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Four fundamental interactions
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St
Branching ratio

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

channels.
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Measurement of half life =wson=

T > 108 yr (a decay, double [3 decay)

isotopically enriched (98.4%) '"Mo foil 127g

scintillators

|

4

o still present on Earth

helium gas

— [}

® can be chemically and
isotopically isolated in
macroscopic quantity

scintillators

p—
[\
S

80

events/0.1 MeV

40

1433 events

during 6140 h

(background subtracted)

2 electron energy sum (MeV)

4

® detected decays, quantity —
lifetime

100Mo — "YRu2e™ 20,  double B decay

half-life: (0.95£0.11)x10!° yr
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10 min < T < 108 yr (a 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 < |03 s (a decay, 3 decay, Y decay)
® chemical and isotopic purification impossible
® particles produced in nuclear reactions, slowed down, and stopped

® detect decays and derive T
T < 10-19 s (Y decay, dissociation)
® standard timing techniques not applicable

® a variety of ingenious techniques: Doppler-shift attenuation method, Mossbauer
spectroscopy
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Formula for decay rates
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| f) state of final particles #&iREE
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2T
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Gamma decay
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Energetics  =wis-coucons

gamma ray HY iR

gamma decay A" — A+~

spontaneous emission HRKH

N\

unstable high-energy state  (stable) low-energy state

MAsx > A Max —Ma < Ma

E
momentum conservation p= — SEHEFRE

C

energy conservation I XJLFX—{#%F

55Cs137

p’ 017a o
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mA /)) (044@[/
\ : % & 56Ba137m |
recoil energy (energy loss) o e 0.6617 102
» » = 4
REETXRILF— (ZRILF—1EK) %, loss17mevy
E2 <K
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2m 4 c2

* Er < Ey E, =~ (max —ma)c” but Er >1" in general

Emitted gamma rays are not resonantly re-absorbed by other nuclei in gases
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Atomic transition
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ZEWER
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 \ \ \ \ \ \ \ \ \ \
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Lifetime of excited nuclear states as a

function of Ey for various multipoles
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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
SWEQBTI, FFROUE CHERENER Fhe nuclgar transition directly, without an
A intermediate gamma ray. _
ap for a hyd rogen atom s . Conversion
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1E E
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0.12} ] Energy of the conversion electron
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370 ~
1172 v (90%)

n internal conversion
2 (10%)
137

Ba most internal conversion
electrons from the K shell

137 o Kixhy 5 D RERERIRE FH XA
Ba PN H A

internal conversion

Bics ~— 2% beta |

+ Ece ~ (max —ma) c® — Ep

+ L ejection from higher orbitals
M generally less probable
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X RN 7 —3hR

Mossbauer effect

recoil energy (energy loss) B 5

RETRILF— (TRILF—HA%) 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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ARG F— AR & BEBEE
Mossbauer spectroscopy

191 Os o o1
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Ir source absorber detector
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Doppler-shift attenuation method

ermanium
70 MeV 19F &8[\“% S photon
beam ~1N\® detectors

o—=
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_——at ‘I'C‘St\ 0=156

counts per channel

1

| | |
1045 1065 1085 1045
E Y (keV)

1665 1085

74Br 1068 keV gamma-ray * 0.25 ps lifetime
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Maéssbauer effect + Doppler shift * P
— < 5 XY £ 22 5 i

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 7Y
fo_ ol e
fe c? T
[
Doppler shift 3
1, 1 — o / c v 3 Jefferson Laboratory
f_ — T / ~ 11— — (Harvard University)
v/C
‘ . fr
* v =97 _736x10 "m/s blueshift |57Fa
C by falling
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Weak interaction and beta decay
FWHEER EXR—TIRE (X—5 FEE)

20



This lecture is recorded. Fundamentals in Nuclear Physics (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)
Chat your student ID number and full name.

Four fundamental interactions

interaction M8 H VEF exchanged particle decay 1B
(gauge boson)

gravity E27] graviton EEJ/1F

weak 55 WH A {EH Wi, Z0 beta decay

electromagnetic B E A 1FH photon J&F gamma decay

strong 58 WH A 1EF gluon 7 JL—A >

pion and other
hadrons

alpha decay « tunnel effect

nuclear force %71
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beta decay

B~ decay AN — g‘HN’ +e +

This lecture is recorded.

A A /
6+ deCay ZN - Z—lN T e+ T Ve

Beta-minus Decay

Nivu.ogen—lq Antineutrino Electron half Iife - 5730 years
L * dating #AI%E

& protons 7 protons
8 neutrons 7 neutrons

Beta-plus Decay

Carbon-10 Boron-10
B Neutrino Positron
(V ) ’
9 + ¢ 4+ ¢
& protons S protons
4 neutrons S neutrons

22
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Emitted electron (positron) energy has a
broad distribution

_64Cu B_

02 06 1.0 14 1.8 02 06 1.0 14 1.8
p (MeV/c) p (MeV/c)
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beta decay

B~ decay AN — g‘HN’ +e +

37 decay éN — §—1N, T€ T Ule

This lecture is recorded.

Beta-minus Decay

Niu-ofin—‘lq Antineutrino Electron half Iife — 5730 yearS
D+ +c = dating E=E

& protons 7 protons
3 neutrons 7 neutrons

Beta-plus Decay

Carbon-10 Boron-10
+ B+ Y Neutrino Positron
4 a ,
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.

Pauli

24



This lecture is recorded. Fundamentals in Nuclear Physics (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)
Chat your student ID number and full name.

fundamental processes

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

n—pe e mean life = 8815+ |.5s

. + - free proton does NOT decay
p ne: Ve - takes place only in nuclei

Feynman diagram| 7> v>&

p u >
n d > > (
n ) e L
A e N
weak boson v v

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—ne'’
pe — N,

VeP — €' 1

beta-
beta+
electron capture (EC)

nheutrino detection

26
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Fermi theory of beta decay

Decay rate
2T 2 dn .
W= [(WVpe| Ha|Yn)| o Fermi’s golden rule
/ \density of state JREEZE

~ /e—zkprge—zkerg HB (r2 L I'1) ezknrl e’l,k,/rl dV
weak interaction is a short-range force
HB(I'Q — I‘1> ~ G5(P2 — I‘1>

Electron energy distribution dominated by
density of state

MHE NS BTOT R F—HHIRIRERET
R

Q
Q2

27
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Density of state irgempE

assuming plane waves

p : electron momentum
g : neutrino momentum

dn o p*dpg*dq

energy Q=F.+FE, E,=cq F.=+m2ct+ p2c2

electron neutrino

d
dE = dFE, = cdq *dnocp(fdpoc(@ E) p2dp

statlstlcal factor fistEF

5 [ T T T T | T T T T | T T T T I
- 2 ® Experlment
- 64 +
: Cu 5 N O Experiment 3
4 Q =0.653 keV —— Theory -
2t ’ ]
= n .
. 3F o =
=R °
S F © E
—~ O °®
S 2k ¢ =
8 f 0 ° ]
2 ® O B
Coulomb repulsion 1E 0 o 3
- ®0
\; o .O =
0 E 1 1 OI | 1 | | .|
0.0 0.5 1.0 1.5 2.0

p/m.c 28
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ETFHE (PLEBTHE)

Electron capture (EC)

radiation from the

) by T human body
e SN e 40 1.277 - 10%
(A2 - (AZ-1) ° % 4
--:v ) .k"l‘m e o o () | :.1“
h 1 m
. 40 0
NS 18Ar '
Ve

cS Ly followed by
CoAzZ-D T -
. e &+ e®characteristic x-ray
| | emission ik X #Ri
* Auger effect

I—I TR

SN+e —45_ N+,

fundamental process: P e — N,

neutrino energy: ), = M (A, Z)(32 — M(A, Z — 1)02

atomic mass (not nuclear mass) ’9
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B* decay and electron capture

BT decay N =2 N +e" 4+,

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

electron

A — A /
capture zZNt+e =z N +re

My (A, Z)c* > My(A, Z — 1)c* — mec?

Both may not always be energetically possible!

30
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Symmetry and

conservation law
XIFNE & 1R 778

31
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— "0 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—-r (P) R K parity
time reversal (T) RRERES T-parity
charge conjugation (C) k7 KHFZ i C-parity
gauge invariance 7 — Y RZ 4 electric charge
4142
Example: Coulomb force  V/(r) = % or V(ry,ry) = Fp FR—

32
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example in the classical mechanics

Hamilton equations

. _ OH , — _9H
qz_(?pz- Di = D4,

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

0 ' — const
* pz o Conservatlon of momentum EHEFE

gauge invariance »—vxzi
O0A

B = A, E=— —
V X A, > Vo

invariant under the gauge transformation

A—-A=A+Vy, o=

Invariance of the Action S {ERZERED

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

- Ox
ot
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Parity

: ~ ~ 2 _
reflection wp(r) = (—r) Ei;i(:l‘ies ﬁ(i)l
— parity operator

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

L0 L0 . .
zhamp = Hmy zhatmb = TH

wp - Hi = [ H| =0

Heisenberg’s equation of motion

75
zhd—: =, H =0 Conservation of parity
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parity violation swrsss
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

s real world in the mirror

LT e BmE (35 14

T j ;ﬂl %

9O = ,’i/"/‘ \

! P AN~

S Gl O D N (A f (@) ' \ ( )
S T B e I N 11“ U’ \ ‘l W

\‘u‘ K

; e, - 1= 3
Low-temperature 07602 4 6 8 10 12 14 16 18 (1 /e
Time {min)
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parity violation swrsss
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 71 1T ¢t 1 T T 1
12k ¥ anisotropy ol IE % % FEﬁ 3 $£§ L7z ﬁ ??
E n—0
8| - .
’ T g S A ’ /
\ 3| n I
\ S A
\ e

e
ol b e~ detector OTC 4oy .
\ — (scintiliator) )
\ e T T T T 1 T I '
\ " B8 asymmetry 9' ( ) ( )
\ 1‘ _ I8 5 ) 1
\ e z . \ -
N N ZA LT I N
. \

E ~
gl 72
;a 2 i N
A £t
8 ElE
6060 source 2 |e
O|s
Q
Q
A

(]
O] ==
N .
oy =

Low-temperature
cryostat

Time {min)

ﬂ\l
N
A Y
\\
8 10 12 14 16 18 \
o

Cerium magnesium
nitrate crystal

36



This lecture is recorded. Fundamentals in Nuclear Physics (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)
Chat your student ID number and full name.

60 Co 60m_10.467m .
y 0.05859 MeV y

27 Co 57722
2.505 4+
2.158 2+

1.1732 MeV'y
1.332 2+
) 1.3325 MeV'y
gg Ni 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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