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Nuclear
Physics

Nucleus as a quantum many body system

charge      mass (MeV)     spin
Proton           +e         938.256            ½+

Neutron         0           939.550            ½+

Basic ingredients:

(note)  n   p + e- + ν (10.4 min)

Basic Properties of Nuclei

1 fm = 10-15 m

すべてのものは原子からできている



陽子

中性子
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を保っている
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規則正しい運動
をすることがある

バラエティー
豊か

集団運動



Nuclear Chart: 2D map of atomic nuclei

neutron number

proton 
number



Nuclear Chart: 2D map of atomic nuclei

neutron number

proton 
number isotopes

16O (Z=8, N=8, A=16)
17O (Z=8, N=9, A=17)
18O (Z=8, N=10, A=18)

A=Z+N



neutron number

proton 
number

・Stable nuclei in nature： 287 
・Nuclei artificially synthesized ：about 3,000
・Nuclei predicted：about 7,000 ~ 10,000 

Nuclear Physics: 
Several static and 
dynamical properties
of those nuclei



Nuclear Chart: 2D map of atomic nuclei

neutron number

proton 
number how many neutrons can be attached?

what is the shape of nuclei?
is there any exotic structure? 
what is the heaviest nucleus? 
how do nuclei decay?
….. etc. etc. 



核図表の拡大：原子核物理のフロンティア

中性子過剰核（理研RIBF)

ハロー核

超重核

１１３番元素
（ニホニウム）



中性子過剰核（理研RIBF）

r-プロセス元素合成



Prediction of island of stability: an important motivation of SHE study

Yuri Oganessianisland of stability around Z=114, N=184
W.D. Myers and W.J. Swiatecki (1966), A. Sobiczewski et al. (1966)

modern calculations: Z=114,120, or 126, N=184 
e.g., H. Koura et al. (2005)



陽子

中性子

 核子はじっとしているわけではない
（比較的自由に動きまわっている）

 ただし、完全に自由というわけではない
お互いに飛び出すことのないよう
に引っ張りあいながら一定の形
を保っている

球形とは限らない

「形の量子論」



Density Distribution High energy electron scattering

Born approximation:

(Fourier transform of the density)

Form factor

e-



Born approximation

θV(r)

incident flux:

θ

momentum
transfer



Electron scattering

Form factor

e- e-

* relativistic correction:



Fermi distribution

(fm-3)
(fm)

(fm)

Saturation
property



Momentum Distribution

Fermi gas approximation

kx

ky

kz

Fermi energy: (MeV)

(note: spin-isospin degeneracy)

ρ = 0.17 fm-3 kF ~ 1.36 fm-1

kF



Nuclear Mass

B
(binding energy)





1. B(N,Z)/A ~ 8.5 MeV (A > 12)           Short range nuclear force



1. B(N,Z)/A ~ -8.5 MeV (A > 12)           Short range nuclear force
2. Effect of Coulomb force for heavy nuclei
3. Fusion for light nuclei
4. Fission for heavy nuclei



(Bethe-Weizacker formula: Liquid-drop model)

Volume energy:

Surface energy:

Semi-empirical mass formula

Coulomb energy:

Symmetry energy:



How well does the Bethe-Weizacker formula reproduce the data?



cf. N,Z =  2, 8, 20, 28, 50, 82, 126: large binding energy
“magic numbers”

How well does the Bethe-Weizacker formula reproduce the data?



(note) Atomic magic numbers (Noble gas)
He (Z=2), Ne (Z=10), Ar (Z=18), Kr (Z=36), Xe (Z=54), Rn (Z=86)

shell structure



level density

uniform non-uniform

Why do closed-shell-nuclei become stable?

smaller total 
energy
(more stable)
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