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Constituents of Nucleus

A nucleus is made of positively charged protons and uncharged neutrons. The masses of
proton (mp) and neutron (mn) are,

mp = 1.6726231 × 10−27 kg
mn = 1.6749286 × 10−27 kg

The mass of electron is given as,
me = 9.1093897 × 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 i.e. 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 equal to,

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 = 1.6726231 × 10−27 kg = 938.478 MeV/c2

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. The number of protons in a nucleus is
denoted by Z. The number of neutrons is denoted by N. The number of nucleons is denoted by
A (A=Z+N ). All nuclei with a given Z and N are collectively called a nuclide.
Z is also called the atomic number and A is called as the mass number. If X is the chemical symbol
of an element, then it can be represented as,

A
Z X

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.
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Properties of Nucleus

a) 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 A
1/3

where R0 = 1.1 × 10−15 m = 1.1 femtometre. The femtometer is also called as the fermi.

b) 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). The value of 1 nuclear magneton is,

µN = eh̄/2mp = 5.051 × 10−27 J/T
For proton, µp = ±2.793 µN
For neutron, µn = ±1.913 µN

c) 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 ap-
proximately equal.
It appears for heavier nuclei, the pro-
portion of neutrons become progres-
sively higher to maintain nuclear sta-
bility. For these nuclei, the short-range
nuclear forces are greater than the long
range repulsive electrical forces. For
the highest stable nuclide, the N/Z ra-
tio is about 1.6.
The nuclides to the left of stability re-
gion have excess neutrons while those
to the right have excess protons.
The unstable nuclides decay with time
according to laws of radioactive disin-
tegration. They are called as radioac-
tive nuclides. Figure 1: Nuclear Stability Curve
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d) 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.

e) 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 Frac-
tion.
Packing fraction is a fundamental prop-
erty of a nucleus and is directly related
to the availability of nuclear energy and
stability. Figure 2: Packing Fraction Curve
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,

f =
M − A

A

A negative packing fraction implies conversion of mass into energy which indicates exceptional
nuclear stability. A positive packing fraction indicates somewhat unstable nucleus.

f) Mass Defect

The nucleus is formed by bringing the nucleons together. The mass of the resultant nucleus is
always less than the sum of masses of the constituent nucleons. This mass difference is called as
mass defect and is represented by ∆m.
For a nucleus of isotopic mass M having Z protons and N = A-Z neutrons, mass defect can be
represented as,

∆m = Zmp +Nmn −M = Zmp + (A− Z)mn −M

From figure (3), it can be observed that atoms having mass numbers between 30 and 63 have
a greater mass defect per nucleon. Incidentally, the most stable nuclei are found in this range.
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Figure 3: Mass Defect Curve Figure 4: Binding Energy Curve

g) Binding Energy

Energy is required to separate the constituents of the nucleus. The amount of energy needed to do
this, without imparting kinetic energy to the nucleus, 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 mpc

2, of free neutron of mass mn is mnc
2 and

that of the nucleus of mass M is Mc2. If the nucleus has Z protons and N neutrons, then the
binding energy B is given as,

BE = (Zmp +Nmn −M)c2 = ∆mc2

We can also represent the above equation using atomic masses as,

BE =
[
Zm

(
1
1H

)
+Nmn −m

(
A
ZX

)]
c2

BE =
[
Zm

(
1
1H

)
+Nmn −m

(
Z+N

ZX
)]
c2

In nuclear physics, one of the most important experimental quantities is the binding energy per
nucleon (ξ), which is defined as,

ξ =
BE

A

This quantity is the average energy required to remove an individual nucleon from a nucleus,
analogous to the ionization energy of an electron in an atom. If the binding energy per nucleon is
relatively large, the nucleus is relatively stable. Binding energy per nucleon values are estimated
from nuclear scattering experiments. Figure (4) shows the curve of binding energy per nucleon
versus atomic mass number.
Typical binding energy per nucleon values range from 6–10 MeV, with an average value of about
8 MeV. Hence, it takes several million electron volts to remove a nucleon from a typical nucleus
whereas it takes just 13.6 eV to ionize an electron in the ground state of hydrogen. This is why
nuclear force is referred to as the strong nuclear force.
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The curve rises at low mass numbers, peaks near iron (56Fe) and then tapers off at high mass
numbers. The peak value suggests that the iron nucleus is the most stable nucleus in nature (it is
also why nuclear fusion in the cores of stars ends with iron).
The reason the curve rises and tapers off has to do with competing forces in the nucleus. At low
values of mass numbers, attractive nuclear forces between nucleons dominate over repulsive
electrostatic forces between protons. But at high values of mass numbers, repulsive electro-
static forces between forces begin to dominate, and these forces tend to break apart the nucleus
rather than hold it together.
Hence fusion (the combining of several small nuclei into one large nucleus) is seen in nuclei with
mass numbers much less than that of iron whereas fission (the breaking of nucleus into two smaller
fragments) is seen in nuclei with mass numbers greater than that of iron. The curve implies that
nuclei divided or combined are exothermic processes and hence enormous amount of energy is
released in these processes.
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