31

NUCLEI AND RADIOACTIVITY

31.1 INTRODUCTION

" You must have heard about the destructive powers of atom bombs. I the second
worid war, two big cities of Japan — Hiroshima and Nagasaki were completely destroyed .
by the effects of only one atom bomb falling on each cities. Can you imagine that such
large amount of energy was released by breaking of nuclei of atoms. The atoms are
themselves microscopic while the nuclei of atoms are still smaller about hundred
thousandth part (1/100,000) of the size of an atom. Is it not surprising to know that
such tiny masses have su¢h large energies hidden in them? In an atom bomb, the
‘breaking of the nuclei of atoms is a continuous, quick and uncontrolled process and
hence vast amount of energy is released suddenly in a fraction of a second and causes

- destruction. However,.the scientists have found a technique to release this nuclear
energy in & controlled manner and convert it into useful forms of energy like heat and -
electricity ete.

The by-products of atom bomb and atomic reactors are also radloacuve nuclei which emit
certain radiations. These radiation can cause damage to human body. However, scientist
have discovered some important uses of these radioactive sources of radiations. Do you
know that the only : avallable medical treatment of the fatal disease cancer is the exposure of
the affected part to the y (gamma) radiations from radioactive cobalt —-60? In agricullure
. also, the fruits and vegetables can be preserved for years afier exposure to gamma radiations.
Not only this, radioactivity has been used in determining the age of old rocks and fossils.

~ Would it not be interesting to know more about such nuclei and the property of radicactivity?
For this let us study this lesson.

31.2 OBJECTIVES
After smdymg this lcsson, you should be able to,
o determine the number of profons and neutrons in the nuclei of different atoms:
» know about the nature of the nuclear forces;
" @ explain the mass defect and the binding energy;
» explain radioactivity ar and 1o distinguish between the three types of radiations — i.e. u.3
~ and y radiations.
» calculate the half life and average life and to measure the activity of a radioactive
element; and '
o explain the uses of radioactivity in various fields.
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31.3 ATOMIC NUCLEI

The discovery of the presence of positively charged nucleus containing protons inside the
atom was made by Rutherford. It was later discovered by Chadwick (1932) that the nucleus
also contains uncharged neutrons. Thus basic constituents of nucleus of every atom are
protons and neutrons {except in the case of hydrogen atom which does not have any neutrons
in its nucleus).

Atoms of different elements are found to have different number of protons in theirnuclei. It -

is this number which distinguishes one type of atom from the other. Each elements has

been assigned a number — called atomic number according to which they are arranged in
-the periodic table (for details of periodic table see chemistry book).

~The number of protons in the nucleas of an atom of an element is called the ‘atomic

number’ of that element. Atomic number is usvally denoted by capital letter Z. Thus
hydrogen atom having only one proton in its nucleus has Z = 1; sodium is given atomic
number Z = 11 because it has 11 protons in its nucleus.  No two different elements can
have the same atomic number. The protons and neutrons together are called by the single
name nucleons as they are the only constituents of the nucleus. :

The total number of nucleons (i.e. the sum of the number of protons and neutrons) in the
riucleus of an atom of an element is called the mass number of that element. Mass number
is usuaily denoted by capital tetter A. Thus the mass number-of Lithium is A = 7, becanse
the nucleus of every Lithium atom contains 3 protons and 4 neutrons i.e. a total of 7 nucleons.

The different elements can have same mass number though they may have different
number of protons. For example, the mass number of some atoms of element Calcium
(with Z = 20) and that of Argon atoms (with Z = 18) is 4 = 40 each. Such pair of atoms
having same mass number (A-value) are called Isobars or Isobaric (Iso = equally;
baric = heavy). Since Isobaric atoms belong to different elements (i.e. with different -
Z - values), they show different chemical properties but may resemble in some of lhcu'
physical properties.

31.3.1 Atomic Mass Unit (a.m.n.) _
The mass of proton (m,)) = 1836 times the mass of an elecironIme) or= 1836 ’-"e and the
mass of a neutron (my,) = 1340 m,,.

fince the mass of an electron is negligibly small il comparison to the mass of a nucleon,
the whole mass of an atom is effectively due to the total mass of its nucleons. But the’
neutron is slightly heavier than the proton. Itis, therefore, required to choose some average -
massastheatommmassumtorastmdardmass—mt mtermsofwbxchthemasmofall
atonas (and also that of protons and neutrons) can be expressed

Itwdemdedﬁﬂthemassofac&rbm—ﬂommntmmngequﬂmmbmofmmdm

in its nuclei (i.e. six-protons and six neutrons) with mass number 12, be taken equal to 12 -
atomic mass units. (Carbon is chosen because it is available everywhere on earth with same
properties).’
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Nuclei and Radioctivity

Thus, value of one atomic mass unit is defined as the 1/12th of the mass of a
carbon atom withZ = 6 and A = 12.

Kn_ow_n'\}alue of the mass of a carbon atom = 1.99267 x 10-20 kg,
‘Now, since, mass of a carbon (A = 12) atom = 12 am.u.

Therefore, 1 amu. = 1/12 x mass of one carbon atom with 4=12
' = 1/12 x 1.99267 x 1026 kg
1 amu. = 1.66 0565 x 1027 kg
. =1l66x 10-27 kg approximately.

mass of a proton = my, = 1.67264 x 1027 kg
mass of a neutron = m, = 1.67493 x 102 kg

On this scale of measurement of mass for subatomic particles, we have,

1.67264 x 1027
mp = a.m.l
1.660565 x 10-27

ie, mp = 1.00727 am.u.

. 1.67493 x 10727
Similarly, my.. ——————_ _amu
1.660565 x 10-27

e m,, = 1.00865 a.m.u.

Can you now expréss the mass of an electron (me=9.1 % 10-31 kg) in a.m.u.? Since, we
will be using nuclear masses in a.m.u., therefore, it will be quite useful to know an energy
— equivalent of 1 a.m.u., which can be found by using Einsteins mass-energy equivalence
relation.

Energy = mass x &
Where ¢ is velocity of light in vacuum .

1.66 x 10727 x (3 x 108)2

]

Therefore, 1 amau.

1.492 x 10-10 Joule

. 1.492 x 1010

MeV =931 MeV
1.602 x 10713

31.3.2 Represgntat'i(m of an element by its atomic number and

mass number
The elements are syinbolically represented by writing its atomic number (Z) as lower prefix,

and the mass ~ nurber (4) as upper superfix with its chemical symbol. For example,

- sbdiun having chemical symbol Na, atomic number Z = 11 and mass number 4 = 23 is
symboﬁcaily represented as Na® . More generally any element with chemical symbol X
Fymi , Sy

- cad be w-“z X _

b
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31.3.3 Isotopes and Isotones _
It has been observed that some elements have the same atomic number but dtﬂ'erent mass
number in their mass spectrograph studies.

Such atams of the same element i.e. having same Z - value but different mass-numbers (i.e.

Id\ﬂ'erent A—vaiues} are called Isotopes. For example, hydrogen is found to have three
isotopic forms (H*, 1H2 and 1H3 called as irdrogen, deuterium and tritiumi, Similarly
chlorine has two Isotopes — 17Cl35 and 17C1

Thus, Isotopes of an element are atoms which have the same number of protons but
different number of neutrons.

Isotopes have identical chemical properties since they have the same number of electrons
(equal to the number of protons in the nuclei) and occupy the same place in the periodic
table. (In Greek —/so means same, fopes means\E}acc) Few elements con515f of only one
isotope; most are mixtures of isotopes.

However, two different atoms (i.e. with different Z - values) can have same number of
neutions in their nuclei. These are called Isofones.
For example. nuclei of § lNa23 and 12M324 atoms have 12 neutrons each.

The atoms of different elements having same number of neutrons in their nuclel are .
called Isotones.

Example 31.1: Mass of a Boron atom (sB'0) is 10.811 a.m.u. What is its mass in kg ?

Solution : Since ! a.m.u. = 1.660565 x 10-27 kg
Therefore 10.811 a.m.v. = 10.811x 1660565 x 10 27 g
= 17.952368 x 10-27 kg

Example31.2: F ind the number of electrons, protons, neutrons and nucfcam Irian atom of
element g3 '

Solution : This is symbol for Uranium.

Its atomic number Z = 92;

Mass number A4 =238
Therefore the number of protons = 92

The number of electrons = the number of protons = 92

The total number of nucleons = 238 = Sum of the no. of protons and neutrons,
_Therefore the number of neutrons = 238 - 92

= 146.

Example 31.3; Select the pairs of Isotopes, Isobars and Isotones in the following Im -
6CI2 13'“27 9K39 14‘5-,28 32(;976 20Ca40 34&.76 6cI4 :

Solution : Isotopes — (Same Z - vilue) - are 6C12 and 5C14
Isotones — [Same (A-Z) values] - are [13}\12'7 & 148123] [191(39 & 20(11401

Isobars— (same A values) - are 260" and 195°”

T
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Nuclei and Radioctivity

INTEXT QUESTIONS 31.1 _
1) Make groups of the Isotopes, Isobars and Isotones from the ﬁ)!lawing collection of
different atoms ;

§0'%. 2% 37' 6C12, 19470, (P, 5L, 32Ge70. 3575, JHE, 2060, Be. 1.
6C14 ggUP%5, 530?08, 4018 (U230, 1, NP3, 134F7, 1M, 157 1<
7P’ |

2) . Fill in the blanks :
i) Newtronisg--«----=-ac=n==mmam==~ than proton.
ii) The total number of protons and neutrons in atom is called the- - — - == - - - - -
manber of that atom. ‘
i) The protons and neutrons together are called by the name - - -~ ==~ -- - -
:iv,_)! The number of neutrons in 1344127.13 S R
v} _'ﬂ:enmnberqurotansin;ﬁizaiv=-----_ -------- .
vi) Two atoms are saidto belong to different elements if their - <= - -« ===~ numbers
are different. ' _ '
3).  Which number cannot be different in two atoms of same element — mass number,

atomic number, neutron number?

31.4 NUCLEAR FORCES ; :

The size of the mucleus is about 1015 m which is about 1073 times the size of the atom.
You have studied in the previous sections that the nucleus accomodates similarly charged
(positively) protons ina small space. The similarly charged bodies repel each other witha

. force which is inversely proportional to the square of the distance between them.

(Coulombian law in electrostatics). . Thus very large repulsive force acting between the
protons is not able to separate them apart or push them out of the nucleus. The nucleus is
stable in all atoms of all elements (except radio active elements). The question arises ‘what

" is that force which keeps all the protons together in a small space against such strong

repulsive Coulombian forces?

Will it not be ilteresting to guess about the reason of stability of nucleus and think about
the internal forces acting between the nucleons with the help of our imagination?

It is assumed that the nucleons are kept bound together with characteristic nuclear forces
which are attractive in nature and dominate over the repulsive Coulombian electrostatic
forces. Since they do not pull the exterior (i.e. orbital) electrons into the nucleus, they are
assumed-to be skort range forces operative within the nucleus only. Also since same

, ﬁmesmopmﬁvebmﬂlthetypuofnucleonsi.e.beitupairofpmtonsonpairof

neutronsoupuir'oomisﬁnaoflpmtonmdanamn.thenuclmfomsmnssumednot
‘todependuponthecharges.Wecunnowsaythnt,
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¢ Nuclear forces are one of the strongest attractive forces available in nature.
» They arc short range forces operative within the nucleus only.
* They are charge independent forces.

Later studies regarding the“nature of nuclear forces have revealed following more
information about them :

Nuclear forces have the property of saturation
This means that in the nucleus, because of short range order of nuclear forces, any one
nucleon interacts with only a limited number of other nucleohs nearest to it. This is apparent
from the fact that their binding energy is proportional to the mass number A" [i.e. binding
energy per nucleon is nearly constant over a large range of values of mass number, See Fig.
{31.1)on page3 8]. When a fresh nucleon is added to the nucleus, it interacts with a limited
number of nearest nucleons, and so adds a constant amount of the binding energy. Therefore,
the binding energy per nucigon does not change w:th a ehang% in the numbcr of nucleons.

31.4.1 Mass Defect

The mass of the nucleus of an atom of any element is always found to Be less than the sum
of the masses of its nucieons. This difference in mass is called mass-defect. For example,
. let us consider an atom denoted by . X*). This has Z - protons and (A~Z) neutrons in'the
nucleus. Now let the mass of the nucleus be = M,

* Also, the sum of the masses of the nucleons =Z m_, + (A-Z) my,
Therefore, Mass defect= Am={ [Z.mp + (A-Zym,] — M} kg

31.4.2 Binding Energy of Nucleons

The decrease in mass A m (mass defect) of the nucleus, made of Z - protons and (A-Z)
neutrons, is converted into energy and is liberated. This much energy must be supplied to

the compound nucleus to break it into its constituent parhcles hence it is called bmdmg

energy of the nucleus.

Binding Energy of the nucloons Am 02 Joules

Therefore, Binding Energy per nucleon B=A m czfA
[2my + (4-2) my— M.

oor B= Joules per nucleon

For Example, in the case of 6Cl2
’ Z=6,4=12, Therefore (4 ~-Z)=12-6=6

Also  M=12amu; (1 amu =931.5MeV)

[6 mp+ 6 m,, — 12] x 931.5
Therefore, B = ' MeV per nucleon
12 ,

= 7.41474 MeV per nucleon
|Using, my = 1.00727 a.m.u. and m,, = 1.00865 a.m.u.]

I, thus, suggests that on breaking the nucleus of any atom, this much energy can be released
which can be used for various purposes. This is obtained in nuclear fission of a heavy atom
like 92U235 about which you will study in the next lesson. This is the source of energy in
an atom-bomb.
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Nuclei and Radioctivity

The value of B is found to be increasing rapidly to about 8.8 MeV per nucleon as we move
from Helium (A4 = 4) to Iron (4 = 56); thereafter it remains practically constant over a large
range upto A = 170 and then it is found to decrease to about 7.6 MeV per nucleon for the
heaviest nuclei 92U238. Figure (31.1) shows the variation of B with 4 (mass number).

9 2 - T 1
o aall -
8 e N ﬂh&f ——— >
R Pl
_l_ 2™ Pd™™ ; i T —
7 : i
# - nPT‘“

Binding energy per nucieon

30 40 60 g0 100 120 140 160 160 200 220 240
Mass humber
Fig. 31.1: The variation of binding energy per nucleon with mass number

The light nuclei with A < 20-are the least stable. For example, the value of B for hea
hydrogen H2) is only 1.1 MeV per nucleon. The subsidiary peaks occurring at pHe®,
&C 12 g0 (even-even nuclei i.e. nuclei having even mumber of protons and even number
of neutrons) indicate that these nuclei are more stable than their immediate neighbours.

31.4.3 Nuclear Radius 7

The radius of the nueleus is found to depend upon the mass, which in turn depends on the
total number of nucleons, or the mass nufber (A). The radii () of most of the nuclei are
fairly represented by '

r=rp,(4 )lf3 .

where, r, is an empirical constant = 1.2 x 10~15 m — the same for all nuclei. Since the
volume of a nucleus is proportional to A (or the total mass), therefore, the mass per unit
volume (4= rjo‘3) is the same for all the nuclei, i.e. all nuclei have approximately the

same density which is of the order of 2.4 x 1017 kg m™3 (i.e. 240 million metric tonnes per
c.c.) A

INTEXT QUESTIONS 31. 2

1} What are the characteristic features of nuclear forces?

___...-,_--_.._--_..-_—.._...-_.._..._..._..-..---......---......._.._---_ ------

2) The mass of the nuclews of 3Li7 atom is 6.01513 a.m.u. Calculate the mass defect and
also the binding energy per nucleon. Given,.mp = 1007276 am.u.; m, = 1.008663
amu. and I amu. =931 MeV ,

e e o e A e o A e L m kA S SR - e M W W A W W W e

-3} What is the radius of the nucleus gf atom of 433_8?
[Hintr=r, A /3; re= 1.2x 10! m]

....-_---.-..-.-..---..-._-...----..-..-..-...,....----........-..------.__ ------
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31.5 RADIO ACTIVITY o

What is the age of our earth? How do the geologists estimate the age of rocks and fossils
found during excavations? What is radio-therapy which is used to treat a cancer patient?
I'he answers to all these interesting and useful questions can be found if you study about
radivactivity.

31.5.1 Discovery of the Radioactivity

The discovery of radioactivity was purely accidental. The story of its discovery is quite
interesting. In 1896. the French physicist A.H. Becqueral was working on the phenomeaon
of fluorescence. This is the property of certain substances to transform ultraviolet radiation
that falls on them into visible light. [n one of the drawess of his desk. Becqueral kept a |
collection of various minerals, besides several unopened boxes of photographic plates.
Somchow. the collection of materials remained untouched for a considerable period of
tinie. One day Becqueral used one of the boxes of photographic plates in order to photograph
something. ‘When he developed the plate, he was disappointed to find that they were badly
" fooged as if previously exposed to light. He tried the other boxes of photographic plates
and found them also to be in the same poor condition. He was puzzled to understand this
* because alt the boxes were sealed and the plates inside were wrapped with thick black

paper.

Being confused, Becqueral, investigated the situation. He found that uranium ore placed in
his drawer had the ability to fog photographic plates through a thick cardboard box and a
layer of black paper. So he concluded that there must be a new type of radiation originating
from uranium ore. Becqueral found that these rays, like X-rays pass through many opaque.
substances, Thercafter, these rays were known as Becqueral rays. Thus the new phenomenon
called radioactivity was discovered. The elements exhibiting this phenomena were called
radioactive elements.

Soon after this discovery it was found that thourium also emitted these rays. In 1898, the
Polish-born Madame Marie Curie alongwith her husband Pierre Cyrie (French Physicist)
isolated an element from uranjum ore by a painstaking method known as chemical
fractioning, This new element which is million times richer in the mysterious rays than
uranium was given the name Radium. Another radioactive element discovered by Madam
Curie was even more active than radium and she named it polonium in honour of her native
country. f

In 1899, Lord Emest Rutherford ﬁBritish physicist, analysed the Becqueral rays, emitted
by the radioactive elements. He found that in every case, the atoms of these radioactive
element contained two different kinds of rays.

The nuclei of atom contains positively charged protons which repel each other strongly due
to electrostatic repulsion. To overcome this repuision, nature has added neutrons to increase
the nuclear force and make the nuclei stable. But in case of nuclei with higher atomic
nurtber this electrostatic repulsion is so stronig that in some cases even the addition of
neutron is not able to keep the nucleus stable. To achieve the state stability, the heavy
nuclei disintegrate spontaneously by emitting excess positive charge or excess mass hy o
and B plrucles along with y rays as shown fig. 31.2
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.then called artificial radio-activity.

Nugclei and Radioctivity

= ‘
This process of emission of . particle or B particle followed by 'y - ray emission from
a nucleus in the ground state by itself is called

radioactivity or natural radioactivity.

This type of tendency of emission can also be
induced in the nucleus artificially by irradiating the
stable nuclei with neutrons or particles etc. It is

The characteristic features of this phenomenon are
that it is spontaneous and in the case of a or B
emission, a new nucleus belonging to a new element

is formed. Thus one element gets converted into
another element by radioactivity. This isthus a I I '

nuclear disintegration phenomenon. Let us study

in details about & , B, and y radiations. -
- Flg. 31.2: Emission of & B, and y'

. radiation
(i) a- Particles
o - Particles have been found to be a_helium nuclei (2He4)""' consisting of & group of 2
protons (having two units of positive charges) and 2 neutrons. Further studies of &L particles

“ have revealed following properties :

¢ Being charged particles they get deflected in electric and magnetic fields.

e They produce fluorescence in substances like zinc sulphide and barium platino cyanide;
affect & photographic plate; can induce radio-activity in certain elements and produce
nuclear reactions. _ ‘

» They have great ionizing power. A single particle in its journey through a gas can
jonize thousands of gas atoms before being absorbed.

e They have little penetration power through solid substance, and get scattered by thin

foils of metals. They can be stopped by 0.02 mm thick aluminum sheet.

o The energy of the particles emitted froma radioactive clement is a characteristic of the
emitting nucleus and ranges from 4.19MeV to 6.78 MeV. This corresponds to a variation

 invelocity from 1.4 x 107 ms™! 0 2.05 x 107 ms'L. '

"o Depending upon their initial kinetic encrgies their range of normal pressure in air varies

from 3emto 8 cm.

..(ii) P Particles

P Particles have been found to possess unit negative charge. They have been identified as

electrons. Though the electrons are not present initially inside the nucleus, they are supposed

to be created by the decay of a neutron into a proton and an electron inside the nucleus.

That electron is emitted asa_particle. Further studies of B particies have revealed following

roperties. '

E Being negatively charged, they get deflected by electric and magnetic fields.

e  They produce fluorescence in fluorescent materials like zinc-sulphide and barium
platinocyanide; affect photographic plates. ‘

e They alsp have ionizing power of gas atoms but much smaller than those of o particles
They can pass through few mm of aluminium sheets. They are about 100 tic...  re
penetrating than o particles..

«  Their average energies vary between 2 MeV to 3 MeV. Dueto their smalim: .5, their
velocities vary in a large range from 0.33 ¢ to 0.998 ¢, where ¢ = velocity ot light.

e
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(iii) y-rays
Y-rays are eleciro-magnetic waves of high frequency and hence are also called high energy
photons. These are characterized w1th the foliowing propemes

»  They do not get deflected by electric or magnetic fields. They travel with veioc:ty of
light in free space.

*  Theyhave highest penetration power (i.e. more than « and P particles) and can penetrate
through several centimeters of iron and lead sheets.
They have ionizing power but smalles as compared to o and B particles. .

*  They can produce fluorescence in materials Iike willemite, affect a photographic plate
and can produce puclear reactions.

¢  They knock out electrons from the metal surfaces on which they fall and heat up the.
surfaces. Hard y-rays (i.e. high energy y-rays) are used in radlo thcrapy of cancer.

31.5.2 Laws of Radioactive Decay

Rutherford and Soddy together made an exhaustive study of the phenomenon of radmacuwty
and summed up their conclusions in the form of following two laws named as laws of
radioactive decays : :

(i) Ist Law or Displacemént Law

In any radioactive decay, spontaneous emission consnsts of either a single o particle ora B
particle but never both. The emission of an o particle from a radioactive parent nucleus
changes it into a new daughter nucleus (ncw element) with i its atomic number decreased by
two and its mass number decreased by four. Also, the emission of a B particle changes the
parent nucleus into a daughter nucleus with its atomic number increased by unity but its
mass number remains unchanged. The emission of y-rays does not change the atomic
number or the mass number of the parent nucleus and hence no new nucleus is formed. The
above statements can be summarized as follows : ~

Ina nuclear d:smtegratxml, the charge number (Z) and the mass number are always conserved.
Since in a decay or f decay the position of the decayed nucleus of atom of any element
gets displaced by two backwards (in case of o decay} or by one Jorward (in case of o
decay) in the periodic table of elements, this law is named as displacement law. Ttshould
be remembered that aand B emission are always followed by y-emission. Thus, since o
particle = __2Hc and f particle= _1e%; we can write following nuclear equations for the a
decay and B decay of any radioactive nucleus denoted by Z XA,

ZXA o deca ay 2He4 + z,,?"‘)t""““l + ¥y; wherc Ylsthedaughtcr nucleus

(0t porviice)
ZXA B -decay leo +v+ Z+1YA +; where Y is the daughter nucleus

XAy v;d% 7XA +y
| ‘ - Excited nucleus  (y-rays)
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(ii) 2nd law or Law of Decay
The rate of disintegration is independent of external factors like temperature, pressure etc.
and.depends only on the law of chance, which states that the number of radioactive atoms
disintegrating per second is proportional to the number of radioactive atoms preseﬁr ur
that instant of disintegration. This is called law of decay or statistical law.
Let N, =Initial number of radioactive atoms i.c. at7= 0

N = Number of radioactive atoms at time 2.
If dN = Small number of atoms decayed in small time dr. i.e. N - d¥ = Number of
radioactive atoms at time 't + df' then according to the law of decay :
Rate of decay =—{dN/dr)
or = AN
Where, A = decay.constant, which is characteristic of the radioactive element undergoing
decay.

A= (—dN/d/N

Thus, decay constant ( A ) may be defined as the ratio of the instantaneous rale of
disintegration to the number of radioactive atoms of the parent element at that instant.

It is measured in units of per second. The activity of a radioactive substance at any instant
of time is measured by its rate of disintegration at that instant. Its practical unit has been
named as Becquerel after ‘Becquerel’.

1 Becquerel = 1 disintegration per second;
its another unit is Curie, after the name of Madam Curie, a pioneer worker in the field of
artificial radioactivity, :

| 1 Curie = 3.7 x 1010 disintegrations per second.

which is the rate of disintegration of radium (Ra) measured per second per gram.
To hononr the scientist “Rutherford”, the rate of disintegration i.e. activity is also sometimes
" measured in ‘rutherford’ (rd); where

1 rd = 100 disintegrations per second. ‘
The law of decay is sometimes expressed in exponential form and is also called as Jaw of
exponential decay. The exponential form can be deduced as follows. According to law of

decay,

Sincé, —&N/dt= AN.

'On solving it, we get Il
- N=Ne!
" or it can be written in exponential form
also, as given below
1
N=N, A exp (A1) <N,

which is the law of exponential decay.
The most important conclusion from this

|law is that N will become zero only when TN' |
t= w, Thus, no radioactive parent TN —
_ element will disapperar completely even j‘lﬁ
after very long time. LA M PR

Fig. 31.3 : Radioactive decay curve.
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Figure (31.3) shows the shape of the N versus ¢ curve drawn on the law of exponential
decay. The figure (31.3) shows that radioactive atoms of all elements having different values
of A. will take infinite time for complete disintegration of alI their radioactive atoms,
whates er may be their initial number ¥,

However, starting withthe same N different radioactive elements will have different valuc
of N at the same instant due to different values of their decay constants ( As). They will thus
show different rates of disintegration. Thisis determined by their half life (7)) and average
lives (7). .

31 5.3 Half Life Period (Ty5)

The half life period (T} of any radmactwe element is def ned as the period (time) in
which the number of radioactive parent atom is reduced to half of its original number
Since, N= N exp (—A t); where N=N, at 1 =0
Therefore, by definition, at =T , N= N /2, This g;lves

Nj2=N exp(-AT ) °
or exp(~ m y=12 °

or A i =log2
oo E log,2

2 303 X long

A
2.303 x 0.3010/A .
or T =0693

x . -

us, half life of any radioactive element is inversely proportional to its decay constant (1)
'and is a characteristic property of the mdzoacuve nucleus which cannot be altered by any
method.
For example the half life of cC 14 (radxoactlve carbon) is 5730 years. This means, that 1
gram of 50 4 will be reduced to 0.5 gram in 5730 years, which will be further reduced to -

0.5/2=025 g;rammanotheri?%years:c in a total of.11460 years.

bt +1.5.4 - Average Life Period (Ty) .

* is defined as the sum of the actual life periods of all the radiaactive atoms (which is
‘Hferent for each atom) divided by their total number ie.]

! 4 = Sum of the actual life penods of all the (N,) radioactive atomslN
Usmg mtegral calculus, it can be shown that
= 1/A = Reciprocal of decay constant
Itis a_!so obvmus that '
T =0.693/A =0.693 T,

Eumple 31.4 : An animal fossil obtained in the Mohamodaro excavation shows an,
‘vity of 9 decay per minute per gram of carbon. Estimate the age of the Indus Valley
Tlisation.. Given the activity of carbon (14) in living specimen of similar amma:' is 15

cays per minute per gram and half life of carbon (14).is 5730 years. ,
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Solution: Carbon (14) is the radioactive isotope of carbon. It remains in fixed percentage
in the living species. However, on death, the percer_\tage of carbon (14) starts decreasing
die to radioactive decay. (The formation of carbon (14) takes place only in the hiving
bodies to keep its percentage at constant level in the carbon content of the living body).
Since —dN/dt = AN = activity at time ‘7’

Therefore Activity at present/Original activity when the specimen was alive = NiNg =915
(given) :

But N =N . exp(~ At)

Therefore, . N/N =exp{ —\f)

or 9/15 =exp(-Al)

or log(9/15) =— At or log (15/9) = At
‘This gives,

. r= 1/ [log(15/9)]
But T1,5'=-0.693/?~ = 5730 years given.

Therefore 1/ A = 5730/0.€73

Hence ¢ = 2.303 x 5730/0.693 [logyg 15 -log)q 9] years
© = 2.303 x 5730/0.693 [1.1761 - 0.9542} years
~ ¢t = 422515 years.

i

~ Thus, the specimen chtained carbon (14) - (the living carbon) 4225.15 years ago. Hence
Indus valley civilisation existed about 4225 years ago.

-31.5.5 Applications of Radioactivity
Radioactivity finds great many applications in our day to day life. Some of them are as
given below. ' '

)y In medical treatment'for example in the treatment of cancer by using a Cobat-source
of y-rays called radiotherapy.

(i) In agriculture— by exposing the seeds to controlled y radistion to improve their quality.,
fruits and vegetables to radiations before their storage for saving them from decay.

(i) In geology in estimating the age of old fossils. The decay of single radioactive atom
. canbe registered by an instrument at a remote location outside a container, wall,. This
high sensitivity is utilized in tracer-technigue as an important research tool in medical
. diagnostics, like detection of Ulcer in any part of the body by.injecting radioactive
atoms of harmless elcments‘(l.lNa%) in very small amounts into the body of the
patient, whose movement can then be recorded. The affected part absorbs the
radioactive atoms whose motion is, therefore, stopped and the diseased part of the
body is easily located before operation.

(iv) In industries the y-radiations are used to find the flow or imperfections in the inner
7 structure of solid iron girders. For example, if there is an air bubble inside, then
penetration of y-rays will be more at that point. The most important of these is the
carbon dating, .
- Carbon dating )
“The norimal activity of living carbon containing matter is found to be about 15 decays per
_ minute for every gram of carbon. This activity arises from the small proportion of radioactive
‘carbon (14) isotope present in the atmosphere with the ordinary carbon (12). This isotope
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(C14) is taken by plants from atmosphere and in consequence in animals that eat the plants.
Thus, about one part in 108 is radioactive in carbon present in all living being (all animals
and plants). When the organism is dead, its interaction with the atmosphere (i.e. absorption,
‘which maintains the-above equilibrium activity) ceases and its activity begins to fall from
the brown half life (= 5730 years) of C 14 and the measured activity, the age of the specimen

can be approximately estimated. This is called carbon-dating and is the principle of
determining age of old fossils by archeoldgists -

The same technique has been used in estimating the age of earth from measurements of -
relative amounts of U238 and Pb206 in geological specimens containing Uranium ore.
. Assum that the specimen of ore contained only Uranium and no lead at the time of birth of
the earth with the passage of time uranium decayed into lead. T> - present age of the earth
bhas been estimated to be about 4 billion years.

INTEXT QUESTIONS 31.3

1. How can you say that radioactivity is a nuclear dzsmtegmtwn phenomenon?

....-----—-__-..--_—------------.—~-.—p---——-------a..--—-_'_

2. Compare the ionizing power, penetration power of o, fand y - radiations..

- mm A e e e o Ak MR M e R e e dm e M MR PP W e e S MY MM M M M e e W o W o e MRS m e e

3. Apply the law of conservation of charge and mass numbers to find the values af a,
and b in the Jollowing decay - equations. '
p  xl=2m'+ Yo+y

i =yt Py

-__---....—-—-----—------.«ua-—--——-----n-..,-p-————-_---n-

4. The halflife of a radioactive substance is 5 years. In how much time 10 grams of this
substance will reduce to 2.5 grams?

W Er Em v we M S ED TR M AR B M mm W e w W= M M B M M m S W M S P MR B W e W e v A M W @ W wom o e W

31.6 WHAT YOU HAVE LEARNT

e  The ceniral hard core of about 10‘151:1 radius of the atom is called 1ts nucleus. The
nucleus contains aucleons i.e. positively charged protons and uncharged neutrons,

o The number of protons inside the nucleus of an atom of any element is called the
atomic number of that element (Z). Dxﬁ'umtclementshaved:ﬁ'acntmmberofp'omns
in their nuclei. .

. Thesumofthcnnmberofprotonsandnmmonsmanynucleusofanatomzscallednr
mass number. :

. 'I‘heatomsmthsameatomlcnnmbqrbmdzﬁ'u'entmassnumbersarecaﬂedxsotopesof
each other.

1 Theatomsmﬂ:samemassnumberbmd:ft‘erentntommnumb«sarecalledmobarsof '
each other. :

o The stoms with same mumber of neutrons are called isotones of each other.

o  The nucleonsinside the mucleus of every atom are bbunded together by strong attractive
nuclear forces which are short range and charge independent. -

e The mass of the atom is found to be always less than the sum of the masses of its
pucleons. This difference in mass is called mass-defect (A m) which gets converted
- into binding energy in accordance to Einstein’ smass-mergyeqmvalcnccformula.

e  The size (volume) of the nucleus depends upon the total mass of the nucleons.

» - The spontaneous emission of « particle or B part:cle followed by y-emission from any
nucleus is called radioactivity.

e The a particles have been identified as helium nuclei while P particles have been
idexgified as fast moving electrons. ‘l‘he*y-raysmeleckomagnehcwawsofex&emcly
short wave length.

Y
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According to 1st law of radioactive decay in a nuclear disintegration, the charge number
and mass numbers are always conserved. _
According 10 2nd law of radioactive decay — the number of radioactive atoms
disintegrating'per second is proportional to the number of radioactive atoms presentat.
that instant. ] o -
The half life period of a radioactive element is the time in which the number of
radioactive atoms reduces to half of its original number. :

The average life period of a radicactive element is the average hfe time of all the
radioactive atoms taken together.

The law of exponential decay is N = Ne

L ]

»  The radioactivity finds varied apphcanons in medicine, engineering, agnculture antl_ E
geology etc. '

31.7 TERMINAL QUESTIONS .

1, What happens to the average life of the radio-active sample, when its mass decreases 27
2. Whatis difference between isotopes and isobars 7 .
3. Explain the characteristics of binding energy pertucletn versus mass number curve.
4. What is the nature of nuclear forces ? Give their characteristics.

5. Explain how decay constant is related to half half and average life. of a radmact:ve
element ?
6. Fill in the blanks with suitable words.
- " i) The atoms having the same number of neutrons in their nuclei are called-----——.
) R forces are one of the strongest attractive forces available in nature.
iii} The mass of an atom is slightly ~---—- —»---than the sum of masses of the nucleons
in its nucleus. 7
iv) The radius of the mucleus is proportional to ---—-—-———- power of its mass number.
7. ‘Define the following terms :'
* . (i) Atomic number; (ii) Mass number, (iii) Mass defect (iv) Binding energy of nucleons
. (v) Half life period; (vi) Average life period; (vii) Decay constant.
8. Differentiate between the following :
i) Isotopes and Isobars
ii) o particles and helium atom
iii} P—particie and electron.
9. State the laws of radioactive decay.
~'10. What is carbon dating? What is its importance?
11, Find the number of neutrons,” protons and elcctrons in the following atoms.
G Na23; (i) 1HE; (i) gpU238; (iv) 170133
112. Calculate the mass defect and total binding energy of the nucleons for the followmg
nuclei of atoms of different elements,
(i) yHe; (i) 3Li7; Gii) N1
Given, 1 amu = 1.660566 x 10-27 kg 931 MeV, Mass of a proton = 1 007276 amu.
Miss of 2 neutron = 1,008665 &.m.u., Mass of sHe? atom = 4.00260 am.u. '
Mass of- 3L17 atom = 7.01601 a.m.u, Mass of7Nl4 atom = 14.00307 am.u.
13. Using the present day abundance of the two main Uranium 1sotopes and assummg that

. the abundance ratio could never have been greater than unity, estimate

the maximum
possible age of the earth’s crust. Given that the present day ratio of U238 and U2354s
137.8 : 1; Half life periods of U238 is = 4.5 x 109 year; and of U235 is 7.13 x 103

_ years.
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14.

—
lJl

Calculate the weight of RaB (Pb214) showing the radioactivity of 1 Curie. The haiflife

of RaB is 26.8 minutes.

. If the activity of a radioactive sample drops to 1/16th of its initia} value in 1 br. and 20

min. What is its half life? .

. Calculate the weight in gram of one curie of Pb214 from its half hfe of 26.8 minute.

{Hint : 1 Curie of Pb214 - means that number of Pb14 which has rate of chmtegratwu
as 1 Curie. Avagodro's Number N=6.02 x 1023 atoms}).

CHECK YOUR ANSWERS

i)

Intext Quest:ons 31.1

Ao

Isotopes isobars lsqtoncs
6C12 and (C14 37Ge76 & 34576 |H2 & He3
(H, B2 & 13 18A%0 & 50Cat0 cC14 & g016
g0!6, go!8 32Ge76 & 345¢76 11Na23 & M2
7P & (0137 {13 & HHe? 138127 & |48i%8
goPb206 & g, Pb207 JLi7 & 4Be
0oU23S & U239 ’ P

2)

(i) heavier; (ii) mass; (iii) nucleons; (iv) 14; (v) 14; (vi) atomic.

3) Atomic number.
Entext Question 31.2

1}
2)
3)

" Attractive, short range, strongest charge mdepcndent, mass mdependem spin dcpendent.
Am = 1.041358 a.m.u.; 969.5 Mev.

24 x 10715 m,

Intext Questions 31.3

1.

I

Terminal Questions

13.
14.
15.

16.

Nuclear disintegration usually involves o emission or B emission which results in the
change of atomic number of the parent element. This shows that there is a change in
the number of protons of the atom which are present in the nucieus only Hence this is
a nuclear disintegration phenomenon,
lonizing power of
a>p >y

Penetration power of

a<p <y
i) a=Z-2andb=A-4
ii) a=Z+1landb=A, :
Twohalfhfetlmesmreqmred one for reduction from 10 to 5 grams and the other
from 5 to 2.5 grams i.e. 2 Ty = 10 years.

6x10° zvears
3.1x10°g
20 min
30.52x10" g

EIT A
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