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14.1 Nucleus - General Information

. A nucleus consists of electrically neutra | neutrons and positively charged protons. Th e
nucleus of hydrogen has only one proton and no neutrons.

e The charge of proton = the charge of e lectron = 1.6 x 10 el

e Mass of proton, m p = 1.673 x 10 %’ kg,
Mass of neutron, m , = 1.675 x 10°%’ kg.

¢ Protons and neutrons are commonly known as nucleons.

¢ The nucleus of any element is symbolical |y represented by ZXA or éx.

where, X is the chemical symbol o f the element.
Z is the atomic number of the element which represents the number of protons
in its nucleus and shows the position of th e element in the periodic table. In
a neutral atom, the number of electrons is also Z.
A is called the mass n umber of the element which represents the nu mber of
nucleons ( protons + neutrons) inside the nu  cleus.
N = A-Z represents the number of neutrons.
e.g., the nucleus of carbon is repres ented by 6C12 and that of uranium by goU
Thus, nucleus of carbon has 6 protons in 12 nucleons and 12 -6 = 6 neutrons and the

nucleus of uranium has 92 protons in 238 n  ucleons and 238 -92 = 146 neutrons.

238

same different examples
Isotopes z A and N Carbon - 6C12, 6C13 and 6C14
, 233 235 238
Uranium - 92U, goU and goU
Isobars A Z and N Pb?** and Bi?*
Isotones N=A-Z A and Z 36Kr®,  37RbY
different
lsomers A, Z,N (all) | radioactive Pair of isomers of  35Br°°
properties
14.2 Nuclear Forces
Despite Coulombian force of repulsion between the protons in the nucleus, nucleus does no t
break up. This is because of strong nuclear force of attraction between (i) protons a nd
protons, (ii) neutrons and neutrons and (i ii) protons and neutrons which is more than the

Coulombian force of repulsion. As far as thi s force is concerned, there is no difference
between protons and neutrons. Hence they are commonly known as nucleons. This strong
force is a short range force which exists b  etween the neighbouring nucleons but is negli  gible
between the nucleons far away from each othe r as in the large nuclei.
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The figure shows the qualitative graph of th

potential energy U (r) corresponding to the
forces acting between two nucleons versus

distance (r) between them.
r

2e R
Here, U(r) = -g~—— for r > 1 fm,
r

where R and g are constants and g is calle
It can be seen from

the strength parameter.
the graph that such forces act only unto 2
3 fm. For r < 1 fm, the forces are repuls
This region of the nucleus is called its co

14.3 Nuclear Stability

The figure shows graph of

to
ive.
re.

eir

100 \

d

Potential energy [ MeV )

=100

o 1 2 3
rifm)

Z versus N, called Nuclide
chart, for some stable
nuclei.

In the nuclei of Ilighter
elements, the number of
protons (Z) and neutrons

(N) are almost equal but
in case of heavy elements,
the number of neutrons is
comparatively more. Stable
nucleus lies on or very
close to the stability line.
Initially stability line is on
Z = N line and then lies L
below it which is needed
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for the stability of the o
nucleus.
As the size of nucleus

increases, the number of protons inside
Coulombian repulsive force. To balance it,
additional proton exerts Coulombian repulsive
this force is long ranged. But an additional
all the nucleons in a large nucleus as it

repulsive Coulombian force in a large nucleus

the number of protons.

14.4 Nuclear Radius

Rutherford estimated nuclear radius for the
first time from experiments of scattering of

Q-particles on thin metal foils. Radius of
nuclei of metals like gold, silver, copper

was estimated to be about 10 ~ = m.

It can be seen from the graph of nuclear
density P (r) versus the distance (r) that
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the nuclear density is uniform and maximum i n the central region of nucleus and decreases
gradually in the surface region. Though nucle us does not possess a sharp surface, its
average radius can be given by the formula

1/3

R = Ro All3 = 1.1A" fm, where A is the atomic mass number of the nucleus,

197 1/3

e.g., the radius of nucleus of Au is R = 1.1x(197)"" fm = 6.4 fm.

All the nuclei have almost same nuclear dens ity as calculated from their mass and radii and
is nearly 2 x 1017 kg m™3 which is 2 x 10 times the density of water.

Unit of Mass and Energy in Atomic and Nucle ar Physics:

In nuclear physics, the unit of mass is ato mic mass unit denoted by u. “The twelfth pa rt of
the mass of an unexcited C 2 atomis called 1 u."

1 u = 1.66x10 %" kg

In nuclear physics, the unit of energy is e lectron-volt denoted by eV. “The change in the
energy of an electron passing through a pote ntial difference of one volt is called 1 ev .

1ev = 16x10 2 3

KeV (kilo electron volt) = 10 3 ev; MeV ( million electron volt) = 10° ev.
According to Einstein’s theory of relativity, mass and energy are inter-convertible as giv. en by
E = mc2, where c is the velocity of light in vac uum. Using this,

1 u(mass) = 931.48 MeV (energy)

14.5 Binding Energy

Mass of any nucleus is less than the total mass of its nucleons in their free state.

L Zmp + Nmp, > M, where M mass of the nucleus,

Z and N no. of protons and neutrons respect ively in the nucleus
mp and mp = mass of one proton and one neutron respe  ctively.
(Zmp + Nmp) - M = Am is the mass defect and energy equivalent to it, Am cz, is called

the “binding energy” (BE) of the nucleus.

For example, mass of deuteron ( 1H2) nucleus is 2.0141 u, whereas the total m ass of a
neutron and a proton is 2.0165 u.

LI mass defect, Am = 0.0024 u = 0.0024 x 931.48 = 2.24 MeV energy.

This is the binding energy of the deuteron nucleus. This much energy is needed to separ ate
the neutron and the proton from the 1H2 nucleus. Conversely, when a proton and a n eutron
are fused together to form 1H2 nucleus, this much energy gets released. Fo r deuteron

nucleus, binding energy per nucleon is 2.24 /2 = 1.12 MeV. Binding energy per nucleon is a
measure of the stability of the nucleus.
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The above figure shows the binding energy pe r nucleon versus atomic mass number A for
different elements. The graph rises fast in the beginning, reaches a maximum at A = 56 for
iron nucleus and then decreases slowly. For intermediate nuclei, the binding energy per
nucleon is about 8 MeV and is independent o f nuclear radius. For Z < 10 and for Z 2= 70,
binding energy is small. Thus, intermediate n  uclei are most stable as more energy is nee ded
to free nucleus from them.

When a heavy nucleus is broken into two or more parts, energy is released. This process is
called nuclear fission. Similarly, energy can be released by fusi on of lighter nuclei also.
This process is called nuclear fusion.

14.6 Natural Radioactivity

Heavy elements like uranium are unstable and emit invisible radiations spontaneously to ga in
stability. This phenomenon is called “natural radioactivity”. This was accidentally discove red
by Becquerel in 1896 while studying the rela tion between X-rays discovered by Rontgen in
1895 and the phenomenon of fluorescence. He called them Becquerel rays.

Madame Curie and her husband Pierre Curie is olated radium and polonium from an ore of
uranium called pitch-blend which showed much larger radioactivity than uranium. Later
thorium and actinium possessing radioactivity were also discovered. Radiations from
radioactive elements are called radioactive ra  diations.

Radioactive radiations are spontaneous and ins tantaneous and are not affected by pressure,
temperature, electric and magnetic fields etc. Their emission rates also cannot be changed by
any means not even by combining radioactive elements chemically with other elements to
form different compounds.

14.7 Radioactive Radiations

During radioactive radiations, O-particles, [-particles and Y-rays are emitted. Q-particles are
material particles which are nuclei of helium having two protons and two neutrons and ca rry

a charge of +2e. [-particles are electrons. The velocity of em ission of - and [-particles

depends upon the radioactive element from whi  ch the emission occurs. Y-rays are not material
particles but are electromagnetic rays.
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All these radiations affect a photographic pl  ate, produce fluorescence and ionize the medi um
through which they pass. The extent unto whi ch they can penetrate a medium depends upon

their energy and their interactions with the constituent particles of the medium. Their r elative
ionization and penetration power are as shown in the following table.
a B Y
Relative lonization Power 10,000 100 1
Relative Penetration Power 1 100 10,000

14.8 Radioactive decay constant

If AN out of N undecayed nuclei in a sample o f a radioactive element decay in time AT,

then

. AN _dN . . . .

lim —— = — s called the rate of decay (or its acti vity, 1) of the element at time t.
At 0 At dt

The rate of decay ( or disintegration ) of a ny element is proportional to the number of
undecayed nuclei present at that time.

L dN 0 - N (Negative sign indicates that N decreases  with time.)

dt
dN
1= — =-AN
dt
A is called the “radioactive constant” or th e “decay constant” of that element. Its unit is s™ L.

Each radioactive element and different unstabl e isotopes of the same element have differen t
values of A.

Large value of A means higher decay rate and short life of the decaying element. Small

value of A means lower decay rate and long life of the decaying element. A is not affected
by temperature, pressure, etc.

14.9 Units of activity

“The activity of a sample is called 1 curie [1 Ci] if 3.7 x 10*% nuclear disintegrations occur

per second.” In practice, millicurie (1 mCi =103 Ci) and microcurie (1 WMCi = 10°° Ci) are

used more often.

“The activity of a substance is called 1 be querel in which 1 disintegration occurs per
second.” It is denoted by 1 Bq.
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14.10 Exponential Law of Radioactive Decay

For radioactive decay, d—':l =-AN U dWN = -Adt
Integrating both sides,
NN = -At + C N=Np at t =0 gives C =InNg
L0 ImN = -At + InNp
N

O mn N = At 0

No
U N = Noe ' and

| = 1ge ™ N
The above equations indicate that the number of T
undecayed nuclei and activity  decrease
exponentially with time. The graph of decay curve

showing N or | versus t is shown in the figure.

—3 t

14.11 Mean_Lifetime
“The time interval in which the activity. of a radioactive substance becomes eth part of its
original activity is called its mean life T
Putting | =1g/e at t= T in the equation | = Ioe')‘t
| B }
_0 = |0 e At I:l 1 = e At
e

1
Lt =

A
14.12 Half life
“The time interval, in which the number of nuclei of a radioactive element reduces to h alf of
its number at the beginning of the interval, is called its half life ( T1/2).”
Putting N = Ng/2 at t = Ty1y2 in the equation N = Np e')‘t
No _ No e"‘Tllz 0 2 = e"‘Tllz
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14.13 Emission of O - particles

Most of the atoms having atomic number great er than Z =83 emit -particles which consist of
two protons and two neutrons.

238 4

e.g., 92U — 9goTh 234 oHe
The spontaneous emission of  d-particle in the above case is possible becau se Q-value, which

is energy equivalent of the mass defect, Am = My - (Mmh + Mye), given by Am.c? is
positive.

At any time t, out of N undisintegrated nuc lei, only dN = ANdt nuclei emit O-particles in a
very small time interval dt. This is explain ed as under.

Q-particle is formed inside the nucleus. In th e case of above reaction, remaining part of the

nucleus is ggTh 234. Now this Q-particle moves freely inside the nucleus of goTh 234 with Q
amount of energy and experiences strong and attractive nuclear force and Coulombian
repulsive force.

Thus the d-particle possesses some potential

energy in the force field of the resultant of potential
these two forces, variation of which with th e energy
distance is shown in the figure. When Q-particle u

is at A, its potential energy is more than its

maximum energy Q obtained by it due to the Q

nuclear reaction above. This means its kineti ¢
energy will be negative which is not- possibl e
according to classical physics and it also m eans 0

that the d-particle will remain confined to the
nucleus. But according to quantum mechanics,

there is some probability of  Q-particle becoming
free from the nucleus.

According to quantum mechanics, the probabilit y of the Q-particle breaking the barrier AB
and going to the right side of B is

1T
=exp - T av2m <U> - E

where, h = Planck’s constant, a = width of the barrier (AB), <U > isthe average h eight of
the barrier and E = energy of the O-particle = Q.

If there are N nuclei in a sample of 92U238 and one d-particle is formed in each of them,

then there will be N O-particles present. But only dN number of Q-particles succeed in
escaping the barrier in time dt. The phenome non of penetration of particles having energy
less than the height of the barrier (in te rms of energy) is called tunneling.

Since the phenomenon of d-emission is probabilistic, any or all O-particles do not get
emitted from the nucleus immediately and simu  Itaneously after their formation.

G
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14.14 B - emission

Just as [B-particles (electrons) are emitted from the nucleus, positrons are also emitted from
the nucleus. All its properties are identical to that of an electron except that its ch arge is

positive. The electron ( -1e0) can be called a negative [-particle ( B ) and a positron 1e0 can
be called a positive [B-particle ( B 7).

Al the [-particles emitted from a
radioactive element are not emitted
with the same energy. The graph
sho_wsOI the number of [-particles e nerm
emitted versus energy. B-particles

The number of [-particles having
energy E1 is maximum whereas
Emax is the maximum energy of

some [B-particles. E 1 and Emax
depend on the type of radioactive
element.

LY
] ra

Q amount of energy released when q ENeny — E max (end

B-particle is emitted is distributed point energy )
between the daughter nucleus and

the B-particle. Emission of [-particle

is shown in the figure.

Calculations indicate that a B-particle
emitted from a nucleus must be emitted —
with a fixed value of energy whereas the

graph shows that [-particles are emitted
with different energies. Question arises as

-+
™
1

o Parent nucleus Daughter
to what happens to the remallmng energy (stable) ' ucleus
of B-particles whose energy is less than
Emax?

A,
{ even or

A,
{ even or

It can be seen from the adjoining figure
that the law of conservation of angular

) o A odd ) - odd ) + g
momentum is not satisfied for B-emission parent daughter
from nuclei having even as well as odd
atomic mass number, A. oven nh nh . 1 h
A German scientist, Pauli, hypothesized 2n n 2 2m
that along with a B-particle, particles 1. h 1. h 1 h
called neutrino or a?]tineutrino having odd (n+ E:I T == (n+ TV 5m * 7 3
1 . .
angular momentum —— is also emitted.
22m
If the spins of neutrino and antineutrino ar e parallel, their total angular momentum will be

h . . . .
o and the law of conservation of angular mom entum holds for nuclei having even atomic
m
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mass number. If they have spins in the mutu ally opposite directions, the law of conserva tion

of angular momentum holds for nuclei having odd atomic mass number.
When a proton is converted into a neutron i nside the nucleus, a positron and a neutrino are
emitted.

+ .
p - n+ e + v (neutrino)
When a neutron is converted into a proton i nside the nucleus, an electron and an
antineutrino are emitted.
n - p+e + V (antineutrino)

Z increases by 1 but A does not change whe n a [-particle is emitted.

14.15 VY - emission

Just as electromagnetic radiation is emitted during transition of atom from higher to low er
energy level, radiation is emitted from the nucleus also. Atomic energy levels are of th e order
of eV whereas the nucleus energy levels are of the order of MeV. If the difference of  energy
between two layers equals 1 MeV, then

1Mev = 10°ev = 10° x 16 x 10 3 = hf = hc /A
hc 6.6 x 10734 x 3.0 x 108
LI A = 5 3
1.6 x 10~1 1.6 x 10~1

= 1237 x 10 m

= 0.0012 nm
The radiation having wavelength of this order is Yy-radiation.
After the emission of an  O-particle or a [3-particle, the daughter nucleus is mostly fou nd to
be in the excited state. When such a nucleu s experiences one or more transitions to the
ground state, it emits  Yy-radiation.
For example as shown in the figure below, a 27C060 is in excited state after the emission of

a [-particle. It moves to the ground state thr ough two transitions and emits y-rays of
energy 1.17 MeV and 1.33 MeV.

60 =
E?CD N

1.33 MeV 7- Tay

G
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14.16 Nuclear Reactions

In 1919 Rutherford discovered that one elemen t can be converted into another by bombardin g
it with suitable particles with appropriate e nergy. This process is called artificial nucle ar
transmutation. Such a reaction is called nucl ear reaction and is represented by
A +a - B+ b+ Q
where A is called the target nucleus, a the projectilie, B the product and b the produc t
particle. Q amount of energy liberated in th e reaction is called Q-value of the process and is
given by

2
Q = ¢ [M(A) + m(a) - M(B) - m(b)]

The process is called exoergic when Q > 0  and is called endoergic when Q < 0.

For example, Nitrogen can be transformed into Oxygen by bombarding Q-particles on it.

N+ oHe' L g0 + H! + Q

The laws of conservation of (1) momentum, (2) charge and (3) energy are obeyed in
nuclear reactions. The sum of atomic numbers before and after the reaction are the same
(the law of conservation of charge ). Also, the sum of atomic mass numbers remain the

same before and after the reaction.

14.17 Nuclear Fission

Neutrons are the best projectiles for nuclear fission because, being electrically neutral, they
do not face Coulombian repulsive force while entering the nucleus.

Otto Hahn and Strassmann bombarded thermal ne utrons ( neutrons in thermal equilibrium with

the surrounding at room temperature ) on the solutions of compounds of uranium. In such
experiments, they found new radioactive elemen ts, one of which was Ba ( Barium ). This
surprised them as to how an element of Z = 56 (Barium) could be formed from uranium of

Z = 92! Lady physicist Meitner and her
nephew  Frisch  suggested  splitting  of

uranium into two almost equal fragments =
which process they called fission. ‘; 10~
There are several theories explaining fission. g 1+
To sum up, uranium nucleus absorbs a E-_.
thermal neutron, gets into excited state and i 1L
breaks up into two nearly equal fragments. = 10
The phenomenon of fission is another case =
of tunneling. During fission, a barrier is @ 1072
formed including Coulombian forces and two —
fragments are formed by penetrating that = 1073
barrier. In fact, not just two but 60 diffe rent 5
fragments are formed as is clear from the = _a L
fi =z 1074
gure. =
. . E 10°5 1 1 1 I 1
The probability of formation of fragments of 60 80 100 120 140 160 180

mass numbers A = 95 and A = 140 is
maximum. One of such reactions can be

given by the equation mass number of fission fragments

Www. schrooinoteséw. com
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235

92U + onl - 515b133 + 4;|_Nb99 + 40nl

Four neutrons are also emitted in the above reaction. 200 MeV is released in the form of
kinetic energy of Yy-rays and energy of neutrons per fission of uranium nucleus.

14.18 Nuclear Chain Reaction and Nuclear Reac tor

From the fission of one uranium nucleus by a single neutron, on an average, 2 to 3 ne utrons
are released which induce fission in more ur  anium nuclei. This sets up a self-sustaining chain
of reaction called nuclear chain reaction. Fol lowing precautions have to be taken in carry ing
out such a reaction.

(1) The neutrons released during the fiss ion are quite fast having kinetic energy of about
2 MeV. They have to be slowed dow n to the level of thermal neutrons ( kinetic energy
0.04 MeV) so that they do not escape the fission material and induce further fission.

To slow down the neutrons, reflector s and moderators like heavy water (D 20), carbon
in the form of graphite, Berylium and ordin ary water are used in nuclear reactors.
Moreover, the core region of the reactor is kept large to prevent the neutrons leakage
from the surface.

(2) Large amount of energy released in n uclear reaction can raise the temperature to about
10° K. Hence to cool the fission material and moderators, coolants like suitable gases,
water, liquid sodium, etc. are used.

(3) The ratio of number of neutrons prod uced to the number of neutrons incident at any
stage of the chain reaction is called the m ultiplication factor (k). For controlled cha in
reaction, this ratio should be kept nearly o ne. With higher value of k, chain reaction
can go out of control and with lower value of k, it may tend to stop. For this, some
controlling rods of neutron absorbing material s like Boron and Cadmium are inserted in
the fission material with automatic control d evice. Rods move further inside the fission
material if k increases beyond one and come out if k reduces below one.

14.19 Nuclear reactor power plant

A schematic diagram of a specially designed n uclear power plant is shown in the figure o n
the next page. 92U235 is used as fuel. But the ore of uranium contains 99.3 % of 92U238 and
only 0.7 % of 92U235. Hence ore is enriched to contain 3 % of U235. When 92U238 absorbs

neutron, it converts into plutonium though th e following reactions:

238 1

239
92U + on” - 9oU

- 93Np239 + e + V (antineutrino)
93Np239 - 94Pu239 + e + Vv (‘antineutrino )
Plutonium is highly radioactive and can be f issioned with slow neutron.

In the reactor shown, ordinary water, used a s a moderator and coolant, is circulated thr ough

the core of the reactor by means of a pump . Outlet water, at 150 atm and temperature  of
about 600 K is passed through a steam gener ator. The steam produced drives the turbine
connected to electric generator and the low pressure outlet steam from the turbine is
condensed, cooled and pumped back to the ste am generator. Inside the reactor, some safety
rods are used in addition to the controlling rods to quickly reduce the multiplication f  actor, Kk,

below 1 in case of crisis.
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In some specially designed reactors, uranium oxide pallets are used as fuel which are fi lled
in long tubes from one end to another. The tubes are surrounded by the tubes through
which liquid moderators are circulated. This device forms the core of the reactor.

14.20 Thermonuclear Fusion in Sun and Other Stars

Just as energy is released in nuclear fissio n, it is also released when light nuclei li ke proton
and deuteron fuse together at a very high t emperature to form helium nucleus. Such a
process is called thermonuclear fusion.

Hydrogen works as fuel and helium is the en d product of the process, called proton-proto n
cycle, occurring in the Sun. The reactions a re given by

HY + HY o H? 4 et 4 v+ 042 MeV (1)
e + e L 2y + 1.02 MeV (2)
2 1 3
H® H™ S oHe”™ + Yy + 5.49 MeV (3)
Hed + oHe® o oHet + R + jH! + 12.86 Mev (4)
The first three reactions should occur twice so that the fourth reaction becomes possible . The
total energy released in this process is = 2x(042 + 1.02 + 5.49) + 12.86 = 26.7 MeV.

Carbon-nitrogen cycle is also proposed in cas e of the Sun in which 25 MeV energy is
. . . . . 4
released and the net reaction is fusion of 4 protons forming 1 nucleus of helium, oHe".
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