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History of Atom
He inferred that everything is composed 
of small physically but geometrically 
indivisible particles. 
He named them atoms from the greek 
word atomos which means “that which 
can’t be split”.  
His theory states 

There are infinite number of atoms. 
Different substances are made up of 
different kinds of atoms. 
The different atoms differ in size, shape 
and weight. 
There is an empty space between 
atoms. 
The atoms are indestructible. 
The atoms are always in motion.Democritus (460 - 370 BC)

Wikipedia

Wikipedia
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History of Atom He didn’t believe in the 
theory of atoms. 
He theorised that all substances are 
made up of 

Earth; which is cold and dry 
Water; which is cold and wet 
Air; which is hot and wet 
Fire; which is hot and dry 
Aether; which is the divine 
substance that makes up the 
heavenly spheres and heavenly 
bodies (stars and planets). 

Unfortunately this model was in 
vogue for the next 2000 years!Aristotle (384 - 322 BC)

Wikipedia

Wikipedia

https://en.wikipedia.org/wiki/Celestial_spheres
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History of Atom
He inferred that 

Elements are made of extremely small 
particles called atoms. 
Atoms cannot be subdivided, created 
or destroyed. 
Atoms of a given element are identical 
in size, mass, and other properties. 
Atoms of different elements combine 
in simple whole-number ratios to form 
chemical compounds. 
In chemical reactions, atoms are 
combined, separated, or rearranged. 

His model is also called as Billiard Ball 
Model as he envisioned atoms as solid 
hard spheres like billiard balls.

John Dalton (1766 - 1844 AD)
Concepts of Modern Physics by Arthur Beiser

biography.com
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History of Atom

Concepts of Physics Part - II by H. C. Verma
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History of Atom
In 1897, he found that cathode rays (at the time 
known as Lenard rays) could travel much 
further through air than expected for an atom-
sized particle. 

His experiments suggested not only that cathode 
rays were over 1,000 times lighter than the 
hydrogen atom, but also that their mass was the 
same in whichever type of atom they came 
from.  
He concluded that the rays were composed of 
very light, negatively charged particles which 
were a universal building block of atoms.  
He called the particles "corpuscles", but later 
scientists preferred the name electron which 
had been suggested by George Johnston Stoney. 
He received the Noble Prize in Physics for the 
Year 1906 in recognition of “the great merits of 
his theoretical and experimental investigations 
on the conduction of electricity by gases”.

Joseph John Thomson (1856 - 1940 AD)

Wikipedia

Concepts of Modern Physics by Arthur Beiser
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History of Atom Atoms are neutral, so there 
must be positive particles in the 
atom to balance the negative 
charge of the electrons. 
Electrons have so little mass 
that atoms must contain other 
particles that account for most 
of the mass. 
The model was analogous to a 
pudding of positive charge on 
which negatively charged 
p l u m s ( e l e c t r o n s ) w e r e 
embedded.

Thomson Atomic Model 
(Plum Pudding Model)

Concepts of Physics Part - II by H. C. Verma
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History of Atom
Rutherford, a student of J J Thomson, 
supervised an experiment to study the 
atomic structure. 
At his suggestions, Hans Geiger and 
Ernest Marsden used fast alpha 
particles as probes. A narrow beam of 
these particles was directed at a thin gold 
foil. 
The Thomson atom could provide a very 
weak electric field and it was expected 
that the alpha particles would go right 
through the foil with hardly any 
deflection. 
It was observed that most of the particles 
indeed were not deviated, few were 
scattered through large angles and some 
were even scattered in the backward 
direction.Ernest Rutherford (1871 - 1937 AD)

theprow.org.nz

Concepts of Modern Physics by Arthur Beiser
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History of Atom
As alpha particles are relatively 
heavy and were fired at high speeds 
(2 x 107 m/s), strong forces could 
only produce such deflections. 
Also most of the alpha particles 
went through indicating empty 
spaces. 
Rutherford theorised that the atom 
was empty with a central positively 
charged nucleus where nearly all 
the mass was concentrated.  
The light negatively charged 
electrons revolve around the 
nucleus just like revolution of 
planets around the sun.

Rutherford Gold Foil Experiment 
(Geiger - Marsden Experiment)

Rutherford remarked, “It was incredible as 
if you fired a 15-inch shell at a piece of 
tissue paper and it came back and hit you”.

cindyhu.fatcow.com

Concepts of Physics Part - II by H. C. Verma
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History of Atom
The radius of the atom was known to be 
about

 
10-10 metres. 

Using the experimental results of this 
model, the radius of the nucleus was found 
to be about 10-14 metres. 
Rutherford further carried out his studies 
and was the first to discover proton. He 
used this name for the hydrogen nucleus. 
(Proton means first in Greek) 
He incidentally received the Nobel Prize in 
Chemistry for the Year 1908 for “his 
investigations into the disintegration of the 
elements, and the chemistry of radioactive 
substances”. 
At the formal banquet following the prize-
giving, Rutherford joked that the fastest 
transformation he had ever encountered 
was his own instant one from physicist to 
chemist.

Rutherford Atomic Model 
(Planetary Atomic Model)

electrical4u.com

Concepts of Modern Physics by Arthur Beiser
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History of Atom
B o h r i m p r o v e d t h e P l a n e t a r y 
Rutherford model by using quantum 
physical interpretations like Planck’s 
theory of radiation. 
The Rydberg’s formula for spectral 
emission lines of atomic hydrogen 
couldn’t be explained using Rutherford 
atom. 
Bohr gave the following postulates to 
explain the puzzle of hydrogen spectra 

The electron revolves around the 
nucleus in circular orbits. 
The orbit of the electron can take only 

special values of radii. In these orbits, 
the electron does not radiate. These 
orbits are called stationary orbits. Niels Bohr (1885 - 1962 AD)

Wikipedia

Concepts of Physics Part - II by H. C. Verma
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History of Atom
The energy of the atom has definite 

value in a given stationary orbit. The 
electrons can jump from one stationary 
orbit to other. 
If an electron jumps from an orbit of 
higher energy E2 to an orbit of lower 
energy E1, it emits a photon of 
radiation having frequency ν given by 

In stationary orbits, the angular 
momentum l of the electron about the 
nucleus is an integral multiple of 
Planck’s constant h divided by 2π 

  
This is called Bohr’s quantization rule.

Bohr Atomic Model

mrjhatomichistory

E2 − E1 = hν = hc
λ

l = n h
2π

He received the Nobel Prize in Physics for the 
Year 1922 for “his services in the 
investigation of the structure of atoms and of 
the radiation emanating from them”.

Concepts of Modern Physics by Arthur Beiser
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History of Atom

Erwin Schrödinger (1887 - 1961 AD)

@NobelPrize

Concepts of Physics Part - II by H. C. Verma

Schrödinger theorised that waves can be 
used to describe electrons in atoms. 
This model depicts the floating motion 
of the electrons, rather than them having 
a set path of travel. 
He determined the probability location 
of electrons in atoms. According to 
Schrödinger, electrons stuck in their 
orbits would set up “standing waves”. 
He stated that the position of the 
electron in probable and not definite. 
The distributions of these probabilities 
forms areas of space about the nucleus 
called orbitals. 
An orbital is a wave function describing 
the state of a single electron in an atom.
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History of Atom

Werner Heisenberg (1901 - 1976 AD)

Wikipedia

Werner Heisenberg was the 
proponent of the Uncertainty 
principle. 
It states that it is not possible to 
obtain precise values of both 
position and momentum of a 
particle at the same time. 
He determined that the only 
way to describe the location of 
an electron in an atom is 
through probability distribution.  
This principle forms the basis 
of the electron cloud model.

Concepts of Modern Physics by Arthur Beiser
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History of Atom
This model is based on the theories of 
Schrödinger and Heisenberg.  
The quantum mechanical model does 
not define the exact path of an electron, 
but rather, predicts the odds of the 
location of the electron.  
This model can be portrayed as a 
nucleus surrounded by an electron 
cloud.  
Where the cloud is most dense, the 
probability of finding the electron is 
greatest, and conversely, the electron is 
less likely to be in a less dense area of 
the cloud.

Quantum Mechanical Atomic Model 
(Electron Cloud Atomic Model)

Schrödinger received the Nobel Prize in Physics for 
the Year 1933 jointly with P. A. Dirac for “the 
discovery of new productive forms of atomic 
theory”.

Heisenberg received the Nobel Prize in Physics for the 
Year 1932 for “the creation of quantum mechanics, 
the application of which has, inter alia, led to the 
discovery of the allotropic forms of hydrogen”.

Concepts of Physics Part - II by H. C. Verma
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History of Atom

James Chadwick (1891 - 1974 AD)

In 1931, German physicists Walther Bothe 
and Herbert Becker found that the alpha 
particles emitted from polonium when 
bombarded on beryllium produces an 
uncharged radiation which has energy 
enough to penetrate lead. 
In 1932, Irene and Frederic Joliot Curie 
discovered that this radiation could knock 
out protons of energy 5.7 MeV out of a 
paraffin slab. 
They assumed this unknown radiation to be 
that of gamma rays. They calculated the 
energy to be of about 55 MeV which was 
too big an energy to be produced by the 
interaction of alpha particles with 
beryllium.  
Ettore Majorana suggested that the 
radiation could be composed of a new 
neutral particle.

fanphobia.net

Concepts of Modern Physics by Arthur Beiser
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History of Atom

Chadwick Atomic Model

Assisted by Norman Feather, 
Chadwick quickly performed a series 
of experiments showing that the 
gamma ray hypothesis was not 
possible.  
He instead proposed that neutral 
particles with the same mass as the 
proton are responsible. 
In this case only an energy of 5.6 
MeV is required. 
The chargeless particle having mass 
nearly equal to proton was called as 
neutron. 
James Chadwick received the Nobel 
Prize in Physics for the Year 1935 for 
“the discovery of the neutron”.

trinitypride.org

Concepts of Physics Part - II by H. C. Verma
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Nucleus
Constituents 
A nucleus is made of positively charged 
protons and uncharged neutrons. 
The masses of proton (mp) and neutron 
(mn) are 
mp = 1.6726231 x 10

-27 
kg 

mn = 1.6749286 x 10
-27 

kg 
The mass of electron is given as 
me = 9.1093897x 10

-31 
kg 

According to Theory of Relativity, matter 
can be viewed as a condensed form of 
energy. Mass can be represented as 
equivalent of energy.

We know that E = mc2 
The mass is represented in the unit MeV/
c2. The energy corresponding to the mass 
of a particle when it is at rest is called its 
rest mass energy. 
Hence, the masses will be 
mp = 938.27231 MeV/c2 
mn = 939.56563 MeV/c2 
me = 0.51099 MeV/c2 
Another unit of mass is the unified 
atomic mass unit. It is denoted by amu 
or u. It is 1/12 of the mass of a neutral 
carbon atom (six protons, six neutrons 
and six electrons) in its lowest energy 
state. 
1u = 1.6605402 x 10

-27 
kg = 931.478 MeV/c2

Concepts of Modern Physics by Arthur Beiser
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Nucleus
Constituents 
Protons and neutrons are fermions and 
obey the Pauli exclusion principle. No 
two protons or two neutrons can have the 
same quantum states. But one proton and 
one neutron can have the same quantum 
state. 
Protons and neutrons are collectively 
called nucleons. All nuclei with a given 
Z and N are collectively called a nuclide. 
The number of protons in a nucleus is 
denoted by Z 
The number of neutrons by N 
The number of nucleons by A (A=Z+N)

Z is also called the atomic number 
A is called as the mass number 
If X is the chemical symbol of an 
element, then it can be represented as 

The distribution of electrons around the 
nucleus is determined by Z and hence the 
chemical properties are also determined. 
The nuclei having same number of 
protons but different number of 
neutrons are called isotopes. 
The nuclei having same number of 
neutrons but different number of 
protons are called isotones. 
The nuclei having same number of 
nucleons but different number of 
protons are called isobars.

Z
AX

Concepts of Physics Part - II by H. C. Verma
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Nucleus
Nuclear Radius 
A sharp boundary for a nucleus is difficult 
to define. The magnitude of the wave 
function becomes very small as one moves 
away from the centre of the nucleus. 
A rough estimate of nuclear size may be 
made by finding the region where the wave 
function has appreciable magnitude. 
The average radius of the nucleus is given 
as 

R = R0 A1/3 
where R0 = 1.1 x 10

-15
m = 1.1 femtometre 

The femtometer is also called as the fermi.

Nuclear Spin 
The protons and neutrons inside a 
nucleus move in well-defined quantum 
states and thus have angular momenta. 
The nucleons also have internal spin 
angular momentum. 
As the nucleons are fermions, the spin 
quantum number is ±1/2. The total 
angular momentum of the nucleus is 
called the nuclear spin. 
The magnetic moment associated with 
the spin of the nucleons. The magnetic 
moments are expressed in nuclear 
magnetons (µN). 
µN = eħ/2mp = 5.051 x 10

-27 J/T 
For proton, µp = ±2.793 µN 
For neutron, µn = ±1.913 µN

Concepts of Modern Physics by Arthur Beiser
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Nucleus Nuclear Stability 
Not all combinations of neutrons and 
protons can form a stable nuclei. 
In general, for light nuclei (A < 20), the 
number of neutrons and protons are 
approximately equal. 
For heavier nuclei, the proportion of 
neutrons become progressively higher. 
For the highest stable nuclide the N/Z 
ratio is about 1.6. 
The nuclides to the left of stability region 
have excess neutrons while those to the 
right have excess protons. 
The unstable nuclides decay with time 
according to laws of radioactive 
disintegration. They are called as 
radioactive nuclides.

passmyexams.co.uk

Concepts of Physics Part - II by H. C. Verma
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Nucleus
Nuclear Force 
The nucleons are at a separation of a 
femtometre (10-15 m). At this small 
range, a new kind of force acts between 
the nucleons. 
The force is called the strong force or 
the nuclear force. In this range it is 
much stronger than the gravitational and 
electromagnetic forces. 
The nuclear force is attractive in nature 
and keeps the nucleons bound to the 
nucleus. 
The force acts between proton-proton, 
neutron-neutron and proton-neutron.

Nuclear forces are short-ranged. They 
are effective only upto a distance of 
about 1 femtometre. The range upto 
which the nuclear force is effective is 
called nuclear range. 
Nuclear forces are independent of 
charge. The force between two protons 
is same as that between two neutrons 
or between a proton and a neutron. 
Nuclear force is not a central force. 
The force between two nucleons is 
solely determined by the inter-nucleon 
distance. 
The force is stronger if the nucleons 
have parallel spin i.e both nucleons 
have +1/2 or -1/2 spin.

Concepts of Modern Physics by Arthur Beiser
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Nucleus
Packing Fraction 
Atomic masses are always represented in 
whole numbers which invariably vary 
from the actual masses by small 
amounts.  
The divergence of the mass of a nuclide 
from the whole number is expressed in 
the form of a quantity called Packing 
Fraction. 
If M is the isotopic mass of the nuclide 
in amu and A is the atomic mass number, 
the packing fraction f is given as, 

The difference between the isotopic 
mass and the atomic mass number is 
called the mass defect, Δm is given as 

Hence, we can write packing fraction as, 

Packing fraction is a fundamental 
property of a nucleus and is directly 
related to the availability of nuclear 
energy and stability. 
A negative packing fraction implies 
conversion of mass into energy which 
indicates exceptional nuclear stability. A 
positive packing fraction indicates 
somewhat unstable nucleus.

Modern Physics by B. L. Theraja

f = M − A
A

Δm = M − A

f = Δm
A

= mass defect
atomic mass number
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Nucleus
Binding Energy 
Energy is required to separate the 
constituents of the nucleus. 
The amount of energy needed to do this is 
called the binding energy of the nucleus. 
If the nucleons are initially well-separated 
then this amount of energy is required to 
bring the nucleons together to form the 
nucleus. 
The rest mass energy of the nucleus is 
less than the rest mass energy of its 
constituent nucleons in free state. The 
difference between these two energies is 
the binding energy.

The rest mass energy of 
Free Proton of mass mp is mpc2 

Free Neutron of mass mn is mnc
2 

Nucleus of mass M is Mc2 

If the nucleus has Z protons and 
N neutrons, then the binding 
energy B is given as, 

B = (Zmp + Nmn - M)c2 

We can also represent the above 
equation using atomic masses 
as, 
B = Zm 1

1H( )+ Nmn −m Z
Z+N X( )⎡⎣ ⎤⎦c

2

Concepts of Physics Part - II by H. C. Verma
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Liquid Drop Model 
The liquid drop model treats the nucleus 
as a drop of incompressible nuclear fluid 
of very high density. It was first proposed 
by George Gamow and then developed 
by Niels Bohr and  John Archibald 
Wheeler. 
As a first approximation, each nucleon in 
a nucleus is supposed to interact solely 
with its nearest neighbours. 
The nuclear interactions between protons 
and protons, protons and neutrons and 
neutrons and neutrons appears to be 
identical upto a separation of about 3 
femtometre.

a. Volume Energy 
Let the energy associated with 
each nucleon-nucleon bond has 
some value U. When an assembly 
of A nucleons are packed 
together into the smallest volume, 
each interior nucleon has other 
nucleons in contact with it. The 
total binding energy component 
due to this volume known as 
volume energy is given as, 

aV is the constant volume 
coefficient

BV = aVA

Concepts of Modern Physics by Arthur Beiser

Nuclear Structure
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Liquid Drop Model 
b. Surface Energy 

Some nucleons are on the surface of every 
nucleus and they have fewer neighbours 
than those in the interior. 
The number of such nucleons are 
dependent on the surface area of the 
nucleus. A nucleus of radius R has surface 
area of 

This results in the reduction of total 
binding energy by 

This negative energy is called the surface 
energy of a nucleus.

c. Coulomb Energy 
The electric repulsion between each 
pair of protons in a nucleus also 
contributes toward decreasing its 
binding energy. This Coulomb energy 
component is the work that must be 
done to bring Z protons together from 
infinity. 
The potential energy of a pair of 
protons r units apart is given as 

As there are Z(Z-1)/2 pair of protons, 
the Coulomb energy component is 
given as 

4πR2 = 4πR0
2A2/3

Nuclear Physics An Introduction by S. B. Patel

∵R = R0A
1/3

BS = −aSA
2/3

V = − e2

4πε0r

BC = Z(Z −1)
2

V

Nuclear Structure
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Liquid Drop Model 

The (1/r)avg is the value of 1/r 
averaged over all the proton pairs. If 
the protons are uniformly distributed 
throughout a nucleus of radius R,     
(1/r)avg is proportional to 1/R and 
hence 1/A1/3. 
The Coulomb energy component is 
represented as 

d. Asymmetry Energy 
The greater the number of nucleons in a 
nucleus, the smaller is the energy level 
spacing Ɛ with Ɛ proportional to 1/A. 
This energy due to difference between 
N and Z is called Asymmetery Energy 
and is due to Pauli’s exclusion 
principle. It is represented as 

e. Pairing Energy 
Even-even nuclei are the most stable 
and hence have higher binding energies 
while it is less for odd-odd nuclei. The 
energy is positive for even-even nuclei, 
zero for odd-even and negative for odd-
odd nuclei. It is given as, 

Concepts of Modern Physics by Arthur Beiser

BA = −aA
(A − 2Z )2

A

BC = − Z(Z −1)e2

8πε0
1
r

⎛
⎝⎜

⎞
⎠⎟ avg

BC = −aC
Z(Z −1)
A1/3 BP = (±,0)

aP
A3/4

Nuclear Structure
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Liquid Drop Model 

The binding energy is given as, 

The constants are given as, 

B = BV + BS + BC + BA + BP

B = aVA − aSA
2/3 − aC

Z(Z −1)
A1/3

− aA
(A − 2Z )2

A
(±,0) aP

A3/4

Nuclear Physics An Introduction by S. B. Patel

aV = 14MeV aS = 13MeV
aC = 0.6MeV aA = 19MeV
aP = 33.5MeV         For Even - Even Nuclei
     = 0                     For Even - Odd Nuclei
     = -33.5MeV        For Odd - Odd Nuclei

Nuclear Structure
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Liquid Drop Model 

The Semi Empirical Mass Formula first obtained by Carl Friedrich von 
Weizsäcker in 1935 and also known as the Weizsäcker's formula is given as, 

Mc2 = ZmPc
2 + NmNc

2 − B

Mc2 = ZmPc
2 + NmNc

2 − aVA + aSA
2/3 + aC

Z(Z −1)
A1/3

+ aA
(A − 2Z )2

A
(±,0) aP

A3/4

Concepts of Modern Physics by Arthur Beiser

Nuclear Structure

Wikipedia
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Nuclear Structure
Shell Model 
It is also known as independent particle model. 
According to this model, a nucleus is considered 
analogous to a gas in which the nucleons occupy 
quantum shells as do the electrons in an atom. 
The nuclei having 2, 8, 20, 28, 50, 82 and 126 
protons or neutrons are more abundant than other 
nuclei of same mass numbers suggesting that 
their structures are more stable. These numbers 
are now known as the magic numbers. 
The stability of such nuclei are further proved by 
their small cross-sections for neutron capture. 
Maria Goeppert Mayer and J. Hans D. Jensen 
received the Nobel Prize in Physics for the Year 
1963 for “their discoveries concerning nuclear 
shell structure”. 
She is the second woman after Marie Curie to 
win the Nobel Prize in Physics. No other woman 
has won the Nobel Prize in this category.Maria Goeppert Mayer (1906 - 1972 AD)

@NobelPrize

Modern Physics by B. L. Theraja
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Nuclear Energy
Fission 
It was understood that if a large nucleus 
is broken into smaller ones, a lot of 
binding energy will be released. 
But the nucleus is not easy to split 
ordinarily. 
Otto Hahn in 1938 came with the 
solution to this problem when he was 
able to split the Uranium-235 nucleus 
when struck by a neutron. 
This process of splitting or division of 
a heavy nucleus into two or more 
lighter ones is called nuclear fission.

The neutron was absorbed by the U235 
nucleus to form an unstable U236 
nucleus. The unstable nucleus is so 
unstable that it explodes into two 
fragments. 
The new nuclei are called fission 
fragments . Usually the fission 
fragments are of unequal size. 
Because heavy nuclei have a greater 
neutron/proton ratio, the fragments 
usually have excess neutrons. The 
excess neutrons are emitted as soon as 
the fragments are formed. 
A typical fission reaction for U-235 is 
given as 

92
235U + 0

1n→ 92
236U * → 56

144Ba + 36
89Kr + 30

1n
Concepts of Physics Part - II by H. C. Verma
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Nuclear Energy
Fission 
Let us consider the nucleus to be 
a liquid drop. When a neutron 
interacts with the nucleus, the 
liquid drop gets suitably excited 
owing to absorption of the 
neutron. 
On excitation, the drop starts 
oscillating in a variety of ways. 
The drop may oscillate between a 
prolate spheroid, an oblate 
spheroid and a sphere.

The restoring force of its surface 
tension always tries to bring the drop 
back to its spherical shape. 
But the inertia of the moving liquid 
molecules causes the drop to 
overshoot sphericity and go to the 
opposite extreme of distortion. 
Nuclei are also subject to disruptive 
forces due to the mutual repulsion of 
their constituent protons. 
When a nucleus is distorted from its 
spherical shape, the short range 
restoring force of surface tension 
must cope with the long-range 
repulsive force as well as the inertia 
of the nucleus.

Concepts of Modern Physics by Arthur Beiser



 35

Nuclear Energy

Fission 
If the degree of the distortion is 
small, the nucleus can oscillate 
until it loses the excitation 
energy by gamma decay. 
If the degree of the distortion is 
too large, the separated groups 
of protons can’t be brought 
back together leading to the 
split of the nucleus into various 
fission fragments.

Concepts of Physics Part - II by H. C. Verma

University of Kentucky
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Nuclear Energy 
Fission 

A heavy nucleus will undergo fission when it 
has excitation energy of about 5 MeV or so to 
oscillate violently. 
Some nuclei (like U-235) can split by 
absorbing a slow neutron while some like 
U-238 will require fast neutrons of about 1 
MeV to undergo fission. 
Fission can also be caused by gamma ray or 
proton bombardment or as spontaneous fission.

A huge amount of energy (about 200 MeV) is 
released for a single atomic reaction which is 
about few eVs for a single chemical reaction. 
As fission leads to production of other 
neutrons, a self-sustaining sequence of 
fissions is initiated. The process is called 
chain reaction. 

Wikimedia

Concepts of Modern Physics by Arthur Beiser
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Nuclear Energy
Fission 
If too few neutrons cause fissions, 
the reaction will slow down and 
stop. This is called subcritical 
fission. 
If precisely one neutron per 
fission causes another fission, 
energy will be released at a 
constant rate. This is called 
critical fission. This is used to 
produce electric power in the 
nuclear reactors.

If the frequency of fission increases, 
the energy release is so rapid that an 
explosion occurs. This is called 
supercritical fission. This is the reason 
for the explosion of an atomic bomb. 
Otto Hahn received the Nobel Prize in 
Chemistry for the Year 1944 for “his 
discovery of the fission of heavy 
nuclei”. 
Enrico Fermi received the Nobel Prize 
in Physics for the Year 1938 for “his 
demonstrations of the existence of 
new radioactive elements produced by 
neutron irradiation, and for his 
related discovery of nuclear reactions 
brought about by slow neutrons”.

Concepts of Physics Part - II by H. C. Verma
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Concepts of Modern Physics by Arthur Beiser
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Nuclear Energy
Nuclear Reactor 
The essential components of a nuclear reactor are 

Reactor Core 
It is that part where fission chain reaction is made 
to occur and where fission energy is liberated in 
the form of heat.  
The core of the reactor has fuel elements, control 
rods, coolant and moderator. The cores are of 
cylindrical shape having diameters of about 0.5 to 
15 metres. 
The fuel elements are made of plates or rods of 
uranium. These are usually clad in thin sheath of 
stainless steel, zirconium or aluminium to provide 
corrosion resistance and retention of radioactivity. 
Enough space is provided between plates to allow 
free passage of coolant.

Control Mechanism 
The control mechanism serves the following 
purposes 

To start up the reactor i.e. to bring the reactor to its 
normal operating level 
To keep the power production at a steady state 
For shutting down the reactor 

The control rods are either made of boron steel or 
cadmium strips. These have a very large cross-
section for thermal neutrons i.e. they are very good 
absorbers of slow neutrons. 
This absorption prevents the chain reaction from 
becoming violent. The effective multiplication 
factor of the reactor is always kept greater than 
unity (≈ 1.1). 
If the rods are pulled outside, the reaction starts. The 
neutron flux can be adjusted by adjusting the levels 
of the control rods. For shutting down the reactor, 
the control rods are inserted to such a depth that 
chain reaction can no longer be maintained as the 
neutron flux density decreases.
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Nuclear Energy
Nuclear Reactor 

Moderator 
The function of the moderator is to 
thermalise i.e. slow down the fast fission 
neutrons in order to increase their fission 
cross-section with the fuel. 
For a material to be an efficient moderator, 

It should have low mass number so that 
maximum neutron energy may be lost per 
collision with its nuclei. 
It should have low cross-section for 
neutron absorption. 

The materials used for moderators are 
heavy water (D2O), graphite and beryllium.

Coolants 
The function of the coolants is to remove the 
intense heat produced in the reactor and to bring 
it out for being utilized. 
The different coolants are, 

Ordinary and heavy water 
Liquid metals like molten sodium or potassium 
Organic liquids like polyphenyls 
Gases like Carbon dioxide 
Shielding 

Its purpose is to weaken the γ rays and neutrons 
coming out from the reactor to such an extent 
that they are no longer a hazard to persons in 
immediate vicinity. It consists of 

The thermal shield made of thick iron or steel 
which is very close to the reactor core. 
The biological shield made of layer of 
concrete. It surrounds the thermal shield and 
absorbs the γ rays and neutrons.
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Nuclear Energy
Nuclear Reactor 
Power Generation 
The nuclear reactor consists of two circuit heat 
transfer system, 

The primary loop containing the reactor and one 
side of the steam generator 
A secondary loop containing the steam side of the 
steam generator and the turbine-driven alternator. 

The energy from the reactor core is taken out 
through liquid metal or pressurised water 
circulating in the primary loop. Either of the liquids 
carry the heat from the core to a steam generator 
(boiler). 
The steam thus generated drives a turbine which is 
coupled to an electric generator which produces 
power.

Breeder Reactor 
It is a type of nuclear reactor which uses fast 
fission neutrons to produce more fissile fuel 
than it consumes. 
The reactor has a small core of fissile natural 
uranium. The fast neutrons are allowed to 
produce fast chain reactions albeit with the 
rider that it doesn’t turn into an atomic bomb. 
Neutrons are allowed to escape from the 
central core and are allowed to be captured 
by U-238 with the consequent formation of 
Plutonium-239. 
By suitable control, more Pu-239 can be 
produced in the natural uranium blanket than 
U-235 that is used up in the reaction. 
Fission of 1 gram of U-235 produces energy 
of about 1 MW per day which for the case of 
coal is about 2.6 tons.
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Nuclear Energy
Fusion 
When two light nuclei come close to one 
another, within the range of attractive 
nuclear force i.e. about 1 fm, they may 
combine to form a bigger nucleus. This is 
called nuclear fusion. 
The fusion will yield energy because the 
mass of the combination will be less than 
the sum of the masses of the individual 
nuclei.  
If the combined nuclear mass is less than 
that of iron, the nuclear particles will be 
more tightly bound than they were in the 
lighter nuclei and the decrease in mass 
comes out as the energy.

When the nuclei come closer, they 
have to overcome the electrostatic 
forces between the protons for the 
fusion to happen. 
If two nuclei can be brought close 
enough together, the electrostatic 
repulsion can be overcome by the 
quantum effect in which nuclei can 
tunnel through coulomb forces. 
In most cases energy is required so that 
the nuclei acquires such kinetic energy 
so that they can fuse into one nucleus.  
If these reactions take place at high 
temperatures , these are cal led 
t h e r m o n u c l e a r f u s i o n o r 
thermonuclear reactions.
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Fusion 

The source of energy production in 
stars like Sun, where the temperature is 
less than or around 107 K, the fusion 
takes place dominantly by the proton-
proton cycle. 
As a result of this cycle, four hydrogen 
nuclei combine to form a helium 
nucleus releasing 26.7 MeV energy.
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Nuclear Energy

Addison Wesley

In hotter stars (T≈108 K), another cycle 
known as proton-carbon cycle takes 
place where carbon acts only as a 
catalyst.

1
1H + 1

1H → 1
2H + e+ +ν

1
2H + 1

1H → 2
3He+ γ

2
3He+ 2

3He→ 2
4He+ 21

1H

41
1H → 2

4He+ 2e+ + 2ν + 2γ

1
1H + 6

12C→ 7
13N + γ

1
1H + 6

13C→ 7
14N + γ

1
1H + 7

14N→ 8
15O + γ

1
1H + 7

15N→ 6
12C + 2

4He

7
13N→ 6

13C + e+ +ν

8
15O→ 7

15N + e+ +ν
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Nuclear Energy
Fusion 
When the temperature inside a star increases, 
heavier nuclei are fused. 
This process continues till elements in the 
iron region are formed (Binding Energy per 
nucleon is maximum in this region). 
Elements heavier than iron are produced by 
neutron absorption and subsequent beta 
decay. 
This is called as Stellar Nucleosynthesis. 
Hans Bethe received the Nobel Prize in 
Physics for the Year 1967 for “his 
contributions to the theory of nuclear 
reactions, especially his discoveries 
concerning the energy production in stars”.

One of the ways to produce energy through nuclear 
fusion is the Tokamak design. 
A plasma is confined in a toroidal magnetic region 
resulting in fusion and subsequent generation of 
energy. 
International Thermonuclear Experimental 
Reactor (ITER) is an international fusion research 
project in France. Members are EU, USA, China, 
Russia, Japan, South Korea and India.

Texasgetway
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Elementary Particles

According to Oxford dictionary, Elementary 
Particles can be defined as, 
Any of various fundamental subatomic 
particles, including those that are the smallest 
and most basic constituents of matter (leptons 
and quarks) or are combinations of these 
(hadrons, which consist of quarks), and those 
that transmit one of the four fundamental 
interactions in nature (gravitational , 
electromagnetic, strong, and weak). 
The basic elementary particles are 

Leptons 
Quarks 

The quarks are the basic building blocks for 
Hadrons which are subdivided into Mesons and 
Baryons.

Leptons 
The simplest elementary particles are the leptons 
(from Greek leptós meaning fine, small, thin). 
These particles are not affected by the strong 
force but are affected by electromagnetic (if 
charged), weak and gravitational force. 
Under current measurements, the particles can be 
considered to be point particles. The particles 
also have no hint of internal structures as of now. 
The leptons are fermions and have a spin of 1/2. 
The leptons are 

Electron (e-) 

Muon (µ-) 

Tau (τ-) 

Electron Neutrino (νe) 
Muon Neutrino (νµ) 
Tau Neutrino (ντ)

Hyperphysics
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Elementary Particles

Electrons are negatively charged stable 
particles which have a mass of about 0.5 
MeV/c2. The electron’s antiparticle is the 
positron which is identical in mass but 
has a positive charge.  
If an electron and a positron encounter 
each other, they will  annihilate with the 
production of two gamma rays. 
On the other hand, one of the 
mechanisms for the interaction of 
radiation with matter is the pair 
production of an electron-positron pair. 
Associated with the electron is the 
electron neutrino.

Muons are formed in the upper atmosphere by 
the decay of pions produced by cosmic rays. 

They decay to form an electron or positron. 

They are short-lived particles having lifetime 
of 2.20 microseconds and have a mass of 
about 105.7 MeV/c2. 
Muons make up more than half of the cosmic 
radiation at sea level, the remainder being 
mostly electrons, positrons and photons from 
cascade events. The average sea level muon 
flux is about 1 muon per square centimeter per 
minute. 
Associated with the muon is the muon 
neutrino.

µ− → e− +ν e +νµ

µ+ → e+ +νe +ν µ

π − → µ− +ν µ

π + → µ+ +νµ

Concepts of Modern Physics by Arthur Beiser



Hyperphysics

 47

Elementary Particles

The Tau is the most massive of the  leptons, 
having a rest mass of about 1777 MeV/c2

 and 
having lifetime of about 3 x 10-13 seconds. 
All Taus decay into electrons, muons or pions 
with appropriate neutrinos. 
Associated with the tau is the tau neutrino.

A neutrino is only affected by weak and 
gravitational force. It is so named as it is electrically 
neutral and its rest mass is so small (-ino) that for all 
practical purposes it is taken to be zero. They 
typically pass through normal matter unimpeded and 
undetected. 
Weak interactions create neutrinos in of the three 
leptonic flavours; electron neutrinos, muon neutrinos 
and tau neutrinos. 
For each neutrino there also exists a corresponding 
antiparticle called the antineutrino.

Particle Symbol Anti-
particle

Rest mass 
(MeV/c2)

Lepton Number Lifetime 
(seconds)Le Lµ Lτ

Electron e- e+ 0.511 +1 0 0 Stable

Neutrino (Electron) νe ν̅e <7 x 10-6 +1 0 0 Stable

Muon µ- µ+ 105.7 0 +1 0 2.20x10-6

Neutrino (Muon) νµ ν̅µ <0.27 0 +1 0 Stable

Tau τ- τ+ 1777 0 0 +1 2.96x10-13

Neutrino (Tau) ντ ν̅τ <31 0 0 +1 Stable
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Elementary Particles

Quarks 
Quarks are the building blocks for baryons and 
mesons. In the present standard model, there are six 
flavours of quarks. Quarks are observed to occur 
only in combinations of two quarks (mesons) or 
three quarks (baryons). 
A classification system for hadrons was proposed 
independently by Murray Gell-Mann and Yuval 
Ne’eman that encompasses the many short-lived 
resonance particle as well as the stable hadrons.  
This scheme is dependent on the scheme that 
members having same spin differ in a isospin (I3) 
and hypercharge, Y=S+B, where S is called 
strangeness and B is called the Baryon number. 
Gell-Mann and George Zweig, independently of 
each other, postulated the existence of quarks, 
particles which follow the aforementioned scheme.

Each of the six flavors of quarks can have three 
different colours. Colour is the strong interaction 
similar to charge in the electromagnetic force. 
The colour force does not drop off with distance and 
is responsible for the confinement of quarks.  
The force appears to exert little force at short 
distances so that the quarks are like free particles 
within the confining boundary of the colour force and 
only experience the strong confining force when they 
begin to get too far apart.  
The colours are red, green and blue. The antiquarks 
have antired, antigreen and antiblue colours.

Quark Sym
bol Spin Charge

Baryon
Number S C B T I3

Up u 1/2 +2/3 1/3 0 0 0 0 +1/2

Down d 1/2 -1/3 1/3 0 0 0 0 -1/2

Strange s 1/2 -1/3 1/3 -1 0 0 0 0

Charm c 1/2 +2/3 1/3 0 +1 0 0 0

Top t 1/2 +2/3 1/3 0 0 0 +1 0

Bottom b 1/2 -1/3 1/3 0 0 -1 0 0 hy
pe
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hy
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Elementary Particles

Hadrons 
Hadrons (from Greek word hadrós meaning stout, 
thick) are composite particles made of quarks 
held together by strong force. They are bigger 
than leptons and occupy space and are about 1 
fermi in size. They are of two types 

Mesons 
Baryons 

Mesons 
Mesons are intermediate mass particles which are 
made up of quark-antiquark pair. Mesons are 
bosons and have zero spin.  
The pion is the lightest meson and is the source of 
muons. The other mesons have masses ranging 
beyond the proton mass. All mesons are unstable 
and decay in various ways.

Baryons 
Baryons are fermions and have half-integral 
spins. The lightest baryon is the proton which is 
also the only stable hadron in free space. 
The neutron, although stable inside a nucleus, 
beta-decays in free space into a proton, electron 
and antineutrino. 
All heavier baryons decay with mean lives of 
less than a nanosecond and always end up as a 
proton or neutron. 
Murray Gell-Mann received the Nobel Prize in 
Physics for the Year 1969 for “his contributions 
and discoveries concerning the classification 
of elementary particles and their interactions”. 
The name quark was taken by Murray Gell-
Mann from the book Finnegan's Wake by 
James Joyce. The line “Three quarks for 
Muster Mark…” appears in the fanciful book. 
Zweig called them “aces”. 

Hyperphysics
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Elementary Particles

Particle Symbol Anti- 
particle Makeup Rest Mass 

(MeV/c2) S C B Lifetime 
(seconds)

Decay 
Modes

Pion π+ π- ud̅ 139.6 0 0 0 2.60 x 10-8 µ+νµ

Pion π0 Self (uu̅-dd̅)/√2 135.0 0 0 0 0.83 x 10-16 2γ

Kaon K+ K- us̅ 493.7 +1 0 0 1.24 x 10-8 µ+νµ, π+π0

Kaon K0s K0s * 497.7 +1 0 0 0.89 x 10-10 π+π-, 2π0

Kaon K0L K0L * 497.7 +1 0 0 5.2 x 10-8 π+e-νe

Eta η0 Self (uu̅+dd̅-2ss̅)/√6 548.8 0 0 0 <10-18 2γ, 3µ

Eta prime η0' Self (uu̅+dd̅-2ss̅)/√6 958 0 0 0 π+π-η

Rho ρ+ ρ- ud̅ 770 0 0 0 0.4 x 10-23 π+π0

Rho ρ0 Self uu̅, dd̅ 770 0 0 0 0.4 x 10-23 π+π-

* The neutral Kaons K0s and K0L represent symmetric and antisymmetric mixtures of the quark 
combinations down-antistrange and antidown-strange.

Table of Mesons
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Elementary Particles

Particle Symbol Anti- 
particle Makeup Rest Mass 

(MeV/c2) S C B Lifetime 
(seconds)

Decay 
Modes

Omega ω0 Self uu̅, dd̅ 782 0 0 0 0.8 x 10-22 π+π-π0

Phi φ Self ss̅ 1020 0 0 0 20 x 10-23 K+K-, K0K0

J/Psi J/ψ Self cc̅ 3096.9 0 0 0 0.8 x 10-20 e+e-, µ+µ-

Upsilon ϒ Self bb̅ 9460.4 0 0 0 1.3 x 10-20 e+e-, µ+µ-

D D+ D- cd̅ 1869.4 0 +1 0 10.6 x 10-13 K + _, e + _

D D0 D̅0 cu̅ 1864.6 0 +1 0 4.2 x 10-13 [K,µ,e] + _

D D+s D-s cs̅ 1969 +1 +1 0 4.7 x 10-13 K + _

B B- B+ bu̅ 5279 0 0 -1 1.5 x 10-12 D0 + _

B B0 B̅0 db̅ 5279 0 0 -1 1.5 x 10-12 D0 + _

Bs Bs0 B̅s0 sb̅ 5370 -1 0 -1 B-s + _

Table of Mesons contd…
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Elementary Particles Table of Baryons
Particle Symbol Makeup Rest Mass 

(MeV/c2) Spin B S Lifetime 
(seconds)

Decay 
Modes

Proton p uud 938.3 1/2 +1 0 Stable
Neutron n ddu 939.6 1/2 +1 0 920 pe-νe

Lambda Λ0 uds 1115.6 1/2 +1 -1 2.6 x 10-10 pπ-, nπ0

Lambda Λ+c udc 2281 1/2 +1 0 2 x 10-13

Sigma Σ+ uus 1189.4 1/2 +1 -1 0.8 x 10-10 pπ0, nπ+

Sigma Σ0 uds 1192.5 1/2 +1 -1 6 x 10-20 Λ0γ
Sigma Σ- dds 1197.3 1/2 +1 -1 1.5 x 10-10 nπ-

Delta Δ++ uuu 1232 3/2 +1 0 0.6 x 10-23 pπ+

Delta Δ+ uud 1232 3/2 +1 0 0.6 x 10-23 pπ0

Delta Δ0 udd 1232 3/2 +1 0 0.6 x 10-23 nπ0

Delta Δ- ddd 1232 3/2 +1 0 0.6 x 10-23 nπ-

Xi Cascade Ξ0 uss 1315 1/2 +1 -2 2.9 x 10-10 Λ0π0

Xi Cascade Ξ- dss 1321 1/2 +1 -2 1.64 x 10-10 Λ0π-

Omega Ω- sss 1672 3/2 +1 -3 0.82 x 10-10 Ξ0π-, Λ0K-
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Cosmic ray is the high energy radiation which strikes 
the Earth from space. Some of them have ultrahigh 
energies in the range 100 - 1000 TeV. Such extreme 
energies come from only a few sources like the 
microquasar Cygnus X-3. The peak of the energy 
distribution is at about 0.3 GeV. 
The intensity of cosmic radiation increases with 
altitude, indicating its origin in outer space.

Almost 90% of the cosmic rays striking the 
Earth's atmosphere are protons (hydrogen 
nuclei) and about 9% are alpha particles. 
Electrons, other heavy particles and light 
elements like lithium, beryllium and boron form 
the rest 1%.  
This implies that these light elements have been 
produced as fragments in high-speed collisions 
when primary cosmic ray particles like protons 
strike elements like carbon and oxygen in the 
very tenuous matter in interstellar space.  
Medium elements (carbon, nitrogen, oxygen and 
flourine) are about 10 times their abundance in 
normal matter and the heavier elements are 
increased about a hundredfold over normal 
matter. This suggests an origin of cosmic rays in 
areas of space with greatly enriched amounts of 
heavy elements.  
The density of cosmic rays in interstellar space 
is estimated to be about 10-3/m3.

Cosmic Ray

It changes with 
latitude, indicating 
that it consists at 
l ea s t pa r t ly o f 
charged particles 
which are affected 
b y t h e e a r t h ’s 
magnetic field.

Hyperphysics
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Cosmic Ray
High energy collisions in 
the upper atmosphere 
p roduce cascades o f 
lighter particles.  
Pions and Kaons are 
produced, which decay to 
produce muons.  
Muons make up more than 
h a l f o f t h e c o s m i c 
radiation at sea level, the 
remainder being mostly 
electrons, positrons and 
photons from cascade 
events.

inspirehep.net
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Radioactivity
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Radioactivity
Alpha Decay 
In alpha decay, the unstable nucleus 
emits an alpha particle (nucleus of 
Helium). 
The proton number and neutron 
number decreases by 2. 
It can be represented as, 

As the proton number is changed, the 
element changes. 
Alpha decay occurs in all nuclei with 
mass number greater than 210. 

A heavy nucleus will be unstable 
because of the Coulomb repulsive 
forces. By emitting alpha particles, 
the nucleus decreases its mass 
number to move towards stability. 
The nucleus before the decay is called 
parent nucleus and that after the 
decay is called daughter nucleus. 
Let Ui be the rest mass energy of 
initial constituents and Uf be that of 
the final products. The difference 
between these energies is called the 
Q-value of the process. 

Q = Ui - Uf 

Q = m Z
AX( )−m Z−2

A−4Y( )−m 2
4He( )⎡⎣ ⎤⎦c

2

Z
AX→ Z−2

A−4Y + 2
4He

Concepts of Modern Physics by Arthur Beiser



 57

Radioactivity
Alpha Ray 
A stream of alpha particles is 
called alpha ray. 

Alpha particles are positively 
charged and hence alpha ray 
can be deflected by an electric 
field as well as magnetic field. 
Alpha rays have speeds of the 
order of 106 m/s. 
Alpha ray causes ionization in 
gases.

The penetrating power of 
the rays is low. Even in air, 
its intensity falls down to 
very small values within 
few centimetres. 
Alpha particles coming 
from a particular decay 
scheme have the same 
energy. 
A l p h a r a y p r o d u c e s 
scintillation when it strikes 
fluorescent materials like 
barium platinocyanide.
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Radioactivity
Beta Decay 
Beta decay is a process in which either a 
neutron converts to a proton or a proton 
is converted into a neutron. 
Such transformations take place because 
of weak forces operating within a 
neutron or a proton. 
When a neutron is converted into a 
proton, an electron and an antineutrino 
are created and emitted from the nucleus. 

The emitted electron is called as Beta 
Particle and is denoted by β–.

The antineutrino has a zero rest 
mass, no charge and the spin 
quantum number is ±1/2. 
This decay is also called as Beta 
Minus Decay and results in the 
increase of the atomic number of 
the parent nucleus by 1. 

or, 
The Q-value of the decay is given 
as 

n→ p + e− +ν

Z
AX→ Z+1

AY + e− +ν

Z
AX→ Z+1

AY + β − +ν

Q =Ui −U f

Q = m Z
AX( )−m Z+1

AY( )⎡⎣ ⎤⎦c
2
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Radioactivity
Beta Decay 
When a proton is converted into a 
neutron, a positron and a neutrino are 
created and emitted from the nucleus. 

The emitted positron is also called as 
Beta Particle and is denoted by β

+
. 

This decay is also called as Beta Plus 
Decay and results in the decrease of the 
atomic number of the parent nucleus by 1. 

or,

The Q-value of the decay is given as 

Because of the large mass, the 
daughter nucleus does not share 
appreciable kinetic energy. 
Hence the energy Q is shared by the 
antineutrino (or neutrino) and the 
beta particle. 
Depending upon the fraction taken 
away by the antineutrino (or 
neutrino), the kinetic energy of the 
beta particle can be anything 
between zero and a maximum value 
Q.

p→ n + e+ +ν

Z
AX→ Z−1

AY + e+ +ν

Z
AX→ Z−1

AY + β + +ν

Q =Ui −U f

Q = m Z
AX( )−m Z−1

AY( )− 2me⎡⎣ ⎤⎦c
2
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Radioactivity
Beta Ray 
A stream of beta particles is called 
beta ray. 

It is a stream of electrons (or 
positrons) coming from the nuclei. 
As the rays are negatively charged 
(or positively charge for β+ rays), 
they can be deflected by an 
electric as well as magnetic field. 
Beta rays causes lesser amount of  
ionization in gases than alpha 
rays.

The penetrating power of the rays is 
greater than that of alpha rays. They 
can typically travel several metres in 
air before the intensity drops to small 
values. 
Beta particles coming from a 
particular decay scheme don’t have 
the same energy. It is because the 
available energy is shared between 
the antineutrinos (or neutrinos) and 
the beta particles. The energy of the 
beta particles vary from zero to a 
maximum. 
Beta ray produces scintillation when 
it strikes fluorescent materials like 
barium platinocyanide but the 
scintillation is weak.
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Radioactivity
Electron Capture 
In certain nuclides, the nucleus captures one 
of the atomic electrons (most likely from the 
K shell). 
A proton in the nucleus combines with this 
electron and converts into a neutron. A 
neutrino is created and emitted from the 
nucleus. 

The process and the corresponding Q value is 

The capture is followed by the emission of a 
X-ray owing to vacancy in the atomic shell.

Gamma Decay 
The nucleons move in discrete quantum 
states with definite energies. 
In the ground state, the nucleons occupy 
such quantum states which minimises 
the total energy of the nucleus. 
When an alpha or a beta decay happens, 
the daughter nucleus generally is of an 
excited species. 
Such an excited nucleus comes to ground 
state by emitting a photon or photons. 
This electromagnetic radiation is called 
as gamma ray and the process is called 
gamma decay. 
In gamma decay, the proton or neutron 
number does not change. Only the 
quantum states of the nucleons change.

p + e− → n +ν

Z
AX + e− → Z−1

AY +ν

Q = m Z
AX( )−m Z−1

AY( )⎡⎣ ⎤⎦c
2
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Radioactivity
Gamma Ray 
A stream of electromagnetic 
radiation emitted in nuclear 
transitions is called gamma ray. 

T h e w a v e l e n g t h o f t h e 
electromagnetic radiation is 
short and hence has high 
energy. 
Being chargeless, the rays are 
not deflected by electric or 
magnetic field.

Gamma rays have the least 
ionizing power. 
Gamma rays have the largest 
penetrating power among all 
nuclear radiations. 
All the photons coming from 
a particular gamma decay 
scheme have the same 
energy. 
Being an electromagnetic 
wave, gamma ray travels in 
vacuum with the velocity 3 x 
108 m/s.
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Radioactivity
Law 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 
interval 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, 

The negative sign shows that the 
n u m b e r o f a c t i v e n u c l e i i s 
decreasing. 
The constant of proportionality λ is 
called the decay constant and is a 
constant for a given decay scheme. 

where, N0 is the number of active 
nuclei at t = 0.

dN ∝−Ndt
dN = −λNdt

dN
N

= −λdt

⇒ dN
NN0

N

∫ = −λ dt
0

t

∫

⇒ ln N
N0

⎛
⎝⎜

⎞
⎠⎟
= −λt

⇒ N = N0e
−λt
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Radioactivity
Law of Radioactive Decay 
The rate of decay is given as, 

The quantity (-dN/dt) gives the number 
of decays per unit time and is called the 
activity (A) of the sample. 
The activity of a radioactive sample is 
given as 

Hence, we can have the law of 
radioactive decay as, 

Half Life 
The time elapsed before half the active 
nuclei decay is called half life. 
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 we get 

As the activity is proportional to N, the 
activity also reduces to half its value in 
one half life.

− dN
dt

= λN
N0

2
= N0e

−λt1/2

A = λN

A = A0e
−λt

⇒ eλt1/2 = 2
⇒ λt1/2 = ln2

⇒ t1/2 =
ln2
λ

= 0.693
λ
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Radioactivity
Average Life (Mean Life) 

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 = tλN dt
0

∞

∫
⇒ S = λN0 te−λt dt

0

∞

∫
⇒ S = λN0 t e−λt dt

0

∞

∫ − dt
dt

e−λt dt∫⎛
⎝⎜

⎞
⎠⎟ dt0

∞

∫⎡
⎣⎢

⎤
⎦⎥

∵ f (x)g(x)dx
a

b

∫ = f (x) g(x)dx
a

b

∫ − d
dx

f (x){ } g(x)dx∫⎡
⎣⎢

⎤
⎦⎥a

b

∫ dx
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Radioactivity
Average Life (Mean Life) 

Hence, the average life of the 
nuclei is given as 

The relation between the average 
life and half life is 

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

⇒ S = λN0 t e
−λt

−λ 0

∞

− e−λt

−λ0

∞

∫ dt
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⇒ S = λN0 0 − 0( )+ 1
λ
e−λt

−λ 0

∞⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⇒ S = λN0
1
λ
0 − 1

−λ
⎛
⎝⎜

⎞
⎠⎟

⎡
⎣⎢

⎤
⎦⎥

⇒ S = λN0 i
1
λ 2 =

N0

λ

tav =
S
N0

= 1
λ

tav =
t1/2
ln2

= t1/2
0.693

∵t1/2 =
0.693
λ

N = N0

2t /t1/2
A = A0

2t /t1/2
&
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Radioactivity
Unit of Activity 
The activity of a radioactive material 
is measured in terms of the 
disintegrations per unit time. 
Its SI unit is Becquerel (Bq). 

1 Bq = 1 disintegration/second 
The commonly used unit of activity 
is Curie (Ci). 

1 Ci = 3.7 x 1010 disintegrations/
second 

The activity per unit mass is called 
specific activity.

The story of the radioactivity is incomplete without 
the story of 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 spontaneous radioactivity”. 
Marie & 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”. 
She went on to receive the Nobel Prize in Chemistry 
for the Year 1911 in recognition 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 Chemistry 
for the Year 1935 in recognition of “their synthesis 
of new radioactive elements”.
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Radioactivity
Applications 

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 atmosphere, 
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 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. 

7
14N + 0

1n→ 6
14C + p

6
14C→ 7

14N + e− +ν
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Radioactivity
Applications 

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. 

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

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;

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 

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

t = 1
λ
ln N0

N
⎛
⎝⎜

⎞
⎠⎟
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Radioactivity
Radioactive Series 
Most of the radionuclides found in nature 
are members of four radioactive series, 
with each series consisting of a 
succession of daughter products all 
ultimately derived from a single parent 
nuclide. 
The series are a group of genetically 
related radioisotopes in which each 
succeeding isotope is formed as a result 
of the alpha or beta decay of the 
preceding isotope. Each radioactive 
series has a parent isotope, which is the 
one wi th the longes t ha l f - l i f e . 
Radioactive series end in stable isotopes.

As alpha decay decreases the mass 
number of a nucleus by 4, the 
nuclides whose mass numbers are all 
given by A = 4n, where n is an 
integer, can decay into one another in 
descending order of mass number. 
The other three series will have mass 
numbers specified by 4n+1, 4n+2 
and 4n+3. The members of these 
series also decay into one another. 
The Thorium, Uranium and Actinium 
series are found in nature while the 
Neptunium series has to be produced 
in the laboratory as the half-life life 
of Neptunium is considerably less 
than the age of the solar system.
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Radioactivity
Radioactive Series 
Each radioactive series includes both long-lived 
and shortlived isotopes.  
If an isotope belongs to a natural radioactive 
series, then it must be present in nature, even if 
the rate of decay of its nuclei is great. This is 
related to the establishment, with time, of secular 
equilibrium in radioactive series.

In secular equilibrium, the rate of formation of 
an isotope is equal to its rate of decay. Thus, the 
content of such an isotope remains virtually 
unchanged over centuries.  
Its content decreases at an undetectably low rate 
only as the parent isotope of the series decays. 
The establishment of secular equilibrium in 
natural radioactive series explains the presence 
in nature of such relatively unstable radioactive 
chemical elements as protactinium, actinium, 
radium, francium, radon, astatine and polonium.

Mass Numbers Series Parent Half Life   (in 
years)

Stable End 
Product

4n Thorium 1.39 x 1010

4n + 1 Neptunium 2.25 x 106

4n + 2 Uranium 4.51 x 109

4n + 3 Actinium 7.07 x 108

90
232Th

93
237Np

92
238U

92
235U

82
208Pb

83
209Bi

82
206Pb

82
207Pb

Concepts of Modern Physics by Arthur Beiser



 73

Radioactivity
Thorium 

Series
Neptunium 

Series

Wikipedia Wikipedia
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Radioactivity Actinium 

Series

Uranium 

Series

Wikipedia Wikipedia
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