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Outline

» Past experimental programs at RIBF harvesting the nuclear properties for the r-process
nucleosynthesis: the EURICA and BRIKEN project

% Latest results from the BRIKEN project relevant to the second r-process peak

» Past results and future experimental program focusing on the neutron-rich nuclei relevant

to the first, rare earth and third r-process peaks.



Origin of the elements heavier than iron: the r-process
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% Nuclear Physics Inputs (exp. / theory, astro)
focusing on the r-process peaks:

- Masses

- Half-lives

- B-delayed neutron emission probabilities

- Excited states

- Magicity, deformation

- Fission

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

- EOS (Equation of State)
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Explain the observed elemental and isotopic
abundances in solar-system and metal-poor stars
Constraint the astrophysical environments responsible
for producing the observed abundance pattern.




EURICA project (2012-2016):

Harvesting beta-decay half-lives
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- Magicity, deformation
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- EOS (Equation of State)

% Nuclear Physics Inputs (exp. / theory, astro)

- B-delayed neutron emission probabilities
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Experimental setup: EURICA
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BRIKEN project (2017-2021): Beta-delayed neutron emission probability

% Nuclear Physics Inputs (exp. / theory, astro)
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Experimental setup: BRIKEN
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Experimental f-decay properties relevant to the second r-process peak
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Astrophysical observations

Metal-poor stars: elemental abundances

Hubble
Space
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Cosmic Ori
Spectograch—
(005)
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= scienceatert

This Record-Breaking 'Gold Standard'
Star Is Unlike Any We've Seen Before

SPACE 13 May 2022 By MICHELLE STARR

ftized Sky Survey)

I. U. Roederer et al., Apd Suppl. 260, 27 (2022).

I. U. Roederer et al., Apd 936, 84 (2022)

< Star-to-star dispersions are generally small
=> “universality” for light — heavy elements.

< Star-to-solar discrepancies are large for Rh-
Cd and second r-process peak elements

Sb, Te and Ba.
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Pinedo 2011). The neutron-richness of the conditions also
determines whether fissioning nuclei are reached; if so, the
second peak is shaped in part by the deposition of fission products
(Eichler et al. 2015; Vassh et al. 2019; Lemaitre et al. 2021;
Sprouse et al. 2021). Therefore, the discrepancy noted here 1
intriguing, and calls for new comparisons between models and
observations for elements around the second r-process peak.

| HD 222925
O BD +17°3248
4 1D
* HD 84
A HD
normalization
S Gd Dy I Yb  Hf W
Eu Tt Ho Tn Lu R
1 " 1 1
T L T T
. e ®
r L ]
R — il .09 0.0 8.8 ans .
65 70 75

Atomic Number, Z

Solar-system r-process abundances

Te X Te
e

w I /'@\\ /'@‘\ Xe Xe
8'\ 1 %// % \\‘
2 H»
: s
B N
< 02

odd-even pattern

¢

s-dominant
r-dominant

Q

La
C

128 130 132
Mass number, A

S. Goriely, A&A 342, 881 (1999).

134

140




Nucleosynthesis models for the second r-process peak

Abundance Y,
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¢ In various scenarios, abundance pattern of the second r-process
peak is effectively shaped by the B-decay path to stability during
freezeout, which mostly determined by the B-delayed neutrons
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Pxn ds important inputs for r-process calculations

B-delayed x neutron branching ratios — emission probabilities (P,,)
Altering the decay path to stability during freezeout

=> Modifying the odd-even staggering pattern

Additional source of neutrons for late-time neutron-captures
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Data analysis: data merging and fits to extract P,,, P, ,and Ty,
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*» Sorting the data produced from 3 independent DAQs
“* Merging the data from 3 DAQs based on time-stamp

< Time and position correlation - B decay curves: Tg = Tipant With/without neutron gates

** Fits t%Bateman functions that include corrections for random coincidences to extract Ty,
Pln an PZn

(VHP et al., CIP 28, 311 (2018), A. Tolosa-Delgado et al., NIMA 925, 133 (2019))
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|[dentified isotopes

r-process path:

New P;./P,, values Shibagaki et al., APJ 816, 79 (2016)
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VHP, S. Nishimura, G. Lorusso et al., PRL 129, 172701 (2022)
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Experimental results: feedback to theoretical B decay models

Mass number
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Nuclear shell effect on the P, value due to the sudden changes in the S, and/or Qg values when crossing N=82 and Z=50 shell closure

Important benchmarks for the theoretical models predicting P,,:
Statistical Hauser-Feshbach (HF) models of competition between neutron emission channels

Large disagreements between the experimental data and theoretical calculations are observed for 136In, 133-134Cd, Sn...

VHP, S. Nishimura, G. Lorusso et al., PRL 129, 172701 (2022)
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Experimental results: feedback to theoretical B decay models

Mass number
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Nuclear shell effect on the P, value due to the sudden changes in the S, and/or Qg values when crossing N=82 and Z=50 shell closure

Important benchmarks for the theoretical models predicting P,,:
Statistical Hauser-Feshbach (HF) models of competition between neutron emission channels

Large disagreements between the experimental data and theoretical calculations are observed for 136In, 133-134Cd, Sn...

VHP, S. Nishimura, G. Lorusso et al., PRL 129, 172701 (2022)



Impact on the odd-even pattern of the second r-process peak

Reaction flows after freezeout...
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Constrains on the odd-mass isotopic fraction of Ba

% Ye dependance of odd-even systematic
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BRIKEN data reaching N=82 (“southwest” of 1325n)

—— RHB+pn-RQRPA
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[-decay half-lives relevant to the Rare earth peak

J. Wu et al., PRL 118, 072701 (2017)
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Proposed experiment: Masses and [f-decay properties relevant to REP

Spokespersons: S. Nishimura , M. Wada

Simultanous measurement of nuclear mass and [ decay properties!

Z D 3 M RTO F " Etectrostatic mirror
SySte m Number o} refections ~ 600

Plastic
scintillator

l High speed RI beam

Hellum 220 mbar | J
Temperature <180K | =\

S e Outer chamber
Cryo refrigerator

[ Energy deceleration board |

ZDMRTOF setup: Wada-san talk on Tuesday



Experimental f-decay properties relevant to the third r-process peak
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BRIKEN: J.Wu, S. Nishimura ,T.Davinson, J.L.Tain (experiment finished)
DTAS: A. Morales, VHP, Z. Podolydk, A. Tolosa-Delgado (accepted experimental proposal)
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BRIKEN experiment in the vicinity of N=126

Spokespersons: J.Wu, S. Nishimura ,T.Davinson, J.L.Tain

** Analysis undergoing!
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Shell evolution beyond 298Pb

TATAKI-Pro* setup
Total Absorption spectroscopy
Technique Appliced to Key Isotopes
in r-Process nucleosynthesis

Spokespersons: A. Morales, VHP, Z. Podolyak, A. Tolosa-Delgado

+* To be performed
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Experimental f-decay properties relevant to the first r-process peak
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New BRIKEN data around N=50 magic number

R. Yokoyama et al.,
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summary

Harvesting the B-decay properties is in progress at RIBF focusing on the major r-process peaks
- EURICA (2012 - 2016)
- BRIKEN (2016 - 2021)
- DTAS, IDATEN in progress and ZD-MRTOF & TOFU (fast timing) in future

2"d r-process peak

** New astrophysical observations of the elements of the second r-process peak calls for new
comparison between models and observation.

** New experimental data provide benchmarks for development of theoretical B-decay
models and directly impacts on the odd-even pattern of the second r-process pealk,
improving the calculation of odd Ba fractions matching the metal-poor star observations.
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