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A. H. BecquerelW. C. Röntgen

M. Curie E. Rutherford

Discovery of X-rays. Discovery of X-rays.
α-rays and β-rays as well.

Discovery of 
radioactive elements.

Discovery of 
radioactive elements.



α-ray : He nucleus

β-ray : electron
              at high speed

γ-ray : photon
　　    　(EM wave)

X-ray : photon
　　    　(EM wave)

Radiations
particle
beam

beta ray
(electron)

proton beam

neutron beam

alpha ray

X-ray

gamma ray

photon
(EM wave)

radiation
ion beam

10 keV ～ MeV

several MeV

10 keV ～ MeV

 MeV order
high energy

Nucleus N

Atom A
Bremsstrahlung ～ several MeV

1 ～ 100 keV

Typical energies of radiation
☞ 10 keV ～ several MeV 

Cf. Atomic binding energies
☞ around 10 eV for 
   outermost-shell electrons
                     ( 1 eV = 96 kJ/mol )

(α,β,γ)

Speed of radiation
☞ few～100% of light speed



αα Alpha decay ββ Beta decay

p Proton emission ββ+ Beta+ decay

n Neutron emission EC Electron capture

SF Spontaneous fission  Stable

Periodic Table of
Elements

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 H
3

Atomic

Sym
Isotopes

Name Hydrogen-3

Mass 3.01604927767

Binding Energy 2.827266

Abundance 0%

Half-Life 12.32 y

Decay Width 1.174e-30

Selected All He
2

2 Li
2

Be
3

B
2

C
3

N
3

O
3

F
2

Ne
3

3 Na
2

Mg
3

Al
2

Si
4

P
3

S
5

Cl
3

Ar
7

4 K
3

Ca
9

Sc
5

Ti
6

V
4

Cr
5

Mn
4

Fe
7

Co
5

Ni
8

Cu
2

Zn
7

Ga
2

Ge
7

As
3

Se
9

Br
2

Kr
9

5 Rb
5

Sr
9

Y
5

Zr
8

Nb
5

Mo
9

Tc
5

Ru
10

Rh
5

Pd
9

Ag
6

Cd
11

In
2

Sn
11

Sb
3

Te
11

I
3

Xe
13

6 Cs
4

Ba
8

57–71 Hf
8

Ta
7

W
7

Re
2

Os
11

Ir
7

Pt
9

Au
5

Hg
11

Tl
3

Pb
6

Bi
3

Po
3

At
1

Rn
2

7 Fr
3

Ra
4

89–103 Rf
1

Db
1

Sg
1

Bh
2

Hs
2

Mt
1

Ds
1

Rg
1

Uub
1

Uut
1

Uuq
1

Uup
1

Uuh
1

Uus
1

Uuo
1

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in

parentheses.

Periodic Table Design and Interface Copyright © 1997 Michael Dayah. http://www.ptable.com/ Last updated: May 30, 2008 

La
3

Ce
8

Pr
3

Nd
7

Pm
3

Sm
8

Eu
4

Gd
7

Tb
3

Dy
8

Ho
5

Er
11

Tm
5

Yb
11

Lu
4

Ac
3

Th
6

Pa
6

U
6

Np
3

Pu
6

Am
3

Cm
8

Bk
5

Cf
7

Es
4

Fm
4

Md
3

No
3

Lr
1

1 2

3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

1H
1.00782H

2.01413H
3.0160

H     Hydrogen       水素　　　氢  
　1H (H) Protium     軽水素　　氕  ḋ
　2H (D) Deuterium 重水素　　氘  
　3H (T) Tritium       三重水素　氚  
He   Helium      　  ヘリウム　氦  ḋ
　4He     Helium-4   ヘリウム４
　3He     Helium-3   ヘリウム３

陽子 proton  p

重陽子 deuteron  pn

三重陽子 triton  pnn

alpha particle   
α = ppnn
3He++ = ppn atom

nucleus

Nuclear physics : Introduction

Periodic Table of Elements
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Rutherford scattering

α + Au

Rutherford atomic model

E. Rutherford

The first nuclear transmutation 

4α + 14N → 17O + 1p

During an experiment to measure the 
range of alpha rays from polonium nuclei 
in nitrogen gas, they found that some 
kind of particle caused a fluorescent 
screen 40 cm ahead to glow. 
(The ranges of alpha particles are 
 a few – several cm in the air at 1 atm.)

(1911)

(1919)



Synthesis of a superheavy element Nihonium (113 Nh)

83Bi 111Rg 109Mt 107Bh 105Db

103Lr 101Md

α α α α

α α

spontaneous
nuclear fission

209

30Zn70

278 274 270 266 262

258

n

254

113Nh

(2004, 05, 12) by Dr. K. Morita (RIKEN)et al.



金属金属
非金属元非金属元
素素

アルカ
リ金属

アルカリ
土類金属

ランタ
ノイド 遷移

元素

卑
金
属

非金属
元素

希
ガ
スアクチ

ノイド

周期表
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 H
1.0079

Atomic

Sym
Mass

C 固体

Hg 液体

H 気体

Rf Unknown

He
4.0026

2 Li
6.941

Be
9.0121

B
10.811

C
12.010

N
14.006

O
15.999

F
18.998

Ne
20.179

3 Na
22.989

Mg
24.305

Al
26.981

Si
28.085

P
30.973

S
32.065

Cl
35.453

Ar
39.948

4 K
39.098

Ca
40.078

Sc
44.955

Ti
47.867

V
50.941

Cr
51.996

Mn
54.938

Fe
55.845

Co
58.933

Ni
58.693

Cu
63.546

Zn
65.38

Ga
69.723

Ge
72.64

As
74.921

Se
78.96

Br
79.904

Kr
83.798

5 Rb
85.467

Sr
87.62

Y
88.905

Zr
91.224

Nb
92.906

Mo
95.96

Tc
(97.907)

Ru
101.07

Rh
102.90

Pd
106.42

Ag
107.86

Cd
112.41

In
114.81

Sn
118.71

Sb
121.76

Te
127.60

I
126.90

Xe
131.29

6 Cs
132.90

Ba
137.32

57–71 Hf
178.49

Ta
180.94

W
183.84

Re
186.20

Os
190.23

Ir
192.21

Pt
195.08

Au
196.96

Hg
200.59

Tl
204.38

Pb
207.2

Bi
208.98

Po
(208.98)

At
(209.98)

Rn
(222.01)

7 Fr
(223)

Ra
(226)

89–

103 Rf
(261)

Db
(262)

Sg
(266)

Bh
(264)

Hs
(277)

Mt
(268)

Ds
(271)

Rg
(272)

Uub
(285)

Uut
(284)

Uuq
(289)

Uup
(288)

Uuh
(292)

Uus
 

Uuo
(294)

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in

parentheses.

周期表 Design and Interface Copyright © 1997 Michael Dayah. http://www.ptable.com/ Last updated: May 30, 2008 

La
138.90

Ce
140.11

Pr
140.90

Nd
144.24

Pm
(145)

Sm
150.36

Eu
151.96

Gd
157.25

Tb
158.92

Dy
162.50

Ho
164.93

Er
167.25

Tm
168.93

Yb
173.05

Lu
174.96

Ac
(227)

Th
232.03

Pa
231.03

U
238.02

Np
(237)

Pu
(244)

Am
(243)

Cm
(247)

Bk
(247)

Cf
(251)

Es
(252)

Fm
(257)

Md
(258)

No
(259)

Lr
(262)

1 2

3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

Cn

114Fl
Flerovium

116Lv
Livermorium

米ロの共同研究 米国 Lawrence-Livermore 国立研究所
ロシア合同原子核研究所の原子核反応研究室創設者 Georgy Flërov

113 Nh
 Nihonium

Synthesis of 113 Nh (2004, 05, 12) by Dr. K. Morita (RIKEN) et al.

superheavy elements

フリョーロフ

Fl LvNh Mc Ts Og

Periodic table
of elements



αα Α衰变 ββ β衰变

p Proton emission ββ+ Beta+ decay

n Neutron emission EC Electron capture

SF Spontaneous fission  Stable

元素周期表
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 氢氢
Atomic
Sym 1

氢氢
Hydrogen
1.00794

1

1s1

Selected All
氦氦

2 锂锂 铍铍 硼硼 碳碳 氮氮 氧氧 氟氟 氖氖

3 钠钠 镁镁 铝铝 硅硅 磷磷 硫硫 氯氯 氩氩

4 钾钾 钙钙 钪钪 钛钛 钒钒 铬铬 锰锰 铁铁 钴钴 镍镍 铜铜 锌锌 镓镓 锗锗 砷砷 硒硒 溴溴 氪氪

5 铷铷 锶锶 钇钇 锆锆 铌铌 钼钼 锝锝 钌钌 铑铑 钯钯 银银 镉镉 铟铟 锡锡 锑锑 碲碲 碘碘 氙氙

6 铯铯 钡钡
57–

71 铪铪 钽钽 钨钨 铼铼 锇锇 铱铱 铂铂 金金 汞汞 铊铊 铅铅 铋铋 钋钋 砹砹 氡氡

7 钫钫 镭镭
89–

103
钅钅
卢卢

钅钅
杜杜

钅钅
喜喜

钅钅
波波

钅钅
黑黑

钅钅
麦麦

钅钅
达达

钅钅
仑仑

Uub Uut Uuq Uup Uuh Uus Uuo

这些原理没有一致稳定的同位素,大量的同位素最长的半生会在圆括号里

元素周期表 设计版权 © 1997 Michael Dayah. http://www.ptable.com/ Last updated: May

30, 2008 

镧镧 铈铈 镨镨 钕钕 钷钷 钐钐 铕铕 钆钆 铽铽 镝镝 钬钬 铒铒 铥铥 镱镱 镥镥

锕锕 钍钍 镤镤 铀铀 镎镎 钚钚 镅镅 锔锔 锫锫 锎锎 锿锿 镄镄 钔钔 锘锘 铹铹

1 2

3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

87 88
104 105 106 107 108 109 110 111

112 113 114 115 116 117 118

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

���杜�喜�波�黒�麦�� ��

�麦
�哥

�哥
Fl LvNh Mc Ts Og



radioactive nuclides
= radioisotopes
= unstable nuclei

Same proton number Z means chemically same element
There exist many nuclides with different neutron number N.

Radioactive materials includes atoms containing
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stable isotoperadioisotope radioisotope
(infinite lifetime) (unstable)(unstable)

e.g. 
Carbon 
nuclides

CAZ N
symbol of element

A = Z + N
mass number

C-10     C-11    C-12    C-13    C-14    C-15      

proton number      6              6                6                 6                6             6
neutron number    4              5                6                 7                8             9

neutron
proton
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Proton-rich nuclei have a finite lifetime : 
β+-decay,  Electon Capture

β− (beta minus) decay　　　

Neutron-rich nuclei have
a finite lifetime : β−-decay.

（東京工業大学 中村隆司先生の
　スライドより借用・一部改変）

_
C →   N +   e– + νe

14
 6

14
 7

0
–1

5730 yr 2.4 s20.3 min19.3 s

　Radioisotopes　Radioisotopes   half-life
5730 ± 40 yr

half-life

(radioisotope)       

同位体 

C-10        C-11       C-12       C-13       C-14      C-15       

proton number      6              6                6                 6                6             6
neutron number    4              5                6                 7                8             9

neutron
proton

Isotope : nuclei (nuclides) with the same atomic number (= proton number) 
and different neutron number. Chemical properties are the same for all isotopes.

Stable isotopes 
have an infinite lifetime. 
They exist in nature.

neutron
proton

antineutrino
(β-ray : radiation)
electron

N-14
(stable)     

C-14     

99% 1%
abundance



Z

N

13O 14O 15O 16O 17O 18O 19O

12N 13N 14N 15N 16N 17N 18N

9C 10C 11C 12C 13C 14C 15C 16C 17C

8B 10B 11B 12B 13B 14B 15B

7Be 9Be 10Be 11Be 12Be 14Be

6Li 7Li 8Li 9Li 11Li

3He 4He 6He 8He 10He

1H 2H 3H 4H

0 1 2 3 4 5 6 7 8 9 10 11

1

2

3

4

5

6

7

8

Nuclear chart  核図表
(Chart of nuclides)



原子核物理学
Nuclear Physics

Nuclear Chart  核図表
N (n)

Z (p)

Number of nuclides
   Stable nuclides                 ca. 300
   Experimentally confirmed    3000
   Theoretically predicted      10000



126 

82 
28 

���+��'10 
������ 

���/�6
��/ &2�)7 

#
�
/
�
6
�
�
�
	
7
 

�
�
�
/
 
&
2
�
)

 

28 

8 2 

20 

8 
2 

50 

20 

50 

82 

126 

82 

�����- 
��
��,-0(�!�<;%9:8. 
$��-453=� ���,"�(*&07 

������ 

235U 

X 

Y 

Nuclear Chart  核図表

131I, 137Cs, ...
90Sr,...

Z

N

Radioactivity is the ability 
of radioactive materials 
to emit radiation.β-ray

α-ray

γ-ray : photon
　　    　(EM wave)



β−-decay

α-decay

γ-decay

deexcitation of atom
bremsstrahlung

α-ray

 β-ray 

γ-ray

X-ray

N →     M +  α42A
Z

A – 4
Z – 2

n0 →    p+  +  e– + νe0
_

N* →  N +   γA
Z

A
Z

0
0

Nucleus N

N →      M +   β + νe
A
Z

A
Z + 1

_
0
–1

A* →  A + hν(X-ray)

10 keV ～ MeV

崩壊（壊変）

脱励起

制動放射
Atom A

Bremsstrahlung ～ several MeV

1 ～ 100 keV



isotope　
isotone　
isobar 　
 mirror nuclei　
isodiapher　
isomer　

同位体
同調体（同中性子体）

同重体
  鏡映核, 鏡像核　
同余体
核異性体

NA
Z N NA’

Z N’ NA’’
Z N’’

NA
Z N

NA
Z N

NA’
Z’ N NA’’

Z’’ N

NA
Z’ N’ NA

Z’’ N’’

NA
Z N NAm

Z
(*)
N

1 NAm
Z

(*)
N

2

Z

N

A

N – Z

Z , N

NA
Z N NA–2x

Z–x N–x

Grouping of nuclides

NA
Z N NA

Z’ N’A , Z⇔N Z’ = N
N’ = Z



原子核物理学
Nuclear Physics

Nuclear Chart  核図表
N (n)

Z (p)

isomer
核異性体

γ-decay

isotope
同位体

アイソトープ

isotone
同調体

isobar
同重体

β-decay
isodiapher
同余体

α-decay



Decay series

radioactive 
equilibrium

206Pb

◯ ○ ◯
210Pb210Bi210Po

stable 22 yr5 d138 d

α β β

(4n)      Thorium series
(4n+1)  Neptunium series
(4n+2)  Uranium series
(4n+3)  Actinium series

(4n+2)  Uranium series



(4n+2)  Uranium series

206Pb

◯ ○ ◯
210Pb210Bi210Po

stable 22 yr5 d138 d

α β β

dN1––– = – λ1N1 dt　
dN2––– = λ1N1 – λ2N2 dt　
dN3––– = λ2N2 – λ3N3 dt　

λ = 1/τ

dN4––– = ............ dt　

λ : decay rate,  τ : lifetime
1.44 times half-life

N1 = N10 e – λ1
 
t

Decay rate is a 
constant.
Each decay occurs 
stochastically
 (by chance).

Decay series

radioactive 
equilibrium



206Pb

◯ ○ ◯
210Pb210Bi210Po

stable 22 yr5 d138 d

α β β

dN1––– = – λ1N1 dt　
dN2––– = λ1N1 – λ2N2 dt　

             λ1N2 = –––––– N10 {e – λ1
 
t – e – λ2

 
t} + N20 e – λ2

 
t

　      λ2 – λ1

             λ1N2 ≈ –––––– N10 e – λ1
 
t

　      λ2 – λ1
(λ1 < λ2 , t  is long enough.)

dN3––– = λ2N2 – λ3N3 dt　

λ = 1/τ

          λ1N2 ≈ ––– N1　      λ2 
(λ1 ≪ λ2 , τ1 is very long.)

transient 
equilibrium

secular equilibrium
dN4––– = ............ dt　

(4n+2)  Uranium series

λ : decay rate,  τ : lifetime
1.44 times half-life

Decay series

radioactive 
equilibrium
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1H = p p

Synthesis of helium from hydrogen in the sun
nucleus =nucleus = pα

3He

2D = d

4He 
 = α

1H + 1H → 2D + e+ + νe + 0.42 MeV
e+ + e– → γ + γ + 1.02 MeV

1H + 2D → 3He + γ + 5.49 MeV

3He + 3He → 4He + 1H + 1H + 12.86 MeV

4 1H + 2 e– 
→ 4He + 6 γ + 2 νe + 26.65 MeV

Nuclear fusion
核融合



Weizsäcker-Bethe’s (semi-empirical) mass formula

Mnucl (Z,N) = Z Mp + N Mn – EB / c2

EB / c2 = ΔM  (mass defect)

EB (Z,N) = av A  – as A2/3 – ac Z 2 / A1/3 – –– (N – Z)2 / A – δ
Asymmetry energy Pair energyVolume energy

Surface energy

Coulomb energy

66 6. 原子核の基本的性質

と得られる。これは同時に、原子核の質量を (N, Z)で表す簡単な表式、

MBW(N, Z)c2 = (Nmn + Zmp)c2 − EBW
B (N, Z) , (20)

が得られた事を意味する。これをベーテ・ワイゼッカー (Bethe-Weizäcker)の質量公式 (mass
formula)といい、各係数は例えば、

aV = 15.56 MeV

aS = 17.23 MeV

aC = 0.697 MeV

aa = 46.58 MeV

(21)

である3。

図 2: 原子核の核子当たりの結合エネルギー
(B/A) における各エネルギーの効き方の核
子数 (A)依存性。

6.4 殻効果
B-W質量公式は (N, Z)に対して滑らかな関数であり、結合エネルギーの (N, Z)のスムーズに

変化する主要部分が説明される。これで説明できない部分 (微細な構造)が特徴 6.で述べた殻効果
(shell effect)である。これは実験で得られた結合エネルギーとB-W質量公式との差をとると明
瞭になり、殻エネルギー (shell energy)と呼ぶ。

Eshell
B = Eexp

B (N, Z)− EBW
B (N, Z) ! Eexp

B = EBW
B (N, Z) + E shell

B (N, Z) . (22)

これをN またはZの関数として描くと、魔法数のところで最大になり安定になっていることが
わかる。このことは原子核においても、原子中の電子軌道のように、核子が平均ポテンシャル (平
均場 (mean field))中を独立に運動する殻模型 (shell model)が成立している事を示唆する。

3質量が測定されている原子核は約 3,000個であるが、質量公式をどの (N,Z)の領域に適用するかで係数の値は異
なる。特に対称エネルギーの A-依存性には常に任意性が付きまとう。また最近では、対エネルギーの表式の見直しも
指摘されている。

E B
 / 

A

liquid-drop 
modelMatom (Z,N) = Z MH + N Mn – EB / c2

Binding energies of electrons are neglected.

aa

4

液滴モデル

（質量欠損）

Volume energy

Surface energy

Coulomb energy

Total energy

Asymmetry 
energy





– EB = – –––––––––– ––2π2 k02 me e4 

h2
Z 2 

n2 
     = – ––––––– ––Z 2 

n2 
me e4 

8 ε02 h2

discrete energy levels 離散的エネルギー準位

continuum 連続状態

1s

2s 2p

3s 3p 3d
n=4
n=5
n=6

f
g h j k l

bound states 束縛状態
n=3

n=2

n=1

Atomic energy levels

h : Planck constant
α : fine structure
      constant

– EB = – –– me c2 α2  ––1
2

Z 2 

n2 
–13.6 eV
(hydrogen atom)

– EB = – hc R∞  ––Z 2 

n2 R∞ : Rydberg constant

Z large → EB = hν large：X-ray

difficult to 
memorize

α ≡ ––––––– ≈ –––e2 

4πε0 �c
� ≡ ––– ,h 

2π
1 

137
(dimensionless)

EB(H) = –––––– EB
M 

M+m 
ve = c α ––Z  

n 

electron mass me = 511 keV/c2
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Hydrogen atom
Antihydrogen atom
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魔法数
(The order of levels is slightly 
 different for actual nuclei.)(*) Usual convention takes the principal quantum number larger by unity 

than that in this diagram. 主量子数はこの図より１つ大きく取る場合の方が一般的

* *harmonic 
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Woods-Saxon
  potential

square-
well

Woods-
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原子核構造の殻模型
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Energy level of atoms

magic number
魔法数

2↑↓

↑↓ ↑↓
↑↓

10

18

magic 
number electron configuration element

2  1s2 He
10  1s2 2s2 2p6 Ne
18  [Ne] 3s2 3p6 Ar
36  [Ar] 4s2 3d10 4p6 Kr
54  [Kr] 5s2 4d10 5p6 Xe
86  [Xe] 6s2 4f14 5d10 6p6 Rn

↑↓↑↓

↑↓↑↓↑↓↑↓↑↓
↑↓ ↑↓↑↓↑↓ 36

noble gas

closed shell
閉殻

↑↓↑↓↑↓

continuum 連続状態

1s

2s 2p

3s 3p 3dn=4
n=5
n=6

f
g h j k l

n=3

n=2

n=1

↑↓↑↓

bound states 束縛状態



l��H
FGMPI

��" N@ Z

E

��"6�

np

%#8$�j/1
>&�2,8,20,28,50,82,126

n
p

r

�V rnrp

���9�=�

���YbW^aSd=�

np

rp rn

n
p

r

Skin

Skin

n
p

�

r

core

halo

�
�
�
9
�
"

�V

halo
np

V

%#8$�j?
>&�'�A�>&�k

rnrp
���[ce
VSZ`eXcdk
f�DC��,;g

���(5
)��0�fmnog

ZeroDegree

(old)

RI\e_]RUXbe?-�f2007�g

fRC IRC

SRC

RRC
RIPS

RARF

*.�7�4f g1990-
GANIL,GSI,MSUIJNL
2������"\e_�4
"�BEO~100MeV (C,O,Ar)

RI-beam Factory 2007-

�+!�K:STd�7�4
2h�����"\e_�4IDGA
�+K	<Q
P
(GSI Fair3i��g

V
Nuclear potential Density distribution

The potential for proton is 
raised by Coulomb force.

A (heavy) nucleus contains more neutrons than protons.

Double magic（二重閉殻）nuclei are especially stable. 

Ca40
20 20O16

 8 8He4
2 2 Ca48

20 28 Pb208
 82 126

∝ Z 2 / A1/3

V
rnrp

np
Nuclear force is 
common to 
proton and neutron.

e.g.



4.4 アルファ崩壊 65

0 20 40 60 80 100 120 140 160 180
neutron number N

pr
ot

on
 n

um
be

r
Z

0

20

40

60

80

100

120

図 4.8: Sα(A, Z) < 0 である核種（黒い四角は自然界に存在する核種）

po
te

nt
ia

l

0

nuclear potential

Coulomb potential

α
−Sα

quantum mechanical penetration
of the α wave function
through the Coulomb barrier

r

図 4.9: アルファ崩壊における Coulomb 障壁とトンネル効果

Comlomb force

nuclear force

po
te

nt
ia

l

barrier

α-decay

tunnel effect

Geiger-Nuttall law
Gamow’s theory

108 yr

104 yr

1 yr
1 d
1 h

1 s

1 ms

1 µs

T1/2

(s
)





対称エネルギー・対エネルギーの実験的証拠
同重核の �崩壊安定性

�崩壊
n ⇤ p + e� + ⇤̄e

(A,Z) ⇤ (A,Z+1) + e� + ⇤̄e : ��崩壊
⇤ (A,Z�1) + e+ + ⇤e : �+崩壊

実際は
Electron Capture

内殻電子捕獲と競合 (重い核で支配的)
注：原子質量では

m[A, Z] � m[A,Z+1] > 0

m[A, Z] � m[A, Z�1] > 2me

A =奇数
�

N : 偶, Z: 奇
N : 奇, Z: 偶 · · ·

odd nucleus

“奇 核”

滑らかな曲線に沿う (二次曲線で近似)

谷底の一核種のみが安定
Coulomb項によりN=Zからズレ

A =偶数

⇥
⇧⌅

⇧⇤
N, Z とも偶数 · · ·

even-even nucleus

“偶 々 核”

N, Z とも奇数 · · ·
odd-odd nucleus

“奇 々 核”

— 各々異なる二次曲線
二つの安定な偶々核が存在

⇧ 安定な奇々核は無い
例外 · · · 2H, 6Li, 10B, 14Nの 4つだけ

安定な原子核の 60%は偶々核
N, Zの偶奇に結合エネルギーが依存

対エネルギー · · · 陽子・中性子どうしが 2つずつ対を作って強く結合 (
pair correlation

対 相 関 )

⇥ =

⇥
⇧⇧⌅

⇧⇧⇤

+� 偶々核
0 奇核

�� 奇々核
� ⌅ 12

A1/2
MeV

Tc technetium
Ru ruthenium
Rh rhodium
Pd palladium
Sb antimony
Te tellurium
Ce cerium
Pr praseodymium
Pm promethium

1013

odd-mass-number nuclides

even-even 
nuclei

odd-odd nuclei

 –
E B

  b
in

di
ng

 e
ne

rg
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(M
eV

)

δ = −Δ(A)

δ = +Δ(A)

δ = 0

stable nuclide stable nuclides

unstable

60% of stable nuclides are even-even nuclides.
There exist only 4 odd-odd nuclides. H2

1 1 Li6
3 3 Be10

 5 5 N14
 7 7

A = odd

even-mass-number 
nuclides

A = even

Even-odd dependence of nuclear binding energy
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A=135
NDS 52, 205(1987)

Evaluator:   Yu.V. Sergeenkov

135
 51Sb

Qβ−8120

(7/2+) 1.71 s

β−

3800Sn

(9800)Sp

135
 52Te

Qβ−5960

(7/2–) 19.0 s

β−

3500Sn
n

16.4%

11140Sp

135
 53I 
Qβ−2648

7/2+ 6.57 h

β−

7900Sn
8680Sp

135
 54Xe

Qβ−1151

03/2+
9.14 h

β−

526.55111/2–
15.29 m

IT 99
.99

6%

β−
0.004%

6382Sn

9770Sp

135
 55Cs

Qβ−268.6

07/2+2.3×106 y
β−

1632.919/2–
53 m

IT

6751Sp

8762.0Sn

135
 56Ba

03/2+

268.21911/2–
28.7 h

IT

6971.97Sn

8248.3Sp

135
 57La

QEC1200

5/2+ 19.5 h

EC

4990Sp

9490Sn

135
 58Ce

QEC2026

01/2(+) 17.7 h
EC

445.811/2(–) 20 s
IT

6680Sp
7960Sn

135
 59Pr
QEC3720

3/2(+) 24 m

EC

3460Sp

(10450)Sn

135
 60Nd

QEC(4750)

09/2(–) 12.4 m
EC

0+x 5.5 mEC

(4900)Sp

(8500)Sn

135
 61Pm

QEC(6000)

(11/2–) 49 s

EC

(1700)Sp

p

(11300)Sn

135
 62Sm

QEC(7100)

(7/2+) 10 s

EC

(3400)Sp
(9600)Sn

4587

A neutron-rich nucleus cascades down to a stable nuclide via repeated β–-decay.

135Te → 135I → 135Xe → 135Cs → 135Ba
9 h

(2.3 Million yrs)
2.3 Ma6.6 h19 s

In a nuclear rector, 135Xe + n → 136Xe (neutron capture).
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A=137
NDS 59, 767(1990)

NDS 72, 355(1994)(U)

Evaluator:   J.K. Tuli

137
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β−
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 53I 
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137I → 137Xe → 137Cs → 137mBa

137Ba

A neutron-rich nucleus cascades down to a stable nuclide via repeated β–-decay.

24 s 3.8 min 30 yr

2.5 min



stable

Ba137
  56

Ba137m
    56   

Cs137
  55
30.17 a

11/2–  661.66 keV

661.66 keV γ
(85.1%)

7/2+β 514.0 keV max (94.6%)

β 1175.6 keV max (5.4%)
 3/2+ 

2.55 m

137I → 137Xe → 137Cs → 137mBa
24 s 3.8 min 30 yr

137Ba

2.5 min

β-ray (continuous spectrum)

γ-decay
(deexcitation 
 of nucleus)

energy

nu
m

be
r 

di
st

ri
bu
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n

E max

β-decay

Energy spectrum of β-rays
　　　　　　　(general example)

Eβ
N* →  N + γA

Z
A
Z

γ-ray (fixed energy)n → p + e + νe

_

(β)



γ-day : deexcitation of nucleus

N* →  N + γA
Z

A
Z

γ-ray (fixed energy)

(β)

131Sb → 131mTe → 131I → 131Xe
23 min

25 min

8 d

131Te

30 h

131Xe

131Xe*
instantaneous

364.49 keV γ
(81.7%)

722.91 keV γ
(1.8%)

7/2+  636.99 keV
5/2+  722.91 keV

5/2+  364.49 keV

3/2+ 

β 606.3 keV max (89.9%)

7/2+ 
β 333.8 keV max (7.3%)

636.99 keV γ
(7.2%)

Xe131
54

I131
53 8 d     

(2.1%) 
β 247.9 keV max

n → p + e + νe

_

β-decay

(β)

β-ray (continuous spectrum)



K 1.277 × 109 a    

Ar40
18

Ca40
20
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19

β 1.3111 MeV max

(89.28%) 

EC (10.67%)

EC
 (0

.05
%
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Q 
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9 M
eV1.4608 MeV γ

(10.67%)

2+

対称エネルギー・対エネルギーの実験的証拠
同重核の �崩壊安定性

�崩壊
n ⇤ p + e� + ⇤̄e

(A,Z) ⇤ (A,Z+1) + e� + ⇤̄e : ��崩壊
⇤ (A,Z�1) + e+ + ⇤e : �+崩壊

実際は
Electron Capture

内殻電子捕獲と競合 (重い核で支配的)
注：原子質量では

m[A, Z] � m[A,Z+1] > 0

m[A, Z] � m[A, Z�1] > 2me

A =奇数
�

N : 偶, Z: 奇
N : 奇, Z: 偶 · · ·

odd nucleus

“奇 核”

滑らかな曲線に沿う (二次曲線で近似)

谷底の一核種のみが安定
Coulomb項によりN=Zからズレ

A =偶数

⇥
⇧⌅

⇧⇤
N, Z とも偶数 · · ·

even-even nucleus

“偶 々 核”

N, Z とも奇数 · · ·
odd-odd nucleus

“奇 々 核”

— 各々異なる二次曲線
二つの安定な偶々核が存在

⇧ 安定な奇々核は無い
例外 · · · 2H, 6Li, 10B, 14Nの 4つだけ

安定な原子核の 60%は偶々核
N, Zの偶奇に結合エネルギーが依存

対エネルギー · · · 陽子・中性子どうしが 2つずつ対を作って強く結合 (
pair correlation

対 相 関 )
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陽電子
 β+-ray 

N →     M +  α42A
Z

A – 4
Z – 2

n0 →    p+  +  e– + νe0
_

N* →  N +   γA
Z

A
Z

0
0

A* →  A + hν(X-ray)

Nucleus N

Atom A

10 keV ～ MeV

1 ～ 100 keV

M →      N +   β + νe
A
Z

A
Z – 1

0
1

+ N →      M +   β + νe
A
Z

A
Z + 1

_
0
–1

–

p+ →    n0  +  e+ + νe0

p+ +  e–  →   n0 + νe0

M +   e–  →     N + νe
A
Z

A
Z – 1

0
–1

β+-decay β–-decay

Electron Capture

Na →    Ne* + e+ + νe
22
11

22
10

proton-rich nuclei neutron-rich nuclei

α-ray

 β−-ray 

γ-ray

X-ray

positron



A* →  A + hν(X-ray)
原子 A 1 ～ 100 keV

p+ →    n0  +  e+ + νe0

p+ +  e–  →   n0 + νe0

M +   e–  →     N + νe
A
Z

A
Z – 1

0
–1

Electron Capture

Positron annihilation
e–  +  e+ → γ + γ  (2 x 511 keV)

Internal Conversion

β+-decay

Characteristic X-rays

A* →  A+ + e–

Auger electron

N* + e–     →    N    +  e–A
Z

A
Z(           )    (    )0 +

line spectrum
(fixed energy)

Continuous spectrum
(energy distribution)

特性Ｘ線



99Mo → 99mTc

99Tc

6 h

210 000 yrs

β
2.7 d

143 keV  γ

β→
99Ru

Produced at overseas 
research reactors and 
transported by air.

nuclear medical 
examination 

(administration)

observation of 
gamma rays

phantom Nipponium by Prof. M. Ogawa（小川正孝）
Elements with no stable isotope technetium 43Tc

promethium 61Pm
elements with atomic number ≥ 83Bi

Elements with one stable isotope F19
 9 Na23

11 Co59
27 I127

  53

Cs133
  55 Au197

 79 etc. total 26 elements.

Elements with many isotopes Sn50
112, 114, 115, 116, 117, 118, 119, 120, 122, 124e.g.



Nuclear fission 原子核分裂反応

uranium 235 / 238neutron +

131I

137Cs

90Sr

n + 235U → X +  Y + n + n (+ n) + 210 MeV

235U

decelerationthermal neutron

Energy released as kinetic 
energy of particles

fast neutron

235U

238U

Nuclear physics : Principle of nuclear 
power generation



(中性子による)誘起分裂

核分裂障壁Ef を越えるエネルギーを
neutron capture

中性子捕獲によって供給。
例 : Qn = (m[238U] + m[n]�m[239U]) c2 = 4.8 [MeV] > 0 · · · 発熱反応

高次項まで含めてEf を計算 · · · Bohr & Wheeler

Ef [MeV] Qn [MeV]
238
92U146 6.3 > 4.8 · · · 1.5 MeV以上の中性子が必要

(99.275%)
�

対エネルギーの違い
235
92U143 5.8 < 6.5 · · · 0エネルギー中性子でも分裂

( 0.72%)
239
94Pu145 4.8 < 6.5 · · · 原子炉で発生

0

238

235U+n
U+n

En < 1 eVでは

�
⇥
235U(n, f)

⇤
⌅ 1

vn

· · · 中性子が原子核内を
ゆっくり通り過ぎると反
応が起きやすい

γ

γ

γ

γ
γ

γ

=⇤ 235Uを濃縮する必要性

1022

Absorption cross section for neutrons
������	��


Energy spectrum
of prompt neutrons

1 MeV

n + 235U → X +  Y + n + n (+ n) + 210 MeV

Kinetic energy of neutrons1 eV 1 keV 1 MeV100 meV 10 eV 100 eV 10 keV 100 keV 10 MeV10 meV

Room 
temper-
 ature

ther-
mal 
neu-
trons

fast
neutrons

epithermal
neutrons

decelerationthermal neutron fast neutron

Energy released as kinetic 
energy of particles



asymmetric fission

Y
ie

ld
 [

%
] 

(lo
g. 

sc
al

e)

Nuclides with half-lifes from days to decades are hazardous.  Volatile or water-
soluble elements are transported further in the air. Noble gases will diffuse away.
　　　      　　131I, 137Cs, 90Sr , 85Kr, 135Xe, 140Ba, 95Zr, 106Ru, 99Mo.....

fission products

activation products

核分裂生成物

放射化生成物

neutron capture

fission products

133Cs + n → 134Cs
   109Ag + n → 110mAg

238U + n → 239U



235U :   0.72%,  half-life 7.03 Ga 

238U : 99.3%,  half-life 44.6 Ga

☞ Use 235U enriched fuel

Nuclear fission and activation of uranium

deceleration

thermal neutron

loss

(loss)

235U + n → 236U* → AXX + AYY + n + n (+ n)

238U + n → 239U* → 239U → 239Np → 239Pu

(Ga = billion yrs)

β β
2.4 d23 min

γ

239Pu + n → fission



 Isotope separation technieques
 gas diffusion method
 centrifugal scheme

 laser method
 nozzle method
 chemical method

     (ion exchange method)

UF6 (gas)

（原子力教育支援情報提供サイト「あとみん」より図表を借用。）
（以下のページも。）

Enrichment of uranium

Natural uranium contains 
0.7% of U-235

low-enriched uranium (LEU) 
contains 3–5% of U-235

235U

238U

uranium
enrichment

Nuclear engineering



chemical 
combustion

nuclear 
reaction

E = mc2

Thermal power vs. nuclear power

thermal

nuclear

water

vapor

vapor

water pump

turbine (electric generator)

dynamo

transformer

condenser

cooling water
(sea water)

boiler

reactor

combustion of oil, coal and gas

nuclear fission of uranium



BWR (Boiling Water Reactor)
沸騰水型原子炉

  70 atm, 290℃



160 atm, 330℃

PWR (Pressurized Water Reactor)
加圧水型原子炉



UO2 pellets

1 cm



Nuclear accidents

Three Mile Island accident (1979) 

Chernobyl nuclear disaster (1986)

Tokai-mura criticality accident at JCO (1999)

Fukushima Daiichi nuclear disaster (2011)

International Nuclear Event Scale
(INES)

level 5

level 7

level 4

level 7

release of radioactive 
material to outside

(Radiologically I-131 equivalent)

7 :  > couple of 10 000 of TBq
6 :  some 1000 to a couple of 10 000 TBq
5 :  some 100 to a couple of 1000 TBq

Nuclear accidents / Nuclear wastes
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事故の原因：１～４号機における全交流電源喪失

Elevation: 
about 10m

タービン
建屋

鉄塔

②非常用ディーゼル発電機
が津波により故障

EDG

通常海面水位

①地震と津波による
外部電源喪失

非常用炉心冷却装置
（ECCS）のポンプを含む
すべての電動モータが
運転不可能になった。

原子炉
建屋

海水ポンプ

注記）

緊急スクラム：すべての運転中の原子炉は、
地震によって制御棒が自動的に挿入され、
核分裂連鎖反応を停止した。

非常用ディーゼル発電機は、津波が来る
までの間、適切に動作した。

津波
（１４ｍ以上に達したと推定）

10 m

全交流電源喪失

16

（東京大学工学部 システム創成学科・原子力国際専攻 関村直人先生のスライドより借用）

Cause of the disaster : Complete loss of AC power supply

Tsunami (> 14 m)

Complete loss of 
AC power supply

All external power was lost
due to earthquake and tsunami.

No electric motors were operable 
including pumps for ECCS 
(emergency core cooling system).

Emergency diesel 
generator broke 

down due to 
tsunami.



13

福島第一原子力発電所の津波影響範囲

Inflow

13Source: TEPCO

（東京大学工学部 システム創成学科・原子力国際専攻 関村直人先生のスライドより借用）

tsunami area



final disposal site : NO candidate site. Cf. “Onkalo”, Finland

Disposal of high-level radioactive wastes

geological disposal



Fine.
Grazie per la vostra attenzione.
Gratias ago pro audientia vestra.
Спасибо за внимание.

Merci de votre attention.
Vielen Dank für Ihre Aufmerksamkeit.

Thank you for your attention.
경청해 주셔서 감사합니다.
���������

  ご清聴ありがとうございました。
鳥居 寛之

Hiroyuki A. TORII


