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CHAPTER

Nuclear Physics

Learning Objectives
After reading this chapter, you will be able to understand concepts and problems based on:

Nuclear Radiations (n)
h) Successive Disintegration  (0) Gamma Decay

Beta Decay Spectrum

(p) Classification of Nuclear
Reactions

(9) Nuclear Fission

(r) Chain Reaction and
Nuclear Fusion.

(a) Nucleus and Nuclear (8)
Structure (
(b) Properties of Nuclear () Nuclear Reactions
Forces (j) Energetics of Nuclear
(c) Mass Defect Reactions
(d) Binding Energy (k) Alpha Decay
(e) Nuclear Stability (I) Beta Decay
(f) Radioactivity (m) Pauli’s Neutrino Hypothesis

All this is followed by an Exercise Set (fully solved) which contains questions as per the latest
JEE pattern. At the end of Exercise Set, a collection of problems asked previously in JEE Main are

also given.

NUCLEUS AND NUCLEAR STRUCTURE

Nucleus was discovered by Rutherford. The nucleus
of an atom consists of two types of particles, protons
and neutrons together called as Nucleons.

A proton has a positive charge equal to +¢=1.6 x
10" C and a mass equal to m, = 16726231 x 107 kg.
It was discovered by Goldstein.

A neutron has no charge i.e. is a neutral parti-
cle and its mass is 1, = 1.6749286 x 10 kg . Thus, a
neutron is slightly heavier than a proton.
However, for problems (unless and until specified),
we take

m, = m, =1.6726231x10" kg

The total number of protons in the nucleus is called
its atomic number (Z). The total number of nucle-
ons (protons plus neutrons) in the nucleus is called its
mass number (A).If N is the number of neutrons in
the nucleus, then,

A=7Z+N

No electrons are present inside the nucleus.
If X is the chemical symbol for an element then its
nucleus is represented as ?X oras XA

ATOMIC MASS UNIT (u OR amu)

Atomic and nuclear masses are generally expressed
in terms of atomic mass unit (a.m.u.). It is the nearest
integer value of mass represented in a.m.u. (atomic
mass unit).

lamu=—

1 (Mass of C!% atom atJ
12

rest in ground state

= lamu=1u=1.6603x10" kg=931.478 MeV /c*
In general, we take
Mass of proton (1, )=mass of neutron (1, )=1a.m.u.
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ISOTOPES

Nuclides having the same charge number (Z) but
different mass number (A) are called isotopes. All
the isotopes are chemically similar and hence they
occupy the same position in the periodic table.

ISOBARS

Nuclides having the same mass number (A) but
different atomic number (Z) are called isobars.

ISOTONES

Nuclides having the same neutron number (A-Z)
but different mass number (A )are called isotones.

ILLUSTRATION 1

The three stable isotopes of neon Ne”, Ne®' and
Ne® have respective abundances of 90.51%, 0.27%
and 9.22%. The atomic masses of the three isotopes
are 19.99 u, 20.99 u and 21.99 u respectively. Obtain
the average atomic mass of neon.

SOLUTION
Average atomic mass of neon
A = P1A + oy +paAs
neon pl + pz + ps
- A B 90.51x19.99+0.27 x20.99+9.22x21.99
neon — 100
A - 1809.29 + 5.67 + 202.75 20184
100
NUCLEAR RADIUS

Assuming that the nuclei are spherical, their radii are
well represented by the empirical formula

R=R,AY
where Ry =1-1x10° m=1-1 fermi(fm)

ILLUSTRATION 2

Calculate the nuclear radius of ‘*Fe knowing that
the nuclear radius of %Al is 3.6 fermi.

SOLUTION
R=R,A"

Ree (Ar)” _(@)US
Ry Ay 27
= RFE=§RA1=§X36=6ferml

NUCLEAR DENSITY

The density of a nucleus of mass M and mass num-
ber A can be written as

M Aamu  (Ax167x107 ) kg
Py 71 77 5y
S 5:r(RﬂAlf3) S7(11x10 P m) A

= p=29x107 kgm'3

This comes outtobe ~ 107 kgm ™, whichis extremely
large as compared to the density of ordinary matter
which is ~10° kgm™.

Since density is independent of mass number A, so
all nuclei same density. So, whether two nuclei are
isobars, or isotopes or isotones. They must possess
same density.

THE NUCLEAR FORCE

The force which binds the protons and neutrons
inside the nucleus is neither electrical nor gravita-
tional. It is an entirely different kind of force called
the strong nuclear force. This force is extremely com-
plex in nature. Some of its main characteristics are
mentioned below.

(a) Nuclear forces are attractive in nature. Their
magnitude, which depends upon inter nucleon
distance is of very high order.

(b) Nuclear forces are charge independent. Nature
of force remains the same whether we consider
force between two protons, between two neu-
trons or between a proton and a neutron.

(c) These are short range forces. Nuclear forces
operate between two nucleons situated in close
neighbourhood only.

(d) Nuclear forces decrease very quickly with dis-
tance between two nucleons. Their rate of
decrease is much more rapid than that of inverse
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square law forces (Coulombic forces). The forces
become negligible when the nucleons are more
than 107 em apart.

(e) Nuclear forces are spin dependent. Nucleons
having parallel spin are more strongly bound to
each other than those having anti-parallel spin.

(f) The nuclear forces are very short-range forces.
From a rough plot of the potential energy
between two nucleons as a function of their sepa-
ration is shown in figure.

Potential energy (MeV)
—

-100 K/ B

o 1 2 3
r(fm)

For a separation greater than 7, the force is
attractive and for separations less than 7,, the
force is strongly repulsive. The potential energy
is a minimum at a distance 7, about 0.8 fm from
this the force is attractive for distances larger
than 0.8 fm and repulsive for distances less than
0.8 fm . Nuclear forces are negligible when dis-
tance between nucleons is more than 10 fm .

YUKAWA THEORY OR MESON THEORY OF
NUCLEAR FORCES

According to this theory, a nucleon consists of a
core surrounded by a cloud of mesons, which may
be charged or neutral. The mesons constantly get
exchanged, back and forth, between two neighbour-
ing nucleons. In this process the two nucleons remain
bound to each other.

Proton-proton Interaction

It is the force between two neighbouring protons. It is
due to the exchange of 7’ meson between them. It is
represented in the form of a reaction as follows.

Proton P, emits 7’ and gets converted into a
proton P’ , having different co-ordinates. So,

P—P +7°
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This 7° is absorbed by P, which also gets converted
into a new proton P, . Hence,

’

Neutron-Neutron Interaction

It is the force between two neutrons. It is also due to
exchange of 7° between them

0 ’

Proton-Neutron Interaction

Itis the force between a proton and a neutron situated
close to each other. It can be take place in following
two ways.

(@) Due to exchange of 7" meson.
Proton emits 7 meson and gets converted to a
neutron. Another neutron absorbs this 7* meson
to get converted to a proton. So,

P—>N'+n"
N+zt—P’

(b) Due to exchange of 7~ meson.
7 meson is emitted by the neutron which is
absorbed by the proton.

N—sP'+1~
P+n~——N’

Dog-bone Analogy

The above interactions can be explained with the
dog bone analogy according to which we consider
the two interacting nucleons to be two dogs having
a common bone clenched in between their teeth very
firmly. Each one of these dogs wants to take the bone
and hence they cannot be separated easily. They seem
to be bound to each other with a strong attractive
force (which is the bone) though the dogs themselves
are strong enemies. The meson plays the same role of
the common bone in between two nucleons.

MASS ENERGY EQUIVALENCE

According to Einstein the mass and energy are equiv-
alent i.e,, mass can be converted into energy and
vice-versa. The mass energy equivalence relation is
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AE = c*Am
Accordingly, annihilation of 1kg mass is equivalent
to energy given by

AE=1x(3x10°)

= AE=9x10"]

Energy corresponding to annihilation of 1 amu of
mass is

AE=(167x107)(9x10" ) ]

(1.67x10‘” )(9x10“’)

1.6x107Y
= AE=9315MeV

= AE= eV

MASS DEFECT AND BINDING ENERGY

It has been observed that the mass of a nucleus is
always less than the mass of its constituent nucleons
(i.e., protons + neutrons). The difference between the
total mass of the nucleons and the mass of the nucleus is
called the mass defect (Am).

This is due to the fact that when nucleons com-
bine to form a nucleus, the binding energy of nucle-
ons is liberated. The binding energy is equal to the work
that must be done to split the nucleus into particles con-
stituting it.

Let m( ZXA) be the mass of nucleus, m, be the
mass of proton and m, be the mass of neutron, then,

the mass defect (Am) is given by

mass of constituent mass of
Am = -

nucleons nucleus

= Am=[Zmp+(A—Z)mﬂ]—m(ZXA)

This mass defect exists in the form of binding energy

of nucleus, which is responsible for binding the

nucleons into a small nucleus. So,

Binding energy of nucleus = (Am)c* = (931.5)Am (in
(Am)c?

MeV) and binding energy per nucleon =

If the masses are taken in atomic mass unit, the bind-
ing energy is given by

BE.= [(Zmp +(A=-2)m, )-m( X" )}931.5 MeV

Dividing the binding energy by the number of nucle-
ons A, in the nucleus, we obtain the binding energy
per nucleon. The stability of a nucleus is measured by
the binding energy per nucleon.

(a) Itis not the binding energy which accounts for the
stability of nucleus.

(b) The stability of nucleus is governed by binding
energy per nucleon. The more the binding energy
per nucleon, the more stable a nucleus is.

BINDING ENERGY (BE): REVISITED

So, binding energy is the minimum energy required
to break the nucleus into its constituent particles OR
Binding energy is the amount of energy released dur-
ing the formation of nucleus by its constituent parti-
cles and bringing them from infinite separation.

Binding Energy (BE)= Amc?
=  BE=Am(in amu)x931.5 MeV/amu
= BE=Amx931.5 MeV

=  BE=Amx931 MeV

Problem Solving Technique(s)
If binding energy per nucleon is more for a nucleus,

. .. [ BE BE
then it is more stable. So, if (71)>(—2) then
1 )

nucleus T would be more stable than nucleus 2.

ILLUSTRATION 3

During an experiment, following data is available
about three nuclei P, Q and R . Arrange them in the
decreasing order of stability.

P Q R
Atomic mass number (A) 10 5 6
Binding energy (MeV) 100 60 66
SOLUTION
For P, we have [E) = @=10
Alp 10
For Q, we have (ﬁ) = 60 =12
Alg 5
For R, we have (g) =@=11
AJg 6

= Stability orderis Q>R >P
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ILLUSTRATION 4

A nucleus has binding energy of 100 MeV . It fur-
ther releases 10 MeV energy. Find the new binding
energy of the nucleus.

SOLUTION

After releasing 10 MeV , it will become more stable
and hence the binding energy of the nucleus will
increase. So, new binding energy of the nucleus is

(BE)_.. =100+10=110 MeV

new

ILLUSTRATION 5

Find the binding energy of >eFe. Atomic mass of

% Fe is 55.9349 u and that of 'H is 1.00783 u . Mass
of neutron =1.00867 u .

SOLUTION

The number of protons in 5 Fe = 26and the number

of neutrons is (A-Z)=56-26=30.

The binding energy of ¢ Fe is
BE=(26x1.00783u+30x1.00867 u—55.9349u )¢

= BE=(052878 u)c*
= BE=(0.52878 u)(931 MeV/u) =492 MeV

ILLUSTRATION 6

Calculate the binding energy of ';C. Also find the
binding energy per nucleon. Given that mass of
1H=1.0078 u, mass of yn=1.0087 u and mass of

12C =12.00004 u.

SOLUTION

One atom of ';C consists of 6 protons, 6 electrons
and 6 neutrons. The mass of the un-combined pro-
tons and electrons is the same as that of six {H atoms
(if we ignore the very small binding energy of each
proton-electron pair).
Mass of six {H atoms = 6x1.0078 = 6.0468 u
Mass of six neutrons = 6 x1.0087 = 6.0522 u
Total mass of component particles =12.0990 u
Mass of ';C atom =12.00004
Mass defect is Am =0.0990 u

Binding energy is BE =(931)(0.099) = 92 MeV
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Binding energy per nucleon is
BE 92

=—="7.66 MeV
A 12

ILLUSTRATION 7

Calculate the binding energy per nucleon for T Ne,

ggFe and SgBU. Given that mass of neutron is
1.008665 amu, mass of proton is 1.007825amu,
mass of 7y Ne is 19.992440 amu, mass of j.Fe is
55.93492 amu and mass of & U is 238.050783 amu .

SOLUTION

Binding energy of nucleus ,X* is given by the
equation

(BE)e =[ (A~Z)m, + Zm, - M(4X) ]

= (BE)ne=(Am)c? =[(10m,,, +10m, )—M(fSNe)}cz
where,

Am= (10 (1.008665 ) + 10(1.007825)) -19.992440
= Am=0.17246 amu
= (BE)Ne =(0.17246)(9315) = 160.64 MeV
So, binding energy per nucleon is

% =8.03 MeV /nucleon

Similarly, for ( > Fe ), we have

(BE)pe =(Am)c? =|:(30mH +26m, )—M(ggFe)}cz
where,

Am =(30(1.008665 ) +26(1.007825)) - 55.93492
= Am=0.52848 amu
=  (BE)g =(0.52848)(931.5) =492 MeV
Hence binding energy per nucleon is

(BE)ge
A

Binding energy for (333 U) is

=8.79 MeV /nucleon

(BE)y = 146m, +92m, -M(3U) |
where,
Am = (146(1.008665) +92(1.007825) ) - 238.050783
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= Am=1.934 amu
= (BE)y =(1.934)(931.5)=1802 MeV

Binding energy per nucleon is

(BEJy 1802 .\ v
A 238

VARIATION OF BINDING ENERGY PER
NUCLEON WITH MASS NUMBER A

The graph represents the average binding energy
per nucleon in MeV against mass number A . It is
observed that the binding energy for nuclei (except
,He*, (C'? and ;0O') rises first sharply, reaches a
maximum value 85 MeV at A=50 and then falls
slowly, decreasing to 7.6 MeV for elements of higher
mass number A =240. Following facts can be con-
cluded from this curve.

Region of greatest stability

et o,

9.0

16

C12 '-i-...____.
7.0 ;
6.0

5.0

8.0

T
@
ES

4.0

3.0

Binding energy per particle, MeV

2.0

0 . N
0 50 100 150 200 250

(@) The binding energy per nucleon for light nuclei,
such as {H?, is very small (=1MeV).

(b) The binding energy per nucleon increases rapidly
for nuclei up to mass number 20 and the curve
possesses peaks corresponding to nuclei ,He",
«C? and 4O'". The peaks indicate that these
nuclei are more stable than those in their neigh-
bourhood. It confirms the reason for extraordi-
nary stability of a-particle.

(c) After mass number 20, binding energy per
nucleon increases gradually and for mass num-
ber between 40 and 120, the curve becomes more
or less flat. The average value of binding energy

per nucleon in this region is about 8.5 MeV. For

A= 56( % Fe® ), the binding energy per nucleon
is maximum and it is equal to 8.8 MeV .

(d) After mass number 120, binding energy per
nucleon starts decreasing and drops to 7.6 MeV
for uranium. This low value of binding energy
per nucleon in case of heavy nuclei is unable to
have control over the repulsion between the large
number of protons. Such nuclei are unstable and
are found to disintegrate by emitting a-particles .
The emission of a-particle not only decreases
repulsive force inside the nucleus but also
increases the value of B.E./A of the nucleus due
to its extraordinary stable structure (o-particle
has large binding energy). It is called a-decay .

Sometimes, the heavy nuclei increase the value
of their B.E./ A by emitting an electron. It is called
B-decay . Inside the nucleus, an electron does not
exist. It is created at the time of f-decay due to
conversion of a neutron into proton. The -decay
leads to increase in Coulomb’s repulsive force,
but it increases B.E./A and also improves the
neutron-proton ratio.

All such nuclei, which undergo o and
p-decay are called radioactive nuclei.

(e) The binding energy per nucleon has a low value
for both very light and very heavy nuclei. In
order to attain higher value of binding energy per
nucleon, the lighter nuclei may unite together to
form a heavier nucleus (process of nuclear fusion)
or a heavier nucleus may split into lighter nuclei
(process of nuclear fission). In both the nuclear
processes, the resulting nucleus acquires greater
value of binding energy per nucleon along with
the liberation of enormous amount of energy.

PACKING FRACTION

Mass defect does not convey much information about
nuclear stability and it is misleading to say that higher
the mass defect more tightly bound nucleons exist in
the nucleus. Packing fraction is a rather arbitrary but
convenient and better means of expressing the bind-
ing energy. If M is the mass of an atom and A is its
mass number then packing fraction

_ Mass defect (AM) M-A_M-(Z+N)
(Z+N)

f

Mass number A
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The smaller the value of packing fraction the more
stable is the nucleus. From the graph of packing frac-
tion f versus mass number A, following conclu-
sions can be drawn.

(a)

(b)

(c)

(d)

f

8x 1078

4% 1072

100

— » A (mass number
0 200 ( )

The packing fraction for very light nuclei like
TH, {H etc., are very large.

As mass number increases packing fraction
decreases becomes zero upto A=16 ie., §°O
nucleus.

For nuclei 16<A<180 packing fraction
becomes negative. The nucleons in these nuclei
are strongly bound in the nucleus.

Beyond A>180 packing fraction is again
positive. Thus, most of the nuclei with A > 235
are unstable.

NUCLEAR STABILITY

Among about 1500 known nuclides, less than 260
are stable. The others are unstable that decay to form
other nuclides by emitting o, ff-particles and y-EM
waves. (This process is called radioactivity.) The sta-
bility of nucleus is determined by many factors. Few
such factors are given below:

(a)

. (N, .. .
Neutron-proton ratio (E Ratlo): The chemi-

cal properties of an atom are governed entirely

by the number of protons (Z) in the nucleus,

the stability of an atom appears to depend on

both the number of protons and the number of

neutrons.

(i) For lighter nuclei, the greatest stability is
achieved when the number of protons and
neutrons are approximately equal (N=Z)

ie, —=1.
Z

(ii) Heavy nuclei are stable only when they
have more neutrons than protons. Thus,
heavy nuclei are neutron rich compared to
lighter nuclei (for heavy nuclei, more is the

(b)

(c)
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number of protons in the nucleus, greater is
the electrical repulsive force between them.
Therefore, more neutrons are added to pro-
vide the strong attractive forces necessary to
keep the nucleus stable.)

(iii) Figure shows a plot of N verses Z for the
stable nuclei. For mass number upto about
A=40. For larger value of Z the nuclear
force is unable to hold the nucleus together
against the electrical repulsion of the pro-
tons unless the number of neutrons exceeds
the number of protons.

4

104 T T T 11
96 Line of stability

ya

A

/

0 81624324048566472808896
Atomic number (2)

At Bi(Z=83, A=209), the neutron excess in
N-Z=43. There are no stable nuclides with
7>83.

Even or odd numbers of Z or N: The stability of

anuclide is also determined by the consideration

whether it contains an even or odd number of
protons and neutrons.

(i) It is found that an even-even nucleus (even
Z and even N ) is more stable (60% of stable
nuclide have even Z and even N).

(ii) An even-odd nucleus (even Z and odd N)
or odd-even nuclide (odd Z and even N)is
found to be lesser sable while the odd-odd
nucleus is found to be less stable.

(iii) Only five stable odd-odd nuclides are
known: ;H?, ;Li%, -Be'’, ;N"*and ,;Ta'®

Binding energy per nucleon: The stability of a
nucleus is determined by value of it’s binding
energy per nucleon. In general, higher the value
of binding energy per nucleon, the more is the
stability of the nucleus.
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@ Test Your Concepts-I

1. Calculate the nuclear radius of "°Ge.

2. Calculate the electric potential energy of interac-
tion due to the electric repulsion between two
nuclei of '?C when they touch each other at the

surface. Assume that the potential energy of inter-
092

action between two nuclei is given by U= :
Are,r

3. Two stable isotopes of lithium §Li and jLi have
respective abundances of 7.5% and 92.5%. These
isotopes have masses 6.0152 u and 7.016004 u
respectively. Find the atomic weight of lithium.

4. Assuming the nuclei to be spherical in shape, how
does the surface area of a nucleus of mass num-
ber A, compare with that of a nucleus of mass
number A,.

5. Calculate the density of EC nucleus. Take
atomic mass of 2C to be 12.000 amu and
Ry =12%107" m.

6. Find the increase in mass of water when 1 kg of

water absorbs 4.2x10* ] of energy to produce a

temperature rise of 1K.

N

Based on Nucleus Properties and Binding Energy

(Solutions on page H.87)

7. The binding energy of ;>Cl nucleus is 298 MeV.
Calculate its approximate atomic mass. Given that,
mass of proton is m, =1.007825 amu and mass of
neutron is m, =1.008665 amu.

8. Calculate the binding energy of an alpha particle if
mass of ]H atom is 1.007826 u, mass of neutron is
1.008665 u, mass of 5He atom is 4.00260 u. Take
Tu=931MeVc ™.

9. Show that the nuclide 3Be has a positive bind-
ing energy but is unstable with respect to decay
into two alpha particles, where masses of neutron,
H, ®Be and alpha particle are 1.008665 amu,
1.007825 amu, 8.005305 amu and 4.002603 amu
respectively.

10. Find the binding energy and the the binding energy
per nucleon of the nucleus of lithium isotope 5Li.
Given that mass of ; Li atomis 7.016005 amu, mass
of 1H1 atom is 1.007825 amu and mass of neutron
is 1.008665 amu.

_/

RADIOACTIVITY

The phenomenon of spontaneous emission of radia-
tions (a, 8, y etc.) by certain nuclei is called radio-
activity. It is a nuclear phenomenon in which a heavy
nucleus disintegrates itself without being forced to
do so. It is a statistical probable process. The phenom-
enon of radioactivity was discovered by Becquerel.

LAWS OF RADIOACTIVE DISINTEGRATION
Rutherford-Soddy Law: Statistical Law

(@) Radioactivity is  nuclear  disintegration
phenomenon. It is independent of all physical
and chemical conditions.

(b) The disintegration is random and spontaneous
statistical process. It is a matter of chance for any
atom to disintegrate first.

(c) The radioactive substances emit o or f particles
along with y -rays. These rays originate from the
nuclei of disintegrating atoms and form fresh
radioactive products with different physical and
chemical properties.

The rate of decay of nuclei (—Z—Pj) is directly pro-

portional to the number of undecayed nuclei (N) in
the sample at time £.

= -—-—=o«N
dt
= d—N=—/1N
dt

where A is constant of proportionality called Decay
Constant or Disintegration Constant.
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where, N is the number of un-decayed nuclei in

the sample at time ¢ and N, is the number of un-

decayed nuclei in the sample at time =0 (initially).
So, we conclude that the number of un-decayed

nuclei in the sample decays exponentially with time.

Number of nuclei decayed i.e. the number of
nuclei of B formed is given by

N’=N,-N
N’=N,-Npe™
N’=N,(1-¢#)

N =Ng-N

4

NO """""""

Displacement Laws

(a) When a nuclide emits ¢-particle, its mass num-
ber is reduced by four and atomic number by
two, i.e.,

., x4 —_, YAy ,He* + Energy

(b) When a nuclide emits a f-particle, its mass
number remains unchanged but atomic number
increases by one, i.e.,
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XA — YA+, B° +V+Energy

N
where Vv is the antineutrino

The pJ-particle is not present initially in the
nucleus but is produced due to disintegration of
neutron into a proton. i.e.,

ot — H'+  B"+V (antineutrino)

When a proton is converted into a neutron, posi-
tive B -particle or positron is emitted.

H' —, n'+, B° +v (neutrino)
(c) When a nuclide emits a gamma photon, neither
g P

the atomic number nor the mass number changes.

HALF LIFE (T, ,)

The half life period of a radioactive substance is
defined as the time in which one-half of the radio-
active substance is disintegrated. If N, is initial
number of radioactive atoms present, then in a half
life time Tm , the number of undecayed radioactive

N, N,
atoms will be 70 and in next half life TU and so on.

N
So,at t=Ty,, N=?D
Me No 2Mp No 3m

N, 5
0 2 22

t  Time Lapsed
where Nn=—=———————
T,  HalfLife

So, after n half lives, the fraction of undecayed nuclei

N (1Y ime |
in the sample is —=(_) . where L apsed-
Ny, \2 T1f2
Since N = Noe"“
Ny -ATy,

= —=N,e
’ 0
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= Mo 1
2
= ATy, =log,2=0.693
0.693
Tl/‘2 = T
Table 3.1 Fraction of active/decayed atom at different time
Remaining Fraction of atoms
_ fraction of active | go0aveq No-N
Time (t) atoms N,
(N/Ny) probability | probability of
of survival decay
t=0 1(=100%) 0
(=T, , %(:50%) %(:50%)
t=2T,, % (=25%) z (=75%)
1 7
t=3T,, = (=125%) = (=87.5%)
8 8
1)1
t=10(Ty,) (E) =01% =99.9%
1y 1y
t=nT. = 1-]1 =
”2 (2) (2)

ILLUSTRATION 8

At a given instant there are 25% undecayed radioac-
tive nuclei in a sample. After 10 seconds the number
of undecayed nuclei reduces to 12.5%. Calculate

(a) mean life of the nuclei
(b) the time in which the number of undecayed nuclei
will further reduce to 6.25% of the reduced number.

SOLUTION

(A In 10s, number of nuclei has been reduced to
half (25% to 12.5%).
Therefore, its half-life is

tll;’?. = 10 S
Relation between half-life and mean life is
by 01
tmean = I =5
log, (2) 0.693
= t =1443s

mean

(b) From initial 100% to reduction till 6.25%, it takes
four half lives.

100% —¥25 50% —12 5 250, 12,
12.5% —56.25%

= t=4t,=4(10)s=40s
= t=40s

MEAN LIFE (7)

The mean life or average life of a radioactive sub-
stance is equal to the average time for which the
nuclei of atoms of the radioactive substance exist.
The average life of a sample can be calculated
by finding the total life of all the nuclei of the sub-
stance and then dividing it by the total number of
nuclei present in the sample initially. Mathematically

Ny

_[th w N

. No

T= — | un=-4

g N N

de 0

0
Ll
A

(a) From N=N,e™*, we get

Ioge[NﬁJ =-At
0

So, the slope of the line shown in the graph i.e. the

N
magnitude of inverse of slope of log, (N—) vs t

. . 0
curve is known as mean life (7).

A

log.N

Slope = -4

(b) From N=Nge ™ | if t=%:'c
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1
= N=Noe'1=N0(—)=0.37N0=37% of N,

e
i.e. mean life is the time interval in which number

1.
of undecayed atoms (N) becomes — times or 0.37
e

times or 37% of original number of atoms. or
It is the time in which number of decayed atoms

1
(Ng - N) becomes (1—;] times or 0.63 times or

63% of original number of atoms.

693
(c) Since, Ty, =u
A
1 1
7~ e ()1 4(Te)

i.e. mean life is about 44% more than that of half
life. Which gives us 7> T,
So, we conclude that

T'VZ = 0693T

= T1/2<r

PARALLEL RADIOACTIVE DISINTEGRATION

Let a radioactive nucleus A decay to B and C
through a simultaneous process. Assuming that the
initial number of nuclei of A is N, and after the
decay, at time f (say) the number of nuclei of A left
is N, , whereas the number of nuclei of B and C
formed are N and N respectively.

Then at any instant the number of nuclei of A, B
and C are given by

N0=NA+NB+NC

dN, d

——==—-—(Ng+N (1
Let A disintegratesinto B and C by simultaneously
emitting o and f3 particle respectively. Now, the rate
of formation of B and C is proportional to the rate at
which A decays. So, we have
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ANy dNc
—=£=+};N, and —=+4,N
m MN 4 i 2N 4

d
= E(NB+NC)=+(2’1+AZ)NA
Using equation (1), we get

dN ,

—==—(A4+4, )N

= (RN,
= Ag=hth
= teffzﬂ

i+t

Here t,; can be taken as effective half life or effective
average life.

ILLUSTRATION 9

The mean lives of a radio-active substances are 1620
years and 405 years for o emission and f emission
respectively. Find out the time during which three-
fourth of a sample will decay if it is decaying both by
o emission and # emission simultaneously.

SOLUTION

Let at some instant of time {, number of atoms of the
radioactive substance are N . It may decay either by
o emission or by 8 emission. So, we can write,

(222
dt o U at ), dt )

If the effective decay constant is 4, then

AN = 2N+ AN

S E Y JNE S
1620 405

1
A=— year™
247
Since, N = Nye ™
= & = Nue'M
4

= -Ait=log, (%) =-1.386

- (i)t=1.386
324

= =449 year
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ILLUSTRATION 10

A radioactive nucleus can decay by two different pro-
cesses, the half life for the first process is #; and that
for the second process is t,. Show that the effective

half-life t of the nucleus is given by % = l+ 1 :

h b

SOLUTION

Let at any instant ¢, number of nuclei in radioactive
sample be N . Then it may decay by either of two dif-
ferent processes. So,

() ()
d \at ), \dt ),

= AN=AN+AN

S A=k+h
., 1. 1.1 {t =t=@}
toh o e A

ILLUSTRATION 11

Prove mathematically that mean life or average life of

. . . 1
a radioactive substance is ¢, = T
SOLUTION
Let N be the number of atoms that exist at time .
Between t and t+dt let dN atoms are decayed, then
Mean or average life is
0

Jax

_No
aw~

[av

Ny

t

Since, —d—N = AN
dt

= N =-ANdt
—Jthdt
= tuv =0
_N(J

Since, N = Nye ™, so

JtANUe"“dt

0
tuv = N
0

This integration is done by parts to get the result

tav =l
A

ACTIVITY OF RADIOACTIVE SUBSTANCE (A)

The activity of a radioactive substance means the rate
of decay (or the number of disintegration/sec). This
is denoted by

A
A
AU =/1N0
0 T et
A= _AN__ i(NOe‘“ )=/U\Joe'}J = Aye™" where
dt dt

Ay = (AN, ) is the activity at time t=0.

So, activity of a radioactive sample decreases
exponentially with time.

SPECIFIC ACTIVITY

The activity per unit mass is called specific activity.

UNITS OF RADIOACTIVITY

Becquerel
In S.I. system the unit of radioactivity is becquerel.

1 becquerel = 1 disintegration/sec =1 dps.

Rutherford

It is defined as a unit of activity equal to 10° dps.

Curie

The traditional unit of activity is curie. It is defined as
3.7x10" dps which is also equal to the radioactiv-
ity of 1g of pure Radium.

ILLUSTRATION 12

The half-life of Cobalt 60 is 5.25 years. How long after
its activity have decreased to about one-eight of its
original value?
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SOLUTION

The activity is proportional to the number of unde-
cayed atoms. In each half-life, half the remaining
sample decays.

Since, A=A0(l) and A:ﬁ
2 8

= ﬂ:AD(l]
8 2

= n=3
Therefore, after three half-lives i.e. after 15.75 yr the

sample decays to %th its original strength.

ILLUSTRATION 13

The half-life of ™ Au is 2.7 days. Calculate the

(@) decay constant

(b) average-life and

(c) activity for 1 mg of %8 A
SOLUTION

(@) The half-life and the decay constant are related as

In2 0693
T T
L 0693 _ 069
tl,fz 2.7 days
= _ 068 =29%x107° 7!
2.7x24x3600 s

(b) The average-lifeis t,, = % =3.9 days

(c) The activity is A= AN
Since, 198 g of ' Au has 6x10” atoms

The number of atoms in 1 mg of 1% Au is

1mg

N =6x10% x =3.03x10"®
198

g
= A=AN=(29x10°s)(3.03x10')
= A=88x10" disintegrations/s

4 B8x107

= 7qgl TG
J X
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ILLUSTRATION 14

A count rate-meter is used to measure the activity
of a given sample. At one instant the meter shows
4750 counts per minute. Five minutes later it shows
2700 counts per minute.

(a) Find the decay constant
(b) Also, find the half life of the sample

SOLUTION
- : dN
Initial velocity A;=—| =AN,=4750 (1)
t=0
: : dN
Final velocity Ay = i AN = 2700 (2
=5
Dividing (1) by (2), we get
4750 N,
270N, -0
I

The decay constant is given by

52303 logg[ Ny J

t N,
=220 . ( 2750 ) =0.113 min™
5 2700
Half life of the sample is
T 0.693 _0.693 _ 6.14 min
A 0.113

ILLUSTRATION 15

The half lives of radioisotopes P2 and P® are
14 days and 25 days respectively. These radio iso-
topes are mixed in the ratio of 4:1 of their atoms. If
the initial activity of the mixed sample is 3 mCi, find
the activity of the mixed isotopes after 60 days.

SOLUTION
N1 2
Since, R=AN = L()
tl,-"Z

= Roe—

ty

by

Given, —1—% a ( / )1 =E



ICON

3.14 JEE Advanced Physics: Modern Physics

&=&X(t1/2)2=éx§=@
R, N, (tlﬁ)l 1 14 14

R =0, 3263 mCi
114

and R, =3-2.63=037 mCi

After 60 days, we have
0.693

———x60
R/ =Re ™ =(263)¢ ¥ =0.135mCi

_0.693

Ry =Rye ™ =(037)e % =007 mCi

So, total activity is

R’ =R} +R; =0.205 mCi

ILLUSTRATION 16
Tyjp=8 yrs

A radioactive decay is givenby A————B . ltis
known that only A is present at { =0 . Find the time
at which if we are able to pick one atom out of the
sample, then probability of getting B is 15 times of
getting A .

SOLUTION

A - B
at t=0 N, 0
att=t N (Ny-N)

Probability of getting A, P, = Nﬂ
0

Probability of getting B, P =
0

Since according to the problem, we have P; =15P,

Ny Ny
= N;=16N
_No
16
1y 1
Smce,—=(—) =—
) \2 16
= n=4

= t=4T, =4(8)=32yr

ILLUSTRATION 17

The half-life of radium is 1620 years. How many
radium atoms decayin 1s ina 1 g sample of radium.
The atomic weight of radium is 226 gmol'l.

SOLUTION

Number of atoms in 1 g sample is
0.001

N= (—J(s.oleozﬁ ) =2.66x10%! atoms
26

The decay constant is
. 0.693 0.693

Ty (1620)(316x10” )

=135x107"t 57!

Taking one year = 3.16 x 107 s
Now,

% - JN= (1.35><10'“ )(2.66><1021 )

= AN _ 3.6x10%0 g
At

Thus, 3.6x10" nuclei decay in one second.

ILLUSTRATION 18

A certain radionuclide is known to become weaker in
activity by 4% every hour. Find the decay constant
and the mean life of the radionuclide. Given that
In(0.96)=-0.04

SOLUTION

Suppose initial activity
Ay =AN,

Activity after time ¢

A=AN=ANge™

0

So, % decrease (1) in activity is 1= %100%

100
N,

= n=

= n=(1-¢*)x100

According to the problem, n=4% = %
4 -2t

00 1-e

= eM=1-004=09

~Atlog, e =log, (0.96) = -0.04
= At=0.04

=

U
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_004_004
t 3600
= A=11x10"s"

So, mean life is given by

T, =l=900008

mean l

A F” radio nuclide with half life T=14.3 days is
produced in a reactor at a constant rate g=2x10’
nuclei per second. How soon after the beginning of
production of that radio nuclide will its activity be
equal to R=10" disintegrations per second?

SOLUTION
_ R _ 109 _ 13
N—E—W—WBXIU
14.3x 3600
dN

Now, —=¢g-AN
ow, — =1

N PN t
5 j—=jdf
Uq—lN

= N:%(l—e_m)

Substituting the values, we get

9 [ 2%
2x10 (1_3 ( 113 ><3600]r)

( 0.693 )
14.3x 3600
Solving this equation, we get t =14.3 hr.

ILLUSTRATION 20

There is a stream of neutrons with a kinetic energy
of 0.0327 eV. If the half life of neutrons be 700s,
what fraction of neutrons will decay before they
travel a distance of 10 m ? Mass of neutron equal to
1.675x107% kg .

743%x10° =

SOLUTION

Since, K = % mo*

/ 2x0.0327 x1.6x107"
= p= %= X0.0527x 6X7O =25x10% ms™
m 1.675%1072
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S 10

= t== 3=4><10‘3s
v 25x10
N, (1-e#
Fraction decayed is ﬂ = M =1-eM
N Ny

N ~0.6930x4x1073 /700
= —=1-¢ /

Ny

- N 3.96x107°
N(J

ILLUSTRATION 21

Aradionuclide X is produced at constant rate o . At
time £ =0, number of nuclei of X are zero. Find

(a) the maximum number of nuclei of X .
(b) the number of nuclei at time .

Decay constant of X is 4.

SOLUTION
(a) Let N be the number of nuclei of X at time ¢.

Rate = o Rate = AN

_

— s X

—_—

Rate of formation of X =« {given]
Rate of disintegration = AN

Number of nuclei of X will increase until both
the rates will become equal.

Therefore,

o=AN,,
= Nmax = E
A

(b) Net rate of formation of X attime ¢ is,
N =g - AN
dt
dN _ g
a—-AN
Integrating with proper limits, we have

t

T dN
= |dt
Ja—AN ,[

0 0

= N=%(1—e"“)

This expression shows that number of nuclei of

X are increasing exponentially from 0 to %.
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ILLUSTRATION 22

Natural uranium is a mixture of three isotopes U,
ZSSU and 23§U with mass percentage 0.01%, 0.71%
and 99.28% respectively. The half life of three isotopes
are 25x10” years. 7.1x 10" yearsand 4.5x10” years
respectively. Determine the share of radioactivity
of each isotope into the total activity of the natural
uranium.

SOLUTION
Let R, R, and R, be the activities of U**, U™
and U*® respectively.

Total activity R=R; +R, + R4

Share of U?* R _ AN,
"R AN+ L,N,+A;N,

Let m be the total mass of natural uranium.

0.01 0.71 99.28
Then m; =——m, my =——m and my =——m

100 100 100
Now, leﬂ, Nz:ﬂ and N3=ﬂ

M, 2 M,

where M;, M, and M, are atomic weights.

m 1

Ry M, )T,
- — =
R m 1 m 1 myl

MT, MT, MT,

0.01/100 y 1
R, 234 25x10° years

R 0.01 0.71
100 1 ),| 100 L,
5 3
234 J\ 2.5x10 235 J\ 7.1x10

99.28
100 [ 1

238 N 45x10°

= %x 100% = 0.648 =~ 64.8%

Similarly, share of U* is 0.016% and of U*® is
35.184%

ILLUSTRATION 23

Uranium ores on the earth at the present time typically
have a composition consisting of 99.3% of the isotope
0 U™ and 0.7% of the isotope ¢, U™". The half lives

of these isotopes are 4.47x10’y and 7.04x10%y
respectively. If these isotopes were equally abundant
when the earth was formed, estimate the age of the
earth.

SOLUTION

Let N, be number of atoms of each isotope at the
time of formation of the earth (t=0),let N, and N,
be the number of atoms at present (f=1t). Then

N, = Nje ™ (1)
and N, =Ny e ™ (2)
o Ni_ (b-ny .0
N,
Further it is given that
N, 993
i S ..(4)
N, 07
Equating (3) and (4) and taking log both sides, we get
99.3
A=A )t=1 —
(1o )i=1og. (22

> t=(lzi%]loge(?—';’)

Substituting the values, we get

1
f=

1y (293
0.693 0693 8¢l o7

7.04x10°  4.47x10°
= t=597x10"y

ILLUSTRATION 24

In the chemical analysis of a rock the mass ratio of
two radioactive isotopes is found to be 100:1. The
mean lives of the two isotopes are 4x10” years and
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2x10” years respectively. If it is assumed that at the
time of formation the atoms of both the isotopes were
in equal proportional, calculate the age of the rock.
Ratio of the atomic weights of the two isotopes is
1.02:1.

SOLUTION

At the time of observation i.e., at time ¢, we have
M 100 {given]
m, 1

Further it is given that
A 102
A, 1

Number of atoms N = %

o Ni_m 4100

(D)

Let N, be the number of atoms of both the isotopes
at the time of formation, then

Ny _ Nee™
N, Ny
Equating (1) and (2), we get

= elh~h) )

-t _ 100
1.02

= (A, -4 )t=log,(100)-log, (1.02)
_log, (100)-log, (1.02)

Ee—n
2x10°  4x10°
Substituting the values, we have

t=1.834x10" years

ILLUSTRATION 25

The mass of carbon in an animal bone fragment found
in an archaeological site is 200 g. If the bone registers

an activity of 16 decays/s, what is its age? Assume
that, when the animal was alive, the ratio of E,CM to
,C" inits bone was 1.3x107.

SOLUTION

The 200 g of carbon is nearly all ¢*C

Since 12.0 g of ;*C contains 6.02x10* atoms, so
200 g contains
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( 6.02x10% atoms

(200 g)=1.00x10* atoms
12¢

When the animal was alive, the ratio of }:LC to éZC in

the bone was 1.3x107%. The number of ;' C nuclei
at that time was

N, =(1.00x10% atoms )(13x1072)
= N, =13x10" atoms.

The magnitude of the activity when the animal was
alive (t=0) was

dt ),

where 1=3.83x10"% s7! as we calculated in one of
previous example. So, the original activity was

AN
Ay =l — | = AN
0 (dt)o 0

= A =(383x10"s7")(13%x10")=505""

Since, A= d_N = (d_N) oM — Aﬂe"”
0

where ii—f = A isgiventobe 1657 .

= 16=(50)e*
oM 20
16

Taking natural logarithm of both sides, we get

t—lln(@)——l ln(@)
A \16) 383x10%2st \16

= +=298x10" s=9400 yr

So, the time elapsed since the death of the animal is
about 9400 yr.

NUCLEAR RADIATIONS

According to Rutherford’s experiment when a sam-
ple of radioactive substance is put in a lead box and
allow the emission of radiation through a small hole
only. When the radiation enters into the external elec-
tric field, they splits into three parts (o -rays, f-rays
and y-rays)
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y-rays x X x X x
- M t
~(fle-rays ]Lr a—:ays s ) a;i%?; 'C
B p-ray i [-ray
- t X X X
(A) B)
Alpha Decay

Nearly 90% of the 2500 known nuclides are radioac-
tive; they are not stable but decay into other nuclides

(i) When unstable nuclides decay into different
nuclides, they usually emit alpha (o) or beta

(B) particles.

(ii) Alpha emission occurs principally with nuclei
that are too large to be stable. When a nucleus
emits an alpha particle, its N and Z values each
decrease by two and A decreases by four.

(iii) Alpha decay is possible whenever the mass of
the original neutral atom is greater than the sum
of the masses of the final neutral atom and the
neutral helium- atom.

Beta Decay

There are different simple type of f-decay f, f°
and electron capture.

(i) A beta minus particle (,B' ) is an electron. Emis-
sion of f~ involves transformation of a neutron
into a proton, an electron and a third particle
called an antineutrino (V).

(ii) B~ decay usually occurs with nuclides for which

) N . )
the neutron to proton ratio | — ratio | 1s too
large for stability.

(iii) In B~ decay, N decreases by one, Z increases by
oneand A doesn’t change.

(iv) B~ decay can occur whenever the neutral atomic
mass of the original atom is larger than that of
the final atom.

(v) Nuclides for which % is too small for stability can

emita positron, the electron’santiparticle, whichis

identical to the electron but with positive
charge. The basic process called beta plus S
decay

—>n+B +v (v=neutrino
p

(vi) f° decay can occur whenever the neutral
atomic mass of the original atom is at least two
electron masses larger than that of the final
atom

(vii) The mass of v and v is zero. The spin of both

is % in units of Zi The charge on both is
T

zero. The spin of neutrino is antiparallel to its
momentum while that of antineutrino is paral-
lel to its momentum.

(viii) There are a few nuclides for which " emis-
sion is not energetically possible but in which
an orbital electron (usually in the k-shell) can
combine with a proton in the nucleus to form
a neutron and a neutrino. The neutron remains
in the nucleus and the neutrino is emitted.

p+pt o n+v

Gamma Decay

The energy of internal motion of a nucleus is quan-
tized. A typical nucleus has a set of allowed energy
levels, including a ground state (state of lowest
energy) and several excited states. Because of the
great strength of nuclear interactions, excitation ener-
gies of nuclei are typically of the order of 1MeV,
compared with a few eV for atomic energy levels. In
ordinary physical and chemical transformations, the
nucleus always remains in its ground state. When a
nucleus is placed in an excited state, either by bom-
bardment with high-energy particles or by a radioac-
tive transformation, it can decay to the ground state
by emission of one or more photons called gamma
rays or gamma-ray photons, with typical energies of
10 keV to 5MeV . This process is called gamma ()
decay. All the known conservation laws are obeyed
in y-decay.

The intensity of y-decay after passing through
a thickness x of a material is given by =™
(u = absorption co-efficient)
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Table 3.2 Properties of ¢, fand jrays
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Features o-particles P-particles jrays
1. Identity Helium nucleus or doubly Fast moving electron Photons (E.M. waves)
ionised helium atom (-B% or B7)
(-He')
2. Charge +2¢ = Zero
3. Mass 4m, (m, = mass of 4m,, m, Massless
proton = 1.87 x 107
4. Speed ~10" ms™' 1% to 99% of speed of Speed of light
light
5. Range of kinetic energy 4 MeV to 9 MeV All possible values Between a minimum
between a minimum value to 2.23 MeV
certain value to 1.2 MeV
6. Penetration power 1 (Stopped by a paper) 100 (100 times of ) 10,000 (100 times of j
(% B a) upto 30 cm of iron (or Pb)
sheet
7. lonisation power 10,000 100 1
(@>f>7)
8. Effect of electric or Deflected Deflected Not deflected
magnetic field
9. Energy spectrum Line and discrete Continuous Line and discrete
10. Mutual interaction with Produces heat Produces heat Produces, photo-electric
matter effect, Compton effect,
pair production
11. Equation of decay XA o—decay XA, Y 4 XA X4y
- n
ZXALZ,YA' = ng=(2n,-7Z+7’)
A-A
= Ny = 1

RADIOACTIVE SERIES

(b) The sequence of decays is known as radioactive
decay series. Most of the radio-nuclides found
in nature are members of four radioactive series.
These are as follows

(@) If the isotope that results from a radioactive
decay is itself radioactive then it will also decay
and so on.
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Table 3.3 Four radioactive series

Mass Series Parent S:it:e Integer

number | (Nature) product n
Thorium PEy) 208

4n (natural) glh oPb 52
Neptum'um 237 .209

W+l Artifiia | NP | sBt 22
Uranium 238 206

dn+2 (Natural) 92U s2fb 51
Actinium 227 207

dn+3 (Natural) gAC gl’b 51

() The 4n+1 series starts from o,Pu”' but com-
monly known as neptunium series because
neptunium is the longest lived member of the
series.

(d) The 4n+3 series actually starts from o, U,

SUCCESSIVE DISINTEGRATION AND
RADIOACTIVE EQUILIBRIUM

Suppose a radioactive element A disintegrates to
form another radioactive element B which intern
disintegrates to still another element C ; such decays
are called successive disintegration.

dN.
Rate of disintegration of A is —+=-4;N; (which is
dt

also the rate of formation of B)

dN
Rate of disintegration of B is d—t2 =-LN,

Netrate of | (Rateof) ( Rateof
formation [=| decay |-| decay
of B of A of B

=  (Net rate of formation of B) = 4;N; = 4,N,

EQUILIBRIUM

In radioactive equilibrium, the rate of decay of any
radioactive product is just equal to its rate of produc-
tion from the previous member.

ie, 4N, = LN,

M N, _h_ (Tlfz)g

b N (Tl,fz)l

ILLUSTRATION 26

Aradioactive nucleus X decays to a nucleus Y with

a decay constant Ay =0.1s™". Y further decays to a

stable nucleus Z with a decay constant Ay = 310 s

Initially there are only X nuclei and their number
is N, =10 . Setup the rate equations for the popu-
lations of X, Y and Z. The population of the Y
nucleus as a function of time is given by

Ny (t)= {(li”—%}{exp(—lyt)—exp(—lxt)}

Find the time at which Ny, is maximum and deter-
mine the population of X and Z at that instant.

SOLUTION

Let at time t =t , number of nuclei of Y and Z are
Ny and Ny . Then

X > Y > Z
t=0 Ny=10% Zero Zero
t=t Ny=Nge Ny Nz

Rate
X ——Jy ——{7
ANy ANy

Rate equation of the populations of X, Y and Z are

dNy
—= |=-A¢N (1
0 xNx 1)
dN
d—tY =A‘XNX _A'YNY ...(2)
ﬂnd d;\]—tz = AlyNY . ..(3)
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NyA
Given Ny ()= —X [ht _p-iut ]

A=y
For Ny to be maximum dN;t(t) =0
ie, AyNy =A1yNy {from equation (2)} ..(4)

= AX(NOe"lX’)=1 M[fz"l‘"—e"w]

Y-y
_ —Ayt
L o Axch e
A’Y e_lxt
R l_x=e(,1x-zy):
Ay

= (Ay —ly)tloge(e)=log€(%<)

Ay
1 A
t:—loge[—x]
(Ax ‘AY) Ay

Substituting the values of 1y and 4, , we have

t:mlllogg{oil - 15log, (3)
( ‘ _%) 30
= t=1648s
The population of X at this moment
Ny = Nye = (10% ) (0-101648)
= Ny =192x10"

NyAx
Ay

Since, Ny = {From equation (4)}

= Ny =(1.92x10" )0 5 26100

1
30
= NZ=NU_NX_NY

= N, =10"-192x10" -5.76x10"

= N,=232x10"

ILLUSTRATION 27

A factory produces a radioactive substance A at a
constant rate R which decays with a decay constant
A to form a stable substance. Find
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(i) the number of nuclei of A and

(i) number of nuclei of B, at any time t assuming
the production of A startsat t=0.

(iii) also find out the maximum number of nuclei of
A present at any time during its formation.

SOLUTION

(i) Factory R s A B

constant rate decay

Let N be the number of nuclei of A at any time ¢

= d—N=R—AN
dt

N t

J‘ dN =J.df
R-AN

0 0

On solving we will get

N=R(1_e)

A

(ii) Number of nuclei of B at any time ¢,

Ny=Rt-N,, =Rt—§(1—e"“ )=§(At—1+e"“ )

(iii) Maximum number of nuclei of A present at any

. . . R
time during its formation = T

ILLUSTRATION 28

Consider a radioactive disintegration according to
the equation A — B — C. Decay constant of A and
B issame and equal to 4. Number of nucleiof A, B
and C are Ny, 0, 0 respectively at t =0. Find

(a) Number of nuclei of B as function of time .
(b) Time t at which the activity of B is maximum
and the value of maximum activity of B.

SOLUTION

(a) Let the number of nuclei at any instant be shown
in the table.

A B c
Att=0 N, 0 0
Att N, N, N,
where, N; = Nye™ (1)
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Now, %:A(Nl -N,)

dN

= eMdAN, + AN,e™dt = AN, dt
= d(NyeM)= ANyt

Integrating, we get

'[ d(Nye )= J. AN, dt

0 0

(b) Activity of B is, R, = AN, = A’Nte ™

For maximum activity, we have

dR,
=20
dt

= t—l
)

= R —ﬁ

@ Test Your Concepts-II

1. Attimet=0, number of nuclei of a radioactive sub-
stance are 100. At t = 1 s these numbers become
90. Find the number of undecayed nucleiat t=2s.

2. Findtheamount of heat generated by 1 mg of Po*"
preparation during the mean life period of these
nuclei if the emitted alpha particles are known to
possess kinetic energy 5.3 MeV and practically all
daughter nuclei are formed directly in the ground
state.

3. The radioactivity of a uranium specimen with mass
number 2381is 2.5x 10*s™', the specimen’s mass is
2 g Find the half-life.

4. Ac* has a half life of 21.8 years with respect to
radioactive decay. The decay follows two parallel
paths, one leading the Th**’ and the other leading
to Fr*”*. The percentage yields of these two daugh-
ters nuclides are 1.2% and 98.8% respectively.
What is the rate constant in yrs‘w, for each of the
separate paths?

5. The disintegration rate of a certain radioactive
sample at any instant is 4750 disintegrations per
minute. Five minutes later the rate becomes 2700
per minute. Calculate
(a) decay constant and
(b) half-life of the sample.

6. Inanagricultural experiment, a solution containing

1 mole of a radioactive material (T;, =14.3 days)

10.

Based on Radioactivity

(Solutions on page H.88)
was injected into the roots of a plant. The plant was
allowed 70 hours to settle down and then activity
was measured in its fruit. If the activity measured
was 1 uCi, what percentage of activity is transmit-
ted from the root to the fruit in steady state?

A sample of 1 g of 'SBi with a half life of 2.7 x

107 year decays into a stable isotope of thallium by

emitting o particles.

(a) What is the activity of the sample?

(b) What will be the activity of the sample after
2 years?

(c) After what time does the activity reduces to
25% of the original activity?

A number N, of atoms of a radioactive element

are placed inside a closed volume. The radioac-

tive decay constant for the nuclei of this element is

;. The daughter nuclei that form as a result of the

decay process are assumed to be radioactive, too,

with a radioactive decay constant 4,. Determine

the time variation of the number of such nuclei.

Consider two limiting cases, when 4;> 1, and

M Ay

Calculate the probability that a radioactive atom

having a mean life of 10 days decays during the

fifth day.

Old wood from an Egyptian tomb, 4500 years old

has C-14 activity of 7.3 dis. min”’ g'1. Old wood
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known to be 2500 years old has a C-14 activity
9.3 dis. min™' g7,
(a) What is half life for C-147?

(b) What is the activity of fresh wood?

11. Determine the amount of ¢Po”” (polonium)

necessary to provide a source of ¢ particles of
5 millicurie strength. If half life of polonium is 138
days, given 1 curie=3.7 X 10 disintegrations/sec.

12.The specific activity of a preparation consist-
ing of radioactive Co*® and non-radioactive Co*
is 22x10' dps/g. The half life of Co®® is 71.3
days. Find the ratio of the mass of radioactive
cobalt in that preparation to the total mass of the
preparation.

13. A laboratory has 1.49 ug of pure 173N, which has a
half-life of 10.0 min.

(a) How many nuclei are present initially?
(b) What is the activity initially?
(c) What is the activity after 1.00 h?

14. Suppose, the daughter nucleus in a nuclear decay
is itself radioactive. Let 4, and 4, be the decay con-
stants of the parent and the daughter nuclei. Also,
let N, and N, be the number of parent and daugh-
ter nuclei at time t. Find the condition for which the
number of daughter nuclei becomes constant.

15. A radioactive sample has 6 x 10'® active nuclei at a
certain instant. How many of these nuclei will still
be in the same active state after two half-lives?
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16. The number of 2®U atoms in an ancient rock

equals the number of 2%%p atoms. The half-life of
decay of 2®U is 4.5 x 107 . Estimate the age of the
rock assuming that all the 2%Pb atoms are formed
from the decay of “**U.

17. The decay constant for the radioactive nuclide Scu
is 1.516 x 10 s~'. Find the activity of a sample
containing 1 ug of *Cu. Atomic weight of copper =
63.5 g/mole . Neglect the mass difference between
the given radioisotope and normal copper.

18. The half-life of a radioactive nuclide is 20 hours.
What fraction of original activity will remain after
40 hours?

19. The age of a rock containing lead and uranium is
equal to 1.5 x 10° years. The uranium is decaying
into lead with half life equal to 4.5 x 10° years. Find
the ratio of lead to uranium present in the rock,

assuming that initially no lead was present in the
1

rock. Given that 23 =1.259.

20.In a radioactive disintegration process shown,
A is continuously produced at the rate of 10°" per
second.

30 sB

107! per second A

Find the maximum number of nuclei of A.

J

ARTIFICIAL TRANSMUTATION - NUCLEAR
REACTIONS

A radio-active substance breaks up by emitting radia-
tions. The daughter nucleus, left behind, has different
physical and chemical properties and is assigned a
new place in the periodic chart. Thus radio-activity is
the phenomenon by which a substance gets converted
into another one. This change can be brought about
by artificial method, by bombarding a given nucleus
with some radiation. The particles constituting the
incident radiation must possess sufficient kinetic
energy so as to penetrate into the given nucleus. As
they enter the given nucleus, a compound nucleus
(an intermediate state) is formed which is generally
unstable. The compound nucleus then breaks up to

produce product nucleus by emitting radiation. The
process is, schematically, represented as

P + T - C* —- R + O
Projectile Target Compound Residual Outgoing
particle nucleus nucleus nucleus particle or

radiation
This is a reaction in which only the nuclei take part.
Orbital electrons have no contribution to it. Such
reactions are known as nuclear reactions.

LAWS GOVERNING NUCLEAR REACTIONS

(@) Law of Charge: The electric charge involved in
nuclear reactions must be same before and after
the reaction. So, charge number is conserved in
nuclear reactions.
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(b) Law of Number of Nucleons: The total number
of nucleons involved in a nuclear reaction must
be same before and after the reaction. So, mass
number is also conserved in nuclear reactions.

(c) Law of Conservation of Energy: The total energy
(rest mass energy + K.E.) of the reacting particles
must be equal to the total energy of the product
particles.

(d) Law of Conservation of Linear Momentum: The
total linear momentum of the reacting particles
must be equal to the total linear momentum of
the product particles.

(e) Law of Conservation of Angular Momentum:
Total angular momentum of nuclei before and
after reaction must be the same.

Q-VALUE OF A NUCLEAR REACTION

Consider a nuclear reaction, schematically repre-
sented by equation

P+T——>R+0O

Let Ky, Ki and K, be the kinetic energies of P
(projectile particle), R (residual nucleus) and O
(outgoing particle or radiation) respectively, while T
(target nucleus) is taken to be at rest initially. Q-value
of a nuclear reaction is defined as

Q=(Kg+Kp)-Kp

Let mp, my, my, my, respectively, be the masses of
P, T,Rand O.

Since, for nor-relativistic approach, the total
energy of a subatomic particle is equal to the sum of
rest mass energy and its kinetic energy, so energy of
P, T, R and O are respectively given by

EP = mPC2 +KP
Ep = mpc® +0 = mpc*
ER = mRCZ +KR

EO = mocz + KO

Total initial energy is

LEinitial = (mPCZ +Kp )+ mrc’® (1)
Total final energy is

EEfinal =(mRC2+KR)+(mGC2+K0) ...(2)

By Law of Conservation of Energy, we have

2E

initial

=ZEﬂnal
= (mP02 +Kp )+ mTc2 =(mR02 +Ky )+(m062 +Kp )

= Q=(Kg+Ko)=Kp=[ (mp-+ir )=(mg +mg ) |2
= Q=(Am)62

where, Am=(mp+myp)—(mg+my) is the mass

defect between initial and final particles.

Since the Q factor of a reaction is given by
Q=(Kr +Ko )-Kp

Also we know that, the kinetic energy is a positive
quantity and hence (K +K, ) must also be positive.

= Ky+Ky>0
= Q+K,>0

So, a necessary but not sufficient condition for the
occurrence of a nuclear reaction is that for the reaction

Q+Kp>0
= Kp>-Q

CASE-I: EXOERGIC REACTION

A reaction is said to be exoergic if Q is positive.
= (mg+my)<(mp+my)

The part of mass which disappears gets converted
into the energy in accordance with Einstein’s Mass-
Energy equivalence.

Also, is positive if (BE )fina > (BE )intial -

CASE-II: ENDOERGIC REACTION

A reaction is said to be endoergic if Qis negative.

ie., the sum of the masses of product particles is
greater than that of reactant particles. So, energy is
required, by the kinetic energies of the initial reactants,
to make the reaction or transformation “go”.
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The minimum amount of energy that the bom-
barding particle or the projectile particle must have
in order to initiate an endoergic reaction, is called
Threshold Energy Er,.

Emy =—Q[@+1]

My

where, mp is the mass of the projectile i.e. the nucleus
used to hit the target and m; is the mass of the target
nucleus

Problem Solving Technique(s)
For a nuclear reaction A+B—C+D, if the binding

energies of A, B, Cand D are given as B,, B,, B, and B,,
then the energy released in the reaction is

ILLUSTRATION 29

(@) A particle having mass m, kinetic energy K,
measured in the Lab Frame collides head-on with
a stationary nucleus of mass M. If K, ., is the
total kinetic energy of the system with respect to
the centre of mass frame/coordinate system (i.e.
the energy available to cause the reaction), then

show that
M
K =| —— |K
wrt cm (M+m) Lab

(b) If K, is the total kinetic energy of the centre of
mass in the lab frame, then show that

m
K = K
cm (M+m) Lab

(c) If Ky is the minimum kinetic energy (called

Threshold energy) to cause an endoergic reaction
in the above situation, then show that

Ky, =—Q(1+%)

Try to prove this result, both using the concept
of lab frame (L-Frame) and the centre of mass
frame.

SOLUTION

(a) The velocity of the centre of mass of the system is

0 - mo+M(0)  mo
on m+ M m+M

(b)

(c)
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Let v,, be the velocity of m with respect to the
centre of mass and v}, be the velocity of M with
respect to the centre of mass, then

, mo Mo
v, =0—0,, =0V— = and
m+M m+M
B my  mo
m+ M m+M

In the centre of mass frame, the kinetic energy
K, is given by

Kwrtcm = %mvﬁ +%MU}&
o K _m M*? M m*o?
M2 (e MP 2 (mt M)
1{ Mm M m
= K =— + v*
wrtem 2(m+M)(m+M m+M)
1 Mm 2 1 2
= Kwrtcm=2( m+M)U =E!'w (1)

where p is the reduced mass of the system given
by

_ mM
: m+M

. 1 .
Since, K =Ky, = Emv2 , 50 equation (1) becomes

mTM) -0

Kwrt cm = JKLab (

The kinetic energy of centre of mass K_,, is

cm

Kcm=%(m+1’\./ﬂv2

2
1 mv
R Kcm=5(m+M)(m+M)

1( mzvz) 1 2( m )
= K,=- =_mv
2\m+M /) 2 m+M
m
= Kcm=KLab(mJ SE)

From the Lab Frame (L-Frame)
As we have seen that in the lab frame, the kinetic
energy of centre of mass is

m
Kcm = KLab ( MJ
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This energy being possessed by the centre of
mass gives us a solid argument that the kinetic
energy being carried by the projectile particle in

the lab frame ie. K, = %mv2 is not fully avail-

able to be dissipated in the reaction, because a
part of this energy K_,, will be carried away by
the centre of mass of the system. So, the available
energy to be dissipated is
M
) ..(4)

m+ M

As already studied in Colisions, the loss in kinetic
energy of the system, when a mass m having a velocity
u collides head-on with a stationary mass M is given by
mM ]uz

m+M

If K is the initial kinetic energy of the colliding particle
in the lab frame, then the above expression can be
re-witten as

KO = JKLab - Kcm = KLab (

Loss=-AK = 1(
2

M
Loss = —AK =(m]’( =KLab _Kcm

This loss in kinetic energy is actually calculated above
in equation (4) as the difference of K, and K_,..

In addition to K|, there is also the rest mass energy
available for the the reaction as Q value of the
reaction. So, the total energy available for the nuclear
reaction is (Q+K;). To make the reaction go, the
neessary and sufficient condition is that this sum

(Q+K, ) must be greater than zero. Hence

Q+K,>0
= K;>-Q
M
= K >—
Lab(m+M) Q
m+ M
= KLab>_Q( M )

m
= K >_Q(1+M)

This minimum energy to be possessed by the projec-
tile particle to initiate an endoergic reaction is called
as the Threshold Energy Ky, . So

bl ol

From the Centre of Mass Frame

We understand that in the centre of mass frame, the
total momentum of the particles is zero both before
and after the collision. Also, in this frame, the sum of
kinetic energy of the particles with respect to the cen-
tre of mass i.e. K and the Q value of the reac-

wrt cm
tion should be positive. So, for an endoergic reaction,
at threshold, we have

Kyt +Q >0, where (Q<0)

= Kwrt em ~ _Q

M
= K —_— >
Lﬂb(m-i-M) Q

= KLab>_Q(m+M)
m
= KLﬂb>—Q(1+M)

This minimum energy to be possessed by the projec-
tile particle to initiate an endoergic reaction is called
as the Threshold Energy Ky, . So

bl 5l

ILLUSTRATION 30

How much energy must a bombarding proton pos-

sess to cause the reaction ;Li+1H —Be+ jn. Given
that mass of Li atom is 7.01600 u, mass of Be atom is

7.01693 u, mass of H atom is 1.0783 u and mass of
neutron is 1.0866 u.

SOLUTION

Since the mass of an atom also includes the masses of
the atomic electrons, so to get the mass of the nucleus,
the appropriate electron masses must be subtracted
from the given masses of atoms.

Reactants Products

m(5Li)=7.01600-3m, | m(Be)=7.01693~4m,

m(1H)=1.0783~1m, m( jn)=1.0866

Total = 8.02383 — 4m, Total = 8.02559 - 4m,
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The Q-value of the reaction is given by
Q=-0.00176 u=-1.65 MeV

Since the energy is supplied as kinetic energy of the
bombarding particle i.e. proton, so the incident pro-
ton must have kinetic energy more than this energy,
because the system must possess some kinetic
energy even after the reaction, so that momentum is
conserved.

With momentum conservation taken into
account, the minimum kinetic energy that the inci-
dent particle is given by

E,, = —[1+%)Q= —(1+%)(—1.65)= 1.89 MeV

ENERGETICS OF NUCLEAR REACTIONS

Consider a nuclear reaction, schematically repre-
sented by equation

P+T——R+0O

Let Kp, K; and K, be the kinetic energies of P
(projectile particle), R (residual nucleus) and O
(outgoing particle or radiation) respectively, while T
(target nucleus) is taken to be at rest initially. Q-value
of a nuclear reaction is defined as

Q:(KR +Kp )_KP
Let mp, my, my, my, respectively, be the masses of
P, T,Rand O.

It can be shown that, by using Conservation of
momentum, if we know the kinetic energy K, of the outgo-
ing paticle (O) and the angle @ of the outgoing particle with
respect to the direction of motion of the projectile particle
(P), then we can easily calculate the Q value of the reaction.

p1=y2mK,
0 /
’ mO
P P1=y2mpKp T ~M1 A 60
._l______P__P__O_L_l ________
Mmp b
(at Rest)
mp
R
p2 = 2mgKp

For the sake of convenience, let the momentum of
projectile particle (P) before collision be p,, then

P = /Zmpr ..(1)
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Since the target nucleus (T) is at rest, so momentum
and kinetic energy of target nucleus both are zero.

Similarly, let the momentum of the outgoing
particle (O) be p;, then

p{ = ﬁzmoKO ...(2)

Similarly, let the momentum of the residual nucleus
(R) be p5, then

pé =‘,12?TIRKR ...(3)

All the above momenta and kinetic energies are expressed
in the Lab Frame (i.e. in the laboratory frame).

Applying Conservation of Linear Momentum,
we get

PLtp=p
= p=p-n - (4)
Squaring (4), we get

P57 = (pu-pi)" =pi+ 91 = 2pupi cosd
where 0 is the angle between p; and p;.
Applying definition of Q value, we get

2 .2 2
P " %!

=(Kg+Ky)-Kp = + -
Q=(Ke+Ko)-Ky [ZmR ZmGJ 2mp

L o[ AP -Zppicose p7 ) g
2my 2mp ) 2mp

2 2 ’
o o-H (L+L]+P_1[L_L)_mcosg

2\ \my mo ) 2\mp mp ) my

12 2 ’
= Q=L[1+m—OJ+p—l[ﬂ—l)—%wsﬂ

2mp mg ) 2mp\ my My
...(5)

Using equations (1), (2) and (3) we can express the
above result as

2\ mpmsKpK
Q=Ko[1+mo]—KP[ _mP]_POPOCOS@
Mg mp Mg

So, we observe thar, if we know the kinetic energy K, of
the outgoing paticle (O) and the angle 0 of the outgo-
ing particle with respect to the direction of motion of the
projectile particle (P), then we can easily calculate the Q
value of the reaction.
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ILLUSTRATION 31

Consider a body at rest in the Lab Frame. If the body
explodes in two fragments of masses 1, and m,, cal-
culate the final kinetic energies of the fragments in
terms of Q value and the masses of the fragments.

SOLUTION

Since the body is initially at rest, hence its total ini-
tial momentum is zero. So, due to the explosion, the
two fragments will fly off in opposite directions. If
p, and p, be the momentum of the fragments after
explosion, then

prtp,=0
= Ph="P
So, the magnitude of momentum will of the frag-

ments is same after the explosion ie. |p;|=|p,|=p
(say).

So, the final kinetic energy after explosion is

K P P11
final = + - +
2my 2m, 2\ m; m,
whereas, the initial kinetic energy of the system is

Zero.
Smce, Q = Z"Kﬁnal - zrKimj(‘ial

2
= Q=EKfinal=%[l+i)

my  my

= p= (M]Q=m ()

1y + 1,
where g is the reduced mass of the system given by

_ My

The kinetic energies of the fragments are

2 2

P p_p

2my  2my 2my,  2m,

Substituting the value of p from equation (1), we get

2
K] :p_:(—)Q and
2my  \ my +m,

ILLUSTRATION 32

A neutron with kinetic energy K=10MeV acti-

vates a nuclear reaction n+*C——?Be+¢a. Find
the kinetic energy of the alpha particles outgoing at
right angle to the direction of incoming neutrons.
Take u=931.5MeV and threshold energy of reaction
(Eth ) =6.17 MeV .

SOLUTION
n c
— Q -
my m,
Since, Q+K; =K; +K; (1)

Applying Law of Conservation of Linear Momentum
Along x-axis

J2m K, = [2m,K, cos® ..(2)
Along y-axis

J2m3Ky = \2m,K, sin@ ..(3)
Squaring and adding equations (2) and (3), we get

lel + M3K3 - M4K4

m m
= K4 =_1K1+_3K3
my my

Substituting value of K, in equation (1) and
rearranging, we get

Q+[ —ﬂJK1=(1+&)K3
my my

“E 6.
where, Q= :; _ 617 -5.69 MeV
M 1+—
[1+ mz) 1

4 1
= (1+§)K3——5.69+(1—§)(10)

= K;=221MeV
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ALPHA DECAY

Alpha decay is a process in which an unstable nucleus
transforms itself into a new nucleus by emitting an
alpha particle (a helium nucleus, ,He).

Since an o -particle has two protons and two
neutrons, so after an ¢ -decay, the parent nucleus is
transformed into a daughter nucleus with mass num-
ber smaller by 4 and atomic number smaller by 2.

Analpha decay can be expressed by the equation

A A-dy, 4
7X—> 5 5Y+5He+Q

Here Q is the energy released in the process and is
determined from Einstein’s mass-energy relation
which gives

Q= (my —my —my, )c*
where my , my and my, are the masses of the parent
nucleus X, daughter nucleus Y and the o -particle
respectively. The energy Q is shared by the daughter
nucleus X and the o -particle. As the parent nucleus
is at rest before its ¢ -decay, the « -particles are emit-
ted with fixed energy and hence are mono-energetic.
This energy can be determined by Applying the Laws
of Conservation of Energy and Momentum.
For example, uranium (238) on emitting an o-particle
changes into thorium (234) as

238 234 4
o U— “9Th+,He+Q

Similarly, polonium (208) is transmuted into lead
(204) as

28Po—— % Pb+ 5He+Q

Generally, the nuclei with mass number 210 or more
undergo o -decay. In such nuclei, the long range
repulsive forces between the protons dominate over
the short range nuclear forces which bind the vari-
ous nucleons together. By emitting « -particles, these
nuclei achieve greater stability. An « -particle has a
high value of binding energy (=28 MeV) . After the
emission of an « -particle, the binding energy per
nucleon of the emitting nucleus increases and the
residual nucleus becomes more stable.

Speed of Emitted ¢-particles

Consider the alpha decay process equation i.e.,

A A-dy, | 4
7X— 7Y+ ,He+Q
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The speed of the emitted o-particles can be calculated
by using the Laws of Conservation of Energy and
Momentum.

Suppose the parent nucleus 2X be at rest
before decay. Let v, and v, be the velocities of the
o-particle and the daughter nucleus. Applying the
Law of Conservation of Momentum, we get

myvy =m0, (1)

As the energy Q released in the decay process
appears in the form of kinetic energy of «- particle
and the daughter nucleus, so we have

1 1
2 1V, + Emyvff =Q

Substituting the value of v, from equation (1), we get

2.2
2 1mava_
_mava—l'E—Z_Q
My
1 1
= —mymavé+—mévi=mYQ
2 2
2
= E(my+ma)mava=mYQ
1 m
= K(x:—mat)é: Y Q
2 my +m,

Since, my =(A-4) amu and m, =4amu, so we

have
K=gmat=( 222 )o

2 A
o K 2(A-4)Q
“ m, Am,

For example, in the @-decay of a random nucleus
%eRn, we have

Q=5.587 MeV

A-4 (222-4)
A )Q_ 2

= K, =5486 MeV =5.486x1.6x107" ]

x5.587 MeV

= Kor:(

Since, m, =4 amu=4x 1.66x107% kg

o J2x5.486x1.6x10‘19 ol
¢ 4x1.66x107%

= v,=162x10" ms™
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Theory of a-decay (Tunnelling Effect)

The «-particles emitted by different radioactive
nuclei have kinetic energy ranging from 4 MeV to
9 MeV. The nucleus of an ¢-emitter possesses a bar-
rier of height about 25 MeV . Figure shows a plot of
the potential energy U of the system consisting of
the o- particle and the residual nucleus.

u
A
Potential barrier
K, = KE of a-particle
Lo- ___: ______________
1
!
I I
1 1 -
0 1 1 . r
o re 2762
-4EEhKa

Plot of potential energy U of an « - particle as a function of
distance r from the centre of the residual nucleus.

The o-particles are short of about 16 to 25 MeV of
energy, needed for the emission. Therefore, classi-
cally, we cannot explain the emission of - particles
by radioactive nuclei.

In 1928, Gamow, Congdon and Gurney
explained the emission of ¢- particles in terms of the
penetration of the nuclear potential barrier on the
basis of Quantum Theory. According to this theory,
we have

(@) An @-particle may exist as an entity (already
formed) inside a nucleus before it escapes from
the nucleus.

(b) The a-particle is in a state of constant motion
inside the nucleus with a speed of about 10" ms™'.

() Quantum mechanically, even an - particle hav-
ing insufficient kinetic energy has a small but
finite probability p of its crossing the potential
barrier.

As the size of the nucleus =107* m and speed of
- particle ~10" ms™, the o- particle takes about
10" s to move across the nucleus. Thus ¢-particle

presents itself before the potential barrier 10*" times
in a second. The probability P of escape of an «-
particle from a nucleus will be

P=pv

As vis large (10" s71), 50 Pis sufficiently large and
the - particle can tunnel through the energy bar-
rier which is classically impossible. Hence - decay
occurs as a result of barrier tunnelling.

The barrier tunnelling explains why every %5U
nuclide in a sample of %5U atoms does not decay
at once, even when its decay process has a positive
Q value. Consequently, the half-lives for «-decay
of most of the alpha unstable nuclei are very long.
For example, the half-life of Z3U for a-decay is
45x10 year .

ILLUSTRATION 33

The nucleus of an atom is g, Y, initially at rest,

decays by emitting an a-particle as per the equation
5 Y = 5 X + ;He +Energy

It is given that the binding energies per nucleon of
the parent and the daughter nuclei are 7.8 MeV and
7.835 MeV  respectively and that of a-particle is
7.07 MeV /nucleon . Assuming the daughter nucleus
to be formed in the unexcited state and neglecting its
share in the energy of the reaction, calculate the speed
of the emitted «-particle. Take mass of a-particle to
be 6.68x107 kg.

SOLUTION

Q=[(7.835%231)+(7.07x4)~(7.8x235)] MeV
= Q=5.18MeV
= Q=518x1.6x10"]

This entire kinetic energy is taken by the a-particle,
SO

%mavg =5.18x1.6x10"
= ;x 6.68x10% v =5.18x1.6x107"

= 0,=157x10" ms™

BETA DECAY

The process of spontaneous emission of an electron

(¢7) ora positron (¢*) from a nucleus is called beta
decay.



ICON

Like o~decay, f-decay is a spontaneous process,
with a definite disintegration energy and half-life. It
is also a statistical process, obeying the Law of radio-
active Decay.

In beta minus () decay, the mass number of
the radioactive nucleus remains unchanged but its
atomic number increases by one. An electron and a
new particle antineutrino (V) are emitted from the
nucleus, as in the decay.

BP—— S+e +V
In general, the beta minus decay may be represented
as

AX— Av+ Se+v

OR 4X— Y4B +v
The electron emitted from the nucleus is called a beta
particle, denoted by f.

In beta plus (ﬁ+) decay, the mass number of
the radioactive nucleus remains unchanged but its
atomic number decreases by one. A positron (¢*)

and a new particle neutrino (v) are emitted from the
nucleus, as in the decay.

7INa— pNe+e" +v
In general, the beta plus decay may be represented as

éX—) ZﬂY+£e+v

OR 4X—— AY+p" +v
The positron so emitted is called a beta plus particle
5]

The positron is an antiparticle of electron. It has
a positive charge equal in magnitude to the charge
on an electron and has a mass equal to the mass of an
electron.

Similarly, neutrino and antineutrino are anti-
particles of each other. Both are massless, chargeless

particles having spins + %

Although a nucleus contains no electrons, posi-
trons and neutrinos, yet can it eject these particles.
It is believed that electrons, positrons and neutrinos
are created during the process of beta decay. If the
unstable nucleus has excess neutrons than needed for
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stability, a neutron converts itself into a proton. So, in
a beta-minus decay, an electron and an antineutrino
are created and emitted from the nucleus via the reac-
tion given by

n—pte +v

If the unstable nucleus has excess protons than that
needed for stability, a proton converts itself into a
neutron. So, in a beta-plus decay, a positron and a
neutrino are created and emitted from the nucleus via
the reaction given by

pon+e +v

Clearly, a beta decay process involves the conversion
of a neutron into a proton or vice versa. These nucle-
ons have nearly equal masses. That is why the mass
number A of a nuclide undergoing beta decay does
not change.

TYPES OF BETA DECAY

N
In a beta decay process, the (E) ratio of nucleus is

changed. This decay is shown by unstable nuclei. In
beta decay, either a neutron is converted into proton
or proton is converted into neutron. For better under-
standing of beta decay let us first draw the N vs Z
graph.

N

A
Region of stable nuclei

K 45°

4

From the N vs Z graph, we observe that there are
two types of unstable nuclides.

Negative Beta or f Decay or
A-Type Beta Decay

The nuclides showing this type of decay are also
called as A type nuclides. For A type nuclides, we
have

(E) >(ﬂ) stable
Z A Z
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To achieve stability, these A type nuclides increase
their Z by converting a neutron inside them to a pro-
ton by emittinga 8~ particle. Due to this, the nucleus

) N . .
now attains an (f) ratio that takes it towards the

line of stability as shown.

N
Move towards stability

Unl - pl +e 4y
ZXA _)Z+l YA+ 3_1 +1—"
( B particle)
This decay is called B~ decay. Kinetic energy avail-
able for B and v is Q

Kinetic energy of the emitted 8 particles satisfies the
condition 0< Ky <Q

Positive Beta or 3" Decay or
B-Type Beta Decay

The nuclides showing this type of decay are also
called as B type nuclides. For B type nuclides, we
have

(E) >(ﬁ) stable
Z Jp Z

To achieve stability, these B type nuclides decrease
their Z by converting a proton inside them to a neu-
tron by emittinga " particle. Due to this, the nucleus

. N . ) .
now attains an (E) ratio that takes it toward the line

of stability as shown.
N

A

Move towards
stability

pon+ e+ v

(positron) (neutrino)

XA, YA et 4y
( B particle)

Electron Capture or K-capture or Reverse
Beta Decay Process

Besides ' and B* emission, there is a third related
process. This process is called Electron Capture
(abbreviated as EC) or K-capture or a reverse beta
decay process. It is a rare process which is found
only in few proton rich nuclei. In this process, the
proton rich nucleus captures one of the atomic elec-
trons from the K shell and so is called as K-Capture
process. A proton in the nucleus combines with this
electron and converts itself into a neutron. A neutrino
is also emitted in the process and is emitted from the
nucleus.

p+ €' s n+v

The vacancy created in the K shell is filled by tran-
sition of electrons from the outer shells. This results
in the emission of characteristic X-rays. This process
is inferred experimentally by detection of emitted
X-rays (due to other electrons jumping down to fill
the empty state) of just the proper energy.

W)

If X and Y are atoms then reaction is written as
ZXA - Z_IYA +Vv+Q+ characteristic X-rays of atom Y

If X and Y are taken as nucleus, then reaction is
written as

ZXA + _130 — Z_1YA +v
This process is called Electron Capture or K-Capture
or Reverse Beta Decay process.
An example is }Be, which as a result becomes ;Li.
The process is written
ZBe+e‘ - gLi+ v,
Or, in general,

IN+e =5 N'+v {Electron Capture}



ICON

In B decay, it is the weak nuclear force that plays the
crucial role. The neutrino is unique because it inter-
acts with matter only via the weak force, which is
why it is so hard to detect.

(a) Please note that the electron emitted in § decay
is not an orbital electron. Instead, the electron is
created within the nucleus itself. Actually, inside
the nucleus, one of the neutrons changes to a
proton and in the process (to conserve charge)
emits an electron. Indeed, free neutrons actually
decay in this fashion

n— p+e +aneutrino

Since the emitted electrons, originate in the
nucleus, so the electrons emitted in  decay are
often referred to as B particles, rather than as elec-
trons (just to remind us of their origin). However,
these electrons or f-particles are indistinguish-
able from the orbital electrons.

(b) If during the process of beta decay, we do not
consider the emission of neutrino or antineutrino,
then we observe that the Laws of Conservation of
Energy, Conservation of Linear Momentum and
Conservation of Angular momentum are not
applicable for the beta decay process.

(c) To solve this absurdity, Pauli assumed that in the

beta decay process, no doubt the beta particles
are emitted but at the same time another particle
called neutrino or antineutrino is also emitted
along with the beta particle.
Due to Pauli's Neutrino Hypothesis, the Laws
of Conservation of Energy, Conservation of
Linear Momentum and Conservation of Angular
momentum become applicable for the beta
decay process.

PAULI'S NEUTRINO HYPOTHESIS AND
NEUTRINO PROPERTIES

Pauli assumed that during the beta decay process,
emission of beta particle is accompanied by the
emission of another particle called neutrino or anti-
neutrino. Due to Pauli’s Neutrino Hypothesis, the
conservation laws like Conservation of Energy,
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Conservation of Linear Momentum and Conservation
of Angular momentum become applicable for the
beta decay process.

According to Pauli, the particle called neutrino
or antineutrino has the following properties. These
particles have few of their properties matching with
a photon.

(a) Both have zero rest mass like a photon.

(b) Both have zero charge i.e. both are neutral.

(c) Both particles are energy particles just like
photons.

(d) Both particles have linear momentum just like a
photon.

(e) Like other nucleons, neutrinos too possess spin.

They have spin quantum number s=1+ N

(f) They carry angular momentum of izi just like
Vg
other nucleons.

(g) Since neutrinos (or antineutrinos) are massless
and chargeless, they interact so weakly with mat-
ter that it becomes very difficult to detect them.
They can penetrate through earth without being
absorbed. They can penetrate about 10> km
in lead, the most dense material, without inter-
acting with it. By ingenious experiments, neu-
trinos have been detected and their mass and
spin or intrinsic angular momentum have been
measured.

(h) The B” decay process is accompanied by the
emission of neutrino v, whereas the i~ decay
process is accompanied by the emission of an
antineutrino v .

CONTINUOUS ENERGY SPECTRUM FOR
BETA RAYS

In both @-decay and f-decays processes, the dis-
integration energy () depends on the nature of the
radionuclide. In the a-decay of a particular radionu-
clide, every emitted - particle has a definite amount
of kinetic energy.

However, in f- decay, the disintegration energy
is shared in all proportions between the three parti-
cles i.e., daughter nucleus, electron (or positron) and
antineutrino (or neutrino). As a result, the kinetic
energy of the electrons (or positrons) is not fixed.
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Their energy varies from zero to a maximum value
K.y - Thus - rays have a continuous energy spec-
trum, as shown in Figure.

\

Relative number of
positrons —»
\\

N
0 0.2 0.4 0.6

Kinetic energy (MeV) —»

The distribution of the kinetic energies of positrons
emitted in the decay of 5/Cu

The maximum kinetic energy or end point energy
K,,.x mustbe equal to disintegration energy Q. When
the electron (or positron) has maximum energy, the
energy carried by the daughter nucleus and neutrino
is nearly zero.

Q-VALUE FOR BETA DECAY PROCESS

We have already discussed the three fundamental
beta decay processes. Generally, the masses used in
the calculation of mass defect involved in a nuclear
reaction are the masses of the atoms in which we
have neglected the mass of the electrons which is
already included in the mass of the atom. However,
for the beta decay process, we know that the mass of
the beta particle is same as the mass of the electron
and hence it is not possible for us to neglect the mass
of the orbital electrons of the atom.

Q-value for i~ Decay Process

Considering the emission of antineutrino, the equa-
tion of B~ -decay can be written as

XA —— Y P+ Q4v

Production of antineutrino along with the electron
helps to explain the continuous spectrum because
the energy is distributed randomly between electron
and v and it also helps to explain the spin quantum
number balance (because p, n and e each has spin

quantum number i;). During B~ decay, inside the

nucleus a neutron is converted to a proton with emis-
sion of an electron and antineutrino.

n—)p+_leU+U

Let My be the mass of atom ,X* , M be the mass
of atom ,; Y* and m, be the mass of electron, then

Q value is given by
Q= [(MX ~Zm,)-{(My ~(Z+Dm, )+ m, }]CZ

= Q = (MX - MY )Cz
Here also, one can see that by applying the law of
conservation of momentum and energy, we will get

n,

T, =LQ and Ty =

m, +my m, +my

Since, m, « my , we can consider that almost all the
energy is taken away by the electron.

Q-value for 3" Decay Process

Considering the emission of antineutrino, the equa-
tion of B~ -decay can be written as

A A 0
s X' ——, Y+ e +Q+V

During " decay, inside the nucleus a proton is con-
verted to a neutron with emission of a positron and
a neutrino.

pon+ e +v

Let My be the mass of atom , X" , M, be the mass
of atom ,_; Y* and m, be the mass of electron, then
Q value is given by

Q= (Mg -zm,)~{(My ~(Z-Dm,)+m,}]c?
= Q=(My-My-2m,)c’

Q-value for K-capture Process

Considering the K-capture or the electron capture by
an element ;X 4, written by the equation

Let My be the mass of atom ZXA , My be the mass

of atom ,_; Y# and m, be the mass of electron, then
Q value = [(MX ~Zm,)~(My -(Z-1)m, )]C2

= Qvalue=(My-M,-m,)c’
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ILLUSTRATION 34

Neon - 23 beta decays in the following way:

ToNe - nNa+ Je+v
Find the minimum and maximum kinetic energy that
the beta particle _Je can have. The atomic masses

of ®Ne and ®Na are 2299454 and 22.9898u,
respectively.

SOLUTION

Reactants Products

m( % Ne |=22.9945-10m, | m($}Na)=22.9898 11 m,

0,)=
m(_le)_mg

Total =22.9945-10m, Total =22.9898 - 10m,

Mass defect = 22.9945 —22.9898 = 0.0047 u
Q=1(0.0047)(931) = 4.4 MeV

The f -particle and neutrino share this energy. Hence
the energy of the f-particle can range from 0 to
44 MeV .

ILLUSTRATION 35

Consider the beta decay '°Au—'"Hg"+p +v
where 'Hg represents a mercury nucleus in an
excited state at energy 1.088 MeV above the ground

state. What can be the maximum kinetic energy
198

of the electron emitted? The atomic mass ~ Au is
197.968233 u and that of "*Hg is 197.966760 u .
SOLUTION

If the product nucleus 198 Hg is formed in its ground
state, the kinetic energy available to the electron and
the antineutrino is

Qz[m(wsAu)_m(mHg)]Cz

As % Hg* has energy 1.088 MeV more than 198 Hg
in ground state, the kinetic energy actually available is

Q:[m(l%Au)—m(mHg)]cz —-1.088 MeV

= 0=(197.968233-197.966760)(931) MeV —

1.088 MeV
= (Q=1.3686 MeV-1.088 MeV =0.2806 MeV
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This is also the maximum possible kinetic energy of
the emitted electron.

ILLUSTRATION 36

Calculate the Q-value in the following decays

@ "O0-"F+e +v
(b) PAl->>Mg+e' +v

The atomic masses needed are as follows:

190 19F 25A1 25Mg
19.003576 u | 18.998403 u | 24.990432 u | 24.985839 u
SOLUTION

(@) The Q-value of B~ -decay is
Q=[m(*0)-m(*p)]e
= 0=(19.003576 u-18.998403 u )(931 MeV /u)
= Q=4816MeV

(b) The Q-value of B"-decay is
Q= [m(ZEAl)—m( 25Mg)—2mg ]c2
= Q=[24.99032 u—24.985839 u -
2x0.511 MeV, 2 | 2

= Q=1(0.004593 u)(931 MeV/u)-1.022 MeV
= Q=4276 MeV -1.022 MeV = 3.254 MeV

GAMMA DECAY

The process of emission of a y-ray photon during
the radioactive disintegration of a nucleus is called
gamma decay.

As the emitted y-ray photons have zero rest
mass and carry no charge, so in a y-decay the mass
number and atomic number of the nucleus remain
unchanged and no new element is formed. A -
decay can be expressed as

X — 24X o+
(Excited state) (Ground state)
A nucleus does not contain photons, yet it can emit
photons. These photons are created during the emis-
sion process. We know that a nucleus can exist in
different energy states. After an « or a f-decay, the
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daughter nucleus is usually left in the excited state. It
attains the ground state by single or successive transi-
tions by emitting one or more photons. As the nuclear
states have energies of the order of MeV , therefore,
the photons emitted by the nuclei have energy of the
order of several MeV. The wavelength of such high
energy photons is a fraction of an angstrom. The
short wavelength electromagnetic waves emitted by
nuclei are called y-rays.

An example of y-decay is shown through an
energy level diagram shown in Figure. Here an unsta-
ble 5Co nucleus is transformed via a B-decay into
an excited 5 Ni nucleus, which in turn reaches the
stable ground state by emitting photons of energies
1.17 MeV and 1.33 MeV , in two successive y-decay
processes.

60, N -
2700 B

E,=1.17 MeV

¥

E,=1.33 MeV

Y

SONi
Energy-level diagram showing the emission of
y-rays by a SQCO nucleus subsequent to beta decay

Usually, y-rays are emitted after - or - decay, but
there are long lived radioactive nuclei that emit only

y-rays.

ILLUSTRATION 37

Calculate the kinetic energy of B-particles and the
radiation frequencies corresponding to the y-decays
shown in figure

12Mg%

> 1.015 Mev
10.834 MeV

0

13A|27

Given, mass of |, ng atom =26.991425 amu and
mass of 13Al27 atom =26.990080 amu

SOLUTION

Energy of photon corresponding to frequency v, is

th B E3 —E2

(] ]
= Vl = M
h
(1.015-0.834) MeV
6.62x107" Js
0.181x1.6x107% J
= Vl =

6.62x107 Js

= v, =437x10" s

Energy of photon corresponding to frequency v, is
hv, =E, —E,

E,-E

h

_(1.015-0) MeV
2= -34
6.62x10™" Js

= v, =245x10" s

Energy of photon corresponding to frequency v; is

h
(0.834-0) MeV
V3 = T}
6.62x10

= vy;=20x10" s
Now emission of B -particle is given by

oMg” 5 AT 4B v, +Q,
= Ql=[m(uMg27)—m(13A127)—E(v2)]
= Q, =[26.991425-26.990080]u—(E; —E, ) MeV
= (;=0.001345x931-1.015 MeV =0.237 MeV
= KE. of B particleis 0.237 MeV
Emission of 8, particle is given by

Mg” =13 A7 + 55 +v;+Q,
= Q,=1{[26.991425-26.990080]931-0.834} MeV
= Q,=0418 MeV

= KEof f, particleis 0.418 MeV
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CLASSIFICATION OF NUCLEAR REACTIONS

Nuclear reactions can be classified into the following
categories.

Elastic Scattering

The incident particle gets deflected without any
change in its energy, i.e.,

197

gHeJr 1l%Au — Au+ gHe

The bombarding particle passes sufficiently at large
distance away from the target nucleus so as to get
repulsion which changes its direction of motion with-
out any change in its energy.

Inelastic Scattering

If the bombarding particle passes close to target it gets

deflected. Due to strong repulsion, the target particle

also acquires some energy. So, the energy left with the

scattered particle is less than that it had initially.
H+3Li—>3Li+ H

’Li means existence of ;Li in one of its excited
states.

Simple Capture

The incoming particle is captured by the target
nucleus. The product nucleus which is generally in
the form of excited state decays to the ground state by
emitting y-ray of energy hv.

H+5C——5N— 5N +hy
Disintegration (Nuclear Transmutations)

The intermediate compound nucleus breaks up and
results in a product nucleus and an outgoing particle.
The product nucleus has different chemical properties
as compared to the target particle. Majority of nuclear
reactions belong to this category. Such nuclear disin-
tegrations are called Nuclear Transmutations.

(a) Disintegration by o-particles

(i) (e, p) reactions
A 4 A+4 A+3 1
zX+He—7,C*— 7 7Y+ H

{C* is Compound Nucleus }
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EXAMPLES
The historical experiment of Rutherford is an «
induced transmutation, an (e, p) reaction.

N4 Het — F 704+ H!

and is exoergic in nature (Q>0). Other useful
(@, p) reactions are

9B+ SHe— "IN* — 3C+ H
ﬁNa+§He—>gAl*—>ngg+1H
2T A+ S He—— 3P —— 39614 H
1S+ 3He—— VX —— 2oTi+ H

(i) (e, n) reactions
§X+§He—)§I§C*—>§I§Y+én

{C* is Compound Nucleus }
EXAMPLES
ILi+3He— 'B*—— "B+ \n

9Rat Bers_ 1201
4Be+ He— ' .C cC+on

F+3He— BNa*—— 2Na+ n
9 +2 1 11 0

2Na+jHe—— 2 AI* —— A1+ 1n
(b) Disintegration by protons

(i) (p, «) reactions: When the reactions yield
o-particles . The (p, (x) reactions are usually
exoergic and have the general form

2X+1H— 4HC*—— 473y +He
{C* is Compound Nucleus }
EXAMPLES

SLi+ H— [Be*—— He + 2He
(Q=4MeV)

ILi+H—%Be* —— JHe+ jHe
(Q=17.35MeV)

"B+ H—"2c*——%Be+3He
(Q-859 MeV)

The product nucleus §Be is highly ustable and

decays almost immediately as {Be—s gHe +3He,
so that the final reaction gives three a-particles
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PF+ H— BNe* — O+ jHe
(Q=812MeV)
ﬁNa+ 1H—> ngg *—>$8N9+3He
(Q=238 MeV)
SaCu+ H—— 53Zn* —— 2Ni+ jHe
(Q=376 MeV)

(ii) (p, n) reactions: When the reactions yield
neutrons. The general equation of this type
of reactions is

FX+H——7HC —— Y +n

{C* is Compound Nucleus }

the product nucleus being isobaric with the

target nucleus.

Since two isobars differing in Z by unity

cannot both be stable, the product nucleus

is B" active, decaying by f' emission (or

electron capture) into % X (the same as target

nucleus):
A B A
7Y —eoncapre > 2%
EXAMPLES

"B+1H— "2C*—"lC+n
+
[

(Q=-1.763 MeV ) (Half-life=2.5 min)

23 1 2401 % .23 1
nNa+;H 12Mg >12Mg+on
23 Bt 23

1Mg——77Na

(Q=-4.84 MeV) (Half-life=12.35)
—ngr+}H—>g§Mn*—)ggMn+ g)n
hggMn‘B—+>g’1Cr

(Q=-2.16 MeV) (Half-life =310 days)

(63 1 B4 g . 63 1
29Cu+4H > 302N 30ZN+gn

63 B 63
k3OZn—> 5Cu

(Q=-4.15 MeV) (Half-life = 38.5 min)

The (p, n) reaction is always endoergic.

(iii)(p, y) reactions: When the reactions yield

y-photons . The compound nucleus formed
by absorption of proton by the target nucleus
does not emit any nuclear particle but goes
down to the ground state emitting one or
more y-photons. The (p, ) reaction is the
radiative capture of proton.

The general equation of (p, }') reaction is

A 1 A+1 A+l
7 X+ H—75C*—— 7 C+y

{C* is Compound Nucleus }
EXAMPLES
gLi+]H—>§Be*—>§Be+y
N4 TH—— 150 * 1504
FNT A== gU T —= 3 U+Y
PMg+ H— HAX — DA+ y
8

STAI+ JH— 285 2854y

(iv) ( p,d) reactions: When the reactions yield

deuterons. The general equation of this type
of reaction is

A 1 A-1 2
7 X+ H—",X+1H

This is an example of direct reaction without
any formation of the compound nucleus.

EXAMPLES
ILi+ ] H—SLi+2H
7Be+ H—%Be+2H
(c) Disintegration by neutrons

(i) (m, o) reactions: When the reactions yield

a-particles. The general equation for (n, o)
reactions is

S X +gn—s " C*—— 573V + He
{C* is Compound Nucleus |

The (n, a) reactions are usually exoergic, i.e.

Q is positive, particularly for medium heavy
nuclei.

EXAMPLES
SLi+jn—> jLi* — H+He

(Q=4.785 MeV)
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followed by *H——3He+ Je+¥,
9B+ in— IB*—— ILi+4He
(Q=279 MeV)
2Cl+ gn— 35C1* —— 32P + JHe

(Q=0.935 MeV)

The first two reactions are utilised in the
construction of neutron detectors as they
have fairly large cross-sections. The first
reaction also gives a method of producing
tritium which is useful in nuclear fusion.

(ii) (n, p) reactions: When the reactions yield
protons. The general equation for (n, p)
reactions is

IX+in—sACr—— JAY+1H
{C* is Compound Nucleus }
The product nucleus Y is anisobar of the tar-
get nucleus X with Z-value one unit lower

and is thus B~ active decaying to the target
nucleus. So,

So, the (n, p) reactions are such that the ini-
tial and final nuclides are identical. The pro-
cess therefore appears to be a conversion of
neutron into a proton and an electron.

EXAMPLES
YN+ pn—s UN*—— i C+ H
(Q=0627 MeV)
followed by '§C—gie= "IN+ e +7,
A+ n— BAF —— PMg + 1H

(Q=-1.83MeV)

followed by IMg—L_—T7Al+ e +7,

Only thefirst reaction is induced by thermal
neutrons.

(iii) (1, y) reactions: When the reactions yield
y-photons. This is the most important
neutron-induced transmutation, known as
radiative capture of neutrons, and has the
following general equation.
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X+ n— M C —— My 4y
{C* is Compound Nucleus }

The product nucleus is thus the same as the com-
pound nucleus in the ground state. The (1, y)
reaction is always exoergic (Q>0) and can be
induced by almost zero energy neutrons.

The radiative capture raises the target nucleus to
an excited isomeric state and by releasing the exci-
tation energy as ¥ photons, the product nucleus
becomes an isotope of the target nucleus. The iso-
topic product nuclei are generally 8~ active, as
it has a higher neutron-proton ratio compared to
the original one. In fact, this method of inducing
B-activity is used extensively with copious sup-
ply of neutrons from reactors.

EXAMPLES
*Hy gn— I H*— 3 H+y

followed by 1H1f—4y> He+ Oe+v

(d) Disintegration by deutrons

(i) (d, ) reactions: When the reactions yield

a-particles. The general equation of (d, &)
reactions is

SX+TH—— 5C*—— 571Y +,He
{C* is Compound Nucleus }

The Q-values are usually positive and the
reactions exoergic. Some example of (d, o)
reactions are given as under.

EXAMPLES

*Li+2H— 3Be* —— jHe+jHe
(Q=224 MeV)
UN+IH—"80*—— "2C+3He
(Q=13.57 MeV)
0+2H— 8F* — "IN+ He
BNa+2H— BMg* —— 2 Ne+3He
(Q=6.9MeV)
AL+ 2H—— Zsi* —— BMg + He

(Q=67 MeV)
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2Mg +2H—— ZAI* — 2Na + jHe
(Q=1.96 MeV)

Since the o-particles ejected from the compound

nucleus are to cross high potential barrier, the (d, )
reactions occur at fairly high energy of deuteron and
for low Z target nuclei.

(i) (d, p) reactions: When the reactions yield
protons. The general equation of (d, p) reactions
is

A 2 CA+2 5 L A+l 1

{C* is Compound Nucleus }

The Q-values are usually positive and the reac-
tions exoergic. For some light nuclei, however, Q
may be negative. Some examples of (d, p) reac-
tions are as under.

EXAMPLES
Li+2H—> JBe* —8Li+H
(Q=-0.193 MeV)
et 2H—S N *— 2C+ H
(Q=272 MeV)
#Na+7H

C25pp 24 1
> oMg >71Na+H

(Q=474 MeV)

31y, 2 Bex 325, 1
15P+1H—>35" —— 15 P+H

(Q=571MeV)

109 2 R 110 1
aAg+iH 4Cd* > g Ag+H

(Q=46 MeV)

The products of (d,p) reactions are usually
radioactive
(iii) (4, n) reactions: When the reactions yield

neutrons. The general equation of (d, n] reaction
is

2X+{H——7C —— 7Y+
{C* is Compound Nucleus }

With some exceptions, the (d, n) reactions are
exoergic and the Q-values are positive. The
product nucleus Y is an isotope of the com-
pound nucleus. Some examples of (d, n) reac-
tions are given below.

EXAMPLES

gLi+$H—>iBe*—>§Be+én
(Q=15.024 MeV)

Be+H— B*—— 2B+ n
(Q=4.36 MeV)

e 2H—— N — BN+ gn
(Q=-0.283 MeV)

0+2H— "8F* — Tk +1n
(Q=-1.625MeV)

B Cl+2H—— 3 Ar* —— 38Ar+n
(Q=6.28 MeV)

When deuterons bombard deuterons both
(d,p) and (d,n) reactions may be observed
because of the two alternative decay schemes
for the compound nucleus.
TH+TH— 3 He* — TH+ H

(Q=4.03 MeV)
12H+12H—>3He*—>3He+10n

(Q=3.26 MeV)
The product ;H is tritium, an isotope of hydro-
gen. Its nucleus is called triton which is -active.
H—L 5 3He+7, (Half-life =124 yr)

The other product ;He is a stable isotope of
helium.

The tritium may be bombarded with deuterons
to produce (d, n) reaction

TH+TH—— He* —— JHe+gn
(Q=17.6 MeV)

The reactions with beryllium and deuterium
serve as sources of neutrons. A thick beryllium
target if bombarded with T MeV deuterons
(accelerated in a cyclotron or Van de Graaff gen-
erator) yields about 10° neutrons per sec per
UA deuteron-current absorbed in the target.

(iv) (d, t) reactions: When the reactions yield tritium.
The general equation of (d, t) reactions is

A 2 A+2 A-1 3
7 X+ H—7,{C*—",Y+{H

{C* is Compound Nucleus }
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The product nucleus Y is an isotope of the target

9 9 8 1
. . . Be+y—— Be*——Be+ n
nucleus X . The cross-section of such reactions is 4 4 4 0

low. Some examples are as under. (7, n reaction)
Li+H— jBe*—— SLi+ H iBe+y—— 3Be*——SLi+H

(Q=-0.996 MeV ) (7, p reaction )

iBe+ H—— iB*——}Be+ H The last (y, n) reaction serves as a convenient

(Q=459 MeV) source of neutrons.
_ . Neutral 7-mesons can be artificially produced
NOTE: At higher energies (>20 MeV) of deu- by the interaction of y-rays with hydrogen and
terons the (d, 2n), (d, 2p), (d, 3n) etc. reactions deuterium.

in which more than one particle (two or more)
is emitted from the compound nucleus become

important, e.g. 2H iy + lnt 1H

W Ag+IH——'RCd*— "Y.Cd+2§n

H+y——n’+H

H+y—n’+1H
(e) Photodisintegration ( y-induced transmutations)
This type of reactions, called photo disintegra-
tions or photonuclear reactions, occur when
sufficiently high-energy photons enter into a
nucleus. The energy of the incident photon must
be greater than the binding energy of a nuclear
particle (separation energy) like neutron, proton,

The first reaction can occur only if the energy of
the y-photon is not less than the threshold value
equal to the mass-energy of the neutral pion
mass. Steinberg could produce 7°’-mesons by
bombarding light targets such as hydrogen or
beryllium with high energy x-radiation from an

, electron synchrotron.
a-particle ete. to produce (7, 1), (v, p), (v, ) yn
etc. reactions. Y+ ,Be— ;B*—— jBe+ n
The photo disintegration of deuteron, discovered (Photon)

by Chadwick and Goldhaber, deserves special
mention, for it was from this reaction that they  HAaliGUILEL

evaluated neutron mass. A proton is bombarded on a stationary lithium

’H+y— H*— H+ln nucleus. As a result of the collision two « particles
are produced. If the direction of motion of the «
particles with the initial direction of motion makes

(y, n reaction)

Another example of (V’ n) reaction is an angle cos™! (%) , find the kinetic energy of the

3Be+}/ \386* ‘iBe+(1Jn

striking proton. Given binding energies per nucleon
This reaction is used for preparing the source for ~ of Li" and He" are 5.60 and 7.06 MeV respectively.

photo-neutrons. (Assume mass of proton = mass of neutron).
Other y-induced reactions are: SOLUTION
§C+y— 5C*—— [Be+;He Q value of the reaction is given by
(7, a reaction) Q=(2x4x7.06-7x5.6) MeV =17.28 MeV
1éB+ y— %B = 2Be+ fH
(7, t reaction) p Li’
0B+ y——10B*—8Be+2H o— O -

(7, d reaction)
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Applying Law of Conservation of Energy for
Collision, we get

K,+Q=2K, (1)

where K, and K, are the kinetic energies of proton
and « particle respectively.

Applying Law of Conservation of Linear Momentum,
we get

J2m,K, =22m,K, cosf .(2)

1 2

= Kp=16Kacosze=(16Ka)(ﬂ
{ m, = 4mp}
= K,=K, ..(3)

Solving equations (1) and (3) with Q=17.28 MeV,
we get

K, =17.28 MeV

NUCLEAR FISSION

The splitting of heavy nucleus into two or more
fragments of comparable masses, with an enormous
release of energy is called nuclear fission.

In nuclear fission, heavy nuclei having mass
number A greater than 200, break up into two or
more fragments of comparable masses. The most
suitable fission material, from a practical point of
view, to achieve energy from nuclear fission is ¢, U>*
. The technique is to hit a uranium sample by sample
by slow moving neutrons (kinetic energy = 0.04 eV,
also called thermal neutrons). A 4, U™ nucleus has
large probability of absorbing a slow neutron and
forming 4, U*® nucleus. This nucleus then fissions
into two parts. A variety of combinations of the mid-
dle-weight nuclei may be formed due to the fission.
For example, one may have

92U235 + Onl — 92U236 - X+ Y+20n1 ;
OR U + 1" -, U 5 X" +Y"+3 1

and a number of other combinations.
In the nuclear fission reaction

235 1_,23% 141 9 1
U+ = U= 5 Ba+ 3 Kr+3 jn° +energy

The mass defect is given by

Am = mreactants - mproducts ! Where

m = (M -92m, )+m, and

reactants

mpmduds = (MBa —56mﬂ )+(Ml(r - 36m{, )+3m

= Am=(My+m, )—(Mg, + M, +3m,)
The Q value is given by
Q= [(MU +mn )_(MBa +MKI +3mn)]C2

In a nuclear fission reaction, we observe that

(a) on an average, 2.5 neutrons are emitted in each
fission event.

(b) mass lost per reaction is= (0.2 a.m.u.

(c) innuclear fission reaction, the total B.E. increases
and excess energy is released.

(d) in each fission event, about 200 MeV of energy
is released. A large part of this released energy
appears in the form of kinetic energies of the two
fragments. Neutrons take away about 5 MeV .

When slow neutrons are bombarded on 92U235, the
fission takes place according to reaction

92U235 + I 56Ba141 i Kr? .|.3(0n1 )+200 MeV

(a) In nuclear fission the sum of masses before
reaction is greater than the sum of masses after
reaction, the difference in mass being released in
the form of fission energy.

(b) The phenomenon of nuclear fission was discov-
ered by Otto Hans and F. Strassman in 1939 and
was explained by N. Bohr and J.A. Wheeler on the
basis of liquid drop model of nucleus.

(c) It may be pointed out that it is not necessary that
in each fission of uranium, the two fragments
Ba"" and Kr*? are formed but they may be any
stable isotopes of middle weight atoms. The most
probable division is into two fragments contain-
ing about 40% and 60% of the original nucleus
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with the emission of 2 or 3 neutrons per fission.
So, average number of neutrons produced per fis-
sion is 2.5.

(d) Most of energy released appears in the form of
kinetic energy of fission fragments.

(e) The fission of U?*® takes place by fast neutrons.

CHAIN REACTION

If on the average more than one of the neutrons pro-
duced in each fission are capable of causing further
fission, the number of fissions taking place at succes-
sive stages goes on increasing at a rapid rate, giving
rise to self sustained sequence of fission known as
chain reaction. The chain reaction takes place only if
the size of the fissionable material is greater than a
certain size called the critical size.

There are two types of chain reactions.

Uncontrolled Chain Reaction

In this process the number of fissions in a given inter-
val on the average goes on increasing and the sys-
tem will have the explosive tendency. This forms
the principle of atom bomb. If a nuclear reaction is
uncontrolled then in about 1 s, energy of order of
2x10° J is released.

Controlled Chain Reaction
(As in a Nuclear Reactor)

In this process the number of fissions in a given inter-
val is maintained constant by absorbing a desired
number of neutrons. This forms the principle of
nuclear reactor, consisting of the following parts:

(@) Fuel: The fuel is U or U™ or Pu®’

(b) Moderator: A moderator is a suitable mate-
rial to slow down neutrons produced in fission.
The best choice as moderators are heavy water
(D2O) and graphite (C).

(c) Controller: To maintain the steady rate of fission,
the neutron absorbing material known as con-
troller is used. The control rods are made of
Cadmium or Boron-steel.

(d) Coolant: To remove the considerable amount
of heat produced in the fission process, suitable
cooling fluids known, as coolants are used. The
usual coolants are water, carbon-dioxide, air etc.
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(e) Reactor Shield: The intense neutrons and gamma
radiation produced in nuclear reactors are harm-
ful for human body. To protect the workers from
such radiations, the reactor core is surrounded
by concrete wall, called the reactor shield.

Critical Mass

If the amount of uranium is too small, then the lib-
erated neutrons have large scope to escape from
the surface and the chain reaction may stop before
enough energy is released for explosion. Therefore,
in order for explosion to occur, the mass uranium has
to be greater than some minimum value, called the
critical mass.

Reproduction Factor

Itis the ratio of the rate of neutron production and the
rate at which the neutrons disappear.

Whether a mass of active material will sustain a
chain reaction or not is determined by the reproduc-
tion factor (K).If K>1, the chain reaction will be
sustained. If K =1, the mass is said to be critical.

ILLUSTRATION 39

Polonium (%gPo) emits ,He particles and is con-

verted into lead (%Pb). This reaction is used for

producing electric power in a space mission. Po*
has half life of 138.6 days. Assuming an efficiency
of 10% for the thermoelectric machine, how much
#0Po is required to produce 1.2x107 J of electric

energy per day at the end of 693 days. Also find the
initial activity of the material.
Given: Masses of nuclei

20pg =209.98264 amu, 2% Pb=205.97440 amu,
»He = 4.00260 amu.
1 amu =931 MeV and
Avogadro number = 6 x 10% mol™
SOLUTION
Since, *gPo—— “g3Pb+ ;He
= Am=0.00564 amu
Energy liberated per reaction is

AE =(Am)931 MeV =84x107" |
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Electrical energy produced is 10% of AE ie,
=84x107"]

Let m g of “"Po is required to produce the desired
energy, then

N=""»6x10%
210
Also, A= 06% _ 0.005 per day
14.;2

23
_ (_d_N)= < (0005)(6x10% ) er day
dt 210
So, electrical energy produced per day is
23
. (0.005)(6x10% )m (84X10 ]
210
Since, E=1.2x10’ [given)
= m=10g
Activity at the end of 693 days is
0.005x6x10% x10 10" ( 1 )
R= = d = —
210 7 Perday=R| 5
where, 1 is the number of half lives
. 693 _5
138.6

21
=  Ry=R(2) =32><%=4.57><1021 per day

ILLUSTRATION 40

In a nuclear reactor, fission is produced in 1g for
U™°(235.0439 u) in 24 hours by a slow neutron
(1.0087 u). Assume that ;;Kr’*(91.8973u) and
sBa'*! (140.9139 amu) are produced in all reactions
and no energy is lost.

(a) Write the complete reaction
(b) Calculate the total energy produced in kilowatt

hour. Given 1u =931 MeV .

SOLUTION

The nuclear fission reaction is
9 U™+ Onl - 56Ba141 + 36Kr92 +3 Dnl
Mass defect Anm = [(mu +m,, )= (mg, +my, +3m, )]

Am =256.0526-235.8373 = 0.2153 u

Energy released, « =0.2153x931 =200 MeV

6.02x10%

Number of atoms in1g= =2.56x10*"

Energy released in fission of 1g of U™ is

Q=200x2.56x10*" =5.12x10* MeV
= 0=(512x10%)x(1.6x10™)=82x10" |

10
- 0= 8'2“06 kWh = 2.28x10* kWh
3.6x10
NUCLEAR FUSION

The phenomenon of combination of two or more light
nuclei to form a heavy nucleus with release of enor-
mous amount of energy is called the nuclear fusion.
The sum of masses before fusion must be greater than
the sum of masses after fusion, the difference in mass
appearing as fusion energy. The fusion of two deute-
rium nuclei into helium is expressed as

H? + H* —— ,He" +23-8 MeV

It may be pointed out that this fusion reaction does
not actually occur. Due to huge quantity of energy

release, the helium nucleus ,He* has got such a
large value of excitation energy that it breaks up by
the emission of a proton or a neutron as soon as it is
formed, giving rise to the following reactions.

JH? + H? —— ,He’ + yn' +Q(=3-26 MeV )
H?+ H? —— H*+ H' +Q(=4-04 MeV)

The fusion process occurs at extremely high tempera-
ture and high pressure just as it takes place at sun

where temperature is 107K .. So, fusion reactions are
also called Thermo-nuclear reactions.

Nuclear fusion has the possibility of being a
much better source of energy than fission due to the
following reasons.

(a) In fusion there is no radiation hazard as no radio-
active material is used.

(b) The fuel needed for fission (U-235etc.) is not
available easily whereas hydrogen needed for
fusion can be obtained in huge quantity.

(c) The energy released per nucleon is much more in
fusion than in fission.
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However, the very high temperature and pressure
required for fusion cannot be easily created and
maintained and as such it has not been possible as
yet to use fusion for power generation.

(a) Forthe fusion to take place, the component nuclei
must be brought to within a distance of 107 m.
For this they must be imparted high energies to
overcome the repulsive force between nuclei.
This is possible when temperature is enormously
high.

(b) The principle of hydrogen bomb is also based on
nuclear fusion. To start a fusion bomb very high
temperature is required. This is achieved by incor-
porating an atom bomb within the nuclear bomb.

(c) The source of energy of sun and other stars is
nuclear fusion (or thermo-nuclear reactions).
There are two possible cycles:

(i) Proton-Proton cycle

In 1938, Hans Bethe suggested that the stel-
lar energy is produced by thermonuclear
reactions in which protons are combined
and transformed into helium nuclei. This is
known as proton-proton cycle and is appli-
cable for relatively low stellar temperature.
The cycleis

H+H— H + 2 +v+042 MeV ..(1)
(HE 4 H'— ,He® + 7 +5.5 MeV -(2)
He? +,He —— Het + H + H' +

128 MeV ..(3)

The reactions (1) and (2) occur twice to yield
two zHe3 nuclei.

Net result is
H+H+H +H — He*+2,8°+
2v+2y+Energy (24-6 MeV)

(i) Carbon-Nitrogen cycle
For the main sequence stars with extremely
high temperatures, Bethe suggested an
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alternative to proton-proton cycle called the
Carbon-Nitrogen cycle. The cycle is

H 4+ C?—— NP 4y +1.95 MeV
NP —— (B4 B0 +v+2.22 MeV
sC%+H — N" +y+7.54 MeV
N4 H' — 0™ +747.35 MeV
g0 —— NP+ 8% +v+27 MeV

NP 4 H'— (C'2 + He* +4.96 MeV
Net result is
H+H 4+ H + H—— He' +2,8° +
2v+ 3y (Energy =26-7 MeV)

For sun, both the cycles occur with equal
probability. Stars with masses between 0.4 to
2.5 solar mass produce energy mainly by C-N
cycle rather than P-P cycle. Stars with masses
0.4 solar mass or lower (which constitute
the bulk of stellar population in our galaxy)
mainly derive their energy from P-P cycle.

ILLUSTRATION 41

It is proposed to use the nuclear fusion reaction:
2 2 4

in a nuclear reactor of 200 MW rating. If the energy
from above reaction is used with a 25% efficiency in
the reactor, how many grams of deuterium will be

needed per day. (The masses of ;H* and ,He* are
2.0141 and 4.0026 u respectively).

SOLUTION

Energy released in the nuclear fusion is

Q= Amc® = Am(931) MeV

= Q=(2x2.0141-4.0026)x931 MeV =23.834 MeV

= (Q=23834x10°eV

Since efficiency of reactor is 25%
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So effective energy used is

AE = 2 23,834 x10° x 1.6 X107 ]
100

= AE=9534x107"]

Since the two deuterium nucleus are involved in a
fusion reaction, therefore, energy released per deute-
. 9.534x107"

rium i

For 200 M‘WP
required is

ower per day TNMber of deuterium nuclei

_200x10° x 86400

N=
9.5234 10713

=3.624x10%

Since 2g of deuterium constitute 6x10* nuclei,
therefore amount of deuterium required per day is
2x3.624x10%
m=="108
6x10

ILLUSTRATION 42

In the fusion reaction TH+H——3He+gn,
the masses of deuteron, helium and neutron expressed
in amu are 2.015, 3.017 and 1.009 respectively. If 1 kg
of deuterium undergoes complete fusion, find the

=120.83 g/day

amount of total energy released 1 amu =931.5 MeVc .
SOLUTION

Am=2(2.015)-(3.017 +1.009) = 0.004 amu
So, energy released is

AE =(0.004x931.5) MeV =3.726 MeV

Energy released per deuteron = % =1.863 MeV

6.02x10%

Numberofdeuteronsin1kg = =3.01x10%

So, energy released per kg of deuterium fusion is

E =(3.01x10% x1.863) = 5.6 x10% MeV
= E=9x10"]

NUCLEAR HOLOCAUST

The estimate of after effects of the atomic (or nuclear)
explosion is termed as nuclear holocaust. If a fusion
bomb explodes, then a nuclear holocaust will not

only destroy every form of life on earth but will also
make this planet unfit for life for all times. The radio-
active waste will hang like a cloud in earth’s atmos-
phere and will absorb sun’s radiations, thus causing
a long nuclear winter. One can imagine this only by
the mathematical figures quoted, according to which
energy liberated by fission of 50 kg of U™ s equal to

4x10" ] which is the energy available from 20,000
tons of Trinitrotoluene (TNT).

USE OF RADIOISOTOPES

In Medicine
Radioisotopes are extensively used in medicine:

(a) Radio iodine is used to determine the condition
of human thyroid gland. Iodine-131 is adminis-
tered orally to the patient. After a sufficient time,
the activity is measured. From the observations
it can be interpreted whether the gland is over-
active, normal or under-active.

(b) Amounts of sodium and potassium in the body is
measured by using Na-24 and K-42 as tracers.

(c) Radioactive isotopes are used to locate the posi-
tion and extent of cancer.

(d) Radioisotopes are used in locating tumors within
the brain.

(e) Radioactive Cr’! is used to locate the exact posi-
tion where the hemorrhage might have taken
place inside the body.

(f) Water contents of the body are measured by
using deuterium and tritium as tracers.

(g) Radio gold is being used for the treatment of
leukemia.

In Industry

(@) Radioactive Carbon-14 is used to study wear and
tear of the position of an engine. C-14 is mixed
with the ring. After some time, the engine oil is
analysed to detect the presence of any radiation
in it. In case of wear and tear the radiations are
found to be there.

(b) Radio Cobalt is used for testing fields and cast-
ings by taking their photographs with y-rays.

As Tracers

The radioactive isotope has identical chemical prop-
erties as another stable isotope. Therefore, by mixing
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it with stable isotope we can trace the presence or
distribution of the element in a biological or physical
system by detecting the radiation emitted by radio-
isotope of that element. The radioisotope in such a
case is said to be a Tracer.

Thus, a radioactive tracer is a radioisotope

which, when mixed with a chemically similar ele-
ment or artificially attached to a biological system,
can be traced by radiation detecting devices.

Following are the few examples of radioiso-

topes acting as tracers:

(@

(b)

(c)

(d)
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Phosphorous-32 mixed with phosphorous
manure has been used to study the process of
extracting food from soil by various plants.
Radio carbon is being used for research in photo-
synthesis in plants.

The progress and absorption of sodium chloride
in the body can be studied by feeding the person
with radio-isotope sodium-24 along with sodium
chloride.

With the aid of radioisotopes, the rate, place and
sequence of formation of the organic constituents
of a living body can be studied.

0‘7 Test Your Concepts-Ill

1.

Based on Nuclear Reactions, Alpha, Beta, Gamma Decay, Fission and Fusion

Consider two decay reactions.

(a) “55U— “55Pb+10 protons+22 neutrons

(b) %53U— %5Pb+83He+6 elctrons

Are both the reactions possible?
Given: Average binding energy of %35U =7.57 MeV,
that of 225Pb =7.83 MeV and that of 3He =7 MeV

per nucleon.
Find the minimum kinetic energy of an a-particle

to cause the reaction '*N+*He =70+ "H. Given

that, the masses of "N, *He, 'H and O are
respectively 14.00307 u, 4.00260 u, 1.00783 u and
16.99913 u.

In a neutron induced fission of o,U
usable energy of 185 MeV s released. If a o,
reactor is continuously operating it at a power level
of 100 MW, find the time it takes for T kg of ura-
nium to be consumed in this reactor.

A neutron breaks into a proton and electron.
Calculate the energy produced in this reaction in
MeV. Mass of an electron is 9x10>" kg, mass of
proton is 1.6725x107% kg, mass of neutron is
1.6747x107 kg and speed of light 3x10% ms™'.

It is observed that 2;‘; Bi
equation.

23 nucleus,

U235

decays as per following

212Bi—— 2% TI+ 5He

The kinetic energy of aparticle emitted is 6.802 MeV.
Calculate the kinetic energy of Tl recoil atoms.

6.

(Solutions on page H.90)

The nuclear reaction, n+'%B— JLi+3He s

observed to occur even when very slow-moving

neutrons (M, =1.0087 amu) strike a boron atom

at rest. For a particular reaction in which K, =0,

the helium (M, =4.0026 amu) is observed to

have a speed of 9.30x10° ms™". Determine

(a) the kinetic energy of the lithium
(M =7.0160 amu) and

(b) the Q-value of the reaction.

Neon-23 decays in the following way

nge—>%~’;Na+_2e+v
Find the minimum and maximum kinetic energy
possessed by the beta particle (_ﬂe). The atomic
masses of “Ne and “’Na are 22.9945 u and
22.9898 u, respectively.

The radionuclide ''C decays according to the
reaction.

e MBtet +v.

The maximum energy of emitted positrons
is 0.961 MeV. Given that atomic mass of ''C
ism,=11.011434 u, atomic mass of "B is
mg =11.009305 u, and the mass of positron is
m, =0.0005486 u, calculate disintegration energy
Q and compare it with the maximum energy of the
emitted positron given above. (Tu=931MeV).

It is proposed to use the nuclear fusion reaction

H2 4+ HE— He* in a nuclear reactor of
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10.

11.

200 MW rating. If the energy from the above reac-
tion is used with a 25% efficiency in the reactor,
how many gram of deuterium fuel will be needed
per day. Given that the masses of ;H? and ,He* are
2.0147 atomic mass units and 4.0026 atomic mass
unit respectively.
Assuming the splitting of
200 MeV energy, find

(a) the energy liberated in the fission of 1 kg of

U* and
(b) the mass of coal with calorific value of

30 k‘]gm'1 which is equivalent to 1 kg of U,

U? nucleus liberates

In a nuclear reaction a+;N"*— ;0" +p when

o-particles of kinetic energy 7.7 MeV were bom-

barded on nitrogen atom protons were ejected

with a kinetic energy of 5.5 MeV.

(a) Find the Q-value of the reaction

(b) Find the angle ¢ between the direction of
motion of proton and a-particle.

Given that atomic mass of 1H1=1.00814 amu,

atomic mass of 7NM =14.00752 amu, Atomic

mass of 8OW =17.00453 and atomic mass of

,He* =4.00388 amu.

12.Show that “JU does not decay by emitting a

neutron or proton. Given masses are m(%9U) =

230033927 amu; m(ZU) = 229.03349%
amu; m(ZZ;Pa) = 229.032089 amu; m(n) =
1.008665 amu, m(p) = 1.007825 amu.

13. 8 protons and 8 neutrons are separately at rest.
How much energy will be released if we form
"0 nucleus? Given that mass of 'SO atom is
15.994915 u, mass of neutron is 1.008665 u and
mass of hydrogen atom is 1.007825 u

14. Calculate the minimum kinetic energy of pro-
tons incident on C' nuclei at rest in the labora-
tory that will produce the endothermic reaction

BC(p, n)N. Given that
m("3C)=13.0033554, m, =1.0086654

m("H)=1.0078254, m("*N)=13.0067384
15. It is observed that 20 MeV energy is released per
fusion in the reaction {H? + H> —, He*+,n’.
Calculate the mass of \H” consumed in a fusion
reactor of power 1 MW in 1 day.

J
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A radionuclide with half life 1620 sec is produced in
a reactor at a constant rate 1000 nuclei per second.
During each decay energy 200 MeV is released. If
production of radio nuclides started at t =0, calcu-
late the rate of release of energy at 3240 second and
the total energy released upto 405 second.

SOLUTION

Let N be the number of nuclei at time ¢, then net rate
of increase of nuclei at instant ¢ is,
dN

N N
i “

{where ¢ = rate of production of nuclei}
N N t
= J. = Jdt
a—-AN
0 0

= N=%(1—e"“) (1)

Rate of decay at this instant

R=AN=o(1-¢7%)

Hence, the rate of release of energy i.e. i—E is given
by f

dE Energy released

—=R|".

dt in each decay
dE _
dt
Substituting the values, we get

JE (
2 1000
il

= a(1-e~)(200) MeV sec™

@XSMU
1—¢1620

)(200)

(Rate of Release
=

=15x10° MeVsec ™
of Energy

Total number of nuclei decayed upto time { is af - N

decayed nuclei )

Hence, total energy released upto this instant is

(Total number of) _ t—ﬂ(l—e'm )

E=[at—%(1—e"“)](200) MeV

SOLVED PROBLEMS
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Substituting the values, we get
0.693
_ 1000 ( “1620 4 )
E=]1000x 405 - 0.693 1-e 200 MeV
1620

= E=6.63x10° MeV

The energy received from the sun by earth and its
surrounding atmosphere is 2 cal em? min™ on a
surface normal to the rays of sun. Calculate the

(a) total energy received in joules by earth and its
atmosphere.

(b) total energy radiated in ] min ™' by sun to the uni-
verse? Distance of sun to earth is 1.49x10" km.

(c) rate in mega-grams per minute) at which the
hydrogen must be consumed in the fusion
reaction to provide the sun with the energy it
radiates.

Take mass of hydrogen atom to be 1.008145 amu and
mass of He atom to be 4.003874 amu.

SOLUTION

(a) Let D be the diameter of earth. Then effective
area of earth receiving radiation normally is

D2
Aeff = ﬂ:Rz = L
r(1.27x10*)°
= Ay =T k'

= Ag= 2(1.27)2 x10' cm?
Energy received by the earth per minute is

E

received

{%(1.27)&10“‘ ]x(2x4.2) Jmin~!

= E

received

=10.645%10"® Jmin™

(b) The area of the surface surrounding the sun at a
distance equal to earth-sun separation is 47d”.

2
=  A=47(149x10®) x10° x10* cm?
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=  A=47(149)"x10* cm?
Since the energy is received at the rate of

2calem™ min~" on this surface, so the energy
radiated by sun in Jmin™! is given by

E=2x42x[47(1.49)* x10% | jmin!
=  E=23444x10% Jmin™

(c) Since, we know that the fusion reaction in the
sun is
4H - He+Q
The mass defect for this reaction is given by
Am = 4(1.008145) - 4.003874
= Am=0.028706 amu
The energy released in one reaction is given by
Q=(0.028706)(931.5) MeV = 26.74 MeV
So, mass of hydrogen required for the purpose is
(4.032580)(1.66 X102 )(2.3444x10% )

m= gmin

(0.028706)(931.5)(1.6x107)

-1

=  m=3.6673x10% gmin™
=  m=23.6673x10"° megagram,/min

It is proposed to wuse nuclear reaction
0 ,Pb* 4+ He* to produce 2 kW elec-

Po
84
tric power in a generator. The half life of polonium

(Po™) is 1386 days. Assuming efficiency of the
generator be 10%, calculate

(a) how many grams of (Po™) are required per day
at the end of 1386 days.
(b) initial activity of the material

Mass of nuclei: Po?? = 209.98264 amu,
Pb*® =205.97440 amu,
,He* =4.00260 amu

1 amu =931 MeV

SOLUTION
(@ Am=0.00564 amu=5.25MeV=84x10"" ]
Since, A = 06% _ 0.005 per day

12

Letm g of Po? are required per day for the reac-
tor, then

(6.02%10% )m
210

23

- (_d_N)=AN=0.005x6.02><10 xm,
210

So, energy produced per day is

- 0.005% 6.02x10% x m
B 210

= E=(12x10°) mJ

er day

x8.4x107" J

Now, 10% 0f(12><106 )m equalstlO3 x24x3600]

2x10% x 24 %3600
m= 3
1.2x10

(b) R=AN= (0.005)(%)(6.0%1023)
210

~l44 g

= R=2064x10"" per day

10
Now, R=R0(l) { 0= 1386 =10]
2 138.6
= R,=(2)"R=211x10* per day

Suppose anucleus initially at rest undergoes o decay
according to equation

Y LYia
At t=0, the emitted o particle enters in a region of
space where a uniform magnetic field B=B;i and
electric field E=E,i exist. The o particle enters in
the region with velocity ©=1v;j from x=0. At time

F=Bx10"
%:ED
have speed twice the initial speed ©v,, then find

sec, the particle was observed to

(a) the velocity of & particle at time t.
(b) the initial velocity v, of the o particle
(c) thebinding energy per nucleon of & particle.

Given that
m(Y) =221.03 u, m(@) = 4.003 u,
m(n) = 1.009 u, m(p) = 1.008 u,

m, =§ x10%°kg, 9, =3.2x10™" C and

1u=931 MeVc >
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SOLUTION

(a)

(b)

()

Magnetic force on o particle, (att=0)

F, = ‘ﬂﬁxg): Qa[(f’o})x(Bog)]

— ~

= F,=-4,0Byk

Force due to electric field (at any time f)
H,==QE==anhf

Hence, the particle will move in a circular path in

y-z plane due to magnetic field and at the same

time it will move along x -direction. The resul-

tant path is therefore, a helix with increasing
pitch.

Hence, velocity of particle at any time ¢ can be
written as,

my,

E. \a. N N
ﬁ=[q"‘0t)i+vo cos ] — v, sin Bk

B
UQQt
m

where 6=t =
o

Speed of particle at any time ¢ is

foEot ’ 2 .2 2
v= | — | +v; { sin” 6+ cos 9:1}

MMy

Given v =20, at t:(\/§x107 )ﬂ,so, we get
anh

(20, = (V3107 402
= 1y=10" ms™

When an « -particle is emitted with velocity
0, from a stationary nucleus X , decay product
(nucleus Y ) recoils. Then by Law of Conservation
of Linear Momentum, we have

m,v, =m0,

o - M, v, =( 4.003 )(107)

y m, 221.03
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= = 1.81x10°> ms™
Total energy released during o -decay of nucleus
X is

E=KE. of nucleus Y +K.E. of & -particle

2 1 2

1
= E=Em v +Emab’u

¥y

_ 166x1077 [

= 10T (221.03)(1.81x10°)" +
X1.bX

(4003)(107 )’ ]
= E=211MeV

Hence, Mass lost during «a-decay is

ﬂu =0.0023u
931.5

Mass of nucleus X is

m, = (m, +mj,+0.0023)u

= m, =225.0353u
Mass defect in nucleus X is

Am =92m, +(225-92)m, —m, =1.898u
So, binding energy per nucleon is

BE _1898x93L5
A 225

Checkout from the following data, whether alpha

MeV =7.86 MeV

decay or any of the beta decay are allowed for * Ac.
m( %5 Ac) = 226.028356 amu,

m( %2 Fr ) = 222.017415 amu,

m( 26Ra ) = 226.025406 amu,

(

m( Z5Th) = 226.017388 amu,
(
(

m( $He ) = 4.002603 amu.

SOLUTION

Let us first write the reaction for the corresponding
decays and then find the disintegration energy Q. If
Q> 0, then the decay is allowed.
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For alpha decay

2gSAc - 2§§Fr+ o
= Q= [m( %SAC)—I’H( 2é%Fr)—m( 4He)]62
= (Q=5.50MeV {Alpha decay is allowed}
For 8~ decay

BeAc="Th+f +v
> Q=[M(%Ac)-M(*m)]¢
= Q=112MeV
For " decay

226 226 +
wAC— wRa+f +v

{B~ decay is allowed]

Q=[m( %SAC)—m( 2§2Ra)—2mc :Ic2

= Q=-038MeV [ B decay is not allowed]

For electron capture
%SACH?‘ - 2§§Ra+v
= Q:[m( 2%SAC)—m( 2§§Ra)]c2

= Q=064 MeV

From the above analysis, it is clear that during « -
decay the Q-value is maximum and hence chances of
o -decay are maximum.

A radionuclide consists of two isotopes. One of the
isotopes decays by o -emission and other by f3 -emis-
sion with half lives T; =405s, T, =1620 s, respec-
tively. At t=0, probabilities of getting o and f-
particles from the radionuclide are equal. Calculate
their respective probabilities at t=1620s. If at t =0,
total number of nuclei in the radio nuclide are N|,.
Calculate the time t when total number of nuclei

{Electron capture is allowed}

N
remained undecayed becomes equal to 70 :

Given, logy;2=0.3010,
xt+4x-25=0, x=0.594.

logw 594=0.7742 and

SOLUTION

At t=0, probabilities of getting o and f particles
are same. This implies that initial activity of both is

equal, say R,.

Activity after t =1620 s is
1620

1)405 R,

R, = — ——

! R"(z) 16
1620

1\ie0 R,
and R, = - =
: Rﬂ(z) 2
. 9
Total activity R=R, +R2:ERO

R
Probability of getting o particles is El =— and

OO0 O

Probability of getting 8 particles is % =
Since, Ry, = Ry,

N
- Nu_Ng
L T,
o Nu_1
N, 4

Let N, be the total number of nuclei at =0 then,

N 4N
Ny =—2 and N, =—2%
=g 2=z
. Ny
Given, that N +N, = >
t _t
No(LjE (L N,
512 512 2
_t
Let (%)lm = x, then the equation (1) becomes
x*+4x-25=0
= x=05%

t
= (%)"’“ = 0.594

Solving, we get
t=1215s

A radioactive element decays by [-emission. A
detector records n beta particles in 2 seconds and

: . 3 . ,
in next 2-seconds it records ik beta particles. Find

mean life correct to nearest whole number. Given
log, 121=0.6931, log, 13 =1.0986.
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SOLUTION

Let n, be the number of radioactive nuclei at time
t = 0. Number of nuclei decayed in time { are given
by n, (1 —e M ), which is also equal to the number of

beta particles emitted during the same interval of
time. For the given condition.

n=n,(1-¢2*) (1)
& (1-¢7)
n+Zn =ny\l-e ..(2)
Dividing equation (2) by (1), we get
1— o4
1.75=
1-e2*
= 175-175¢ =1-¢*
= 17507 ¢ =% ..(3)

Let us take ¢4 =x

Then the above equation becomes

x> =1.75x+0.75=0

:1.75iJ(1.75)2—(4)(0.75)

2
= «x=1and 3
4
> e =1ore? 3
4
But ¢** =1 is not accepted because which means

A=0.Hence, e ==

= —2Mlog,(e)=1log, (3)-log, (4)
= -2A=log,(3)-2log,(2)

= /1=10g€(2)—;log3(3)
Substituting the given values, we get

A= 0.6931—%><(1.0986 )=0.14395 5"

So, mean life

1
t,=—=6947s
an A‘
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A nuclear reactor generates power at 50% efficiency
by fission of %, U into two equal fragments of ";Pd
with the emission of two gamma rays of 5.2 MeV
each and three neutrons. The average binding ener-

gies per particle of %,U and ';oPd are 7.2 MeV and
8.2 MeV respectively. Calculate the energy released
in one fission event. Also estimate the amount to
U consumed per hour to produce 1600 megawatt
power.

SOLUTION
Energy Binding Binding Energy
released energy energy of two
in =| oftwo |- of —| emitted
one 16py =0 gamma
fission nuc1e1 nucleus rays

Here binding energy of %5U nucleus is
(AE)y =72x%235=1692 MeV

Binding energy of two L°Pd nuclei
2(AE)pg =2x82x116=1902.4 MeV

Energy of two emitted gamma rays is
2E, =2x52=104 MeV

Total energy released in one event is
E=(1902.4-1692-10.4) MeV

= E=200MeV

= E=200x(1.6x10")
= E=32x107"]

So, the number of fission per second required to pro-
duce 1600x10° ] of energy per second i.e. 1600 MW
will be

_ 1600x10°

322100 =5x10" 5!
2x

So, 5x10" nuclei of ** U per second are required for
this purpose. The mass of these nuclei is

- i><(5><1019 )
6.02x10%

= m=1952x10" gs'
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f23

Thus, amount of *’U consumed per hour is

m=(1952x10"*)x 3600
=  m=7027 ghr”'
Since reactor efficiency is 50%, hence the consump-
tion of °U per hour is given by
m=7027x2=1405¢

Nuclei of a radioactive element A are being pro-
duced at a constant rate o. The element has a decay
constant A. At time =0, there are N, nuclei of the
element.

(a) Calculate the number N of nuclei of A at time £.

(b) if o=2N,A, calculate the number of nuclei of
A after one half-life of A and also the limiting
value of N as f — oo.

SOLUTION

(a) Let at time t, number of radioactive nuclei are N
Net rate of formation of nuclei of A

dN
—=a-AN
dt
AN
= =dt
o—AN
N N t
= =|dt
o— AN .[

Solving this equation, we get
1 _
N=I(a—(a—lNU)e ") (1)

log, (2)
A

(b) (i) Substituting or=24AN; and t=t,, =
in equation (1), we get,

3
N=2N
510
(i) Substituting or=2AN, and - in equa-
tion (1), we get

(04
N=—=2N
A, 0
— N=2N,

PROBLEM 10

A nucleus X-initially at rest, undergoes alpha-decay,
according to the equation

A 228
pnX— Y +a

(a) Find the value of A and z in the above process.

(b) The « -particle in the above process is found to
move in a circular track of radius 0.11m in a
uniform magnetic field of 3 T. Find the energy
(in MeV) released during the process and bind-
ing energy of the parent nucleus X .

Given: m, =228.03 amu m, =4.003 amu

m( (}n) =1.009 amu m( %H) =1.008 amu
lamu=1.66x10" kg =931.5 MeVc ™

SOLUTION

(@) The given equation is,

AX—— Y+ 3He

A=228+4=232
and 92=2z+2
= z=90

2
m.,v

(b) ——*=4qv,B
r

qB qB
ZBZ 2
= K, :q i
2m,,
2
1.6x107) (3)*(0.11)*
= K ( ) () (011) MeV

“=2(4.003)(1.66x10-27 )(16x107)
= K, =521 MeV

Applying Law of Conservation of Linear
Momentum, we get

0=m,v, +nmyvy

= [py|=|pal

= 2myKy =2m,K,

= Ky=| 2= Ka=(%)(5.21)=0.09MeV
My 228.03
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Therefore, energy released during the process is
E= %(mavi +mYU§)—O =K, +Ky

=  E=K,+Ky=521+0.09=53MeV
Now, mass of %, X is

m( 53X ) = my +m,, +0.000365=232.033365 u
So, mass defect is given by
Am=92(1.008)+(232-92)(1.009)-232.033365
= Am=1.962635 amu =1.962635 u
=  Binding Energy =1.962635x 931.5 MeV
= Binding Energy = 1828.2 MeV

PROBLEM 11

A radioactive source in the form of metal sphere of
diameter 10~ m emits beta particles at a constant
rate of 6.25x10" particles per second. If the source
is electrically insulated, how long will it take for its
potential to rise by 1volt. Assume that 80% of the
emitted beta particles escape from the source?

SOLUTION

Let t be the time for the potential of metal sphere
to rise by one volt. Then up to this time, f3-particles
emitted from sphere are

N =(625%10" )¢

Number of f-particles that escape in this time are
N, = (@)x(s.%xlol” )t
100

= N, =5x10"¢

Since, the emission of a fi -particle leads to a charge
e on metal sphere, so charge acquired by the sphere
in time t sec is

Q=(5x10"¢)x(1.6x107)

= Q=8x10"t coulomb (1)
The capacitance C of the metal sphere is given by

C =4ne,r

-3
c =( 1 JX( 10 J
9x10° 2
1072
C= farad .(2)

18
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Since Q=CV where V =1volt

-12
= (8x10'9)t=(10 Jxl
18

= =69 us

PROBLEM 12

A nucleus at rest undergoes a decay emitting an
a-particle of de-Broglie wavelength, 1=5.76x 107" m.
If the mass of the daughter nucleus is 223.610 amu
and that of the e-particle is 4.002 amu. Determine
the total kinetic energy in the final state. Hence
obtain the mass of the parent nucleus in amu.

(1 amu = 931.470 MeVc2)

SOLUTION
Given mass of a-particle, m=4.002 amu and mass
of daughter nucleus,
M =223.610 amu
de-Broglie wavelength of a-particle,

1=576x10" m

So, momentum of ¢-particle is

=34
_h_6e3x107t

P 576x100
= p=1151x10" kgms™
By Law of Conservation of Linear Momentum, this
should also be equal to the linear momentum of the
daughter nucleus (in opposite direction).

Let K; and K, be the kinetic energies of
a-particle and daughter nucleus. Then total kinetic

energy in the final state is
22
K=K +K, =P+
2m 2M
2
= sz_(l—l—i)
2\m M
2
- K=p(M+mJ
2\ Mm

Since, 1 amu =1.67 x107% kg
Substituting the values, we get
K=10"]

-12
K= U =6.25 MeV

C1.6x1078
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= K=625MeV

Mass defect, Am = 6.25 =0.0067 amu
931.470
mass of mass mass of mass
parent |= of +| daughter [+| defect
nucleus o-particle nucleus (Am)

S My = (4.002+223.610+0.0067) amu

= m =227.62 amu

parent

Hence, mass of parent nucleus is 227.62 amu.

PROBLEM 13

A small quantity of solution containing Na,, radio
nuclide (half-life = 15 hour) of activity 1.0 microcurie
is injected into the blood of a person. A sample of the
blood of volume 1cm® taken after 5 hour shows an
activity of 296 disintegrations per minute. Determine
the total volume of the bond in the body of the per-
son. Assume that the radioactive solution mixes uni-
formly in the blood of the person.

(1 curie =3.7x10" disintegrations per second)

SOLUTION

A is the disintegration constant, then

069 0693
by 15

= A=00462h7"
Let R, be the initial activity then

Ry =1 microcurie =3.7x10* dps

Let r be the activity in 1cm® of blood at =5 hr,
then

r= % disintegration per second

= r=4.93 disintegration per second, and

R be the activity of whole blood at time =5 hr
Total volume of blood should be

V==
r

Roe-}.r

r

= V=

Substituting the values, we get

Ve ( 3.7x10* Je_(o_o%z)(s) cm?
493

= V=59x10° cm?®
= V=591t

PROBLEM 14

The element curium g, Cm has a mean life of 10"
seconds. Its primary decay modes are spontaneous
fission and o-decay, the former with a probability of
8% and the latter with a probability of 92%. Each fis-

sion releases 200 MeV of energy. If the mass of 25Cm
is 248.072220 u, 5, Pu is 244.064100 u and ,He is
4.002603 u . Calculate the power output from a sam-
ple of 10* Cm atoms. (1u=931mevc?)

SOLUTION
The reaction involved in ¢ -decay is

zngm - 23ﬁPu+ gHe
Mass defect

Am = m( 2$2Cm) —[m( 23iPu)+m( gHe):|
= Am=1(248.072220 — 244.064100 — 4.002603 )u
= Am=0.005517 u

Therefore, energy released in o -decay will be

E, =(0.005517 x931) MeV =5.136 MeV

Similarly, E¢ ., =200 MeV {given}
Mean life is
1
tmean = 1013 5=
A

So, disintegration constant A=10"" 5"
Rate of decay at the moment when number of nuclei
are 10%°

dN

X AN=(10"1)(10%)
dt
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= _IN 107 disintegration per second P= % =2.074x10° MeV

So, power output (in watt) is

Of these disintegrations, 8% are in fission and 92% are
P = energy released per second (]s'1 )

in o -decay.
Therefore, energy released per second is
. = P=(2074x10%)(1.6x10™")
p==
t So, power output is P =3.32x 107° W

= P=(0.08x107 x200+0.92x10” x5.136) MeV



