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Radioactivity

Natural radioactivity: three main types v, 3,7, and in a few cases,
spontaneous fission.

o decay 3He nucleus emitted.
OX — 57%Y 4+ 4He  Occurs for A > 210
For decay to occur, energy must be released Q > 0

QR = mx —my — my. = By + By, — Bx

3 decay emission of electron e~ or positron e*

n—p-+e + 1, éX%éHY—Fe_—FDe B~ decay
p—n+e + v, éX%é_lY—i—eJr—i—Ve B decay
p+e —n+v. 5X+e =45 Y+v. Electron capture

n.b. of these processes, only n — per can occur outside a nucleus.
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Radioactivity

~ decay Nuclei in excited states can decay by emission of a photon ~.
Often follows o or 3 decay.

Excited AE A
states
Y Y] _7 I
Photons e Atom 10 eV 107" m optical
emitted ~ 10 keV |~ 1071 m X-ray
Ground state Nucleus ~ MeV |~ 1072 m y-ray

A variant of v decay is Internal Conversion:
@ an excited nucleus loses energy by emitting a virtual photon,
@ the photon is absorbed by an atomic e™, which is then ejected

@ n.b. not [ decay, as nucleus composition is unchanged (e~ not from
nucleus)
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Natural Radioactivity

The half-life, 717, is the time over which 50% of the nuclei decay

In 2

7_1/2 _ — 0.6937 A Transition-rat.e
A 7 Average lifetime

Some 71/, values may be long compared to the age of the Earth.

4n series
Alpha Beta ||
The Thorium-232 144 - D8ca A_Decaf
Decay Series ' /\ 1 232
142 &5 Th
il 235U Series ' | i 1
Mzaz Th Series e 228 Ac
Series Type Final Longest- 71/, (years) [ 238, corias 138 228 1,
Name Nucleus lived D) 297 series z ol 19y
@
(Stable) Nucleus The four natural -g !
: 208 23 10 radioactive series = 134
Thorlum 4n Pb Th 1.41 x 10 =[16s 216 p
Neptunium 4n+1 299Bj 23'Np 2.14 x 10° £ 132
. 3 212
Uranium  4n+2  2%Pb 238 4.47 x 10° 2 ol
Actinium 4n+3  297pp 235 7.04 x 108 11 h
128
208 1, i
n IS an Integer Boxed values 31m - ‘,,_-: Lead-208 is the
for half-life are ' A stable end product
for multiple 124 — !
decay paths 80 81 82 83 84 85 86 87 88 89 90 919293 94

HgTl PbBi Po At RnFr Ra AcTh Pa UNpPu
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Radioactive Dating Geological Dating

Can use 3~ decay to age the Earth, 3'Rb — 8/Sy (712 =48 X 1019 years)
N, N,
87Sr is stable — X, = 0

So in this case, we have (using expressions from Chapter 2)
No(t) = Ny(0) [T — e ™M + Np(0) = Ny(t) [eMF — 1] + No(0)

Assume we know A1, and can measure Ny(t) and Ny(t) e.g. chemically.

But we don't know N;(0).

Solution is to normalise to another (stable) isotope — ®Sr — for which number

is No(t) = No(0)- (1) M@[m qﬂwm
= — | @ —
No No No
Method: plot Ny(t)/Ny vs Ni(t)/ Ny for lots of minerals.
Gradient gives [eM! — 1] and hence t.
Intercept = N(0) /Ny, which should be the same for all minerals

(determined by chemistry of formation).
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Radioactive Dating Dating the Earth

No(t)  Ni(t) ¢,
N N [eA —1}+

ool b T
N> (0) N, ()

No N,

.95

Method: plot Ny(t)/Ny vs Ni(t)/ Ny for lots of

minerals. e
Gradient gives [e)‘lt — 1} and hence t.

R TR I TR O AN O NN O O (N P N O A O A A O |

FTT AT [Py T YT ER TR T LI R R

Intercept = N,(0)/Np, which should be the same for % 85 A

all minerals (determined by chemistry of formation). o =008 x0Ty
.80

Using minerals from the Earth, Moon - 615130 = 07003 £ 00004 2

and meteorites. §
) =S R N T T T N N Y N, ()
| 0.5 1.0 1.5 20 2.5 30 35 40 45 50 NO

. RbB7/5r86
Intercept gives N,(0)/Ny = 0.70

Slope gives the age of the Earth = 4.5 x 10° yrs
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Radioactive Dating Radio-Carbon Dating

For recent organic matter, use **C dating

Continuously formed in
the upper atmosphere at
approx. constant rate.
14N +N - 14C + p

THE COMBLETE SERIES

by < R o~

Atmospheric carbon
continuously exchanged
with living organisms.
Equilibrium: 1 atom of **C
to every 10'2 atoms of other

carbon isotopes
(98.9% 2C, 1.1% *3C)

Prof. Tina Potter

Undergoes 3~ decay
MC - N+ e+, T,,= 5730 yrs

No more *“C intake for dead

organisms.
Fresh organic material
~11 decays/minute/gram of carbon.

Measure the specific activity of
material to obtain age, i.e. number of
decays per second per unit mass

Complications for the future!
Burning of fossil fuels increases 2C in atmosphere,
Nuclear bomb testing (adds **C to atmosphere)
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@ « decay is due to the emission of a 3He nucleus.
@ ‘He is doubly magic and very tightly bound.

@ « decay is energetically favourable for almost
all with A>190 and for many A>150.

Why o rather than any other nucleus?
Consider energy release (@) in various possible decays of 232U

n p ’H SH  3He “*He °He °Li ’Li
Q/MeV -7.26 -6.12 -10.70 -10.24 -9.92 +5.41 -2.59 -3.79 -1.94

«v is easy to form inside a nucleus 2p 1] + 2n 1]

(though the extent to which « particles really exist inside a nucleus is still
debatable)
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@ Decay Dependence of 11/, on Eg
(Geiger and Nuttall 1911)

A very striking feature of a decay is the strong dependence of lifetime on Eg

Example =°Th Fy=4.08 MeV 79, = 1.4 x 10" yrs
2I8Th  Ey = 9.85 MeV 712 = 1.0 X 107" s
A factor of ~25in E, = factor 10%* in Ti/2 !

2187

212?{} 2l4pn 21.E,Ra

10—

| | | | | | E, (MeV)

4 5 & 7 8 9

e.g. even N, even Z nuclei for a given Z see smooth trend (7, increases as Z does)
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87 Decay Quantum Mechanical Tunnelling

The nuclear potential for the o particle due to the daughter nucleus includes a
Coulomb barrier which inhibits the decay.

Total energy of o = £y + V)— V)
K.E. P.E.

Classically, o particle cannot enter or escape from nucleus.
Quantum mechanically, o particle can penetrate the Coulomb barrier

= Quantum Mechanical Tunnelling
Prof. Tina Potter 15. Nuclear Decay 11



@7 Decay Simple Theory  (Gamow, Gurney, Condon 1928)

Assume « exists inside the nucleus and hits the barrier.
a decay rate, A=fP
f = escape trial frequency, P = probability of tunnelling through barrier
semi — classically, f ~ v/2R

v= velocity of a particle inside nucleus, given by: v = (2E,/m,)
and R = radius of nucleus

Typical values: V; ~ 35 MeV, Ey ~ 5 MeV = E, = 40 MeV inside nucleus

f ~ L — 1 2E& ~ 1022 S—l m, — 3.7 GeV
2R 2RV mq R~ 2.1 fm

Obtain tunnelling probability, P, by solving Schrodinger equation in three
regions and using boundary conditions.
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@ Decay Simple Theory  (Gamow, Gurney, Condon 1928)

Transmission probability (1D square barrier):

1-D
\/02 2 k -
P=1 inh
[ +4(V0—E)Esm a] E V,
h? k>
—=W-—-E m = reduced mass 0 r >
2m

For ka > 1, P is dominated by the exp. decay within barrier = P ~ ¢ 2%,
Coulomb potential, V o 1/r, and thus k varies with r. o

Divide into rectangular pieces and multiply together

exponentials, i.e. sum exponents.

-~

Ar

Probability to tunnel through Coulomb barrier
P = H e 2kiAR _ =26 p _ 12ma(V(r) — E))"?

\N\_;r.n

R L2 R
The Gamow Factor G:/R [2ma(V(r7)i So) df:/R k(r)dr
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@7 Decay Simple Theory  (Gamow, Gurney, Condon 1928)

Z,7'e> B
Forr>R,  vin-S2— -2 7'=7-27, (Z,=2)

Arregr r

a-particle escapes at r = R', V(R')=E = R = B/E

R' 1/2 1/2 1/2 AR 1/2
2m,, B 2m,B 1 1
.'.G:/ 7 — — kg dr= (= / =Y dr
R h2 r hZ R r R/

See Appendix H

o= () "t (0 H{-D @)

To perform integration, substitute r = R’ cos? 0

In most practical cases R < R’, so term in [...] ~ 7/2

o (2m\' B 5 Z2€
Eo h 2 Ay

e.g. typical values: Z =90, Eg ~ 6 MeV = R ~40fm > R

o (39MeV 12
Eq
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o Decay  Simple Theory

. 1 1 2R
Lifetime == " ~ ¢
! fP v ¥
2R
= InT~2G 4+ |In—
v
/
In A ~ =Y + constant
E

Geiger-Nuttall Law
Not perfect, but provides an explanation of the

dominant trend of the data

(Gamow, Gurney, Condon 1928)

10 ~
< ~ ® 4n series
= Illh;\‘\ ail'pg ®4n +12 SE'.I‘I:H
DE L & 4n + 3 serics
Q *s 25p
—_— !llh : 0
1i6p, g 218
(i = Al
’“Em‘\'\.mﬁm
I"H'i'.' “.PD ‘\ HJRJ
Hip;
Hl. ziiEm [ IE‘RH
7“3]' = nTTh
pg “\ ®L8TH
b
-10}= ; uiﬂi‘:“.ﬁt
Ty
o
:”U{, 138
1 .I‘Th-l
PP 4
-20 L | +1sm N |
25 a0 35 45

Simple tunnelling model accounts for
@ strong dependence of 71/, on Eg

@ 7y increases with Z

@ disfavoured decay to heavier fragments e.g. **C

G o m'/?

Prof. Tina Potter
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and G o charge of fragment

1 14
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@ Decay Simple Theory  (Gamow, Gurney, Condon 1928)

Deficiencies /complications with simple tunnelling model:

@ Assumed existence of a single o particle in nucleus and have taken no

account of probability of formation.

Assumed “semi-classical” approach to estimate escape trial frequency,
f ~ v/2R, and make absolute prediction of decay rate.

If o is emitted with some angular momentum, L, the radial wave equation
must include a centrifugal barrier term in Schrodinger equation

L(L+ 1)R?

2,LLI’2 1t = reduced mass

L = relative a.m. of v and daughter nucleus

V' =

which raises the barrier and suppresses emission of « in in high L states.
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QY Decay Selection rules

Nuclear Shell Model: « has J© = 0*

Angular momentum
eg. X —> Y+« Conserve J: JUx=JvDJ, =Jy DL,
L, can take values from Jx + Jy to |Jx — Jy|

Parity
Parity is conserved in « decay (strong force).
Orbital wavefunction has P = (—1)t

X, Y same parity = L, must be even

X, Y opposite parity = L, must be odd
e.g. if X, Y are both even-even nuclei in their ground states,
shell model predicts both have J” =07 = [, =0.

More generally, if X has J¥ = 0", the states of Y which can be formed in o
decay are J© = 0%, 17, 2% 37 4", .

Prof. Tina Potter 15. Nuclear Decay 17



8 Decay

80 n—=pt+e +0 HX—=5.,Y+e +7
B p—=ntet+tr. SX—=4_Y+e +u,

electron capture p+e” — n+ v, éX +e — é_lY + Ve

B decay is a weak interaction mediated by the W boson.
Parity is violated in 5 decay.

Responsible for Fermi postulating the existence of the neutrino.

Kinematics: Decay is possible if energy release Ey > 0
Nuclear Masses Atomic Masses
5 E=mx—my—m.—m, Eo = Mx — My —m,
8t Ey=mx —my —m.— m, Eo = My — My —2m, — m,
e.c. Eo = mx —my + m.— m, Eo = My — My — m,
(and note that m, ~ 0) using M(A, Z) = m(A, Z) + Zm,

n.b. electron capture may be possible even if 57 not allowed
Prof. Tina Potter 15. Nuclear Decay
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6 Decay Nuclear stability against 3 decay

Consider nuclear mass as a function of N and Z

aC22 (/\/ — Z)2
A1/3 + ax 2 —5(/4)

using SEMF

m(A,Z) = Zm, + (A— Z)m, — ayA+ asA*3 +

For 5 decay, A is constant,
but Z changes by +1 and m(A, Z) is quadratic in Z

Most stable nuclide when m(A.2)

stable nuclel

=57 -

- 7
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6 Decay Typical situation at constant A

m(A,Z2)

. % odd-odd |

Tstable
| | |

48 50 b2 48 50 32

b
Smbl"-"t N, @ “Ystable
| L= | |

_ _ Typically two even-even nuclides are
Usually only one isotope table against .
_ stable against $-decay; almost no

3-decay; occasionally two. iy
odd-odd ones (pairing term).
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Fermi Theory of S-decay

In nuclear decay, weak interaction taken to be a 4-fermion contact interaction:

X Ye b Y No “propagator’ — absorb the effect of the
exchanged W boson into an effective coupling
X > o - ¢ strength given by the Fermi constant
: Gr = 1.166 x 105 GeV 2,
Ve

Use Fermi's Golden Rule to get the transition rate [ = 27| M;|*p( &)

where Mg is the matrix element and p(E;) = g—g is the density of final states.
G2 \Mnude H] Eo 5 Total decay rate given by
= / (Fo — EJ'EC dE, Sargent’s Rule, [ o< Ey
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Fermi Theory of S-decay

: [ dl 1 -
(3 decay spectrum described by 5? x (Ey — E.) Kurie Plot

ar 1 T 7T T T T T T 1
dp. p,

il 3 3 - = i
2 H->"He+e +V,

Endpoint

E (keV)
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Fermi Theory of S-decay

BUT, the momentum of the electron is modified by the Coulomb interaction as
it moves away from the nucleus (different for e™ and e™).
= Multiply spectrum by Fermi function F(Zy, E.)

Mnucear EO
[ = Ge | ’/ (Ey — E.)°EZ F(Zy, E.) dE.

All the information about the nuclear wavefunctions is contained in the matrix
element. Values for the complicated Fermi Integral are tabulated.

1 [
f(Zv. Bo) = — / (Ey — E.)°E? F(Zy, E.) dE.
e J0O
Mean lifetime 7 = 1/T, half-life 71, = 122
(o 273 Comparative half-life
12 =1 mpo GE_ ’Mnudear‘Q this is rather useful because it depends

only on the nuclear matrix element
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Fermi Theory of 5—decay Comparative half-lives

- | RO T S FE T F Lrd -1, % R
60 ’ @Superallowed
- ] Atllowed
— [N First forbidden
50 - B2 Seeond forbidden

| ] Third forbidden
n — Fourth forbidden
(D) |
) 40
@ [ i
(&) C
Y— ..
CD 30
— -
q) ...
gL
> #
Z .

= i - % ;i 2

| i Al Bl enbr &
e | WPl g2 2 | lob@dl 1ol |&als

." 14 16 16 17z 1§ 19 20 21 22 23
log ft
In rough terms, decays with

log fTip ~3—4 known as super-allowed
~4—7 known as
> 6 known as forbidden (i.e. suppressed, small M)
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Fermi Theory of ﬁ—decay Selection Rules

Fermi theory M = G¢ / w* —i(petpi). b, A3F
e, IV wavefunctions

Allowed Transitions log,; 7y ~ 4 — 7
Angular momentum of ev pair relative to nucleus, L = 0.
Equivalent to: —i(Petp)-r 1

Superallowed Transitions log,, 7, ~ 3 — 4
subset of Allowed transitions: often mirror nuclei in which p and n have
approximately the same wavefunction

nuclear /w wn d3r ~ 1

e, v both have spin 1/2 = Total spin of er system can be 5., = 0 or 1.
There are two types of allowed /superallowed transitions depending on the
relative spin states of the emitted e and v...

Prof. Tina Potter 15. Nuclear Decay
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Fermi Theory of 6—decay Selection Rules

For allowed /superallowed transitions, L., = 0

Y

S., = 0 Fermi transitions
X - - e~ 1
GF< nt = pt +—=[(e17l)— (e L7?)] AJ=0

v V2
Seyzoamszo JX:JY
X—=>Y+e+v

S.., = 1 Gamow-Teller transitions
Ix = JyDSe,@Ley

1 - — — -

itoo et bl tad) (e b)) B0

% 0 — 0 forbidden

e.g. n — pe U, c o orbidde
4 spin states of ev ev = 1, Ms = x = Jy

(3 G-T, 1 Fermi)

nt — pl +e 1T + 71 AJ— +1
Sev =1, mg = £1 Jy = Jy+1

No change in angular momentum of the ev pair relative to the nucleus, Lo, = 0
= Parity of nucleus unchanged
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Fermi Theory of ﬁ—decay Selection Rules

Forbidden Transitions log,, 7/, > 6
Angular momentum of ev pair relative to nucleus, L., > 0.

(GoA )P 1
e—l(pe+PV)-r — 1 . 1(p—>e 4+ ﬁy)F _|_ 5 [(ﬁe + ﬁy).F]Q _
L = 0 1 2
P=(-1)'=  even odd even

Allowed 15 forbidden 2" forbidden

Transition probabilities for L > 0 are small = forbidden transitions (really
means “suppressed” ).

Forbidden transitions are only competitive if an allowed transition cannot occur
(selection rules). Then the lowest permitted order of “forbiddeness” will
dominate.

In general, n'" forbidden = ev system carries orbital angular momentum

[ = n, and S, = 0 (Fermi) or 1 (G-T). Parity change if L is odd.
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Fermi Theory of 6—decay Selection Rules

Examples

34C|(0+) —>34S(0+)

14c(0+) _>14N(1+)

n(1/27) — p(1/27)

BAK(7/27) =PK(3/2+)

STRB(3/27) —%7Sr(9/2+)

Prof. Tina Potter
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~v Decay

Emission of ~-rays (EM radiation) occurs when a \x

nucleus is created in an excited state S8 v
(e.g. following «, 3 decay or collision). T
e

The photon carries away net angular momentum L,
when a proton in the nucleus makes a transition from

Yl { its initial a.m. state J to its final a.m. state J..
final Jf - -

J=L, &k and |S—J] < L, < |F+J

initial J

The photon carries J© =1~ = L, >1.

= Single v emission is forbidden for a transition between two J = 0 states.

(0 — 0 transitions can only occur via internal conversion (emitting an electron) or via the

emission of more than one ~.)
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~v Decay

Radiative transitions in nuclei are generally the same as for atoms, except

Atom E, ~ &V ; A~ 103 fm ~ 103 X ryoy [~ 10771
Only dipole transitions are important.
Nuclei E, ~ MeV ; A~ 10°fm ~ 25 X fu [~ 101071

Collective motion of many protons lead to higher transition rates.
= Higher order transitions are also important.

Two types of transitions:

Electric (E) transitions arise from an oscillating charge which causes an
oscillation in the external electric field.

Magnetic (M) transitions arise from a varying current or magnetic moment
which sets up a varying magnetic field.

Obtain transition probabilities using Fermi's Golden Rule

[ = 27| My *p(E)
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Y Decay Electric Dipole Transitions (E1) L =1

w3

Insert dipole matrix element into FGR . — AP:
i—f 37T€0C3h ’ <¢f‘eﬂ¢1> ‘

see Adv. Quantum Physics; after averaging over initial and summing over final states

Order of magnitude estimate of this rate,

R = radius of nucleus,

o= & E,=hw, h=c=1.

- 4W€0Ch'

A
[ (Wefl) [P~ [eRP = T~ aER?

e.g. E,=1MeV, R=51fm (hc=197 MeVim, h = 6.6 x 107> McVs)

0.24 o

[(E1) = 0.24 MeV3fm? =
(£1) S T 1972 x 66 x 102”0

= 10"~ (c.f. atoms [ ~ 10%71)

As nuclear wavefunctions have definite parity, the matrix element can only be
non-zero if the initial and final states have opposite parity.

— p —
er — —er ODD

E1 transition = parity change of nucleus
Prof. Tina Potter 15. Nuclear Decay 31



Y Decay Magnetic Dipole Transitions (M1) L =1

Magnetic dipole matrix element | (1)¢|uc|a)) |?

{t = magnetic moment, ¢ = Pauli spin matrices

eh_

Typically (uo) ~ — = puy  Nuclear magneton
2m,
h
Fora proton — ~02fm~— for R=5fm
m, 25

2
Compare to E1 transition rate [(M1) _ eh ! _ 1073
[(E1) 2m, ) (eR)?

Magnetic moment transforms the same way as angular momentum
— — lf) — — —
erxp — e(—r)x(—p)=erxp EVEN

M1 transition = no parity change of nucleus
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Y Decay Higher Order Transitions (EL, ML, where L > 1)

If the initial and final nuclear states differ by more than 1 unit of angular momentum
= higher multipole radiation
The perturbing Hamiltonian is a function of electric and magnetic fields and hence of the

—

vector potential  {(¢¢|H'(A)|¢;)

A for a photon is taken to have the form of a plane wave

S 1 —ip.r)"
AP =1 —ip.r’ +=(p.F)* + ...( 1p-r)
2 n!
Dipole  Quadrupole  Octupole
L = 1 2 3
E1,M1 E2,M2 E3,M3

Each successive term in the expansion of A'is reduced from the previous one by a factor of

roughly p.r.
e.g. Compare E1 to E2 for p ~ 1 MeV, R ~ bfm ['(E2) ~10-3 ~ [(M1)
= pR ~ 5 MeVim ~ 0.025, |pR|* ~ 1073 [(E1) [(E1)

2

The matrix element for E2 transitions ~ r< i.e. even under a parity transformation.
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Y Decay Transitions

In general, EL transitions Parity = (—1)L
ML transitions Parity = (—1)-"!
1

103 107° 1077 ...

El E2 E3 E4..

M1 M2 M3..
Parity change| v X v X
JPofy E | 17 20 37 4+
M: 1t 2- 3"

Rate

In general, a decay will proceed dominantly by the lowest order (i.e. fastest)
process permitted by angular momentum and parity.

e.g. if a process has AJ = 2, no parity change, it will go by the E2, even
though M3, E4 are also allowed.
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Y Decay Transitions

€.g. %575" 72+ 3/2* - 12+ M1
E2
l 1172~ 11/2- - 3/2* M4
M4
y 3/2*
I\/Ill
1/2+ 712+ - 3/2+ E2

JP

Information about the nature of transitions (based on rates and angular
distributions) is very useful in inferring the J” values of states.

Please note: this discussion of rates is fairly naive. More complete formulae
can be found in textbooks.

Also collective effects may be important if

@ many nucleons participate in transitions,

@ nucleus has a large electric quadrupole moment, ), — rotational excited

states enhance E2 transitions.
Prof. Tina Potter 15. Nuclear Decay 35



@ Radioactive decays and dating.

@ «-decay
@ [-decay
@ ~-decay

Strong dependence on E, Z

Tunnelling model (Gamow) — Geiger-Nuttall law In 7y /5 ~ EZT;z + const.
0

BT, B, electron capture; energetics, stability
Fermi theory — 4-fermion interaction plus 3-body phase space.

G/%' | Mnuclear | ’ 5 2 92
E - Ee d e

Electron energy spectrum; Kurie plot.

r:

Comparative half-lives.

Selection rules; Fermi, Gamow-Teller: allowed, forbidden.

Dipole, quadrupole; electric, magnetic transitions.

Selection rules.

Problem Sheet: q.37-41

Up next... Section 16: Fission and Fusion
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