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Plan of this lecture

1. Introduction: physics of neutron-rich nuclel today
overview, r-process nucleosynthesis

2. Properties of one-neutron halo nuclel 11/2 morning
angular momentum and halo phenomena

3. Unbound nuclei and resonance states 11/2 afternoon
general theory of potential resonances
proton radioactivities

4. Deformed neutron-rich nuclei
resonance state of a deformed potential

11/5 afternoon-1

5. Pairing correlations and two-neutron halo nuclei  11/5 afternoon-2
Borromean nuclel, di-neutron correlation

6. Coulomb excitations and two-neutron emissions 11/9 morning
7. Superheavy elements and neutron-rich nuclei 11/9 afternoon
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Introduction

nuclear chart
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» 287 nucleides existing in nature

& discovery of radioactivity (Becquerel, 1896)1'

& discovery of neutron (Chadwick, 1932)
Nuclear Physics: developed based on
properties of stable nuclel

(until about mid. “‘80s)

saturation, radii, binding energy,
magic numbers.....



Nuclear Physics: based on properties of stable nuclei

— Nevertheless, there has existed a natural question since old time
“how many neutrons can be put into a nucleus for a given
number of protons?”

'Be | ®Be 10Be | 11Be | 12Be 14Be

)Li L

He

He :H.S. Sommers Jr. and R. Sherr, PR74(°48)1192.
8He : A.M. Poskanzer et al., PRL15(“65)1030.
111§ :R. Klapisch et al., PRL23(‘69)652.

“Int. Symp. on why and how should we investigate nucleides
far off the stability line”, Lysekil, Sweden (1966). etc.
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Nuclear Physics: based on properties of stable nuclei

— Nevertheless, there has existed a natural question since old time
“how many neutrons can be put into a nucleus for a given
number of protons?”

“Int. Symp. on why and how should we investigate nucleides
far off the stability line”, Lysekil, Sweden (1966). etc.

Questions discussed at that time:

e how many neutrons?

* how good are models developed for stable nuclei?
e r-process nucleosynthesis

]

many questions still remain as current questions

+ are there interesting phenomena which exist only In
weakly bound systems?



“how many neutrons can be put into a nucleus for a given
number of protons?” — where Is the neutron drip-line?
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PHYSICAL REVIEW LETTERS 123, 212501 (2019)

Editors' Suggestion Featured in Physics

Location of the Neutron Dripline at Fluorine and Neon
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Properties of nuclei as nuclear many-body systems

nucleus = an aggregate of particles

protons _ _ _
with strong interaction

finite guantum many-body system

neutrons
.self-bound system
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very regular motion

“collective motions”

varieties
due to two kinds of
particles




Properties of nuclei as nuclear many-body systems

nucleus = an aggregate of particles

protons ) _ :
with strong interaction

ofinite quantum many-body system

neutrons
.self-bound system

correlations of two-kinds particles: protons and neutrons
—rich and variety of phenomena

| . _ )
A ve) 50| 20| 20| | previously: a large restriction
g sN|oN| 2N| | Of N/Z ratio as only stable
5 C e ve|sc| =c| | nuclei could be studied
o
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Properties of nuclei as nuclear many-body systems

nucleus = an aggregate of particles

protons _ _ _
with strong interaction

finite guantum many-body system

neutrons
.self-bound system

correlations of two-kinds particles: protons and neutrons
—rich and variety of phenomena
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the situation has been largely

Hel | He changed after neutron-rich
o neutrons :
5 nuclei could be accessed




Properties of nuclei as nuclear many-body systems

nucleus = an aggregate of particles

protons _ _ _
with strong interaction

finite guantum many-body system

neutrons
.self-bound system

correlations of two-kinds particles: protons and neutrons
—rich and variety of phenomena

~

N .
Physics of unstable nuclei:
unveil new properties of atomic nuclei by controlling
Ehe proton and neutron numbers

J

v what are properties of neutron-rich and proton-rich
nuclei?
v how are they different from stable nuclei?




Real start of physics of unstable nuclel: interaction cross sections (1985)

PFOJectIIe Tanihata-san@Berkeley
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Real start of physics of unstable nuclei: interaction cross sections (1985)

11 nuclei other than 1L
—_—

target nucleus

Ri(T)

projectile target

If a reaction takes place when
two nuclei overlap:

or ~ w[Rr(P) + Ry(T)]?
— R|(P)

Tanihata-san@Berkeley



Real start of physics of unstable nuclei: interaction cross sections (1985)
Tanihata-san@Berkeley

_ 35 . | '
1] | nuclei other than 'L very large
—> radius — > ¢ !},
3
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25
» | l |
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. |. Tanihata et al., PRL55 (“85) 2676
projectile target

effective NN interaction

If a reaction takes place when
two nuclei overlap:

o7 ~ w[R;(P) + R;(T)]? (el re W ptcrctr
— Ry(P) discovery of halo



New generation Rl beam facility: RIKEN RIBF (2007-)

a facility for unstable nuclei with the world largest intensity
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5 physics of unstable nuclei s_Iide: Sakurai-san
» the origin of elements

» superheavy nuclel (Nithonium and beyond)



Extension of nuclear chart: the frontier of nuclear physics

Nh

hihonium
100
proton rich
N
80 }/_r
-
N a
2 60 Ll J"'Jj"" =N\ A8
g —JJJ ll... l. - N
= sl = -
i = :
g o=l oo 'Y b 1
& 40 I-IT-—_ N .‘ ’
--d i | | \
|2 H,Jﬂ © halo nuclei | Nihonium
20 B SOmeclum, chorts -
Neutron-rich nuclei (RIKEN RIBI{E)
l ] ] | ]
20 40 60 80 100 120 140 160

Neutron number N



Physics of proton-rich and neutron-rich nucleli
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@ @ the axis of excitation energy (Kanada-En’yo)
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Stable nuclei become weakly bound if they are excited.
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nucleon correlations
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Press release of Tokyo Tech.

why is the drip-line jagged (FEEX)?




due to pairing correlation

unstable stable



due to pairing correlation

unstable stable

Borromean nuclel

bound as a three-body system

°He=“*He+n+n
HLi=%Li+n+n etc

dynamics of Borromean nuclel
:on Thursday, 11/5
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Press release of Tokyo Tech.
v why is the drip-line jagged? — due to pairing correlation

v" a nucleus may exist for a short time as a resonance state
when there Is a potential barrier

how does the pairing correlation affect the decay dynamics of
a resonance state : on Monday, 11/9




energy

‘ correlated protons free proton/s

" barrier:
v" Coulomb+centrifugal (for p)
v" centrifugal (for n)

distance to centre of nucleus

B. Blank and M. Ploszajczak, Rep. Prog. Phys. 71(*08)046301

resonance —&—— — decay
— 00—
1 particle emission 2 particle emission

physics of drip-lines = physics of weakly bound nucleli
+physics of many-body resonances




particle emission decays of unstable nuclei

4 W
e T
Experiment =
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Fig.: H. Koura (JAEA)




Connection to hadron physics?

» three-body systems

°He=“*He+n+n
ULi=%i+n+n baryons with a charm quark
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Connection to hadron physics?

» three-body systems
°He =4He+n+n

ULi=%Li+n+n baryons with a charm quark
n g
A
R o
oLj N Q
TEl x R
Elexcitation A mode

on Thursday, 11/5



Any question?



Any question?

» Why do you think I am talking about neutron-rich nuclel,
rather than proton-rich nuclei?

» Do you know why 0L is absent in this figure?

3.5

R, (fm)




r-process nucleosynthesis and neutron-rich nuclel



r-process nucleosynthesis and neutron-rich nuclel

Big bang
(13.8 billion years
ago)



r-process nucleosynthesis and neutron-rich nuclel

Big bang

(13.8 billion years
ago)

L

Li



the reason why only little
amount of LI was created




the reason why only little
amount of LI was created

a big wall

Mass number 8
at A=5 and 8

Mass number 5

stable 1sotopes

cosmic (mass) abundance of elements
H 70.7% Be <0.00001%
He  27.4% B < 0.00001%
Li <0.00001 % C 0.3%



What are we made of ?

oxygen 43 kg
carbon 16 kg
hydrogen 7 kg
nitrogen 1.8 kg
calcium 1.0 kg
phosphorus 780 g
potassium 140 g
sulphur 140 g
sodium 100 g
chlorine 95 g
magnesium 19 g
iron 4.2 g
fluorine 2.6 g
zinc 2.3 ¢

silicon 1.0 g
rubidium 0.68 g
strontium 0.32 g
bromine 0.26 g
lead 0.12 g
copper 72 mg
aluminium 60 mg
cadmium 50 mg




What are we made of ?

oxygen 43 kg
carbon 16 kg

hydrogen 7 kg < these hydrongens

nitrogen 1.8 kg -
calcium 1.0 kg were created 13.8 billion

phosphorus 780 g years ago!!
potassium 140 g
sulphur 140 g
sodium 100 g
chlorine 95 g
magnesium 19 g
iron 4.2 g
fluorine 2.6 g
zinc 2.3 ¢

silicon 1.0 g
rubidium 0.68 g
strontium 0.32 g
bromine 0.26 ¢

70 kg

e

lead 0.12 g Big ban_g_
copper 72 mg (13.8 billion years
aluminium 60 mg ago)

cadmium 50 mg



How were elements up to Fe created?
The origin of elements up to Fe

Nuclear fusion inside (massive) stars
the reason why stars are shining




cosmic (mass) abundance of elements

CHO 70.7% Be <0.00001%
He  27.4% B <0.00001%
Li <000001% C  03%
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cosmic (mass) abundance of elements

70.7% Be <0.00001%
27.4% B < 0.00001%
< 0.00001 % C 0.3 %
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MeV 0.+
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e ’ state
| “C
¥ 01+
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http://www.phys.tohoku.ac.jp/topics/topics-2052/ C



Triple alpha reaction

7.65

MeV 0.+
n e o 737 — 0,
& ﬁzﬁ’”‘m " & MeV +8Be Hoyle
- St
® @ Aakm | C 0,
12C

0.0
379.60 379.61 379.62 379.63 379.64 379.65 379.66

S. Ishikawa, PRC87 (*13) 055804

F. Hoyle: a prediction for a
resonance state in 1°C (1952)

1.0+

E =379.627keV
I =6.5 eV

E (keV)



Why up to Fe?
The origin of elements up to Fe

Nuclear fusion inside (massive) stars
the reason why stars are shining




Why up to Fe?
The origin of elements up to Fe

Nuclear fusion inside (massive) stars
the reason why stars are shining

e up to Fe: exothermal reactions F&ZA i
» from Fe: endothermal reactions B} Zh 5 it

—— fusion stops at Fe




Binding energy of atomic nuclei

B
| a peak at Fe
s | fe (th bl
35 70 (the most stable)
< |
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e uptoFe:m,+ mg>mq (exothermal)  creation of energy
e from Fe: m,+ mg < m (endothermal) extra energy required



Why up to Fe?
The origin of elements up to Fe

Nuclear fusion inside (massive) stars
the reason why stars are shining

e up to Fe: exothermal reactions
 from Fe: endothermal reactions

—— fusion stops at Fe

How to create heavier elements
(e.g., Pband U)?



How to create heavier elements t

Neutron captures (neutrons: no ¢




How to create heavier elements t

Neutron captures (neutrons: no ¢

red giant

!

S-process
Ba, La, Pb, Bl etc.




Proton number Z
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Proton number Z

100

proton rich
N

80

60

- [ ]
i -rE'-d ',_/—"'rrr neutron rich
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Neutron number N



How to create heavier elements t

Neutron captures (neutrons: no ¢

red giant neutron star merger
S-Process r-process

Ba, La, Pb, Bietc.  Th, Eu, U etc.



3 steps of nucleosynthesis

Group =3 | 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
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3 steps of nucleosynthesis

Grciipp—?d1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
1

, EE nuclear fusion In stars Iii\liillﬁlliﬁlliilliﬁ
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190 ([ 911192 (193 (|94 |]95(196||97 |98 (|99 |[100]|101(]102{(103

*I'Th || Pa|| U [|Np||Pul||Am||Cm|| Bk || Cf || Es ||Fm||Md|| No || Lr




3 steps of nucleosynthesis

3 .E nuclear fusion in stars EEalirsl 15 tersteral iﬁ
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Sg || Bh || Hs [[Mt || Ds||Rg|[[Cn || Nh|| FI |[Mc||Lv || Ts || Og
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s-process nucleosynthesis and r-process nucleosynthesis

neutron capture reactions

example) 114,,Cd s+ n — 115,,Cd..* —115,,Cd,, (ground state) + y

(n,y) reaction

----- 1<— 4Cd +n
En

on the nuclear chart: 114Cd + n 0

114Cd 115Cd Y Sn

—_— N/

() 115G




two possibilities after 2*4Cd — 1°Cd

v when neutron capture is slow:
114Cd N 115Cd N 115|n

115]n

B decay before N

N
n-capture 140 | tscy

()

S-process
(slow process)



two possibilities after 114Cd — 11°Cd

v when neutron capture is slow:
114Cd N 115Cd N 115|n

115|n
B decay before ‘\\B
n-capture 1acg | 1504
()
v when neutron capture is fast:
114Cd — 115Cd —s 116C(
115|n

n-capture before
B decay 114Cd | 115Cd | 116C(

— (ny) ()T

S-process
(slow process)

r-process
(rapid process)



cosmic abundance of elements
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F'eSE

10° @ NUCLEI ON THE s-PATH _
AND HAVING CLOSED
NEUTRON SHELLS

ABUNDANCE H

L Bohr-Moottelson,

> ™ %% “Nuclear Structure”

two peaks due to s- and r- processes



s-process nucleosynthesis

122Te 121Te 122Te
N 0
N
121Sb 1228b
116Sn 117‘Sn 11?8” 119‘Sn 1?Osn 121Sn
T . . .
N
115|n 116|n
V\
N ;
114Cd | 115 slow process along stable nuclei
——> Inside red giants etc.




s-process nucleosynthesis

the end point of s-process

210PO
N

<
o 209Bj |210Bj
—t

206P6/ 207]3b 2(38|:)b 209})b

S-process: up to 2%°Bi




s-process nucleosynthesis

the end point of s-process

210PO
/ N
<
O‘ 209Bj |210R;j
206|:)6/ 207pp | 208pp | 209pp

S-process: up to 2%°Bi

protons

Nuclear Landscape

stable nuclei

U, Th cannot be synthesized in
S-process
— I-process




r-process nucleosynthesis

1 1 ] T I i I L 1 ] I L T I
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rapid neutron captures
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40 B0 80 100 120 140 160 180

Meutron number, A



r-process nucleosynthesis

1':":' = H H.!u-
® = process rnucHdes "=
E 5= FH*I:IEE.'EE path
80 F
N
'E L
= ]
E
3 60
=
E -
S
{ =
40+
- B decay after neutrons are exhausted
El:r | 1 I 1 | 1 1 1 1 1

1 1 4 1
40 il 80 100 120 140 160 180
Meutron number, A



movies of r-process nucleosynthesis

by Dr. N. Nishimura (RIKEN)






waiting point nuclei

(1@._ (n’Y);_ (n’y{— (n’Y); the n-capture stops

vn) (nn) n) (o) Taels small

$

(ny) —
B .
\S B-decay
(n,y) — (n,y) — (n,y) \\ — different element

) ) ) )



Atomic number, 2

100F

a0

60 I

40

“ - process nuchdes
s* §- process path A =208

] " I 1 I

Meutron numr

waiting point nuclel

H—
=z
E
3
=
=
g
=
(W

50

45‘!

40 r

35 F

hN=82

1 1 1 1 1
&0 65 7O 75 En BS
Mautron Mumber, M

1 L I
a0 a5 100



V(r) (MeV)

where does the r-process walit?
— nuclel with a magic number: a small n-capture rate

potential for neutrons 1n separation energy of Sn
10 L I B N 4 e

(MeV)
o0
T | T
-
=
[

S

AL .
Sn 1sotopes

2_

P N T NN T A
n
(o))
|

_60 ] I 1 | 1 I 1 I I _|||||||||||||||||||||||||||||||||||||||
0 $) 4 6 8 10 900 105 110 115 120 125 130 135 140

r (fm) A

energy gap — stable for N > 83
= shell structure — smaller 1n-separation energy



shell closure + 1 neutron:
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a (mb)

shell closure + 1 neutron:

neutron capture Cross sections

100.0

10.0

1.0

[ D N B

l
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30 40 50 60 70 B0 90 100 110 120 130
Neutron number '

K.S. Krane, "Introductory Nuclear Physics"

n
___A ______ %
A
A+1

Sy
small E*:small —

\ 4 \ 4

(A+1)

\4

low level density

|

n-capture rate
‘small



Atomic number, £
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As a matter of fact, It 1S not known
well how Au and U were created....



Open Issues In r-process nucleosyntehsis

> where 1Is the main site?

SN explosion Neutron star merger



g ravitational wave due to Normalized amplitude
2 4 6

0
a neutron star merger e
| .--;".'l.. Y : : . Sm
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photons from r-process
2017.08.18-19 2017.08.24-25

=20 -10
Time (seconds)

B.P. Abbott et al., PRL119 (‘17) 161101



Open Issues In r-process nucleosyntehsis

> where 1Is the main site?

SN explosion Neutron star merger

» how well do we know the properties of neutron-rich nuclei?
* Mass
o [-decay (life-time)
e magic numbers

[ physics of neutron-rich nuclel }




52

E(2*) [MeV]

% 40 60 80 100 120 140
PIEFH

Important findings at RIBF:

Disappearance of N=20, 28
Appearance of New magic # N=34

Magic number in heavy neutron-rich
nuclel?

One of the main issues in RIBF

Nature, vol. 502 (2013)
Discovery of the new magic
number N=34



Open Issues In r-process nucleosyntehsis

> where 1Is the main site?

SN explosion Neutron star merger

» how well do we know the properties of neutron-rich nuclei?
* Mass
o [-decay (life-time)
e magic numbers

[ physics of neutron-rich nuclei}

> role of fission?

 spontaneous and neutron-induced fissions
e [-delayed fission



nuclear fission

a w0 240Pu

t=15.9 zs

0.5

a

—04

03
t=19.82s

.02

[0.1
0.0

i

t=20.4 zs

i

G. Scamps and C. Simenel,

Nature 564 (2018) 382

» discovered about 80 years ago
(in 1938) by Hahn and Strassmann

> a
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¥ o v
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SiLr

primary decay mode of heavy nuclel

Ca Fe Zn Kr Mo
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0 20 40 60 80 100 120 140 160 180 200 220 240
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» Important role in:

e energy production

e superheavy elements

* r-process nucleosynthesis
 production of neutron-rich nuclei



fission in r-process nucleosynthesis

fission In SHE
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nuclear fission

» macroscopic understanding:
competition between the surface and the Coulomb energies
— fission barrier




nuclear fission

» various fission processes

| | | | . neutron Q
| | > | induced o j>
fission Q
tunneling
> | spontaneous

""""""""""""""""" 1 fission asymmetric fission

|

€

beta-delayed fission

I

—— —> fission

- A.N. Andreyev et al., PRL105(10)252502
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Entrance
Channel

(Z-1,N+1)

Induced
Fission

Spontaneous
Fission

Initial Fission Non-adiabatic Scission Fission
State Isomer Regime Fragments
Statistical Multi-chance

Fission

Decay
/ Dissipative Motion

<

Tunneling

3""4

i,
"P

Elongation

“Future of fission theory” White paper



Any question?



Any question?

T T ¥ ¥ ¥ ] L] L L) L) l T L 1 L) | ¥

F'e56

0° L @® NUGCLE!I ON THE s-PATH
AND HAVING CLOSED
NEUTRON SHELLS

ABUNDANCE H
=

why are the r-process peaks on the left hand-side?



ABUNDANCE H

T T T | I | L] 1 1 1

100

¢ - process nuclides
5* 5- process path A= 208

Atomic number, 2

10° @ NUCLEI ON THE s-PATH

AND HAVING CLOSED
NEUTRON SHELLS

L 1 1 [ 1
40 B0 80 100 120 140

Neutron number, N

the r-process peaks: the left

hand-side

< a path goes through the
neutron-rich region
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