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Nucleons

The term nucleons refers to protons or neutrons present inside the nucleus. Thus. the nucleus with

mass number A having N neutrons and Z protons has A nucleons.
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1.4 QU&NTITATIVEV 'FACTS ABOUT NUCLEUS

s size. mass. density of the nucleus and charge on the
ar physics are discussed.

Here. we introduce some facts such a
nucleus. Also the energy units commonly used in nucle

1.4.1 Size

, Rutherford. According to him, a-particles with a
given kinetic energy can come closer to the nucleus till they feel a force of repulsion. The kinetic
energy is converted into Coulomb potential energy. Thus. kinetic energy gets reduced and
potential energy continues to increase. At a certain distance d. the kinetic energy becomes zero
and potential energy becomes maximum. After this the o-particle turns back and kinetic energy
starts increasing and potential energy starts decreasing. The point where kinetic energy is zero is
known as distance of closest approach and it is denoted by letter d and it provides a rough estimate
of the nuclear size. It is well known that in a head-on collision. the minimum distance between the
projectile and the target nucleus is equal to the sum of the radii of the projectile and the target
nucleus. As whole of kinetic energy gets converted into potential energy at a distance d. so the
balancing equation of the kinetic energy and the potential energy is

First estimates of nuclear size were made b
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where m is the mass, v is the velocity and Ze is the charge of a-particle. Z'e is the charge of the
target nucleus and d is the distance of the closest approach. The physical meaning of d is shown

in Figure 1.2.
d @

Figure 1.2 Particles being back-scattered from the nucleus, d is the distance of closed approach.

Velocity of o-particles from radon is about 1.6 x 10" m/s. The mass of a-particle is 4 times
the hydrogen mass. i.e. 4 X 1.67 X 102 kg. Zis 2 and Z’ is 79 for gold. e is 1.6 x 107 C. The
resultant value of d [from Eq. (1.2)] is 4.26 x 107 m. By increasing the velocity o.f the
a-particles one could go up to the minimum distance  equal to 3.2 x 10" m for gold. For
scattering of o-particles from copper nuclei the value of d is approximately 1.2 x 10" m, The
value of d is larger for the case of gold compared to copper. This is evident from Eq. (1.2). asd
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increases with Z”. the atomic number of the target. In case of gold because of higher Z”. d is larger

compared to that of copper. It has been observed that size of the nuclei depends upon 4. Presently.
the accepted nuclear radius formula is

where [n=12x10"m=12 fm | (1.4)

1fin=10"m

Formula (1.3) is an empirical formula. Its derivation is not based on any theory but purely on
experimental facts.

1.4.2 Mass

Nuclear masses are comparatively much smaller as compared to that of physically occurring

objects. Therefore, it is generally expressed in terms of a new unit called Atomic Mass Unit (amu).

To estimate the nuclear masses we use the Avogadro’s hypothesis. According to this hypothesis.

a mole of a substance is that amount which has mass in grams equal to its atomic weight. For

example, 1 mole of 2C has 12 g. So, I mole of 2C contains N; = 6.02214199 » 10** atoms of 2C.
Thus, the weight of 1 atom of 1*C is

2 12
Ny 602214199 x10%
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=1.992646 x 103 ¢
=1.992646 x 107 kg
For the sake of simplicity, the weight of '?C atom/12 is defined as | Atomic Mass Unit or in

short 1 amu.
Thus,

_ 1992646107

12
= 1.660538 x 10 g
=1.660538 x 1077 kg

1 amu

Therefore,

1 amu = 1.660538 x 107 kg (1.5)

Thus, weight of 1 atom of 12C is 12 amu. This is taken as standard for all the atomic weight
measurements. In this unit, proton and neutron masses are given by

Mass of proton =1.0072764668 amu =1.67262 x10™ kg (1.6)

Mass of neutron = 10086649157 amu = 1.674964 x 1077 kg | 1.7
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For comparison mass of an eleCHan

Mass of electron

1.4.3 Density
ce is defined as mass per unit volume.
¢s for two specific cases. Le.

Density of a substan 12 i
’)C and T'Au

We calculate nuclear densiti
Mass of °C = 1992046 % 10 ™ kg

Radius R of °C = rod
12x10 2 m

13

-2.7473 2 10 Bm

Volume of *C = f:;rR‘

86859 % 10 ¥ m’
86859 x 10+ m’

~ 2294 x 10" kg/m’
Mass of '7Au = 3.2707 x 10 ** kg

Therefore, density of ’c =

0.000549 amu 9109 x 10 *" ke
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Radius of '*"Au = red"” i N
=12x105%x1977 m

=69824%x 10" m

Volume of '”’Au = 3’"3

=14259x 10*%m

_32707x10 P kg

it 1‘1‘)7A -
density o u 14250 % 10 7 03

Therefore.
=2204 x 107 kgm'V
Thus we observe that the nuclear densities are the same for carbon and gold. Or the nuclear

density is constant and is of the order of 10'7 kg/m*. The nuclear density is extremely large. It is

comparable to the density of neutron star.
In comparison to these nuclear densities, the density of carbon atom is 2.26 x 10° kg/m’ and

that of gold atom is 1.92 x 10* kg/m*. Thus. nuclear densities are larger than atomic density by an

order of 10™.
Such a high density can be visualized by the following example. If we take 150 million cubic

metres of water and compress it to 10 “m? (or lec), we get value of density, which is of the order

of nuclear density.
The nuclear density is independent of the mass number 4. It can be explained as under:

Mass of nucleus with 4 nucleons = .4 x m kg

where m is the mass of one nucleon.




image12.png
Volume of 4 nucleus with A nucleons = ;m’.)A

Therefore,

d . - m
ensity = ra—
3 nry
Substituting for m and r,, we get
Nuclear dc—nsily =2294 %10/ kg/m’ (1.8)

1.4.4 Energy

In nuclear physics, the unit of energy is taken to be electron volt (. ¢eV). The larger units of energy

are keV and MeV. However, the SI unit of energy is joule. But SI unit of energy is not used in
nuclear physics.

Electron volt (eV) is defined as the energy acquired by an electron, when it is accelerated
through a potential difference of one volt.

Relation between eV and Joule

1 electron volt (1eV) = charge on 1 electron x 1 volt
=1.602x 10" Cx1V=1602x10"J
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1.3.2 Proton-Neutron Hypothesis

After the discovery of neutrons by Chadwick in 1932 through research on transmutation of nuclei
by a-particles, Heisenberg had earlier proposed that nuclei might be composed of protons and
neutrons, collectively called nucleons. The neutron carries mass slightly greater than that of the
proton, but is electrically neutral. Due to no charge, neutron was hard to detect and several

unsuccessful efforts were made before it was finally observed in 1932. Thus, '®0 nucleus contains
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charge. In general, ;.\ nucleus will cont
nuclear charge it will be surrounded by Z electron

8 protons and 16 - 8 = 8 neutrons. %0 nucleus is surrounded by 8 electrons to balance the nuclear

ain Z protons and (4 — Z) neutrons. To balance the
s. This model obviously avoids the failures of

proton-electron hypothesis.
Following facts support the proton-neutron hypothesis:

1.

34

4.

antum number 1/2. According to

Spin:  Both protons and neutrons have spin qu !
s is even. the resultant spin wil]

quantum mechanics. if the number of nucleons in a nucleu
be an integral multiple of /i. And when {he number of nucleons in the nucleus is odd, the
spin will be half integral multiple of #. This observation is in agrecment with the
experimental observations without any exception.

Magnetic moment:  According to proton-neutron hypothesis. there are no electrons
inside the nucleus. Hence, we do not expect the magnetic moment of the nucleus to be of
the order of Bohr magneton. On the other hand, the nuclear magnetic moment is of the
order of nuclear magneton. This is in agreement with the experimental values.

Finite size:  Since the mass of neutron is approximately equal to the mass of proton. it
is possible for the neutron to reside inside the nucleus, according to the uncertainty
principle.

Wave mechanical considerations:  According to the uncertainty principle

AxAp2h (1.1
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where Ax and Ap are the uncertainties in the position and momentum of proton/neutron
respectively. Radius of a typical nucleus of mass ~ 200 is of the order of 0.6 x 10 ¥ m,
the uncertainty in position will be Ax =2R =12 x 10 '* m. Therefore, uncertainty in
momentum Ap is given by Eq. (1.1) as

h

Ap = —
& Ax

= %ﬁ:: =55% 10" J s/m
Let us estimate the energy E of a nucleon in the nucleus using the relativistic relation
E = p:c2 + m*c*
= (5.5 % 10727 3 x 10% + (1.67 x 10°27)2 (3 x 10%)*
=229% 107

which gives
E=151%10""J = 945 MeV

This value is slightly.gre.ater than the rest mass energy of proton, which is about
938 MeV. Hence, the kinetic energy of neutron or proton in the nucleu; is of the order of
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few MeV (i.c. 945 - 938 ~ 7 MeV) and it should be possible for a free proton or neutron
to be confined in the nucleus,

Isotopic masses: It is possible to explain the existence of isotopes of different clcrlr:c (:f
Different isotopes of an element have same number of protons but different numbe
neutrons in the nucleus.

; ) ce neutron
Beta decay:  The process of 3 -decay can be explained by the fact that a free neut
is transformed into a proton as follows:

nop+p.+v

" : 3 i sutron as
The process of 8'-decay can be explained by conversion of a proton into a neu a
given by

pontftyv

In the above decays v and V are neutrino and antineutrino respectively.
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1.3.3 Terms Associated with the Nucleus

Atomic Number (Z)

It is the number of protons present in the nucleus. For example, nitrogen has 7 protons. so Z for
nitrogen is 7, Z for uranium is 92 and for hydrogen. Z is 1.

Mass Number (A)

It is the total number of protons and neutrons present in the nucleus. For example. carbon has
6 protons and 6 neutrons in its nucleus, so its mass number is 12: uranium has 92 protons and
143 neutrons, therefore, mass number of uranium is 235, ordinary hydrogen has only 1 proton in
its nucleus, so its mass number is 1. It is obvious that 4 can never be less than Z.

Neutron Number (N)

It is the total number of neutrons present in the nucleus and is equal to .{ — Z.
A nucleus Y with atomic number Z, mass number 4 and neutron number N is represented as

4 x ., for example uranium with Z=92, 4 =235 and N = 143 is written as 33U 13-
zZAN P 143

Isotopes

Nuclei of an element having the same atomic number but different mass numbers are called isotopes
of the element. There are two types of isotopes: (i) stable and (ii) radioactive. Stable isotopes are those
which do not show radioactivity, for example, N and 'N. Some radioactive isotopes
are YK, 90Co, etc.




