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Nuclear Reaction

Encyclopaedia Britannica defines Nuclear reaction as,

The change in the identity or characteristics of an atomic nucleus, induced by bom-
barding it with an energetic particle is called nuclear reaction.

Nuclear reactions are processes in which one or more nuclides are produced from the collisions
between two atomic nuclei or one atomic nucleus and a subatomic particle. The nuclides produced
from nuclear reactions are different from the reacting nuclei (commonly referred to as the parent
nuclei).
If a target nucleus X is bombarded by a particle a and results in a nucleus Y with emitted particle
b, it can be represented as,

a+X −→ Y + b

Wikipedia states,
In 1919, Ernest Rutherford was able to accomplish transmutation of nitrogen into oxygen at the
University of Manchester, using alpha particles directed at nitrogen 14N + α→ 17O + p. This was
the first observation of an induced nuclear reaction, that is, a reaction in which particles from one
decay are used to transform another atomic nucleus.
Eventually, in 1932 at Cambridge University, a fully artificial nuclear reaction and nuclear trans-
mutation was achieved by Rutherford’s colleagues John Cockcroft and Ernest Walton, who used
artificially accelerated protons against lithium-7, to split the nucleus into two alpha particles. The
feat was popularly known as ”splitting the atom” although it was not the modern nuclear fission
reaction later (in 1938) discovered in heavy elements by the German scientists Otto Hahn, Lise
Meitner, and Fritz Strassmann.

Q-value of Nuclear Reaction

Let,
M0 be the mass of the stationary nucleus X ,
M1 and E1 be the mass and energy of the projectile a ,
M2 and E2 be the mass and energy of the product nucleus Y , and
M3 and E3 be the mass and energy of the emitted particle b.
Q-value of a nuclear reaction is defined as the difference in masses of the reactants and the products.

Q = (M0 +M1)− (M2 +M3)
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If Q > 0 , the reaction is said to be exothermic or exoergic. The difference in the masses is
converted into energy and is released.
If Q < 0 , the reaction is said to be endothermic or endoergic. The gain in the mass is supplied
in the form of kinetic energy of the projectile a .
The minimum energy necessary for an endothermic reaction to occur is called the threshold
energy.

Conservation Laws in Nuclear Reactions

a. Conservation of nucleons: The total number of nucleons before and after a reaction are
the same.

b. Conservation of charge: The sum of the charges on all the particles before and after a
reaction are the same.

c. Conservation of momentum: The total momentum of the interacting particles before
and after a reaction is the same.

d. Conservation of energy: Energy, including rest mass energy, is conserved in nuclear
reactions.

Nuclear 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 is absorbed by the U235

nucleus to form an unstable U236 nu-
cleus. The unstable nucleus 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 ex-
cess neutrons are emitted as soon as the
fragments are formed. Figure 1: Nuclear Fission
A typical fission reaction for U-235 is given as,

235
92U + 1

0n −→ 236
92U

* −→ 144
56Ba + 89

36Kr + 3 1
0n

A heavy nucleus will undergo fission when it has excitation energy of about 5 MeV or so to oscillate
violently. Some nuclei (like U235) can split by absorbing a slow neutron while some like U238 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.
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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 neu-
trons, a self-sustaining sequence of fissions is initiated. The process is called chain reaction.

• 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 su-
percritical fission. This is the reason
for the explosion of an atomic bomb.

Figure 2: Chain Reaction

Nuclear Fusion

When two light nuclei come close to one another, within the range of attractive nuclear force i.e.
about 1 femto metre, they may combine to form a bigger nucleus. This is called nuclear fusion.
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.
The fusion will yield energy because the mass of the combination will be less than the sum of the
masses of the individual nuclei.
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 called
thermonuclear fusion or thermonuclear reactions.

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

1
1H + 1

1H −→ 2
1H + e+ + ν

2
1H + 1

1H −→ 3
2He + γ

3
2He + 3

2He −→ 4
2He + 2 1

1H

4 1
1H −→ 4

2He + 2e+ + 2ν + 2γ

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

1
1H + 12

6C −→ 13
7N + γ

13
7N −→ 13

6C + e+ + ν
1
1H + 13

6C −→ 14
7N + γ

1
1H + 14

7N −→ 15
8O + γ

15
8O −→ 15

7N + e+ + ν
1
1H + 15

7N −→ 12
6C + 4

2He

4 1
1H −→ 4

2He + 2e+ + 2ν + 3γ

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.

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

Figure 3: Tokamak Fusion Reactor
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Otto Hahn received the Noble Prize in Chemistry for the Year 1944 in recognition of “his
discovery of the fission of heavy nuclei”.

Enrico Fermi received the Noble Prize in Physics for the Year 1938 in recognition of
“his demonstrations of the existence of new radioactive elements produced by neu-
tron irradiation, and for his related discovery of nuclear reactions brought about by
slow neutrons”.

Hans Bethe received the Noble Prize in Physics for the Year 1967 in recognition of “his
contributions to the theory of nuclear reactions, especially his discoveries concern-
ing the energy production in stars”.
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