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We Are Made of ”’Star Stuff”

Carl Sagan

A scientist, cosmologist, astrophysicist, astrobiologist,
author, and science communicator from the United States.



We are Made of *“Star Staft”

| Elements
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Where and How are the elements made in the universe ..?



Where & How the Elements are
Made in the Universe !?

Nucleosynthesis

Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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about 400 million yrs.

Big Bang Expansion |

| -
13.77 billion years

NASA/WMAP Science Team




Nucleosynthesis in Universe

Get Together

t Gravitational Force I.\:
% Interstellar

Big Bang

Material = Star
o & Nucleosynthesis
Scatter & up to iron
Ashes Supernovae

/ Nucleosynthesis

[ Black hole heavier than iron

Neutron Star

What Kinds of Elements in “Our Solar System” ?



Periodic Table of Elements
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For example.. “Gold”

Gold (Stable) ...
Symbol of Element ... Au
Number of Proton () =
Number of Neutron (/V) =118
Mass Number (4) = 197
A=7+N

Symbol of Element
Number of Proton

//
197
/ Au

Mass Number A4

Credit: Pirates of the Caribbean




We are making Golds (Au)
in the Laboratory

Gold (Stable) ...
Symbol of Element ... Au
Number of Proton () =
Number of Neutron (/V) =118
Mass Number (4) = 197
A=7+N

Less neutrons (Neutron-deficient) l

11111

Disappear (decay)

N=91  Light gold N=118

Joseph Wright

Alchemy (#R<1iT)

More neutrons (Neutron-rich)

Disappear (decay)
Heavy gold

N=131



Nucleosynthesis of Heavy Elements

Birth of Solar System

-

Credit: NASA ./ JPL

1) Heavy elements have been created before the solar system
2) About half of those heavy elements must be created in short time (~sec).
3) Where and when are heavy elements created ?

Still Open question in Astrophysics and Nuclear Physics

Hints are in the Elemental Abundance in Solar System.



Solar System: Abundance Pattern

H
He

[Fusion in St%‘ Heavy elements ! N
C Where & How they are createdH?/

Ne

Si Fe
M s-process (slow)

Platinum

iy

€ Sr

100 150
Mass Number 4 =N ;00 (Z) + Nyeyiron (V) (from wikipedia)




Nucleosynthesis of Heavy Elements
s-process (slow) and

e

120 140 160
Mass Number




slow neutron capture process
(s-process)



The s-process

TEEESREN(BVLEDHELERE) TER NZr | Zrx | Zr
slow neutron capture 89y
T <<1,~10°—10° yr.
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%Rbl  |*Rb
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79Br 81Br
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closed neutron shell




The s-process

slow neutron capture
T <<1,~10°-10° yr

07 ri°7Zr

89y

SSSr

70 Zn

neutron capture (n,y)

closed neutron shell




The s-process

slow neutron capture

~102— 105
Ty <<1,~ 10— 10> yr,

70 7n

beta decay (n =2 p"+e +V,) ... (Z+1, N-1)

T
|
|

|

closed neutron shell



The s-process

90Z1‘ 91Zl‘ 92Zl‘
slow neutron capture 89y
T <<1,~10°—10° yr
85Rb 87Rb
78Kr 8°Kr 82Kl‘ 83Kr 84Kr 86K
P ——
79Bl‘ 81Bl‘
Se 76Se |7’Se | "8Se 80Se 82Se
Pr—
75 AS
r—
7°Ge 72G€ 73Ge 74Ge 76Ge |
|
|
|
|

closed neutron shell




The s-process |

N7 ri°7Zr1%27Zr

slow neutron capture 89y
T <<1,~ 10— 10> yr
84Qyr 86Sr 187Sr | 88Sr
85Rb $7Rb
8Kr Ky 2K riI8BKrlI3Kr 86Kq
P—— ——
Br 81Br
G 680 |77Se | 7886 80Ge 82Ge I
Pr—
TSAs I
1

0Ge 2Gel3Gel’4Ge 76Ge l

closed neutron shell




The s-process '

slow neutron capture
T <<71,~ 10>~ 10° yr

84Qy
Rb|  [*'Rb
8Ky 80Ky 2Kl 83Kl 34Ky %K
9By IRy
70Se 76Se |77Se | 8Se 80Se 82Se
[roas |

10Ge 2Gel3Gel’4Ge 76Ge

69Ga 71Ga

663 07n
65Cw

closed neutron shell




The s-process I

N7 ri197Zr

slow neutron capture 89y
T <<71,~102-10°yr T

86Sr 187Sr | 88Sr

87Rb

86Kq

closed neutron shell



The s-process 11

07 ri1°7Zrl%27r

slow neutron capture 89y
T <<71,~10>-10°yr
85Rb 87Rb
8Kr Ky 2K riI8BKrlI3Kr 86Kq
Y —
9Br 81Br
70Se 76Se |77Se | "8Se 80Se 82Se |
—
T5AS |
| |

0Ge 2GelB3GelGe 76Ge

69 71 Ga

66 70 7n
sCal> |

closed neutron shell




The s-process

slow neutron capture

T <<71,~10°—10° yr

84Sy
5Rb $7Rb
Ky 0Ky a2kl 3Kl S0k r 86Kr
9By SIBy
10Ge 76Se |77Se |78Se 80Ge 82Ge |
[rsas] |
NGe 73Ge'E 6Ge |
69 NGa :
070 |

663
SCu

closed neutron shell




The s-process

9071917, | 927
slow neutron capture 89y
T <<1,~ 10— 10 yr

84Q 865y | 87Sr | 88Sr
85Rb 87Rb
78Kr 8°Kr szKr 83Kr 84Kr 86Kq
_——
9By 81By
G 1680 |77Se |88 80Ge 82Ge I
J———
75 AS I
—
70 12Ge | 3Gel#Ge 6Ge |
69 1Ga I
663 07n |
65Cwuy I

closed neutron shell




The s-process '

slow neutron capture
T <<1,~10°-10°yr

84Qy
85Rb 8'Rb
8Ky 80Ky 82K | 83K | 84K 86K
By 1By
10Ge 7680 |77Se | 7886 80Ge 82Ge I
[oas] |
70 NGe 73Ge-E 6Ge |

69, I

663 07n I
65Cwuy I

closed neutron shell




The s-process

slow neutron capture
T <<1,~10°—10° yr

80Ky

9Br

7SSe

P——p—

L2Kr18Kr

81Br

80Se

closed neutron shell




The s-process

slow neutron capture
T <<71,~ 10>~ 10° yr

84Qy
8Ky 80 82
79 8
0Se 753 SeT2Se 80Se 82Se
75
70 72 6Ge
69 7

663 07 n
65Cw

closed neutron shell




The s-process

slow neutron capture
Tg- <<T1,~102—-10% yr

closed neutron shell




Double peaks due to closed neutron shells |

90Zl' 91Zr 92Zl'
s-process: Tg- << T, ~ 102 — 103 yr I

89Y .
r-process: 7, <<tz ~0.01 -10s s-nuclei

87Sr | 88Sr

$7Rb
—_ﬁ

84Ky 80Ky

closed neutron shell




rapid neutron capture process
(r-process)



The r-process

rapid neutron capture
T, <<t ~0.01-10s

70Ge 72Ge

“Ga Ga

-
687n 07n

neutron capture (n,y)

closed neutron shell




The r-process

rapid neutron capture
T, <<t ~0.01-10s

beta decay (n =2 p"t+e +V,)

closed neutron shell




The r-process

rapid neutron capture
T, <<t ~0.01-10s

| |
closed neutron shell




The r-process

rapid neutron capture
T, <<t ~0.01-10s

closed neutron shell




The r-process

rapid neutron capture
T, <<t ~0.01-10s

closed neutron shell




The r-process

rapid neutron capture
T, <<t ~0.01-10s

closed neutron shell




The r-process 1

rapid neutron capture
T, <<t ~0.01-10s "
84Sl' 86Sr 87Sl'
8Kr 80Kr 82Kr
70Qe 76Se beta—decay
70Ge

closed neutron shell




The r-process

rapid neutron capture

T, <<t ~0.01-10s

BKr

7OSe

70Ge

76Se

80Ky

82Kr

delayed n

&y

ne

closed neutron shell




Double peaks due to closed neutron shells

s-process: Tg- << T, ~ 102 - 103 yr

r-process: 7, <<tz ~0.01 —10s

T

Te Ba
Xe

ik

— 58 s-Process
—— 88 ~Process

)

1 | | |

80 100 120 140 160 180 200 220 I'—l’lllCleI

Mass Number
I hbe I Jhe I 'I'Ue

-

71Ga

70 7n

closed neutron shell




Production of Gold in r-Process

B Stable nuclel in Nature

Z, number of protons

N=126
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Number of Neutron ( N )

Production of Gold via beta-decay: * = * = 17Qs = P7Ir - 7Pt - °7Au




10.
11.

11 Greatest Unanswered [jmsmss
Questions in Physics  [(.=

What is dark matter ?
What is dark energy ?

Do neutrinos have mass ? !
What do ultra-energy particles come from ?

Is a new theory of light and matter needed to explain what happen at

very high energies and temperatures ?

Are there new states of matter at ultrahigh temperatures and densities ? |
Are protons unstable ?

What is gravity ?

Are there additional dimensions ? Physics in

How did the Universe begin ? Extreme Environments



Sites of r-Process Candidates

Supernova(Mass > 8 x Mass (Sun) ) Binary Neutron Star Merger (Neutron Star + Black Hole)

| \k ﬂ'wl( ’< x E ‘r N
‘.’ﬁ : "ﬁt : ‘ ___,’
a ;«.w" f ?:
i R é
NIFRTEABFTERD
— Frequent events - A lots of neutrons
— Issue in Explosion of Supernovae - Rare events
— Lack of Neutrons - It takes time to make collisions

— Special supernovae with
strong magnetic field ?



Finding Old Star in Early Universe N
uparu 1C1eSCope

Hubble Space Telescope —
Single r-Process Event !? 1

Solar

“ 9‘663'\@%.‘

Supernovae !? Accelera
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1. Roederer, et al. (2022)

million yrs.

Big Bang Expansion

13.77 billion years

%
i

Neutron Star !?

Very Similar Elemental Abundance Pattern

Determined by Nuclear Properties!?




Violent Site in Universe
[ Binary Star Merger ]

Variety of Gravitational Waves and a Chirp 8
GW150914 Black Holes of Known Mass &
LVT151012 Y Test
2 \ y Frequency (Hz)
Power
” Recycling e Ly =4 km — 5
GW151226 g -
% 0 b A 9 Laser : 100 kW Circulating Power
= Gw1s0914 ; Source
GW170104 2 0
moans Recycling
10 1012 = "W Photodetector
GW170814 | 0
AGO/VIRGO
GW170817

tonows’ > 0 1B 20 2 30 B 40 3()times longer!

time observable (seconds)

P o) 0:55/056 & Youlube ([

Barry C Barish (Caliech) 109 5. Thorme (Cahech)

- - - 2017 Nobel Prize in P
Variety of Gravitational Waves

The signal measured by LIGO and Virgo from the neutron star merger GW170817 is compared here to previously -
detected binary black hole mergers. All signals are shown starting at 30 Hertz, and the progression of GW170817 is

shown in real time, accompanied by its conversion to audio heard at the end of the movie. GW170817 was Merger Of TWO BlaCk HOICS:

observable for more than 30 times longer than any previous gravitational-wave signal.

Credit: LIGO/University of Oregon/Ben Farr GWI 5 09 1 4




Discovery of Neutron Star -
Merger ! (GW170817) /

Aug. 17,2017
Fermi (light) GRB170817A ‘

b I 1.7 sec delay over <— Gamma Ray
- 0.13 billion years Burst
" N o B st 1l o— ()
WWWWM WU“UU“ WU” T ”Lh_ﬁﬁ H ik i
Vgravity ~ Vc
|
|
o': "
, Gravity Wave “Chirp”
DS

LIGO (gravitational waves) https://www.ligo.caltech.edu/video/



Neutron Star Merger : Scale




Where & How the Rare-Earth Elements are
SyntheSized 1? nuclear decay hea

’,

| Astrophysics Observation |

High neutron density environment
@ Site of r-process
Neutron Star Merger (NS-NS. NS-BH) Supernovae -

-

Kilonova 1s expected & observed !

.9\4. Wl : : Utsumi, Tanaka+17,
SO |, Valenti+17

@ Observation of electromagnetic wave

& E
° o
2 E
Q o
@ o
) <

Site of GW170817
2017.08.18-19 2017.08.24-25

Infrared 5 0
Days after GW170817

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




Coffee Break



Dating using Radioisotopes

i’héto b.y “S Yamashita,

National Geog.
PEFE774-775%
14C ... 1.2 % &

Carbon-12 Carbon-13 Carbon-14
(Stable) (Stable) (Unstable)
N\

B {K isotope

\

v
!— LB .. O ]

Number of
6 6 6 7 .
proton
Number of
6 7 8 7
heutron
iy i {if Half-life electron
g R / Natural TCarbon, 5,700 years 4  Neutrino
'i\' i | ) ’
Al -
..

Nitrogen-14
(Stable) *

| Radioisotope |




r-18 5%

r-Process Nucleosynthesis

Reproduction of r-process Nuclel
(FREE3EER: Experiment)



Nuclei Produced in r-Process
(Depending on Environment..)

Korobkin 2012

Super-heavy

elements I :

Making r-process nuclei..
=> Itis not easy at all !

1 s
(S

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

proton number, Z

neutron number., N




Make Radioisotopes (RI Beam)

Make B D> ——D> SO .
Various Nuclei(Z, N) e -

Selection of Isotopes
ZHME by magnets

2N ‘ﬁ
A IR (RRRERC S5,
(RF#Z%EMETED) RYYry L RjREHE)

Radioactive Isotopes



Radioactive Isotope Beam Facilities in the World

GANIL SPIRAL2 (2021 ~)

/ P JYFL ANL

CARIBU (2012 ~)
o o+ | GSIFAIR (2025? ~) RAON (2025 ~) ./

O
ISOLDE f
>0 ™ RIKEN RIBF (2007 ~)
IMP \ NSCL FRIB (2022 ~)

HIRFL(2006 ~) HIAF (2025 ~)

1980s: First generation RI beam facilities

Early 2000s: Plans for new generation facilities

2007 - : Radioactive Isotope Beam Factory (RIBF) @ RIKEN (Japan)
2022 -: FRIB @ MSU (USA)

~ 2025 -: HIAF (China), FAIR (Germany), RAON (Korea)
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Radioactive Isotope Beam Facility in Your Country !?

Nature

The world this week

LONG-AWAITED ACCELERATOR
READY TO EXPLORE
ORIGINS OF ELEMENTS

Newsinfocus

The Facility for Rare Isotope Beams will be the first to
produce and analyse hundreds of isotopes crucial to physics.

By Davide Castelvecchi

ne of nuclear physicists’ top wishes

is about to come true. After a

decades-long wait, a US$942-million

accelerator in Michigan officially

opened on2May.Its experiments will

chart unexplored regions of the landscape of

exotic atomic nuclei and shed light on how

stars and supernova explosions create most
of the elements in the Universe.

“This project has been the realization of

adream of the whole community in nuclear

National Development and Reform Com

physics,” says Ani Aprahamian, an experi-
mental nuclear physicist at the University of
Notre DameinIndiana.Kate Jones, who studies
nuclear physics atthe University of Tennessee
inKnoxville, agrees. “Thisis the long-awaited
facility for us,” she says.

The Facility for Rare Isotope Beams (FRIB)
at Michigan State University (MSU) in East
Lansing had a budget of $730 million, most
of it funded by the US Department of Energy,
with a $94.5-million contribution from the
state of Michigan. MSU contributed another
$212 million in various ways, including the

I'he Institute of Modern Physics is establishing the High Intensity Heavy-ion Accelerator Facility (HIAF) as a

1ission of China

with outstanding potential of scientific discoveries, and the

to the existence of nuclei in terms of proton ar

lear properties and recognize

rigin of chemical elements in the Universe, an

1tum Chromodynamics phase

land. The facility replaces an earlier National
Science Foundation accelerator, called the
National Superconducting Cyclotron Labo-
ratory (NSCL), at the same site. Construction
of FRIB started in 2014 and was completed late
last year, “five months early and on budget”,
says nuclear physicist Bradley Sherrill, whois
FRIB’s science director.

For decades, nuclear physicists had been
pushing for a facility of its power — one that
could produce rare isotopes orders of mag-
nitude faster than is possible with the NSCL
and similar accelerators worldwide. The first

Nature | Vol 605 | 12 May 2022 | 201

large variety ot n

scientific user facility sponsorec

odern nuclear physics

_ Nuclear Reaction |

Nuclear Astrophysics

xotic

lear Studie:




Radioactive Isotope Beam Facility (RIBF) in Japan

238 beam

RIBF' Layout

RIBF Layout
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8GHzECRIS

GARIS-II
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Critical Nuclear Properties
in r-Process Nucleosynthesis

H.HD “”

N (numb|er of neut|r0n)
[ | \

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

- 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)




Decay Experiments
EURICA Project

’ 84 high-purity Ge crystals in 12 clusters
Resolution : 2.5 keV
Efficiency : 15% @ 662 keV

\ } ‘ \ — P

% - v \ A .

8 X
Beta-counting system WAS3ABI
inside EURICA

Identification
of RI

@ — Primary Beam .y~ Separation
(338U / 124X e / T8Kr) : e of RI

Production
% RI Beam Target




beta counting system

Double-sided silicon-strip detector (WAS3ABI)

Rl & Bdecay
( 30keV ~ 7GeV )




Decay Experiment at RIBF

T~

‘He +n 2> *H +p + 780 keV
Thermalization time t ~ 100 us



Harvesting Decay Properties for r-Process Nucleosynthesis

EURICA (~ 2018)

B New Isotopes: 54
B New Half-Lives : 134
B Half-Lives (updated): 255 |-

updated: 4
updated: 1
updated: 0
updated: 1

‘II




Harvesting Decay Properties for r-Process Nucleosynthesis

EURICA (2019~ 2023)

M New Isotopes: 63 (+9)
B New Half-Lives : 150 (+16)
I Half-Lives (updated): 315 (+60)

Bl

updated: 6 (+ 2)
updated: 1
updated: +15

updated: 1
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Harvesting Decay Properties for r-Process Nucleosynthesis

Decay Spectroscopy @ BigRIPS-ZDS




Harvesting Decay Properties for r-Process Nucleosynthesis

+ BRIKEN (2019 ~ 2023)
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¥ New Isotopes: 63
B New Half-Lives : 160 (+10)
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New P,: 70 (+64) updated: 91 (+85)
New P,,: 10 (+9) updated: 25 (+24)
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B-decay halt-lives on r-process path
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110 half-lives
T (40 new T))
G. Lorusso

Atomic number

10

27 .75 28 2.85 1

AQ 36 new isotopes, Y. Shimizu et al. JPSJ (accepted)




110 Half-lives of Very Neutron-Rich Rb to Sn

G.Lorusso et al., . ' N
40 new decay rates !pRL 114, 192501 (2015) 18 new half-lives ! PRL 106, 052502 (2011)
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r-process Abundance with New Decay Rates
G.Lorusso et al., PRL (2015)

— Before
— After new RIBF data
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Assumption: (n, y) 2 (7, n) equilibrium.




Beta-Delayed Neutron in r-Process

Mass Number A 1s reduced.

BRIKENZ: it

Possible Candidates

$ =~

Supernova Neutron Star Merger

. . .\ neutron
capture

Beta-decay

Beta-delayed one neutron

Beta-delayed two neutrons



B-Delayed Neutron Emission
Probabilities (V> 82 )

V.H Phong, SN, G.L. et al., PRL 129, 172701 (2022)

Mass number
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V.H Phong et al.

— Theories
(a) —— with RIBF Data

Mass number, A
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One of Open Questions
related to r-Process



Origin of Rare-Earth Elements

MEEEOHELY
C.Sneden et al. (2008) N b furocess
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(@) Neutron shell closure N=50
@) Neutron shell closure N=82

140 180

Mss number 4 @ Neutron shell closure N=126

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

There 1s no shell closure expected around A ~ 165..



Origin of Rare-Earth Elements

S. Goriely et al PRL 111, (2013)

R. Surman et al. PRL 79 (1997)

2017.08.24-25




Rare-Earth Peak Formation with Various Mass Models

[ Uncertainties of Masses in Neutron-Rich Rare-Earth Elements ] |

A. Arcones, G.Marinez-Pinedo

N

— DZ— FRDM1995— HFB21— WS3— KTUY05

\
N \\&%

i

Rare-earth peak formation depends on mass models.
= Uncertainties of mass models are critical issue !

6

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

We need experimental data !



ZD-MRTOF Project
for Mass Measurement

MRTOF Mass Spectrograph (Multi Reflection Time of Flight...)

TOF

® -
lon Trap lon Mirror lon Mirror detector (1 ) ;J Open SrbarE inject

(2) Close entrance before
coming back

go back and forth for
~200 times

Open exit at pre-
defined timing
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Detect ions’ ToF
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Future Plan at RIBF-ZDS

r-process Abundance

[ Half-life (Known)

B Half-life (EURICA)

A Mass(Known)
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54

53 |88 |89 |90 |91

Lanthanides

160

180
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AA
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faY
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Rare-Earth
Formation?

[] Half-life (Future)
/\ Mass(Future)
[ ] Machine-learning

A r-Process Path

(Expected)

fa¥

Neutron Number (N )
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Summary
[Nucleosynthesis]

- There is still an open question about site of r-process nucleosynthesis.

Neutron Star Merger Supernovae Experiment

V.H. Phong
r-Nuclei

‘ % | p-decay, mass .\

Exp. Data Inv. Machine
Learning Feedback
to Exp.

r-Nuclei W r-process calc.

Supernovae
Structure Neutron star merger
(Liang Haozhao) |(Nobuya Nishimura)

Theory \ / Astro. Calc.

Zuxing Yang Machine
Learning

Nuclear Properties play critical role to form heavy elements.

—> There are still a lots of isotopes to be studied to understand
how the elements are created in the Universe.




Do You Like “Gold”?
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Enjoy Nishina School at RIKEN !



