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The heart of atom: Atomic Nucleus

Periodic Table of the Elements
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Reducible

* Atomic theory of Dalton (1808) Atom

* Mendeleev's periodic table (1869

* Discovery of X-ray (Roentgen, 1895, Nobel-1901)
* Discovery of electron (Thomson, 1897, Nobel-1906)

* Discovery of Radioactivity (Becquerel/ Pierre Curie/
Marie Curie/ Rutherford, 1896~, Nobel-1903/-1908)
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The heart of atom: Atomic Nucleus

- .
- “Measure” the size of nucleus
Gold foil < @ .< . Head-on collision D O
- .\\‘ — closest distance ry .
: \, a particle sourc 1 e? Z.,Z
S 2 —

, E,.=—m,v
' £ a ;
A -
1t

a detecti!on
Discovery of proton (Rutherford, 1914 )

4N + ¢ — 170 + p

sl
* Rutherford scattering experiment (~1909)

Discovery of neutron (Chadwick,1932)

‘Be+a— 2C+n

e. Nuclear reaction as a probe for
(<10-1°m) (~10"1°m) huclear structure



What is the structure of the nucleus?

Shell structure of atom Shell structure of nucleus
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Single-particle levels and shell structure
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Evolution of the shell structure and new magic numbers

Otsuka et al. RMP92(20)015002
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of nuclear stability nuclei
N/Z~1-1.6 N/Z ~ 3

Sorlin et al. PPNP 61(2008)602

Number of protons

—_—
Number of neutrons

v" Change of density distribution
v" Continuum coupling (from closed- to open-quantum systems) o ~
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Shapes and Collective excitation

v" Description of “shape”:

R(6,6) = Ro |1+ 320 e x axuYau(6,0)]

v" Nuclei are not always spherical.
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Rotations of deformed nuclei

(20*)_ _(4839)

(718)

o
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N

18*

686

Mmullins et al.
PLB393(97)279

v" Check the E, systematics

® Experimental data

—
]n 0+ oF 4+ 6+ 8+
E, (kev) 0 |93.2] 306.6 [|632.2 | 1058.6
Ejn/E2+ 0.00 [ 1.00| 3.29 || 6.78 | 11.36

® Predictions of a simple¢

2
rotor thodel: E,~J(J + 1) Z—I

]n 0+ 2+ 4+ 61 8+

h2 h2 h2 h2
E, (kev) 0 | 645 || 2055 ||4255 | 7235
Ejn/Ea+ 0.00 | 1.00| 3.33 || 7.00 | 12.00

E,./E,, =3.33 for arotor




Vibrations of (nearly) spherical nuclei

v" Excitation energy described by phonons
Te Isotopes (Z=52)
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Evolution of shell structure and shape

Magic Number Spherical Deformed
(Vibration) (Rotation)

Transitional

|+ &

Raj2 <2 Ryj2 =2 R/ =3 Ra/2 = 3.3
N

E,, and E4. /E,. :indicator for the
evolution of shell structure and shape.

Proton number

R. F. Casten. Frontiers of Physics, 13(2018)132104
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8Ni: Magicity from in-beam y-ray spectroscopy @RIBF

' FO Production target
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Non-uniformity in the nucleus: clustering

neutron cluster

Molecular states in Be

e.g., ZY etal., PRL2014; Suzuki PRC2013
Freer et al. PRL2006, PRL1999
Ito et al. PRL2008, RPP2014

Linear-Chain states in C
e.g., Chen et al. Com. Phys 2023

Liu et al. PRL 2020, Li et al. PRC2017
Yamaguchi PLB2017,Baba/Kimura PRC2018

Gas-like (a-condensate) states

“ i
o -
e.g., Chen et al. SC2023; Zhou et al. NC 2023
Adachi et al. PLB2021;
THSR, PRL2001; Zhou/Ren et al. PRL2013

<“ W

Neutron halo
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What is the structure of (unstable) nuclei?
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Nucleus: from tiny to infinity




The Origin of (heavy) elements?
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Long history of understanding energy generation of the sun

1928, G.Gamow: tunneling effect
v Rutherford’s work on nuclear transmutations (1919~): energy may be generated from
nuclear reactions in stars
1938, Bethe and Critchfield: “formation of deuterons by proton combination” (H burning)
1938/1939, Weizaecker and Bethe: CNO cycle
1946, Hoyle: nuclear reactions in genesis of the chemical elements
1950s, essential framework of stellar nucleosynthesis (B2FH)

REVIEWS OF
MODERN PHYSICS

VoLume 29, Numser 4 OcToBER, 1957

AN NI NN

Svynthesis of the Elements in Stars”

[E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLLiAM A. FOWLER, AND F. HOVLE

Kellogg Radiation Laboratory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washingion,
California Institute of Technology, Pasadena, California
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Helium Burning 3a—'>C and the Hoyle state

v No long-lived nuclei with A=5 and A=8
v" Direct 3-a capture Rate is too low to explain the 2C abundance

o+ Hoyle state

T ! 7.65
E2 EO
2+

4.44

|
|
|
|
|
|
|
|
|
|
A 4

i
Hoyle, APJ Supp|.1(54)121

0" A

v The 3a (resonant) reaction rate is :  73a = p°NiYsp.Ya (0V) 8ot a
(narrow resonant state)

o 3/2 E
oy — [ £ 2, - wy =
(al") - (/lkT) h (“‘)PY)F exp (—ﬁ) y F

3 2\ 3
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Neutron starand dense matter i - #

-Equation of state of nuclear matter?
-Phases of dense nuclear matter?
-Elements created in supernovae?
-Elements ejected in neutron star mergers

“Neutron‘Stars

Neutron Star

~ 1.5 times the Sun .
12 mll I dl ameter -

Solid crust
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles
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e
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EoS: from nucleus to neutron stars

Neutron star Mass-radius relation
v’ EoS + General relativity

v’ Merger
v' Cold dense matter

Nllclar T T ¥ S T a— e

R, (km) — 2 g

018)

e Ilzattep Eog gg’z O

Better constraints

v' More (accurate) data

v Nuclear interactions

v’ Correlations and clusters

L [MeV]

On Earth



EoS:

from nucleus to neutron stars

v g}luclear lgatter equation of state (EoS)
71,8 =—-(p,0) +

v' Symmetry energy

5(p)

O

(p —po) +

3P0

18py

30

10

ll'lillllllll

energy per nucleon E/A [MeV]

|
p—
o
LI B B B B B

— yEFT (N'LO)

symmetric nuclear matter
' L A A L

0.05

0.10

0.15

density n [fm_';]

0.20

5%+ ...

L [MeV]

p(r)=p,0)+p, () o()-

Slope parameter

(p—po)? + -

Roca-Maza, PPNP(2018)

p,()-p,0)

p,()+p,(r)

(fm)

Ar

0.3 ' ¢ Relativistic models
0.25

0.2
0.15 P . 4

0.1

n-skin A, , ~L

— —
[ = Linear Fit, »=0.979
o Nonrelativistic models z

0 50 100 150
L (MeV)

Roca-Maza, PRL (2001)
21



EoS: from nucleus to neutron stars

DENSEMATTER

Neutron stars get denser with depth. Although researchers have a good sense of the
composition of the outer layers, the ultra-dense inner core remains a mystery.

v Born in the core-collapse supernova of massive stars.

Outercrust ——— +———— Atmosphere
Atomic nuclei Mostly hydrogen

and free electrons ‘ and helium / Typical mass: Nl .4 M@

Inner crust
Free neutrons and

electrons, heavier / Typical Size: radius NIO km

atomic nuclei

8:5?{5?& 1 Mass-radius relation
quantum liqui
Fattoyev et al. PRL(2018)

T | T T T
FSUGold2

Inner core

Uy e e Tolman-Oppenheimer-Volkoff

matter

— RMF022

(TOV) equations with parameters 25 £as — R -
S== -
of Nuclear EoS P 2= Josision2 |
dp c em 1 p . 47tpr3 . 2Gm -1 s B IU-FSU “J1614-2230 _
pri r_Z( +;> t— T S sp oV n pressune
e ; x* Z Qq
A?\I:r:cb:?g?g:ssibilities have been suggested for O Up quark O Strange quark dm = B g = (1 9 9) i
the inner core, including these three options. () Down quark () Anti-down quark d_ — 4 7'(1‘2 g, - = ;J |
r =3
© 000 060 00 000 000 ooo . . .
0O 000O0 - 0.5
009 oclocloe A RIS G 1s the gravitational constant
0O 00O00O0 -n 1 1 1
S0 00 - - CNENC p 18 pressure and ¢ i1s energy density iy - 1 n n 1
Quarks Bose-Einstein condensate Hyperons R * (km)
The constituents of protons Particles such as pions containing Particles called hyperons form.
and neutrons — up and an up quark and an anti-down Like protons and neutrons,
down quarks — roam freely. quark combine to form a single they contain three quarks but
quantum-mechanical entity. include 'strange' quarks.
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Outline

v’ Introduction: basics about the structure of nucleus
v" Clustering in nuclear systems
v Halo and neutron correlations

v' Summary and Perspective




“a particle” nuclei in 1930s

7N
v" Alpha radioactivity: 1890s a
, b,
v' Alpha decay model (quantum tunneling): Gamow, 1928  <&F o
v" Discovery of the neutron: 1932, Chadwick
10— y r 3
“a-conjugate” nuclei _ s
16, 20, M =817 g 20 %
12, O Ne 'JO e 3
4 8 C ® g A~ “Z Ne
He Be *® xi: 100 - © .
= S X . é ° Hafstad and Teller, PR 1938
s ° ° Numbe:gf bonds * %
L]
: co @
4 L - 2Ne (9 bonds)
K“‘! 12C (3 bonds) i! !; %
2 i 5 x“l 1 | Mg (12 bonds)
O 1 O 20 30 150 (6 bonds)

a3
S

%Sl (16 bonds)
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Coexistence of clustering and non-clustering structures

Coexistence

oy ‘4
“vﬁ - &

Mean-Field Cluster structure
Duality of nuclear WF The Hoyle state
v' Bayman-Bohr theorem Nucl. Phys. 1958
Yamada et al. PTPS 2008 ﬁ
- (3 . ® X
160 o N (e} &
> @
/‘,' 12C-q cluster structure * Y @ Hoyle state
iy
p” - ﬁ
— o
- M ~1 0-4 * Y emission
Shell model - -~ r
(0s)*(0p)'2 - 2C(gs)
_ 40, Cluster structure Z.Luo et al. PRC ]09(24)02580 '
EFreer et al. PPNP78(14)1

25



Cluster structures in excited states of light nuclei

Molecular states in Be

- | ~
Y Y Y&y
&
e.g., ZY etal., PRL2014; Suzuki PRC2013
Freer et al. PRL2006, PRL1999
Ito et al. PRL2008, RPP2014

Linear-Chain states in C

e.g., Chen et al. Com. Phys 2023

Liu et al. PRL 2020, Li et al. PRC2017
Yamaguchi PLB2017,Baba/Kimura PRC2018

Gas-like (a-condensate) states

<y < .“ >
w
o -
e.g., Chen et al. SC2023; Zhou et al. NC 2023

Adachi et al. PLB2021;
THSR, PRL2001; Zhou/Ren et al. PRL2013

shell structure
cluster breaking
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e. g. : Molecular cluster structure in ?Be

@HIRFL-RIBLL1 beamline (IMP, Lanzhou, China)

< Cluster Monopole
" decay _  transition
‘He > e :
\ 4/ ‘/ - ‘/ '
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Yo' 12 12
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SHe

12Be

|

Charged-particle telescope

Target
ZHY et al. PRLI112(14)162501;PRC91(14)024304

EZ_E4'8 [MEV]

Cluster rotational band

10
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e. g.

Linear-chain cluster structure in C

@HIRFL-RIBLL1 beamline (IMP, Lanzhou, China)

Target

(CD,),
PPAC3

Halaial (112; (112,

BDSSD [JADSSD

[Jssp  [JcGsl

PHYSICAL REVIEW LETTERS 124, 192501 (2020)

Positive-Parity Linear-Chain Molecular Band in '°C
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e 06 06 ‘6179 6812 sn) WO 6.263 2
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5958 271, o e
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2_251' 0= . [ =
2109 2 Be J=0
¥aras s L e a,
T e W)
PHYSICAL REVIEW C 105, 044302 (2022)
Observation of the m?a2-bond linear-chain molecular structure in '*C
J. X Han,' Y. Liv,">" Y. L. Ye®,"" I L. Lou®,! X, E Yang®,' T. Baba,> M. Kimura,* B. Yang,'! Z. H. Li.' Q. T. Li.!
LY. Xu,' Y. C. Ge, H Hua.' Z. H. Yang.> 1. S. Wang,%7 Y. Y. Yang,” P. Ma,” Z. Bai,” Q. Hu,” W. ‘Liv.' K. Ma,' L. C. Tao,

Y. Jiang,! L. Y. Hu.®

School of Phy:

H.L.Zang.' J. Feng.' H. Y. Wu,! S. W. Bai,! G. Li.' H. Z. Yu,' S. W. Huang.! Z. Q. Chen." X. H. Sun.!
J.JLi,' Z.W. Tan.! Z. H. Gao.” F. E. Duan,” J. H. Tan.* S. Q. Sun.® and Y. S. Song®
sics and State Kev Labaratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
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1. X. Han.! SWB'U G. Li.! HZ Yu,!

Z.H. Gao.” E.F. DI.]‘II] J. H. Tan S.Q. Sun.® and Y. S. 90110
'School of Physics and State Keyv Laborarory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2Kitami Institute of Technology, 090-8507 Kitami, Japan
3De,fmr.fmﬂ'r.' of Physics, Hokkaido University, 000-0810 Sapporo, Japan
“School of Science, Huzhou University, Huzhou 313000, China
SInstitute of Modern Physics, Chinese Academy of Science, Lanzhou 730000, China
SFundamental Science on Nuclear Safery and Simulation Technology Laboratory, Harbin Engineering University,
Harbin 150001, China

J. Feng,' H. Y. Wu,' S W. Huang,' Z.Q Chen,' X. H. Sun.'J.J. Li.!

Y. C. Ge;
H. Hua,' J. S. Wang,*” Y. Y. Yung.SP. Ma.SZ.Bui.S Q. Hu? w Liu.' K. Ma L.C. Tao.' Y.Jiang.' L.Y. Hu,° H. L. Zang,'
Z. W. Tan,'

PHYSICAL REVIEW C 95, 021303(R) (2017)

Selective decay from a candidate of the o -bond linear-chain state in ¢

JL Y. LY ZH L C L Lin QT L Y.C.Ge J. L. Lou Z. Y. Tian," W. Jiang. Z. H. Yang,' J. Feng,' P.J. Li.!
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Cluster structures of light nuclei

Molecular states in Be

e >

@ v & -
&
e.g., ZY etal., PRL2014; Suzuki PRC2013

Freer et al. PRL2006, PRL1999
Ito et al. PRL2008, RPP2014

-

Linear-Chain states in C

W W

e.g., Han et al. Com. Phys 2023
Liu et al. PRL 2020, Li et al. PRC2017
Yamaguchi PLB2017,Baba/Kimura PRC2018

Gas-like (a-condensate) states

—
o _ ¥
o o
e.g., Chen et al. SC2023; Zhou et al. NC 2023
Adachi et al. PLB2021;
THSR, PRL2001; Zhou/Ren et al. PRL2013

shell structure

cluster breaking

Kanada-Enyo, PTEP 2012
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(p,pa) = aprobe for clusters in ground state 2 )

v" Cluster structure in excited states: one can measure cluster decay fragments
v" Clusters in g.s: quasi-free (p,pa) [~ several hundred MeV/u] Yoshida, PRC2016/PRC2018/PRC2019

Normal kinematics Inverse kinematics

/ Projectile (RI Beam, unstable nuclei)

P | >

W

Proton Target
Residual
Target

(stable nuclei)

Proton Beam

30



(p,pa) = a probe for clusters in ground state ,J ’

v'In1970s and 1980s: with light stable nuclei like "Li/*Be/!?C.

Nadasen et al. PRC1989
Chan and Roos PRC1977;

v’ Analysis of triple differential cross sections utilizing DWIA
Carey et al. PRC1981

d30 . nl]m

L ioLiolL kaCOZ| 1K2
dEldQldQZ | °Be(p,pa) SHe at 200 MeV
8,=60°

v'Recent theoretical development for (p,pa) (Ogata et al.) 6,=-52.16°
Lyu, et al., PRC2018; Yoshida et al. PRC2019, Taniguchi et al. PRC2021
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quasi-free knockout with E, (MeV)
large momentum transfer 31



Heavy nuclei: a preformation in a decay?

a decay half life: Ty = 22, T, o | g(1)|2
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v’ Theoretical calculations

e.g. Xu/Ren et al. PRC93(16)011306; PRC104(21)034302
J.M.Dong et al. PLB813(21) 136063 32



o decay in heavy and superheavy nuclei

7=119? 7=120?
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Nuclear matter: Impact of clustering on EoS

B(p.T), MeV

v" Theoretical predictions of o clusters in low-density environments like the surface of heavy nuclei:

100 R ehisis T Tttty BTty PRI, Lk
_Heavy-ion collisions c ; Typel, PRC89(2014) 064321,PRC 81(2010) 015803
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Quasi-free (p,pa) at RCNP (Osaka/Japan)

v’ Beam: 392 MeV proton, ~100 pnA High resolution
v' Targets: 112,116120.124Qp (~40 mg/cm?)

AE ~20 keV

Grand Riden
(proton detection)

Proton Beam

o8

Targets

LAS
(a detection)
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knockout a clusters from heavy nuclei "1*ISn  prpe—a=s

L s
Science:*f

lanaka, Yang et al. Science 371, 260-264 (2021)

o separation energy spectrum o cluster knockout reaction
C 12Qu(n ne 108 | 169 " Thinner neutron skin
_ n
80 i A/S(p,p(l) Cd 11400 0.20l— More alpha clusters
ol £ {1200 g A \ n skin 7
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32 1400 © O -
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¢ g - e+ Experiment
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v E, Peak clearly observed for all v" Reaction Theory: Distorted-Wave Eikonal Approximation
Sn isotope 121161201248 v a-cluster wave function from gRDF

v Distortion effect considered
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10°

What’s next: More Cluster, More exotic 3| ]
v More exotic nuclei, more types of Em ;
cluster (a, ¢, *He, d) o / | M
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Miudium-mass n-rich nuclei




Outline

Halo and neutron correlations (skipped)

v’ Summary and Perspective




Cluster structures in excited states of I'=* —=t-* L

[ J l l l @

Molecular states in Be

= -

&
e.g., ZY etal., PRL2014; Suzuki PRC2013
Freer et al. PRL2006, PRL1999

Ito et al. PRL2008, RPP2014

Linear-Chain states in C

e.g., Chen et al. Com. Phys 2023

Liu et al. PRL 2020, Li et al. PRC2017
Yamaguchi PLB2017,Baba/Kimura PRC2018

Gas-like (a-condensate) states
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-
J “

e.g., Chen et al. SC2023; Zhou et al. NC 2023

Adachi et al. PLB2021;
THSR, PRL2001; Zhow/Ren et al. PRL2013
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multifragmentation in heavy ion collision A
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Cluster structure in ground states probed by knockout reaciton
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What is the structure of (unstable) nuclei?

- Stable nuclei unstable nuclei = ' : ™
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Exotic neutron-rich nuclei: a bridge to the neutron star

O mEmEEEEC e Mass-radius relation
%™ Neutron star 3 Fattoye et al. PRL(201S)
\ ° o ’ ' ' ' F.Isuanldlz
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Better constraints

v' More (accurate) data
v Nuclear interactions
v’ Correlations and clusters

On Earth 42



A wonderworld of atomic nuclei: from tiny to infinity

v" Introduction
v' Clustering in nuclear systems

v Halo and neutron correlations

v' Summary and Perspective

“That's one small step for man. One giant leap for mankind.”
-Neil Armstrong, July, 1969, Moon.

Thank you!



