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Four fundamental interactions

interaction 8 H £ exchanged particle decay s
(gauge boson)

gravity E27/] graviton & /]F

weak 55 WWH A {EH Wi, Z0 beta decay

electromagnetic B H A {FH photon J&F gamma decay

strong 38 WH A 1EF gluon 7 )L—7A >

pion and other
hadrons

alpha decay « tunnel effect

nuclear force %71
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Decay rate, natural width

probability to decay in an interval dt

dt [decay rate EEZ (FRIE) EHE
dP = — = \dt

-
Y\mean life time F12%&m

number of unstable nuclei N(t) — N(t — ())e_t/T

half life A t1/2 = (In2)7 = 0.6937
"Li(7.459MeV) — nCLi, *H*He 7 = 6 x 107! sec

0Ge — ™Se2e™ 27, t12 = 1.78 X 10*t yr > 1011 x (age of universe) !

An unstable particle has an energy uncertainty or “natural width”

I B — E _ 6.58 x 10722 MeV sec

T T
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ALY
Branching ratio

® Often, an unstable state (nucleus, isotope) has more than one decay

channels.
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Measurement of half life *wwon=

T > 108 yr (& decay, double [} decay)

isotopically enriched (98.4%)

scintillators

1Mo foil  127g

o still present on Earth

helium gas

® can be chemically and
isotopically isolated in
macroscopic quantity

scintillators

160

[
[\
=)

0]
S

events/0.1 MeV

40

1433 events

during 6140 h

(background subtracted)

2 3
2 electron energy sum (MeV)

4

® detected decays, quantity —
lifetime

100Mo — "YRu2e™ 20,  double B decay

half-life: (0.95+0.11)x 101 yr
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10 min < T < 108 yr (& decay, B decay)
® no longer present on Earth and must be produced in nuclear reactions
® purify chemically or isotopically

® detect decays and derive T

10-10s < T < 103s («x decay, B decay, Y decay)
® chemical and isotopic purification impossible
® particles produced in nuclear reactions, slowed down, and stopped

® detect decays and derive T
T < 1010 s (Y decay, dissociation)
® standard timing techniques not applicable

® a variety of ingenious techniques: Doppler-shift attenuation method, Mossbauer
spectroscopy
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ELREDOFER
Formula for decay rates

/interaction Ziv x5 =k IHEER
;
deca)l a%bl—l—bg—l—"'ﬁ—b]\[

/

= LB E rest mass M
energy E = Mc?

| f) state of final particles #iKAE

deca)l rate probability per unit time that a decays into
RF a NENIRFEICIRRE [ ICEE T 2K

2T Fermi's golden rul
Vs = T ISl 6 | M =3 By | DTSR

transition matrix
element
ERTIES energy conservation
IXRILF—REF
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Energetics

gamma decay

unstable high-energy state

MAx > A

momentum conservation
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ITXRILF—ICDVWTOHER

gamma ray > <Yig
A" - A+~

(stable) low-energy state

spontaneous emission BAKH

MAx — Mg < MA

by
p=— EBEERRE

c
energy conservation I X)L¥—{R%E
55Cs137
292 2 01723 om0
E,+ —— = (max—ma)c ¥0s, .
2m g <,
% L,
\ . +\/ LONSN 56Bal137m 0.6847 1212
recoil energy (energy loss) o 2o
RBETRILF— (ZRILF—EK) %, |06617 Mevy
<
E2 2\ 85.1%
Er = > 1~ mac® = Ax 9315 MeV R0
mac
* Er < E, E, >~ (mas —my) 2 but Er >1 in general

Emitted gamma rays are not resonantly re-absorbed by other nuclei in gases
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Atomic transition

hw~eV (r~107%m 7~10°-10""s T =h/T~ 10 "eV <« hw
> ER = E,%/(QmACQ) ~107%eV
Oin A3 fm\
h hc
E,~MeV 7~107'7"-107"s I'~10eV < E,

Nuclear transition| (r) ~ A/31071°m * ANET) ~
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% EER
Higher multi-pole transitions

Often, electric-dipole (El) decay is forbidden. (f|r|i) =0
* may still decay radiatively by higher-order and slower processes

12
10 \ \ \ \ \ \ \ \ \ \
Table 4.1. Selection rules for radiative transitions s
angular o 107 . 1 yxy% i
type symbol momentum parity ee.ex . BS R M M4
change |AJ| < change b . TRLE + “a ***X ,
hoetnaet - B4 N
B R S R
electric dipole E1 1 yes 1 r e s, o T, W, i ]
magnetic dipole M1 1 no BRSPS ° "
electric quadrupole E2 2 no
magnetic quadrupole M2 2 yes i
electric octopole E3 3 yes
magnetic octopole M3 3 no 1 0—67
electric 16-pole E4 4 no
magnetic 16-pole M4 4 yes
—12-
10

L
/ 0.01 0.1

Lifetime of excited nuclear states as a

function of Ey for various multipoles
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IR e

Internal conversion

An excited nucleus can interact with an electron in one of the lower atomic
orbitals, causing the electron to be emitted (ejected) from the atom.

s-electrons have finite probability density The electron may couple to the excited
at the nuclear position. state of the nucleus and take the energy of
SEQET . RTROME CHERENER jche nuclgar transition directly, without an
S intermediate gamma ray. ,
3f fOI" a h)'d rogen atom 1s E Conversion
2t KRIRF DA - Electron
1E E
O L
85 . 1 | . 2I . 3I . 4I . 5
é\ 0.4p 2s
% 8:2: ] X-ray (K )
O o1t 3 d
>N 00 . L L .
= 0_0202_ ------- s 28 teraction &/ followed bX .
D oors * characteristic x-ray
S 9% emission 4 X #gH
& 0.005f E
O 0.0005 et * Auger effect
0 1 2 3 4 5 S~y
""""" I I I S B I UL S . j_ylﬁj]%
012 ] Energy of the conversion electron
0.08f- ]
0.04f ] Eee >~ (mA* — mA) — bk ~ E’y — Ly
000(; L .i ..... é ...... é . ;1 . 5

r (atomic unit) binding energy of the electron
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7/2
137
Cs N\ 12
v (90%)
n internal conversion
S22 (10%)
137Ba most internal conversion
electrons from the K shell
137 o Kigh 5 DA BRECIAEF H X FCHY
Ba P #R#

internal conversion

Yics ~—## beta

+ Ece = (mA* — mA) C2 — Eb

+ L ejection from higher orbitals
M generally less probable
L, MR H S DI IE—HRRAYIC D78 0N

£ 7 E# & electron momentum
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A RN 7 —3h R

Mossbauer effect

recoil energy (energy loss) > E,%

REETHLF— (TRLF—HE) R omac?

Emitted gamma rays are not resonantly re-absorbed by other

nuclei in gases.
* but ...

Inverse transition (resonant re-absorption) possible when

® nuclear recoil is suppressed in a crystal (“very very
large ma”) < Mossbauer effect (discovered in 1957)

® the excited nucleus decays in flight with the Doppler
effect compensating the nuclear recoil
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Mossbauer spectroscopy

191 Os
191 191
191 Os Ir Y-
Ir source absorber detector
0-0417 % \ iiii

0.129

% absorption
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Doppler-shift attenuation method

ermanium
70 MeV I9F &85“% S photon
bgam .y \9 detectors

[
_——at ‘I'C‘St\ 0=156

_In ﬂlght\

counts per channel

| | |
1045 1065 1085 1045

1 |
1065 1085

Ey (keV)

74Br 1068 keV gamma-ray * 0.25 ps lifetime
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AZNT TR Ry TS5—Y TN
Massbauer effect + Doppler shift *
i PP A — AR AE XM I R (D AR EE
Test of Albert Einstein's theory of general relativity

 Gravitational red shift of light by Pound and Rebka, 1959
* Clocks run differently at different places in a gravitational field

Gravitational shift

h(fr — fe) =mgH gamma ray
( ) , (44 kev) | Fe ||V
hfe =mc f A
fr_q, 98 )
fe T
I
Doppler shift 3
1, 1 — o / c v 3 Jefferson Laboratory
= ~]1— — (Harvard University)
fe 1+v/e
H I
* v =2 —736x10Tmys blueshift [57Fg
C by falling
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Weak interaction and beta decay
FFUWHEAFHENR—YREE (N—YEEE)
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Four fundamental interactions

interaction 8 H £ exchanged particle decay s
(gauge boson)

gravity E27/] graviton & /]F

weak 55 WWH A {EH Wi, Z0 beta decay

electromagnetic B H A {FH photon J&F gamma decay

strong 38 WH A 1EF gluon 7 )L—7A >

pion and other
hadrons

alpha decay « tunnel effect

nuclear force %71
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beta decay

B~ decay AN — ‘§+1N’ +e +

A A /
ﬁJr decay zN — 7 N + e + v,

Beta-minus Decay

Carbon-14 Nitrogen-14
- ' )
+

+

Antineutrino Electron half Iife — 5730 )’eal"S
+ O+ = dating /R

6 protons 7 protons
8 nzutrons 7 neutrons

Beta-plus Decay
Carbon-10 Boron-10

Neutrino Positron

4+ ¢ 4 ¢

& protons S protons
4 neutrons 5 neutrons

22



http://ishiken.free.fr/english/lecture.html Fundamentals in Nuclear Physics (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)
This lecture is recorded for possible on-demand streaming. Chat your student ID number and full name.

Emitted electron (positron) energy has a
broad distribution

_64Cu B_

02 06 1.0 14 1.8 0.2 0.6 1.0 14 1.8
p (MeV/c) p (MeV/c)
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— A A / — -
B~ decay N — 7 N +e” + 1,
A A / +
BT decay sN — 5 (N +e" +re

Beta-minus Decay

Carbon-14 Nitrogen-14 .
.,‘ B— ' : Antineutrino Electron h alf I Ife — 5 73 O )’eal"S
3L + 6+ mp T "
@ @ dating &£/ HIE
6 protons 7 protons
8 nzutrons 7 neutrons

Beta-plus Decay

Carbon-10 Boron-10
+ B+ R Neutrino Positron
- ) ) -
D - 9 + ¢ 4 ¢
& protons S protons
4 neutrons S neutrons

The existence of the neutrino was predicted by
Wolfgang Pauli in 1930 to explain how beta decay could
conserve energy, momentum, and angular momentum.

24
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fundamental processes

mp = 938.3 MeV/c2 < my=939.6 MeV/c2

n—pe Ve mean life =881.5+ |.5s

N + - free proton does NOT decay
p e Ve - takes place only in nuclei

Feynman diagram

/W

weak boson -
mw = 80.385 GeV/c2

cf. mpion = 139.570 MeV/c2 (1), 134.9766 MeV/c? (neutral)

25
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By transforming the Feynman diagram ...

p
n
-
\WY
Ve
n—pe 1, beta-
‘|‘ b +
p—ne 1, eta

pe —nve  electron capture (EC)

Vep— €' n neutrino detection

26
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Fermi theory of beta decay

Decay rate
2T | (otbel Ha bt )2 22
W = —/— e nY%v T
povTpTelnas dE

/ density of state REEZEE
~ /e—zkprge—zkerg Hﬁ (I'Q L I'1) ezknrl ezk,,rl dv

weak interaction is a short-range force
HB(I'Q — I'l) ~ G(S(I‘Q — I'l)

Electron energy distribution dominated by
density of state

SN B BFOTRILF—HHHIBRBEE T
RES

Fermi’s golden rule

Q
0

27
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Density of state ez

FASIEY

assuming plane waves

p : electron momentum
g :neutrino momentum

dn o p*dpg*dq

energy Q=FE,+E, E,=cq E.=+\/m2c*+ pc?

electron neutrino

d
dE = dFE, = cdg *dnocp q°dp x (Q — E)2 p*dp

statistical factor #=tHF

5 L 1 1 1 1 | 1 1 1 1 | 1 1 1 1 [ T |_
- 2 ® Experlment .

- 64 +
s Cu ﬁ < O Experiment 3
4F Q = 0.653 keV — Theory g
=l ’ :
= - .
. 3F o =
£ * ]
& F o 3
~ E O ° .
S 2F * =
s f o ; :
- @0 E
Coulomb repulsion 1E e o e
o o © * .
0 1 1 OI 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 .I :
0.0 0.5 1.0 1.5 2.0
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BTRE (908

Electron captu re (EC)

radiation from the
a) b) e human body

OK 1.277 - 10°%a

\\

N \\

\ \

\ \

\ \ A

\\ \ -

o o o o L Y} e o o [ ] o o

k'l m \ "' m

// IV 1

/ ° N

_ - V!

. 0+
N
Ve

| v followed by
i e S °character|stlc X-ray

N e Auger effect
A—I TR

AN+e — 4 N+,

fundamental process: P e — N,

neutrino energy: ), = M (A, Z)c2 — M(A, Z — 1)62

— atomic mass (not nuclear mass) 2
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B* decay and electron capture

BT decay N — 2 N 4+et 4+,

My (A, Z)c? > My(A, Z — 1)c® + mec?
\ nuclear mass

electron

A — A /
capture zZN+e =z N +re

My (A, Z)c* > My (A, Z — 1)c® — mec?

Both may not always be energetically possible!

Fundamentals in Nuclear Physics (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)
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Symmetry and

conservation law
Y & {R7E
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— O change under a transformation

Any symmetry of a physical law has a
corresponding conservation law

Noether’s theorem x—%—0OFE

symmetry conserved quantity

temporal translation energy
spatial translation F17%&) momentum
rotation [El#x angular momentum
reflection ¥—-r (P) =KX ER parity
time reversal (T) REREs T-parity
charge conjugation (C) k7 KHAIFZ i C-parity
gauge invariance 7 — Y RZ 4 electric charge
Example: Coulomb force v/ (r) = _ a2 oy V(ry,re) = 9192
4rreg|r|? dmeg|ry — rof?

32
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example in the classical mechanics

Hamilton equations

If the Hamiltonian does not explicitly depend on g;
(invariant under the spatial translation)

0 I = const
* pz o Conservatlon of momentum E&EF%E

gauge invariance s—vrzit
OA

B = A, E=—— —
V X A, 5 Vo

invariant under the gauge transformation

A—-A"=A+Vy, ¢ =

Invariance of the Action S {EFRERE D

* Conservation of the electric charge @ +V j 0
ot

~ Ox
ot

33
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Parit
~2 o
reflection wp(r) = (—r) mtp(r) = P(r)
— Eigenvalues — + |
parity operator

If the physical law is invariant under the reflection (gravitational,
electromagnetic, and strong interaction)

L 0. L0 . .
Zhﬁw = Hm zﬁatmp = mHY

wp iH=Hi = [ H =0

Heisenberg’s equation of motion

75
zhd—: =|n,H =0 Conservation of parity

34
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parity violation /wrrss
nonconservation of parity

in the weak interaction

® Prediction by T.-D. Lee and C. N.Yang in 1956
® Experimental verification by C.S.Wu in 1957

. real world in the mirror
. T T T T 1 I
e
12k ¥ anisotropy ) [ﬁ‘ %J z [ﬁﬂ. {%]
E
gl 0 ! 7] I \
B | Light pipe to |2 =
T  PMtube lw b & Sole = ;
3= e
\ 3 g - " m ‘/
\ S J
\ i / E \
. 7
dcifn‘;?:gfs \ e~ detector Qe I L a. ¢ _q | | |
\ A~ (scintiliator) ﬁl \
\ e S TS B FAa G R Y & \ U
\\ B asymmetry 1'1.\
E
L gl 2 Q% “‘\
s ] 2|t ) \
'g an
™ 60Co source 3 *E
=3
L S M
/ I S SR N U - Y
Low-temperature %762 4 6 8 10 12 14 16 18 N it
C S
ryosta Time (min)

Cerium magnesium
nitrate crystal
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parity violation /wrrss
nonconservation of parity

in the weak interaction

® Prediction by T.-D. Lee and C. N.Yang in 1956
® Experimental verification by C.S.Wu in 1957

-

real world inverted world
1.3 T 0 & 1 1 1T 1
L2l ¥ anisotropy o IE % % FEﬁ ’i $Z§ L7 ﬂ 5‘?
£ n—0
a g — e_
B | Light pipe to E':, % | z l
1 PMmtube  £|g
cle
2=
\ Si5 7] I I
\ 8
\ - -
dcgg?:gfs \ e~ detector 0.7 - 4. ¢ (LS| [ .
\ T (scintiliator) At
\\ T T T 1T T T I el
r B asymmetry ' I
e 2| = . \ —
25 | v 2% [ % s v
2 ] HE "
|~ €9Co source 3 £ o ‘oo
L S
/ Bogr ¥ 4 ]
LOW-tempfrtature ﬂ'?o 2 4 6 8 10 12 14 16 18
cryosta
& Time {min)
o

Cerium magnesium
nitrate crystal
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60 Co 60m 10.467m
C §0.05859 eV y
270 52722
2.505 4+
2.158 2+
1.1732 MeV'y
1.332 2+

, 1.3325 MeV y
SgNl 0+
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Nobel prize in physics (I957)
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CP violation

Makoto Kobayashi  Toshihide Maskawa
Nobel prize in physics (2008)
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CPT theorem

CPTEH

® Preservation of CPT symmetry by all
physical phenomena

® Any Lorentz invariant local quantum field
theory with a Hermitian Hamiltonian

must have CPT symmetry
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