Chapter - 15
Nuclear Physics

In 1931, for explanation of experimental
obersations of o ray scattering experiments Rutherford
proposed that nearly all ofits mass and the entire charge
ofanatomisconcentrated into a very small region called
the "nucleus” situated at the centre ofatom. You have
studied in detail about this experiment and the nuclear
atom model in previous chapter. Now it s a natural
question to ask whether the nucleus has also some
internal structure likeinternal structure ofanatom. Inthis
chapter wewill make efforts to answer this question by
discussing about nuclear constitution, nuclear size and
nuclear forces.

Priorto the discovery ofthe nucleus it was known
that some heavy elements like uranium, thorium etc,
decay spontaneously by emitting certain particles called
a, B and y radiations. This phenomenon discovered
by Becqueral in 1936 1s called the radioctity. We will see
later that the radioctity too 1s a nuclear phenomenon.
After discussing the laws of radioactive decay and related
definitions we will discuss about nuclear fission and
nuclear reactors which at present play an important role
in fullfilling our energy needs. Towards the end ofthis
chapter we will discuss about fusion whichis the source
ofenergy generationin sun and other stars, and promises
to be a pellution free source of energy in future.

15.1 Nuclear Structure

With the exception ofnormal hydrogen the maclei of
all other atoms are formed of two components called
neutrons and protons. The nucleus of ordinary hydrogen
contains only a single proton and no neutron. Two other
forms of hydrogen (istopes) known as deuterium and
Tritieum contains respectively 1 and 2 neutrons in
addition to | proton. The protonis positively charged
with magnitude of charge equal to the electronic charge
while the neutron is electrically neutral. The masses of
protons and neutrons are respectively as

m, =167626231x107" kg

. 10 27 Ler
m, =1.6749286x 10 = kg

(Later on we will describe masses in terms of
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anotherunit (u)and equivalent energy units). Electronisa
tundamental particle of nature but neutrons and protons
are not fundamental particles in atrue sense. These are
supposed to be made up of other particles called
'quarks’. In this chapter our emphasis is primarily on
those properties of the nucleus which are not related to
theinternal structure of proton or neutronthus we will not
be discussing about quarks any turther.

The number of protons present in anucleus of an
element is called its proton number and it is also called as
atomic number and is denoted symoblicallyby Z. This
number is equal to the number of electrons presentina
neutral atom ofthe said element. The number of neutrons
present inanucleusis termed as the neutron number and
is denoted by N. If we ignore the difference of charge (q
=+eforprotonand q= o for neutron) the neutrons and
protons are very nearlyidentical particles. Their masses
are very nearly the same and inside the nucleus these are
subjected to identical nuclear force. For thesereasons
we often classify nentrons and protonstaken together as
'nucleons'. The mumber of nucleons (=Z + N)is called as
the mass number of nucleus and is denoted by A. By
specifying Z and A (and hence N) we can identify a
particular nuclear species oranuchde. As per convention

anuclide is symbolically denoted by | X or “ X, where

X = chemical symbol of element
Z = atomic number of element which is also the
number of protons in the nucleus

A =massnumber of nuclide which is equal to the
number ot nucleons in the nucleus

Thus, I He represents a helium nucleus which

contains 2 protons and 4 nucleons and therefore 2
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neutrons. Similarly |’ Ag represents a silver nucleus

containing 46 protons and 107 nucleons therefore 61
neutrons,

15.1.1 Someimportant Definitions

[sotopes : These are atoms having same number
of protons Z in their nuclei: but having different mass
number A i.e the nuclei of different isotopes of same



element contains same number of protons but different
number of neutrons. Forexample consider three isotopes

ofoxygen §0, 'J0, O . Asthe chemical properties of
any elements isdetermined by Z, thenumber of electrons
in it, so all the isotopes of a given elements show
identical chemical properties and they occupy same place
in periodictable. They cannot be separated by chemical

analysis but can be done so by mass-spectrograph.

Isobars : These are nuclei having same mass
{nucleon) number Abut ditterent atomic (proton) number

Z., and neutron number N. For example 1 C and ;N

areisobars foreach A= 14 but Z and N are different. As
the atomic numbers are different these belong to different
chemical elements and occupy different positions in
periodic table. They can be separated by chemical
means but not by mass spectrograph.

Isotones : These are nuclei belonging to different
elements having same neutron number N but ditferent

atomic number Z and different massnumber A e.g ' C

and ', N areisotones for each of which N=7. These

belongs to different elements and can be separated by
both the chemical means and mass spectrograph.

Mirror Nulcei : In suchnuclei the mass number A
18 same but proton number and neutron number are
interchanged i.e number ofneutrons in one equals the
number of protons in other and Vice-Versa. e.g

iBe(Z=4,N=3) and [Li(Z=3, N=4)

Isomers : For thesenuclei each A and Z are same
but their radioactive properties (like halflives, nuclear
energy states) are different. Isomers are represented by
same chemical symbol with a marked as superscript to
differentiate it withnucleus in ground state.

15.2 Nuclear Size

In previous chapter while analysing the o particle
scattering experiments we have calculated the distance of
closest approach for on o particle for a given nucleus.
For . scattering experiment involving 5.5 MeV energy
o particles and gold nucleus, Rutherford found this

distance to benearly 4.0x10 " m . Atsucha distance
o particle retraces its original path after stopping
momentarily due to the Coloumb repulsion of the
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nucleus. From this Rutherford concluded that the size of

gold nucleus must be smaller than 4.0x10 “m
Rutherford also found the distance of clost approach for

silver nuclei to be nearly 2.0x10 “m . Thusitis
obvious that if we assume nucleus to be spherical its

radius must be ofthe orderof 10 *m

Inmodern experiments for determining the nuclear
radius high energy electrons or neutrons are utilised. In
electron scattering experiments electron beams having
energy 200 MeV or more are used tor their de-Bragile
wavelength is short enough tor them to act nuclear
structure sensitive probe. In etfect such experiments
ditfraction pattern ot scattered electrons from which
shape oftarget (nucleus)is determined. It is worth noting
that electron scattering experiments provides information
regarding the charge distribution in nucleus while neutrons
scattering experiments determines the distribution of
matter (mass) in nucleus. From these experiments
although we found that the nucleus hasno sharply defined
surtace but majority of the nuclei are very nearly spherical
with some of them having ellipsoidal surfaces. However,
there is a general agreements that one can define an
average or amean radius for a nucleus as follows
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where Aisthe mass number of the nucleus and X,

R:R]Alsj

is constant witha valueabout 1 2x10 “m.

A convement unit for measuring nucleur radms and
nuclear distances is femtometer also called fermi and
abbreviated asfm, such that

1 temtometer =1 fermi=1fm=10 " m, thusin
thisunitR = 1.2 fim. Asdiscussed in previous chapter it
is to be noted that nuclear radius is smaller by a factor of
10* compared tothe atomic radius.

15.2.1
It we asume that the nucleus to be spherical witha

radius R thenits volume is

V=4/3 R’

V=(4/3) TR A 152

Therefore thevolume of a nucleusis proportional to

itsmass number. This inturns means that the density ofthe
nuclear matter isindependent of1ts mass number and is

Nuclear Volume

or



same forall nulcet.

Example 15.1 Determine the radius of ;] Al
nucleus.

Solution : The nuclear radisis given by

R=R,A" where R =12 fm and as per
question A=27, thereofre

R=12x(27)"

=3.6 fm=3.6x10"m

Example 15.2 Determine the potential energy due
to electrical repulsion between two ;] Al nuclei when
they just touch each other at the surface.

Solution : As per solution obtained in example
15.1 above the radius of each] 4/ nucleus is
R=3.6x10 " m.Whenthey just touch other at the
surface the separation between their centres is

d=2R=72x10""m . So the potential energy
associated with this pair will be

4.
( )I,r — Q] f =

dre, d
Here each nucleus contains 13 proton, so

g, =9, =13x1.6x107"7 C

2

o (9><10‘°Nm2f(?g)(13><1.6><10 1—"(?)
- 72510 m

=5408% 10" x107* Nm

540.8x107"

=540.8x10 ] -
1.6x10 "

Example 15.3 Estimate the numerical value of
nuclear density for a nucleus of mass number A,

Solution : The mass of proton and neutrons are
very nearly equal say m, then the mass of a necleus of
mass number M=mA. From equation 15.2 the nuclear

volume V" = i:ngA
3
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the density ofnuclear matter g =

-

3 M

R(B
Which is indepentdent of the mass number A.
Taking R, =1.2x10™" m we obtain

_ J7] _ 3
4/3zR;  4rx

-

3 167x107
43314 (12x10™ m)

O

=23x10" kg /nr

Fromthe above example it is clear that the density
ofnuclear matteris indepentent of the mass number and
is quite high ofthe orderof 10" kg/m’ . Thisisexpected
as the nuclear matteris confined to avery small volume. 1f
we compare the density of nuclear matter with the

density of water (pw =10’ kg /nr ) thenwe find it to be

greater thanbyafactorof 2.3x10" . Matter withsucha
high density is found in neutron stars.
15.3 Atomic massunit

The atomic and nuclear masses are of the order
10 “kgtol0 “'kg. Inpracticeit is not convenient to use
such smaller quantities, therefore these are expressed in
another smaller unit called unitied atomic mass unit (u)
[earlier this unit was called as atomic mass unit (amu)].
This unit is selected such that when expressed in this unit
the massofa 12 C atom (not the nucleus)isexactly 12 u.

2 -
! . C (mass of carbon atom)

Ll = =
12

So

1992647 %10 * kg
12

=1.66054x107" kg

Note that the atomic masses refers tothe masses of
neutral atoms and note ot bare nuclei. Thus an atomic
mass alwaysincludesthe masses ofits Z electrons. Exact
measurements of atomic masses is done by mass
spectrograph. When expressed inu, atomic masses of
many elements are found to be very nearly equal to
integral multiples of the atomic mass of hydrogen atom.
However, there area few exceptions e gthe atomic mass



of chlorineis 35.461u.
On using the Einstein's famous mass-energy

equivalence relation, /5 = m¢” we can obtain energy
equivalentto 1 massas follows

m=1lu=166050x10"" kg
Equivalentenergy /= = (1) ¢’

£ =(1.6605x1077)(2.9979x10" )2 kgm’/s’
=1.4924x10 ]

_1.4924x10 " .
1.602x107"

FE=9315Mel"

Thissuggeststhat onecanwrite 1 1 =931.5MeV
/ ¢* or one can determine energy equivalent to a given
mass difference expressed in )L orvice versa. Intable 15. 1
the masses of proton, neutrons electron and ordinary
hydrogen atom are mentioned in different mass unit.

Table 15.1 Masses of proton, neutron, electron
and hydrongen atom (,'H)in various mass units.

Particle Mass

kg u MeV/¢?
Proton 16726%107% 1.007276 93828
Neutron 1.6750x10 7 1.008665 939.29
Electron 9.1095x107" 0.0005486 0.511
‘Hatom | 1.6736x10 > 1.007825 938.79

Althoughtobeexact 1 u=931.5MeV buttor ease
of numerial calculations in what follows we shalltake 1
n=931MeV .

15.4 Mass Defect and Nuclear Binding Energy

Except hydrogen ( | H) nucleus all other nuclei are
composed of neutronsand protons. Thusitis quitenatural
to expect that the mass of a nucleus M must be equal to
the sum of the masses of its constituent nucleons >z .
However, the mass of the nucleus M as measured
experimentally is alwyas found to be smaller than Y sz .
This difference in mass is called the mass defect and 1s
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denoted by AM1i.e
AM =2m-M
If a nucleus of mass number A, consists of Z

protons and N neutrons with s, and m, as mass of
protonand neutrons respectively then

XM =Zm, + Nm,
thenaccordingly

AM =Zm , + Nm, —M (15,

and as
N=A-7
So onecanalso write

AM =Zm, +(A-Z)m,—m .. (154)

The theoretical explanation of mass detect lies in
the Eintein's mass-energy relationship. According toitthe

energy equivalent to mass defect A%, = AMc” js the

binding energy ofthe nucleus. The necleonsin a nucleus
are bound together and to pull them apart from each
other so thatthese are separated from each other by long
distances the energy is to be given to the nucleus (Fig
15.10). This energy is called the binding energy of the
nucleus. Alternatively if intially the nucleons are well
separated from each other and are brought together to
form anucleus this much amount of energy is going to be
released inthe process. (Fig 15.1 (b).

One cannot make or break a nucleusin the manner
suggested above but still the binding energy of the
nucleus givesusan idea about how well the nucleons and
bound togetherinanucleus.

s0pNn
Snpnp Jnpnpnir
pOnpnpup npnpnpn
npnpnpn +
apnpn Q;%;%;?
Tnnnpr
S0P Nn
Jnpnpnil
npnpnpn
pnpnpnp
Tpnpnpr
Tnnpr

Fig 15,1 (a) The energy equal to the binding energy isto be
given to the nucleus to break it into its constituents



nuclcons. Each such nucleons is at rest and well separated
from the other nucleons.

Fig 15.1(b) Construction of a nucleus from its constituents
micleons, binding energy is released in the process

Now accroding to the mass energy relation
AE, = AMc®
So on substituting for tfrom equation 15.3

AF, =(Zm,+NM,-M)c* .. (15.5)

So on substituting for M from equationifinstead of
nuclear masses we use atomic masses (as usually atomic
masses are reported rather than the nuclear masses)then
the above equation assumes the following from

AL, =(ZM,, +NM,—M)c* . (15.5a)

Where M refers to the mass of ordinary

hydrogen (}H) atomand A/ is the mass of the neutral
atom of'the nucles under consideration. Here it can be
seen that Z hydrogen atoms contain Z electrons and
atomic mass of atom § M also includes the mass of Z

electrons and hencethe masses of electrons cancel out in
above equation. (However, such cancellation may not
take place in process of [3 decay discussed latter). Their
is a slight difference between the binding energy
calculated from equations 15.5 and 15.6 owing to the
binding energy of electron in atomic masses, However as
theatomic binding energy1s ofthe order ofa few eV while
the nuclearbinding energyis of MeV sothe differenceis
quite small andisto be negleted.

Example 15.4 Calculate the binding energy for the
following nuclei

() Deutron({H) (ii)'28n Given that
m,=1.007u, m =1.008¢ massof deutronnucleus
M,=2013u1 and the mass of § nucleus
M, =119.902u (lu =931Mel /¢?)

Solution : The formula forbinding energy is

Ak, = [Zmp +(A—Z)?ﬂn —M’}C2
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(1) For deutron -- Z=1 A4=2

So Ak, = [1 me, +1m, —1‘/1‘“,]32
=[1.007 +1.008 - 2.013]uc?

:[2,015—2,013]x931Mel"

=0.002x931=1.862MeV
(i) For Snnucleus Z =50, A= 120 So A-Z =70

Al =[50x1.007 +70x 1008 —119.902] <931 McV
=[50.35+70.56-119.902|x 931 MeV
=[120.91-119.902] x93 1 MeV

=1.008x931Mel =938.448Mel
In above example rather than taking the exact

massesfor m , m, andnuclei for the sake of simplicity in

calculation we have takentheir approximate values, still
we can notethat the binding energy 1s inMeV range much
higher than the atomic binding energy (atew eV). Also
note that the binding energy of an intermediate mass

20 Sr

. 1 - . .
nucleuslike 5,5, 1s quite large compared to a lighter

massnucleus like “H .
15.4.1 Binding Energy per Nucleon

The quantity obtained on dividing the binding

energy Al+, ofanucleusby its mass number Aistermed

as the binding energy per nucleon. It isdenoted by AL,

or Al e

AR,

)

A

Al =

... (15.6)

It is a very useful concept. Higher is the value of
AF,

., more stable is the nucleus. Ifa graph is plotted
between binding energy per nuleon forvarious nuclei and
corresponding mass numbers then a curve as shwon n

Fig 15 21s obtained.
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Fig 15.2 : Variation of binding energy per nucleon for some
representative nuclides with corresponding mass number A,

The binding energy is maximum (8.8 Me V) tor **Ni
nucleus amongest all known stable nuclides. Also note

that nucleilike ;He, |30, etcare more stable than their

neighbours becasue of their higher binding energy per
nucleon,

Fromthe study of this curve tollowing conculsions
are drawn.

() Initially the value of AF,

B

increases, attains a
maximum and then decreases slowly.

The nuclei for which the nucleon numberisa
multiple of 4i.e A=4, 8,12, 16 ..... have higher

values of Aly, compared to their immediate

neighbours. Sothese are relatively more stable
(this suggests a shell structure tor nucleonsina
nucleus, like the shell structure for electrons in
atoms. Inert gases having a completely filled
outermost shell are more stable than other
elements, like wise nuclel with nucleon numbers
suggested above also have completely filled
nuclear shells. You will learn more about this in
higher classes).

() The elements with A~ 50 to A~ 80 are most
stable. For them average AF, ~8.7MeV per

nucleon. For both A< 50 and A > 80, AF

‘B

decreases. The binding energy per nuclear is

maximum near A~60, (theretore having Anearing
this value)like F , N.and C_are very stable I, is
maximum = 8.8 MeV for “*Ninucleus.It is a bit

afl

smaller for -, Fe nucleus. This is the reason why

molten Niand Fe are most abundent in earth core.

(1)  Forimtermediate mass numbers (30<A<170)the
binding energy per nucleon can be assumed to be
practically constantat about 8 MeV. In thisrange

AF, doesnotvary significantlywith A, indicating

short range and saturation property of nuclear
forces about which we shall learn in briefin
following section.

(v) Asmentioned above, nuclei having intermediate
mass numbers are relatively more stable
compared to those having higher mass numbers.
Therefore ifa heavy nucleus breaksinto two nuclei
ofinermediate masses, the total binding energy
increases while the rest mass energy decreases.
Thusenergy isreleased inthe process inthe form of
kinetic energies of the fragments and (or) in some
other forms. This process called nuclear tission will
be discussed in a latter section of this chapter.

(v) Likewiseitcanbeimagined that two light nuclei
(A=<10) can be combined to form a relatively
heavier nucleus. As the binding energy pernucleon
for the lighter nuclei 1s smaller compared to the
middle mass nuclei there is a possibility of release
ofenergyinthe process. Thisprocess called fusion
will be discussed in detail towards the end of this
chapter.

Some others conclusions which we can not infer
directly trom the curve showninFig 15.2 are as follows.
Nuclei with even A, even Z are usually stable and mass
abundant, Nuclei withodd A, evenodd Z are unstable, in
general. Nuclei with odd Z and even Aare also unstable
with exceptions like “H, °Li, "B, N which are stable.

15.5 Nuclear Forces

Two protons(positive charges) which are so near in
anucleusrepels each other with such alarge electrostatic
force, then what keeps a nucleus trom breaking? Clearly
there should be some strong attractive force operating
with in the nucleus which helds the nulceons bound
together as nuclei of many of the elements available in



nature are stable. This force can not be gravitational as
dueto very small masses of micleons and small value of
(g even for inter nuclear distance gravitational forces
between two nucleons is so week to counteract the
repulsive electrostatic force. In fact the gravitational
forces are completly ignored in the domain of nuclear
physics. Therefore, there must be some other kind of
force operating between thenucleconsinsidea nucleus to
held the nucleons bound together. This force s called as
the niclear force. The overall effect of the nuclear force
1s that 1t is much stronger than the repulsive Coloumb
force operating between two protons and thus the
nucleus stays bound.

Unlike electrostatic or gravitational force thereis no

simple single mathematical expression to determine the
nuclear force operating between two nucleons. Infact,
many details of the nuclear force are yet to be
understood. Some of the qualitative teatures of the
nuclear forces are as follows.
(1) Nuclear forces are independent of charge. Fora
given separation the nuclear force between two
protonsis the same as that between two neutrons
or between a neutron and a proton. [electrons are
not affected by the nuclear forces that is the reason
why in electron scattering experiments electrons
are scattered by nuclear charges and therefore
electron scattering experiments provides
information about the distribution of nuclear
charges]. Likewise in neutron scattering
experiment there is no role of nuclear charge but of
nuclear force. Thusneutron scattering experiments
provides information about distribution of mass in
anuclens].

Nuclear forces are short range. The range upto
which the nuclear torce acts iscalled nuclear range
and it is of the order of a few femto meter,
however with in this range the nuclear force is
much larger than the electrostatic torce (50 ~ 60
times larger). Outside the nuclear range nuclear
torces are not eftective.

(ii)

Nuclear forces are non central in nature. In
addition to separation between the nuleons the
force between a pair of micleons also depends on
relative orientations of spins of the neuleons.

(iii)
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(iv) Alongwiththe short range of nuclear forces the
fact that the density of nuclear matter is constant
and the binding energy per nucleon for middle
mass nuclet isroughly constant indicates that each
nucleon in a nucleus does not interact with every
other nulceonsinthe nuleus. ltinteractsonly witha
few neighbouring nucleons. (Consider anucleonin
anueleus of mass number A. If it would interact
with all other nucleons then we would be having
A(A-1)/2 suchaninteractions. In suchacasethe
binding energy would be proportional to A(A-1)
and for A>> 1 this would mean A’i.e. nota
constant). This property of nuclear forceis called
saturation of the nuclear force. This 1s different
from electrostatic force. (A protoninanucleus
nteracts withall other electrons and number of such
) . Z (Z -1)
interactions s~

2

(v)  Nuclear forces are attractive in general. However
for separations less than 1 fm the nuclear force
between a pair of nucleons tendsto be repulsive. A
detail discussion of this property is beyond the

level of the present study.
15.6 Radioactivity

At the beginning of this chapter we mentioned the
discovery of radioactivity by Becquerel in 1896 which
indicated spontaneous disintegration of heavy elements
like uranium, thorium etc by emission of particles or
radiation. During the process new atoms (elements) are
formed which may themselves be radicactive and the
process continues till a stable element 1s formed.

Becquerel discovered radioactivity accidentally
when he found that uranyl potassium sulphat crystals
emitted an invisible radiation that could darken a
photographic plate when the plate was covered to
exculdelight. Froma series of experiments he also found
these radiations capable ofionisation of gases. The most
significant investigations of the phenomenon were
conducted by polish scientists Marie curie and Piere
Curie. After several years ot laborious chemical
separation ontons of pitch belnde, aradio active ore, the
Curies discovered two previously unknown elements
both of which were radio active. These were named
Polonium and radium. Experimental work by Ruther tord



showed that radio active radiations was of three types
which he called alpha, beta and gamma rays. Later
experiments showed that alpha rays are helium nuclei,

[ rays are electrons or positrons and gamma rays are

highenergy photons. Experinmentsalso predicted that the
radioactivity is anuclear phenomenon whichinvolves
decay or disintegration of an unstable nucleus. Some
important facts regarding radioactivity are as follows.

() Radiocactivity is not influenced by external
parameters like pressure, temperature, phase of
radioactive material (solid, liquid, or gas).
Radicactivityis not affected by chemical reactions
or chemical combination (e.gbothuranium orits
salts (compounds) are radioactive). As outer
atomic electrons areinvolved in chemical reaction,
therefore electronic configuration ofan atom plays
no rolein the phenomencn ofradioactivity. Alsothe
emission ¢ of particle, energetic S particles or
high energy y ray photons is not possible from
external part of an atom thus radioactivity is purely
anuclear phenomenon.

() Inradicactive decay of any nucleus, conservation
laws like mass-energy conservation, linear and
angular mommontum conservation along with
conservation of nucleon number must be obeyed.
(1) A nucleus X shall be unstable for ¢ or 5 decayin
principle if its mass is more than the sum of the
masses of decay products.

(iv) The energy realeased per atom in radiocactive
decay isfew MeV while that in chemical reactions

1sfeweV only.
15.6.1 Rutherford-Soddy Law of Radioactive Decy

Radioactive decay 1s a random process. ltis a
statistical phenomenon that obeys the laws of probability
(In fact it is the phenomenon of radicactivity which
provided the first evidence that the laws governing the
subatomic world are statistical in natural). Inreferenceto
the decay of atoms present in a sample of radicactive
material each decay is an independent event. There is
absolutely no wayto predict whether any givenatomina
radioactive sample will be among the small number of
muclei that decays during the next second. All have the
same probability. The radicactive decays law was given
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by Rutherford and Soddy. According to thislaw the rate
of decay of nuclei (-dN/dt) at some given instant is
proportional to the number of nuclei N present at that
instanti.e.

L
ddt
dN
—=-AN
or " . A15.7)

The negative sign indicates that N decreases ast
increasses. A is a constant called decay ot disintegration
constant. It has a characteristics value for every
radioative nuclide and its ST unit is inverse second (s ').
To understand equation 15.7 the logic 1s as follows.
Assumethat at certain instant the number of radicactive
nucleiis N. How many ofthem are going to decay inthe
next smallinterval dt? This number willbe proportional to
both N and dt. For each nucleus there is a chance of
decayininterval dt. So more the number of nuclei present
at instant t more will decay in next time interval dt.
Likewise, it dt is made slightly longer more nuclei will
decay because each nuclei will hare more chance of
decaying. Hence

—dN o« Ndt or dN =—-AN dt

which is same as equation 15.7. On rearranging
equation 15.7

AN _
N
and than integrating both sides, obtaining

N

dN

| J = (j dl
or  fuN—fnN,=-11
N
or N, =€
or N=Nge* ..(15.8)

Here N, isthe number of active nucleiat /=o0.

Fromthe equation 158 it is obvious that the number of
active nuclei decreases exponentially with time. This has
been shown graphicallyinFig 15.3.



Number of active nuclei Af —*

1 /)» limeg {f—»
Fig 153 : The exponential decay of radioactive atoms
The number ot nuclei that have decayed intime tis

N,—-N=N,-Ne™* (1-e7).. (15.9)

Thus, the fraction of nuclei that have decayed in
time /i3

=N

=N,

N,-N
N,

=l-e*

Decay constant
Fromequation 15.7

[N/ r)
N

hence, the decay constant 1s the rate of decay of
radioactive atoms per atom

7
N

1

Also 1= [—
i

Thus, thedecay constant is the probability ot decay
per unit time. In addition to thisif in equation 15.7 we

take ¢ =1/ A4 ,then

i)

4

N=Ny,"' =0.368 N,

Thus, the decay constant is the reciprocal of that
time in whichthe fraction of active atomsreducesto 1/e
or 0.368 1.e 36.8% atoms remains active or about
63.2% ofthe atoms decays. This canbe calculated from
fig15.3.

Activity : Weare ofteninterested in determining the
number of nuclei decaying per second than N (as it is
more convinient to measure than N). Thisis called the
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activity of the sample. 1t 1s also called decay rate of
sample and by definationit 1s a positive quantity, denoted
byR.

ActivityR:‘d—N‘ . (15.10)
ot
Fromequation 15.11
aN| N
dt
R=AN=ANge "
=Re ™ (151D
Where R, = AN, ... (15.12)

18 initial activity of the sample. The SI unit for
activity 1s the becquerel (Bg) and

1 Bq=1 disintegration/second

However, a traditional unit of activity, the curie (C1)

stillin common use s defined as the activity of 1 g of
radium (**Ra) withavalue.

1C, =3.7x10" disintegration/s

=3.7x10" Bq

The graphical representation of equation 15.12 1s
similar to that shown in Fig 15.3 however, we have to
take R inplace of N ony axis.

15.6.2 Half Life
The time in which the number of active nuclei
present in asample of aradioactive element raduces to

half ot its initial value is called as the half lite of that
radioactive element. It we denote it by T then from

equation 15 8tort=T wehave N=N_ /2 1e

N
_[]: ‘NT(’_.{?_M
or Al =£n2

7 fn2  0.693
A A

Therefore the half life of aradioactive material is

. (15.13)



inversely proportional to its decay constant. It is contant
for a given material and is not attected by external
parameters like pressure, temperatureete. Asthe activity
also decays exponentially with time witha decay constant
A thus the activity of a sample decays to half ofits initial
value i on halflife period. Someradioactive nuclides
have half-lives which are only a millionth ofa second,
while for others halflives are billions of years. Thus half
life varies in a wide span. e.g an 1sotope of pelenium

=P, half-lifeis only 10~ s while for Uranium 2,° U half

lifeis 4.5x10° years. Infig. 15.4 theradioactive decay
is depicted in terms of number of half-lifes.

T

t

T 27 37
Fig 15.4 Exponenetial decay of a radioactive material,
after cach halflife the number of active atoms reduces to
half the value present at the begining of proceeding half
life.

On using equation (15.13) equation 15.8 can be
rewritten at

p (a2t T
N = PVT(I{? f = PVT(I{? B2

N') N(]

LT T t:T
|:e.‘°n4,:| 2

[ e =2]

vy .
or N, 5 . A(15.14)
Likewise, we can show that
R \2 .. (15.15)

The aboverelations are very usetul in calculations of
T and & aswe shall see shortly innumerical examples to
follow.

13.6.3 Average life

According to the radioactive decay law, number of
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active atoms decreases exponentially with time however
complete disintegration of a sample 1s possible only in
infinite time 1.e the life of individual active atoms can have
any value between O and? The average life of a
radioactive substance is detined as the ratio of the total
lite time of all the radioactive atoms to the total number of
such atoms in it. It is denoted by 7t then

Sum ol the ages ofall atoms

.. (15.16)

Number of atonis

Consider a sample containing N, radioactive

atoms initially (1 = 0) and after time 7 the number of

activeatoms isN. Thenthe number of atoms undergoing
decay ina very small next time interval dtis V. Since dt
is very small theretore we are safe in assuming that the
eachofthese dVatomshas a lifetime /. Thenthe sum of
lives of these ¢V atoms is fdN. As stated earlier the life
time span of atoms in a sample is in between O and

therefore thesum oflives ofall N, atoms (say S) present
inthe sample will be

g = II dN
il
Fromequation 15.17

g = Trth: TiNrdr = Tif‘vﬁ)e"“ -t df
a i i

o

g

i

J} AN ,
d ANe “idt
N[]

T= -
‘Nl']

= Afte “dt

i
On solving aboveintegral we obtain
T=—

A

Thus, the average life is reciprocal of decay

L (15.17)

constant. Recall that in atime £ =1/ A the number of

active reduces to 1/e of its initial value. Therefore the
average lite time can also be defined as that time in which



number of active atoms reduced to 1/¢ of its initial
number,

Fromequation(15.13)and (15.17)it can be noted
that

_tn2

T =7fn2=006937
A

... (15.18)

Note that all the equations derived above are of
statistical nature. They do not predict the exact behaviour
for eachindividual atom. In one halflite-halfthe initially
active atoms will decay but which otthe atom will decay
in this haltTite period can never be predicted. Also note
that these equations will work out well only it N is
sutficiently large.

Example 15.5 Consider aradoactive sample of
1000 atoms of half life T. Then how many atoms remain
active aftertime T/2,

N 5
Solution ;: Use —= [_]
N

, i1
given t=7/2s0 7=

o2
ﬂ[zj 1
N, \2) V2
or N:%No:(o,?m)xlooo
=707 atoms

Example 15.6 The activity of a radioactive
sample drops to 1/32 ofitsinitial valuein 7.5 h. Find the
half hife of atoms of the sample.

R 1
Solution : Given Z = i»f =7.5h
hereft ; 5— l "
Theretore, using R >

We have,

1 1 75T
g
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75
5=~
ar T
5
T=72_15h
5

Example 15.7 What is the activity ofa 10 kg
sample of “*U if the halflife of uranium **U is 7.04 x
10% years. [Take 1 year =3.15 <107 s and atomic mass
of #°U =252 g/mol]

Solution : For a sample of mass M containg N
atoms each of atomic mass M, Nis given by

. m .
N = 7 N, where N, isAvogadro number
onsubstituting relevent values

N = 10%x10°
235

[6,02x10”‘] ~2.56%x10%

¢
therefore activity 2 = AN = (£n2) N

0,693><(2,56><'] 02-‘)
© 7.04x10% year

=2.52x10" disintegration/year

2.52x10%
3.15x107

=8.0x10"Bq

Example 15.8 **Bi nucleus can decay by two
channels. In one of decay channels it decays by o

emission with a decay constant A , according to
'_"I-'-lBi P 21[]Tf+ ;He

or it decays via [ emission with a decay

constant A, according to

214 3 ha 214 0}
Bi—2—“"Po+"e



Ifthe life time corresponding to the two channels
are T, and T, andin asample of **Bi some atoms

decays via first and other via second channel. Then
obtain an expression for effective half life for such a
sample.

Solution : According to question decay constants

for first and second processes are A, and A, . The
probability that an active nuclei decays by the first

processintimedtis A, dt. Similarly the probability that ir
decays by the second process is A.dt . The probability
that it either decays by the first process or by the second

processis A dt + A, dt . Ifthe effective decay constant is
A this probability is also equal to Adt. Theretore

hdt = A,dt+ 4, dt

or effective decay constant, A =4, +A, ...(1)
0.693 0.693
A= )=
and as ™ T e T,
0.693
and ifthe effective halflifeis T then » = —— on

2

substituting tor A, A, and A inequation (1), we obtain

1 1 1

S
17

_’if’: 1=z

Example 15.9 In some radioactive process
assume that a nucleus Ais transforming into a nucleus B

witha decay constant A, . The nucleus B so formed is
itselt radioactive andis decaying into another nucleus C
with a decay constant A, . Let N, and N be the

number of nuclei of Aand B at time . Find the condition
for which number of nuclei of B becomes constant.

Solution : The number ofnuclei of A decayingina
small timeinterval rand #+dris A, N, dt . Thisisalso

the number of nuclet B produced in this interval. For
decay of B into C the number of nuclei of B decayingin
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the same time intervalis A, N, dt . The number of nuclet
of Bwilbe constantiftheir rate of productionis equal to
their decayrate. i.e

AN dt = AN dt

or AN, =A.N,

Example 15.10 **U, decays into ““Pb with a
half life of 4.47x10° y . Ina smaple of rock 1.19 mg of
“Uand 3.09 mg of *"Pb are tound. Assuming all lead
to be formed from uranium, estimate the age ofrock.

Solution : Let, here N, = number of product

*Pb nuclei at timet.

N, = number of **Unuclei at time t.

m_= mass of Uin sample

m

| = massof Pbinsample

l\/[ph = atomic mass of Pb
M = atomic mass of U

and N, = Avogadronumber, then

m .
ro_ ph oar _
‘NF_ ‘N,'J,NI_M N_.f
b r
N, _ My, M,
T
N, my, My,

~ 3.09(mg) 238¢/mol
1.19(mg) 206gmol

It N, =initial number of “*Unuclei, then
N-+N, =N,
3N, +N, =N,

N
or N, ZT“

Thus, at time t the number of uranium nuclei
reducesto 1/4 ofits mitial value (value at the time ot rock
formation). Therefore

t=2T= 2x447x10° =8.94x10"y.

Example 15.11 How much time it will take to



reduce a radioactive sample to reduce to 10% dueto
decay. Thehalflife of materialsis 22 years.

Somtion: Use Y = 1]
olution ;: Use N, 5

E_ l Li22 L_ l 1:22
100 (2 Tlo0 2

or(2)"7 =10

Ontaking log of both sides

f
—los2=logl0
7 2 A

L><0,30'] =1
22
22
{[=——=T3y
0.301

1.7 @, ﬁ and ¥ rays and their properties

o, B and v rays emitted in the process of
radiocactive decay process are collectively known as the
miclear radiations. In this section we will study main
properties of these radiations.

15.7.1 Properties of & particles
The important properties of o rays areas follows.
(i) o particles are positively charged particles. Infact
these are doubly ionsied helium atoms 1. helium
nuclei (3 He) having mass four times the mass of'a
proton and change twice the protonic charge.

() Asthese are charged particles so these are
deflected by both electric and magnetic fields.
Owing to their relatively higher mass deflection of
alpha particles 1s comparatively smaller than 3
particles for a given electric or magnetic field.

(111) The velocity of o particles is in the range
1.4%107 ~1.7x10"m/si.€ v, ~0.05¢
(where cisthe velocity of lightin free space).

(iv) Onpassing through gases alpha particles collide
with gas atoms to knockout electron fromthem so
gases are ionised. Theirionisation power is 100

times more than that of 3 rays and 10,000 times
morethan vrays. Thisisduetorelatively higher
charge and relatively smaller velocity of «
particles.

(v) Thedistance covered by a particlesinairat N.'T.P
is called range of o particlesi.e distance after
covering which the penetration power of a
particlesis no moreis called range. Therangein air
1ssmall 2.7 cmto 8.6 cm. According to Gieger and
Nuttallaw the decay constant 2. and energy E of .

particles arerelatedas /n 4 = 4, + B,{n K. The

graphbetween #n A and #n E isastraight line.
Future the range depends on energy

R o F*?orR «v' (Vo = Velocity of o
particle). Using it, the Giger- Nuttal relation
becomes fn A=A+ Bfn R sograph between

fn A and fn R isastraight line. The value of Bis

same for various radioactive series (mentioned
laterinthis chapter).

(vi) The penetration power of o particles 1s much
smaller comapred to [ and v rays. These are
stopped by piece ofa card board or 0.1 mm thick
aluminium sheet. The reasons lies in their relatively
large mass and ionisation power so while passing
through a material the energy of « particle
decreases rapidly (in comparisionto [ or v
particles). On stopping by materials o particles
produce heating effect.

(vi) They effect photographic plates and produces
fluorescence in Zns or barium platinocynoide.

(viii) After emissionotan ¢ particle the atomic number
Z of nucleus decreases by 2 while mass number
decreases by 4 and size of nucleus reduces.

(ix) Theenergy spectrumofa particlesisa discrete line
spectrum whichisindicative of presence of discrete
energy states for anucleus.

15.7.2 Properties of [3 rays

[ radiations consists of charged particles. For 3~
decay, these radiations are electrons coming out of
nucleus (this happens when neutrons are converted into
protons inside the nucleus). For B*decays these are
positrons. [decay usually implies B~ decays. Main
properties of [ particles are as follows



B~ raysbeing electrons have charge
=+e=-1.6x 10" Cwhile

B~ rays being positrons have charge
=-e =-16x10" C

@

positronis the antiparticle of electron
(i) AsPraysare charged these are deflected by both
electric and magnetic tields. Deflectionis larger
compared to that tor o particles. For B~ particles
direction is opposite to that for ¢ particles while for
B* particles direction is same as to that for ¢
particles.
(m) Velocity of [ particle range from 1% to 99% of
the velocity of light. Also the velocity of 3 particles
emitted from the same source differs very much so

1s the kinetic energy.

Thekinetic energy of [ particles emittedfroma
radioactive materialsis distributed continuously
from zero to a maximum value, hence energy
spectrum of (3 particles is continuous. For this
reasonrange of § particles varies but is much large
than of ¢t particles in air it is tens of centimeter.

(iv)

(v) Praysproduces mediumionisationin gasthrough
which 3 radiation pass. Theirionisation power 1/
100th of o particles but 100 times larger

compared to vy particles.

Their penetration power 1s 100 times larger than ¢
particles but smaller by the same tactor compared
toyrays.They can penetrate an aluminium sheet of
thickness 10 cm.

(vi)

(vi) Thesealso affectsthe photographic plate produce
fluroscence in Zn8 barium plantinocyanide,

calcium tungustate, willemite etc.

In B decay atomic number Z changes by unity
while the mass number A and size ofthe nucleus
are unaffected.

15.7.3 Properties of y rays

(vii)

The main properties of vrays are as follows -
(1)  yraysareelectromagnetic radiations (photons) of
very high frequency or very small wave lengths
(wavelengthrangeis from 10 Atol A ). These
areuncharged and the rest mass of v ray photonsis

Zer0.
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(i) Beinguncharged these are not deflected by
electric ormagnetic fields.

(i) The velocity of v ray photons is same as that of
velocity of light.

(iv) Theseproduceaveryweak ionisation in gases as
these are uncharged and move with very high
velocity.,

(v) Therange of vray photonsis very large inair it is
several hundred meters.

(1)  Their penetration powerismuch larger compared

to o and [3 rays. y rays may penetrate a 30 cm
thick iron plate. Ity rays of intensity I enters some
material then after passing through xthickness of
material the intensityis given by

T=T,e™

4

where 15 called absorption coefficient, 1 depends
on nature of material and wavelenght of'y radiation

(].l-ac ks),

(vi) These affects photographic plates and produce
flourescence in ZnS, barium platinocyahide etc.

Like Xrays, v rays are also diffracted by crystals.
However their sources of origin are ditferent.
Emission of X rays is an atomic property due to
electron transition between atomic energy levels,
while vy rays are emitted when an excited nucleus
makes a transition to a lower energy state or
ground state thus emission of v ray is as nuclear
property.

(vii)

Depending on energy of v rays, their interaction
with matter results in phenomenon of photo
electric effect, compton effect and pair production.

Allthe aboveradiation produces hecating effect
when absorbed in a medium. The human body when
exposed to o, B and v radiation suffers incurable burns.
Excess exposure may lead to cancer.

15.8 o, B and y Decay

So far more than 1000 nuclides are known,
however a majority of them are unstable. An unstable
nucleus changes its composition by emitting some particle
while a stable nucleus does not. The two main processes
by which a nucleus decays are o decay and 3 decay.



Often after o or 3 decay the product nucleusis formed
inits excited states and emittes y ray photons while
returning to in the ground state. In all these decay
processes conservation laws like mass-energy
conservation, linear and angular momentum
conservation, charge conservation must be obeyed, and
nucleon number must also be conserved. 1t is also
ncessary that mass of the nuleus under going decay must
be greater than the sum of the masses of decay products.
In this section we will discuss ¢, 3 andy decay.

13.8.1 oo — Decay

When amucleusundergoes o decay, it transforms
into a different nuclide by emitting an o particle (a helium

nucleus He ). Therefore the o emission reduces the

mass number by four and atomic (proton) number by
two. Since the atomic number is changed the product
nuclide belongs to a difterent element. Nucleus that
undergoes decayis called parent nucleus and the product
nucleusis called daughter nucleus. Thusthe o decay of

parent nucleus ; X canbe written symbollicaly as

7X—— 5 Y+ He . (15.20)

From above equation note that both the nucleon
number and charge are conversed. Anexample for the
o decayis

233

SU—— Th+3He .. 1521

ot decay occurs for all the nulcei with mass number
A > 210. We can see that leavy nuclei are unsatble
because of large Coulomb repulsion force between their
constituent protons. o emission reduces mass number
and size ofthe parent nucleus so it tends towards attaining
stability. As required, tor decay process the total mass-
energy of decay products must be less than mass-energy
of'the parent nucleus. The difference in mass-energy of
the parent and sum of mass-energy ot decay product is
called distintegration energy or Q value ofthe process. If
the masses of parent atom X, daughter nucleusy and o
particle aredenoted by M, M and M respectively then

O=(M,-M, M) (1522)

The distintegration energy Q represents the
decrease in the binding energy of system and appearsin
the form of kinetic energies of daughter nucleus and o
particle. If mitally the parent nucleusis at rest then from
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conservation of linear momentum the daughter nucleus
and o particle must have equal and opposite momentum.

However as M, >>M  therefore, speed ofa o

particle is much more than the of daughter nucleus.
Therefore, Qis mostly associated withthe kinetic energy
of o particle. From conservation of momentum and
energy it can be shown that the kinetic energy of o

particle X is related to the mass number A of parent
nucleus and Q value, according to

_A-4

K

24

0 _.(15.23)

Since A>210, SoK isonly slightly lessthan Q.

According to equations (15.22) and (15.23) o
particles must be emitted with a discrete energy K .
However, experiments suggest that oo particles are
emitted with aset of discrete energies, with the maximum
value givenby equation 15.20. This occursbecause the
energy of nucleusis quantized, ikequantized energiesin
an atom. In equation (15.20) we assume that the
daughter nucleus 1s formed in its ground state. If the
daughter nucleusisformed in one ofits excited states,
however, less energy is available for the decay and &
particleis emitted with less than the maximum energy. The
fact that the alpha particles have a discrete set of energies
1s adirect evidence of energy quantization in nucleus.

It is a natural question to ask that why a nucleus
can not decay by neutron or proton emission. This does
not happen because in such a case sum of masses of
decay product Y +#or ¥'+p exceedsthe mass of parent
X. Insuchacase (<0 and process is not energetically
tavourable to proceed spontaneously. In fact, in ot decay
the binding energy per nucleon for o particles is high
enough (~ 7.1 MeV)soasto reduces masses ot product
Y + ¢t that much for o decay to be possible.

Ifthe micleus that reults from aradioactive decayis
itselfradioactive thenit will also decay and so on. The
sequence of decays is known as a radioactive decay
series. As in alpha decay the mass number decreases by
4 so if the mass number of parent nucleus is 4n (nis
integer) than the mass number of daughter and other
successive nuclet inthe decay series will also have mass
numbers equals to 4 times an integer. Similarly, 1t the
mass number of the original nucleusis4n+1, wherenis
aninteger all the nuclei in the decay chain will have mass



number givenby 4n+1 with n decreasing by unity at each
decay. We cansee, therefore that there are four possible
o decay series depending upon wherer Aequalsto 4n,
4nt+1,4n+2 or 4n+3 wherenis an integer. Allbut one of
these decay series are found in nature. The 4n+1 seriesis
not tound because it longest member (other than the
stable end product 209 Bi)is *"Np which hasa halflife
of2 x 10°y. Because thisis muchless thant the age of the
earth, this series has disapeared. These four series are
shownintable 15.2 below.

Table 15.2 : Different Radioactive series

Mass Series Parent | Stableend
number mucleus | products
4n Thotium “*Th 20 Pb

. 237 209 1y
dn+ Neptunium| “, Np w2 B1

, 238 206

Ju+2 Uranium SU = Pb
4n+3 Actinium | 2 U ‘o Pb

The half live values are different for ditterent
emitters. e.g for #*U for o decay the half 4.47 x 107y
lifeiswhileitis 550s only for 2*U. Itis anatural question
to ask that through energyisreleased ineach o decay
but why 1s such a huge variation in half life of various o
emittes. Newtonian mechanics does not provide answer
to such questions, from the point of view of newtonian
mechanics even itisnot possible for the o decay process
to take placeat all. Such questions canbe answered only
with the help of quantum mechanics details of which
cannot be possible to discuss here. For the sake of
knowledge we try to give a brief account of Gammow
theory for o decay in very simple terms.

According to this theory o particles assumed to
exist innucleus prior to o decay. InFig 15.2 the potential
energy tunctionfor an o particle and the residual nucleus
isshown as a function of separationr between them. This
energy isa combination of

(1)  The energy associated with attractive nuclear
forces inside the nucleus (r< R )and
(i) The energy associated Coulomb repulsion

between residual nucleus and o particles (outside
the nucleus after decay) (> R, ).
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From figureitis apparent that a Coulomb energy
barrier is present at the surtace of nucleus.

Thelinemarked by (), depicts the distintegration

energy for o decay (whichis nearly equal to the kinetic
energy of o particle). Fromfigureit1s clearthat in region

K <r <R, the energy of a particle E 1s less than

potential energy suggesting its kinetic energyto be
negatrve whichisimpossible. Thus in realm of newtonian
mechanics o decay is not possible.

However, if wethink ofct particle asa matter wave
then according to quantum machanical consideration
thereis asmal but finite probability for the matter wave to
tunnel through this barrier. This is knwon as the tunnel
effect meaning that ¢« decay is possible. The tunnelling
probability is a very sensititve function of barrier
dimensions (barrier height and width). o decay

processes for which (), is small and barrier height is

quite high the tunneling probability is quite small. For
nuclei like #**U it 1s so. Calculation shows that if we
considered the ot particle to be repeatedly colliding with
the nuclear barrier then for such nuclei the ¢t particle has
to collide 10**times before coming out of the nucleus.
Theretore such anucleus will have large half life for o
emission.

1= k27Z¢
Fl------- \ f’ ------- QOf-:
o P Y
0 : t

R e
Fig 15.5 The potential encrgy function for o decay from

the nucleus. The shaded region depicts the Coulomb
potential barrier that opposes the decay process.

Next we consider an o decay tor which
disintegration energyis (', (> 0, ) fromfigureitisclear
that for such o particles both the barrier height and width
are comparatively small. Since tunelling probability
increases rapidly with reduction in barrier height and
width such « particles are emitted easily and

consequently for corresponding micleus the halflife1s
much small.



15.8.2 B decay

When a nucleus decays by emitting an electron or
a positron the decay process is termed as [3 decay. In 3
minus () decay the nucleus emits an electron and an
antineutrino and daughter nucleus has the same mass
number as that of parent but atomic number increases by
unity. Symbolic form for B decay processis

iX—t Y+lerv .. (15.24)
and as an example we have

D Th—— Pa+ e +v

o0 a1

Note that both the nucleon number and charge are
conserved in the process. Antineutrino ¥ is a neutral
particle with practically no rest mass. It interacts so
weakly with matter to make its detection very difficult. In
above example the total charge before decayis+90 e
and after decayitis 91 e +(—e) + 0= 90 e. Since both
electron and antineutrino are not nucleon so nucleon
number stays conserved at 234,

It may seen strange that a nucleus emits electron
{(positron)and antineutrino (neutrino) as nucleus contains
only protonand neutrons. (There is ample evidence to
suggest non existence of electrons in a nucleus).
However in previous chapter we have seen that atom
emits photons but we have never said that atom contains
photons. What we say actually is that photons are tormed
at the time of emission (during transition of atom from
excited state to ground state). Same istrue for electron
(positron)and anti neutrino (neutrino)in case of B decay.
These are formed at the time of emission process. In
negative beta (J37) decay a neutron inside nucleus
transtorms itselfinto a proton accordingto the following
equation

H——>p+te +V ... (15.25)

Such a transformations takes place under the
influence of special type ot weak nuclear tforces (known
in general as weak interaction) proton remains in
nucleus. Since both protons and neutrons are nucleons so
in (3 decay one nucleus is changing into other so nucleon
number is uncharged.

For § decay, the disintegation energy can be

calculated as follows. Let m_ and #2_ are nulcear
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masses of Xand Y and , isthe mass of electron, then
mass defect

Am:mx—[my+me} ... (15.26)

Where antineurine is assumed to have zero rest

mass. Now if weadd and substract Zm _tototheright
hand side ofabove equation, we obatin

N =(m, +Zm,)~| m, +(Z +1)m, |

or Am =(M_)—(M) ..(15.27)

Where M and M | are atormic masses of elements

X and Y respectively then disintegration energy 1s given
by

O=Ame” =(M_-M,)c’ ... (15.28)

In above equations we have neglected the
contributions due to binding energies of electrons in
atoms X and Y which small enough tobe ignored.

Disintegration energy Q appears in the form of
kinetic energy of decay products. Because of relatively
higher mass ot residual nucleus it canbe assumed that the
energy Qs shared- in varying proportions between the
emitted electron and the antineutrino. Sometimes the
electron getsnearly all the emitted energy and sometimes
the antineutrino does. In every case, however the sum of
energies ofelectron and antineutrino gives the same value
Q. Thus emitted electrons can have any value of energy
between O and Q. Therefore the energy spectrum of
electrons emitted in - decay is continuous between zero
and Q (tigure 15.6). Recall that the energy spectrum for
o paricles is discrete.

als
L
Eall

maw

R

Kinctic cnergy of B pa;rticalsr

Number of B partic

Fig. 15.6 Encrgy spectrum of B particles

In positive beta decay a positron (e )and a



neutrino (V) are emitted fromthe nucleus. The symbolic
representation of sucha decay is

A A 0 . ]

X —— 5 Y +e +v ... (15.29)
and an example of such a decayis
INa—— iNe+ ¢ +v

Here, the mass number A isunchanged but atomic
number Z 1s decreased by one. Like antineutrino a
neutrinoisuncharged and of negligible rest mass. Positron
and neutron are formed at the time of decay as a proton
inside nucleus changes inte a neutron, positron and
neutring.

p——n+e +v ... (15.30)

Like g~ decay,in 5~ decay, nucleon number and

chargeis conserved. For #* decay the disintegration
energyis Q=(M_-M_-2m)C givenby and energy
of positron can have any value between zero and Q.

In some nuclei another from of B decay, called
electron captureis observed. Insuchnuclides B decay

is not energetically favoured, however, nucleus may
capture anorbital electron (usually electron from K shell)
which combines with a proton in nucleus to form a
neutron. The neutronremains in nucleus and a neutrinois
emitted in the process. The symbolic representation of
suchaprocessis

X+ le——> 0 Y+v
and an example is

634 o~ Q o4 e
W+ e —>  Nit+v
The Q value for the processis given by
Q=(M M)

Asthe nucleus captures an atomic electron there
exists a vacancy in corresponding orbit. Tofill this vacancy
electrons from higher energy states make transitionto this
orbit as a result X rays are produced.

From [3 decay we found that neutrons and protons
are not fundamental particles in nature. 1t can also be

noted that the process 7 — p+¢” +¥ 1spossibleboth
inside and cutside the nucleusi.e aniselated neutron can
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decay into a proton. However, the process

p —>n+e +visnotpossible out sidethenucleus. As

mass of neutronis more than that of proton, anisolated
protoncannot decay ina proton.

13.8.3 The Neutrino Hypothesis

Prior to 1930, tor explanation ot 3 decayit was

assumed that in decay process the decaying nucleus
decays into a residual nucleus and an electrons (positron)

onlyi.e S decay processes were assumed to be like

A Y—F f

A
ZX_>Z|1

.(15.34)

2
1(’

or X2 Y+l ... (15.34a)

However, there were several difficulties associated
with such an assumption. If only an electron and residual
nuleus are available as a result of the decay process then
owingto the higher mass ofthe residual nucleus, all the
disintegration energy must be available to electrons only
making this energy to be unique. This is against the
observed experimental fact that the 3 energy spectrum s
a continious one. It was apparent as ifthe principle of
energy conservation was violated in the process. The
smae was the difficulty with the conservation of linear
momentum. If we assume the parent nucleus X to be at
rest before the decay, then after decay electron and
recotled nucleus Ymust move in opposite directions.
However, experiments suggested that electrons could
move at various angles to the direction of recoiled
micleus? Likewise angular momentum conservation
seems to bevioleted in the said process. Scientists were
started thiking as 3 decay to be an exceptional process in
which conservation laws like energy, momentum, angular
momentum etc could not be obeyed.

To explain the apparent non conservation of energy
and momentum Pauli in 1930 suggested that a third
particleis also emitted in process. Later on Fermi named
this particle as neutrino (neutrino means little neutral one).
We have already seen how the neutrino and 3 particle
share energy such that energy is always conserved.
Although the rest mass of neutrino is zero it has a
momentum due to energy. Thus the momentum
conservation can be explained as the vector sum ofthe
linear momenta of electron and neutrino must be equal
and opposite to the that of recoiling residual nucleus.



{The neutrino is assigned a spin 1/2 to hold the
conservation of angular momentumin [§ decay the details
regarding this are not discussed here because ofthe level
of study. Antineutrino is antiparticle of neutrino and is

same as neutrino In every respect except for a property
called helicity).

Neutrino interaeacts so weakly with matter to
make their detection difficult. Neotrinos were first
detected by Reines and Cowar in 1956,

15.8.4 v Decay

Anucleuscan exists in states having energies more
than in ground state. This is similar to what we have seen
in case of atoms with a difference that atomic energy
states are in range ot a tew eV and keV while nucleus
energy states range in MeV an excited nucleus is
represented by putting a superscipt * onits symbol.
When an excited nucleus returns to alower energy state
or ground state photons having energy equal to the
difference in initial and final states are emitted. Such
photos are called v ray photons. Their energyisin MeV
range. Often a nucleus is formed in its excited state after
o or P decay therefore a v decay follows. The symbolic
representation of y decay isas follows

IX* X4y ...(15.35)

Iny decay asthere isno change in Aand Z so there
1s no transformation of one element into the other. Iny
decay all known conservationlaws are obeyed and yray
energy spectrum 1s discrete. In Figure 15.7 decay of

~I Mg by successive 3 and v emission into 7] Al is
shown,
e R
12 B
B
1.015 MV
¥
0.834 MeV

T4l
13

Fig. 15.7 Dcecay of 1‘; Mg after £ decayto ;T Al

cmitting ¥ ravs

Ground stage
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Example : Radioactive nuclide ;" Th by

successive decays is ultimately converted into ;" Bi .
How many ¢t and [3 particles are emitted in this process.
Solution : For the process
A Th—— "B
the net decrease in mass number and atomic
numberis as follows
AA=228-212=16

and AZ=90-83=7

Sincein 3 decay mass numberis not changed, the

changein AA must correspondto o decay. Asineach
o decay mass number changes by 4 so number of ¢

particles emitted must be 16/4 = 4. However expected
decreaseinZ dueto emission of 4 ¢« particle=4x2=8
therefore the final value of Z mustbe 82 but accordingto
question the final value of Z1s 83. Thisisonly possibleif
1B~ particle is also emitted in the process so as to obatin
a final value of 83 instead of 82. Therefore 4 @ and

13" particles are to be emitted in the given process.

Example 15.13 “U nucleus undergoes

o decaywith ahalf lifeof 4. 5x 10" y. Writethe decay

equation and from the data given below estimate the
kinetic energy of emitted ¢ particles.

M(33U)=238.0507u
M($He) = 4.0026u

2134 Th

M(iTh)=234.0435u

Take 1 = 931 MeV /¢” and assumethe nucleus to
beatrestinitially,

Solution : The required decay equation is
U > Th +3iHe
and for this process the Q valueis given by

Q=[M(3v)-M(zim)+ ()|

234
o0 Th



on substituting values of various quantities

Q =[238.0507 — 234.0435 - 4.0026| ¢’
=[0.0046]x931= 4.28MeV

Assuming initially %, U to be at rest, from

conservation oflinear momentum.,
0 = pu + p'l‘h
poc = p'[h

K, pi/2m, m

m A4

or K, a pp, /2my, m 4

i3

(A ismass number of parent micleus)

4
K., =—
or I'h A—4 [+3

But K, + K, =Q

4K
K, +—=%=

Q

or K,=——Q

238-4

238

x4.28 =4.20MeV

Example 15.14 For the decay scheme shownin
the adjoining diagram calculate the maximum kinetic

energy of emitted [3 particles and radiation frequenciesin
v decay. Given

F

M(‘“Au):197,9682u,

M( ' Hg)=197.9667u

30

and/ assume lu=931MeV /¢’

Solution : In §~ decay if the daughter nicleusis
formed inits ground state then the maximum kinetic

energy available to B~ particleis equal to the Q value,
whichinthis caseis

Q=|M(;*Au)-M( " Hg) |

=[197.9682u-197.9667u]c’ x93 1MeV /¢’

=1.396 MeV
However, in question the nucleus being tormed by

emission of 3 particles indicated by ] isinits second

excited state whichis 1.008 MeV aboveits ground state
so the maximum kinetic energy available to such

P particles will be

k(B,)=1396-1.008 = 0.288MeV

Like wise for 3 particlesindicated by 3, daughter
micleus is being formed in an excited state at energy
0.412 MeV above the ground state, so for such [
particles the maxamumkinetic energy will be

k(B,)=139-0.412=0.984 MeV

For various transitions shown in figure, the

frequencies can be obtained using v = e follows

_1.008x10°x1.6x10 ./
6.63x10 7 J-5

v(7) =2.62x10"Hz
(1.008-0.412)x10° x1.6x107"

VTR =1.63x 10" Hz
. X

()=

~0412x10°x1.6x10 "
6.63x107

=0.99x10"Hz

V()

Example 15.15For g~ decay,
DAL > Mg +e¢ +vcalculate Q value. Given,
M (¥ Af)=24.990u M (¥ Mg)=24.9858u
Solution : For given £~ decay, theQvalueis
Q=|M(*af)-m(*Mg)-2m, |&*
wherem ismassofelectron

. 0 =[24.9904u - 24.9858u]c’ - 2[0.511MeV ]

[inlast term of above expression, energy equivalent

of rest mass of electron is used]



=[0.0046]x931Mel” —1.022 Mel

=4282-1.022=326MeV

13.9 Nuclear Energy

You are well aware of varicus forms of energy. In
view of Einstein mass-energy relation you also know
that matteritselfis aconcentrate of energy. But the energy
that we need to perform different task in our day to day
life is required in specific forms. For example, heat is
required to cock food, boiling waterwhile operation of
applances like fans, cooler, bulbs etc. requires electrical
energy. Fuels like coal, natural gas, wood all contain
internal energy but this internal energy can not be
converted directly into heat. To obtain heat from fiel it is
essential to burn them which involves a chemical
reaction. In such chemical reactions we are tinkering with
atoms of fuels rearranging their outer electrons in a more
stable configuration. Likewise, we can also obtain energy
fromanuclear system via different miclear reactions. In
our discussion about binding energy pernucleon we have
seen that this quantity 1s more forintermediate mass nuclet
to make them relatively more stable. To achieve stability
heavy nuclei have a tendecny to fissioninto middle mass
nuclei along with a release of energy. Also, lighter nuclei
have atendecny to fuse to form a middle mass nucler and
again energy is released. In both fission and fusion
nucleons are beining rearranged to obtain a more stable
configuration. However in chemical reaction energy
released is of eV to keV order. Although in both
combusion of fuel or fission of nuclear fuel like uranium
the decrease in rest mass energy of fuel appears as
energy. However in case ofnuclear fuel a much larger
fraction ofrest mass energy is converted into the other
forms of energy. For example, theoretically burning of
1 kg coal gives energy to operate 100 W bulb for 8hours.
While fission of | kg ***U gives energy to operate the
same bulb for 3 <10y years. Like fission, fiisionisalso a
promising source of energy. In future, about which we
shall be discussing at the end of this chapter.

15.10 Nuclear Fission

A fewyearsafter the discovery of neutronin 1932,
Fermi found that when various elements are bomarded
with neutrons, new radioactive elements are produced.
Neutronis auseful nuclear projectile, asitis electrically
neutral it experieneces no Coulomb repulsive force when
itreachesa nuclear surface. Even slowly moving thermal
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neutrons can enter a nucleus to interact with its nucleons.
Thermal neutrons are neutrons in thermal equilibrium
with matter at room temperature. At atemperatureof T
= 300K the average kinetic energy of thermal neutronsis

3,53 s 0 -
Sk :%(8.62x10 "ol /K)(300K)

=0.04¢l
Theseneutrons areuseful for nuclear reactions.

In 1939 German Scientists Otto Hahn and Fritz
Strassmann on bombarding uranium with thermal
neutrons found that many new radioactive elements were
produced one ofthem was similar to barium in chemical
properties. Later onthiselement was positively identitied
as barium (Z=56). It was difficult for Hahn and
Strassmann to explain that how could a middle mass
element like barium is produced by bomardment of
uranium (Z=92) with neutrons?

This difficulty was resclved by physicists Lee
Meitner and Otto Frisch. They put forward a mechanism
by which auranium nucleus after absorbing a thermal
neutron could spiltinto two miclel ofintermediate masses
(one of which might well be barium) along with the
release of energy. They termed the process fission. In
addition to fission fragments and energy, neutrons are also
released in thefission process. Itisworthnoting here that
fission products are not unique, which canbe seen from
few fission process illustrated below for the fission of
235

U+ n—— U > "Ba+ 3 Kr+20n

.
—'Xe+2Sr+2.n

1
3.n

— *La+3Br+
— ' Ba+ L Kr+3n

— and many more

Fission products are two middle mass nuclei of
ditferent mass number. Usually the tission products
themselves are radioactive and undergo a series of

B decaystill astable end productisformed. Anexample
is shownbelow

B E B, 40e

144
> "La

1413 B 140 1413
54Xe 4 .Sﬁca 4 saBa 57




For fissionof 5’ U onanaverage 2.5 neutrons are

obtained per fission event. These neutronsare called fast
neutrons having nearly 2 MeV energy each. These
neutrons are not capable offurther fission of**Uunless
these are moderated to thermal speeds. InFig 15.8 a
graphisplotted between percentage vields of of different
fission products and respective mass numbers for the
case of fission of “*U. More than 100 miclides which
belongs to 20 different elements are shown. For most
fission product mass number lies between 90~ 100 and
135~100. The most propbable mass numbers areA= 95
and A= 140. The probability ofhaving nearly equal mass
numbers us small.

product nuelic (% )

mass number

Fig. : 15.8 Graph between pereentage vield of fission
products and mass number

For fission energy released Q1s muchhigher thanin
chemical reactions. To estimate the amount ofenergy
released in fission we take the help of binding energy per
nucleon curve. Fromthis curve we can seethat for heavy
nuclidesbinding energy per nucleonE, isapproximately
7.6 MeV while for middle mass nuclides it is
approximately 8.5 MeV.

Next, assume that a high mass nuclide A =240
undergoes a fissionto yield two middle mass nuclei with
A=120each. Thentotal binding energy for nucleus A=

240is AE = AE, A
AE,, =(7.6)x240 MeV

and for two (A = 120) nuclei the total binding
energy

AE,, =2(AE, ;)A/2=2(8.5)x120

=(8.5)x 240 MeV

Therefore, the energy released in the process
Q=AE, -AE

bt bi
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=(8.5-7.6)x240=216MeV

Therefore the energy per fission of *U is of the
order of QQ ~200 MeV. The most of this energy
appears in theform of kinetic energies of fission preducts
and partly in kinetic energy of neutrons and subsequent
decay products.

The fission ot a nucleus canbe explained by a the
liquid drop model developed by Bohr and wheeler.
Here, we are giving a briet'account of this model.

In liquid drop model a nucleus is treated like a
spherical charged liquid drop which is in equilibrium
under the effects of internal attractive forces and
Coulomb repulsive forces. Fig 15.9 shows the process
of fission for a #**U nucleus. When such a nucleus
absorbs a thermal neutron, the potential energy ofthe
nucleus associated with nucleons gets converted into
internal excitation energy. The excitation energy for this
processisnearly 6.5 MeV (see example 15.12) and due
to this excitation energy the nucleus starts vibrating
violently [Fig 15.9 (b)]. Figure 15.9 (c) shows that the
oscillating nucleus sooner or later develops a short neck
and assumes adumble like shape. If conditions areright
then two globs part of dumble separates apart (tission)
due to mutual electrostatic repulsion other wise the
nucleus emits a vy ray to assume its original shape.
According to calculations done by Bohr and Wheeler
based on quantum mechanicsthe critical energy required
to break the **U nucleus comes out to be nearly 5.3
MeV which isless than the excitation energy so fission of
#3U is possible by thermal neutrons.

Mowiron
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Fig. 15.9 : Process of neulear fission according
1o liguid drop model



(a) Absorptionofathermal neutronby ““Unucleus

(b) Violent vibrations of compound nucleus formed
after obsorption

(c) development of neck inthe nucleus
(d) fissionofnculeus

(e) formationotfissionfragmentsand emission of tast
neutrons

Iftheinternal excitation energy of micleus, after the
absorption of thermal neutrons is less than the
corresponding critical energy for breaking the nulceus the
fission is not possible. That is why the fission of **Uand
**Pu s possible but **U and **Am are not fissonable
by thermal neutrons. Such nuclei canbemadeto fission
by fast neutrons.

Example 15.16 In process of nulear fissiona ““U
nucleus absorbs a neutron to forma “**U nucleus.
Calculate the internal energy recieved by the nucleus in
this process.

Given: M(*U)=235.0439u
M(*U)=236.0455u

M(ln)=1,0086u

and take lu=931 MeV

Solution : The given processcan be described as
235

U+'n—*°U

Sum of the masses cf reactants before this
reaction

M, =M (™ U)+M('n)

=235.0439+1.0086 = 236.0525u

and mass of the product

M, =236.0455u

Clearly M, > M, implying a mass defect

meaning that the decrease in rest mass energy appearsin
the form ofinternal energy given by

E = {AMc”) = {236.0525 - 236.0455} uc?

=4.0070}x931MeV =6.51MeV

Example 15.17 For the fission process
U+ n— 1 Xe+ 58r+2)n
Calculate the energy released

Given M (' U) = 235.043%u
M(}n)=1.00867u
M(1}'Xe)=139.9054u
M(%Sr)=93.9063u
Solution : Forthe said reaction Q value is
Q :[M(ij‘U)+M(}]n)—M(;j°Xe)—
M(%i8r)-3M(n)uc?

=[235.0439+1.00867 - 139.9054 —

93.9063 —3(1.00867)x 931 MeV

= [0,22353] x931 = 208 MeV

Example 15.18 Calculate the energy released in
tission of 1 kg **U, assuming energy per fissionto be
200MeV.

Solution : One mole of uranium (atomic mass
235)meaning 0.235 kg mass contains number of atoms

(nuclei)=Avogadro Number N, = 6.023x10™

6.02x107
0.235

Energy obtained from fission of 1 kg uranium

number ofnucleiin 1 kg of U =

(This energy s equivalent to energy obtained form
the explosion of several thousand tonsof TNT)

15.11 Controlled and Uncontrolled Chain Reactions

In the case of fission of a high mass nucleus like
U we have seen that on an average 2.5 neutrons are
produced per fission. This means that if 100 uranium
nuclei areunder fission than we are obtaining nearly 250
neutrons more. These neutrons are called secondary
neutrons and arefast. If these neutrons are slowed down
to thermal energies then under appropriate conditions
they can produce more fissionin other=*U nuclei present

233



in the fissionable material. This further produces more
neutrons which causes more fissions. This leadsto a
formation of chain of fission events and process s termed
as achainreaction. Such a chain reactionsis depicted in
Figure 15.10 where only two neutrons are shown to
proceed the charge reaction,

1
"‘-.__ - ’—.
el

r
seneralion

gencration

geneTation

gencration

Figurc 15.10 : A schematic representation of a chain
reaction. Here shows fission fragments and n represents
neutrons

For a chain reaction to be self sustained it is
essential that at least one neutron produced during each
fission, on the average, cause another fission. This
condition is often expressed interms of a parameter K
called neutron multipication factor or reproduction factor
and it represents the average number of neutrons
obtained fission. It is also defined as follows

number of neutrons present in a
particular generation

K ... (15.36)

number ol neutrons present al the

begining ol previeus gencration

For “*Ubased chain reactions maximum possible

value of K=2.5, however it is usually less than this,

because (i) some of the neutrons may leak from the

fissionable material and (1) some of the neutrons may be

absorbed by miclei present in fissionable material without
causing fission.

It K< 11itis abvious that the chain reaction will not
be substained because after each subsequent tissionthe
number of neutrons will go ondecreasing and ultimately
chainreaction wil stop.

IfK =1 therate ofreaction willincreaserapidlye.g
if K= 1.5 and in some generation 100 neutrons are
produced then in next generation 150 neutrons are
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obtained and so on. In such a case reaction is called
uncontrolled and proceeds so rapdily producing alarge
amount of energy in the form ot heat ultimately leading to
explosion. In an atomic bomb such an uncontrolled
reaction is required.

If K=1 then reaction is self substained. For
example if in certain generation 100 neutrons are
obtained then in next generation again 100 neutrons are
obtamned. Once started the chain reaction will proceed at
aconstant rate. Such a reaction s called controlled chain
reaction. Innuclear reactors K ~1ismaintained.

Innatural uranium twoisotopes U and “*U are
present in percentage abundance 99.3% and 0.7%
respectively. “*U is not fissionable by slow (thermal)
neutrons, rather it captures thermal neutronto form U
whichundergoes radioactive decay. *’Ulistissionable by
thermal neutrons however because ofits small
percentageinnatural uranium the fission probability is too
small. So for increasing the probability of fission the
content of “*Uis increased upto 3%. by artitical means.
Such urnaium is called enriched. Even with enrich
uranium there are following three ditticulties in making a
chainreaction'go'.

(1) The neutron leakage problem : A certain
percentage of neutrons obtained by fission will simply
leak out of the fissionable material and lost to chain
reaction. Some ofthe neutrons may also be absorbed by
the shields enclosing the fissionable material and reaction
will not proceed. If too many neutrons are leaked, the
chain reaction will not proceed.

Leakage is a surface etfect, its magnitude
proportional to the square of dimension of fissionable
material. For exampleif material is in the form of a sphere

then leakage will be proportional to surface area = 4 rr
. Neutron production however, 1s a volume eftect,
proportional to the cube of a typical dimension (for

spherical material volume = 4 /37" ). The fraction of
neutrons lost by leakage can be reduced by making the
material volume large enough there by decreasing its

surface tovolumeratio (= 3/r forasphercal material).
Thus there must be a minimum size or minimum mass of
the fissionable material for chain reaction to continue. This
massisknownas critical mass.

(2) The neutron energy problem : Neutrons
produced in fission are fast with kinetic energies about 2



MeV, but fission takes place due to slow neutrons.
Therefore the fast neutrons must be slowed down to
thermal energies (0.04 eV). This is done by using
substances called moderators. Amoderating substance
should have the following properties (1) mass ofitsatom
has to be small enough so that in collision of fast neutrons
with atoms ofthe moderator there is an appreciable loss
in the kinetic energy of neutrons (b) it does not absorb
neutrons excessively to remove them from the fission
chain. Water, heavy water (D, = 0) and graphite are
commonly used moederators.

(3) The neutron Capture problem : The =*U
nuclei present in nuclear fuel are good absorbers of
neutrons having energyin 1 - 100 eV range. Asthe 2
MeV fast neutrons produced in fission are slowed down
inthe moderator they must pass throughthe 1 - 100 eV
energy interval inwhich they are highly likely probable to
be captured by **U nuclei . To minimise this problem
uranium tuel (usually in the form of rods) and the
moderator are not intimatley mixed but are "clumped"
remaining in close contact but arranged in such a manner
that most ofthe neutrons comes into contact with fuel
rods atter moderation.

The controlled chain reactionis utilized in nuclear
reactors.

15.11 Nuclear Reactor

In a nuclear reactor the energy obtained from
miclear fission 18 converted into electrical energy for
power generation. In anuclear reactor controlled chain
reaction is used. Here we will discuss in brief about a
nuclear reactor based on fission of by #*U thermal
neutrons. A simplified design of a nuclear reactor is
shownin Figure 15.11. Uraniumis taken in the form of
cylinderical rods arranged in a regular pattern in the
active reactor care. The volume of core 1s filled by
moderatoring material like, water, heavy water or
graphiteetc.
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Coutrol rods

Graphite

>% Cadmium rods

{control rods)

Uranium rods

Fig. 13,11 : Asimplified diagram of design
of a nuclear reactor

When fissiontakes place in aurainum rod majority
of the fast neutrons produced escape from rod and
entersinto the moderator. In moderator, these neutrons
make collisions with moderstor atoms. After few
collisions their energy decreases from 2 MeV to thermal
energy range. The distances betweenrodsisadjusted in
such a manner that a neutron escaping from one rod is
generally slowed down to thermal energies before
reahing the other rod. This reduces the possibility of
absorption of 1- 100 eV neutrons by =*U present in
rods. The geometry of core is designed such that the
leakage ot neutronsis limited to the condition that out of
average of 2.5 neutrons produced per fission one
neutron is avaiable for triggering next fission. In this
condition multipication tactor K=1 and chain reaction
proceeds at a constant rate. If by due to the leakage of
neutrons is decreased then condition K > 1 is there which
may lead to explosion. To control this cadmiumrods are
used which are inserted upto certain depth in the
moderator. Cadmiumis a good absorber of neutrons. In
tact at the start of chain reaction Kbe kept greater than



unity and then cadimuim rods are quickly pushedinto the
moderator upto such depth that condition K =1 1s
achieved. If necessity arises cadmiumrods are pushed to
full depth to achieve condition K< 1. In this condition
reactoris shut off. Thisis done for safety or mainainence
ofnuclearreactor. Some liquid coolent like water at high
pressure or molten sodium is circulated arround the
reactor core to extract heat generated. The heatisusedto
produce steam from water. The steam so produced is
used to run turbines and electric power generation.

The reactor region is surround by thick concrete
walls so that the harmful radiations produced by highly
radioactive fission products do no enter the environment.
Thus safety of persons working innuclear power plants
and residents of neighbourhood 1s ensured.

Inaddition to power generation nuclear reactors
are alsoused for producing radioactive isotopesused in
various apphcations, and for obtaming neutron mean for
research purpose. Although the nuclear power plants
play on important role in electricity generation, the
problem of disposal of hazadeous nuclearwaste is very
serious. Thereare a number of International rules and
laws for safe operation of nuclear reactor which are tobe
adhered strictly. Even a small mistake in operation ofa
nuclear reactor may lead to destruction therefore a
constant montioringis required. In 1986, at chernobylin
Ukraine (formely a part of USSR) the reactor core
melted and large amount of radioactivity was released ,
which adversely affected of population of the adjoining
area and East Europian countries. Indian atomic energy
programme maintains a good safety record as per
international norms.

Example 15.19 The energy obtained per fission of
“*U nucleus is about 200 MeV. If a nuclear reactor
based on **U is producing 1000 kW power than how
many U nuclei are undergoining tission per second.

Solution : Asperquestion, the energy generated
per second = 1000 x 10°)

10° e

=———eV =625x10"eV
1.6x10

So the number of fissions per second

_ 6.25x10

= =3 12x10"
X
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15.13 Nuclear Fusion

While disscussing the binding energy per nucleon
curve we pointed out that large amount ofenergy canbe
released if light nuclet are combined to form nucler of
some what larger mass number, a process called fusion.
The mass of final preductsis always less than sum of the
masses of thereactants. The lost massis converted into
energy.

Fusionis adifficult process, tor the two nuclei to
fuse they must come close to one another with in the
range of attractive nuclear force. Thisis adifficult task as
this processis hindered by the mutual Coulomb repulsion
that tendsto prevent two positively charge nuclei trom
coming close together and tuse. To overcome the
Coulomb barrier, the kinetic energies of the reacting
nuclei most belarge inthe range 0.1 MeV'to 1 MeV (see
example 15.16). Such energies canbe achieved through
particle accelerators (like cyclotron). However in
accelerators the probability that particles are scattered is
much more than that ot fusion. Also the energy input
needed to accelerate one paticle (nucleus) for
bomording on the other is higher than the energy
released through fusion. So there is no hope of useful
power generation through fusion in abulk material using
particle accelerators. The best hope for tusion to occur in
bulk material isto raise the temperature of material inthe
form of gasto such values so that the particles accquire
large speeds and come close enough during the collisions
for fusion to take place. The process is called
thermonuclear fusion and the temperature required is of
the order of 10°K.

As an example of fusion process, consider the
fusion oftwo deuterons

H+ H—— H+ H+4.0MeV

The (1“) nucleus obtained in the process again
combines with one deutron to form a helmim nuclet
JH+ H— He+ n+17.6MeV

On combining above two equations the resultant
reactionis

3(1H) - SHe+ H+ (n+21.6 MeV



Thus the over all result is combining of three
deutrons to form a helium nucleiand 21.6MeV energy
released.

Although the energy obtained from fusion
mentioned aboveis small compared to 200 MeV energy
obtained in fission of'a **'U nucleus, however if we
compare the energy obtained from fusion of 1 kg of
deuterium with that obtained from 1 Kgof *"U, then itis
much more. (see example 15.17). In addition to this
fusion products are not radioactive while that obtained in
fission are highly radioactive so fusion promisesto be a
clean source of energy.

Example 15.20 Thedeuteron ? H hasacharge+

e and hasa radius nearly 2fm. Two such deuterons are
fired at each other with the same initial kinetic energy K.
What must be the value of Kifthe two particles are
brought to rest by their mutual Coulomb repulsion when
the two are just touching. Also calculate the temperature
corresponding to this kinteic energy?

Solution : Because, the two deuetrons are
momentarily at rest when they just touch other, their total
kinetic energy has been converted into electrostatic
potential energy. If we treat them as point charges
separated by a distance 2R (R =radius of eachnucleus)
thentrom conservation ot energy

el

2K — ]' q'lql — ]' i
dne, T dne, 2R
1 €
2K = —_—
or 4me, 4R

B (9x10"Nm/C*}(1.6x10 l-"C)2
4(2><'1 07"’ m)

=2.7x107%J =170keV
It T is the temperture corresponding to K them

-

3

K., =—kT
o2

— 2 K i

n
J

T
or "
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170x10%eV
(8.62><10 5er’K)

2
3

=131x10°K

Example 15.21 From fusion of 3 deutrons
approximately 21.6 MeV energy isreleased. Calculate
the energy released from the fusion of 1 Kg of deuterium.

Solution : One mole of deuterium (0.002 kg)
contains 6.02x 10 (Avogedro number) nuclei, hence
number ofnucleiin 1 kg of deuteriumis

6.02x107
0.002

=3.01x10%
Since 3 deuteron fuses to give 21.6 MeV of
energy, so energy corresponding to one deuteron

216

7.2MeV

-, Energyreleased in fusion of 1 Kgdeuterium s

=3.01x10™ x7.2MeV
=21.67x10" MeV
=21.67x107 x1.6x10 "]

=34.67%10")

In example 15.14 we have seen that the energy
obtained tfrom tission of 1 kg of uranium is about

8.19x 10" J so energy obtained from fusionis 4 times

more. In example 15.16 we have determined the
temperature required for initiating a fusion reaction. At
such high temperature electrons completely detatched
trom atoms and the matter is in the form of completely
1onised state called plasma consisting ot nuclei and
electrons. As we shall see in next subsection the
thermonuclear tusion is the source of energy in stars. First
tusion reaction was performed on earthin 1952 when a
thermonuclear (Hydrogen) bomb exploded. To achieve
temperature high enoughfor the fusiontotake place an
atomic bomb was exploded prior to the hydrogen bomb.
Hydrogen bomb is an example of uncontrolled
thermonuclear tusion and is very destructive.



The fuelused for fusion on earthis deuterium which
is available in natural water and with oceans as almost
unlimited source of water we are sure of fuel supply for
several thousand years, soif controlled thermonuclear is
possible on earth most of our energy demaded canbe
fulfilled. Fusion reactors are not designed and functional
till date. There are a number of difficulties involved for
harressing fusion energy for power generation. Onofthe
difficulty is to obtain high temperature required for
initiation of fusion. At present pulsed lasers are used to
produce temperature of 10°K inlaboratories. However,
major problem is of confiment of plasma. For fusion
reaction to occur in large number it is necessary to
confine plasma at very high temperatures and high
particle density. It is abvious that at such high
temperatures plasma is not be confined to a solid
container 1s the biggest problem in achieving the
controlled fusion reaction onearth. Scientist are working
ontwo techniques called magnetic confinment and inertial
confinment. Adevice called toka mak has been designed
in which magentic confinement is utilized and power
levels of 1| MW for 1 second has been achieved . It is
expected that by the mid of this century the controlled
fusion reactors shell be made available for power
production.

15.13.1 Thermonuclear Fusion in Sun and Stars
The sunradiates at therate of 3.9 % 10%° W and has

been doing so forabout 4.5x10" years, Priorto 1930,

it was assumed that energy generationin sunwas dueto
burning of carbon {coal) and oxygeninits interior part.

However, the sun whose mass is 2.0x10™ kg was

doing so it would have last only for a few thousand years.
Another point of view was that , as due to cooling of core
the pressure inthe core could be reduced and it would
have shrinked under the action ofits strong gravitational
forces. Thus gravitational energy could be transformed
into internal energy resulting inincrease of temperature of
core making sun to radiate continuously. Calculations
shows however, that the sun could have radiated from
this cause for 10° years. The present composition of the
sun's coreisabout 35% ofhydrogen by mass, about 64%
ofhelium and 1% of other elements. Due to absence of
heavy elements fission cannot be the source of energy
generation insun,
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In 1939 American Scientist Bethe proposed that
energy generation in sun and other stars is due to
thermonuclear fusicn in which hydrogen nuclei are fusing
to form helium nuclei. This process known is proton
cycleisrepresented by the following set of reactions

H+ H—> H+e +7y+042MeV (D)
e +e —>vy+y+1.02MeV ()
[H+ H—iHe+v+549MeV (i)
‘He+iHe —iHe+ H+ H+12.86MeV
(i)

For the fourth of the above reactionsto take place
it1s essential that first three reactions should take place
twice each so that two 2 He nuclei needed for the fourth
reaction are made avaiable. Thus considering first three
reaction twice each and fourth reaction once, the overall
effect1s

4(|H)+2¢ — He+2v + 67+ 26.7MeV

Ifin above equation, we add two electrons to each
side, then above equationassumes the following from

A(JH+e ) —>(3He+2e™ )+ 2v + 67+ 26.7MeV

. (15.36)

Note that the quantities in the parantheses
represents atoms of hydrogen and helum. The energy
released in thereactionis 26.7 MeV, this canbe varified
asmass defect

ille J ¢

Where M( iH) and M( jHe) are atomic masses

of hydrogen and helium having values 1.007825u and
4.002603u respectively

M, -M

|
ha

Q:(mi—mr)czz[

Q =[4(1.007825)u—4.002603u | x

[931.5MeV /u]

=26.7MeV



As v rays are massless and neutrinos are of
negligibly small rest mass so these masses are not
included in calculations.

The temperature ofinner core of sunis estimated to

benearly 1.5x10" K . Alittle while ago we have seen

that fusion requirestemperature arround 10°K then why
fusiontakes place in sun. Answer to this puzzle lies in that
we have calculated the kinetic energy of nuclei from
relation K =3/2 %" ineffect corresponding to the energy
kinetic energy otnuclei. Because of large mass of sun
there exist nuclei in large number having energies far

greater than the average energy, such nuclei are
responsible forfusionin sun,

According to present estimate hydrogen in
sufficient amount is available in the sun for the fusion to

continue fornext 5x 10” year. After that sun core will

consit of helium only. Due to gravitational forces sun's
core will contract and its temperature will rise. Due to this
outer envelope ofthe sun will expand to much possibly
large enough to encompass the orbit of sun. In
terminology of astronomy then sun will become a red

giant,

consits ot a single proton only.

Nuclei are almost spherical with radii given as
R=R A" where R, =12fm
accordinglynuclearvolume V ==1R}A
eV A, °

L

mass of '"C atom
12

u=

also lu=9315MeV/c*

Mass defectis givenby AM =2 m—-M .

protons and N neutrons
AE, = [Zmp +Nm_— M} c’

nuclear masses, atomic masses are used
AE, =[ZM, + Nm, - M |¢’

1sto besupplied to the nucleus.

Important Points

Nucleus, consits of protons (+ve charge +e)and neutrons (neutral) collectively knwon as nucleons. Anuclide
isrepresented by ; X where Xis chemical symbol of element corresponding to nucleus, A is mass number
(nucleon number) and Z 1s proton (Atomic) number, neutron number N=A-Z. Ordinary hydrogen nucleus

This means that the density of nucleus is independent of its mass number. Its value is about
2.3x 10" kg /m’ whichis samenearly for all nuclei.

Nuclear masses are expressed in unitied atomic mass unit (u)

=1.66054 x107" kg

Mass of anucleus M is less than the sum of masses of its constituents nucleons > m .

Energy equivalent to mass defectis called binding energy AE, i.e AE, = AMc" . Foranucleus consisting Z

where m and m are masses of proton and neutronrespectively and M is mass of nucleus. IF in place of

Where M,, =mass of hydrogenatom, and J M is mass ofatom of the corresponding nucleus. Binding energy
1s ameasure of nuclear stability. It we are able to separate a nucleus into its nucleons then this much ot energy
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The binding energy per nucleon AE
E, by its mass number A

AE, =AE, /A
A highervalue of AE,  indicates more stability ot nucleus. A graph plotted between AE, and A suggests
that middle mass nuclei are relatively more stable than either light mass or heavy mass nuclei. This curve also

suggests the possibility of energy release by fission of high mass nucleus into middle mass nuclei or fusion of
light nuclei into a middle mass nuclei.

tor anucleus is the quantity obtained on dividing its binding energy

b

bn

Nuclear force: Nuclear force 1s a very strong attractive force which bounds nucleons togetherinside a
nucleus. Thisisavery short range force (range ~ few fm), however, in this range 1t 1s 50~ 60 times greater than
electrostatic force of repulsion between protons.

Nuclear forces are charge independent. For a given separation nuclear torces betweenn-p, p-pand n-n
are very nearly same. Nuclear forces are non central they have the property of saturation. For separation
between nucleons lessthan 1 fm the nuclear forces becomes repulsive.

Nuclei of heavy mass elements like uranium , thorium, radium, etc decay spontanecusly by emitting ¢, for
v radiations. This processis called radioactivity. Thisa nuclear phenomenon whichisindependent of external
parameters like pressure, temperate, phase change and chemical combinations.

o particles are nuclei of helium (3 He )and are positively charged. 3 rays are stream ofelectron (e")or positron
() .7y rays (neutral) are very high energy photons with wavelength smaller than that for X rays.

Radioactive decay law : Radicative is a random process and obeys laws of probatlity (statistics). According
to Ruther ford-Seddy decay law, the rate of radioative decay at a given instant is proportional to the number

d
ofactive nuclei present at thatinstantie —— ’n = AN  The constant of proportionality Ais called as decay

constant. Accordingly the number of active nucle: at timet1s given by
N=N.e™
Where N is number ofactive nuclei at t=0. Thus number of active muclei in aradioactive material decays

exponentially with time.

dN/dt
= N is rate of radioatice decay peratom, ordecay probability perunittime. At t =1/ thenumber

of radicactive nuculei becomes 1/e of initial number N, .

A

Activity R : Thisis number of decays per unit time
dN
R ‘E =ANand R=R.e ™, R, =AN,

R, is1nitial activity. Activity too decreases exponentially with time. 1ts STunit1s (Bq)and 1 Bq =1
disintegration/s. The traditional unit for radioactivity 1s curie (Ci) which is activity of 1g of radium
1Ci=3.7x10'" disintegration/s = 3.7x 10" Bq

Half life: The time interval inwhich the number of active nucleiin aradiocactive sample (or activity of sample)

reduces to halfitsinitial value N, (orimtial activity R, )iscalled as half life
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_fn2_ 0693
)

the number of active atoms present at time tin terms of half lite 1s given by

T

= Ni]
(2)1__..|.

Average halflife : This is the time (t) in which the number ot activite atoms N and activity R both decay to 1/
e oftheir initial values.

1_T

A - n2

In o decay a heavy mass nucleus (parent) X changes into another nucleus Y by emitting an ¢t particle

X = 1Y+ 1He

The atomic number of Y 1s 2 lessthan that of X while mass numberis 4 less than A. The disintegration energy
for the processis

Q=(M,-M, M, )¢’

Amajor part of this is in the form ofthe kinetic energy of o particle. ¢ particle energy spectrumis a set of
discrete energies suggesting quantization of nuclear energy levels.

In B~ decay the parent nucleus X changes into daughter nucleus Y by emitting an electron and an antineutrino

A A i]
X =, Y+ ety

The mass number of daughter Y is smae as that of X but atomic numberincreases by 1. Actuallyin 3~ decay

aneutroninside the nucleus changes into a proten, electron and an antineutrine
1 — 1 + no_- +
s — P+ @ +V

proton remians inside the nucleus while eletron and antineutrino are emitted. For 3~ decay disintegration
energyis given by

Q= (MX _M}-‘)Cz

electron and anti neutrino share this energy in varibale proportions.

In B* decay parent nucleus X, changesinto daughternucleus Y by emitting a positron (e ' ) and aneutrino (v).
SX 2 Y+ le+v

The mass number of daughter Y 18 same as that of X but atomic number decreasesby 1. In 3~ decaya proton

inside nucleus transformsinto a neutron, an electron and a neutrino

po>n+e+v

385



17.

18.

20.

21.

22,

Above transformation is not possible out side nucleus. For ' decay the disintegration energy is given by
Q= (Mx -M, —2m, )03
again this energy 1s shared between positron and neutrino.

In certain nuclei, electron capture process takes placeinstead ofa B decay. Inthis process the nucleus

capture an atomic electron belonging to some inner shell of atom which combines with a protonin nucleusto
form aneutron.

A { A
S X+ e Y+v

For B3 decay (both §' and3 ) energy spectrum of 3 particles is continuous which varies from zero to a
maximum value Q. Thisis because of sharing of energy between 3 particle and neutrino (anti neutrino).

Neutrino and antineurine both are neutral particles of negligible rest mass. Neutrino hypothesis was given by
Panli for explanation of energy spactrum, momentum and angular momentum conservation in 3 decay.

v decay : Often, after ot or  decay the daughter nucleus is tormed in one of its excited state, such anucleus
returns to a lower energy state or ground state by emitting photons having energy equal to the energy
ditference between tinal and initial states. Such photons are called y ray photons

SZF 24y
Invy ray boththe mass number and atomic number are uncharged. They ray energy spectrum is discrete.

In nuclear fission a high mass nuclei breaksinto two middle mass miclel and energy is released in the process.
The fissionin ““U can be triggered by a thermal neutron. The energy realeased in fission

Q=(tinal binding energy AE, )- (Initial binding energy AE, . ). About 200 MeV is released per fission of

1. It the energy of tast neutrons emitted in fission is moderated to thermal energy then such neutrons can
fission more #*U nuclei. This leadsto a chain reaction. Chain reaction may be controlled or uncontrolled. A
chain reactionis called controlled it from neutrons obtain trom fission of'a nucleus only one 1s available for
next fission. Acontrolled chain reaction is used in nuclear reactors for power generation. Uncontrolled chain
reaction is destructive and used in atomic bomb.

Nculear reactor is a device in which a self sustained controlled chain reaction 1s employed for power
generation. Usually enriched uranium 235 1sused asnuclear fuel. Fast neutrons obtained in fission are slowed
down to thermal energies by collisions form atoms of moderating substances like water, heavy water or
graphite. Chain reactionis controlled by cadmium rods, cadmium is a good absorber of neutrons. Energy
generated in form of heat in nuclear reactoris extracted by coolents like water, molten sodium etc. To shield
environment from harmful nuclear radiations preduced in areactor it is surrounded by thick concrete walls.
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Questions For Practice

In process of a nuclear fusion two light miclei
combines to forma nucleus of relatively high mass
number and energyis released. For thermonuclear
fusion very high temperature ~10° K is required.
Thermonuclear fission is the source of energy
generation in stars. Fusion reactor is stillunder
develoment.

iple Choice Questions

The radius of 5 Zn is about (in fm)

(a)1.2 (b)2.4

(c)4.8 (d)3.7

If the mass of Liisotope is 7.016005 u and

masses of H atom and neutron are respectively
1.007825 uand 1.008665 u then the binding of
Linucleus is

(a)3.6 MeV
() 0.42 MeV

(b) 8.8 MeV
(d) 39.2 MeV

Ifat some given instant there are 1 024 «10>

active atoms in some radioactive sample, then
mumber remaining after eight half lives will be

(a) 1.024 x 10*" (b)4.0 x 10"

(€)6.4x 10 (d)1.28 x 10

It1s found that in an archaeological specimen of
wood the activity of *C was 10 dis/minute per
gram of specimen while the activity in fresh wood
is found tobe 14.14dis/minute per gram. Ifthe half
life of C 15 5700 year the age of the sample
approximatelyis
(a)2850years  (b)4030years

(c)3700vears  (d) 8060 vears

U after a series of decays transformsto stable
end product ;,"Pb. The number of o and

32

particles emitted in the process are
(2)8.8 (b) 6.6

(c) 6, 8 () 8.6

For deuteron the binding energy per nucleon is
1.115MeV thentor this nucleus the mass detect is

(a)223u (b) 0.0024y

(c)0.027u (d) more information is required

7.

12.

14.
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Two proton are separated by10 A Let F and
F, be the nuclear force and electrostatic force
between them, so

(a) F >>F,
(¢) F =F
For a deuteron and an alpha paticle binding

energies per nucleon are X, and X, respectively
then the energyreleased Q in the fusion reactionis

[H+ H+ - He+Q

() 4(x, +x,) () 4(x, +x,)

(c) 2()1] +x2) (d) 2(}412 - X, )

Of the following given below the nucleus having
highest binding energy per nuclecnis

(a) 2*U (b) He

(¢) ;O (d) 3 Fe

Innuclear reactor of 40% efficiency 10 dis/sec
takes places. Ifenergy per fission1s250 MeV then
power output of the reactoris

(2) 2KW (b) 4 kW
(c)81.6 kKW (d)3.2kW

Origin of B~ electrons emitted during decay 1s

(b) F, >>F,
(d) E, is slightly morc than F,

(a) trom inner orbits of an atom

(b) from free electron present in atom in nucleus
(c)fromdisintegration of a neutron in nucleus
(d) from a photon emitted from the nucleus
Inanaverage life

(a) halfof the nuclel decay

(b) morethan half ot the nuclei decay
(c)lessthen halfof the nuclei decay

(d)allthe nuclei decay

On increasing the mass number which of the
nuclear propertiesis not changed

(b) volume
(d)density

Which of the following is electromagentic wave
(b) Brays

(d) cathode rays

(a) mass

(c)binding energy

(a) o rays
(c)yrays



“Ne after energy absorption decays into two o
particles and anunknown nucleus. The unknown
nucleusis

(a) Oxygen

(c) Silicon

{b)Boron
(d) Carbon

Very ShortAnswer Questions

|F¥]

12.
13.

14.

What is the number of protons and neutrons in
- X nucleus.

Write energy equivalent (inMeV) of 1 Lt mass.

Anucleus after  decay convertsintoitsisotope or
isober which?

For which, o or [ rays the energy spectrum is
discrete.

Onwhat type of chain reaction the working ofa
nuclear reactoris based?

Write name of any one material used as moderator
in nuclear reactors.

Write relation between half life (T) and decay
constant (1) fora radioactive substence.

What is the ST unit for activity.

After four half lives how much percentage ofa
radioactive substance remains?

Which nuclear reaction is responisble for energy
generation in sun?

Aradioactive element having mass number 218 and
atomic number 84 emits 3~ particles. Whatare the
mass number and atomic number after decay?
Doesthere alossin mass number attery decay.

Fromwhich it is easier to take out anucleon, iron
orlead?

A nucleus undergoes fission into two enequal
parts. Which ofthe two (lighter or heavier) parts
will have more kinetic energy?

If the nucleons of a nucleus are well separated
from each other total mass increases. From where
this mass comes.

Short Answer Type Questions

An hydrogen moelecule has two protons and two
electrons. In discussing behaviour of the hydrogen
molecule the nuclear force between these protons
15 alwaysignored, why?
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A student claims that a hevier form of hydrogen
decays by o emission. What willbe your reaction?

Defined unitied atomic mass unit (u).
Explain the meaning of nuclear mass defect.
Define Radioactivity.

Mention the Ruther Ford-Soddy decay law.

Give definitions of half life and mean life of'a
radioactive substance and write relation between
then.

What 1s o decay? What s the type of o particle
energy spectrum?

jB ray energy spectrumis continuous? What is the
meaning of this?

The neutrinc hypothesis is helpful in describing
which conservationlawsin [} decay process?
Write any two properties of the nulear torces?

What do you mean by binding energy per
nucleon? How it isrelated with nuclear stability?

Define nuclear fission.

What is meant by critical mass in reference to
nuclear chain reaction,

Heavy water 1s a good moderator in nuclear
reactors? Why?

Essay Type Questions

1.

Describe composition ofthe nucleus and discuss
nuclear forces?

Explain mass effect and binding energy? Explain
the main conculsions which can be drawn from the
binding energy per nucleon versus mass number
diagram.

Write law of Radioactive decay. Using the
exponential decay law derive expressions tor halt
lite and mean lite of a radioactive element.

What is meant by nuclear fission? Why a nuclear
fisston chamnis not self substained? Explain what is
tobedone to make a chain reaction sustained.
Draw a simple diagram of a nuclear reactor and
explainits working.

Explain {3 decay. Discussthe neutrino hypotheseis
of B decay.



7. Discuss o decay from a radioactive nucleus.
Explain that the o ray energy spectrum consists of
asetof discrete energies.

8.  How does the proton-proton cycle proceeds in
tusion. Why such thermonuclear reactions can not
be pertormedinlaboratory.

Answer

Mutliple Choice Questions -

1.(C) 2. (D) 3.(B) 4.(A)
5.(D) 6.(B) 7.(B) 8.(B)
9.(D) 10. (C) 11.(C) 12.(D)
13.(D) 14.(C) 15.(D)
Very Short Answer Questions
1. 15,17
2. 931.5MeV
3. Isobaric
4. aparticle
5. controlled
6.  graphite/Heavy water/water
7 T Fn_2 _ 0.693
A A
8.  1Bq=/disintegration/sec
9. 6.25%
10. Thermonuclear fusion
11. 218,85
12. No

13. Leadnucleus

14,  Lighternucleus

15. tfrombinding energy ofthe nucleus
Numerial Questions

1. Radius of a nucleus of mass number 16 is
3x10 ¥ m. What is the radius of a nucleus of

mass number 128.
(Ans: 6%x107"" m )

2. Calculate binding energy for 3 Fe nucleus. [Given,
atomic mass of [;Fe =55.9349%, mass of
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neutron =1.00867x# , mass of proton
=1.00783u and 1 =931 MeV/c" .

(Ans: 492 MeV)

The half life of a radicactive substance X 1s 3s.
Initially a specimen of this substance contains 8000
atoms. Calculate (1) its decay constant (1) time t at
which 1000 atoms remain active in this sepcimen.

(Ans: 02318 ',9s)
Aradicactive micleusundergoes decay as follows
X2 X L2 X 25X X,
If the mass number of X is 180 and atomic

number 15 72 calculate the mass number and
atomic number of X 4

(Ans: 172,69)
200 MeV energyis obtained per fission of U-235.
If areactor with U- 235 as fuel generates 1000
kW power then calculate the number of
disintegrations per second fornuclei in this reactor.

{Ans: 3.12 x 10'%)

For the fusion reaction
’H+ “H — 1He+ | n massesof deuteron, helium
and neutrons are respectively 2.015u,0.017uand
1.009u. If 1 kg of deuterium undergoes complete
fusion then calculate amount of energy released.

(Ans: 208 MeV)

Calculate the Q wvalue for reaction

235 4 :
PU+n— 2 Xe+2Sr+2 n+Q Given

mass of U =235.04350
mass of Y Xe =139.9054u
mass of St =93.9063 u
mass of ,n =1.00867u

and 14=931 MeV/(?
{Ans: 208 MeV)

Calculate the mass of *~' Th for Imciactivity, its
half life1s 1.9y.

(Ans:1.206 x 10 °g)

In some experiment the activity of a given
radioactivite was found to be 6400 dis/min. On
repeating the experiment after 6 days the activity



was found to be 400 dis/min. Determine the half
life of element.

(Ans: 1.5days)

An o particlesisemitted bya Z.° Re nucleus. If
theenergyof o particlesis4.662 MeV then what
1s the total energyreleased in the process.

(Ans:4.746 MeV)

A nucleus '™ X B transforms to 'Y after
decay. If the atomic masses of X and Y are
respectively 175. 9426944 and 175.941420 1
then determine the maximum energy of emitted
B particles.

(Ans: 1,182 MeV)
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