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History of Universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

Extreme Conditions (Stars, Neutron-star, Black-hole)

Explosion: Big Bang, Supernova, X-ray bursts, y-ray bursts, Collisions of Stars
Matters & Reactions: Equation of State (EOS), Nucleosynthesis




Nucleosynthesis in Universe
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Periodic Table of Elements
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Solar System: Abundance Pattern

[Fysion in S

C

|

Ne
Si

)

Fe

Heavy elements ! >
Where & How they are created?
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The s-process
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Solar System: Abundance Pattern
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The r-process

rapid neutron capture
T, <<15- ~0.01 -10s
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The r-process 1
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Double peaks due to closed neutron shells

s-process: Tg- << 71, ~ 10—~ 10° yr

r-process: 7, <<t;- ~0.01 - 10s
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Double peaks due to closed neutron shells
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Double peaks due to closed neutron shells

s-process: Tg- << 1, ~ 10— 10° yr
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Where 1s the site of heavy elements ?
(r-Process Nucleosynthesis)

Neutron star merger
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. . S. Wanajo (Steward observatory)
- Extremely neutron-rich nuclei | MilsliEnism of Bslesion. 7
- Very Rare to have two neutron stars _Lack of Neutrino. Neutron -
, -
close together. Ye < 0.59

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

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




Nucleosynthesis for dynamic ejecta Nucleosynthesis for neutrino-driven winds

(snapshot; Korobkin et al. 2012) (snapshot; Martin et al. 2015)
t:3.24e-01s / T:0.79GK / p: 1.74e+04 g/cm’ t:1.91e-01s / T: 1.30 GK / p,: 2.14e+04 g/cm® .
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* extremely neutron-rich (Ye = 0.04) * neutron-rich, broad distribution (0.2< Ye < 0.4)
* close to neutron drip-line » further away from neutron drip-line
« extending to very large neutron (N= 200) and « extending to moderately large neutron and
proton numbers (Z= 90) proton number
» forging the heaviest elements (A>130) » forging heavy elements, but usually with
in the Universe (e.g. gold and platinum) nucleon numbers A < 130

http://compact-merger.astro.su.se/Macronovae 04 2017.html




S. Rosswog, U. Feindt, O. Korobkin et al. arXiv:1611.09822

Nucleosynthesis for dynamic ejecta
(Rosswog et al. 2017)

Nucleosynthesis for neutrino-driven winds
(Rosswog et al. 2017)
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Mass number A Mass number A

« the heaviest elements, A>130 * lighter r-process elements, A <130

* large variation between different
astrophysical events expected

* robustly producing the “platinum peak™ at A= 195

* very little variation between different mergers

=> together, they add up to the solar abundance pattern (blue dots)

Key: We need properties of very neutron-rich nuclei.




GW170817

Neutron Stars Merger !
Aug. 17,2017

Fermi (light) GRB170817A

<— Gamma Ray

1.7 sec delay over :
Burst

0.13 billion years
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Gravity Wave “Chirp”
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LIGO (gravitational waves) https://www.ligo.caltech.edu/video/



Neutron Star Merger : Scale
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Mapping “NS-NS”, “NS-BH” Merger Events

GW
Kilonova
GRB

(as func. of time)

°

’neurron o '“m noke Nuclear Physics
EOS, Reactions,
Mass M, Mass, Decay, ...




kilonova after Neutron Star Merger

2017.08.18-19 2017.08.24-25

Jet-ISM Shock (Afterglow)
Optical (howrs-days)

a few days later one week later

Credit: NAOJ/Nagoya Univ.

Radiation from
radioactive isotopes (RI).

Is there any evidence of fission recycling? -2 Au, Pt, U



Nuclear Properties are Key Inputs
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Experimental Chart of Nucli”’ | 2 — ==
L y P ‘1‘ () O o ]
2975 isotopes HC a0 i |
z
8
e * Mass ... r-proces path (n,y) 2 (y,n)
e | I Half-lives ... process speed/abundance
25 cibiE i i 52 Delayed neutron emission & Fission
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20
50 Nuclear Structure
it T - Neutron Magic (N=50, 82, 126) ,
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r-Process Nucleosynthesis

Reproduction of r-Process Nuclei
in the Experiment

Oh! itis not easy at all .



New Isotope Search (History)

Radioactive Decay
Mass Spectroscopy
Light Particles
Fission

Heavy lons
Spallation

Projectile Fragmentation

M. Thoennessen
MSUNSCL - 20Mm




RI Beam Factory (RIBF)
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Decay Spectroscopy




Decay Spectroscopy: EURICA

‘ 84 high-purity Ge crystals in 12 clusters -
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P-decay half-lives on r-process path
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Beta Decay Half-lives
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0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (ms)

Likelihood method with 10 ms bins (0 — 5 sec)
Free parameters for fitting

- Background ... ~0.5 cps

- Neutron emission Probability (P,

- Detection efficiency (g) ... 40% - 80%
Consistency check

- Monte Carlo Simulation

T1/2




440 Exotic Isotopes Surveyed by EURICA Spectrometer

half-life (sec)

EURICA Data( 2012 - 2016) 106
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110 Half-lives of Very Neutron-Rich Rb to Sn
Around N = §2
S.Nishimura

) G.Lorusso et al., ! .
40 new half-lives | PRL 114, 192501 (2015) 18 new half-lives ! PRL 106, 052502 (2011)
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92 B-Decay Half-lives (Mass A = 144 — 175)
vs FRDM+QRPA

J. Wu, PRL (2017)
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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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Origin of Rare-Earth Elements

r-process Abundance

Mass fraction

.
m

TS0 100 120 140 160 180 0 240 HET x5 £ i | )
Mass A 80 100 120 140 160 180 200 220 240

. Goriely et al PRL 111, (2013)

_ Half-life Range
. Unknown . Surman et al. PRL 79 (1997)

L <0.1s
.08.18-19 2017.08.24-25
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Universality of r-process elements (Z > 56)
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Decay Spectroscopy around mass A =160 was performed !




How About Mass Measurement ?

mass (known)

. Stable Nuclei

B T..>10s

. 1s<T,,<10s

. 01s<T,n<1s
001s<Tyy,<0.1s

- Isomeric decay Ty,

1
05 Neutron number N




Rare-Earth Peak with Different Mass Models

Half-lives: FRDM and new half-lives. Mass: FRDM and KTUY.

by J. Wu

LI L L L N L B B L B L L B B LI B — 1 T T ] 7

LU L BB
-FRDM MASS | — New Hartlives | FRDM MASS - 012
- o .
RS o
% 10 0 ]
S o 10.1
% i E .Y :
® F & 10.08
z i % ]
® 107k 3 |l 10.06
> ; 3 ‘t.':' ¥ -
7) i ]
© 10.04
(_D 10-2 L i
@ m \ 0.02
EKTUYO05 MASS Er———
r o ] —— INew Halr-lives -] 012
S - f ? Ir ]
c 10F o (c) 1f (d) ]
m E n 4
o E le} E_ /| i 01
5 I ﬂ) o 1T N |\ )
8 1F &G 3 | | 0.08
E F ? o I: D\ O ¢ :
© i & [ i P n 10.06
-— 1L 55 -~ " o ¢ 1 Y-
g 10 ; "h .t.”' Y g -
) E f: Y ~ i
© : 10.04
B 10-2 3 i
N { 0.02
~l 1 1 l 1 1 1 IA l l l

1 1 1 1 l 1 1 1 1 1 1 l‘-l 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 1 1 1
60 80 100 120 140 160 180 200 155 160 165 170 175
Mass number A Mass number A



MRTOF & Decay 1in ZeroDegree ( 2019 ? ~)

: Lo i
N 2~ ﬁr'-'-- |
ol SHCE A

.,
I

. ’ - -
,y ~I&6 ?-.j,“

—

I - "‘-‘\l_‘ \' S = E J‘-_’__:,— _,>:.‘_:, f
My &4 th =T “
o e '!.l@ N WE 1D

[

Yakitori Mode
B BigRIPS/ZDS Experiments > MRTOF (Symbiotic Collaboration)

- In-beam, New isotopes, Interaction cross-section, Decay

‘ Mass & Decay Spectroscopy

ZD-MRTOF Workshop (3-4, September, 2018) ... to be announced.



/D-MRTOF - Decay

AGARI
, » (Active mass Gated stopper
for RI spectroscopy)

RI Identification by MRTOF

Development has been started..



Beta-delayed neutron
emission probabilities Pn

* Beta decay of neutron-
rich nuclei

Far enough S,, < Qg
multiple neutron emission

A,Z+1 A-1,Z+1 A-2,Z+1

BRIKEN (2016 ~ )
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Pn values:
How Sensitive 1in
r-Process Calc.?

beta-delayed neutron emitters

M.R. Mumpower et al.
Prog. in Part. and Nucl. Phys
86 (2016) 86-126
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3He gas detectors
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Neutron efficiency (%)

—e— Hybrid mode — 148 counters
Compact mode — 148 counters
Compact mode- 166 counters

107 10° 102 107
Energy (MeV)

‘He +n 2> *H+p+ 780 keV

No info. about initial E_, but large efficiency
Thermalization time t ~ 100 us




r-Process Elements : Freeze-out Time
A. Estrade, G. Lorusso, F. Montes

During , Freeze-out”: detour of B-decay chains
> r-abundance changes

E (Si= 10)
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BRIKEN Campaign (2017 Nov.)

Spokesperson: SN, A. Algora

P, Unknown T,,, Unknown (counts)
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* 50 ~new P_ values (expected).

* ~20 new T, (expected).

* [somers

* Beta-delayed gamma with neutron-gate
* U-beam int. ~ 65 pnA

A/Q (Mass/Charge)




Delayed neutrons 1n mass A = 100 region

+ Experimental data(Pn) ——FRDM+QRPA (P1in) ——HFB+EDM (P1n)
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Summary

Survey of decay properties EURICA/BRIKEN (CAITEN) 1n progress.

278 (= ~340)T,,
6(=>~150)P,P,, ..
Excited States, Isomers
Nuclear Magic / Deformation
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Future

Decay spectroscopy (N~126)
Mass measurement
High density nuclear matter (EOS)

Fission & Nuclear reactions
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