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Discovery of X-rays.
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Discovery of X-rays.
x-rays and B-rays as well.
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Discovery of
radioactive elements.
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Discovery of
radioactive elements.
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Radiations beta ray
(electron)
r PEZ:;'G —— proton beam
— | neutron beam
radiation ™ alpha ray
— ion beam
| [ photon | [ Xcray
Bxilweve)

Typical energies of radiation
= 10 keV ~ several MeV

(,B.Y)

Cf. Atomic binding energies

== around 10 eV for
outermost-shell electrons

(1 eV =96k]/mol)

Speed of radiation
== few~100% of light speed

Nucleus N @

MeV order

high energy

o
() «=ray: He nucleus
Q)
o several MeV
///' EF 10 keV ~ MeV

(') PB-ray: electron

at high speed

10 keV ~ MeV

¢ *,i ol
i Y=ray : photon
(EM wave)
\ BHK
v X-ray : photon
| (EM wave)
AtomA 1 ~ 100 keV

Bremsstrahlung ~ several Mev



Nuclear physics : Introduction

.9 7" Periodic Table of Elements
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Atom and Nucleus 5 —7

(10->=10-""m) orbital electron quarks
1—-10 fm 18 B “
/
+ o
® rr IZ7”_?proton
I ®e
(1010 m) B ()
A — nucleus rhit
JRF neutron

atom L
Schematic picture of ¢ C atom



Rutherford scattering

Rutherford atomic model
(1911)
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The first nuclear transmutation

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.  (1919)
(The ranges of alpha particles are

a few — several cm in the air at | atm.)

4O(.|. 14N = 17O + IP
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Synthesis of a superheavy element Nihonium (113 Nh)
(2004, 05, 12) by Dr. K. Morita (RIKEN)et al. =l [
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Synthesis of ;13 Nh (2004, 05, 12) by Dr. K. Morita (RIKEN) et al.

}_J H Periodic table
of elements

1 2 3 4 5 12 13 14 15 16 17 18
1 1 Atomic 2
H Sym ' | =] He
1.0079 Mass C EHZ'S ‘ ﬁE H #%EE ‘ 4.0026
3 4 Hg| &% = 5 6 7 8 9 10
2 Li Be 7 B C N O F Ne
6.941 9.0121 H ﬁﬁg zgé zgg Z j}% 10.811 12.010 14.006  15.999 18.998
11 12 Rf| Unknown ‘ 13 |[14 |45 {6

3 Na Mg

22989  24.305

19 20 21 22 23 24
4 K Ca Sc Ti V

39.008 40.078  44.955 47.867 50.941 51
37 38 39 40 41 42
S Rb Sr Y Zr Nb Md

85.467 87.62 88.905 91224 92906  95.96

Si P S
28.085 30.973 32.065
32 33 34
Ge As S

72.64 74921 789
50 51 52

In sn sb Te\ |jvermorium

55 56 72 |73 |[74 81 82 83 84
6 Cs Ba Hf Ta W Ré Pb Bi Po

132.90 137.32 17849 180.94 183.84 186.20 O 96.96  200% R04. 207.2 208.98 (208, .

87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
7 Fr Ra RfF Db Sg Bh Hs Mt Ds Rg Ch Nh FI Mc Lv Ts Og

(223)  (226) (261)  (262)  (266)  (264)  (277)  (268)  (271)  (272)  (285)  (284)  (289)  (288)  (292) (294)

For elements with no stable isotopes, the mass number of the isotope

57 58 59 60 61 62 63 64 65 66
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Hd

138.90 140.11  140.90 144.24 (145) 150.36  151.96 157.25 158.92 162.50 164.9

89 90 91 92 93 94 95 96 97 98 99
Ac Th Pa U Np Pu Am Cm Bk Cf Es

(227) 23203 231.03 23802 (237)  (244)  (243)  (247)  (247)  (251)  (252)  (257)

Flerovium

ZU3—A7

HEEIFZE Georgy Flérov

RETD R F UG
%lé

L]
L]

s\ls — V7 EREIEFX%

H

Lawrence-Livermore [E ISP




TR BEHx

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

Atomic 2
Sym ’ 1 ~ s Selected  All ﬁ
4 i p | Proton emission B+ | Beta+ decay 5 6 7 8 ®) 10
ﬁ I{I}(/)c(i)l’;)gjn n | Neutron emission :Ec:: Electron capture ﬂ ﬁ ﬁ ﬁ ﬁ ﬁ
12 - o :SF: Spontaneous fission Stable 13 14 15 16 17 18
B® 0 HE B W 8 =

20 21 22 23 24 25 26 27 28 33 34 35 36
S 9 % OB & & # W W R =
38 39 40 41 42 43 44 45 51 52 53 54
2 % v %k #H B8 #f & B W B I
56 57-872 73 74 75 76 77 83 84 85 86
Ml %/ B B B O#HOE B i W =
104 105 106 107 108 109
88 89— 114 115 116 117 118
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Radioactive materials includes atoms containing

radioactive nuclides
= radioisotopes
= unstable nuclei

Same proton number Z means chemical
There exist many nuclides with different
€.g

C10 C-11 C-12
Carbon

nuclides BF ga i

12
10C proton "C neutron C

proton number 6 6 6
neutron number 4 5 6
stable

mass humber A
A=Z+N 7 C N

symbol of element

y same element

neutron number N.
C-13 C-14 C-15

@@@

13C
6 6 6
7 8 9
Isotope

(infinite lifetime)



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

99% | %

half-life  19.3 s 20.3 min "% wemmeded 5/30yr 2.4s
c1o cC11 €12 Cc13 C14 C-15

et ed o0

10C proton e 223%?;12 13C
proton number 6 6 6 6 6 6
neutron number 4 5 6 7 3 9

Proton-rich nuclei have a finite lifetime : Stable isotopes Neutron-rich nuclei have

B*-decay, Electon Capture have an infinite lifetime. , gjee fifetime : B™-decay.
They exist in nature.
ioi half-life Radioisotopes
Radioisotopes 5730 £ 40 y P
.
i electron antineutrino

J‘EE? proton

C-14 Neutron N-1 4
(radioisotope) (stable)

| 4 | 4 0 _ o
(KBTI R 0 6 C— 7 N + 1€ t+ Ve

A4 K& DEM - —HZ)

(B-ray : radiation)

B~ (beta minus) decay



Nuclear chart %K
(Chart of nuclides)




Number of nuclides RFIZYET
Stable nuclides ca. 300 Nuclear Physics

Experimentally confirmed 3000
Theoretically predicted 10000
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Radioactivity is the ability

— o(/_'réy , z: Of radioactive materials
B0 B ray to emit radiation.
235
{; / - ' \NANANANANANAND> BHEE %%%\; )
- Y=ray : photon i

(EM wave) %

r o | J‘ﬁ:_ , 126
131] 137Cs>
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xX-decay
HAIE (BZ)

ﬂﬁﬁ?}i'@. .
deeXxcitation of atom

Nucleus N @
) Ay

A A—4 4
7N 2 75oM +,x

7 &F 10 keV ~ MeV

o /B-ray
) A A 0 —
N = A M+B + Ve

n = p* + e + Ve

BHLK

Y-ray
A A 0
ZN* 27N+ Yy

X-ra
4 R

A* = A + hv(X-ray)
AtomA 1 ~ 100 keV

!

bremsstrahlung #ams Bremsstrahlung ~ several Mev



Isotope
Isotone
isobar
mirror nuclei
isodiapher

Isomer

Grouping of nuclides
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RFIZYET

-d
B-decay O( e.cay Nuclear Physics
isodiapher

[Al R A%

isobar isotone
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S AVINS
Isotope
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Decay series

250,000 yr U-234 1 17 min U-238
, Pa-234 4.5x10%yr

(4n+2) Uranium series Th-230 » Th-234
80,000 yr 24 day
Ra-226
1602 yr
URANIUM SERIES Rn-222
Radon daughters
i o ; 3.8 day
138 day Po-210 160 usec Po-214 .. F:Or:fila (4n)  Thorium series
5day Bi210 + Bi-214 ) (4n+1) Neptunium series
Pb-206 Pl;-2210 ;9-214 (4n+2) Uranium series
{ \ [ { min . . .
(Stable) / (4n+3) Actinium series
206Pb 2IOPO 2IOPb

X B 3 radioactive
— O €=o-— O equilibrium
stable/ 138d 5d 22 yr




Decay series

(4n+2) Uranium series

stable /

4 )
dNV:
el AN A =1/t  A:decayrate, 7: lifetime
REHEMEOERED UL H (IUFEI13106]) 1.44 times half-life
dN; So%13 et
= LiN1 — 12N> f e ——
di v shm (BEETSER 1
181 \owEcEDS ) 18] N
AN | N1 = Nijge 4t
3 F1/1R
= AoNo —A3N3 | |57\ et .
dt =0 [ 4 Decay rate is a
£, | : | constant.
dNs _ 1 S S e S | Each decay occurs
- dr T 1/16 = | | stochastically
N y e e wmm | (by chance).
206Pb ZIOPO ZIOPb

<0 (i B O radioactive

138d  5d  22yr

equilibrium



Decay series

dNVi

d¢
dN>

d¢
dN3

dz

dN4
— df

A1N1

AN1 — 12NV

AN2 — A3N3

206 Pb

stable /

(4n+2) Uranium series

A=1/t A : decay rate, 7 : lifetime
1.44 times half-life

Ny = A Nio {e~H1!—e =%t} + Ny e %!
12— M
M ) transient
Nom———Nwe " equilibrium
p (A1 < A2, t 1s long enough.)
1

No=—=Ni secular equilibrium
(A1 <€ A2, 71 1s very long.)

<0 (i B Q radioactive

138 d

equilibrium
5d 22 yr



Nuclear phySiCS : Model of nuclear structure

Average binding energy per nucleon (MeV)

Binding energy per nucleon (MeV)

=rh A\
1 A= -
Nuclear fusion or S
3 H3 i _“'"" (:> = g.’,n "
—j Deuterium Helium % ' T "j\
He.i + = Ba: ’
r L + ‘i “e
2 a P O+ U + gn —— BKr B 3 210 MeV ol
+i
R \
1 H T . ¥ Energy -
(W o
Tritium Neutron
odH___| L 1 | 1 1 | N | 1 1
0 20 40 60 80 100 120 140 160 180 200 220 240

Number of nucleons in nucleaus, A



: Synthesis of helium from hydrogen in
Nuclear fusion  ~ eus 2 O mucleun <

%Ra
an e
'H+'H = 2D + e* + V. + 0.42 MeV
et+e 2 Y+Yy+1.02MeV - ' 7
2D=dq/¢ O\?
'H + 2D — 3He + Y + 5,49 MeV ﬁ ﬁ
Y

3He + 3He = “He + 'H + 'H + 12.86 MeV /K

@ @

4'H+2e ! -

N 4He N 6 Y + 2 Ve N 26.65 Me\/ z GamrjnaRay 4He @ 0 Neutron
Neutrino = O () Positron




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

Mnuct (ZN) =ZMp + NMn—Eg/ > liquid-drop
Maom (ZN) =ZMu + NM, —Eg / 2 model BHEFIL

Binding energies of electrons are neglected.

Eg / ¢ = AM (mass defect) mgxis)
Es(ZN) = ayA — asA¥3—q. Z2 [AV3 - L2 T (N=2*/A-8

Volume energy Coulomb energy Asymmetry energy  Pair energy

16
/l{?ﬁﬁl?? n¥— |Volime energy

- V// %% L 1%7 % Surface energy

XL AL L 7
P Ll >

Surface energy

///[/ b , i ,/’ ,:./J’ /’1/
’ ’-"/—/r//’," v 44 i /,,'/' ',%”/ ‘s 1’1’//1“:)
TN S — 2 ,‘/:I.ﬁ'\)l/ e P C I b
7 z;, PEVar 7'7 AT s ‘:II'IIII,L;I,‘,/ ou Om energy
RGNS P00 VIl NI e IS I VY
e Atk il o
SN R
) NNy 3
v .‘ SN | Asymmetry
oI ANX —

o - energy

Eg/A (MeV)
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Atomic energy levels

continuum E#5IKEE

electron mass 71 = 51 | keV/c?

25 2p bound states g difficult to
n=2 discrete energy levels BEEIHY T &)L — 247 memorize
o 27 koameh 72 e phe 72
— LB — —
h? n? 8 802 h2 n?
Z2
—Eg=—hc R = R : Rydberg constant
72 ydberg
7 h e2 1 h: Planck constant
= O = ~ — .
0% a. : fine structure
dmteo he 137 jolesgvbiv
N 1s 13.6 eV 1 72 (dimensionless)
) . — EB = Me C2 2 —
hyd t c Z
(hy rogj‘e;aom) 2 n2 ve=caZ
Es(H) = ks n

Mim = 7 large = Ep = hvlarge . X-ray



HYDROGEN
n=3
3 .,T-'"
n=2
A A i
13 .6
eV
Wil ¥

Bohr

Hydrogen atom

mois asgoibydiiaA 8

¢ e =
¢ iy oy =
$ Ml Tooiee




Nuclear potential

)

20 / cf. atomic potential
) ’,r" \ Vor-!
E 0f— P S S s :fm;- 2, =~ r [fm] > r[A]
% 10} /&
S 20t harmonic oscillator HEMiREF
. Woods-Saxon 9wvX-H#9Y & Coulomb
40} square-well FH AL

-00 e

Nuclear size r=1.2A"3 fm (I fm = 10-"> m)
Nuclei have a constant (saturated) density.

Nuclear force = “Strong Interaction” rauWEEEE
The range of the force = nuclear size.
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Yukawa potential
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Yukawa’s meson theory J/(r) x

B-decay : “Weak Interaction” "sWEEFH,




Shell model of nuclear structure EzxEEoRER
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harmonic Woods- square- Woods-Saxon

oscillator Saxon  well potential + spin-orbit coupling magic number
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(The order of levels is slightly

(*) Usual convention takes the principal quantum number larger by unity different for actual nuclei.)
than that in this diagram. ZEF#IIZ DKL D 1 DKRELWBDBED AN —HEHY



Energy level of atoms

continuum EjisiREE
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nT;gbigr electron configuration element
2 | 52 He
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Nuclear potential Density distribution

Nuclear force is
common to
proton and neutron. I

The potential for proton is
raised by Coulomb force. o« Z2 [Al/3

A (heavy) nucleus contains more neutrons than protons.

Double magic (ZZFEi#%) nuclei are especially stable.
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—Eg binding energy (MeV)

Even-odd dependence of nuclear binding energy

40  odd-mass-number nuclides {
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mass excess: Am (MeV)
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[ even-even
: I nuclei _A
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I]Rb Y Nb Tefl Rhf Ag In

50 60 40 45 50
atomic number: 7

stable nuclide stable nuclides

60% of stable nuclides are even-even nuclides. 210 615 10, 14N
There exist only 4 odd-odd nuclides. — —> 1M 3L13 5DB€s5 7IN7
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In a nuclear rector, '*>Xe + n = 3¢Xe (neutron capture).

A neutron-rich nucleus cascades down to a stable nuclide via repeated [3—-decaly.
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A neutron-rich nucleus cascades down to a stable nuclide via repeated [3—-decaly.
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24 s 3.8 min 30 yr
137] = 137%e — 137Cs — 137mB,

2.5 min
.,

number distribution

137
55CS 137R4
30.17 a
Energy spectrum of B-rays 13;? Ba
_—~_  (general example) 11/2—- 661.66 keV
7“0 2.55m
,/ \ 661.66keVy  Y-decay
/ % . .
/ \\ (851%) (deexcitation
137 of nucleus
\\ ! 56 Ba )
[N~ 3/2+
\; stable
energy Eg
- AN* = 4N +
B-ray (continuous spectrum) zN zN +Yy
n—>p+teTtVe y-ray (fixed energy)

(B)



364.49 keV y
(81.7%)

Xe

B-ray (continuous spectrum)
n—>ptet\Ve

(B)

23 min 30 h 8 d
131G — 13ImTa — 131] = 131Xe

52+ 722.91 keV
72+ 636.99 keV

636.99 keV y 722.91 keV y
(7.2%) (1.8%)

—_— e 5/2+ 364.49 keV

Y-day : deexcitation of nucleus
N* 22N +y
Y-ray (fixed energy)



orbital electron capture 40
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10 keV ~

T BEET

|3+ positron
-ray

proton-rich nuclei

B+-decay

Electron Capture
éM +_O|e_ _>Zél N + Ve

p*+ e = nY+ v

MeV ® Nucleus N

- ray
A A—4 4
7N —=27,M+,X

neutron-rich nuclei

B--decay

Y-ray
A A 0
ZN* 27N+ oYy

X-ray

l:f:‘ T ,' " N
==, '-];’E /&

A* = A + hv(X-ray)
AtomA 1 ~ 100 keV



Continuous spectrum Internal Conversion

(energy distribution)

A NJ _\° Ant\t _
Positron annihilation (EN*+e ) > (EN) + e

e + e 2>y+y (2x511 keV) L
LA ,
line spectrum — \_L

(fixed energy)
A* = A' + e
Auger electron
Electron Capture
vvw@&ﬁi& \_L
‘M+Se = AN+ Ve Characteristic X-rays
A* = A + hv(X-ray)

*+ e = nol+yL0
P : A |~ 100keV



Produced at overseas nuclear medical

research reactors and 27 d examination
transported by air. 99M o — 99m-|- c (administration)
P 6 h observation of
143 keV y  gammarays

PTc — ?"Ru

210 000 yrs

phantom Nipponium by Prof. M. Ogawa (/|\/I|1EZ£)
Elements with no stable isotope technetium 4371c

promethium ¢Pm
elements with atomic number = g3Bi

Elements with one stable isotope SF *Na 37Co '%|

'5:Cs 59 Au efc. total 26 elements.

Elements with many isotopes e II2,II4,II5,II6,II7,II8,II9,I20,I22,I§3 Sn



- . Principle of nuclear
N UCIear phySICS = power generation
Nuclear fission EFZ28KG
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Absorption cross section for neutrons
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fission products

Csd
Xe 15553%%%‘“RE§¥EW
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. asymmetric fission
),
I |
7
00 | activation products
= f BREHME R
3
- neutron capture
,>0:) 1025 100 MeV > 70 MeV BCs|+ n — [134Cs
| 09Ag + n — H10mAG
| 238 + n — 239
10-3 1 ]
70 90 110 120 150 170

Mass

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.

fiSSion pl‘OdUCtS |3 I I, I37CS, 9OSr~ , 85Kr~’ I35Xe’ I4OBa’ 9SZI~’ IO6Ru’ 99MO .....




Nuclear fission and activation of uranium

deceleration

235U+n_>236U*_>AXX+AyY+n+n(+n)

thermal neutron (Ga = billion yrs)

25U 0.72%, half-life 7.03 Ga
2381 : 99.3%, half-life 44.6 Ga

@ Use #3°U enriched fuel

B B

238U +n— 239U>k X, 239U — 239NP — 239Pu
23 min 24d

239Py + n — fission



Nuclear engineering

Enrichment of uranium

KADIZAAIIET52,238H99.3%E052/235H0.7%DRIETHACENTVET,
KRV VDEETIR RFNRBPATEMEELTI S 2350BEMET EFHDT.

TNEINSHRIEIC KDL SREERGE T, TNETD S ORIBILNVET, Isotope separation technieques

5& gas diffusion method

Dol
KAVZ VL EREIZDEH L ;))K(é centrifugal scheme
UF¢ (gas)
. —_—~ AN "z \ —
_ BEANRD _ Az
— VSV EARLRT IS s nozzle method

Ay

s chemical method
(ion exchange method)

uranium
enrichment

Ol
KIARTZ> ERNET =2/
052 235150.7%F 2 5> 2351E3~5%F2E

Natural uranium contains  low-enriched uranium (LEU) oeensercmmamst v toenn, xomzezm. )
0.7% of U-235 contains 3—5% of U-235 P Fel v 2 | S T=IV AFos=2%.)
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~ue Thermal power vs. nuclear power
boiler 1 345 vapor
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X %
h mi I e = transformer
cnemical — §aed | | Z
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nuclear
reaction

[RF7h
nuclear

5 7 F, vapor

reacto 3 )

k2 condenser

o o
__ E=mc? ko e
= w7 (sea water)

nuclear fission of uranium
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BWR (Boiling Water Reactor) .
kR E T +IR
i [ B B I
i (BN B B
A | NN
'u:: I: ::::l

70 atm, 290°C

=> &R

=

Wy |
l I

r
*”‘M BEERYS

A

EHIEHE 7T — IV




PWR (Pressurized Water Reactor)
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Nuclear accidents / Nuclear wastes

: International Nuclear Event Scale
Nuclear accidents (NES)
Three Mile Island accident (1979) level 5
Chernobyl nuclear disaster (1986) level 7

Tokai-mura criticality accident at JCO (1999) level 4

Fukushima Daiichi nuclear disaster (201 |) level 7

S - release of radioactive

material to outside
& ﬁﬁ?’]! (Radiologically 1-131 equivalent)
oA RZ 75 R 7 : > couple of 10 000 of TBq
........- KK 6 : some 1000 to a couple of 10 000 TBq
(S BEMAANYRIZHESEH 5: some 100 to a couple of 1000 TBqg
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EMORA: 1~458IB 152X REREL

Cause of the disaster : Complete loss of AC power supply

/
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_ All external power was lost
b e
AN-IEH RS S due to earthquake and tsunami

Complete loss of
AC power supply

+ Emergency diese
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QFEAT—ELRER “undueto
AEF (LY [E _tsunami. FEdc | |

. b —E $Z = No electric motors were operable
Tsunam|{>4 4 m) 7 _E./ including pumps for ECCS

(emergency core cooling system).
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Disposal of high-level radioactive wastes

SWINITP AT

[ AT/SUP | 4+ BEI AUk
AU b | INYTF 2 NYF7 3 NYF7 4
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HSXSRAEN FE20cmDR F—/{-/\y0Es  BTEKOREL
HARTRICET BROFE. #7 H3FEH70cm  ERE. R,
UK LET., REMTASER ORE. Lk  msttmEzmL
THDEMEET. £MLICCL T ADBIHERST . :
henman it 2rmx  geological disposal

DBBELZLL  HOELRIBE

£7. T BYET,
final disposal site : NO candidate site. Cf."Onkalo”, Finland
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Fine.

Grazie per la vostra attenzione.

Gratias ago pro audientia vestra.

Cnacunbo 3a BHUMaHMe.
Merci de votre attention.
Vielen Dank fur lhre Aufmerksamkeit.

Thank you for your attention.
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