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Towards the edge of nuclear landscape
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Classification of elements

Regularities in the chemical properties of the elements
ONMTD CHCTEMH SAEMEHTOB'D.

OCHOBAHNOA HA HYS ATOMHOMT RECH N XHMUYECKOMS CAOACTES.

Tim$50 Zr= 90 7=180.
V=51 Nb= 04 Ta=189.
Crw=52 Mo= 96 Wa=186.
Mn=55 Rh—1044 Pt=107,
Fe=56 Rn=1044 Ir=198.
Ni=Co=59 Pl=106s 0-=100.
H=1 Cu=634 Ag=108 Hg=200.
Be= DaMg=24 Zn=652 Cd=112
Buil Al=27{a%m68 Ur=116 An=1977
C=12 Si=28Ge?=70 Sn=li8
Mendeleev N=14 P=31 As=75 Sb=[22 BI=2107
0=16 5=32 Sem794 Te=128?
(1834—19074F) FmI9? Ci=35¢Br=80 =127
Li=7 Na=23 K=39 Rb=835s Cs=133 Tim204,
Ca=40 Sr=87s Ba=137 Pb=207.
SC?mi5 Cem92
TEr=56 La=94
Y1=60 Di=95
Nn~T15sTh=1187

Dmitri lvanovich

The place of an element in the table is given by
the number Z (=atomic number, from AtomZahl) X Memgacsens (1869)

EJC2011, A. Lopez-Martens

HIJE205F, 1869F[]REFIRKI 7 R AR TRREHEER
SO RATTREZA, WSRATR: W, . A & & DS


https://zh.wikipedia.org/wiki/%E6%B0%A6
https://zh.wikipedia.org/wiki/%E6%B0%96
https://zh.wikipedia.org/wiki/%E6%B0%AC
https://zh.wikipedia.org/wiki/%E6%B0%AA
https://zh.wikipedia.org/wiki/%E6%B0%99
https://zh.wikipedia.org/wiki/%E6%B0%A1
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What is the Universe made of ?

— About 95% are of the dark matter and dark

energy (don't know exactly what they are)

— Nuclear astrophysics attempts to study the

est 5% Dlé”éb%f

The USA National Academy of Science _,/

Repor’[ listed 11 questions of phySiCS l i

_—

J

— The Question # 3: How were the elements 'ﬁ)'?s?lcs

from iron to uranium made?
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1% X A& 4% 32 . Element production

S process

B Mass known
@ Half-life known
% O nothing known

Pb (82) e

p process i

| r process I

Sn (50) | :
rp process «ff y
v, /

Fe (26) f L7/

/ Supernovae

stellar burning

Cosmic Rays

protons /
‘H(1)_
neutrons (Blg BangI




PHYSICAL REVIEW LETTERS 123, 212501 (2019)

Location of the Neutron Dripline at Fluorine and Neon
D.S. Ahn,' N. Fukuda,' H. Geissel,” N. Inabe,' N. Iwasa,* T. Kubo,""" K. Kusaka,' D.J. Morrissey,’

D. Murai,” T. Nakamura,” M. Ohtake, H. Otsu,' H. Sato,' B. M. Sherrill,’ Y. Shimizu,' H. Suzuki,'

H. Takeda,' @.B. Tarasov,f' H. Ueno,' X Yanagisawa,' and K. Yoshida'
'RIKEN Nishina Center for Accelerator-Based Science, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
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Testing the fundamental symmetries of nature

Parity violation
studies in francium

82

Weak interaction i
studies in N=Z nuclei =

in radium

EDM sear‘ch]

/Specific nuclei offer new oppor"runi'rie:;\

for precision tests of:
= (P and P violation
= Unitarity of the CKM matrix

o ™ o
0 neutrons How will we turn experimental signals into precise
[n eutron EDM ] information on physics beyond the standard
model?




EJC2011, A. Lopez-Martens

Constituents of matter

John Dalton

1803 :
-matter is made of atoms

-atoms of the same element are
identical

Dalton’s billiard ball, 1803

-atoms of an element can combine with those of
other elements to form compounds

-atoms of different elements have different masses
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At the dawn of the 20t century

“There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.”

William Thomson (Lord Kelvin), 1900

British Association for the advancement of Science

(1824-19074F)



intensity (arb.)

EJC2011, A. Lopez-Martens

A few clouds In the sky.....

ultraviolet catastrophe: spectral distribution of

thermal radiation from matter '

18944F-1900% Wi linck

Matter can only absorb or emit
radiation energy in discrete packets
proportional to the frequency of the

radiation: energy quanta

Y

classical theory
{5000 K)

0.6

0.4

0.2

0.0

I
1000 1500 2000 2500 3000nm
wavelength (nm})

According to A. Einstein, Planck’s quantization
arises from the granular nature of light:
light is made up of photons

Albert Eisntein



18984F
Atoms are no longer indivisible !

111}

BT

John Joseph Thomson

Cathode

J.J. Thomson measures the charge/mass ratio of the charged particles

Electron

1898: J.J. Thomson concludes that what he calls ‘corpuscules’
(= electrons) are the constituents of atoms

‘plum pudding’ model

EJC2011, A. Lopez-Martens



EJC2011, A. Lopez-Martens

18954F

From cathode rays to X rays

1895 W. Rdntgen discovery of X rays

41 |

Wilhelm Rontgen

W. Roéntgen receives the 1st Nobel Prize in Physics in 1901




EJC2011, A. Lopez-Martens

18964F
From X rays to Uranium rays

1896 H. Becquerel discovery of a new kind of radiation emitted by
Uranium

metal screen
with cut-out

design \‘ : Photographm plate
Foe ph L Sl Pkl Ynt AN A

f-;‘-;H Coyr b Bt B,
Epfest o Mbg & 13 o oG dem A 7 g

Volfe' G 13 mm.

uranium salts

Uranium rays ionize the air
and cause the discharge of
an electroscope

Henri Becquerel

Nobel Prize in Physics (1903)



, From Uranium rays to radioactivity
18984

1898 Marie & Pierre Curie extraction of polonium and radium

Marie Curie Pierre Curie

M. Curie calls the radiation:
‘radioactivity’

EJC2011, A. Lopez-Martens

Laboratory at the Ecole de Physique et Chimie industrielle de Paris

PR R AR TR P 5 T A ok, & B IR I ER D1 v ) /K [F]—4F 73 == — - Nobel Prize in
Physics (1903)

BERFN, 19114, FRTTLRAAGEFUHBE LUK



https://baike.baidu.com/item/%E9%92%8B/709607
https://baike.baidu.com/item/%E8%AF%BA%E8%B4%9D%E5%B0%94%E5%8C%96%E5%AD%A6%E5%A5%96/559567

1908FNoblefr.2#2%, XA~1T.
VB 215840 % Noble 1] = B &L 5t

Radioactivity is manifold  %f.alpha decay/s, st

AR TTE.
1898 | E. Rutherfod alpha, beta radiation
1900 | P. Villard gamma radiation
o
o [yt
Y K 3.'-'*
SR
Poxd
source ’g,ﬁ’:
§ Paper Aluminium Concrete
3« = hélium ion He2*
<L
§ B= high energy e-
(@] &
= = photons - like X rays ;
T y Paul Villard



e 1908: H. Geiger il E. Marsden 1EHF 7T o R F-HUT 5246
FOR I, 218 8000 N o KT, BUE — KA ERUN -

Gold Foil

¥ -Particle
amitter

E. Rutherford
(1871 - 1937)

Detecting Screen

H. Geiger, Proceedings of the Royal Society of London A 81, 174 (1908).
E. Rutherford, Philosophical Magazine 21, 669 (1911).

“It was almost as incredible as if you fired a 15-inch shell at a
piece of tissue paper and it came back and hit you! ”
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The nucleus is born !

EJC2011, A. Lopez-Martens

P lum P Uddmg model Philosophical Magazine Series 6,
vol. 21 May 1911, p. 669-688
—
w
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Scattering angle (degrees)

Nuclear model



EJC2011, A. Lopez-Martens

Consequences of Rutherford’s model

h 1000 m g

Matter is empty ! The atom is unstable !




EJC2011, A. Lopez-Martens

1913435 IR R - 15 A

Bohr solves the problem with Planck’s

quanta

angular momentum is quantized < only certain orbits of
energy E_(n=1,2,3,...) are allowed
n is the principal quantum number

electronic jumps from one orbit to another are accompanied by
the emission (or absorption) of a photon of given wavelength

Philosophical Magazine 26, 1-25 (1913)

542 n—4 EE—— Energy i L
x - - =
Q4/n n=3 Lavals
== of e iy

Hydrogen

% Violet i

Visible light transitions
of the hydrogen amr_]j,,.-f" .
r_.-"'sheIEs or
" “orbits”

of electron

Niels Bohr

19224F %

DURYY L 2238
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The periodic table finds its thread

Fa 7 L --._;'-
¥b 70 a”
-lr-L saries
i e
—_— ol
e
C&ss ...--:).'....... ¥
spectres de e ko T .
diffraction Eh 45} -- _,- S ———" -
r55  des raies K - : Ka.
(TP ZraQp Mo ..
Br 35 s
1914 Henry Moseley I sl
§ Measurement of the high freqUeNCy SPECtra Of wnas ..o ggZe o
= many elements D (R .
N
8 ,
3 = atomic number Z = charge of the nucleus ,
'{_ a8 1l} 12 14 6 w 20 22
= = regularities of the periodic table explained /F sauency g
© In terms of filling of electronic shells AL Ve Lﬂ al deta (H. G. J. Maseloy,
w Philes. Mag. (€} 27:703, 1914



https://baike.baidu.com/item/%E7%89%9B%E6%B4%A5%E5%A4%A7%E5%AD%A6/247247

The alchemists of the 20t century

1919 | E. Rutherford 13t artificial transmutation

a + Nitrogen — Hydrogen

Rutherford calls H* proton ~ &RIKE T

1924 | P. Blackett visualizes the transmutation o + N —=1F* =170 +p

Cloud chamber (C.T.R. Wilson, 1912)
P. Blackett 1948 = % %= 556 T./E13 Nobel Prize

EJC2011, A. Lopez-Martens

40
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100 years ago...

“ The scattering of o and g particles by matter
and the structure of the atom” P
(7NN

Philosophical Magazine Series 6,
vol. 21 May 1911, p. 669-688

EJC2011, A. Lopez-Martens

Rutherford# 2 Az Y 2 L

The Nobel Prize in Chemistry
1911 was awarded to Marie |/ :
Curie "in recognition of her 1™ %
services to the advancement of ¢4
chemistry by the discovery of the elements
radium and polonium, by the isolation of
radium and the study of the nature and
compounds of this remarkable element”.
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19324 BRI XINPT
IRTF-F TR B v 38 5L



IRF-AXEE1Y

neutron

electron ' atom

size % 10 ~105

nucleus

size #5 x10715 m




neutrino

Helium 1;Hek (e-type)
nucieus

The Origin of Solar Energy
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Central
Solenoid ~— T
/— Blanket Module
I - Vacuum Vessel
i‘ - Cryostat
I
Toroidal Field
Coils

Port Plug
{IC Heating)

Poloidal Field
Coils

|

Divertor

|

Machine Gravity

Supports — Torus Cryopump

person =~

13.11.01

+17.6 MeV
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BEER (GamowiZ BHEES:, 19354F HWeizsacker¥i224t,, BetheFIN. Bohriift)

2
N s (A-2Z) Z(£-1)
E,=a,A—a, A" —a, Vi — Vi +0(4,7)
Volume Pairing
tertm  g3/2 d3/2 term
d5/2
For paring ter s1/2 - o—o | N-7 |2
A1/3

5(A,7)=P2 —ee— —ee— P12 __ .

) e oz 115 HIPauli

——000— ——0-00— s
AHHA R
where S V- P — —_——e— S1/2
protons neutrons

-
A KM, N.BohrAHBRHHKEE, 4 LERIIRE4EGRE!
Q1: X}#XEE (Asymmetry or Wigner term)¥) 3 JR K &1+ 4 ?



B LI (19384 w5m, T4S)
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Nuclear Shell Model
(BEZ192FE LR E, 19499 K&, 1963 Nobel prize )

Nuclear Shell Structure . .
2 Spin-orbit coupling
2
—,
- ) )
- f;w
_— = 72
d&"i"
D By
-2d=<_ s
~ 712 2
~19— % | FFE T RGBT
50
EL N
o | METFHEHBHAR
no spin
very diffuse orhit around the
surface harmonie sl okl valley of -staljility
neutron drip line oscillator hypernuclei

MLiquid drop model: J& FiZ 22 BRH] !

J. Hans D. Jensen
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The Nobel Prize in Physics 1975

Superdeformation
2:1

Hyperdeformation
|

Oblate
superdeformation

\ 1:Z

=Y » .
Aage Niels Bohr Ben Roy Mottelson Leo James Rainwater

Octupole Y3 i

Octupole Y1



The Nobel Prize in Physics 1975

The Royal Swedish Academy of Sciences has decided to award
the Nobel Prize in Physics for 1975 in equal shares to Professor
Aage Bohr, Denmark, to Professor Ben Mottelson, Denmark and
to Professor James Rainwater, USA, for the discovery of the
connection between collective motion and particle motion in
atomic nuclei and the development of the theory of the
structure of the atomic nucleus based on this connection.

Aage Niels Bohr Ben Roy Mottelson Leo James Rainwater


http://nobelprize.org/redirect/links_out/prizeawarder.php?from=/nobel_prizes/physics/laureates/1975/press.html&object=kva&to=http://www.kva.se/
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Proton number, 7

HBETTHENT X

248Cm + 48Ca

120

110 Ai

9
Tul

o
'r

‘3:._'
e M2
204ph 4+ 12C Ll LT W "H E_}

Stability

100 186\\f 4 30S;

R B O S
ZLTol W Z7=11451120,
N=184, H it
A 2R G

90

204pp

100 130 160 190
Neutron number, N



* Quest for the limits of existence

* Halos, Open Quantum Systems, Few Body Correlations Challenging physics

* Changing shell structure far away from stability

» Skins, new collective modes, nuclear matter, neutron stars . 1CTD/5
* Phases and symmetries of the nuclear many body system ; : 10 X /s
* Origin of the elements e ~==:=_==_ 1[\.?/5
I' s - 10°/s
10°/s
1074 /s
107°/s
e r-process path
L L T

Neutron Skins Pygmy Resonance

Neutron

A4 EOS

Reiner Kriicken - NUSTAR 38



[Double beta decay]

TLHHTFPEE (OvBp)

Neutrino is its own antiparticle?
(Majorana Fermion)

136Xe — 136Ba + 2e- (+207)

( *IJFH *%Bﬁ Eg ﬁE%?‘rﬁ%% ) Double beta decay Meutrinoless

which emits anti-neutrinas double beta decay

mamasa: [1)5] = GV MO PIf(m;. Ul
(my)

G"v phase-space factor (or kinematic factor); f(m;, U,;) = gﬁ
m,

0 .
M™ nuclear matrix element

(BWHEF—EFRETHE, FERBT %, TRIERED

Y3 AT W £ :
Free space effective space, 7|7 EE#AL 7715 (Goldstone diagrams)




YR T (WIMPs) 5 FiZE0: BYREENE
Step 1: i%iﬁibl% Let = Lyggy +LrNn+ Lyv + -

WIMP/FiE: 1 — 100 GeV

PHYSICAL REVIEW LETTERS 128, 072502 (2022)

Ab Initio Structure Factors for Spin-Dependent Dark Matter Direct Detection

B.S. Hu®,"" J. Padua-Argiielles,"*" S. Leutheusser,'”" T. Miyagi®,"" S.R. Stroberg,*!"" and J. D. Holte'”>""
ITRIUME 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
*Perimeter Institute, 31 Caroline Street North, Waterloo, Ontario N2L 2Y5, Canada
*Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
*Department of Physics, University of Washington, Seattle, Washington 98195, USA
5Deparrmenr of Physics, McGill University, Montréal, Quebec City H3A 2T8, Canada
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The Number of Isotopes Available for Study

120

100 -

- o) Qo
o o o

Number of Isotopes

N
o

o

0

m Estimated Possible
m New from FRIB
m Known Isotopes

10 20 30 40 50 60 70 80 90 100 110
Atomic Number

Facility for Rare Isotope Beams
LS. Department of Energy Office of Science

FRIB {ag s

= Estimated Possible:

Erler, Birge,
Kortelainen,

Nazarewicz, Olsen,
Stoitsov, to be
published, based
on a study of EDF
models

“Known” defined as
isotopes with at
least one excited
state known

Below Z=90 FRIB
will be able to make

>80% of all possible
isotopes

Sherrill NN2012, Slide 7
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1. #% 77 (Nuclear Force, 324H B/EF)

L2 7]

2. W RERE T ZMHERZRRIKRMAE (many-body problems)

B -B? < .
¥ !
Hint = Z 2y Z Vv, + Z VNNN ijk

2mMA

i<j i<j 1<g<k

B R, AbEE R

BIFMNQCDH %, {HHEBIIEASRIBEIY...
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Physicists Observe Elusive Four- M. Duer et al., Nature 606, 678 (2022)

Neutron System: Tetraneutron :
Jun 23, 2022 by Enrico de Lazaro « Previous | | ®He{p, p*He)
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Published in Physicists using the Superconducting Analyzer for Multi-particles from Y - L.
ot Radio Isotope Beams (SAMURAI) in Japan have experimentally observed a > | — Background
Tagged as resonance-like structure consistent with a tetraneutron state after 60 years 2 . — Total
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Chiral EFT N3LO + NCGSM, % &5 Z 15mIcBe: Gamow H 9A%:

PHYSICAL REVIEW C 100, 054313 (2019)

Ab initio no-core Gamow shell-model calculations of multineutron systems

J. G.Li,! N. Michel®,*’ B. S. Hu®,' W. Zuo,** and F. R. Xu®'~*
' School of Physics, and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
3§chool of Nuclear Science and Technology, University of Chinese Academy of Sciences, Beijing 100049, China
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Brief History of Nuclear Physics

1896: discovery of radioactivity by Becquerel
1898: separation of Radium by Maria and Pierre Curie; discovery of a. 3, v rays
1911: nucleus as a central part of an atom — Rutherford
1913: Soddy and Richards elucidate the concept of nuclear mass: 1sotopes are born
1919: Rutherford carries out first transmutation (He+N — p+0O)
1923: Georg von Hevesy uses radioactive tracers in biology
1928: theory of alpha decay by Gamow
1929: cyclotron (Ernest Lawrence); Rasetti discovers spin J=1 for 1*N
1930: Pauli predicts neutrino; Dirac predicts antimatter
1932: discovery of the neutron by Chadwick; discovery of positrons by Anderson
1934: Fernu theory of beta decay: Baade and Zwicky predict neutron stars
1935: nuclear (strong) force through meson exchange — Yukawa
1936: John Lawrence treats leukemia with *’P
1938: stars are powered by nuclear fusion (Gamow, von Weizsacker, Bethe): pp, CNO
1939: nuclear fission (Hahn, Strassman, Meitner, Frisch); Bohr, Wheeler explain fission
1940: McMillan and Abelson produce a new element (n+233U — 23U —23Np—23Pu)
1942: first self-sustaining fission reaction (Fermi); Manhattan project (Oppenheimer)
1945: atomic bomb
1947: p1 meson discovered 1 Bristol (by studying cosmic ray tracks)
1948: Big Bang nucleosynthesis (Alpher, Bethe, Gamow)

Electricity generated at the X-10 Graphite Reactor in Oak Ridge



1949: nuclear shell model (Mayer, Jensen)

1951: nuclear collective model (Bohr, Mottelson, Rainwater)

1952: hydrogen bomb (Teller, Ulam); Hoyle resonance predicted

1954: proton therapy at Berkeley

1956: experimental evidence for antineutrino (Reines, Cowan)
prediction and discovery of parity violation (Lee, Yang, Wu)

1957: stellar nucleosynthesis (Burbidee, Burbidge, Fowler, Hoyle)

1958: nuclear superconductivity (Bohr, Mottelson, Pines)

1961: first PET scan at Brookhaven

1964: quarks proposed (Gell-Mann, Zweig)

1967: discovery of neutron stars (Hewish, Shklovsky, Bell)

1969: mntrinsic structure of the proton (SLAC)

1972: color charge and quantum chromodynamics (Fritsch, Gell-Mann)

1978: discovery of the gluon (DESY)

1982: chiral symmetry on the lattice (Ginspare, Wilson)

1983: discovery of W and Z intermediate vector bosons (CERN)

1995: top quark discovered (Fermilab)

1999: discovery of particle stability of *'F (RIKEN)

2001: neutrino oscillations (Super-Kamiokande, SNO)

2002: element Z=118 produced in Dubna

2005: quark—gluon liquud of very low viscosity discovered at RHIC

2008: discovery of ¥*“Mg at MSU https://www.youtube .com/watch?v=tJsam4z715c
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ICUSTIPEN
| LA BN LRUM

China-U.S. Theory Institute for Physics with Exotic Nuclei

About CUSTIPEN

Purpose:
Deliver an international venue for research on the physics of nuclei during an era of experimental
investigations on rare isotopes.

Location:
Peking University, Beijing, China

US Participation:
Provide travel and local support for visits of U.S.-based physicists to CUSTIPEN

China Participation:
Provide local support for China-based physicists at CUSTIPEN

Synopsis:

The China-U.S. Theory Institute for Physics with Exotic Nuclei (CUSTIPEN) has been established in
order to facilitate collaborations between U.S. and Chinese scientists whose main research thrust is in
the area of the physics of nuclei. U.S. participation in CUSTIPEN is in the form of travel grants and
subsistence grants to those individuals who are interested in collaborating with Chinese scientists.



04.21 Bk

¢
N
=
@\




