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Four fundamental interactions

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

gravity E27] graviton EEF

weak 55 W\ HE 1EH Wi, Z0 beta decay

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

strong 58 L\ H A 1EFT gluon 7 JL—A >

pion and other
hadrons

alpha decay « tunnel effect

nuclear force %71
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WE (HE) 2E BRI
Decay rate, natural width

probability to decay in an interval dt
dt /decay rate IRZ (BRER) EE
dP = — = Adt

-
\mean life time ¥2%&F@m

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

half life 548 t1/2 = (In2)7 = 0.6937
"Li(7.459MeV) — n°Li, *H*He 7 = 6 x 107! sec

0Ge — Se2e™ 27, t1/o =178 x 10°' yr > 10" 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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Sty
Branching ratio

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

10 -
B / \ 7 channel k
R B _ 7.459 B
E ~ nOLi O.7M\O.28 ]
o 4.630 - branching ratio
! \ ] Bx
] 3H4He | By =
- 0.477 - zk: )
0~ : -
TLi
partial decay rate partial width  Z5 18
Ak = BpA Z)\k:)\ ', = B,I' ZFkZF
k k
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B2
Decay diagram

131
55Cs137 53
3017a 2
’]80/14 7/2+
> QL £36.99
. (?'/'\/, ’62 56Bal37m 0.6617 11/2 636.989 keV'y
{ 5 ' ) 7.17
half life & ey
AY PN =1 364.49
SR HA %, |0.6617 Mevy
<> 364.489 keV'y
AN (81.7 %)

131 a2+
f‘ LSGBAIST g 2 X

branching ratio
pa) i 3né
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Measurement of half life +wson=

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

isotopically enriched (98.4%)

scintillators

100

Mo foil 127g

®still present on Earth

helium gas

® can be chemically and
isotopically isolated in
macroscopic quantity

scintillators

160

p—
\o]
=)

events/0.1 MeV

40|

80

1433 events

(background subtracted)
during 6140 h

2 3 4

2 electron energy sum (MeV)

® detected decays, quantity —
lifetime

100Mo — 'Ru2e™ 20,  double B decay
half-life: (0.95£0.11)x10'? 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

107195 < T < 103 s (&« 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 < 109 s (Y decay, dissociation)

® standard timing techniques not applicable

® avariety of ingenious techniques: Doppler-shift attenuation method, Mossbauer
spectroscopy
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7253 =15 =t
REREDHAER

Formula for decay rates

/interaction Ziv x5 =t IHEIER
;
decay a— by +by+---+ by

B#LEE rest mass M
energy E = Mc?

| f) state of final particles #&IR%E

deca)l rate probability per unit time that a decays into
RIF a DB ICIREE | [TERE T 2HER

2T

L 2 2 Fermi’s golden rule
damy = 5 WITI 0 | M =) By | ST 6050
transition matrix :
element J
BT ES energy conservation

IXRILF—RE
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Gamma decay
NUNRE (BER)
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Energetics  =ous-coucons

gamma ray 7~ Vg

gamma decay A" — A+~

spontaneous emission B

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

MAx > A MAx — Mg K Mo
. Efy N =
momentum conservation p=— @ EBERF
c
energy conservation I x/LF—{R7EF
55Cs137
p? 9 0172
2m %2,
A Y
5 oL
\ . %, L 56Ba137m
recoil energy (energy loss) <oy 25om I
KRBT ®ILF— (TFRILF—IEX) %, 06617 Mevy
E2 S i
Fr=—2_  mu®~Ax931.5 MeV R
2m 4 2

* Er < E, 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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S=p— »
B R F B
ectric- IPOIC transitions

Classical image SHBEHIZHRAA—Y S JULIR G N TII v

e _— L AN SO AR SENG Y
radiation from an oscillating electric dipole ' -“f’;‘if ;;’\,;‘,‘{* i;"’““\:? \i*:;‘:’;
- T METRA T IV AN TN
IRE) T 2 B[IIBFH S O ER7GHET R 2N AL AN
MY AY RTINS
. == — , 4 / \ % \
Quantum mechanically EFAFHICE ;!f:if;;" N‘,,ix zz;“ 1 N9
3 r 4 ) -y '.4- N » \
4oy q2 E ' *L‘L AN s N

~ "2 bE ; \ PR,
rate \; — — R A Tl i 2 LR
)\z—>f 3 62h302|<f|1‘|1>| 1*\\;\\’\‘;4 k;{;’\/‘{;’f’f
> AN AR

A . ’

fine-structure constant |, _ € ~ 1 :;“\lif A :j;:i,s t‘.:;’; A :::;;c.; A

y ME 3 - " ~ 4 w ’
Wil E E & 47T€()hC 137 ?‘,‘:\4\2::#,\;«::/‘#\1:;1“,;’{
NS & S IOt A

Qﬂrﬁ>: /}Pr¢§@ﬂr¢Ar) OIS SRS A2

http://www.eto.titech.ac.jp/contents/sub04/chapter02.html

Atomic transition

hw~eV (r~107%m 7~1077-10""s T =h/1~10 eV < hw
> Er = E2/(2mac®) ~ 1077 eV

aF3 [ A3 ¢ ’
Nuclear transition| (r) ~ A/31071% m * A(EL) ~ . ( m)

h hc

E,~MeV 7~107"7 -107%s T'~10eV <« E,
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% EER
Higher multi-pole transitions

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

12
10 \ \ \ \ \ \ \ \ \ \
Table 4.1. Selection rules for radiative transitions .
3 *
angular o 107 . T ;:g% |
type symbol momentum parity ee.ex , B5 e S M4
change |AJ| < change L e L C 1ot e **XMX |
P e E4 et T
o .s‘::':\:'.. ST
electric dipole El 1 yes 1 r el o T, il q
magnetic dipole M1 1 no T : ° i
electric quadrupole E2 2 no : * M3
magnetic quadrupole M2 2 yes i SO 1 |
electric octopole E3 3 yes ’ ’
magnetic octopole M3 3 no 1 —6 €
electric 16-pole E4 4 no 0
magnetic 16-pole M4 4 yes %
-12t - €
10 L3,
R
/ N Y i
0.01 0.1 1 0.01
Lifetime of excited nuclear states as a E(MeV)

function of Ey for various multipoles
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N ERERE

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
SHEOBT I, RFHOME TTT‘EEETh\ﬁBE jche nuclgar transition directly, without an
g intermediate gamma ray. _
3 for a hydrogen atom 1s - ’ Conversion
2t KRIRFDHI : Electron
3 ]
0:_5””_”5" """"" ?I """"" f|3|4| """"" s /—\
q:? 0.4F 2s 3
c % ] X-ray (K,)
() 0.2F B
O o.1§- 3 o
) Zz‘;o et . ey teractionN followed by
B oot % /.\ o characteristic x-ray
_8 g.g;;): : emission 514 X R
& 0000 - —  Auger effect
0 . 1 . 2 . 3 . 4 . 5 71__:/\\153]%
012} ] Energy of the conversion electron
o.osf— 7 2
0.04] ] Eee ~ (mA* mA) ¢ — by ~ E’y — Ey
0006 ! ‘; ..... é ...... é L 4-- L 5

r (atomic unit) binding energy of the electron
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Y (90%)
internal conversion
(10%)

most internal conversion
137 .
Ba internal electrons from the K shell

conversion KR 5 DNERERIRE FH X ACHY

\\k

Cs beta s$ectrum

Ee =~ (max —ma)c® — E,

/1 ejection from higher orbitals
/ m
generally less probable
L, Mi&DN 5 DI IF—RREY I A 7R L

o

electron momentum
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AR 7 —3h R

Mossbauer effect

recoil energy (energy loss) > E,%

RMTRILE— (TRILF—EK) 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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/\\/ J:%#DD/AIJIE
Mossbauer spectroscopy

191
91Os Ir V-

source absorber detector

. HLD

v(cm/sec)

% absorption
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Doppler-shift attenuation method

ermanium
70 MeV '°F &8[\“% 8 photon
beam ~N\® detectors

o—=

2

|
~—atrest—
in fligh
= g t\

0=24" 0=156"

counts per channel

1

! ! !
1045 1065 1085 1045

1 1
1065 1085

74Br 1068 keV gamma-ray * 0.25 ps lifetime
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AR T7—WR NV RSV
Massbauer effect + Doppler shift * L
— g AE XS IR R D ARELE

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(f, — fo) = mgH gamma ray
Ur = fe) I (144kevy | Fe ||V
hf. = mc? f 7Y
Ir 14 gH ©
Je B c? I
Doppler shift é
f,r 1 — v / c v ; Jefferson laboratory
7 ~1— - (Harvard University)
fe 1+ U/C
fr |

* v = ﬂ 736 % 107 m/s blue shift 57|:e

C by falling
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