANCE
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EXPERIMENTAL SETUP AND REGION OF INTERESTS

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

e Hﬂva&ﬁﬁﬁﬁ
2490 ms | 1460 ms | 724 ms 351 ms 193 ms 147 ms
* Mass measurements of 12 neutron-rich nuclei: —_— o
1668 170
135], 136-138G 138-141Gp 141-142Te and 143.144] EA RIin decay station "

* Search for possible long-lived isomers

133g, B34gy 135g, 136g, B37gy
1370 ms 930 ms SIS ms 355 ms 249 ms

1331y e 1] L5n
163 ms 136 ms 103 ms
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scintillator

* B-y-n spectroscopy

Fast timing pixel scintillation detector (GARi)
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Neutron time-of-flight (TOFU)

3 — 4 clover Ge detectors

15 LaBr3(Ce) detectors




Status: Fast timing Decay Experiment after ZD-MRTOF

Fast beta-counting system (GARI)
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r-Process Nucleosynthesis

Rare-Earth Peak



(2)

Where & How the Rare-Earth Elements are Synthesized !?
[ Astrophysics Observation | aloleki defay hear

@ Site of r-process

High neutron density environment

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

‘ ")

NASA

° M. Weiss
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@ Observation of electromagnetic wave

Site of GW170817
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Infrared indicates the synthesis of lanthanoid elements in NS-NS collisions



Where & How the Rare-Earth Elements are Synthesized 1?
[ Nuclear Physics ]

C.Sneden et al. (2008)

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

There is no shell closure expected around A ~ 165..
(@ Neutron shell closure N=50

@) Neutron shell closure N=82
@ Neutron shell closure N=126
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Where & How the Rare-Earth Elements are Synthesized 1?

C.Sneden et al. (2008)

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

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

18, Asymmetric Fission

Abundances after f- and a-decays
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Where & How the Rare-Earth Elements are Synthesized 1?

C.Sneden et al. (2008)

s l Nuclear deformation (R.Surman et al.)

T5=135; n,=1024-1039

Formation of rare-earth peak
at freeze-out time of r-process

R. Surman et al, PRL 79, 10 (1997)
M. Mumpower al., PRC 85, 045801 (2012)
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Rare-Earth Peak Formation with Various Mass Models
[ Uncertainties of Masses in Neutron-Rich Rare-Earth Elements ]

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

014 |— DZ— FRDM1995— HFB21— WS3— KTUY05
0.12

i 4 L

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

\\“\\
o

40 1

Rare-earth peak formation depends on mass models.

\¥

- Uncertainties of mass models are critical issue !

We need experimental data !

(6)



1 AME2020 atomic mass evaluation

B Stable

@ R. Orford et al.
PRL 120 (2018) CARIBU

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

There is no data & no evidence | .
of S,, kink in N~104 region.

105 Neutron number (N)
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____________ .. | AME2020 atomic mass evaluation '
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Nuclear Mass (theoretical prediction with machine learning)

Z.M. Niu and H.Z Liang, Phys. Rev. C 106, L201303 (2022)

® Exp2016

@ NewExp
—O— BML
—— NewBML

65 70 75 80 85 90 95 100

Neutron number N 99 100 101 102 103 104 105 106

Neutron number N

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



Future Plan at RIBF-ZDS

r-process Abundance
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BRIKEN Experiment in Vicinity of N =126

Spokespersons: J.Wu, SN,T.Davinson, J.L.Tain

Isomer search in progress (J. Wu and A. Morales)
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SHEDFTE (DTAS: Tataki Project)

v QQB Sg(Ex)f (Qp — Ex)dEy
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M. R. Mumpower et al., PRC 86, 035803 (2012)
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single neutron capture rate was changed

by factor of 10 (Yk=10)

Rare-Earth (4-days) ... G. Kiss
N>126 (7-days) ... A. Morales
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Goal : to measure the y-emission from neutron
unbound states using the total absorption technique to
constrain the Hauser-Feshbach model provided (n,y)
cross sections.
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EURICA Collaboration Ol = [ == 2= = g
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19 countries: 237 collaborators

J. Agramunt, P. Aguilera, T. Alharbi, A. Algora, G. Angelis, N. Aoi, P. Ascher, R. Avigo,
H.Baba, C. Borcea, A. Boso, A.M. Bruce, R.B. Cakirli, F.L.Bello Garrote, G. Benzoni,
J.S.Berryman, R. Berta, B. Blank, N. Blasi, A. Blazhev, P. Boutachkov, S. Bonig, A. Bracco,
F. Browne, F. Camera, R.J. Carroll, S. Ceruti, I. Celikovic, K.Y. Chae, J. Chiba, L. Coraggio, A.
Covello, F.C.L. Crespi, J.-M. Daugaus, R. Daido, P. Davis, M.C. Delattre, F. Diel, F.
Didiejean, Zs. Dombradi, P. Doornenbal, F. Drouet, H.J. Eberth, A. Estrade, Y. Fang

Rajabali, J. Par ovici, F. Recchia, V. Phong, Zs. Podolyak, O.J. Roverts, L
Prochniak, P.H. Regan, S. Rice, E. Sahin, H. Sakurai, K. Sato, H. Schaffner, H.Scheit, P.
Schury, C. Shand, Y. Shi, S. Shibagaki, T. Shimoda, Y. Shimizu, K. Sieja, L. Sinclair, G.S.
Simpson, P.-A. Soderstrom, D. Sohler, 1.G. Stefan, K. Steiger, D. Steppenbeck, K.
Sugimoto, T. Sumikama, D. Suzuki, H. Suzuki, T. Tachibana, K. Tajiri, S. Takano, A.
Tashima, H. Takeda, Man. Tanaka, Mas. Tanaka, Y. Takei, R. Taniuchi, J. Taprogge, K.
Tajiri, T. Teranishi, S. Terashima, G. Thiamova, K. Tshoo, Zs. Vajta, J. Valiente Dobon, Y.
Wakabayashi, P.M. Walker, H. Watanabe, A. Wendt, V. Werner, O. Wieland, K. Wimmer,
J. Wu, Q. Wu, F.R. Xu, Z.Y. Xu, A. Yagi, S. Yagi, H. Yamaguchi, K. Yamaguchi, T. Yamamoto,

Acknowledgement: M. Yalcinkaya, R. Yokoyama, S. Yoshida, K. Yoshinaga, G. Zhang

Euroball Owners Committee
PreSPEC, GSI, IBS-RISP

Acknowledgement: Gammapool, Preepc, IBS



BRIKEN COLLABORATION
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Z.D-MRTOF Collaboration

* Spokespersons

RIKEN ... S. Nishimura*, A. Takamine, H. Ishiyama, V.H. Phong*, S. Kimura, T. Kojima, T. Sonoda, H. Sakurai,
N. Fukuda, H. Suzuki, H. Takeda, Y. Shimizu, M. Mukai, S. Naimi

WNSC, KEK ... M. Wada*, M. Rosenbusch, P. Schury, H. Miyatake, Y. Watanabe, Y. Hirayama, T. Niwase

U. Hong Kong ... J. Lee, W. Xian, HJ.M Yap, T. Gao

U. Tokyo ... T.T. Tsun

IMP Lanzhou ... D.S. Hou, J. Liu, Z. Liu

JAEA ... Y. Ito

CNS ... S. Michimasa

GSI ... T. Dickel, D. Kumar

NPL ... G. Lorusso

JYFL ... A. Kankainen

U. York ... S. Chen

CMU ... A. Estrade, I. Sultana

IFIC... A. Alogora

IOP... H.M. Bui
(14)
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