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Radioactive Decay

* Marie Curie and her husband Pierre discovered polonium and radium in
1898.

* The simplest decay form is that of a gamma ray, which represents the
nucleus changing from an excited state to lower energy state.

e Other modes of decay include emission of a particles, 8 particles, protons,
neutrons, and fission.

* The disintegrations or decays per unit time (activity).

.. dN
Activity =——=R
dt
where dN / dt is negative because total number N decreases with time.



Radioactive Decay
* Sl unit of activity is the becquerel: 1 Bq =1 decay / s.

e Recent use is the Curie (Ci) 3.7 x 10'° decays / s.

* If N(t) is the number of radioactive nuclei in a sample at time t, and A
(decay constant) is the probability per unit time that any given nucleus

will decay:
R = AN(1)
AN(t)=—R dt=—-AN(t) dt
j o j Adi
N

In N = —Af + constant

N (T) _ e—/?,t+constant

e IfweletN(t=C,, 3 _
( N(t) = Nye A ____ radioactive decay law



Radioactivecbacay
R=AN(f)=AN,e ™ =Re ™
where R, is the initial activity at t = 0.

* Itis common to refer to the half-life t,,, or the mean lifetime t  rather

than its decay constant. N
N(t,) = 70 = Nge "

In( 1) =In(e *2)=-24,,

_-In(1/2) _In(2) _0.693
e The half-lifeis Y2 I ) A

1 4

* The mean lifetime is y In(2)




Radioactive Decay

* The number of radioactive nuclei as a function of time

N(t)




12.7: Alpha, Beta, and Gamma Decay

When a nucleus decays, all the conservation laws must be
observed:
* Mass-energy

* Linear momentum

Angular momentum

Electric charge

Conservation of nucleons

* The total number of nucleons (A, the mass number) must be
conserved in a low-energy nuclear reaction or decay.



Alpha, Beta, and Gamma Decay

* Let the radioactive nucleus ‘Z‘lXaIIed the parent and have the mass
M(;X)

* Two or more products can be produced in the decay.

* Let the lighter one be M, and the mass of the heavier one (daughter) be M,

* The conservation of energy is 4 5
M(3X)=My+M,+Qlc

where Q is the energy released (disintegration energy) and equal to the total
kinetic energy of the reaction products.

 |f B>0, anuclide is bound and stable; 0= [M(’Z‘iX)—MD M :|C2
y
* If Q>0, anuclide is unbound, unstable, and may decay.

* If Q <0, decay emitting nucleons do not occur.



Alpha Decay
* The nucleus *He has a binding energy of 28.3 MeV.

* |f the last two protons and two neutrons in a nucleus are bound by less

than 28.3 MeV, then the emission of an alpha particle (alpha decay) is
possible.

2X > D+a
0=|M(5X)-M(43D)-M(*He) |’

* If Q@ >0, alpha decay is possible.
EX.  “9oaU > a+ “gTh

The appropriate masses are

M (3 U) =230.033927 u; M (*He) = 4.002603 u; M (%25 Th) = 226.024891 u



Alpha Decay

* Insertinto Eq.(12.31)

Q=|M(*°U)-M(*°Th) —M(“He)] c?
931.5 MeV

2
C -u

=1230.033927 u—226.024891 u —4.002603 u]cz( j = 6.0 MeV

* In order for alpha decay to occur, two neutrons and two protons group
together within the nucleus prior to decay and the alpha particle has
difficulty in overcoming the nuclear attraction from the remaining

nucleons to escape.
V(r)

Ve -7 5-MeV
a particle
5 MeV I >

r

v

The potential energy diagram of alpha particle




Al pha D%a)\ﬁrrier height V; is greater than 20 MeV.

* The kinetic energies of alpha particles emitted from nuclei range from
4-10 MeV.

— |t is impossible classically for the alpha particle to reach the
nucleus, but the alpha particles are able to tunnel through the
barrier.

A higher energy E, has much higher
probability than does a lower
energy E;.

There is a correlation between
' lower energies and greater difficulty
of escaping (longer lifetimes).




Alpha Decay

* Assume the parent nucleus is initially at rest so that the total momentum
is zero.

* The final momenta of the daughter p, and alpha particle p, have the
same magnitude and opposite directions.
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Alpha Decay

* From the conservation of energy and conservation of linear momentum,
determine a unique energy for the alpha particle.

Q:Ka+KD
pa:pD
pD2 P2
K = —K — — — — &
«=Q-Kp=0 M, M,
Ka:Q_MZQ_%Ka
2M |, M,
Ka[1+AJ“J:Q
MD




Beta Decay

* Unstable nuclei may
move closer to the line of
stability by undergoing
beta decay.

* The decay of a free
neutron is

n—>p+p

* The beud uecdy Ul ~'L
(unstable) to form #N, a
stable nucleus, can be
written as

"Co N+

Relative intensity

Electron energy

The electron energy spectrum from the beta decay
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Beta Decay

* There was a problem in neutron decay, the spin % neutron cannot decay
to two spin % particles, a proton and an electron. *C has spin 0, *N has
spin 1, and the electron has spin %.

———» We cannot combine spin %2 & 1 to obtain a spin O.

\%

* Wolfgang Pauli suggested a neutrino that must be produced in beta
decay. It has spin quantum number %, charge 0, and carries away the
additional energy missing in Fig. (12.14).



Beta Decay

* An occasional electron is detected with the kinetic energy K, ., required to
conserve energy, but in most cases the electron’s kinetic energy is less than

Kmax'

——— the neutrino has little or no mass, and its energy may be all
kinetic.

Neutrinos have no charge and do not interact electromagnetically.

They are not affected by the strong force of the nucleus.

They are the weak interaction.

The electromagnetic and weak forces are the electroweak force.



6- Decay B

 There are antineutrinos .V

The beta decay of a free neutron of 4C is written as
n—>p+pf +v p  decay
MCoHUN+8 +v f decay

A
In the genem!qhﬂta decay of the parent nuclide tcz X daughter

the reactioiz, 10 AX

42X >, D+p +v B decay

° The dISIntenrﬁ-I- AN AnnAarmirs N ic

0= [M(AX) M(,4D)|¢* B decay

In order for 6~ to occur, we must have Q > 0.

The nucleus A is constant, but Zcharges to Z + 1.



6 Decay
 What happens for unstable nuclides with too many protons?
* Positive electron (positron) is produced.
e Positron is the antiparticle of the electron.
* Afree proton does not decay when t,,, > 10*?y.

* The nucleus #0 is unstable and decays by emitting a positron to become
14N. 14 14
stable N O—- "N+ +v B decay

* The general 8* decay is

X >, D+ B +v B decay

 The disintegration energy Q is

0=|M(;x)-M(,4iD)-2m, | B decay



Electron Capture

* Classically, inner K-shell and L-shell electrons are tightly bound and their
orbits are highly elliptical, these electrons spend a time passing through
the nucleus, thereby the possibility of atomic electron capture.

* The reaction for a protonisp+e > n+v

* The general reaction is

2X +e — ,‘D+v  Electron capture
* The disintegration energy Q is

Q= [M ( ¢ ) -M ( Z_‘fD)}cz Electron capture



Gamma Decay

* |f the decay proceeds to an excited
state of energy E, rather than to the
ground state, then Q for the transition
to the excited state can be determined
with respect to the transition to the
ground state. The disintegration
energy Q to the ground state Q,,.

e Q for a transition to the excited state
E. is

Q:QO_Ex

5.667, 5.662 MeV
0.38%, 0.26%

E, (MeV)
0.226, 0.230

0.072

0
226
90

259U (a, t; /0 = 20.8 d)

/
5.818 MeV
32.0%

5.888 MeV
67.4%

anr;
Y Y
Th (41,9 = 30.9 m)
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Gamma Decay

* The excitation energies tend to be much larger, many keV or even MeV.

* The possibilities for the nucleus to rid itself of this extra energy is to
emit a photon (gamma ray).

* The gamma-ray energy hf is given by the difference of the higher energy
state E, and lower one E..

* The decay of an excited statff = E>. —E ¢ * is an excited state) to its
ground state is

X* 54X +y

* A transition between two nuclear excited states E. and E_ is

AX*(E) > X *(E)+y



Gamma Decay

* The gamma rays are normally emitted soon after the nucleus is created
in an excited state.

* Sometimes selection rules prohibit a certain transition, and the excited
state may live for a long time.

* These states are called isomers or isomeric states and are denoted by a
small m for metastable.

: 210m 1y .
* Ex:the spin 9 state of ¢ g3 Bi. MeV excitation energy does not

gamma decay because of a large spin difference transition.

* Even though is another example of prohibited (the probability of

occurring is sngSENbay to the ground state, it does gamma decay.



12.8: Radioactive Nuclides

e The unstable nuclei found in nature exhibit natural radioactivity.

Naturally Occurring
oactive Nuclides

Natural
Nuclide t1e (y) Abundance
K 1.28 X 10° 0.01%
SRb 4.8 X 10" 27.8%
LeCd 9 X 10 12.2%
oIn 4.4 x 10" 95.7%
2 Te T ot 31.7%
B0Te 97 <10 33.8%
181 a 11 <10+ 0.09%
HINd 913> 10 23.8%
beaSm L 10 15.0%

Lo Sm 7:X 10° 11.3%



Radioactive Nuclides

* The radioactive nuclides made in the laboratory exhibit artificial
radioactivity.

* Heavy radioactive nuclides can change their mass number only by alpha
decay (*X = A%D) but can change their charge number Z by either alpha
or beta decay.

* There are only four paths that the heavy naturally occurring radioactive
nuclides may take as they decay.

* Mass numbers expressed by either:

* 4n

e 4An+1 12 .3 The Four Radioactive Series

e 4n+

4n + 2 _—

e 4n+ 3 Numbers  Series Name Parent ty 9 (Y) Product
4n Thorium =357Tth 1.40 X 10" 2 Pb
4n + 1 Neptunium Z5iNp 2.14 X 10° 2 Bi
4n + 2 Uranium 0] 4.47 x 10° < XPb

4n + 3 Actinium 0] 7.04 X 10® 22 Pb
23



Radioactive Nuclides

* The sequence of one of the radioactive series 23°Th

130 —2'2Pb4§212

144 |
232Th
29815, =
140 Ra ¥ 208 -
228Th_
=
& 224Ra
5]
L
g 220pn
=
g /‘zmpo
=
& 5
7 .

— a decay

s
T
\

B~ decay

122

80 84 88 92
Proton number (Z)

 212Bj can decay by either alpha or beta decay (branching).
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Time Dating Using Lead Isotopes

* A plot of the abundance ratio of 2°°Pb / 294Pb versus 2°’Pb / 2°*Pb can be a
sensitive indicator of the age of lead ores. Such techniques have been
used to show that meteorites, believed to be left over from the
formation of the solar system, are 4.55 billion years old.

144

140 228 Ra ¥ 20

Neutron number (N)
\N\
b9
Z
(o no
=
o)
<Y}

= 130 —2'2Pb4§212Bl
212
—q Po
208
le | -« decay
=y P
208py, 'y B~ decay
122
80 84 88 92

Proton number (Z)
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Radioactive Carbon Dating

Cosmic rays
produce
neutrons

' ,Z On

‘ / ‘

Neutrons
interact with "N

l to produce ¢

G makes COy with
two '°0 atoms

Plants and animals
use or breathe CO,

When an organism dies, the ratio of
Y S
] ‘(,/'“(, decreases.

Radioactive 14C is produced in our
atmosphere by the bombardment of 14N by
neutrons produced by cosmic rays.

n+ "N "C+p

When living organisms die, their intake of *4C
ceases, and the ratio of 1*C / 1°C (= R)
decreases as “C decays. The period just
before 9000 years ago had a higher 14C / 12C
ratio by factor of about 1.5 than it does today.

Because the half-life of 4C is 5730 years, it
IS convenient to use the 14C / 12C ratio to
determine the age of objects over a range up
to 45,000 years ago.
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