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14.1 Nucleus - General Information

. A nucleus consists of electrically neutral neutrons and positively charged protons. The
nucleus of hydrogen has only one proton and no neutrons.

e The charge of proton = the charge of electron = 1.6 x 10 c.

« Mass of proton, m , = 1.673 x 10 %’ kg,
Mass of neutron, m n = 1.675 x 10 27 kg.

* Protons and neutrons are commonly known as nucleons.

e The nucleus of any element is symbolically represented by ZXA or éx.

where, X is the chemical symbol of the element.
Z is the atomic number of the element whic hirep'ésents the number of protons
in its nucleus and shows the position of the €\.¢ lement in the periodic table. In
a neutral atom, the number of electrons g als “Z
A is called the mass number of the elemen &\which represents the number of
nucleons ( protons + neutrons) insidgth “Aucleus.

N = A-Z represents the number of neu rens:
e.g., the nucleus of carbon is represented by C 127 and that of uranium by 92U
Thus, nucleus of carbon has 6 protonsgn 12an ucleons and 12 - 6 = 6 neutrons and the

238

nucleus of uranium has 92 protons n./238%hucleons and 238 - 92 = 146 neutrons.
same differe it 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 |AandZ asKr®,  37Rp®
different
[Somers 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 not
break up. This is because of strong nuclear fo rce of attraction between (i) protons and
protons, (ii) neutrons and neutrons and (iii) protons and neutrons which is more than the

Coulombian force of repulsion. As far as this for ce 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 betw een the neighbouring nucleons but is negligible
between the nucleons far away from each other as in the large nuc lei.
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The figure shows the qualitative graph of their
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

100 \

where R and g are constants and g is called
the strength parameter. It can be seen from
the graph that such forces act only unto 2 to
3 fm. For r < 1 fm, the forces are repulsive.
This region of the nucleus is called its core.
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14.3 Nuclear Stability rifm})

The figure shows graph of

Z versus N, called Nuclide thL
chart, for some stable 1 F
nuclei.

In the nuclei of lighter
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 o
Z = N line and thenglies Ll o
below it which is needed P S T S T T S R S R S S R R
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As the size\ %ef \\nucleus
increases ,“the “\number of protons inside it also in crease resulting in increase in the
Coulombiaf, repulsive force. To balance it, the nuclea r force should also increase. Every

additionak, proton exerts Coulombian repulsive force on all ot her protons inside the nucleus as
thisgforce 1 long ranged. But an additional neutr  on cannot exert the strong nuclear force on
alljtheWaucleons in a large nucleus as it is a short ranged force. Hence to balance the
fepulsive Coulombian force in a large nucleus, the number of neutrons have to be more than

hesnumber of protons.

Ll

14.4 Nuclear Radius nuclear
density
Rutherford estimated nuclear radius for the
first time from experiments of scattering of pir)
O-particles on thin metal foils. Radius of . >
nuclei of metals like gold, silver, copper T
was estimated to be about 10 = m.

i

1 2 3 4 &5 6 ¥ & 9 10

It can be seen from the graph of nuclear
density P (r) versus the distance (r) that — 1(fm)
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the nuclear density is uniform and maximum in the central region of nucleus and decreases
gradually in the surface region. Though nucleus d oes 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 density as calculated from their mass “and radii and
is nearly 2 x 10/ kg m~3 which is 2 x 10 times the density of water.

Unit of Mass and Energy in Atomic and Nuclear Physic S

In nuclear physics, the unit of mass is atomic ma ss unit denoted by“ms®*The twelfth part of
the mass of an unexcited C ? atomis called 1 u.”

1 u = 1.66x10 %" kg

In nuclear physics, the unit of energy is electron volthdenoted by eV. “The change in the
energy of an electron passing through a potentia difi renee of o ne volt is called 1 eV.”

1ev = 16x10 2 J

KeV (kilo electron volt) = 10 3 eV, M%YV (million electron volt) = 10 ® ev.

According to Einstein’s theory of relat vity, mass and energy are in ter-convertible as given by
E = mc2, where c is the veloc ty o/ light¥in vacuum. Using this,

1 u (mass) = 931.48 Me\ \energy)

14.5 Binding Energy

Mass of any nucleus is essfthan the total mass of its nucleons in the ir free state.

L Zmp + Ny M, where M mass of the nucleus,

Z and N no. of protons and neutrons respectively in t he nucleus
mp and m, = mass of one proton and one neutron respectively.
(&mp, HNmM,) - M = Am is the mass defect and energy equivalent to it, Am cz, is called

the)"binng energy” (BE) of the nucleus.

For “example, mass of deuteron ( 1H2) nucleus is 2.0141 u, whereas the total mass of a
A utron 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 nucle us. This much energy is needed to separate
the neutron and the proton from the 1H2 nucleus. Conversely, when a proton and a neu tron
are fused together to form 1H2 nucleus, this much energy gets released. For 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 per ARcledn, versus atomic mass number A for

different elements. The graph rises fast in the b (€ginniag, reaches a maximum at A = 56 for
iron nucleus and then decreases slowly. F r finh ermie /“diate nuclei, the binding energy per
nucleon is about 8 MeV and is independent ofi\n U€lear radius. For Z < 10 and for Z > 70,
binding energy is small. Thus, intermediate ghtg.ei “are most stable as more energy is needed
to free nucleus from them.

When a heavy nucleus is broken into twe or“m ore parts, energy is released. This process is
called nuclear fission. Similarfy, ene'@y can be released by fusion of lighter nuclei also.
This process is called nuclear fusion.

14.6 Natural Radioactivity

Heavy elements like ufapiim}are unstable and emit invisible radiations spontaneously to gain
stability. This phenomen@ngi$ called “natural radioactiv ity". This was accidentally discovered
by Becquerel in Y2896 while studying the relation b  etween X-rays discovered by Rontgen in
1895 and the¢whenemenon of fluorescence. He called them Becq uerel rays.

Madame €uri€g nd her husband Pierre Curie isolated radium and polonium from an ore of
uraniugmy, called pitch-blend which showed much larger radioactivity than uranium. Later
thorium®, "amd\, actinium possessing radioactivity were also discovered. Radiations from

raglioaetive elements are called radioactive radiations.

Radioactive radiations are spontaneous and instan taneous and are not affected by pressure,
temperature, electric and magnetic fields etc. Th  eir emission rates also cannot be changed by
any means not even by combining radioactive elem  ents chemically with other elements to
form different compounds.

14.7 Radioactive Radiations

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

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

depends upon the radioactive element from which the emission occ urs. Y-rays are not material
particles but are electromagnetic rays.
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All these radiations affect a photographic plate, produce fluorescence and ionize the medium
through which they pass. The extent unto which they can penetrate a medium depends upon
their energy and their interactions with the con stituent particles of the medium. Their relative
ionization and penetration power are as shown in the following tab le.

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 of a radioactive /element dec ay in time AT,

then
: AN _ dN . ! o :
lim AT = — is called the rate of decay Qer It$, activity, ) of the element at time t.
At - 0
The rate of decay ( or disintegration )3 0f any element is proportional to the number of

undecayed nuclei present at that tifme:

L b [0 - N (Negative sign indi“ates that N decreases with time.)

dt
|_| | = d_N = -)\ N
dt
A is called tHeW ‘dioactive constant” or the “decay constant” of t hat element. Its unit is s

Each radip@etive, element and different unstable iso  topes of the same element have different
values of “A .

LargWyVvolue “of A means higher decay rate and short life of th e decaying element. Small

valle of "A means lower decay rate and long life of the de caying element. A is not affected
Dyatemperature, pressure, etc.

149 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 = 10 3 Ci) and microcurie (1 MCi = 10°° Ci) are
used more often.

“The activity of a substance is called 1 bequere | 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, (Z_III =-AN LI — = -Adt

Integrating both sides,

NN = -At + C N=Np at t =0 gives C =InNg
LI InN = -At + InNp
N

on N= At 0

No
L N = Noe ™ and

| = 1ge ™ N
The above equations indicate that the number o £'f T
undecayed nuclei and activity  decrease
exponentially with time. The graph of decay cutve

showing N or | versus t is shown in the g@ure

14.11 Mean Lifetime

“The time interval in which the a€ivity ofja radio active substance becomes eth part of its
original activity is called its mean Vife A

Putting | = 1lg/e at t = T "™imthe equation | = Ioe'}‘t
| ; g
_0 = |0 e AT |_| 1 =/ e AT
e
1
L 1 —
A
14.12,Haf life
“The“time interval, in which the number of nuclei of a radioactive element reduces to half of
its W\umber at the beginning of the interval, is called its half life ( T1/2).”

Patting N = Ng/2 at t= Tjyy2 in the equation N = Noe')‘t

N_O = NO e-)\.[1/2 |_| 2 = e-)\.[1/2

b3
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14.13 Emission of O - particles

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

e.g., 92U238 — goTh ! 2He4

The spontaneous emission of  O-particle in the above case is possible because Q-vawe, which
is energy equivalent of the mass defect, Am = My - (Mt + Mpe )£ Qiven, by Am.c? is
positive.

At any time t, out of N undisintegrated nuclei, o nly dN = ANdt néclel emit® Q-particles in a
very small time interval dt. This is explained as under.

Q-particle is formed inside the nucleus. In the case of abowe Seactian, remaining part of the

nucleus is ggTh 234. Now this d-particle moves freely inside\the fAucleus of goTh 234 with Q
amount of energy and experiences strong and a tu@ctive Qpuelear force and Coulombian
repulsive force.

Thus the O-particle possesses some potentia
energy in the force field of the resultant of potential
these two forces, variation of which with he energy

distance is shown in the figure. When O-pajticle u
is at A, its potential energy is more #han (S

maximum energy Q obtained by it due oWthe Q
nuclear reaction above. This means, tSykinetic
energy will be negative which i§ ©b, poSsible
according to classical physics and”itfalsg®means 0

that the Q-particle will reman co“fifled to the
nucleus. But according to quamtémr mechanics,

there is some probab lity of” @-particle becoming
free from the nucleus

According to quantum gwechanics, the probability of the Q-particle breaking the barrier AB
and going to Sheyprght side of B is

4Tt

=exp - T av2m <U> - E

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

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

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

Since the phenomenon of O-emission is probabilistic, any or all Q-particles do not get
emitted from the nucleus immediately and simultaneously afte r their formation.
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14.14 B - emission

Just as

[B-particles ( electrons) are emitted from the nuc

the nucleus. All its properties are identical to tha
positive. The electron ( _1e0) can be called a negative [3-particle ( 3°) and a posit#m 1e0 can

B-particle ( B 7).

be called a positive

Al the [-particles emitted from a
radioactive element are not emitted
with the same energy. The graph

shows the number of [-particles
emitted versus energy.

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

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

Q amount of energy released when

[B-particle is emitted is distributed
between the daughter nucleus and

the [3-particle. Emission of [3-particle
is shown in the figure.
Calculations indicate that a B-particle

emitted from a nucleus MUSE be, emitted
with a fixed value of emergy Whereas the

graph shows that [3 pagficiés "are emitted
with different energies “Quesiion arises as
to what happensi\to the remaining energy

of B-particles@wh se energy is less than
Emax ?

It canfibe \seen from the adjoining figure
thaty, the, 1 of conservation of angular

memen'm is not satisfied for  [B-emission
from), nuclei having even as well as odd
tOM e mass number, A.

A" German scientist, Pauli, hypothesized
that along with a [-particle, particles
called neutrino or antineutrino having

is also emitted.

angular momentum
2T

T .
1
number of :
p-particles '
:
1
1
1
1
1
1
1
1
1
I LY
T Ed
E, energy Emax (end
point energy)
. . ’ ﬁ-
Parent nucleus Daughter
( stable ) nucleus
A, A,
( even or ({ even or
odd ) 3 odd ) + ﬁ-!-
parent daughter
nh nh 1 h
—_— _ e = =
even + mt7aa
1,0 ne Ly 1L h
odd (n+3) 53 (35 * 7 2a

If the spins of neutrino and antineutrino are pa

Tt

h : .
BE and the law of conservation of angular momentum holds for nuclei h

leus, positrons are also emitted from
t of an electron except that its charge is

rallel, their total angular momentum will be

aving even atomic
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mass number. If they have spins in the mutually opposite directions, the law of conservation
of angular momentum holds for nuclei having odd atomic mass numb er.

When a proton is converted into a neutron insid e the nucleus, a positron and a neutrino are
emitted.

p - n+ e’ +v ( neutrino )

When a neutron is converted into a proton insid e the nucleus, an eléct'an and an
antineutrino are emitted.
n - p+e + V (antineutrino)

Z increases by 1 but A does not change when a B-particle is emittegs

14.15 V - emission

Just as electromagnetic radiation is emitted during transitiongof ¢gatom from higher to lower
energy level, radiation is emitted from the nucleus a IsogeAtoic _sergy levels are of the order
of eV whereas the nucleus energy levels are of the o'der ofy MeV. If the difference of ener gy
between two layers equals 1 MeV, then

1Mev = 10°ev = 10° x 16 x 10 3 = hp = He /N
T hc _ 66 x 10™34 x(3.00x 108
1.6 x 10" 13 1.6.% 1083

= 1237 x 10 % m

= 0.0012 nm
The radiation having wave eng hilof this order is Y-radiation.
After the emissiop of an ™ @-particle or a [3-particle, the daughter nucleus is mostly found to
be in the excited)statey, When such a nucleus e xperiences one or more transitions to the
ground state, . €émits Y-radiation.
For exampie as ‘shown in the figure below, a 270060 is in excited state after the emission of

a [3-paiicle’, It moves to the ground state through two transitions and emits y-rays of
efergynll7 MeV and 1.33 MeV.

60 =
E?CD N

1.33 MeV 7- Tay
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14.16 Nuclear Reactions

In 1919 Rutherford discovered that one element can be converted into another by bombarding
it with suitable particles with appropriate energy. T his process is called artificial nuclear
transmutation. Such a reaction is called nuclear reaction and is r epresented by

A+a - B+ b+ Q

where A is called the target nucleus, a the pr ojectile, B the product and "0, the“product
particle. Q amount of energy liberated in the rea ction is called Q-value ofgthejp oeess and is
given by

Q = ¢®[M(A) + m(a) - M(B) - m(b)]
The process is called exoergic when Q > 0 and is called endoergic w hen Q < 0.

For example, Nitrogen can be transformed into Oxygen by bomi a ding d-particles on it.

14 4

7N + oHe - 3017

+ H + Q

The laws of conservation of (1) momentum (20 4) Cyparge and (3) energy are obeyed in
nuclear reactions. The sum of atomic numbers bef re (and’ after t he reaction are the same
(the law of conservation of charge ). Also,, he sum of atomic mass numbers remain the
same before and after the reaction.

14.17 Nuclear Fission

Neutrons are the best projectiles{forgnuclear f ission because, being electrically neutral, they
do not face Coulombian repulsite ~ ofce while entering the nucleus.

Otto Hahn and Strassmann bombarded thermal ne utrons (neutrons in thermal equilibrium with
the surrounding at roost t€m erature ) on the s  olutions of compounds of uranium. In such
experiments, they fo nd 47 WA radioactive elements, one of which was Ba ( Barium ). This
surprised them as to haw,_an element of Z = 56 ( Barium) could be formed from uranium of
Z = 92! Lady@\physicist Meitner and her
nephew  Friggh W\sug@ested splitting  of

uranium into W@y almost equal fragments B
which progessihey called fission. ‘; 10~
There “arenseveral theories explaining fission. g 1+
Te “Sum) up, uranium nucleus absorbs a E-_.
theamal “Reutron, gets into excited state and i 1L
Paeaks up into two nearly equal fragments. = 10
Bhe“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 different 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
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235

92U 1 onl = 515b133 A 41Nb99 + 40nl

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

14.18 Nuclear Chain Reaction and Nuclear Reactor

From the fission of one uranium nucleus by a single neutron, on a n average§2 to“8, neutrons
are released which induce fission in more uranium nuclei. This sets up a self-SUstaining chain
of reaction called nuclear chain reaction. Following precautions have to e t*ken™in carrying

out such a reaction.

(1) The neutrons released during the fission are quite fast hav ing kineti€) energy of about
2 MeV. They have to be slowed down to the level of thermal “heutfons ( kinetic energy
0.04 MeV) so that they do not escape the fission materialgand induce further fission.

To slow down the neutrons, reflectors and mod  eratorflike heavy water (D 20 ), carbon
in the form of graphite, Beryllium and ordinary W ater~are used in nuclear reactors.
Moreover, the core region of the reactor is k eptilarge to prevent the neutrons leakage
from the surface.

(2) Large amount of energy released in nu gCear (eagtion can raise the temperature to about
10° K. Hence to cool the fission material ‘@nd mode rators, coolants like suitable gases,
water, liquid sodium, etc. are used

(3) The ratio of number of neutro S\produe ed to the number of neutrons incident at any
stage of the chain reactionsyca l[ed the multiplic  ation factor (k). For controlled chain
reaction, this ratio should Be Kept nearly one. Wit h higher value of k, chain reaction

can go out of control apd ‘with lower value of k, it may tend to stop. For this, some
controlling rods of neu rop a Semding materials like Boron and Cadmium are inserted in
the fission material with @@tematic control device. Rods move further inside the fission
material if k incre@s“§,beyond one and come out if k reduces belo W one.

14.19 Nuclear reactorh.power plant

A schematic diag am of a specially designed nuclea r power plant is shown in the figure on
the next page. 92U235 is used as fuel. But the ore of uranium cont ains 99.3 % of 92U238 and

only 0.7 % of'% U235. Hence ore is enriched to contain 3 % of U235. When 92U238 absorbs
neutrof Wit ‘Gonverts into plutonium though the following reactions:

92U238 onl - 92U239 - 93Np239 + e + Vv (‘antineutrino )

o Np SO 94Pu239 + e + V (antineutrino)

Plutonium is highly radioactive and can be fissioned with slow neut ron.

In the reactor shown, ordinary water, used as a moderator and coolant, is circulated through

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 genera tor. The steam produced drives the turbine
connected to electric generator and the low pr essure outlet steam from the turbine is
condensed, cooled and pumped back to the stea m generator. Inside the reactor, some safety
rods are used in addition to the controlling rod s to quickly reduce the multiplication factor, k,

below 1 in case of crisis.
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high pressure tubes

Py n ;Q;E__;;;ﬂc

water tu% : generaggs

\ low pressure tulies

steam .
generator —— «s\coolant {in)

reactor
core

pump

N =——4¢ —> coolant {out)
A o

+«— primary loop ——+«— secondary loop —

In some specially designed reactors, ur @it oxige pallets are used as fuel which are filled
in long tubes from one end to another. The t ubes are surrounded by the tubes through
which liquid moderators are circulated, This device forms the core of the reactor.

14.20 Thermonuclear Fusign®inf Su and Other Stars

Just as energy is released N Nmelear fission, it is also released when light nuclei like proton
and deuteron fuse toget“er, at\ a very high tem perature to form helium nucleus. Such a
process is called therm@nuglear fusion.

Hydrogen works @s fuel and helium is the end p roduct of the process, called proton-proton
cycle, occurring, in\the Sun. The reactions are given by

HY o+ N WHT et 4+ v+ 042 Mev (1)
e’ & 2y + 1.02 MeV (2)
2 1 3
MO HY - oHe® + Y + 5.49 MeV (3)
Hed + oHe® - oHe' + jH! + 1K + 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 = 2 x(0.42 + 1.02 + 5.49) + 12.86 = 26.7 MeV.

Carbon-nitrogen cycle is also proposed in case o f the Sun in which 25 MeV energy is
. . . . . 4
released and the net reaction is fusion of 4 protons forming 1 nuc leus of helium, >He".



