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Law of Radioactive Decay

The number of parent nuclei in a radioactive material decreases with time because of radioactive
decay. The decay is a statistical and random process. Which nucleus decays first is only a matter
of chance. Each nuclei has the equal probability to decay first. The number of nuclei that decay
per second is called rate of radioactive decay.

Suppose there are N active nuclei at an instant
t . Each active nucleus has a chance to decay in
a time interval dt . More the number of active
nuclei at a time t , more will decay in the next in-
terval dt . Also if the interval dt is made slightly
longer, more nuclei will decay as each nucleus will
have an increased chance of decaying. This can
be represented as,

dN ∝ −Ndt (1)

dN = −λNdt (2)

The negative sign shows that the number of ac-
tive nuclei is decreasing. The constant of propor-
tionality λ is called the decay constant and is
a constant for a given decay scheme. Figure 1: Radioactive Decay
The fraction of nuclei decaying in a time dt is given by,

dN

N
= −λdt (3)

Assuming that N0 is the number of active nuclei at t = 0, integrating equation (3) we get,∫ N

N0

dN

N
= −λ

∫ t

0

dt

ln

(
N

N0

)
= −λt

N = N0e
−λt (4)

Equation (4) is known as the law of radioactive decay. The relation shows that the number
of nuclei of a given species decreases exponentially with time, provided no new nuclei are added.
The decay occurs rapidly initially and then becomes slower gradually as shown in figure (1).
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Activity

Equation (3) gives the rate of decay. The quantity |dN/dt| gives the number of decays per unit
time and is called the activity (A) of the sample. It can be represented as,

A =

∣∣∣∣dNdt
∣∣∣∣ = λN (5)

A = A0e
−λt (6)

where, A0 = λN0 is the initial activity at t = 0.

Half Life

The rate of decay or activity of a radioactive nuclide is measured in terms of characteristic time
called the half life. Half life is the time elapsed before half the original active nuclei decay.
Suppose there are N0 active nuclei at time t = 0. The half life t1/2 is the time elapsed before N0/2
nuclei have decayed and N0/2 remain active. Hence using equation (4) we get,

N0

2
= N0e

−λt1/2

eλt1/2 = 2

λt1/2 = ln 2

t1/2 =
ln 2

λ
=

0.693

λ
(7)

As the activity is proportional to the number of active nuclei, the activity also reduces to half its
value in one half life.

Average Life (Mean Life)

The lifetime of each active nuclei in a single species is different. The nuclei which decay earlier
have shorter life while those decay later have longer life. The average life or mean life of a
radioactive species is defined as the ratio of the sum of lifetimes of all nuclei present in the species
to the total number of nuclei. Hence, average life time τ is defined as,

τ =
sum of the lifetimes of all nuclei

total number of nuclei
(8)

Suppose there are N0 active nuclei at time t = 0. The number of nuclei which decay between the
time t and t+ dt is λNdt. The life of these nuclei is approximately t each. The sum of the lives of
these dN nuclei is tλNdt. The sum of the lives of all the N nuclei that were active at t = 0 will
be,

S =

∫ ∞
0

tλNdt

S = λN0

∫ ∞
0

te−λtdt (9)
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Since,
∫ b
a
f(x)g(x)dx = f(x)

∫ b
a
g(x)dx−

∫ b
a

[
d
dx

(f(x))
∫
g(x)dx

]
dx, equation (9) becomes,

S = λN0

[
t

∫ ∞
0

e−λtdt−
∫ ∞
0

(
dt

dt

∫
e−λtdt

)
dt

]
S = λN0

[∣∣∣∣te−λt−λ
∣∣∣∣∞
0

−
∫ ∞
0

e−λt

−λ
dt

]
S = λN0

[
(0− 0) +

1

λ

∣∣∣∣e−λt−λ
∣∣∣∣∞
0

]
S = λN0

[
1

λ

(
0− 1

−λ

)]
S =

N0

λ
(10)

Hence, the average life of the nuclei is given as,

τ =
S

N0

=
1

λ
(11)

Since, half life is given as t1/2 = 0.693/λ, the relation between the average life and half life can be
given as,

τ =
t1/2
ln 2

=
t1/2

0.693
(12)

The number of nuclei and activity after half life can be given as,

N =
N0

2t/t1/2
(13)

A =
A0

2t/t1/2
(14)

Units of Activity

The activity of a radioactive material is measured in terms of the disintegrations per unit time.
Its SI unit is Becquerel (Bq), named in the honour of French physicist and engineer Antoine
Henri Becquerel.

1 Bq = 1 disintegration/second

The commonly used unit of activity is Curie (Ci), named in the honour of Polish-French physicist
and chemist Marie Curie and her husband, French physicist Pierre Curie.

1 Ci = 3.7× 1010 disintegrations/second

The activity per unit mass is called specific activity.
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Applications of Radioactivity

Medical Applications

Internal Radionuclide Therapy

Alpha particles have less penetrating power. This property is utilised to kill cancer cells.
Radium-233 having half life of 11.4 days can be directly injected in tiny quantities into tumorous
tissues to directly irradiate and kill cancer cells. As they are less penetrating, there is a less chance
of damaging the healthy cells.

Nuclear Tracer

A radiopharmaceutical is a molecule that consists of a radioisotope tracer attached to a phar-
maceutical. After entering the body, the radiopharmaceutical accumulate in a specific organ or
tumour tissue. The most commonly used radioisotope for this purpose is Technetium-99 having
half life of 6 hours which produces weak gamma rays. These rays can be received by a detector
and are used to monitor biochemical aspects of the bodies chemistry.

Thyroid Detection

Iodine-131 having half life of 8 days is taken as sodium iodide in drinking water. Almost all of it
finds it way to the thyroid. I-131 emits gamma rays. The gamma rays are measured outside the
body.
The rate of I-131 uptake shows whether or not the thyroid glands are functioning properly.

Radiotherapy

Gamma ray sources like Cobalt-60 having half life of 5.27 years are used for radiotherapy to kill
cancer cells.

Industrial Applications

Smoke Detectors

The smoke detectors use an ionisation chamber and a source of ionizing radiation for its working.
The ionizing source is generally 1/5000 grams of Americum-241 having half life of 458 years which
is a good source of alpha particles.
Am-241 sends a constant stream of α-particles to a sensor (ionization chamber) across the air gap.
Smoke blocks the α-particles and the change in the sensor signal triggers the alarm.

Non-destructive Testing

Gamma ray sources like Sodium-24 (half life of 14 hours) or Iridium-192 (half life of 73.83 days)
are placed inside the pipe. A photographic paper is wrapped around the weld that is to be tested.
If there are any gaps or flaws in the weld, a larger amount of γ-rays gets through and shows up
as increased exposure on the γ-ray picture.
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Thickness of Materials

Radioisotopes like Krypton-85 (half life of 10.75 years) and Thallium-204 (half life of 3.78 years)
are used in gauges to monitor and control the thickness of metal sheets, textiles, Aluminium foils,
newspaper, plastics and photographic film as they are manufactured.
Beta radiation emitted by the radioisotopes penetrates the material as it is processed and detectors
measure the amount of radiation passing through and compare it to the amount that should be
detected for the desired thickness of the material.
If the amount of radiation is different than the desired level, the controls are activated and the
problem is rectified.

Agricultural Applications

Agriculture

A solution of phosphate containing Potassium-32 having half life 14.29 days is injected into the
root system of a plant.
P-32 behaves identically to non-radioactive P-31 and is used by the plant in the same way. A
Geiger counter is then used to detect the movement of the radioactive P-32 throughout the plant.
This is used to understand the mechanism of utilization of Phosphorous by the plants to grow and
reproduce.

Food Irradiation

Cobalt-60, half life of 5.27 years, is used to irradiate food products to kill disease causing bacteria.
The gamma rays are strong enough to destroy the bacteria but have no effect to change the quality,
flavour to texture of the food product.
In case of certain food items, the energy disrupts cellular processes which may lead to sprouting
or ripening. This method is also used to sterilise surgical instruments.

Radiometric Dating

As the decay of any particular radionuclide is independent of its environment, the ratio between
the amounts of that nuclide and its stable daughter in a specimen depends on the latter’s age.
The greater the proportion of the daughter nuclide, the older the specimen. This is used to
establish the ages of many geological and biological samples.

Radiocarbon Dating

Cosmic rays are high energy atomic nuclei, mainly protons. When they enter the earth’s atmo-
sphere, they collide with the nuclei of atoms in their path to produce secondary particles.
Neutrons are one of the secondary particles that interact with atmospheric Nitrogen to form
radiocarbon. The reaction is given as,

14
7N + 1

0n→ 14
6C + p

The proton picks up an electron and becomes a hydrogen atom. The radiocarbon beta decays to
N-14 to achieve stability. The half life of radiocarbon is 5730 years. The reaction is given as,

14
6C→ 14

7N + e− + ν̄
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Radiocarbon atoms combine with oxygen molecules to form carbon dioxide molecules. Green
plants take in CO2 and water and produce carbohydrates in the process of photosynthesis. Animals
eat plants and thereby contain radiocarbon as well.
Because the mixing of radiocarbon is efficient, living plants and animals all have the same ratio of
radiocarbon to ordinary carbon (C-12). When plants and animals die, they can no longer take in
the radiocarbon. The radiocarbon continues to decay and the ratio of the radiocarbon to ordinary
carbon keeps on decreasing with time.
The methods used are

• Comparing the amount of C-14 that remains in the material to the amount of C-14 that
exists in a similar living being.

• Comparing the activity of C-14 of the sample to a material of known age.

This method is used for dating mummies, wooden implants, cloth, leather, charcoal and artefacts
from ancient civilizations.

Willard F. Libby received the Nobel Prize in Chemistry for the Year 1960 for “his
method to use carbon-14 for age determination in archaeology, geology, geophysics and other
branches of science”.

Geological Dating

Radiocarbon dating can be effectively used for objects dating upto about 50000 years. But earth’s
history dates back to 4.5 billion years or so. For this the following methods are used,

Method
Parent

Radionuclide
Stable Daughter

Nuclide
Half Life

(in billion years)

Potassium-Argon K-40 Ar-40 1.248

Rubidium-
Strontium

Rb-87 Sr-87 48.8

Thorium-Lead Th-232 Pb-208 14.05

Uranium-Lead U-235 Pb-207 0.7

Uranium-Lead U-238 Pb-207 4.5

In each case it is assumed that all the stable daughter nuclide comes directly from the decay of
the parent nuclide.
If the number of atoms of the parent nuclide is N and the original value is N0, then the age of
the sample can be obtained as,

t =
1

λ
ln

(
N0

N

)
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Antoine Henri Becquerel

(1852 - 1908 CE)
Marie Curie

(1867 - 1934 CE)
Pierre Curie

(1859 - 1906 CE)

Frédéric Joliot-Curie

(1900 - 1958 CE)
Irène Joliot-Curie

(1897 - 1956 CE)
Willard Libby

(1908 - 1980 CE)

The story of the radioactivity is incomplete without the Curies.

Antoine Henri Becquerel received the Nobel Prize in Physics for the Year 1903 in
recognition of “the extraordinary services he has rendered by his discovery of sponta-
neous radioactivity”.

Marie and Pierre Curie received the Nobel Prize in Physics for the Year 1903 for in
recognition of “the extraordinary services they have rendered by their joint researches
on the radiation phenomena discovered by Professor Henri Becquerel”.

Marie Curie went on to receive the Nobel Prize in Chemistry for the Year 1911 in recogni-
tion of “her services to the advancement of chemistry by the discovery of the elements
radium and polonium, by the isolation of radium and the study of the nature and
compounds of this remarkable element”.

Her daughter Irène and son-in-law Frédérick Joliot-Curie received the Nobel Prize in Chem-
istry for the Year 1935 in recognition of “their synthesis of new radioactive elements”.
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