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ELECTROSTATICS

After studymg thls umt the students will be ahle to
e state Coulomb’s law and explain that force between two point charges is reduced

"Miajor Concepts (21 PERIODS) (0 A e
Force between charges in different media ' This chapter is built on
Electric field Electrostatics Physics X

Electric field of various charge configurations
Electric field due to a dipole

Electric flux

Gauss’s law and its applications

Electric potential

Capacitors

Energy stored in a capacitcr

in a medium other than free space using Coulomb’s law.

% for the magnitude of the electric field at a
4ne. T -

[4)

derive the expression E =

distance ‘r’ from a point charge ‘q’.

describe the concept of an electric field as an example of a field of force.
define electric field strength as force per unit positive charge.

solve problems and analyze information using E = F/q.

1 q

2
mE, T

solve problems involving the use of the expression E =

calculate the magnitude and direction of the electric field at a point due to two

- charges with the same or opposite signs.

sketch the electric field lines for two point charges of equal magmtudc with same

or opposite signs.
describe the concept of electric dipole.

define and explain electric flux.
describe electric flux through a surface enclosing a charge.

2= b
10

—




e state and explain Gauss’s law.
e describe and draw the clectric field due to an infinite size conducting plate of

positive or negative charge.
o skelch the electric field produced by a hollow spherical charged conductor.
sketch the electric ficld between and near the edges of two infinite size

oppositely charged parallel plates.
define clectric potential at a point in terms of the work done in bringing unit

positive charge from infinity to that point.
e define the unit of potential.

e solve problems by using the expression V = ? .

describe that the electric field at a point is given by the negative of potential

gradient at that point.

e solve problems by using the expression E =E

e derive an expression for electric potential at a point due to a point charge.
calculate the potential in the field of a point charge using the equation

|
4ne, r
define and become familiar with theuse of electron volt.

define capacitance and the farad and solve problems by using C=Q/V.

describe the functions of capacitors in simple circuits.
solve problems using formula for capacitors in series and in parallel.

explain polarization of dielectric of a capacitor.
demonstrate charging and discharging of a capacitor through a resistance.
prove that energy stored in a capacitor is W=1/2QV and hence W=1/2CV~.

INTRODUCTION
Electrostatics is a branch of physics in "',_ OR YOUR INFORMATION
1 i Wi 4 i divik i
w!llch we study al_nout the charges_at rest. In | ¢ omenme SISGhe cecnah s ol
this unit, we will not only discuss the | big problem at gasoline filling station,
behaviour of charged particles at rest but also | where the spark can ignite gasoline

introduce laws governing it. For example, | vapours and make fire. A good safety |
rule is to touch metal and discharge

Coulomb’s law  which explains the : :
electrostatic force of attraction or repulsion | ;t;tl'c SHrgerom yourDog Y, GEorR YOIug

between two stationary point charges |
separated by some distance. Here a general questlon arises, . how is the electrostatic

V=

@ & & o © o o

&



force exerted th‘:‘ the charged particles are separated? This “action at a distance”
force can be explained b){ using the electric field theory, i.e. every charge q produces
an electric field around it. Now if another charge q,is brought near to g, then the

electric field of q exerts a force on q_. In the same way, we will also develop the

concept of electric field in terms of electric lines of force. These electric lines of force
can be studied by using Gauss’s law. We will also study these electric lines of force
passing through different conducting media called flux. All these are very useful in
the understanding of various clectrostatic phenomena. Similarly, we will explain the
electric potential gained by a charged particle due to work done on it in an electric
field between a pair of parallel and opposite charged plates. In the last section of this
unit, we will introduce the most important device capaéitor and its capacitance in the
absence and presence of dielectrics.

11.1 CHARGE AND ITS PROPERTIES

Like mass, electric charge X
is the intrinsic property of some
particles such as electrons etc.
The presence of charge causes it
to exert or experience a force
when it is placed in an electric or
magnetic field. Charge is a basic
property of matter which is
responsible for all electric and
magnetic interactions.

[t is a . common
experience that when we comb
our hair by a phsllc comb, then Charge transformation between glass rod and silk cloth

it may attract the nearby small Silk Cloth Glass rod

A charged comb attracts small picces of paper.

ieces of paper. It is therefore, -
5‘16 comb has gained charges :
through the rubbing process. ' @)
The charge which is created by Charge transformation between glass rod and woolen cloth
rubbing two objects against “oolenCloth S
each other is called static K —p

charge. There are two kinds of
charges, which were named as A (®)

negative and positive by

: . . Fig.11.1 ; . o ik

Benjamin Franklin (1706- cl:lh unﬂ?rmmﬁfi:;“'gfm\f{,“hm’f" [:0:“'-.iill“:}|tml a5
It is exolsined b - p of rubbing (b) transic

1790). P €d by a charges from woolen cloth to plastic rod.

&




(2)

| glass rod is rubbed with silk st hase poily charzed
cloth, electrons are transferred /
cloth. The silk cloth now has & e
an excess of electrﬂﬂs.and
hence - bBCOITIES negatlvely : poaltively charged e negailvely charged
charged. Whereas, the glass - (b)
rod which has deficiency of
charged as ShOWH 1mn . repuhilon /7 Y. I'I'thhnm "

. . -I I When a I ‘ a
Fig.11.1(a). Similarly, | = ' i
whercas, the plastic rod Fig.11.2(a) Unlike.chargcd rods attract to each other. (b) like
becomes negatively charged.  charged rods repel to each other.

If the positively charged glass rod is RNt mr o s
brought near to the negatively charged A haras b Ganbtencd Bom oo body o8
plastic rod as shown in Fig. 11.2(a). S‘fimilarly'r,
when the negatively charged plastic rod is POINT 7O PONDER
which is also negatively charged then they another object, will its mass be affected?
will repel each other as shown in Fig.11.2(b) ————————

J !
when two positively charged glass rods are | S21a’;slfodelzc:ﬂ;l;:f:f?&sgﬂigﬂgl |
brought near each other. Based on these | & P ’
observations, we have two most important | gpiects? L
results. First, like charges repel each other and ‘
one material gains some charges, the same | Like energy and momentum, charge is
magnitude of charges is lost by the other | alsoa conserved and quantized quantity.

simple experiment. When a

from the glass rod to the silk

electrons becomes positive!y

hard plastic rod is rubbed with - ey charse i rods

woolen cloth then the wool / / F

becomes positively charged — 7B =

It is shown in Fig. 11.1(b).

suspended plastic rod then it will attract the | another by electrons.

brought near to the suspended plastic rod |If an object transfers its charges to i

The same result of repulsion will be observed | POINT TO PONDER |
' what will be the net charges on both ’:

unlike charges attract each other. Secondly, if FOR YOUR INFORMATION

material during the rubbing process. This is

known as law of conservation of charges, which states that “electric charge can
neither be created nor be destroyed or the total charges of an isolated system
remains constant.”

'3




Electric charge is a scalar quantity and its SI unit is coulomb ‘C’. As we know
that electron is a sub-atomic particle of an atom, it carries negative charge of
magnitude 1.6 x 107" C. A proton is also a sub-atomic particle of an atom and it
carries positive charge of magnitude 1.6 x 10'? C. This shows that electron and proton
both have charges of same magnitude but opposite in nature. One coulomb
corresponds to the amount of charge on 6.25%10'® electrons. As an atom contains
equal number of protons and clectrons, so it is electrically neutral at normal condition.
It has been observed that the charges are transferred from one body to another body
in discrete form. That is, a body may
have charges of value *le,+2e, +3e...
respectively but not +0.5¢,+1.5¢,+2.1e

... etc. where e is charge of an electron
or proton.

11.2 COULOMB’S LAW

As we have discussed that the
like charges repel and unlike charges
attract each other with a force called
electrostatic force of repulsion and
attraction respectively. This force was
first quantitatively studied by a French  Fig.11.3(a) repulsive force between two like point
mililary engineer Charles Coulomb  ¢harges (b) attractive force between two unlike point
under  different conditions and "E®
formulated a law in 1785 A.D. known
as Coulomb’s Law, which is stated as:

The magnitude of clectrostatic force of attraction or repulsion between
two point charges is directly proportional to the product of the magnitude of

h d inversel tional to th
cnarges and inversely proportuonat to C PQWTT@PONDER

square of the distance between them. D Rt e
Mathematically, it is expressed as: a charged and an uncharged bodies?
Let two point charges q, and q, which e IR T
are separated by a distance ‘r’ as shown in Fig.11.3. According to Coulomb’s law
the electrostatic force of attraction or repulsion between them is given as:

P DO YOU KNOW? ¥

F UCL Both electrostatic force between charges !

r and gravitational forces between masses |

By combining these two relations, obey inverse square law. |




where ‘ k ’ is constant of proportionality known as Coulomb’s or electrostatic
constant. Its value depends upon the nature of the medium between the charges. If the
medium, between the two point charges is free space then the value of “k * in terms of
SI units is 9 x 10° Nm?/C? and it can be calculated by the following relation:

T W (11.2)

dng, r
where ‘g’ is known as permittivity of free | POINT TO PONDER
space and its value is 8.85%10""2C?N"'m™. What would be the magnitude of |
As force is a vector quantity and the line of | electrostatic force between two point |

charges, when the separation between ;

them is doubled?

action of electrostatic force is along the
position vector ‘r’, so eq. 11.3 can be

expressed in term of the unit vector of r
as;

Fe Q%7 (11.4)

2
dre, T

Eq. (11.4) is the -vector form of
Coulomb’s law.
The electrostatic force between
two point charges is a n 16
b hp 1 ges is a mutual force, i.e Fig.11.4 The charges q; and q: exert forces each
oth ¢ 'lElI:gES exert the: forces .011 each other which are same in magnitude but in opposite
other, which are same in magnitude but direction.

in opposite directions. Let Fi2to be the force which is exerted by qi on q2 along the
line joining the two point charges represented by unit vector f,, as shown in Fig.11.4.

Similarly, Fai be the force which is exerted by g2 on qi along the line joining the two -
points charges represented by unit vector (-f,, ). The negative sign shows that T, in

opposite direction with respect to f,. Thus by using Eq. 11.4 the two forces Fi» and

F21 can be expressed as:




F I 99,
= e A 11.5
2 411'BO 2 ri2 ( )
Similarly,
P -1 9,9,
Foy=—>22p0 L.l 11.6
4 e, O ( | )

(4]

Comparing eq. 11.5and eq. 11.6
F = =F o vansar (11.7)

Equation 11.3 shows that the electrostatic
force not only depends upon the magnitude of
charges and distance between the charges but also
depends upon the medium between the charges. If the
medium between the charges is an insulating material
which is known as diclectric, then we introduce a
relative permittivity €, which is defined as the ratio

between the permittivity of insulating medium € to
the permittivity of free space ¢, that is:

Table 11.1
The values

permittivity  for differe,
materials for static “I"fll'ic
field

of relatiye

PTFE, FEP

(Teflon)

Polypropylene | 22010228 |
Polystyrene 241032
Wood (Oak) 33
Bakelite 3.5106.0
Wood (Maple) 4.4
Glass 491075
Wood (Birch) 52 |
Glass-Bonded 6.3109.3
Mica

Porcelain, 6.5
Steatite

Relative permittivity is also known as dielectric constant and its value is
always greater than one (as shown in table 11.1). For static electricity, the electrostatic
force ‘ F'* between point charges for insulating medium is given as

. L

4ne 1l
Using Equation 11.6 € =¢_g, . Therefore-

9% (11.9)

F = 2
dne g, T
By comparing Eq. 11.4 and 11.7 we have
F=lF ... (11.10)
. I
Since, — <]
Er
So, F <F

This result shows that the electrostatic force of attraction or repulsion between two
point charges is greater, if the medium between them is a free space.




~— *

Example 11,1
How many electrons constitute a charge of 2C.
w Solution:
number of electrons (n) =7

t{" total charge =Q = 2C

charge on an electron =e = 1.6 x 10-19C

charge on ‘n’ electrons =Q = ne

2C
n=——omo——m—m——
1.6x107"°C

n=1.25x%10" electrons

Example 11.2

The Hydrogen atom consists of a single electron which is orbiting around the
nucleus and contains a single proton in its nucleus. Calculate the ratio between
electrostatic force and gravitational force between electron and proton in hydrogen

atom.
Solution:
Charge on an electron = q, = 1.6 x 10'"°C

Charge on a proton = q,= 1.6 x 10""°C
Mass of electron = m,=9.11 x 107' kg
Mass of proton = m,= 1.67 x 10?7 kg

Coulomb’s constant (k) = 9 x 10 Nm? ¢
Gravitational constant (G) =6.673 x 10"'! Nm? kg

Distance between electron and proton =r
Now, the electrostatic force between electron & proton is given as

Similarly, the gravitational force between electron & proton is given as

mg=Gm£h ...... (if)

Dividing eq. (1) by eq. (ii)




p kA | POINT TO PONDER
s SR R Does an electric field exist in empty
..E G Iﬂlljlz_ space?
% ' DO YOU KNOW?
o Sy There is no electric field inside the
E,  Gmm, conductor. %
F (9:-:10"‘Nm3c‘1)(1.6x10"‘*‘c)(1.6x1o-‘°c)
o (6.673x107" Nm’kg?)(9.11x10kg)(1.67x107"kg)
F,_2.304x107
F, o 1.014x107
% o p27x107

B
The result shows that the electrostatic force between an electron and a proton is

extremely large i.c. 2.27x10" times greater than the gravitational force between
them for the given same distance.

11.3 ELECTRIC FIELD AND ELECTRIC FIELD INTENSITY

In Coulomb’s law, we have

studied the clectrostatic force of ' q, % E
attraction and repulsion between every @

two point charges. According to field P i
theory, the clectrostatic force of P

attraction and repulsion is transmitted ',-';-

which exists in the region around every
electric charge. Electric field is defined
as, the Peghon ﬂ,r spac'c around a Fig.11.5 Electric field intensity E due to a force by a
charged body in which another iy charge q on a test charge qo.

charged body can experience force of

attraction or repulsion,.

The charge which has a considerable electric field around it, is known as a
point charge. It may be positive or negative. Usually, the point charge is being
considered as a source charge. Similarly, the charge which has negligible field is
known as test charge. It is always taken as a unit positive charge and it is being used

from one charged body to another F .
through a ficld called electrostatic field, V

Point (source charge)

(18
k.~
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to determine the strength of the field of the point charge. The source charge has a very
large value of charge as compared with test charge. We assume that test charge moves
in the electric field of source charge without causing any appreciable change in its

field.
The strength of the electric field at any point is known as electric field intensity
or electric intensity. Electric field strength is a vector quantity and it has both

magnitude and direction. It is explained as:

Let an electric field is produced by a positive point charge ‘q’ in the space
around it. In order to examine whether, the field exists in space, we introduce a unit
positive test charge qo. As the test charge is very very small in magnitude and it does
not affect or disturb the field of the point charge so the electrostatic force is exerted
by a point (source) charge on a test charge as shown in Fig.11.5 and it is known as

electric intensity. It is represented by E and is also defined as a force per unit positive

charge qo 1.e.,
B= i ian (11.11)

Electric intensity is a vector quantity. Its direction is the same as that of the force. It
is directed outwards from positive source charge and directed inwards for a negative

source charge. The SI unit of electric intensity is NC™'.

11.4 ELECTRIC INTENSITY DUE TO A POINT CHARGE

Consider an electric field due to a

point charge q as shown in Fig.11.7. To q, /{" E
determine the strength of this field at (R

point ‘p’ at a distance ‘r’ from surface of

point charge ‘q’, we place a test charge i >

‘qo’ at that point. Now according to 2 1
Coulomb’s law, the electrostatic force
between them is given as .

F=_! 9%

2
ame, 1 , Fig.11.7 Electric intensity due to a point charge q at

¢

8]
F 1 q point ‘P’ at a distance r from q.

—
—_—

q, 4mne, 1’

But — i

qs




b
E= -
dne, 1

...... (11.12)

As E is a vector quantity, its direction is same as that of the force. So, eq. 11.12 can
be expressed in vector form as

I

= q .
E=——-—r1..(11.13
4ne, 1’ (1)

This results shows that electric intensity depends upon magnitude of point charge,
distance and medium.,

Example 11.3

Two charges of the magnitude

15 % 10°°C and 30 % 10°C arc separated }} A ; dem

by a distance 6¢m. Find the intensity of s

electric field at a point which is at a

t!lsluncc 2cm Imm*ihc [irst ;.md 4cm l FOR YOUR INFORMATION
from the sccond charge respectively., If the charges on a conductor are at rest
Solution:

then the conductor is in static equilibrium
“q, =15%107C |

q,=30x% 10°C
Distance between q, & @, = r=6cm = 0.06m
Distance between ¢, & P =1, = 2em = 0.02m
Distance between ¢, & P = r, = 4dem = 0.04m

|. Eleetric intensity E; ducto q, at point P and at distance r, = 0.02m from q, 15
given as

— _9x10"x15%107 135
g (0.02)° 0.0004
E,=3.375 x 105 NC"!

2. Electric intensity E, due to g, at point P and at a distance ra = 0.04m from q;
is given as
£ =k =9x10° x30x10™ 270
LA (0.04)° 0.0016
E,=1.69 x 10° NC"!

The resultant intensity ‘E” at point P is given by

@,

Fa b




d'.'

E=E]_E2

E =3.375 x 10° — 1.69 x10°

E=1.685 x 10°

charge i.e., q, -

11.5 ELECTRIC FIELD LINE

We have discussed that an electric
ficld is a region around a point charge
where an electrostatic force acts oOn
another charged body placed in such
region. The electric field is rcprESCﬂlCd
by imaginary lines which was introduced
by Michael Faraday and these are called
electric lines of force. An electric line of
force is the path along which a small
positive test charge, placed in an
clectric field of a point charge can
move if free to do so. The lines of force
of an clectric ficld may be straight or
curved but its direction is always from
positive to negative charged body. It is
explained under the following different
ficld patterns.

When a ficld is produced by an
isolated positive charge (+q) then the
lines of force are directed radially
outward from the charge in all directions
as shown in Fig.11.6(a). It is therefore,
when we introduce a positive test charge
in this filed, it would be repelled by a
point charge in outward direction.

Similarly, when a field is due to
an isolated negative charge (—q), then

NC-' which is directed towards the larger

S:

Fig.11.6(a) Electric ficld due to an isolated positive
charge (+q) and the direction of lines are outwards.

Fig.11.6(b) Electric field due to an isolated negative
charge (—q) and the direction of lines are inwards,

the lines of force of the field are directed

radially inward as shown in Fig.11.6(b). If we place a positive test charge in this field,
it would be attracted by the point charge in inward direction. '

If the field is due to two charges of same magnitude, but on€ is positive and
other is negative then the lines of force start from positive chai‘ge surface and

terminate at the negative charge surface,

as shown in Fig.11.6(c). In Ihis case, we can

'
0 -
bl




ﬁ

observe both straight and curved lines. The direction of field at any pmnt along a
curved line can be determined by drawing a tangent at that point. -
The Fig.11.6(d) shows the field (angent
pattern duec to two positive charges of
same magnitude. In this case the lines of
force are repelled to one another. Again,
we can observe both straight and curved
lines. The strength of the ficld at the
middle point between the two charges is
zero. This point is called neutral point of

the field.
From the above discussion, we

have some important results which are _
. i) ]'J Fig.11.6(c) The clectric ficld pattern due to two
summarized as. charges of same magnitude but having opposite

1. The electric lines of force initiate
\\ |

from positive charge surfacc and
Fig.11.6(d) The eclectric ficld pattern due to two

terminatc  al negative charge
charges of same magnitude and having same signs.

surface.

The number of lines drawn is

dircctly  proportional  to  the

magnitude of the charge.

3. Curved lines show non-uniform
clectric field while straight and
parallel lines indicate uniform
electric field.

4. The tangent at any point on a curved
line gives the direction of the field.

5. The lines of force do not exist inside the charged body.

The lines of force are closer when the field is stronger, and the lines are farther

apart when the field is weaker.

7.. Two lines of force never cross each other. If they cross then at the point of
intersection, clectric intensity would have more than one direction but only one

magnitude and it is not possible.
11.6 ELECTRIC DIPOLE |
A pair of charges of same magnitude, but one is positive and other is negative
separated by a small distance is known as electric dipole. For example, many

molecules such as, H.O, HClI etc. behave as electric dipoles in their normal states. The
charges are distributed in these molecules in such a way that the centre of positive

v B

o

7
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charge does not coincide with centre of
negative charge, as a result, one end of
the molecule is positively charged and
the other is negatively charged as
shown in Fig. 11.7.

Let an electric dipole which
consists of two charges of equal
magnitude but opposite nature or signs
(q and —q) separated by @ small Fig.11.7.A molecule of H:0 behaves as an clectric

distance ‘d’ as shown in Fig.11.8. In . . a’
electric dipole, the resultant charge is P=9
equal to zero, but its corresponding
field exists, because the charges arc

placed at some distance. The line d
joining the charges is known as dipole B e e .
: : 5 e - ic di to two point charges o
irection is  Fig.11.8 Electric dipolc due A
axis. It 1s a vector and its d P ma-gnil'.ldc but having opposite signs separated

from negative charge to posilive swdinsed
charge.

Now the product of magnitud
separation between the two charges 18

ﬁ and it is expressed as
P=qd....(11.14) | .—n
Dipole moment is a vector quantity. lts direction is along the dipole axis, i.e., from

negative charge to positive charge. The SI unit of a dipole moment is C m, which is a
larger unit. However, a smaller unit used for dipole moment is debye (D).

11.6.1 Electric field due to a dibole

Let an electric field due to a

e of either of the charge and the distance of
known as dipole moment. It is represented by

4 Axial line
dipole which consists of two %) —P;- B / TE}: G E
charges of equal magnitude, but of [ o= o ane aame 4
opposite nature or signs and are q 4 0 d +q
separated by a distance 2d from k r .

each other. Let we calculate the Fig.11.9 Resultant Electric field strength at point C due to
strength of this field at point ‘C” at  adipole.

a distance ‘r’ from centre ‘O’ of the

dipole. Such that C is at a distance r — d from the positive charge +q and at a distance
r + d from the negative charge —q as shown in Fig.11.9.

The field due to positive charge +q at point ‘C’ at a distance r — d is given by

£
3,‘;.




given by

E,

" dne, (r—d)’
Similarly, the field due to negative charge —q at point ‘C’ and at a distance r + d is

]

q

The resultant field at point C is given by;

"
= B 11.16
ane, (rrdy O
E=E, +E,
Rt 4 1 9
) 4‘!!80(]'—(1)1 411:-:0(1-.;.(_1)2
E= q( % i
e | (r-d)’ (r+d)’
po_ A [(r+d)}-(r—dy’
4ne,, (r—d)?
(
q 4rd
L=
4ne b RN
n'[ul\(r (j)
[ \
-G 4rd
4:".‘!3“ 2 d2 -
r‘(lw 2]
\ d /

Er

d-. :
As —-is very small so it can be neglected.

But

E=

-
-

I

2dq(2r)

~ dme, r'(1-0)

I

moment, distance and medium.

P

2ne, v
This is the electric field intensity at a point due to a dipole, which depends upon dipole

T eeeees

2

(2d)(q) =P (Dipole moment)
(11.17)




g

iple i1.4 |
An electric dipole consists of - 30pC e
' wo charges +30pC and —30pC

[xartl

Separated by a di§tance of 2cm. ]:
' Calculate the electric field intensity

at a point P on the axial line at a .

distance of 15c¢m from the mid-point -

of the dipole.
Solution:
We have, | .
Charge, q, = +30pC = 30x107°C
Charge, q, = -30uC = -30x107°C
Distance between dipole =d = 2cm = 0.02m
Electric field intensity at point P=E =?
Distance between mid-point of dipole and point P=0P =r=15cm = 0.15m

L _ 9x10°Nm*C>

Electrostatic constant =k =

4ne,
By definition of electric intensity due to a dipole
' i 2P
. E= i
4me, 1
But P =qd
po_ 1 2ad
4me, 1
. 9x10° Nm?*C22(30x107°Cx 0.02m)
(0.15m)’
2 10.8x10°
0.003375
| ; E = 3200x10’
| E=3.2x10°NC”

5
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11.7 ELECTRIC FLUX

We have studied that an electric field is
represented by electric lines of force,
which originate from a positively
charged surface and terminate at @
negatively charged surface, Now when
an object having an area is placed in an
clectric field such that the direction of the
area is parallel to the direction of clectric
field as shown in Fig.11.10 then the
electric lines of force pass through it and
is called electric flux. The word flux
comes from a Latin word which means to
flow or penetration of field lines through
some surface. Thus, the clectric flux is
defined as the number of electric lines
of force passing through a certain area
held perpendicular to the field.
It i1s usually represented by a
Greek letter ¢ and it depends upon the
strength of the ficld (Electric intensity),
the size of the surface area it passes
through, and on how the area is oriented
with respect to the field. That is, stronger
the electric field E, larger will be the
clectric flux ¢. Similarly, the larger the
area, the more field lines pass through it,
the greater the flux.
Based on these results, the electric flux is
defined as the product of electric
intensity E and vector area A.
¢0=EA ...(11.18)
Now if the area is not held
perpendicular but it makes an angle ‘6’

with the field E as shown in Fig.11.11.
In this case we take the base component

Ax of area A which is parallel to the

s

..-"‘*:-—1'“
s 2 il
,1’._.,.-/ ——-:J==a__.._-—
: P |

i

—-_.-ﬁ
—ﬁE(
]

JTiC lincs
Fig.11-10 E]:errr:cndictﬂf‘f f

surface arcd

.....
,,,,,,
......
.......

: h an area
. passing through an are;
.« of force p¥
{ Lines O

e Ill‘ld'rcctiun of arca is atan angle * 07 with the
and the di :
Arca=A
A
Z ,
= i
I

Fig.11.12 Angle 6 between E and A is zero and the
flux is maximum.




ectric lines of force and thus Eq.11.18 becomes
b = EAx
¢ = E Acosf ...... (11.18)
o0=E-A ...(119
This is an electric flux in terms of the scalar product of E and A. Thus Electric
flux is a scalar quantity and its SI unit is Nm?C™", The flux can be studied under the
following two cases: i B
case-I: When area is held perpendicular to E such that the vector area A becomes
parallel to the direction of electric lines of force and angle ‘0’ between them is zero
as shown in Fig.11.12. Then Eq.11.18 becomes
¢ =EA cos0°
¢ =EA
This is the maximum electric

el

flux. .
Case-II:  When surface area held

parallel to the electric field such that the
vector arca becomes perpendicular to
the direction of electric lines of force
and angle ‘0’ between them is 90° as
shown in Fig.11.13. Then Eq.11.16
becomes

LA B B B B R B B B B J

L. B A B R BB R B B B

Fig.11.13 Angle 0 between E and A is 90° and the
flux is minimum.

¢ = EA cos90°
=0

This is the minimum electric flux or zero flux.

11.8 ELECTRIC FLUX THROUGH A SURFACE ENCLOSING A
CHARGE

Consider a point charge q which is
enclosed by spherical shape surface of
radius ‘r’ as shown in Fig.11.14. Since
the charge is at the centre of the sphere so
the electric intensity ‘E’ at the whole
spherical ~ surface remains  same
(constant). To calculate the total flux due
to this point charge, we divide the whole
spherical surface of the sphere into ‘n’

number of small and equal patches of - Fig-11.14 A point charge q at the center of the
sphere,

~ Spherical
surface




area(AA,AA,,AA,, - AA ) . It is to be noted that the radius of the sphere is always

perpendicular to each small patch. Therefore, the direction of vector area through each
patch remains parallel to the direction of intensity -E and angle ‘6’ between them is

zero. ‘
Thus, the flux ¢, through small patch of area AA, is given by

¢ = E-AA,

¢, = EAA, cos0’

= EAA,

Similarly, the flux ¢, through AA, is given by

d,= E-AA:=EAA,

b,= E-AA;=EAA, - . POINT TO PONDER |

The electric lines of force that can pass ]
through an area, is named as electric flux.
Can the same lines of force pass through ‘
a volume?

¢ = E-AA.=EAA, -
Hence, the iotal Tux

b=+, + by,

¢ = EAA, +EAA, + EAA, +---+ EAA|

¢ = E(AA, +AA, +AA; +-+AA,)

¢ = ; 2iAAi

451:501' jl

But surface area of sphere = »_ AA,; = 4nr’

T
4ne r

2

5 4nr

o=3L ....(11.20)
EU
This result shows that the electric flux due to a point charge through the surface
of sphere is independent of its radius. It means, the flux through a closed surface does
not depend upon a geometrical shape but it depends upon magnitude of charge and
medium used.



11.9 GAUSS’S LAW

We have studied in the previous section
that the flux due to a point charge at the centre of
the sphere is q/ g, . This shows that the flux is

independent of the radius. Therefore, this result
can be extended for ‘n’ number of point charges
0y592:93 -+ 9n which are arbitrarily distributed in

a closed surface of non-geometrical or non-
uniform shape as shown Fig.11.15. To calculate
the total flux due to all the given point charges,
we enclose each point charge in a small
imaginary sphere within the boundary of the
closed surface as shown in Fig.11.16. The
surface of this imaginary sphere enclosing the
charges is called gaussian surface.

Thus, the flux ¢, due to a point charge q:

which is enclosed by a small sphere is given by

o=

€

o

Similarly, the flux ¢, due to a point charge qa is
given by

¢1 =4

80

and Py= 4
sﬂ

M

¢'n - E_

4]

| qJ P :
qz : | (!" '
A iy q‘ -q
Ly n
O e R
= —-—::..1‘5"-:""':’
e T AT }1‘*_':_;:;_‘;'_'-"
gl T J-_u'

TTTTT

Fig.11.15 There are 'n’ number of point

charges cnc losed by a xurfac; of non-

geomelrici al shape.

Fig.11.16 The point charges which are
enclosed in small spheres.

Total flux can be obtained by addmg above equations i.e.,

0=+ +5+ 4,

¢=i+5i+q—.3+---+i-

E, & & g,



D —

1
¢=E—(ql+qz+q3+---+qn),

1
¢ = — (total charge enclosed in the surface)
EU

¢=EL(Q) ...... (11.21)

This is the mathematical form of Gauss’s law and it is stated as ‘the total flux
through a closed surface is equal to 1/¢, times the total charge enclosed by the

surface’.

11.10 APPLICATIONS OF GAUSS’S LAW

“ Gauss’s law can be applied to calculate the electric intensity due to the
different configuration of the charges. Though the charges must be enclosed by a
surface called ‘Gaussian Surface’, but it is not necessary that the surface should have
a regular geometrical shape.

(a) Electric field due to an infinite charged sheet
Consider a thin infinite charged sheet of uniform surface charge density o

which is given by

_charge_Q (11.22)

o

area A

To calculate the electric field E
due to this charged sheet at point ‘p’
near the sheet, we pass a cylinder of -
cross-section area ‘A’ through the sheet.
This closed cylinder acts as a Gaussian
surface as shown in Fig.11.17.

Since the cylinder is
perpendicular to the plane of the sheet,
so the direction of electric field is along
the cylinder. Now we determine the _
electric flux through the two flats and one ; Givissian
curved surface of the cylinder. surface

Flux due to the curved surface of Fig.11.17 A Gaussian-Surface inform of a cylinder
the C}_ffinder 1S passed through a sheet of positive charge.

¢,= E A cos®

where the angle ‘0’ between electric intensity E and curved area A is 90° so

-




¢,= EA,c0s90° =0
Similarly, the flux through the flat surfaces or end faces of the cylinder is given

by ¢,=E Az cosf

The direction of flat surface of the cylinder is parallel to the electric intensity
and angle 07 between them is zero
' $,=E Az cos 0°

¢, =EA;
The flux for the other flat surface of the cylinder is given by;
¢, =EA3
Total flux
0=+, +,
¢ =0+ EA;+ EA;
We know that A, = A,= A = Area of circular surface of cylinder

¢ =2EA ......(11.23)
Now, by definition of Gauss’s Law

)
sn

But from Eq.11.22; Q=0cA
=— ...... (11.24)
>

In vector form
E=og . (11.25)
where f.is a unit vector, perpendicular to the sheet and E is directed away from it.

Similarly, if the given sheet is negatively charged then

E=—"%
2g,

In this case E is directed toward the sheet.

7



The above results show that the electric field due to a charged sheet depends
on its chargcd density and medium in which the sheet is placed.

(b) Electric field due to two parallel and DppﬂSltE charged plates
Consider two charged plates of -

same size with equal and opposite surface
charge densities +o and —o. The plates
are held closed and parallel to each other
such that there is a uniform electric field
between them.

To calculate the electric field due to
thesc plates by using Gauss’s law, we
draw a Gaussian surface in the form of a
box as shown in Fig.11.18. The eclectric
ﬁf:ld qulmdc the plates is zero, because the g 4y S50 ic field due to @ pair of parilel
direction of ficld (E+) due to the positive . and opposite charged plates.
plate is opposite to direction of ficld (E _)

o -
o QL=

f !
e Ul Wy e W

due to the negative plate, However, there is uniform electric field inside the plates, it
is therefore, the magnitude of E+ and E_ at each point is the same inside the plates

Since cach charge platc behaves as a charge sheet, so the field inside the plates due
the positive charge plate is given by

+0
E+=

= — e 11.26
2¢ ( )

(4]

Similarly, the field inside the plates due to the negative charge plate is ﬁvcn by

E = -[5] ...... (11.27)

Negative sign shows that the direction of E'_q is opposite to the direction of E.
Resultant field intensity E between the plates is given by

E=E,+E_
28, 2g,
=2
Eﬂ
In vector form
E="f e (11.28)
BO

@




~ closed spherical Gaussian Surface of radius

Where r is a unit vector and it shows the direction of E .ie. Eis directed from
positive charged plate to negative charged plate.

(c) Electric field due to the hollow spherical charged conductor
Consider uniformly charged spherical shell of radius ‘R’. The clectric field
due to this charged shell is calculated for two different cases.

[ - Electric field outside the shell
To calculate the electric field Guassian Surface
outside the shell, we surrounded it by a T e

Charged shell »

‘" as shown-in Fig.11.19(a) where r > R, ;
Thus, the flux through the Gaussian
Surface is given by

b =E-A \
In case of sphere, angle *0° between E and
A is zero

=1 0 =
So ¢ =EAcos 0 : Fig.11.19(a) A uniformly charged spherical
¢ =EA shell of radius R surrounded by Gaussian surface
ol radius r (r> R)

According to Gauss Law-

¢ =-1
El)

A=
E

Q
:
Here A = Area of sphere = 4mr”

E-d4nr: = g : Guassian Surface
L

Eml_9 _ .(1129)

I Electric field inside the shells

Similarly, to calculate the electric
field inside the shell, we consider a closed
spherical Gaussian surface of radius ‘r’ and -
area ‘A’ inside the shell as shown 1n Fig 11.15(6) A Gaussids surface of sadis
Flg.ll.]g(b) where R > 1. Thus, b}’ inside the uniformly charged shell of radius R
definition of flux (R>T)

Q}




¢=EA' -..... (11.30)
But according to Gauss’s Law

¢=i= ...... (]]’3])

It may be noted that Gaussian surface does not enclose ang.,f charge, therefore clectric
flux through it is zero. Comparing eq. 11.30 and eq. 11.31

EA" =0
As A'"# 0
Thercfore, E=0

This shows that the clectric ficld inside the charged spherical shell is zero.

11.11 ELECT:iC PFOTENTIAL
We have studied the force by an
electric field on a charged particle in the
previous section. Now in this section we
study the work done on the charged
particle. Consider a uniform electric ficld
due to parallel and opposite charged
plates scparated by a distance d. The
direction of the ficld is from positive to
negative plate. This ficld exerts a force
(qE) on a small positive charge *q’ and the
charge moves [rom point B to point A as

v

v

n
>

k4

shown in Fig.11.20. Now if the charge is
to be displaced from point ‘A’ to point ‘B’
against the dircction of the field, an
external force with magnitude (qE) must

Fig. 11,20 Electric field due w parallel and
opposite charged plaites where a charged particle
" is displacing against the ditection ol electric

ficld E from point A to point B.

be applied on it. In this way, the charge gains potential energy called clectrical
potential energy and it is represented by U.

Let U, be potential energy of the charge at point A and U, be the potential
cnergy of the charge at point B. Indeed, the work done by the applied force against
the direction of field causes of change (increase) in electrical potential energy AU of
the charged particle. Thus, according to work-energy principle, :

Work = AU
Wap = Up—U, v (11.32)
Dividing Eq.11.32 by ‘q’
Yo o Y Uy - (1‘1.33)
q q q




5 _[_J_&_ is the potential energy per unit charge at point ‘A’ and Yy 1s the potential
Whe q q
er unit charge at point B. Thus, the work done per unit charge by the

wﬂ%zdpforce when charge moves against the direction of field is called electrical
plie€ otential difference. It is represented -by 'V’ and hence Eq.11.33
ential oF P : !
e ’ "
comes
be Was _y _v POINT TO PONDER
q B dy What will be the value of - electric
W potential when a positive charged particle
AB. = AV, moves in the dircction of electric field?
q
W
AV = — ... (11.34)
q

This is an expression for electric potential difference between two points in an electric
is

field. if the point ‘A’ is at infinity that is, we bring the unit positive charge from

N%\:ily to point ‘B’ against the field. Then Va = 0 and Eq.11.34 becomes
in
B s
q
W
Vl] = v.'\ =
q
\%%
A = i
q
%Y
V, = —
q
W ,
or W m—— e (l 135)
q
Electric potential is a scalar quantity and its unit is volt.
Volt |

The potential difference between two points is one volt, if one joule of work is

_done on a moving unit positive charge from one point to the other point against the

direction of electric field. It is expressed as -
ljoule

Trple 02

Icoulomb

/35,

h

N




11.12 ELECTRIC FIELD AS POTENTIAL GRADIENT

As the gravitational potential
energy of a mass depends on the height,
likewise the electrical potential energy of -
a charged body also depends on its
position in the electric field. Thus the
rate of change of electric potential of a
charged body with respect to
displacement or position in an electric
field is called potential gradient. It is
explained as: ¥

Consider a uniform electric field
between two parallel and opposite F
charged plates. When a charged body is  Fig.11.21 Electric potential between two points
diSplaCﬁd against the direction of electric  separated at distance Ar.
field from point A to point B through a small distance Ar by the applied force (qE)
as shown in Fig.11.21, then there is change in electric potential which is given by

'Av=_w_ .. o
q
But W=F-Ar=qE-Ar
ﬂV:qE-Ar,
q

Here angle ‘0’ between E and Ar is 180°
AV = EArcos180°
AV = -EAr

O L (11.36)
= 11,

This shows that electric field at any point is

equal to the negative of potential gradient. The | =~ POINT TO PONDER
: What will be the work done on the

A : e
term — specifies the change in potential with | charged particle when it is displaced
r between two points which have same

respect to distance (position in specific | potential?
direction) is known as potential gradient. The :
negative sign shows that the direction of E is opposite to the direction in which V
increases, where E is directed from higher potential to lower potential. The unit of
electric intensity in terms of potential gradient is Vm™ and it is equal to NC''.

Ao



11.13 ELECTR]C POTENTIAL AT A POINT DUE TO A POIA‘JT

CHARGE

Consider an electric field -
produces by a point positive charge q. \ é v .
The direction of lines of force of this o A,
field is radially outward. When a unit A B
positive charge is displaced from /
infinity inward against the direction of >
the field then there is change in electric  Fig.11.22 Electric potential due 1o # point charge q
patential and is gi\fﬁﬂ by at distance r from the center of the point charge.

AV= =BAr ...0a (11.37)

The negative sign shows that the work is done on a charged particle against
the direction of electric field. Eq. 11.37 holds when the electric intensity 'E' remains
constant. Since the given field is due to a point charge so its electric intensity E varies
inversely with the square of the distance from that point charge. i.e.

=L & 138

To calculate the electric potential, we consider two points ‘A’ and ‘B’
separated by a small distance Ar such that E remains constant between them. Let
point ‘A’ is at distance r, from the center of point charge and point ‘B’ is at-r, such
that ry —r; = Ar as shown in Fig.11.22. In order to get the average value of electric

intensity, we consider the midpoint bétween ‘A’ and ‘B’ at a distance ‘r’ from the
centre of the point charge. Such that;

I, +1
. Bk
: 2
But Iy =T, +Ar
I, +1,+Ar
r:-—-_—_
2
1_=2rA+Ar
2

Squaring on both sides
, 4t +4r, Ar+ Ar

r- —
_ 4
As Ar® is very very small so we neglect it
=1, +T,Ar

@




r =T, (I‘A-l‘ﬂl') =rA(I'A+I'ﬂ"TA)

P=r,l
Substitute the value of r2in Eq.11.38
_ 1 q
 4me, T,y
Substitute the value of E in Eq.1 1.37
AV =<EAr -
: i
V=V == ——(r, — T,
; ¥ 4ne, rArB( = B)
I g
Va=¥a = Iy, —T
: s 4ne, rArB( B "")
q S|
Va=Vp = LA ey 11.39
RN 4me, [TA FBJ ( )

This is the electric potential between two points in an electric field by a point charge.
Now if the point ‘B’ is at infinity (r; =) then Vg-= 0 and potential at point A is
known as absolute potential. So, Eq.11.39, becomes,

1
V.-'\ =() = 9 (._]-.._i] c—=0
4T[En \SI'A o0

;
V= — i-o]
dne, \ T,

I

V, = 1 9
4ne, 1,
In general, the electric potential ‘V’ due to a point charge ‘q’ at distance ‘r’ from the
centre of the point charge is given by )
v=—1_9 . .(11.40)
4ne, r

11.14 ELECTRON VOLT
As we know that the unit of energy is joule, but this is the larger unit and it is
difficult to use for atomic physics. To overcome this problem, another smaller unit of
energy called electron volt (eV) is used. One electron volt is that amount of electrical
potential energy which gained by an electron when it is displaced in an electric field
through a potential difference of one volt. Thus, by definition of work
W=qAV - '




According to work-energy theorem
W =AU (gained potential energy)

AU = gqAV
Here q=le
and AV =1V
Therefore AU =1eV ...... (11.41)

As the charge on an electron ¢ = 1.6 x 10" C
; AU =1.6 x 10° CV
AU =1.6%10"°7 ......(11.42)
Comparing Eq.11.41 and 11.42
leV=1.6x10"]

Example 11.5

The potential difference between two large parallel and opposite charged metal
plates is 160V. If the plates are separated by a distance 4mm then calculate the electric
field between them.

Solution:
Potential difference AV =160V

Distance between the plates Ar =4mm =4 x 10° m
_ Electric field between plates E =?
According to electric field in terms of potential gradient
AV 160V

T At 4x%107m
E=40kVm"'

=40 % 10° Vm''

Example 11.6 :
When a unit positive charge is displaced at a distance 40cm towards the point

charge of magnitude 0.4 uC then calculate the absolute potential.

Solution:
Absolute potential: V =7

Distance: r =40cm = 0.4m
q=0.4pC =04 x10% C=4x107C

k= L =9 x 10° Nm*C?

4me

0

According to the absolute potential

&,
A4




v=_14

dne, r
=7
v=gx 1, 219 C
0.4m
V=9x10'V
V=9kV

11.15 CAPACITOR AND ITS CAPACITANCE

A capacitor is a device that stores electrical energy, or it is a device to store
encrgy in the form of electrical charge producing a potential difference (static
voltage) across its plates.

A common capacilor consists of Q+ +

- Q-

two parallel conducting plates separated +

" P - ks +
by vacuum, m.l o1 E}ruy other msu!atgr Dielectric
known as diclectric as shown in i

Fig.11.23. When a capacitor is connected 4
to a battery or other source of voltage,
then the potential difference *V’ develops
between the plates of the capacitor, such . vl '

hat the plac which is comnected fo the 1122 Ayl e cmctor s
positive lerminal of the source stores —,ryqoiage.

positive charges. While the other plate

stores (he negative charges, which is connected to negative terminal. The
experimental results show that these storage of charges (Q) on the plates of the
capacitor is directly proportional to the applied potential difference of the source. That

1S,

Qo V
Q=CV... (11.43)
where ‘C’ is a constant of proportionality. It is known as the capacitance of the
capacitor..It depends upon size of the plates, distance and medium between the plates.
The SI unit of the capacitance is Farad (F). It is defined as: ' '
If a charge of one coulomb is stored on one of the plates of the capacitor
and it could generate a potential difference of one volt, then the capacitance of a
capacitor is said to be one Farad. |
The farad is a larger unit of capacitance, for practical purposes, the smaller

units such as millifarad (mF=10" F), microfarad (pF= 10°F), nano-farad
(nF =10""F) and picofarad (pF = 10" F) are used.
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11.16 CAPACITANCE OF PARALLEL PLATE CAPACITOR

A parallel plate capacitor consists
of two parallel metal plates of same size
separated by a distance ‘d’ and connected
with a source of a voltage as shown
Fig.11.24. Let ‘A’ be the area of each
plate and & be its surface charge density.
If the medium between the plates of
capacitor is vacuum or air then its
capacitance is given by;

Q
C== ... 11.44

When voltage ‘V’ is applied across the
plates of capacitor then with the storage
of charges, an electric field ‘E’ is setup
between the plates and is given by;

Fig.11.24 A parallel plate capacitor consist of a
E= E- ) pair of plates separated by a distance d and the area

of cach plate is A.

EIJ

- g g Dielectric
A

Therefore E = e (11.45)
Ag

Similarly, by definition of electric field in
terms of potential gradient,

E= = ....(1146)
Comparing Eq.11.45 and Eq.11.46
Q ¥
Ae, d
cV_ Vv
Ae, d
c=8% a4 electric. materi
q e ; Fig.11.25 The diclectric material between the

plates of the capacitor.




' Thfs is the capacitance of a parallel plate [ - p yoUR INFORMATION
capacitor in l!m presence of air or vacuum between | A capacitor is a passive component
its plates. This result shows that the capacitance of | that can be used in both electric and

a capacitor depends upon the area of the plates, electronic circuits.

distance and medium between the plates of
capacitor.

Faraday found experimentally that when the free space betw

e — _—_—

een the two plates

of the capacitor is occupied by insulator called dielectric then for the same applied

voltage, more charges store on the plates of the capacitor. To
two parallel plate capacitors, each of Area ‘A’ separated bya

explain this, we consider
distance d. Let the space

between the plates occupied by some dielectric material of permittivity (e=¢g.E,) as
shown in Fig.11.25. When the voltage ‘V’ is applied the induced electric field E'

between the plates is'given by

FOR YOUR INFORMATION

External structure of cylindrical, spherical and
parallel plate capacitors.

g=_9
Ag g,
But = X
d
Y. g
d - Aeg,
¥ v
d AE{! r
r AEO
C = r
d
But - = AEO
d
C=¢C ... (11.48)
As g >1
So Cal

The relative permittivity €, is also called dielectric
constants The values of dielectric constant for different
materials are shown in table 11.2. The dielectric
constant is defined as; the ratio of the capacitance of
a capacitor with dielectric substance as a medium

Table 11.2

* Picleetric Constant of
.\Inlgri_nj\___‘ — 5
o e o 100 )
Aisimag 196 | 370
Bakelite v 4.90. |
Cellulose e T
Fiber 600
| Formica ~ |- 1.75
Glass L G
' Mica 1 S
_N_l_yca]cx : I 7.10 |
| Paper | 300 "
Plexiglass | 2.80
Polyethlene | 2.30
Polystyrene | 2.60
Porcelain 5.57
Pyrex 4.00
| Quartz 3.80c |
Steatite 5.80
Teflon . } 2.10
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between the plates to the capacitance with air or vacuum as medium between the
plates. That is,

§ Bm s (11.49)

| 11.16.1 Combination of capacitors
Capacitors are manufactured with different values of capacitance and

voltage. Sometimes these standard values do not match with the circuit requirement.
' To overcome this problem, we can obtain these required values by combining the
capacitors either in series or in parallel, such combination of capacitor are explained

as:
I Capacitors in series

A series circuit is one when all the capacitors are connected in the form of a

chain (one after the other) and the flow of charges are along the single path. Hence,
when the capacitors are connected in series the storage of charges on each capacitor

is the same. It is explained as:
Consider three capacitors of 4

capacitances Ci, C2 and C3 connected in i
+  series as shown in Fig.11.26. When the I;—tl l_—ti
potential difference V is applied across '

them, the right plate of Cs is negatively
charged (—Q), it induces an equal and

opposite charge (+Q) on the left plate of

Cs. Where, the ‘total charge (-Q) has l
moved from the left plate of Cs to the right v
plate of Ci. Again, the charge (+Q) F

induces on the left plate of Cz. Finally, the Fig.11.26 A series connection of capacitors across
negative charges are induced on the right  the potential difference.

plate of ‘C,’ from the left plate of C;
which also repels the negative charges from the left plate of C, toward the battery and

the charges (+Q) left on it. Thus, it is obvious that when capacitors are connected-in
series, the charges on each capacitor is the same, but the voltage drop across each
capacitor is different. i.e., -
' V=Vi+V2+V;
As s Q=CV




Q FOR YOUR INFORMATION
&V Sie= When capacitors are connected in
C series, their equivalent capacitance
9.9.90 9 is always less than each individual
E G L G capacitance.
B ISP T
C. G G G

This result shows that the equivalent capacitance of a series combination is
always less than any individual capacitance connected in series, or the reciprocal of

equivalent capacitance in series combination is equal to sum of reciprocal of the
individual capacitance.

I1  Capacitors in Parallel

In parallel circuit, the capacitors
arc connected across onc another and
flow of charges is divided into all the
given paths. Consider three capacitors of
capacitances C;, Cz and Ciz which are
connected in parallel as shown in
Fig.11.27. When the potential difference
“V* 1s applicd across them, then the same
potential is drawn across each capacitor,
but the charges stored on the three
capacitors are Q;, Qz and Q. So,

e
E

Q=Q+Q,+Q,
i CIV+C2V+C3V | Fig.11.27 A parallel connection of capacitors
- across the potential difference
Co= O G, 0 s (1451

This result shows that the equivalent capacitance of a parallel combination of
capacitors is greater than any of the individual capacitance, or the equivalent
capacitance in parallel combination is equal to sum of the individual capacitance.

11.17 ELECTRIC POLARIZATION OF DIELECTRIC

The insulating materials e.g., glass, mica, paper etc. are called dielectrics. They
transmit electric effect without conduction. As we know that each dielectric material

consists of a number of atoms or molecules and in each atom, there is positively

charged nucleus which is surrounded by negatively charged electronic cloud as shown
in Fig.11.28.




When the dielectric material is ,

placed between the plates of charged
capacitor then their atoms are subjected to
external electric field Ee. The negatively
_charged electrons are attracted towards
the positively charged plate of the
capacitor, and the positively charged
nucleus is attracted towards the
negatively charged plate of the capacitor.
As a result, the charges of the atoms are
displaced from their original position and
form dipoles as shown in Fig.11.29. This
formation of electric dipole in the
presence of electric field is known as
electric polarization of the dielectric.

In the process of polarization of
the dielectric between the plates of the
capacitor, we have observed that the
negative charges are induced on one side
ncar the positive plate and an equal
positive charges on the opposite side near
the negative charged plate. These induced
charges produce an internal electric field
Ei and it opposes the applied external field

Ecas shown in Fig.11.29. Thus, their resultant

field is given by
15 Bo—Bivvares (11. 51)

This shows that in the presence of dielectric, the
electric field is reduced, and it causes smaller

potential drop across the plates of the
Capacitor. As the relation C = % shows

that at constant Q, the capacitance ‘C’ is

"l ; “
. ‘
: i
i ® ;
L] ° :

bl -
.'------‘-

Fig.11.28 Positively charged nucleus surrounded
by negatively charged electrons,

E. -

1
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E,

Fig.11.29 Polarization of atoms of dielectric
material between the plates of the capacitor.

FOR YOUR INFORMATION
When capacitors are connected in
parallel, their equivalent capacitance
is always greater than each individual
capacitance.

DO YOU KNOW?
The capacitance of a capacitor is increased
by inserting a dielectric material between its

plates.

inversely proportional to the applied potentlal difference ‘V’. Thus, it is clear that in
the presence of dielectric the capacitance of a capacitor has been increased.

11.18 CHARGING AND DISCHARGING OF A CAPACITOR

When a resistor R and a capamtor C with a source of voltage V are connected
in senes as shown in Fig.11.30 then it is called RC-series circuit. It is being used for,

_[ﬁ s
4



charging of a capacitor. Now when the R
switch Sy’ in RC-series circuit is closed —\ANA
then the process of charging of the
capacitor is started. This process of
charging is not an instantaneous one, but- | —— ——C 7
it takes some time. The rate of charging or
discharging of a capacitor depends on the
product of resistance R and capacitance =i s
C. As the unit of product of RC is that of S1
time, so this product is termed as time  Fig.11.30 Charging of a capacitor in RC-series
constant and it is represented by T. circuit

Mathematically the charging of a

capacitor can also be studied under the following expression

q=qo(1-e ®¢) ...... (11.52)

This relation shows that the nature of charging of a capacitor is exponential,
where qo represents the maximum charge on the capacitor that stores after an infinite
length of time. It means, the rate of charging of a capacitor is different at its different
stages, graphically it is explained as:

If time ‘t’ = It (IRC), ’
then eq. 11.52 becomes

q= %[I_CT]

q=qo(l —¢)
()
@ _ 1 S T
_ 1 -
qQ=qo (I —mJ 0.8 4 0.63q, :
q=063q.....(11.53) - © ]
This gives us that after one time constant, o 0.4 1
the capacitor will be charged about 63%. b
If time t= 21 (2RC)

-2t . 0 — R
then q= q,| 1 —ET 0 T 2t 3t 4t 5t
Mo t(S)

I 2 Fig. 1131 A curved line in charge - time },ﬁlpll
=0 (I-e ) shows charging of a capacitor.

q 0.86qo...... (11.54)
The shows that the capacitor is charged about 86% after 2 time constant.




Similarly, after five time constant a
' capacitor acquires a charge very close to
its maximum value qo. Graphically, a
curved line in charge-time (q-t) graph
shows charging of a capacitor as shown in
Fig.11.31.

After maximum charging of a
capacitor, when switch S is opened and -
switch Sz is closed in RC-circuit as shown I = 2 3
in Fig.11.30, then there is flow of charges t(s)
from the CﬂpﬂCilOl‘ and hence the process Fig.1 I.32l.»"\ cun:cal ]i:]-: in charge - time graph
: - . . . shows a discharging of a capacitor

of discharging of the capacitor is started.
The rate of discharging also depends upon the product of R and C, Mathematically,
the relation for discharging of a capacitor is given by

4t 5t

This shows that the charge stored on the capacitor also decreases exponentially
and graphically the discharging of a capacitor is explained as;
If time ‘t’= It (IRC) |
Then q=qoe’' =0.37qo ...... (11.56) _
It means a capacitor is discharged about 63% or there are 37% charges left on
the capacitance after one time constant.
Similarly, if time ‘t’=21 (2RC)
Then q= qoe*=0.14qp ...... (11.57) _
This shows that a capacitor is discharged about 86% after two time constants.
After five time constants, the capacitor will be almost discharged. Graphically,
a curved line in charge - time graph as shown in Fig.11.32 gives us discharging of a
capacitor.’ :

11.19 ENERGY STORED IN A CAPACITOR

As we know that a capacitor is a device which stores the charges. A charged
capacitor has an electric field between its plates. This field has ability to store the
energy in the form of electrical potential energy, it is explained as: Consider a parallel
plate capacitor which is connected with source of potential difference 'V'.The charges
from the source begin to flow towards the plates of the capacitor. The potential
difference across the plates of the capacitor increases until it attains the same value as
that of the source. It means there is work has to done in carrying the charges from the
source onto the plates of the capacitor. This work done is stored in the form of

@7,




clectrical potential energy in the electric field between the plates of the capacitor. Its
value can be calculated as: By the definition of work;

Work = F.Ar FOR YOUR INFORMATION
=qE-Ar A capacitor has potential in terms of
AV electrical cnergy.
=q—-Aar A battery has potential in terms of
Ar | chemical energy.

Work = qAV ....(11.58)

As the potential difference across the capacitor rises from 0 to V so its average value
is given by;

VY
2 2
Also, q=CV
Thus, substituting the values of AV and q in Eq.11.58
Work = CV o~
2
| i
Work = ECV

This work is stored in a capacitor in terms of clectrical potential energy. It is
represented by AU. According to work-energy theorem:
Work =AU

AU =—=CV? ... (11.59)

This is the electrical P.E. stored in a capacitor, when the medium between the plates
is air or vacuum. I the medium between the plates is dielectric material, then,

_ Agg,
d
and V =Ed
Thus Eq 11.59 becomes
AU =+ B8E: prg?
2 d

| 2 volume of dielectric
AU = E-a_narE (volume) - - Ad=

medium between the plates

Energy per unit volume 1.e., encrgy density is given by;
AU

volume

—




Example 11.7

and 25
i,

il

Soluti
Let

i,

potenti
have:

l "
o, EﬁuErE“(\’OlumE)_ # LC,
_ volume
3 ] ; — E;Fﬁ
U8R i (11.60) '
' # LG,
' |

Three capacitors of capacitances 10 UF, S0uF

I

uF respectively are given. Calculate: 11—
Its total capacitance and charges on each Trl )
capacitor when these are connected in paralle] V=250V

to a 250V supply.

Total capacitance and .polentiél difference —‘Ic' |(.‘.i;§—t 'c"___

across each capacitor when these are
connected in series.

on:

Ci =10pF = 10x10°°F
C2=50uF= 50x10"F -y If-“
Cs = 25uF = 25x107F =250V
Total capacitance when capacitors are connected in paralle] C =9
Charges on each capacitor, Qi, Q2 and Q3 = 9 '
Applied voltage = V = 250v
Total capacitance when capacitors are connected in series=C =9
Vi, V2 and V3=7 (when capacitors in series) '
Let the three capacitors connected in parallel as shown in figure then their
equivalent capacitor ‘C’ is given as:
Cuq =C1+C2+GC;
Ceq=10+ 50+ 25
ch =] 85 l,LF
As the capacitors are connected in parallel so each capacitor has a same
al difference of 250V across it. To find the charge stored on each capacitor we

Qi =C)V=10pFx250V =2500uC
Q2=C2V = 50pF x 250V = 12500 uC
Q3 =C3V = 25uFx 250V = 6750 uC

ii. Now when the three capacitors are connected in series, as shown in figure, then
their equivalent capacitance is given by _

&
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€. 10pF SIJuF 15].1F

el o ——— e e g

: S5l R R o
E-M 50 F
TE by o4
c. S0 25
. s J
Eeq = —4'11F=I5.251=.l‘
A Q= Ecu Wiz §.25uF x 250V
D}—]Sﬁ 5|,LC

As the caphgitors arc connected in serics so each capacitor has same charge
equal to 1562.5uC. To find the potential difference across each capacitor we have

Q) _1562.5uC _

V= —= = | 5625V
C,  10uF

T L S T
G_ S50l

Vi = Q =]5[}E.Ej..l-l.|: — 2.5V
Iy 25ul

CExample T1.8 -

A eapacitor is charged with 9nC and has 120V potential difference betwecn it
terminals. Compute its capacitance and the energy stored m it.
solution:

We have
L q=9IC=9x10°C
V=120V
P
gnergy (ALy=7

ASB gq=Ccv




or

9%107°C

= q e -9 7
C=—="——"==(,07 — 12
NV 120V SX10”F = 75x107“F
C=75pF S IpF=1x107"F
AU;lCV?
¥ i

e -12 AT Iy
AU—E(TSxIO *F)(120V)

AU = %x 75%107" x 14400

AU = 540000 x 1072 ]
AU= 0.54x107]
AU = 0.54u)

SR e _ _!L11t\,mfuﬁ\ik_\r

Electrostancs It is the branch of physics in which we study the charged particles
at rest.

Charge: Like mass, electric charge is the intrinsic property of matter which causes
it to exert or experience a force when placed in an electric or magnetic field.
Coulomb’s Law: This law is stated that the electrostatic force of attraction or
repulsion between two point charges is directly proportional to the product of
magnitude of chargcs and inversely proportional to the square of distance between
them.

Electric Field: The region around a point charge in which another charge can
experience force of attraction or repulsion is known as electric field. The electric
field is represented by lines known as electric lines of force.

Electric Intensity: The electric intensity is defined as a force experienced by a
unit positive charge placed at any point in an electric field.

Electric dipole: A pair of charges of equal magmtude but opposite sign separated
by a small distance.

Dipole moment: The product of magnitude of charge (either positive or negative)
and the distance between the two charges is known as dipole moment.

Electric Flux: The number of electric field lines passing through a certain element
of area is known as electric flux.

Gauss’s Law: This law is stated as “the flux through any closed surface is equal

~ to 2 times the total charges enclosed in it.”

€
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o Potential Difference: The difference in electric potential between two points in
an clectric field or an electric circuit. It is measured in terms of voltage.

e Electric Potential: The amount of work on a unit positive charge in moving it v
from infinity to a point in the electric field against the direction of electric field is
known as ¢lectric potential at that point. Its unit is volt. e

o Electron Volt: Electron volt is the unit ‘of energy where leV is equal to
1.6%10"J. It is the amount of energy gained or lost by an electron when it is
moved across an electric potential difference of one volt.

e Capacitor: A capacitor is a device that stores electric charge.

o Dielectric: The insulator or insulating material placed between the plates of the
capacitor 18 known as dielectric. .

o Polarization: The process in which the molecules of the dielectric materials
between the plates of the capacitor forms dipoles is known as polarization.

e Time Constant: The product of resistance and capacitance (RC) in the given
circuit is termed as time constant OR It is a time in which a capacitor is charged
or discharged about 63% of its fully charged value.

EXERCISE | |

Q Choose the most appropriate option.

8 The electrostatic force between two point charges is independent of one of
the following quantities
(a) Magnitude of charges (b) Temperature of the charges
(c) Distance between charges (d) Medium between charges

2. If the distance between two equal charges is reduced to half and the magnitude
of charges is also decreased to half, then the force between them will be

(a) Remain same (b) Decreased to half
(¢) Increased to double ' (d) Becomes four time
. A The concept of clectric field was introduced by
(a) Coulomb  (b) Faraday (c) Gauss (d) Ampeére
4,  The number of clectrons or protons which constitutes a charge of one coulomb
is

(a) 6.25 x 108 (b) 6.25 x 108 (c) 1.6 x 10719 (d)1.6%10"
5.  For static electricity the value of relative permittivity is always
(a) Zero (b) Less than one  (c) Equal to one  (d) Greater than one
6. A metallic charged sphere is placed in uniform electric field E, the electric
field inside the sphere will be _ .
(a) E (b) Less than E (c) Greater than E (d) Zero




10.

11.

1%
13.
14.

15

16. .
17.
18.

19.

(a) EccT (b)E‘I% (::)EOC:—2 | '(d)E.C‘:;lf
The-dipole moment is defined as the product of
(a) Charge and distance (b) Charge and displacement
(c) Charge and force (d) Charge and electric field
Debye is the unit of
(a) Electric field (b) Electric charge
(c) Lines of force (d) Dipole moment

" The electric flux is maximum when angle ‘0 between area vector and electric
intensity 18 =

(a) 0° (b) 45° () 60° (d) 90°
Electric flux is independent of one of the following quantities _
(a) Charge (b) Medium (c) Field (d) Distance
The dimension of an electric potential is same as that of .
(a) Work | (b) Work per unit charge
(c) Electric field per unit charge (d) Electric force per unit charge
Electron volt is the unit of :
(a) Energy (b) Charge
(c) Current (d) Electric Potential

The electric intensit_y E at a point in a field due to a dipole depends upon
distance ‘r’ the relationship between them is

The energy of an electron which accelerates through a potential difference of

1000V is
(@) 1.6 % 102] (b)) 1.6 10%]  (c)1.6x 1071 (d)1.6% 10"

The unit of surface charge density is

(a) cm | (b) Cm’! (c) C m? (d) Cm™
Capacitance of a capacitor does not depend upon

(a) Area of plate _ (b) Distance between plates
(c) Medium between plates (d) Material of the plates

In the presence of dielectric material, the electric ficld between the plates of
the capacitor will be ‘
(a) Zero ‘(b) Remain same  (c) Decreased (d) Increased
When the potential difference across the capacitor is decreased by dielectric
then the capacitance of the capacitor will be

(a) Zero (b) Remain same  (c) Decrease (d) Increase
The unit of product of resistance and capacitance is equal to unit of
(a) Time - ' (b) Work"

(c) Potential difference (d) Current

&



20.

" What is the capacitance of a capacitor?

- What is the polarization 0

Define antf expléin' charges,

A capacitor is approximately full charged after

(a) Two time constant (b) Three time constant
(c) Four time constant (d) Five time constant

- 16y \\ "."":-_L"_?'L‘ —:. *', \ :- "“- B e
e electrostatic force between two point

=

What is the effect of the medium on th
charges? ' | '
What do you know about dielectric constant or rel
How does the electrostatic force exert on one charge
Why the two lines of force do not cross each other?
How can you determine the direction of electric intensity?
Differentiate between point charge and test charge.

0

What do you know about the dipole axis and its direction?
Is dipole moment vector or scalar? If vector, then where is 1ts direction in an

electric field?
When the electric fl
What do you know a
What is the electric fie
What do you know about t
What is the relation between work an
Define one electron volt and give its nume
What is the absolute electric potential?

ative pennittivity?
by another charge?

ux will be minimum and maximum?
bout the Gaussian Surface? .
1d inside the hollow charged spherical shell?

he electric potential gradient?
d electrical potential energy?

rical value.

What is the effect of dielectric on the capacitance of a capacitor?

f dielectric?
produce in dielectric material?
acitor reduce by

How does dipole moment
eld between the plate of the cap

How does the electric fi

-dielectric?

What is RC-circuit and its function?
What is meant by time constant of the RC-circuit?

What is the unit of product of resistance and-capacitance?
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heir kinds and properties. |
cuss the magnitude of electrostatic

State and explain Coulomb’s law, also dis
o point charges in the absence and

force of attraction or repulsion between tw

presence of dielectric. '
What do you know about the electric field and electric field intensity? Expl

the magnitude and direction of electric field intensity?

ain
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What are the characteristics of the electric lines of force? Explain the electric. © -
field in terms of lines of force due to a positive charge, a negative charge and
two identical positive or negative charges.

What is electric dipole? Calculate electric field due to a dipole.

Define electric flux and discuss how does the electric flux become maximum

and minimum?
State and explain Gauss’s law. Also discuss the various applications of Gauss’s

law.

What do you know about the electric potential? Define potential gradient and
calculate potential due to a point charge.

Define capacitor and its capacitance. Also calculate the capacitance of a
parallel plate capac1t0r

State and explain series and parallel combinations of capacitors.

What is electric polarization? Discuss the effect of dielectric on the capacitance

of a.capacitor.
State and explam the process of chargmg and dlschargmg of a capamtor

How many electrons are contamed in 1C and 3C of charges'?
(6.25 x 10'® electrons, 1.9 x 10"eletrons)

Determme the force of repulsion between:two free electrons spaced 0.5
Angstrom (1A% =10"""m), ! (92nN)
Two coins lie 2m apart on a-table, and carry identical charge. How large is
the charge on each if a coin experiences a force of 3N? (3.65 x 10°C)
Two positive charges of magnitudes q; =5uC and q:=2pC are separated by
50cm from each other. At what point the electnc intensity due to these charges
will be zero? (0.3m from qi)
Find the force that an electron experience in an electric field of 1000NC'. If
the electron is free to move. Find the distance covered by it in 10ns.The mass
of electron is 9.11x107'kg . (1.6 x 107'*N)(0.88mm)
6. The diameter of a hollow metallic sphere is 10cm and the sphere carries charge

of 80uC. Find the electric intensity (i) at a distance 60cm from the centre of

the sphere and (ii) at the surface of the sphere.

(2 x 10°N/C, 2.88 x 10°N/C) .

7. An electric dlpole consists of two charges +10uC and —10pC separated by

e - distance 0.5cm. Calculate the electric field intensity at a point on the axial line
4 at a distance of Scm from the midpoint of the dipole. (7.2 x 106 N/C)
b g.  Find the electric flux through each face of a hollow cube of side Sem. If a

charge of 6uC is placed at its centre. . (1.133 x 10° Nm’C™)

| @
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10.

11.

12,

The potential difference between two metal plates is 120V, The plate
separation is 3mm. Find the electric field between the plates. (40KVf'm)
A charged particle remains stationary between .the two horizontal opposite
charged plates due to its weight and the electric force by the field. Find the
potential difference between the plates. Where the distance between the plates
is 2cm, mass of particle 4 x 10"°kg and charge on particle. 2.4 x 10-5C.

: (32.6KV).
A capacitor of SuF is charged by a'12V battery. Find the charge and energy
- stored on it. -

: (60uC, 3.6 x 10))
Three capacitor have capacitance * 2uF, SuF and 7pF. Calculate their

equivalent capacitance when they are connected in (1) Series (ii) Parallel

(1.19pF, 14pF)
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Major Concepts 6 rERIODS)
Steady current ' This chapter is built on
- Electric potential difference Current Electricity Physics
e Resistivity and its dependence upon X

temperature. _
e Internal resistance
e Power dissipation in resistance
e Thermoelectricity
e Kirchhoff’s Laws
e The potential divider
e Balanced potentials (Wheatstone bridge and

-/ CURRENT ELECTRICITY

potentiometer)

Students Learning Outcomes

After studying this unit, the students will be able to:.

4 ®

described the concept of steady current.

. state Ohm’s law.

define resistivity and explain its dependence upon temperature.

define conductance and conductivity of conductor.

state the characteristics of a thermistor and its use to measure low temperatures
distinguish between e.m.f. and p.d. using the energy considerations.

explain the internal resistance of sources and its consequences for external
circuits. .

describe some sources of e.m.f.

describe the conditions for maximum power transfer.

- describe the thermocouple and its function.

explain variation of thermoelectric e.m.f. with temperature.

apply Kirchhoff’s first law as conservation of charge to solve problem.
apply Kirchhoff’s second law as conservation of energy to solve problem.
describe the working of rheostat in the potential divider circuit. '

{
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o describe what is a Wheatstone bridge and how it is used to find unknown
resistance. -

® describe the function of potentiometer to measure and compare pot&ntials
without drawing any current from the circuit. ‘

INTRODUCTION

In the previous unit, we have studied the electrostatics i.e., the charges at rest.
In this unit, we will study the rate of flow of electric charges passing through a point
which is termed as electric current. Such motion of charges take place within a
conducting closed path, the path is called an electric circuit. The main function of the
clectric circuit is to transfer the clectrical energy (current) from electrical source 10
the loads. The loads may be bulb, heating clement, fan, motor, etc., which convert the
electrical energy into the other forms of energy, such as: sound, light, heal,

mechanical energy, chemical energy etc, : ' R _\{ |
For example, a sterco system converts M UR INFORMATIOR |

clectrical energy into sound, a toaster or | . « '« * ‘ﬁ o ¢ °f Nl
bulb into heat and light, a motor intoa | 1* ‘&' 4" o. *'a &30 1

mechanical energy ectc. Moreover, the
clectrical energy or current powers our
computers, televisions, CD players, air
conditioners, refrigerators clc.

[n this unit, we will explain not | “e-==== e :

lv o o 6l s Lightening occurs mainly in warm climates. As |
only [I"C SOMIEES 0l @ cetric current but | warm water vapors rise in air, they bushes against
also the factors which are related with the | ice: crystals high in the air above, producing
current, such as resistance and resistivity, | charges. The ice crystals gain a slight positive

Aigt o —— ol charges and the undraft carries them to the top of a
conduclance and conductivity, potential | oo, is usually positively charged with the bottom |

difference and eclectromotive force etc. negatively charged. Lightening is the bolt that arcs
We will discuss power generation in a between these regions and between the cloud and
p v ; ; the ground below. '

source and its dissipation in an electric [ =% Beldmis A LI P
circuit. Similarly, we will also introduce : , : :

e i ly"'b i DO YOU KNOW
He-clrenits anatysis by usmg ohm's 1aw | Ay electric shock is a violent disturbance of
as well as Kirchhoff’s two laws. i.e.,node | the nervous system caused by an electrical
analysis and loop analysis. In the same | discharge or current through the body.

way, we will explain the potential

dividers (Wheatstone bridge and potentiometer) in the last section of this unit.

12.1 STEADY CURRENT

The study of flow of either positive or negative charges through a conducting
medium with time is known as electric current. Usually, it is represented by ‘I’ and it
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is defined as the rate of flow of charges.
If the amount of charge AQ flow through

a conductor-in time At, then the electric

current can be expressed as:

| IR, (12.1)

The SI unit of current is Ampere.
When one coulomb charge flows in a
'cnnductﬁr in one. second, then the
current is said to be one ampere. In
other words, the current of one ampere is
equal to the flow of combined charge of
6.25%10'8 electrons through a conductor
in one second. Now if the magnitude of
rate of flow of charges remain constant
then it is called a steady current.

The flow of charges may be
positive or negative charges. The current
due to flow of positive charges from
positive terminal of the battery towards
the negative terminal as shown in Fig.
12.1(a) is called conventional current.
The current in metals is due to flow of
free electrons as shown in 'Fig. 12.1(b), 1s
known as electronic current. In
semiconductor  materials such as
germanium and silicon, the current is due
to the flow of electrons and holes, this is
also known as electronic current.
Similarly, in case of conducting liquid
called electrolyte or ionized gas called

Resistor

Flow of Positive Charge ¥

y,

Fig.12.1(a) Conventional current due to flow of
charges  from  positive terminal to negative

terminal of the battery.,

Eleciron Flow

W A
s C b e S +
~ [ gy & S
- O o o, %,

Fig.12.1(b) Electronic current due to flow of

clectrons.

Banery

it

Electrolyle
contauning posive
and negative iony

—|!

Fig.12.1(c) Current duc to flow ol positive and

negative ions in clectrolyte.

plasma, the current in these npedium is due to both negatively and positively charged
ions as shown in Fig. 12.1(c) and its resultant current (I) is given by

I=L+1 .....(122)

o
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12.1.1 The direction of current through a metallic conductor
In the beginning, the scientists believed
f . i ) Y A A / 1
that the current is due to the flow of positive | INTERESTED INFORMATION
charges -through a conductor when it is 1
connected with the terminals of the battery. It
is therefore, the positive terminal of the battery
has high potential while its negative terminal
has low potential. Later on, the experimental
observations proved that the current is indeed
due to the flow of eclectrons through a
conductor when it is connected with the
terminals of the battery. For example, metals | A 20 foot long elcetric cel is a south
such as silver, copper, aluminum etc. have free | American clectric fish has a number of
} : i . , - cells called electro plaques that produces
electrons which are IT}OVlﬂg randoml).; m lhc emf of 600V. The current due to this emf is
absence of any electric ficld and their speed | usedto stun its enemics and to kil its prey.
depends upon temperature. Now when one of —
the metallic conductor say copper is connected across POINT TO PONDER
the source (cell) than an clectric field is produced | “WhY is it advised to wear
Gl e rubber soled shoes while
across the copper and it is directed from positive ; : : ;
, . handling electric appliances?
towards the negative plate of the cell as shown in "V— =~

Fig.12.2. The free electrons of the copper

4+—— Direction of Now of electront———

experience attractive force (F=qE) dueto 0+ 0+0+-0+0 00

the anode and repulsive force due to the +0+0+90+-0+0 00

cathode. As a result, the free electrons of L e,
ll

the copper start drifting in one direction
from -ve terminal lOWE’II'd? ll?c Ve Fig.12.2 The Now of electrons toward the positive
terminal of the cell as shown in Fig.12.2.  (erminal of the battery while the direction of
Hence, this result has conlirmed that the  current from positive to negative terminal.
current is actually due to the flow of

negative charges in a metallic conductor but its direction is taken as in its opposite
direction.

Example 12.1
If 1x 10" electrons flow through a conductor in 1ms, calculate the current in

Ampere through the conductor. . »
Solution:

pL

Number of electrons =n = 1x 10" electrons
Charge on an electron=e = 1.6 x 10"°C
' Ti'me taken=t=1Ims=1x103s

&
e — i —— . = _ d




So, Charge on 1x10" electrons = Q = e = 1.6 x 1019
Q=1.6x10% C
Thus the ﬂow of current through the conductor is giy
1= _ L6x10*c
t Ix1073g
I[=1.6%103A
[=1.6 mA

12.2 SOURCES OF STEADY CURRENT

As the flow of fluid between two
points requires a difference in pressure
~ between the given points, similarly flow
of charges between two points through a
conducting medium takes place only

Cx 1 % 10!3

ewby

f

when a potential difference exists across —Glass vessel
these two points. For example, let two :
conductors at different potential are <—Dilute H2504

connected by a metallic wire. Then there
will be flow of current through the wire
but such current is for Vvery short pEl‘iod of Fig.12.3 A schematic tliug_ra!.m for source of a
time because the potential of both  cUrent -
conductors become same due to decreasing the
flow of charges. Like a steady flow of river,

we require a steady current in our circuit. It is
possible only when we have suitable source.
Such source was discovered by [talian scientist
Volta in 1800 and is called voltaic cell. A
stmple source of current as shown in Fig.12.3
consists of two metallic plates which are
immersed in a dilute sulfuric acid (H2S04)
known as electrolyte. One plate is made of
copper called anode and the other plate is made

of zinc called cathode. Now due to the
chemical action within the source, the
electrons are released by the copper plate and
collected by the zinc plate. Thus, under this
process the copper plate becomes positively
charged while the =zinc plate becomes An electric generator
negatively charged. In this way, Volta was
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tial
ent of thBn
succeeded “in the developm (electrodES) Jour of @vamilar

difference. When these twoO plalt?s g theee ctew
are connected externally by a Wire,
will be flow of electrons from

towards the anode and its lf_ﬂ!fm_'?“ o
upon the continuous chemical reaction. - = <}
' After voltaic cells, other cells were

discovered by using different mater-ia]s and |
h as Daniell cell,

different electrolytes; suc
Laclanche cell etc.’.All these cells ‘are not
rechargeable and called primary cells. Later on,
the rechargeable cells, such as nickel cadmium .
cell, lead acid cell have also been constructed.
These are called a secondary cells. There are
number of other sources of current which are
summarized as;

i Dynamo: It converts mechanical energy

into electrical energy. :
ii. Generators: It also converts mechanical

energy into electrical energy. ' A solar cell

iii.  Thermo-couple: It converts the heat

energy into clectrical energy. :

iv.  Solar or photo cell: It converts solar energy into electrical energy. .

12.3 OHM’S LAW
As we have discussed that when _’

the potential difference is applied across |
the conductor, its free electrons start
drifting in one direction. As a result, there
are collision between the free electrons
with the atoms or ions of the conductor.
These collisions cause of opposition to
the flow of current and such opposite to T
the flow of current is called resistance of
the conductor. '
| A German scientist G.S Ohin -
studied the relation among the following | ' |
three parameters, i.e., the voltage applied Al constant rc'sist.zmtc. the applied voltage across
across the conductor, the current through' theconductor i direcily pronortional to the current |

the cathode
flow depends

Lot 8 S S B e R i

<
i e

'
A
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the conductor and the resistance of the conductor. Thus, by summing his experimental
results, he formulated a law in 1826, known as Ohm’s Law which relates the above
stated parameters and it is stated as; the applied voltage across the conductor is
directly proportional to the steady current, if the temperature and other physical
conditions of the conductor remain constant.

(s Mathematically, Ohm’s law can be expressed as ™ 7 -
- e ik Viee [ R
V=IR..... (12.3) AT
b where ‘R’ is the constant of =3
B proportionality and it is known as 047
resistance of the conductor. The value of 0.3 4
resistance depends upon temperature and
other physical states of the conductor. Its |
SI unit is ohm and it is denoted by *Q’. A 014
conductor has a resistance of one ohm,

if a current of one ampere flows
through it by applying a potential
difference of 1volt across its ends.

The materials which obey Ohm’s
law and have constant resistance over a
large range of voltage are known an
Ohmic materials. For example, a carbon
resistor, nichrome or eureka wire, and
metallic conductors etc. are known as
Ohmic materials.

For ohmic materials, the graph of

‘voltage versus current is a straight line as

shown in Fig. 12.4(a). Such straight line
graph is known as ohmic characteristics.
On the other hand, those materials

having resistance that varies with current

or voltage non-linearly are known as non-

' " ohmic materials. For example, filament of a
semiconductor diode etc. are non-
ohmic devices and the graph of voltage
versus current is a curved line i.e. not linear |,
as shown in Fig.12.4(b). Such curved line is
known as non-ohmic characteristics of a non- |e

bulb,

ohmic device.

1 2 3 4. 58 V¥
Fig.12.4(a) A straight linc between V & [ due to
Ohmic device.:

A
0.5+
049
03y
0.2 ¢

0.1+

' 1 2.3 @& 5 V¥
Fig.12.4(b) A curved line between V & 1 due to a
non-ohmic device

DO YOU KNOW?
e Flow of cumrent is® directly
proportional to the potential

difference.

Flow of heat is directly proportional to
the temperature difference.

Flow of fluid is directly proportional
to the pressure difference.

@




Example 12.2
What is the current through a resistor
of 16Q2 when the potential difference of 240

FOR YOUR INFORMATION
Current is a flow of charge, pressured into
motion by voltage and hampered by

volts is applied across it. resistance.

~Solution:

e Current=1=?

~ Resistance of the resistor=R = 160
| Applied voltage = V= 240v
1 According to Ohm’s law

| V=IR

FOR YOUR INFORMATION
An ohmic device is one for which, under
constant physical condition such as
temperature, the resistance is constant for
all current that pass through it.

A non-ohmic device is one for which the
\Y% resistance is different for different i
[= _R- currents passing through it. o _
[= 240V
1602
[=15A

12.4 RESISTIVITY

Nearly, all the materials have some resistance to flow of current. ¢.g., silver,
copper, aluminum ctc. have small resistance and they are called conductors. While,
some materials such as glass, rubber,
wood etc. offer high resistance to the flow
of current and they are called insulators.
Therefore, the resistance of a material
or conductor in its one cubic metre is
known as its specific .resistance or
resistivity, In ~ other words, the

. resistance of a wire of 1m length and ———m— -
~has cross section area of 1m? is called
its resistivity. Its value can be calculated
‘as, ‘since the resistance of a conductor is
due to the collision between the free
moving electrons with the atoms or ions
of the conductor when a potential difference is applied across it. So one can say that
the resistance of the conductor depends upon its length and cross-sectional area,
because for a long conductor, the electrons undergo greater number of collision and
hence there will be more resistance of the conductor. Also resistance increases by
decreasing cross-sectional area of the conductor. Thus the experimental results show

0,0 00, 0.0 00 0O
© 0000000 9 0=
0.0 0 0070 0 o//o ‘0

Free clectrons Copper atom
A resistance due to the collision between the
moving charges and the atoms of the conductor.

High. resistance  Low resistance  High resistance

A resistance is directly proportional to the length
and inversely proportional to the cross sectional
arca of conductor




that the resistance of a conductor is directly proportional to its length / and inversely
proportional to its cross-sectional area A. i.e.,

R ! DO YOU KNOW

| A single cell supplies 1.5V. Inside a 12V
R o I batlery, thcrc are eight cells of 1.5V each

Combing these two relations

[
Biec —

A
R f (12.4)

= p— ... ;
A

where ‘p’ is a constant of proportionality known as

specific resistance or resistivity of the material and it
depends upon the nature of the material. That is,
conductors have low resistivity and insulators have
high resistivity. The value of the resistivity of
different materials are shown in table 12.1.
Mathematically the value of ‘p’ can be calculated as

The unit of ‘p” is Qm.

12.4.1 Conductance
Conductance is the reciprocal of resistance. It
is represented by G and is expressed as;

Conductance = ——
Resistance

‘The SI unit of conductance is per ohm or ‘mho’
(Q“) also known as Siemen.

It is defined as the ability to which an object
conducts electricity. It may be expressed in terms of

ratio of the current to the potential difference and mathematically,G =

lower the resistance, the higher the conductance.

&

Table

12.1

Resnslmt) (Q2m ) of some
= ‘mafterials
'\Ialnrml [ Rcs:stiut\
Carbon [bmphcnc) [___ | % 10¥
Silver | 1s9x10%
_Copper | L6Bx10"
Gold I 2.44 x 10* |
Calcium 3.36  10°
‘Zinc |5s0x10% |
__!:_n_tign_—_ . 9 28 x 10% |
ron 10x10%
Plallnum | 1.06%107
TE__ 1.09 = 1077
| Lead | Zaxwe?
Carbon (graphite) | 2.5 % 10® 10
5.0%10¢
Sea water [ 2x10t%
Drinking water 2x 10!
= p— to 2x10°
Silicon | 640x10° |
Deionized water 1.8 = 10°
Glass | x 10"
~ weaxae
_Carbon (diamond) S
Hard rubber 1= 10"
Sulfur |  1x]0"
Air 13 =10
_lo33x10v
Teflon 10 x 10*
 |wiox10®
I 1
§:E, i.e., the

e —————————— R



12.4.2 Conductivity

Conductivity is also an electrical property of materials which is reciprocal of
the resistivity of the conductor. It is denoted by ‘ G’ (sigma) and it is expressed in

terms of the reciprocal of resistivity i.e.,

- ]
Conductivity =

FOR YOUR INFORMATION
Since R and G are reciprocal to each

Resistivity other, their value can be calculated as:
V I
g = l ..... (12.7) R=— and G=—
p 1 v
By definition of resi i istivi
y 0 smtan;:e in terms of resistivity Table 12.2
Electrical Conductivity of Some |
R= P— (ffﬂm Eq- 12“4) material
A Material Conductivity
| 1 T
But - R=— and p=— (fi S )
- G G Silver 66.7 % 10°
] 1 ¢ Copper _64.1x 104
Sy T Gold 49.0 x 10°
Aluminum | 40.8 x 10%
G oA Rhodium T B33x10°_|
A Zinc — | 28.2 R A0SR
= 7 e gt Nickel 164 x10°
1 0 Cadmium_ _L 147108 |
. Iron — | 112%10% =
Platinum | 102 x10° |
_ g | Palladium | 93=x10° |
o A Tin 8.7 %108
Chromium 1T 70x10°
: R Lead | Sa iUt
The ST unit of conductivity is Q™'m™ or mho.m!. Titanium 23%10°
The values of conductivity of different materials are 1{‘:"’”“0' . 1.0 10°
listed in table 12.2. boc-graphite | (15 =a)RIT

12.4.3 Variation of resistivity with temperature

It is an experimental fact that the resistance of a conductor depends upon the
temperature i.e., the resistance of a material increases with increase in its temperature.
For example, the atoms in a solid are always vibrating about their mean position at
room temperature. Now when the temperature increases, the amplitude of vibration
of atoms also increases and the free electrons undergo greater number of collisions.

Hence the resistance of the conductor increases with increase in temperature.

Let a metallic conductor having resistivity R at temperature 0°C, when its

temperature is increased to t°C then its resistance becomes R, .

Thus, change in resistivity =AR = R, =R
change in temperature = AT=t-0 =t




The analysis of experimental data °C
on resistance as a function of temperature 0
shows that change in resistance of the
conductor 1s directly proportional to both (
initial resistance of the conductor and

raise in temperature. That is, |‘( / )I

0
AR o RD t C
. AR < AT
By combining these two relations ( R
AR o« R, AT o
AR = aRy AT ...... (12.9) ]c /
where ‘o’ is constant of pr{)poﬂionality DifTerent values of resistance of a conductor at
and it is known the temperature co- different temperatures.
efficient of resistivity. Its value can be DO YOU KNOW
calculated as, - A fuse is a safety device that serves to.
: AR protect the circuit components and wiring
a = in the event of short circuit. Excessive
Rl current melt the fuse conductor which
o ) blows the fuse.
a=—->" ... (12.10)
Rt
The SI unit of 'a' is K™'. Let '¢' be the length of Table 12.3
the uniform conductor and ‘A’ be its cross- Color Temperature
sectional area. Similarly, p, be its resistivity at CDBfﬁCil‘;“t
o : i 0 [(°O)]
0°C and p, beits r'emstmty att (‘Ztl.lcln Eq.12.10  rgiver 38 %107
can be expressed in terms of resistivity as; “Copper 3.9 x10?
pil Pt Gold 34 x10?
T . T ~ Aluminium 3.9x10°
o= T : Tungsten 4.5 x 103
o .t Iron 5.0 x 107
A Platinum 3.92 % 107
_ P =P, Lead 3.9 x 107
= ST "Nichrome 0.4 %107
0 ' Carbon -0.5 x 10”
Pi—Po = OPp,t Germanium —48 x 102
P, = P, +0ap,t Silicon =75 x 10°

g, = py(14at) ...... (12.11)

The values of temperature co-efficient for various materials are given in Table
12.3. The results show that the value of ‘ & ’ is positive when resistance of the material

&,




increases with the increasing temperature such as copper, silver tungsten etc.
Similarly, the value of ‘.’ is taken as negative when the resistance of the material
decreases with the increasing temperature such as carbon and all semiconductor
materials (germanium and silicon). On the other hand, the value of ‘@’ is taken as
zero, when the resistance of the material remains constant with changes in

temperature.
Example 12.3 FOR YOUR INFORMATION
The resistance of a conductor of First digit r— B
uniform length 20m and cross-section area '
Imm?is 0.4Q. Determine the resistivity of | | —/
the conducting material.
| ~ Solution: —— T:'j:‘:‘r"'ﬁ;m,T
| Resistance of the conductor R =0.4Q e iestotor colT a2
Length of the conductor £ =20m Colour | Digit | Multiplier | Tolerance
| Cross-section area of the conductor A =Imm? | [ Black 0 10:' or 1
= B2 Brown | 10
Or A=LE RN W > o % |
Resistivity of the conductor p =? Orange 3 107
- . 4
Resistivity of the conductor can be ||-—— T |
calculated by using Eq.12.4, that is, Blue 6 100 |
[ Violet 7 107
R = p— Grev 8 10¥ |
A White 9 107 f
Lokl 10 5% '
:Bfi Silve 102 £10%
f No colour +20%
The numerical value of resistance of a carbon resistor
(0_49) X (] X 10_31‘1‘]2) can be determined by its color code, which consist of
p= four bands, three at one end, fourth on the other. Where
20m the first two bands specify. the first two digits and the
_ 3 third band gives the number of zeroes. The fourth band
P =0.02 x 10° Qm at the other end gives the value of tolerance in |
of rcentage. = '
p=2x10"Qm PREERE J f

Example 12,4
A tungsten filament of a bulb has a resistance of 50Q at 20°C and 467Q at
2000°C. Determine the value of temperature co-efficient of resistance of the tungsten.

Solution:

Ri=50Q
R2=467Q2
t =20°C
P t, =2000°C

Change in temperature AT =2000 —20 = 1980°C




Y O S ———

‘ Now, by using Eq.12.11, R, =R, (1+ aAT)

| o= E_Z_:_IE'—
| R,AT
_a70-502_
| = (509)(1 980°C)
0. =0.0042°C""

12.5 THERMISTOR
Thermistor is a temperature
dependent resistor, its resistance changes
; ——
very fast even with small change qf
temperature. The - term thermistor 1S

me
combination of thermal and resist_or. ﬁ
Majority of the thermistors are working

mmf

under the negative temperatur¢ CcO-

efficient  of resistance, however the -
positive temperature coefficient of a S
thermistors are also  available. Fig.12.5 Different types of thermistors.

Thermistors are made from the . s v sk ebad]
semiconductor oxides of nickel, cobalt, copper, 1ron e'tc. %4 rz' . ]e o
different shapes such as beads, discs or rods etc. under different conditions as shown

in Fig.12.5. » : ;
Thermistors have several applications which are summarized as:

A negative temperature coefficient thermistor 13 being used to safeguard
against current surge in a circuit. o
ii.  Thermistors are being used for voltage stabilization.

. Itis being used as a temperature sensor.
iv.  Thermistors are used to measure very low temperatures of the order of 10K.

12.6 ELECTROMOTIVE FORCE (e.m.f.) AND POTENTIAL
DIFFERENCE

To maintain a steady current in a closed electric circuit, a source of electrical
energy is required. The source may be battery, generator, solar cell, thermocouple etc.
All these are known as sources of electromotive force (e.m.f.). When any one of them
is connected to a circuit which consists of a resistor ‘R’, then an electric field is
produced in the circuit directed from the high potential to the low potential as shown
in Fig.12.6. The electrons from the negative terminal are forced by the source of e.m.f.

_ e

1.




to move against the direction of the field. Py
Thus, the energy supplied, by the L uai—
source per unit charge to move I_hﬂ
charge in circuit from the low potentl_al 1A
to the high potential is called ifS :
electromotive force. It always raises the /"_I -
potential of the charges and it is expressed +H =
as ' E

e.m.f. (E) = E Fia.12.6 i electric circuit consists of a resisiop.

O LM Rl 5 3
W g (12.12) and a source of ¢ (E).
=0E ..ciei .
The SI unit of e.m.f. is volt. R 8
On the other hand, when the source A

delivers the electrical energy into the |
circuit, then work done per unit charge 'ﬁ "T@f_
b:._-—4 )_-@-F\

between two points (A and B) as shown
7 The electric potential between point A

in Fig.12.7, is known as the potential |I Il
difference. It is represented by V and it is +

expressed as; Fig.12 SRR
W=4gV...... (12.13) and point B inan electric circuil.
An ideal source of e.m.f. is one DO YOU KNOW

which maintains a constant potential difference | e word ‘open’ means no flow of
between the two points in the circuit. Thus, by | charges (current) in the given circuit

comparing Eq.12.12 and Eq.12.13 we get, and the word ‘closed’ is applied for
the flow of charges (current) in the

qE=qV :
E=V (As V =1IR) circuit.
E=IR
E _ H"—E _______ I
1= = 1200 LIF N
Each real source of e.m.f. always I v. |
has some internal resistance ‘r’ as show in - EEEITAE R
Fig.12.8, and this resistance is due to the 7 I | 15’
electrolyte present inside the source.
Thus, in the presence of internal | R -
resistance, the potential difference across 0‘\N\P
a real source in a circuit is not equal to the N

e.m.f. because some energy is dissipated  Fig-12.8 A source of e.m.f. which has an internal
resistance . -

through ‘r’. Thus, when a current [ is




flowing from the negative terminal of the source to the positive terminal through the
external resistance ‘R’ and internal resistance ‘r’, then the potential difference ‘v’
between the terminals of the source is given by

V=E- Vr Potential difference vs Electromotive force
IR = E .« I r Potential Difference (V) Electromotive Foree (E)
: The total amount ' ;,“E:;‘;‘Im‘::_“:“ew
= of Electrical Energy 3
E I(R + I') translerred to Heat gy I m’ib*‘::ﬁ'
by each Coulomb R flV bl o
E of charge J Electrical Energy
I= (12 15) = by each Coulomb
R+r ' i

_ This equation gives us few important results about the e.m.f. and the potential
difference. That is,

1. If r# 0 and the source delivers the current into the circuit then the e.m.f, of
the source will bg greater than the potential difference (E > V).
2. If the switch is opened and there is no flow of current in the given circuit i.e.

there is no voltage drop across the internal resistance. Then the e.m.f. will be
equal to the potential difference (E = V)

3. The e.m.f. also equals to the potential difference if the internal resistance is
zero (r = 0). But it is an ideal case.

12.6.1 Maximum power transfer

We have discussed that a source of e.m.f. generates electrical energy and
transfers it in an electrical circuit. The rate of transfer of this electrical energy is
termed as electrical power which is dissipated in resistor R in terms of voltage ‘V’
and current ‘I, Now if we neglect the internal resistance of the source, then according

to law of conservation of energy, the power delivered by source is equal to power
dissipation in load resistor R i.e.,
Power delivered to R = Power generation

__energy transferred £ mrﬁ} PONDER
Pour = : o S e
time Since power is directly proportional to
VAQ ' I or V2, if current through resistor or
out = —— ' ' voltage across resistor is doubled then
At ’| power will be? ]
AQ
as == &=
At
Poul = V I

and V=1IR
Pou= IR ...... (12.16)




A real source has some internal resistance. Substitute the value of current in
terms of resistance ‘r’ from Eq.12.15 into Eq.12.16.

-2
A
(R+T1)

E’R
(R-r1)* +4rR
E2
(R-r)? +4rR

Pouw =

If R = r then the denominator of
Eq.12.17 is minimum and then the power Py
will be maximum. Thus, it is concluded that a
load resistor ‘R’ will receive maximum power
only if its resistance is equal to the internal
resistance ‘r’ of the source of e.m.f. which may
be a cell, battery or power supply etc. Hence,
we get the value of maximum power by putting
R=rinEq.12.17.

Pmax = "'E_

5

...... (12.18)

EExample 12.5

FOR YOUR INFORMATION

Table for power consumption of various
household appliances.

Appliances Power
Consumption
Phone Charger Sw
LED Bw
Tube Light 22w
Computer Monitor 25w
LED TV (32") 30w
DVD Player 26w
Freezer 40w
Wall Fan 50w
Ceiling Fan 60w
Deep Freezer 70w
Laptop Computer 75w
Incandescent Bulb 100w
(100w)
Refrigerator 150w
Television (25™) 150w
Washing Machine 500w
Laser Printer 700w
Air Conditioner 2000w
Oven 2150w

The potential difference of a cell on open circuit is 6V which falls to 4V when
current of 2A is drawn from the cell. Find the internal resistance of the cell.

Solution:
Electromotive force of a cell = E =6V

Potential difference =V =4V
Current drawn from source = =2A
Internal resistance =r =7
As we know

POINT TO PONDER
A same voltage of 220V is applied
across the two bulbs but the resistance
of one bulb is higher than the other.
Explain which of the bulb glows more

brightly?
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FOR YOUR INFORMATION |

_6V-4vV

r
2A A node is a point in an electric circuit
r=1Q which joins two or more branches.
The total current at the nod is zero.
12.7 THERMOCOUPLE e S
A thermocouple produces a Voltmeter

temperature dependent voltage as a result
of the thermoelectric effect, and this
voltage can be wused to measure
temperature. The thermocouple was
discovered by the German physicist
Thomas Johann Seeback in 1821. It
consists of two wires of different metallic
conductors forming an electrical junction Hot Cold

as shown in Fig.12.9, such that one Junction Junction
juﬂctl()l'l is the cold and the otherjunction Fig.12.9 A schematic diagram ofl a thermocouple.

is hot. If the temperature difference ) -
between these two junctions exists, then an e.m.f. of a few millivolt can be obtained.
It is measured by a device attached with the thermocouple.

For example, let one wire is of bismuth and the other one is the antimony. If
the one junction is placed in melting ice of temperature 0°C and the other one is at
temperature 100°C then an e.m.f. of about 10mV is produced for a temperature
difference of 100°C. If the temperature of both the junction is same, equal and
opposite e.m.f. will be produced at both junctions and the resultant current flowing
through the junction is zero. Thus, the total e.m.f. of a thermocouple does not only
depend upon the nature of the metal of the wires but also on the temperature difference
between two junctions.

Thermocouple are widely used in science and industry. Their applications
include temperature measurement for furnaces, gas turbine exhaust, diesel engines,
and other industrial processes. They are also used in homes, offices and markets as
the temperature sensors in thermostats and as flame sensors in safety devices.

12.8 KIRCHHOFF’S LAW

An electric circuit consists of a source of e.m.f. and a number of resistors
connected in either series or parallel. When potential difference “V’ is applied then
there is flow of current ‘I’ through a resistor. The specification of the three parameters,
i.e., the applied voltage, current and resistance for a given circuit is termed as circuit
analysis. When the circuit is simple, which consists of a single source and a single
resistor, then we can apply Ohm’s law for its analysis. However, when the circuit is

\E,




complex, which contains more than one R
source and a number of resistors then we AAAMA
cannot use Ohm’s law directly for 118 !
analysis, For this, Kirchhoff has
introduced two rules known @S | ) _
Kirchhoff’s rules or Kirchhoff’s laws. In | |

the first rule, we can determine the flow |
of current in different branches of the
circuit with the help of node in the given \ 4

circuit. While, in the second rule, we can oo i cuit contains a single source of c.m.f.
determine the voltage drop by using l00P.  ang a single resistor.

Node: A point in an electric circuit where
two or more branches meet is called node or ju
has its minimum value.

Loop: A closed path in an electric circuit is called loop.

12.8.1 Kirchhoff’s current law

The Kirchhoffs first law is also
known as Kirchhoff’s current law (KCL).
This law is based upon law of
conservation of charges and it is stated as
“the algebraic sum of current at node
point in an electric circuit is zero”, that
1S,

*

nction. The current at such point (node)

>1=0....(12.19)

Consider five resistors which meet
at a node point ‘O’ as shown in Fig.12.10.
The currents 1y, 14 and Is are ﬂowing Fig.12.10 The sum of flow of current towards the
towards the node and the current I2 and I3 node equals to the sum of flow of current away
are flowing away from the node. If we  [romthe node.
take the current flowing towards the node
as positive and the current flowing away from the node as negative, then by applying
Kirchhoff’s current law at the node point ‘O’ we have;

I +1, +15+(—12)+(—13) = ()
[ +1,+1 = 1,+1; ...(12.20)
This is a mathematical form of KCL and DO YOU KNOW?

it shows that the sum of current entering any | The node which potential is taken as
node in circuit must be equal to the sum of the | zero called datum node.




2.
i 3

currents leaving that node. In other words, the amount of charge arriving at the node
is equal to the amount of charge leaving the node. This is named as conservation of

+ charges.

Node analvsis

Node analysis is based upon KCL and a number of steps are employed for the
analysis of a given circuit. These steps are summarized as
1.

Label all the nodes. i.e., the points in a circuit where two or more elements are
met.

Mark the potential of the nodes such as: Vi, V2, Vi etc.

Identify the node at which potential is zero. Such node is called reference or
datum node.

Apply KCL at each node except the datum node where incoming current is
taken as positive and the outgoing as negative.

Determine the number of equations which are equal to the number of nodes

excluding the datum node.
Solve all the obtained equations simultaneously and calculate the unknown

required quantities.

o 0. _
I+1,-1,=0
-/» But according to Ohm’s law

(12.21)

5
A 4

Example 12.6 a0, 2 o
| Calculate the currents Iy, I2 and I e
|" in the given electric circuit as shown in I, I, "
! Flg121 1. E 6V 6ﬂ3 113 12V E
* Solution: ) | T
We have
R, =4Q b
R,=2Q Fig.12.11
R, =6Q
E, =6V
E,=12v FOR YOUR INFORMATION
[, =7 A loop is a closed path in an electric
I =9 circuit. The total voltage drop in the
2o loop is taken as zero.
I, =7

Applying KCL on node ‘a’ which is at potential ‘V’. The potential of node ‘b’ is taken




FOR YQUR INFORMATION
Signs for E and |
E E
o— e I
- e . e
E=+E E=-E
- ,v... - 4+ ¥
_,. _"_‘_" °
V=-IR V =+|R

v _6-818 - 04545
B 4

i
— '18
g oV 12232 =191A

Thus ;
I ﬂ-—"ﬁ—{’ 2
2 2
T 8.18 _ 1.36A
[, = R, 6
' R] R
oltage 1V A—f\/\/\, e . C
phoff’s ¥ law 1S ANN~——
]2'8'2T11::rc1<irchh ff Sci;ocﬂfagc Law
known @S Ki""hhof s the law of g 2 . '
also knoW s pased upon G I \R + |
(KVL). Th; ; { energy and it 15 state 'al :——__ ! 3 L — E,
ﬁ?ll:scwlmébraic s f the potenltltﬂﬂ ol
dirfzr:n%c in a closed 100P is equa
zero”, that is; 'F E D
v=0... (12'22) Fig.12.12 An clectrical circuit consist of two loops

In order O BKP]ﬂill Kil‘CbhOfFS with two sources of e.m.f. and three resistors.

voltage law, W€ consider an electrical |
circuit which consist of tW0 loops ABEF and BCDE it o SercssoRs i f i gl

E, as shown in Fig. 12.12. The voltage drop across resistors R, Rz and Rj are taken
as Vi, V2 and V3 respectively. While applying KVL, it is very important to assign
proper signs (o voltage drop and e.m.f. in the given closed circuit. In this regard, the
flow of the current in each loop is taken as clockwise. That is, when current ;
through a resistor ‘R’ in clockwise direction than there is fali in potenti |I bpasse§
cu:-_reint onys a higher to a lower potential. So the term IR 1s taken as ne1 a ti eca;&‘b
anticlockwise direction, there is rise in potential because current flows agi?)\:uvee. mDT
rtoa

higher potential. '
gher potential. Hence the term IR is taken as positive. Similarly, if the direction of

-

@




the current is from negative terminal to positive terminal of the battery then there is
rise in potential and E is taken as positive. When the direction of current is from
positive terminal to negative terminal of the battery then there is fall in potential and
E is taken as negative. Hence under these conditions, we apply KVL on the given two

loops:
Loop ABEF ‘
E,-V,-V; =0
E -IR,-(I,-L)R,=0 ... (12.23)
Loop BCDE
—E; - V5~ V; =0
-E,-(I,-1,)R,-LR, =0 ... (12.24)

Loop analysis

Loop analysis is based upon KVL and a number of steps are employed for the
analysis of the given circuit. These steps are summarized as
Identify the number of loops in the given circuit.
The current must be taken as clockwise in each loop.
Label the current in each loop such as Iy, [, I etc.
Apply KVL for each loop.
Determine the number of equations. Note that the number of equations is equal
to the number of loops.

6. Solve the equations and calculate the unknown quantities.

Example 12.7 . R, R,
Determine the current in each loop of
the circuit which consists of three resistors of

resistance 1Q2, 2Q) and 3Q) respectively and E, *_: i g:
two sources of e.n.f. as shown in Fig.12.13. .4 @ = )& I, _=.=E:
The potential differences of the two sources I _T

are SV and 10V.

-t e =

—

Solution: f e -
We have Fig.12.13
Ri=1Q
R:=20Q
R3 =30
Ei=5V
Ex2=10V

I =7




[=?
By applying KVL to the loop abef
LR, +(I,-1,)R,-E, =0
L (1)+(1,~1,)(3)-5 =0
—41, -3L, = §5...... (12.25) v
Again by applying KVL to the loop bede
(I,-1,)R; +L,R, +E, =0
(I, -1,)(3)+1,(2) +10 =0
=31+ 51, =10 ...... (12.26)
Multiplying eq. 12.25 by 5 and eq. 12.26 by 3 then adding them

201, —151, =25
91, +15I, =-30
111, +0(1,)=-5
5
0 [ =i
' . ]

From eq. 12.26

-5)--10-2
51, = -10+3], :,,0+3(_1_1—J_ T
o =212
e |
25
0 e
_r IZ ll

The negative signs of I, and I, indicate that

these currents are in the anticlockwise dix:ectioll
i.e. opposite to assumed clockwise direction-
Example 12.8 '

An electrical network consists of five
resistors Rj, Ry, Rs3, R4 and Rs of resistance
3Q0,5Q,2Q,6Qand  4Q respectively 2
connected with a source of e.m.f. (E) about

. RN,

. 'n
as shown in Fg.12.14. Calculate the current ! i
each resistance. ctric network conijsls of
Solution: _ Fig-lz'ld Ancﬁand q source of e.m.L

We have




— e

Applying KVL to the three loop of the given circuit.
Loop ABCA
-IR, - (I, -1,)R, - (I, -I;)R,=0
=31, -(1,-1,)5-(1, - 1,)6=0
=141, + 51, + 61, =0
or 141, = 51, =61, =0 ...... (12.27)
Loop BCDB

: _IERJ_(IE _II)R2 _(]3 —13)R5:0

=21, -5(1,-1,)-4(1,-1,)=0
51, —111, +41, =0 ......(12.28)
Loop ACDA o
-(I,-1,)R,=(I,~1,)R; +E=0
—6(1,+1,)=4(1, - 1,)+2=0
61, +41,-101, = -2 ...... (12.29)
Multiplying Eq.12.27 by 4 and Eq.12.28 by 6 and adding them
561, - 201, - 241,=0
301, - 661, +241,=0
861, = 861,
[ =1,......(12.30)

Now Eq.12.27 becomes
14], - 51, - 61,=0
91, -61,=0
3=2I,

3
I =21 e (123)




Putting the values of Iz and I5 from Eq.
61, +4I, —10-[21,) = =2

2
=51,=~2

Rlw Lo v

I

—
¥
Il

—
L)
I

Thus, current through Ry =1, = 0.4A
current through R2 =1,
current through Rz =12

12.30 and Eq.12.31 in Eq.12.29 we get

=0.4A POINT TO PONDER
Why is a three pin plug used in some
electrical appliances?

=0.4A : : —

I, =0.6A

~I=0

=0.4A

current through R4 =13 -1, = 0.2A
current through Rs =13 — 1 = 0.2A

12.9 RHEOSTAT

A rheostat is a variable
resistance used to control the current
or as a voltage divider to control
voltage in an electric circuit. It is
connected in series with a load
resistor to adjust the current by
increasing  Or decreasing  1ts
resistance. A rheostat 1s made by
winding the nichrome (resistancn?)
wire around an insulating ceramic
core in a cylindrical form as shown
in Fig.12.15(a). It has three
terminals A, B and C such that the
terminal A and terminal B are fixed
at the two ends of the resistance coil
while the terminal C is the adjustable
terminal connected with a slider
contact. The slider contact is

connected with the resistance coil
and it can move along the coil from

Fig.12.15(a) A Rheostat

— \N\VVN—s
A R B

Fig.12.15(b) Circuit diagram of a Rheostat

\%



its one end to the other end. The resistance of the rheostat is varied when the slider is
moved over its resistive path. The equivalent circuit of rheostat is shown in
Fig.12.15(b) In order to get a variable resistance from rheostat, the set of connections
A and C or B and C are used in the circuit.

Rheostat as a variable resistance

The resistance of rheostat depends upon its resistive path. For example, let we
use the terminals A and C. Now if the slider is moved towards the terminal ‘A’ and
when they are close to each other than the rheostat offers minimum resistance and
allows a large amount of current. Similarly, if the slider is moved towards the terminal
‘B’ and they are close to each other, then the rheostat offers a maximum resistance
and allows a small amount of current. This is the function of a rheostat as a variable
resistance.

Rheostat as a potential divider

A rheostat can also be used as a A
potential divider. For instance, supply
voltage E is applied across the fixed
terminals ‘A’ and ‘B’ as shown in Fig.12.16.

The applied potential E is divided by the E
variable terminal ‘C’ connected with the
slider in the ratio of the resistance between
. AC and BC. Let ‘R’ be the total resistance of
the rheostat between the fixed terminal A and
B then the flow of current between them can

Vil i
|

be calculated by using Ohm’s law v
E=IR
E Fig.12.16 A rheostat as a potential divider.
I= = (12.32)

Similarly, let R' be the resistance between the fixed terminal ‘B’ and the
variable sliding terminal ‘C’ then the potential difference V across BC is given by
VIR e (12.33)
Putting the value of I from eq. 12.32 in eq. 12.33

=ER'
R

V= [E)E ...... (12.34)

N4
-
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This is the basic principle of rheostat as a potential divider, that is the potential

difference “V’ varies by varying the resistance R'.

12.10 WHEATSTONE BRIDGE

A  Wheatstone bridge is an
electrical network which 1s used to B
measure the unknown resistance. It was
introduced by Charles Wheatstone. It
consists of four resistances ‘P’, ‘Q’, ‘R’
and ‘X’, such that the value of resistancey
P and Q are known. The value of the
resistance R 1s also known but it is
variable, and the valuc of the resistance X
is unknown, which is to be determined.
All the resistances are connected in the
form of a closed loop ABCDA as shown @-\
in Fig.12.17. The source of e.m.f. is 4
connected across the junctions A and C
and the galvanomeler is connected across K +
the junctions B and D. This clectrical |
network is called a bridge, because, the Wheatstone Bridge
galvanameter bl'idges Hig fwo_ et Fig.12.17 A Wheatstone bridge circuit consists of
branches by a third branch B and D. When 4 four resistots with a HUE;II‘CL‘ ofe.mf
the key (K) is closed then there is {Tow of
current through galvanometer. Now by varying the value of variable resistance ‘R’
until galvanometer shows no deflection that is, there is no flow of current through the
galvanometer then the bridge is said to be balanced and this is the working principle
of the Wheatslone bridge.

Fig.12.16 shows that there are three loops ABDA, BCDB and ADCA having

current Iy, I & I3 respectively. If we take all the current clockwise then by applying
KVL to we get first two loops.

D
E

For loop ABDA
LP+(I,-L)G+(I,-I,)R=0...... (12.35)

For loop BCDB ]
LQ+(1,-1)X+(1,-1,)G=0...... (12.36)

As the flow of current through galvanometer is zero, so
[-1,=0 ie, 1 =L

é




Thus Eq.12.35 and Eq.12.36 become
LP=—(I,-I,)R ......(12.37)

LQ=—(I,-1;)X
But [=1, .
[Q=-(1,-1,)X ...... (12.38)

Dividing Eq.12.38 by Eq.12.37
Q X

P R

X=R% ...... (12.39)

Thus, to determine the value of the unknown resistance we can use Eq.12.39,
[t is true only, under the balanced condition of the bridge i.c., when the flow of current

through the galvanometer is zero.

12.11 POTENTIOMETER

A potentiometer is a device used to measure the unknown potential difference
or to compare the e.m.f. of sources. Although, we have other devices for the
measurement of potential difference between two points, such as, voltmeter, cathode
ray oscilloscope etc., but the potentiometer has more advantages over the others. For
example, a potentiometer is a simple, inexpensive, has high degree of accuracy and
docs not draw any current.

A potentiometer consists of a long conducting wire with uniform area of cross-
section. Usually its length i1s 4m to 5m which is stretched on a wooden board as shown
in Fig.12.17. A potentiometer

E
contains three terminals A, B and Divider cell

'C. The' terminal ‘A’ and the +} |- AR
terminal ‘B’ arc at the two

opposite ends of the . V. X
potentiometer. The terminal ‘C’ " §
through - galvanometer is A < B
connected with the Jockey and it

can slide over the wire. AB. A cell

which is known as the divider cell < L >

is used across the ends of the wire. —@

With the help of rheostat, a < ! oy

constant potential difference can Fig.12.17 A schemalic diagram of a potentiometer.

&
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be maintained across the ends of the w:re An ammeter 1s also used in order to observe
the current in the gwen circuit.

As the wire is of uniform cross-section therefore the potential difference ‘V,’
across the two fixed terminals ‘A’ and ‘B’ is uniformly distributed over the entire
length AB of the wire. However, the potential difference ‘V’ between the terminal

‘A’ and the sliding contact point ‘C’ is proportional to the length of wire between
them. If / be the length between terminals ‘A’ and ‘C’. Then
Vo !

V=kf ‘
E
Driver Cell
Jes == in (12.40) 7 I
4 Switch s i l :
Where ‘k’ is constant known as IRheostat
potential gradient, 1.e., fall of potential
per unit length.

Determination of potential
difference by potentiometer

A potentiometer can be used to
measure the potential difference I
between two points in an electric o
circuit. Fig. 12.18 shows how the Fig.12.18 Measurement of e.m.{. of a cell by using |
potentiometer can be used to potentiometer.
determine the e.m.f. (E)) of a cell. The
positive terminal of the given cell is connected with the positive terminal of the driver
cell and the negative terminal of E is connected with the jockey through the
galvanometer. Now the sliding contact Jockey is tapped along the slide wire AB until
the  galvanometer  shows no N (= Driver Cell Rheosta!
deflection, i.e. the current through the
galvanometer is zero. Then the e.m.f. E
of the given cell (E) is equal to the
potential difference across the points [ A
A and.C of length (. AT

A C

I TS

r-9

Gailvanomaeter B

Comparison of e.m.f. of two Wi :

cells by potentiometer 4

" A potentiometer can also be W

used to compare the e.m.f. of two :
. cells. The arrangement for comparing
the e.m.f. of two cells as shown in




Fig.12.19 which consists of two cells E, and Ea. The e.m.f. of cell Ei is known and it
is called standard cell, while, the e.m.f. of cell E; is unknown. It is called a test cell
and its e.m.f. is to be compared with the standard cell. The positive terminals of the
cells are connected with the positive terminal of the driver cell. The negative terminals
of the cells are connected to the two terminals of two way key. The third common
terminals of the two way key is connected to jockey through the galvanometer. An
ammeter is also used for the measurement of current flowing in the circuit.

Let £, be the balanced length from the terminal A to the terminal C, for standard cell
(E1), then _
e.m.f. of cell (E;) = P.D across the length £, .
Ei=ki,. ...... (12.41)

Similarly, let © [ ,’ be the balanced length between A and ‘C” for test cell (Ez), then
Ei=kt; -« (12.42)

Dividing Eq.12.41 by Eq.12.42

=—L ... 12.43
7 (12.43)

This result shows that the ratio of the e.m.f.s is equal to the ratio of balancing
lengths and this is the working principles of comparing of e.m.f. of two cells.

R SUMMARY
Elcctrlc Current The rate of flow of charges through a conductor is called
electric current.

° Ampere: If one coulomb charge is moving through a point in the given circuit
in one second then its corresponding current is one ampere.

° Steady Current: A continuous flow of current whose magnitude remains
constant is known as steady current.

° Ohm’s Law: This law states that at constant temperature, the applied voltage
across the conductor is directly proportional to the current. Mathematically,

V=IR

. Resistance: Resistance is the measurement of opposition to the flow of electric
current, its SI unit is ohm,

° Conductance: The reciprocal of the resistance is called conductance.

. Resistivity: The resistance in one metre cube of a conductor is called its

resistivity or specific resistance.
® Conductivity: The reciprocal of resistivity is called conductivity.

S
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Thermistor: Thermistors is a temperature dependent resistor, its resistance
varies even with small change of temperature. Most thermistor have negative
temperature coefficient of resistance.

Electromotive Force: The work done by the source per unit charge to move
the charge in a circuit from the low potential to the high potential is called
electromotive force.

Thermocouple: A thermocouple is an electric device to produce an e.m.f. by
heat and it is being used to measure the temperature.

Kirchhoff’s First Law: The algebraic sum of current at a junction in an
electric circuit is equal to zero.

Kirchhoff’s Second Law: The algebraic sum of potential difference in a
closed loop or closed electric circuit is equal to zero.

Rheostat: A rheostat is a variable resistance used to control the electric
current.

Wheatstone Bridge: A Wheatstone bridge is an electric circuit used to
measure the unknown resistance.

Potentiometer: A potentiometer is a device used to measure potential
difference and e.m.f. of a source.

EXERCISE

Choose the best option.

A flow of 107 electrons per second through a conductor produces a current of
(a) 1.6 x 1072A (b) 1.6 x 10"2A (€) 1.6 x 10°A  (d) 1.6 x 10%°A
The first source of ¢.m.f. was discovered by

(a) Ampcre (b) Volta (¢) Ohm (d) Coulomb
Which one of the given cells is not rechargeable?
(a) Laclanche  (b) Nickel (c) Cadmium (d) Lead acid
Which one of the given sources converts light energy into electrical energy?
(a) Dynamo (b) Generator (c) Photocell (d) Thermocouple
Which one of the following material is non-ohmic:
(a) Gold (b) Germanium (c) Copper (d) Silver
What will be resistance of the wire when its length is doubled
(a) Remain Same (b) Half
(c) Double (d) Triple
If the resistivity of the conductor is 2x10°Qm then its conductivity is
(a) 2x10°Q7'm"™" (b) 5x10°Q"'m™
(c) 5x107°Q"'m™ (d) 5x10°Q"'m™
Siemen is a unit of conductance and it is equal to
. “l\b
¥
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12.

13.

14.

16.
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18.

19.
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(a) ohm (b) mho (c) mho . m (d) mho .m"!
When resistance of the material increases by increasing the temperature then
the value of co-efficient of resistivity will be

(a) Constant (b) Zero (c) Positive (d) Negative
The unit of temperature co-cfficient is
(a) °C (b) °C! (e)°C.m (d)°C"'. m

In the presence of internal resistance of the source, which one of the following
relations between potential difference (V) and e.m.f. (E) is correct

(a)E=0 b E=V (c)E>V (dE<V
The unit of electromotive force is - .
(a) Newton (b) Joule (c) Watt (d) Volt

The source of e.m.f. transfers its maximum power to the external circuit when

- (r = internal resistance, R = load resistance)

(a)r=0 (b)r=R [e)r=R (dr>R
Kirchhoff’s 1% law is based upon law of conservation of

(a) Current (b) Charge (c) Voltage (d) Energy

The node in an electric circuit which has zero potential is known as

(a) Node (b) Antinode (c) Negative node (d) Datum node
When the direction of current is from negative to positive terminal of the

battery then ‘E’ is taken as

(a) Zero (b) Normal (c) Positive (d) Negative

If current passes through a resistor in anticlockwise direction. Then the electric
potential will be

(a) Zero (b) Remain same  (c) Raised (d) Fall down
An clectrical device which controls the current is known as

(a) Thermocouple (b) Rheostat

(c) Thermistor (d) Wheatstone bridge

The electrical device which is being used to compare the e.m.f. of two cells is

known as
(a) Rheostat (b) Wheatstone Bridge

(c) Potentiometer (d) Galvanometer

SHORT QUESTIONS

How does the conventional current differ from the electronic current?
How can you point out the direction of electric current?
What do you know about the drift of the free electrons in a conductor?

"Which kind of current you observe in electrolyte plasma?

What are the functions of copper and zinc plates in the source of e.m.f.?
What do you know about the ohmic characteristics of a ohmic device?
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1.
12.
13.
14.

15.

16.
17.
18.
19.

4.

6.
s
8.
9.
10.
1L

12.

Which type of graph will be obtained between V and I for non-ohmic
conductor? )

How does resistivity of a conductor depend upon temperature?

Distinguish between positive and negative temperature coefficients of
resistance.

Under what condition, the potential difference and electromotive force give
the same value.

When the source delivers its maximum power?

What is the working principle of a thermocouple?

What do you know about the circuit analysis?

What do you know about node and loop in an electric circuit?

What are the sign of currents when it flows toward and away from the node?
What are the basic principles of Kirchhoff’s two laws?

Under what condition you use Kirchhoff’s Laws for circuit analysis?

Which electrical device is being used as a potential divider?

What 15 the dif! Icrcnce belwccn Rheostat and Potcnllomcter?

Dcf' ne and cxplam steady currcnt dlrcctlon of current and sources of current.

State and cxplain Ohm’s law. Also discuss its applications for ohmic and non-
ohmic devices.

What do you know about resistivity and conductivity of a conductor? Describe
how the resistivity of a conductor depends-upon the variation of its
temperature.

Describe thermistor and its application in daily life.

What do you know about electromotive force and potential difference? Under
what conditions, their values are same in an electric circuit.

What is electrical power? How does the maximum power transfer take place
in an electric circuit?

What do you know about a thermocouple and its function?

State and explain Kirchhoff’s two rules for circuit analysis.

State and explain node analysis and loop analysis by using Kirchhoff’s tWO

rules.

Describe a rheostat and its working principle. Explain how a rheostat can be

used as a variable resistance as well as a potential divider.

What do you know about Wheatstone bridge? Draw its circuit diagram and

explain its working principle.

State and explain potentiometer, its function and applications.

gy




2.
current in the wire. (21mA)
% A metal rod is 4m long and 6mm in diametre. Compute its resistance if the
resistivity of the metal is 1.76x10°Qm. (2.5 x10°Q)
4. Calculate the potential difference across the two ends of the wire of resistance
5Q2 . If the charges of 720C pass through it per minute. : (60V)
5. A 10m long wire of diametre 0.2cm has a resistance 32 . Find the resistivity
of the material of the wire also calculate its conductivity.
(9.4 x107Qm, 1.06 x 10° Q'm™)
6. The resistance of a coil is 140 at 20°C. If current is passed through it, its
temperature rises, and its resistance becomes 1602 at 40°C. Calculate the
temperature co-efficient of resistance of the coil. (0.0071°C™)
i A copper wire has resistance of 3Q2 at 0°C. What is its resistance at 60°C. The
temperature coefficient of resistance of copper is 0.0039°C™'. (3.77Q)
8. - A battery has an e.m.f. of 12.5v and an internal resistance of 2.4 x 10°Q. If
the load current is 20A. Find the terminal voltage. (12.45V)
9. Determine the current through each resistor in the electric circuit as shown in
Fig.12.20, where R, is 10Q, R2 is 60, R3 is 10Q, E; is 6V and E> is 3V.
(I, =03A,1,=0,1,=03A)
10.  Find the current through each resistor in the electrical network as shown in
Fig.12.21. (I, =0.21A,1, =0.14A, 1, = 0.36A )
11.  If the e.m.f. of a battery is balanced by a length of SOCm on a potentiometer
wires while, the e.m.f. of 1.03v of a standard cell is balanced by a length of
55cm. Then determine the e.m.f. of the battery? : (1.5V)
B i
100 200
A D
202 100
C
2 Fig.12.20 _ &
sv
Fig.12.21
\

" NUMERICALZPROBEEMS™
How many electrons flow through a light bulb each second lf the current

through the bulb is 0.8A. (5 x10'%)
A flow of charges of 150C through a wire in 2 hours what is the amount of




ELECTROMAGNETISM

Major Concepts (18 PERIODS) ¢ LELiaiitel! Gt
e Magnetic field of current — carrying conductor This chapter is built on

e Magnetic force on a current-carrying conductor Electromagnetism Physics

e Magnetic {lux density X

e Ampere’s law and its application in solenoid

L]

Students eaving

Force on a moving charged particle in a
magnetic field

e/m-of an electron

Torque on a current carrying coil in a magnetic
ficld

Electro-mechanical instruments

T

e L

After studying this unit, the students will be able to:

explain that magnetic field is an example of field of force produced cither by
current-carrying conductors or by permanent magnets.
describe magnetic effect of current.

describe and sketeh field lines pattern due to a long straight wire.

explain that a force might act on a current-carrying conductor placed in a
magnetic field.

investigate the factors affecting the force on a current carrying conductor in a
magnetic field.

solve problems involving the use of F = BIL sin0.

define magnetic flux density and its units.

describe the concept of magnetic flux (¢ ,) as scalar product of magnetic field
(B) and area (A) using the relation ¢, =B, A=B-A.

state Ampere’s law.

‘apply Ampere’s law to find magnetic flux density around a wire and inside a

solenoid.

describe quantitatively the path followed by a charged particle shot into a
magnetic field in a direction perpendicular to the field.

explain that a force may act on a charged particle in a uniform magnetic field.

2



I o describe a method to measure the e/m of an clectron by applying magnetic field

and electric field on a beam of electrons.

|

of a specified range.

INTRODUCTION
A naturally occurring
Lodestone was first mined at

magnesia, Anatolia in Turkey. It was
named as magnetite, Fe3Oq. It has a
property to attract iron pieces. If a bar-
shaped of this permanent magnet IS
suspended from its midpoint by a
piece of string so that it can swing
freely, it will rotate until its one end
points to the earth’s geographic north
pole. This end is called north (N) pole
of bar magnet. The other end points to
the earth’s geographic south Pole
called south (S) pole. The same idea
is being used to construct a simple
compass. Like electric charges, the
like or similar poles repel, and the
unlike or opposite poles attract each
other with a force called magnetic
force. ;
In 1820, Oersted discovered
the relationship between magnetism
and electricity. He observed that a

compass needle was deflected by a'

current carrying wire. A few years
later, Michelson Faraday discovered
that an electric current can be
produced in a circuit by moving a
magnet near the circuit. These

prf:drc? th'E turning effect on a current carrying coil in a magnetic field and use
this principle to understand the construction and working of a galvanometer.
explain how a given galvanometer can be converted into a voltmeter or ammeter

describe the use of avometer / multimeter (analogue and digital)

DO YOU KNOW?

Like electric dipole, a magnetic dipdle consist of a
south pole and a north pole.
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The Earth's magnetic field is approximately that of a
dipole, like that of the fictitious bar magnetic. Where
the south magnetic pole is towards the geographic north
pole and the north magnetic pole is towards the

geographic south pole.
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observations show that an electric
field creates a magnetic field. Such
interaction, or production of
magnetism due to electricity
implies to  electromagnetism.
Magnetism and electromagnetism
are being used in several fields of
daily life, such as in electric motors, g A Y, Lo |
loud speaker, TV picture tubes, | When you insert your credit, debit or ATM card into the |
microwaves oven, tapes, disk Autnmated_Telle{ h.dachmc (;}TM}. Amslngncuc s}rip ona |
drivcs, computer printer, MRI card contains millions of tiny magnetic domains held 1

: together by a resin binder. The machine reads the |
(magnetic resonance imaging) etc. information encoded on the magnetic strip and it makes |

In this unit we will determine | your access to yom;afccum_n_m SRR Jl
the magnetic field, magnetic flux o

and magnetic force that acts on a moving —————— —
charg,c as well as on a current carrying POINT 70 PONDER ||
wire which is placed in the applied En";zoi‘:ﬁwoagg“e“c material have a north | 1
magnetic field. Similarly, we also explain | ; P : |

the construction, principle and working Of some elcctromagneltc mstruments such
as: galvanometer, voltmeter, ammeter and Avometer.

13.1 MAGNETIC FIELD

An iron ore called lodestone is a
naturally occurring magnetic rock found
- near the ancient city of ‘Magnesia’ (in
western Turkey). This is a reason that
why this lodestone is named as a
‘Magnet’. If a suspended bar-shaped
magnet is free to rotate its one end points
north, called north pole, and its other end
points towards south and is called south
pole. The like pOl&S repel and unlike pOlES Fig.13.1(a) Like poles repel each other (b) Unlike
attract each other with a force, as shown s
in Figﬁ.13.1. Such force of attraction or [— DO YOU KNOW
repulsion betweer} unlike = like poles is Like electric field lines, magnetic field lines |
known as magnetic force. Since each pole | ;1o never cross each other but instead push |
produces a magnetic field around it, so | apart of each other. .
the field of one pole exerts a force on the :

nearby other pole and vice versa. Like electric field, magnetic field is represented by

i, N




magnetic lines of force B which provides both magnitude and direction of the field.

The magnetic field vector B at any point is tangent to the field line as shown in
Fig.13.2.

-“'H-

1. The direction of the
magnelic ficld B at any
point on the field ling is s\ Y

tangent to the line.
é
/’

2. The lines are drawn /
closer together where -

3. Every magnetic [lich
line leaves the magnet
at its north pole and
enters the magnet at it
south pole.

the magnitude B of #,.f""

the magnetic field is -
greater.

L
D

Fig.13.2 Magnetic field vector ‘B’ is tangent to the field line.

H.C. Orested was the first North -
person who discovered the magnetic ’ o o x,
effect of electric current in 1820. = @: = v®”
According to him, a current carrying- -7 -T
conductor can also produces magnetic 1 .
effect. He verified his notion by {,5—5.("::1 South m““éﬁ"_ﬁmh

performing a simple experiment. The  Fig.13.3(a) No deflection, when the wire carries no
experimental setup consists of a wire  current (b) There is deflection, when the wire carries
AB which is connected across the '™

source of e.m.f. and a compass needle 1. current

placed parallel to wire as shown
Fig.13.3(a). If the switch S is opened
and there is no current in the wire, the ' @ o3
needle remains parallel to the wire i.e.,
the needle does not deflect. However,
when the switch is closed and the  dircction
current starts to flow in the wire, the b
needle deflects as shown in

Fig.13.3(b). Thus, this deflection e
shows that a current carrying wire of ficld
produces a magnetic field around it.

The strength of the magnetic field

depends upon the magnitude of current. Fig.13.4(a) Magnetic lines of force in form of
L concentric circles due to a current carrying a wire,
which is detected by plotting compass.

&
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Magnetic field due to current carrying a long straight wire

Consider a current carrying long straight wire, according to Orested a magnetic
field is produced around it. The pattern of such magnetic field is in form of closed
concentric circles in a plane which is perpendicular to the wire. It can be detected by
using a small plotting compass placed near the wire as shown in Fig.13.4(a). The
experiments show that the strength of such field depends upon current, medium and
distance from the wire. Similarly, the direction of magnetic lines of force can be
determined by “right hand rule”.

Right hand rule .

The direction of magnetic lines of force due to a
current carrying long wire can be determined by “right
hand rule”. According to this rule, the wire is grasped in
the right hand such that if the thumb is pointing in the
direction of current, then the curved fingers of the hand
will give the direction of magnetic field as shown in Fig.
13.4(b).

13.2 FORCE ON A CURRENT CARRYING

CONDUCTOR IN UNIFORM MAGNETIC

FIELD , i |
We have studied that a current carrying conductor ~ Fig-13.4(b) Right hand rule

; . : shows the direction  of

produces a magnetic field around it. Now if such . oG plc o force.

conductor is placed in an applied magnetic ficld, as

shown in Fig.13.5, then these two.magnetic fields i.e., the magn"tlc ficld duc to a

current carrying conductor and the -

applied magnetic field interact with each

other, as a result, a force is excrted on the

conductor. The obscrvations show that (

the magnitude of-such magnetic force. N

depends upon the following four factors.

i. Current: The magnitude of force exerts

on the conductor is directly proportional

to the magnitude of current flowing

through the conductor.

currentl_
/| F=ILBsin@
./ orF=ILBite=90

Fig.13.5 A current carrying Lunduc.lur in an applied
magnetic field experiences a magnetic force.

Fm oC l
ii. Length of the conductor: The magnitude of magnetic force is also directly
proportional to the length of the conductor within the applied external magnetic field
Fmoc ¢
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Why does a picture become distorted when a -

magnectic bar is brought near to the screen of
TV, Computer Monitor or Oscilloscope?

iii. Strength of the field: The magnitude
of the magnetic force is directly
proportional - to the magnitude of the
applied magnetic ficld B.

; Fnec B |
iv. Directions: If the length of the conductor is | POINT 1O PONDER
;_)Erpendicular to the direction of the applied field
then a maximum force acts on the conductor.
However, if the length is parallel to the direction
of field, the conductor experiences no force. It
means, the magnitude of force is also depends
upon the factor of sin0. That is, )
Fm oc sin@ Two conductors are at right angle in

Combining all the above results we may write; form of a plane carry equal currents.
Fm ec I/BsinB At what point in the planc that their
Fm = kI¢/Bsin0 | magnetic field is zero?

where ‘k’ is constant of proportionality. It is -

dimensionless and if its value is 1 in SI units then ﬂ
| Fm= [¢Bsin0......(13.1) <\

In vectors form

J >

E— |

ol Current into Current coming
B = 1(; xB) ______ (13.2) : the page  out ofthe page
If the length of the conductor 1S
perpendicular to dircction of magnetic field and
angle ‘0’ between them is 90° then magnetic force on

conductor is maximum. It is given by the
Fm=1(B 5.5in90° = |
F
B==%
10 (13.3)

Magnetic field is a vector quantit. :

p Yy and i v s

Tesla (T) i.e., the strength of the magnetic l'ieltfi ?’I ur-ut is

be one tesla if it exerts a force of one ney t'S said to

conductor of length one metre through which, ‘;uﬂrn on a
rent of

one ampere is passing through i, Mat :
expressed as; hemauca"}’, it is

IT=_IN s |

: IA~1m 1813.6(8) A magnetic
foree due 10 a current

Carrying 4’ conductor in

% umtorm magnetic field.
/- -

&




The magnetic field B can also be measured in terms of Gauss (G) where,

I Tesla(T) = 10* Gauss(G)
In order to determine the direction of force, we have a current carrying
conductor perpendicularly in uniform magnetic field, if the current flow is out of the
page then it is represented by symbol dot (+ ), as shown in Fig.13.6(a). Similarly, if
the flow of current is into the page then it is represented by symbol cross (X).
Due to the interaction these two fields reinforce each other on the left side of
the conductor and give a strong magnetic ficld while cancel each other on the right
side of the conductor and give a weak magnetic field. Thus, the direction of the force
on the conductor will be directed from stronger to weaker side at right angle to both
the length of conductor and magnetic field.
The direction of force on the .
conductor can further be explained by Direction of
Fleming’s left hand rule. According to Force
this rule, stretched the thumb,
forefinger and middle finger of the left .
hand perpendicularly in such a way 4

Magnetic field

that the forefinger is along the S e

magnetic ficld, middle finger is along g Direction of
the current flow then thumb indicates L. Current

the direction of force as shown in

Fig.lﬂl.()(b). Fig.13.6(b) Flaming left hand rule explaining the

directions of force. magnetic field and current.
Example 13.1
A straight conductor of length 20cm carrying a current of 10A in a uniform
magnetic ficld of strength 0.4T. What is the force on the wire when it is (a) at right
angles to the field and (b) at 45° to the field.
Solution: :
Length of the conductor = { = 20cm = 0.2m
Current=1= 10A
Strength of the field =B = 0.4T

(a) ' Force=F, =7
8, =90°

(b) Force=F2=7
0, =45°

By definition of force on a current carrying a conductor,

(a) F\ = 1(Bsin0,
Fi1 =(10A)(0.2m)(0.4T) sin90°
Fi =0.8N

2




| (b) F2 = 1£Bsin®,
| Fa = (10A)(0.2m)(0.4T) sin 45°
" | F2 =(0.8)(0.707)

[! F2=0.57TN
' 13.3 MAGNETIC FLUX AND MAGNETIC FLUX DENSITY
A magnetic field can be represented by —_—
imaginary lines of force called magnetic field A -
lines. Like electric flux, the magnetic flux is also 0

defined as, the number of magnetic field lines
passing through a certain area held
perpendicular to the direction of field as shown
in Fig.13.7. Magnetic flux is represented by ¢, .

Quantitatively, it is equal to the scalar product of ¢= BACoSS
magnetic field strength ‘B’ and vector area A.
1.8 Fig.13.7 The magnetic field lines
¢ = _B' K passing through area.
4 :
¢y= BAcosO ...... (13.4) Area =A

Magnetic flux is a scalar quantity and it
can be studied under the following two cases:
Case I: If arca is held perpendicular to the
direction of field B then the direction of vector
arca A is parallel to the direction of B and
angle ‘0’ between them is zero as shown in
Fig.13.8. Thus Eq.13.4 becomes

¢, = BA cos0°

$s= BA ......(13.5)
This is the maximum flux. | 9=BA
Fig.13.8 Area held perpendicular and

Case 11: Similarly, if the area A is placed atigls 0 betyiesn Biand A 15 0.

parallel to the direction of field B then the _
direction of vector area A is perpendicular to the direction of B and angle ‘0’
between them is 90° as shown in Fi g.13.9, then Eq.13.4 becomes

¢ = BA c0s90°

. ¢p=0
This is the minimum flux.
The SI unit of magnetic flux is Weber (Wb), which can be derived by using

Eq.135. :

i
/9. 3
b 4

= -




by = BA : +A

] Wb= ]T.--ll'n2 ---—--1----------
or 1| Wb = IN o2 G G B
Am EEEsEEEEEEEEEEEEEE
1 Wb = leA" =

Fig.13.9 Arca held parallel and angle 0 between
Magnetic flux density Rl 1690
Magnetic flux density is defined as the magnetic flux per unit area held
perpendicular to the direction of field strength ‘B’. It is measured in terms of ratio
between magnetic flux ¢, and unit area ‘A’ by using Eq.13.5

_ b
=S (13.6)

magnetic

The unit of magnetic flux density is
Wbm™? and it is equal to tesla. i.c.,

Wbm™ = ( add J m™>

A
=1
Whm = N
A
N
Wbm™? = A
% s Magnetic lines of foree passing through a unit area,
Wbm™ =T

This shows that magnetic field strength and magnetic flux density both have
same unit.

Example 13.2
A hemispherical surface of radius Scm is
placed in a magnetic ficld of strength 0.6T. If the
direction of the surface is along the direction of the
field then calculate the flux through the
hemispherical surface.
Solution:
Radius of hemisphere = R = 5cm = 0.05m
Magnetic licld strength = B=0.6T
Angle between Rand A = 0 =0°
Magneie lux = ¢ =?

Circular b, heml
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By definition of magnetic flux

by =B-A = BAcos0

b, =BA cos0
¢, =BA

But area of hemispherical surface =nR”
b = BnR’

9, =(0.6T)(3.14)(0.05m)’
b, =4.7 x 10° Wb

13.4 AMPERE’S LAW

We have studied that a current
carrying conductor produces a magnetic
field around it in the form of a closed
circular loop of radius ‘r’ as shown in
Fig.13.10. The experiment shows that the
direction of the magnetic field is tangent
at each point of the circular loop and its
strength is directly proportional to the
current flowing through the wire and
inversely proportional to the distance
from the wire. Mathematically, these two
results can be expressed as,

Ho i the constant of
27

proportionality. The parameter ‘M’ 1S
called the permeability of free space and
its value is 4tx107 TmA™.

Equation 13.7 was derived for the
magnetic field in form of a close circular
loop around a steady current-carrying
conductor. However, when the magnetic
field is along an arbitrary closed path

Here

O
oy

L,

o

|
‘ : I Circular path

Fig.13.10 A magnetic ficld in the form of circular
loop of constant radius r around steady current

carrying a conductor.

Fig.13.11 An arbitrary closed path around g
current carrying a conductor :
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called ‘amperean path’ around the current-carrying conductor as show in Fig.13.11,
then we cannot use Eq. 13.7 directly. For this Ampere has expressed a general relation s
between current and magnetic field along an arbitrary closed path.

Consider the arbitrary path around the current-carrying conductor which
consists of ‘n” number of small segments, such that each segment has same length
equals to A/ and is parallel to the magnetic field B, where

B-Af = BAlcos®=BA/ 2.8=0"
According to Ampere, the sum of all such product, (B-Af) over the
closed path is equal to [, times of the total current that passes through the

surface bounded by the closed path. This statement is called Ampere’s circuital law
and it can be expressed as,
(B-Af), +(B-AL), +-+-+(B-AL) = p,l

YB-AL) = T s (13.8)

This is the mathematical form of Ampere’s circuital law.

13.4.1 Magnetic field due to a current carrying solenoid

A solenoid is a long coil of
conducting wire with many turns. When
current is passed through a solenoid then
a uniform magnetic field is produced in it
as shown in Fig.13.12. The solenoid acts
as a bar magnet when it carries current
i.e., it becomes a strong electromagnet.
The magnetic field lines are entering at its
one end and emerging from the other end.

Fig.13.12 A solenoid in a cylindrical form.

The lines emerging end of the solenoid

acts as a north pole and the line entering
end acts as a south pole as shown in S e
Fig.13.13. The magnetic field inside the @ @- ®
solenoid is not only uniform but also

stronger. Whereas, the field _UUtSI'de the Fig.13.13 Polarities of uniform and strong
solenoid is weaker and neghglblc. magnetic field that produced inside the solenoid.
Consider a  current-carryin
‘e i yIng DO YOU KNOW
solenvid of length *7°. Here we assume that : o :
) (o] R - T The magnetic polarities of a solenoid -
magnctic licld outsic ¢ the solenoid is zero. To | can pe verified with a compass.
calculate the value of magnetic ficld B inside
the solenoid usine Ampere’s law, we consider a rectangular closed path abed such




that ab=/1, bc=h, cd=/ and da=ls, as shown in Fig.13.14. The sum of the products of
magnetic field B and lengths of rectangular closed path is expressed as,

ZEAE == E-E:-FE-E; +E-E3 +§-E4

Z_B'-A? = B¢, cos0° +B/, c0s90° ’f']'—“"-—j"-‘ .
+(0)(¢,)cos180° + B, cos 270° 7/SRENERERRE HET

i iR - A 1
Y B-AlL = B, +0+0+0 Bl——a h
|

Y B-Al = BY, ...... (13.9)
If the number of turns per unit Fig.13.14 To calculate magnetic field B
length is ‘n’ then total number of turns of considering a closed rectangular path abed on a
: ‘ . solenoid.
solenoid of length ‘£’ is N = n{ and total

number of turns in length £, is n{, . POINT TO PONDER

. By what factor will the magnetic field
Thus, total current in closed path abeda = nl,1 | .0 " 1o0 o increase if both the

According to Ampere’s Law. number of turns and the current are
S B-Af =H, (total current enclosed) | doubled?
> B-Al =pmtl . (13.10)
Comparing the left-hand sides of Eq.13.9 and Eq.13.10
BZ, = p,nf|l
= B=ighl usn. (13.11)

The direction of field B is along the axis of solenoid. The result of Eq. 13.11
shows that magnetic field B is independent of the position within the solenoid. It
means the field is uniform within a long solenoid. Eq. 13.11 is also valid to the
solenoid which has more than one layer of windings because B does not depend on
the radius of the solenoid. A much stronger magnetic field can be produced if
windings of solenoid are made on magnetic material that is use of an iron core.

Example 13.3
A 10cm long solenoid has 400 turns of wire and carries a current of 2A.
Calculate the magnetic field inside the solenoid.
Solution:
Length of the solenoid = { = 10cm = 0.1m
Total number of turns of solenoid =N = 400
Current through the solenoid =1=2A
Magnetic field inside the solenoid =B = ?

@



Number of tumg in length Per unit length=n = i
!

4010

n= —~t- = 4} turms /m

.The magnetic ficld inside the solenoid s giv-c:n by

-

B=p,nl

B=4gx10 " =4000=2 .

B=0.01T
B=102T

13.5 FORCE ON A MOVING CHARGED PARTICLE IN A

MAGNETIC FIELD

As we know the rate of Now of charpes
through a conductor is known as current. We
have already studicd that when CurTEnL-carrying
conductor is placed in o wniform magnectic
ficld, it experiences o magnetic foroe. Indeed,
the mngnetic force acts on the moving
charges beeanse a beam of charged particles
which arc moving with’ uniform velocity
equals 1o a steady current in the
direction of their motion. The magnetic force
on the charge is due to interoction between the
applied magnetic ficld and the induced
magnetic field around the moving charpes.

Consider a charge particle g is moving

The magnetic force F acting on a
charpa q maving with velechty v

Fugvnl

with velocity v in a uniform magnetic ficld B, il experiences a magnetic force, The

magnitude of this force depends upon the following factors;
i. Charge: The magnitude of magnetic force is directly propertional to the magnitude

of charge.
Fumog

ii. Magnetic Field: The lorce is directly proportional (o the strength of the magnetic

feld.
Fm ot B

iii. Velociby: The magnetic lorce also directly proportional to the velocity of the

charge particle.

@




Fm oC v
iv. Direction: It is found experimentally that when a charge particle is moving
perpendicular to the direction of magnetic field, a maximum force exerts on it.
However, when its motion is along the direction of the field, it experiences no force.
This shows that the magnitude of the magnetic force is directly proportional to sin®
Fm o¢ sin0
Combining all the above results, we get a relation,

Fm o gBvsin® - POINT TO PONDER
Fm=kgBvsin0 A force exerts on a moving charged
where ‘k’ is a constant of proportionality. In SI g?“'“c!"' in a magnetic field, but in what
units its value is one and is dimensionless, ireetion i moyes thatithe dorociyues
: not exert on it?
Fm = qvBsin®

In vector form

Fm =q(vxB) ...... (13.12)
This result is applied for both types of
charges i.c. positive and negative charges.
The direction of the magnetic force can be
determined by using right hand rule as; place

or draw the vectors v and B with their tail

together. Imagine rotating v towards B
through the smaller angle between them by
curl of fingers of right hand in the direction
of rotation. The erected thumb points in the
dII'ECtIOI.:l of: force on moving charge as Fig.13.15 Right hand rule showing a dircction
shown in Fig.13.15. In this case we have  of force.

considered a positively charged particle
(proton). i.e., when the proton enters into a
magnetic field, it experiences a force in the
upward direction as given by the vector

XK XX XX XX X
XXX KRR KX XXX
: KK XX XXX

e : ) Fig.13.16(a) The proton is deflected upward
vxB. Hence, the proton is deflected in the  under the action of magnetic force.

upward direction as shown in Fig.13.16(a).
If the moving particle is negatively charged XX KX KN X X ;f. : : :
su.ch as an electron then the direction of force KX XK X !-ﬂ X K X X
will be opposite to that of positive charge.  gis13.16(b) The clectron is deflected
When the electron enters into a magnetic downward under the action of magnetic force.
field, a magnetic force acts on it in the

©




downward direction. As a result, the electron is deflected in the downward direction,
as shown in Fig.13.16(b).

Example 13.4
An ion (q = +2e) enters into a magnetic field of strength 1.2T with a velocity
2.5 % 10° m s”' perpendicular to the field. Determine the force that acts on the ion.
Solution:
Charge on an ion =q = +2¢
q=2.(1.6 x 10"%)C
q=32x10"C
Magnetic field strength =B = 1.2T
Velocity of ions=v=25x% 10° m 5!
Angle between ficld and velocity = 6 =90°
The force on a the given ion is given by
F=qvBsin0
F=(3.2x10"C)(2.5 x 10°m s7")(1.2T) sin90°
F=9.6x10"N

13.6 DETERMINATION OF ¢/m OF AN ELECTRON
Consider an electron which 1is

moving with a constant velocity v and

enters in a uniform magnetic ficld B such N
that the direction of its motion is
perpendicular to direction of the field B.
It is to be noted that the direction of the X
magnetic field is into the page as shown
in Fig.13.17. Thus, the force acting on the
moving electron through B is given by: X

Fn = —e((mﬁ) ...... (13.13)

This magnetic force IS Fig.13.17 When the velocity of an clectron is
. = == . perpendicular to the magnetic field then the
perpendicular tc_’ hm.h v and B'_SO’ it magnetic force acting on it equals to the centripetal
changes the direction of velocity of force.
electron, but the magnitude of the velocity
remains same. Thus, under the action of this constant force the electron will move

along a circular path as shown in Fig.13.17. The magnitude of magnetic force on
electron is given by

] L} N L 5’ .!i N N £

Fm = evBsin0 = evB 5.8=90°

b
e



According to right hand rule, the magnetic force is always directed towards the
centre of the circle. Therefore, it provides the necessary centripetal force to the
electron of mass m to move it along a circular path of radius r. Thus, we have;

Fm = Fc :
e mv>
evB =
I
e
o Rp

If the values of v, B and r are known then
we could determine the e/m i.e., charge to
mass ratio. In this regard, the radius ‘r’ can
be measured by making circular path of
electron visible. It is taken place by using
gas (hydrogen or helium) filled tube at a low
pressure placed in the magnetic field. The
molecules of the gas are excited by the
elastic collision of electrons with them. Now
during deexcitation, the molecules emit
light and hence the circular path of electron L _
becomes visible as shown in Fig.13.18. In Fig.13.18 A visible circular path of electrons.
3 this way, the radius of the ring can be

determined easily.

Similarly, the velocity of electrons can be determines when they are
accelerated before entering into the magnetic field by applying potential difference

o ad 1 :
“Vo'. These accelerated electrons gain kinetic energy (Emvz) which equals to eV, .

That is,
—l'rl"u'2 - e:\f'0
ve eV,
m
L Substituting the value of e in eq. 13.14.
e _ 1 |2V,
y m Br\ m
e 1 2V,

m’> B m

©




LSR . (13.15)

m B’
The velocity of electron can also be determined by velocity selector method.
‘The arrangement of such method consists of the applied electric and magnetic fields
at right angle between the two plates as shown in Fig.13.19.

13 3

When an electron of mass ‘m E

charge ‘e’ enters perpendicularly with

velocity ‘v’ in the region occupied by % Fe % B
mutually perpendicular electric and ‘

magnetic fields, it experiences both % v %

electric force (+eE) and magnetic force , | Fe ‘

(-evB). Negative sign shows that the
5 H i Thin P alm vee 1 s rOO
magnetic force has same magmtude as r!g.l.'f.lﬂ' When an electron cnlu..r.w in the region
. . _ occupied by clectric and magnetic fields at right
that of electric force but in opposite angle. It experiences electric and magnetic forces
direction. Hence, under the action of these  which are same in magnitude but in opposite
two equal forces, the electron is in the  direction.
state of equilibrium. i.e.,
E+E =0
eE-evB =0
vB=E
E

V= B _
Substituting the value of v in Eq.13.14. We get

Example 13.5
A proton of mass 1.67 x 10" kg and charge 1.6 x 10'°C is moving in a circle

of radius 0.4m in a magnetic field of strength 1.2T. Find (i) speed and (ii) kinetic
energy of proton.

Solution: _
Mass of proton =m = 1.67 x 10%’kg
Charge on a proton =e¢ = 1.6 x 10"%
Radius of the circular path of proton =r = 0.4m
Magnetic field strength =B = 1.2T
(1) Speed of proton=v =?
(i1) K.E. of proton =?




1. To find the speed of proton in uniform magnetic field along a circular path, we
use the following equation

= eBr
v=——o0
m

. (1.6x107"° C)(1.2T)(0.4m)
1.67x10%kg

v=46%x10"ms"

. | -
i K.E.= Emv

K.E.= %(1.67 x107 kg)(4.6x10" ms™')?

-13
KE.=177x10"] = %e\f:l.lxlﬂﬁev
6%
K.E.=11MeV
13.7 TORQUE ON A CURRENT CARRYING COIL IN A
MAGNETIC FIELD

Consider ~a  current-carrying
rectangular coil ‘abed’ of length L and
width x which is placed in a uniform
magnetic field such that the direction of
field is parallel to the direction of the plane
of the rectangular coil as shown in
Fig.13.20. Also, the coil is capable to
rotate about its axis. We have studied in
the previous section that when a current
carrying conductor is placed in a magnetic
field, such that the length of the conductor
is perpendicular to the direction of field

S | .

Fig.13.20 Torque on a current carrying a
rectangular coil in a uniform magnetic field.

then it experiences a magnetic force, F = I(Exﬁ) =]ILBsin® . Where n is a unit

vector perpendicular to the plane containing L and B and it indicates the direction
of force. In case of rectangular coil, no forces act on its side ‘ab’ and ‘cd’ because
these two lengths are parallel to the field and angle between B and these two sides is




zero. Therefore, F2 = Fy = I(E X E) = 0. On the other hand, the magnetic forces act on

the sides bc and ad because these two sides are perpendicular to the field. Thus, the
‘magnitude of these forces is given by

Fi=F,=ILB ..0=90°" - )
Where the force F; is directed out Fl X
of the planc (page), while the force Fa is I‘_§

directed into the plane. These two forces
are same in magnitude but in opposite
directions, Therefore, they produce the
rotation in the coil about an axis which is

X .
known as torque, as > 8 the momentarm B

_*-
of each force, the magnitude of the net -
torque is given by F2
t=F .2(..|. ]:-‘2 i Fig.13.21(a) A magnetic field parallel to the plane
! 6 2 of the loop, where FFy and F; act perpendicularly on

moment arm x/2 and produce maximum torque.

X X
_iBX X
T 2 2

1 = xLIB
where xL is the vector area of the rectangular coil and its magnitude is A.

Therefore,
T =1AB ...(13.106)

This is the maximum torque
produiced by a  current-carrying
rectangular coil. Equation 13.16 hold
only when the field is parallel to the plane
of the coil as shown in Fig. 13.21(a). Now
if there is some angle ‘0’ between the
ficld and area ‘A’ of the coil as shown 1n
Fig.13.21(b) then the torque will be due to
the vertical component of moment arm

X ., :
'2‘5111 as shown in Fig.13.21(b). In this

K

Fig.llll(b) There is some angle  between field

case, the magnitude of the resultant torque g ;nqarea A of the loop and torque is due to the
is given as forces Fi and F2 and vertical components of

moment arm (x/2 sin0)




T= Flisinei-FjisinG
2 "2

=]AB sin© .
If the rectangular coil has ‘N’ number of turns. Then
T =INAB sin@ ...... (13.17)

This result shows that the rotation (torque) due to current carrying coil in
magnetic field depends upon the magnitude of current, number of turns of the coil,
magnetic field strength, area 'A' of the coil and the angle '0' between the field B and
plane area 'A' of the coil.

Example 13.6
The plane of a rectangular coil makes an angle l
of 60° with the direction of a uniform magnetic field X
of strength 0.9T. The coil has 50 turns and the
magnitude of its plane area is 0.12m?. If it carries a B sin®
current of 10A then calculate the torque acting on the o
coil.
Solution:
Current through the coil =1 = 10A
Strength of field=B =0.9T
Number of turns of coil =N = 50 | l
Angle between area and field = 6 = 90° - 60°
=30°
Area of the plane of the coil =0.12m?
Torque=1=7?
The torque on a current carrying a coil is given by

—>B

T =INAB sin0
T =(10A)(50)(0.12m?)(0.9T)sin 30°
T =27Nm

13.8 GALVANOMETER

A galvanometer is a sensitive electrical instrument used to detect or measure a
small electric current. The most commonly used type of galvanometer is the moving-
coil galvanometer. The working principle of galvanometer is based upon the fact that
when a current-carrying coil is placed in a uniform magnetic field, it is acted upon by
forces on its both end sides which produces a deflecting torque given as:

7= INABsin®6




where | is the current in the
rectangular coil, N is the number of turns
of the coil, ‘A’ area of coil, ‘B’ is the
uniform applied magnetic field, 0 is the
angle between the field and direction ©
Plane of the coil.
Construction

A moving coil galvanometer
consists of a rectangular coil ‘abed’ which
contains ‘N’ number of turns of insulated
copper wire wounded on a non-magnetic
light frame. The coil is suspended with
the help of a phosphor bronze wire X
between the curved N and S poles of a
powerful U-shaped permanent magnet,
such that it is free to rotate as shown in
Fig.13.22(a). Inside the coil, a soft iron
cylinder is fixed between the curved faces
of the poles. Its function is to make the
field radial, uniform and stronger. The
suspension phosphor-bronze wire x is
also serves as one current lead of the coil.
The other terminal of the coil is connected

Spring

Current
carrying coil Sl ligii'des
(h)
Fig.13.22 A schematic diagram ol a moving coil

galvanometer.

to a spring ‘y’ of phosphor-bonze having a few turns. It is used as the sccond current
lead. A small planc mirror is also attached to the top suspension wire. It helps to

measure the deflection of the coil by lamp and scale arrangement.

Working

When a current is passed through the coil, two forces of the same magnitude

but in opposite direction act on the two sides of the coil called a couple. This couple

produces a deﬂécting torque T, which is given by;

Ty = INABsin0

Since the coil is placed in a radial magnetic field, where angle ‘6’ between the
field and the direction of the plane of the coil is 90°. Therefore, the coil experiences a

maximum torque. i.e.,

@




T4 =INAB...... (13.18)

Due to this maximum deflection torque, the coil rotates, and this rotation of
coil produces a twist in the phosphor-bronze wire which causes the restoring torque.
This restoring torque is directly proportional to the angle ‘6’ through which the wire
is twisted. i.e.,

‘CrocB

r =c¢0......(13.19)
where ‘c’ is a constant of proportionality called torsion constant of the
suspension wire. Its unit is Nm per degree. The coil rotates until the restoring torque
becomes equal to the deflection torque. i.e., when the coil is at the state of equilibrium,

1.8
T,="1,
INAB =cb
~—° .8 3.9
T (13.20)
As all the terms of N;B are constant so,

[ cc B
This shows that the deflection of the coil is directly proportional to the current
passing through it. Also, this result leads to the development of a linear scale of a
galvanometer. Usually, there are two methods of observing the angle of deflection of
the coil, which are explained as under:
In a sensitive galvanometer, if a small current passes through a coil, it produces
a large deflection. Such deflection is observed by means of a small plane mirror

translucent
scale

permanant
magnet

fixed core
lefis and moving

graticule coll

Fig.13.23 Observing of deflection by lamp and scalc arrangement.
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attached to the suspension wire along with a lamp and scale arrangement as shown in
Fig.13.23. A beam of light from the lamp is focused on the mirror of the
galvanometer. It is reflected from mirror and produces a spot on a scale placed at a
distance of one metre from the galvanometer. Now when the coil rotates, the mirror
also rotates with the coil and the spot of light moves along the scale. The displacement
of the spot of light on the scale is proportional to the angle of deflection.

The second type of galvanometer is a pivoted coil galvanometer which is being
used in the laboratories of school, colleges and other educational institutions. Such
type of galvanometer is a less sensitive, where the coil is pivoted between two jeweled
bearings. The restoring torque is provided by two hair springs which also work as
current leads. A light aluminum pointer is attached to the coil which moves over the
calibrated scale as shown in Fig.13.24. This moment of the pointer provides the
measurement of the angle of deflection of the coil.

===l pper control spring

Puinter d

Prermanenl magnene ———— I Tz == Moving coil
rmem mmm mmmn == Mipnetlc core
Lower contrel spring - -
Fig.13.24 A schematic diagram of a pivoted type galvanomelter.

13.8.1 Ammeter
An ammeter is an electrical device

used to measure the electric current R,
passing through a circuit. A galvanometer
is a sensitive instrument and its pointer
shows full scale deflection for a very
small current even for current of milli
ampere. Thus, in practice, an ordinary . L R,

galvanometer cannot be used for large " A\ __»

~

current and its ~measurement. To  Fig1325 An equivalent circuit for ammeter,
overcome this problem, we convert a  where a shunt resistance is connected parallel with

galvanometer into an ammeter by a galvanometer.
connecting a suitable low resistance in
parallel with it as shown in Fig.13.25. Such low resistance diverts (by passes) th¢

®




extra current and hence it is named as shunt resistance Rs. This shunted galvanometer

J . is called an ammeter.
To find the required value of shunt resistance Rs for a given range of ammeter,
we allow flow of current I across the circuit of ammeter. A fraction of this current of
value I passes through a galvanometer of resistance R,, while the remaining large

amount of current of value (I ,—Ig) passes through the shunt resistance. As shunt

resistance is parallel to the galvanometer so there is same potential difference across
both shunt resistance and galvanometer thus, we have;

V5=Vg
(I-1)R, =IgRg
I
Re=|—— R, ...... 13.21
i R 1220

The above equation can be used to calculate the required shunt resistance for

given galvanometer in order to convert it for any range of ammeter.
Since ammeter is being used to measure the current, so it should always be:
‘connected in serics and the current flow through the component of a circuit can be

' calculated by using the following relation:

RE
[=1 | 8| o (13.22)

5

13.8.2 Voltmeter
A voltmeter is an electrical device ; R R I
used to measure the potential difference e_=f@=,=vvv\=v\/~=u=
between two points in an electric circuit.
As we have discussed that a galvanometer Y
can measure a current only in milliampere L
| due its very low resistance. It means that Fig.13.26 ‘:'\n cqx.li\':1|::|1l.|:ir-::uit for \'t.)llmct.cr.
¥ : ; where a high resistance is connected in scries

the potential difference can also be applied i 4 salvanometer
across the galvanometer in millivolts. But
in practice, our requirement is to measure the high potential difference. To overcome
this problem, we convert a galvanometer into voltmeter by connecting a suitable high
resistance Ry in series with it as shown in Fig.13.26. , ;

Now when a potential difference V" is applied across the voltmeter, then only
a fraction of volts 'V drops across the galvanometer and the remaining high voltage

(V- Vg) drops across the high resistance Ry. Since the deflection of galvanometer is

proportional to the current I, flowing through it and I is proportional to the potential

@




difference. Therefore, the scale is calibrated to indicate the voltage across the
voltmeter. _
Suppose we want to measure the applied potential difference in volts by using
a galvanometer of resistance Ry having full scale deflection current Iz, we connect a
high resistance R in series with the galvanometer. It may be noted that the same
amount of current is passed through both high resistance and galvanometer but the
value of the potential difference across each is different. Thus, their resultant potential
i Y’ is given as;

difference g V=V, 4V,

V =1,R¢ +IRy«

V =IgRg + Ry)

\'
18
\Y
Ri=——=R_ ......
| E
13
The high resistance Ry obtained by Eq. 13.23 has to be connected in series with
nometer 1O provide the potential ldxffe*rcncc of desired range. Since voltmeter is
Sa!vﬂ Lsed for measurement of potential difference between two points of the given
being

ouit, it should always be connected in parallel.
clIc ’

(13.23)

Example 13.7 o5 fi . di ;i 2
' alvanometer gIves full-scale reading of 25mA when potential difference

"?5 lgcrminals is 75mV. How it can be used (i) as an ammeter of range 100A and
i

?E;(:ls:q voltmeter of range 750V?

ji) as ¢

Solut ion- Full scale deflection current =I; = 25mA = 25 x 10-3A

ifference across the terminal =Vg = 75mV = 75 x 10V

ential d :
-l Shunt resistance =R = ?

(1) I1=100A
lf' High resistance =Ry =?
(ii) | V=750V
i { galvanometer =R, = Yy _ I5x10° 3Q
o3 s 0 alve =R,= = =
Resistance Ol £ _ = e 25x107

_ _roohRe 25%10~ x3
ghunt resistance = Rs = [-1,  100-0.025

(1)




f3

_15x1073
I
99.975
Rs=10.00075¢)
(ii) High resistance =R, = _\i 5
lg g
R:{ = —_15_0___ L
25%10™ -
Ry = 30000 - 3
R¢= 299970

13.9 AVOMETER (MULTIMETER)

An Avometer is a multipurpose electrical

device for measuring alternating/direct current,
voltages and resistance. The name Avometer
comes from AVO and meter which means
ampere meter, voltmeter and ohmmeter.

An Avometer may be of analogue or
digital type. The analog type has the pointer and
scale system as shown in Fig.13.27. However,
digital multimeter has a numerical display
screen as shown in Fig.13.28, where the digital
values in terms of amperes, volts and ohms are
displayed automatically with decimal point on
it. Such meter also eliminates the human error.

' An Avometer is basically a sensitive

moving coil galvanometer which is arranged
with a necessary network of resistances, a
battery and switching system as shown in
Fig.13.29. It has four terminals. When one
terminal of X and the other of terminal of Y is
selected, then the required quantity can be
measured. Now all the three parts of Avometer
circuit are explained as;

I The current measurement part
As we know, when a low shunt resistance
is connected in parallel to a galvanometer then

Fig. [3.28 A digital Avometer




such arrangement converts a galvanometer into
ammeter. The range of such meter can be extended X qeeu
when series combination of low resistance R, Rz and '
R3 are connected in parallel with a galvanometer as
shown in Fig.13.30. Such arrangement provides the
measurement of current in the range from milli
amperes to amperes. Alternating current (A.C.) can  *? circuit
also be measured by Avometer when a diode is
connected with it. Here the diode is used as a rectifier,

i.e. a diode converts A.C. into D.C. . Resistance measuring
3 Circuit

current measuring

circuit

Voltage measuring

Il  The voltage measurement part
We have already explained that when a high y _{a\

resistance is connected in series with a galvanometer,  ©. .., \]-lgf“m_k of R

then such arrangement converts a galvanometer into ., meter.

voltmeter. The range of this instrument

can further be increased, when a number G“f:-'-'{'f“"
of high resistances Rj, Rz, and Rj, are %
connected in series with a galvanometer as
shown in Fig.13.31. This network gives R, R, R,
the measurement of potential difference in A g PP vy
different range such as 10V, 50V and +
250V etc. - atiery -~

Avometer can also be used to % : % 3':,-/

measure the A.C. VO[IHEC when a diode is Fig.13.30 A circuit diagram [or current measuring
connected with it. Where A.C. voltage is  oran Avometer.

first converted into DC :

voltage by the diode then the

3
measurement of voltage is W *w 't't’-—
taken place. -
250
R

+

* q I
I The resistance il (G)
ange Sclector E

measurement part Switch
A circuit for an
ohmmeter in a Avometer -0
CO”_5|5‘S of a galvanometer, a Fig.13.31 A circuit diagram for voltage measuring of an
variable resistance Ry and a  avomeler. #

source of e.m.f. E connected -
in series as shown in Fig.13.32. The resistance ‘R’ to be measured is connected
between terminals x and y.

dies,
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First, the variable resistance Ry is : v

adjusted so that when the terminals x and _@ _M«_:J

y are short circuited, that is, when R = 0,
the galvanometer deflects full scale. Then
the circuit is opened, i.e., nothing is
connected between the terminals x and y,
so resistance is infinity and current is
zero. Thus, the deflection of the meter 1s

3

O O

also zero. Finally, when a resistance ‘Ry’ Fig.13.32 A circuit diagram for resistance
(n = 1, 2, i T is connected between the  measuring of an avometer.

terminals x and y, the galvanometer

deflects to some intermediate point. This point is calibrated as a resistance. The range
of ohmmeter can further be extended by introducing different resistances of different

_ values such R;, Ra, R3 and so on. B S
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Magnetic Field: The region around the magnetic or the current carrying

conductor in which a magnetic effect or force can be experienced is called

magnetic field. ‘
Magnetic Force on Current Carrying Conductor: When a current carrying
conductor of length ‘(" is placed perpendicularly in uniform magnetic field B, it

is acted upon by a magnetic force given as;

E = 1({xB)
Magnetic Flux: The number of magnetic lines of force passing through certain
element of an area is called magnetic flux. It is equal to the dot product of field
strength ‘B’ and vector arca A.

¢, = B-A
Magnetic Flux Density: The magnetic flux per unit area held perpendicular to
field lines is called magnetic flux density.
Tesla: Tesla is the unit of magnetic field strength or magnetic flux density. The
strength of the magnetic field is said to be 1T, if it exerts a force of IN on a
conductor when flow of current through it is 1A, also

IT=10'G
Ampere’s Law: The sum of the dot product of B and Al, i.e., (E-ﬁf) over the
closed loop around the current-carrying conductor is equal to 1, times of the total
current surrounded by the closed loop. i.e.,

TB-Al=p,l

W,
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Solenoid A solenoid is a long coil of conducting wire wounded in many turns
which produces a uniform magnetic field inside it when current is passed through
it. The magpnetic field due to current-carrying solenoid is given by
B = ponl
Force on a charge particle moving through magnetic field: When a charged
particle is moving with velocity ‘v’ in a magnetic ficld experiences a force. The
force on a charged particle is perpendicular to both the direction of the field and
direction of the motion of charged particle. The magnetic force is given as;
F=q(vxB)
* Torque on a current carrying coil: When a current carrying rectangular coil is
placed in a uniform magnetic field, the coil experiences a torque given by;
T =INAB sin6
Galvanometer: It is an electrical device used to detect a small electric current.
* Ammeter: It is a device used to measure the large current passing through a

circuit.
® Yoltmeter: It is an electrical instrument used to measure the potential difference

between two point in an electric circuit.
® Avometer: It is a multimeter used to measure current, voltage and resistance in

B an elcctnc mrcmt

C USRS O TXERC
Muit 'ph' choice {;n: stions.
L. A maximum force that acts on a current carrying conductor placed in a
magnetic field, when angle between the field and length of the conductor is
3 (a) 0° (b) 45° (c)90° (d) 180°
: Tesla in terms of base units is equal to
3 (@) kgm'A'  (b) kg mA (c) kgs'A"! (d) kg s?A"
- One Gauss is equal to
4 (@) IT (b) 10°T (c) 10T (d) 10*T
: The unit of magnetic flux is
g (a) Tesla (b) Weber (c) Gauss (d) Henry
) The magnetlc flux is maximum when angle between magnetic field and vector
area is
6. (a) 00 (b) 30° (c) 60° (d) 90° e
Magnetic flux density is dcf' ned in terms of
7 (@Tesla  (b) wbm? (c) NA'm! (d) All of them

A charged particle is moving along X-axis in a magnetic field along the
Y-axis. The direction of magnetic force acting on it is -




10.

1l.

12.

13.

14.

15.

16.

17.

18.

19.

(a) along X-axis _(b) along y-axis (c) along z-axis  (d) in xy-plane
Ampere’s Law gives us the relationship between

(a) Force and velocity of charge (b) Force and magnitude field
(c) Current and force (d) Current and magnetic field
The value of permeability of free space is '
(a) 107T.m.A"! (b) 2nx107" Tm.A™

(c) 4nx107 T.m.A™ (d) 47x10"T.m.A™

The magnetic field due to a current-carrying solenoid which has ‘n’ number of
turns per unit length is :

(@) B=ponl  (b) B=p,n’l (c)B:Pﬂf—nI (d)Bzuﬂ“-'

il

The magnetic field inside the solenoid is independent of one of the following

quantities
(a) Permeability (b) Position vector
(c) Number of turns (d) Flow of current

What is the magnetic force on a stationery charged particle in a uniform
magnetic field?

(a) Zero (b) F=q(vxB) (c) F=qvB (d) F=ILBsin6
An electron is moving horizontally towards east. If it enters in magnetic field
directed upward then the electron will be deflected in the direction of

(a) East (b) West (c) North (d) South

When the direction of motion of a charged particle is perpendicular to the
direction of magnetic field, then the particle follows the path of a

(a) Straight line (b) helix (c) ellipse (d) circle

The torque due to a current carrying rectangular coil placed in a uniform
magnetic field is

(a) t=1BAsin0O (b) t=IANsin® (c) t=IBNsin® (d)t = NAIBsin®
The working principle of a galvanometer is based upon

(a) Momentum (b) Torque (c) Force (d) Impulse

Th::h current passing through the coil of a galvanometer is directly proportional
fo the

(a) Resistance (b) Conductance  (c) Reactance (d) Angle of deflection
A shunted galvanometer is called

(a) Voltmeter  (b) Ammeter (¢) Ohmmeter (d) Potentiometer

A galvanometer can be converted into voltmeter by connecting it with

(a) Low resistance in parallel (b) Low resistance in series

(c) High resistance in parallel (d) High resistance in series

A




20.  Which one of the following quantity is not measured by Avometer
(c) Resistance (d) Potential difference:

" s
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I How can you determine the direction of the magnetic field due to a
carrying a conductor?

2 What is tesla and what is the relation between Tesla and Gauss? .

3. Distinguish between Tesla and Weber.

4. How can you differentiate the flow of current into the page and out of the page?

5. Under what condition the magnetic flux is minimum and maximum?

6. Differentiate between magnetic flux and magnetic flux density.

7. What do you know about the magnetic force on a stationary charged particle
in a uniform magnetic ficld?

8. Why Ampere’s law is truc only for a steady current?

9. What do you know about the amperean path?

i, What are the values of the magnetic ficld inside and outside of a current-
carrying solenoid?

i1.  State the Fleming’s left-hand rule to determine the direction of force that acts
on a charged particle moving perpendicular to the magnetic field.

12.  Explain the path of deflection of an electron and a proton when they enters
perpendicularly in a uniform magnetic field.

3.  How does an electron come under the centripetal force when its motion ig

perpendicular to a uniform magnetic ficld?

L] c 4 i
14.  How can you determine — by velocity selector method?
m

i5. How can we increase (he magnitude of torque due to a current carrying
rectangular coil placed in a uniform magnetic field?

16. How does radial magnetic field produce in a moving coil galvanometer?

17.  Why low resistance in an ammeter is called shunt resistance? Why it is
conneeted parallel to a galvanometer?

{8.  How can you converl a moving galvanometer into a voltmeter?

19.  Explain the method of measurement of resistance by using ohmmeter.

20.  Distinguish between analogue and digital Avometer.

" COMPREHENSIVE QUESTIONS

.  What is magnetic field? Explain the magnetic field produced around a current
carrying conductor. | :
2. - Define magnetic force and derive a relation for a magnetic force that is exerted

on a current-carrying a conductor placed in uniform applied magnetic field.

Q20
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What do you know about Flemming left hand rule? How can you determine
the direction of magnetic force by using flaming left-hand rule?

Define magnetic flux, magnetic flux density and their SI units.

State and explain Ampere’s circuital law and calculate magnetic field due to a

current carrying solenoid using Ampere’s law.

How can you determine the force that acts on a moving charged particle
(proton and electron) in a uniform magnetic field?

Explain the torque on a current carrying rectangular coil placed in a uniform
magnetic-field.

Define and explain galvanometer, its construction and working principle.

How can you develop an ammeter and a voltmeter by using a galvanometer?
Define and explain an Avometer, its functions and its various parts. sm——
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A current of 10A carrying conductor of length 20cm is placed in uniform
magnetic field 2T. If the length is at 60° to the field, then calculate the
magnitude of the force acting on the conductor. (3.5N)
A maximum magnetic force of 0.3N exerts on a 15cm long conductor carrying
a current of 10A in a uniform magnetic field. Find the magnitude of the
magnetic field. (0.2T)
Calculate the value of magnetic flux density and magnetic flux within an air
core solenoid of radius 2cm and 4000 turns per unit length carrying a current
of 5A. (2.51 x 10°2T, 3.15 x 10 wb)
A solenoid 10cm long has 500 turns. Find the magnetic field inside the
solenoid if it carries a current of 10A. (6.28 x 107T)
What will be the speed of an electron if it moves at right angle to the magnetic
field of 0.2T and it experiences a magnetic force of 2 x 10"*N.
| (6.25 x 10""ms™)
A proton enters a magnetic field of flux density 1.5wbm™ with a velocity of
2 x 10"ms™! at an angle of 45° with the field. Compute the force on the proton.
(3.4 x 1072N)
A velocity selector has a magnetic field of 0.3T. If a perpendicular electric
field of 10*Vm’! is applied, what will be the speed of the particle when it passes
through the selector? (3.3 x 10°ms™)
A rectangular coil of sides 10cm and 6cm having 2000 turns and carrying a
current of 5A is placed in a uniform magnetic field of 0.5T. Calculate the

maximum torque that experiences by the coil. (30Nm)

&




9.

10.

Find the value of shunt resistance required to convert a galvanometer ;
ammeter of range SA. Where the galvanometer has internal resistance 53‘}3

and it gives full deflection with a current of 10mA. (01
A galvanometer has an internal resistance 40Q2 and deflects full scale for 49{1
m

current. Calculate the high resistance that should be connected in series w;
galvanometer, in order to convert the galvanometer into voltmeter of ra‘llh
nge

100volt. (249609}
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This chapter is built on

Induced e.m.f.

Faraday’s law | Electromagnetism Physics
Lenz’s law X

Eddy currents

Mutual Inductance

Self-inductance

Encrgy stored by an inductor

Motional c.m.f.

A.C. Gencerator
A.C. motor and Back e.m.f.

Transformer
Students Learning Outcomes A

After studying this unit, the students will be able to:
* describe the production of electricity by magnetism.
e explain that induced e.m.f.’s can be generated in two ways.
(1) by relative movement (the generator effect).
(i) by changing a magnetic field (the transformer effect).
* infer the factors affecting the magnitude of the induced e.m.f..
* state Faraday’s law of electromagnetic induction.
account for Lenz’s law to predict the direction of an induced current and relate

to the principle of conservation of energy.
* apply Faraday’s law of electromagnetic induction and Lenz’s law to solve

problems.
* ~explain the production of eddy currents and identify their magnetic and heating

effects.
* explain the need of laminated iron cores in electric motors, generators and

transformers.
* explain what is meant by motional e.m.f.. Given a rod or wire moving through a

magnetic field in a simple way, compute the potential difference across its ends.
* define mutual inductance (M) and self-inductance (L), and their unit henry.

&




e describe the main components of an A.C. generator and explain how it works.

.

describe the main features of an A.C. electric motor and the role of each feature.
explain the production of back e.m.f. in electric motors.

describe the construction of a transformer and explain how it works.

identify the relationship between the ratio of the number of turns in the primary

and sccondary coils and the ratio of primary to secondary voltages.

.. describe how step-up and step-down transformers can be used to ensure efficient
transfer of clectricity along cables.

INTRODUCTION
In the previous unit, we
have studied that a flow of clectric
current produces a magnetic ficld.
This is a the link between
clectricity and magnetism. Such
link was discovered by Ocrsted in
1820. Now a question ariscs that
can a magnetic ficld also produce
current or clectric ficld? A few
years later, the answer of this
question was sounded Yes, when
the reverse effect was discovered.
i.c., a changing magnetic ficld can
also produce a current in a ncarby
circuit. This effect was studicd by
Michelson Faraday in England and
Joseph Henry in Amcrica in the
year 1831, The effect of inducing
voltage or electromotive force due
lo a change in the magnetic ficld is
known as clectromagnetic
induction. Induced e.m.f. can be
generated  either by  gencralor
effect (by relative motion between
changing magnetic ficld and the
conductor) or by transformer
effect (changing B). The changing
magnetic field forces the electrons

INTERESTED IN “nr*‘ IATIOCN

Elcctronic Card Swiping System based on
clectromagnetic induction theory

FOR YOUR! ‘\""”".‘

Suspension

Voice Coil

When an A.C. signal is applied, a changing current in the
coil of the loudspeaker produce a magnetic field in it. This
magnetic field interacts with the field of permanent
magnetic of the loudspeaker and it causes the magnetic
force that exerts on the coil which results in vibration of the
cone. This vibration produces sound waves.
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to move in any conductor within the field producing an induced e.m.f. or current. The
great discovery of electromagnetic induction by Faraday through his fundamental law
has brought a revolution in the field of science and technology. Most of the electrical
devices such as motors, generators, transformer etc. are working on the basis of
principle of Faraday’s law. In this unit, we will not only explain the various aspect of
electromagnetic induction but also discuss its practical applications.

14.1 INDUCED E.M.F.

It has been observed experimentally
that when a changing magnetic flux passes
through a circuit or conductor, an e.m.f. is
induced in it. This phenomena is known as
induced e.m.f.. Which is explained by the (a)
an example.

Consider a coil connected with a
sensitive galvanometer and it is placed

Statinmary

v :” _-——-— =
N 5

near a stationary bar magnetic, such that I 5

the magnetic flux from its N-pole is linked R e

with the coil as shown in Fig.14.1(a). ey

Initially, when both are at rest i.c., there is

no relative motion between coil and (b)

magnet, so the deflection of the Fie L 1(a) M:l_:_inutic bar is at rest and meter
galvanometer is zero. Now when we move  deflection 'll i “]” '|‘1]‘" ”:‘liknf‘l‘: i; T“‘I“i“”
the bar magnet towards the coil, the l‘;i"}:‘t‘“m']”‘ it e S T

magnetic flux across the coil is increased,

and galvanometer shows deflection in one side as shown in Fig.14.1(b). Sumlarly,
when the bar magnet is moved away from the coil, this time the magnetic flux is
decreased, and the galvanometer again shows deflection but on the opposite side. The
same result of deflection will be observed when the bar magnet is at rest, while the
coil is moved either towards or away from the magnet. It is important to notice that
the deflection can be observed only when there is a relative motion between bar
magnet and the coil. However, no deflection will be observed when they are stationary
no matter how close they are to each other.

The deflection of the galvanometer indicates that a current is induced in the
circuit in the absence of a battery or any other source of e.m.f., it is observed only.due
to changing magnetic flux linked the coil. Such current is called induced current. Its
corresponding voltage is called induced e.m.f.. The analysis shows that the induced
current depends upon the following factors:

1. Number of turns of the coil.




" Magnetic flux linked to the coil. o /;
iii.  Relative speed between bar R I

n A
magnet and coil. i === | ™

There are number of methods that w w| / N *
produce induced current, but we are going 10 e B "E’_
explain two of them. --L-Z:’.J;f-‘:_"‘ il e
Method I:  Consider a coil of uniform arca e =¥ &
connected with a galvanometer such that the - W W W WK
coil is placed in a uniform magnetic field as
shown in Fig.14.2(a). Initially, when the coil Binto Paper

il of uniform area ¢
Fia. 14.2(2) A coil ol untlorm aren connecte

Is at rest, there is no deflection 1n the coil. ¢ ealvanomeler in uniform magnetie

However, when the coil is rotated, the ;':.t.hi .

magnetic flux linked the coil changes by its

rotation and galvanometer shows deflection

as shown in Fig. 14.2(b). This indicatcs that . e
the current is induced by the rotation of coil : "

" in uniform magnetic field. This principle is ek ¥ s, Nl
being used in electric generator. Biatw Paer_ — L8 . TS, Axis of
Method II ~ Similarly, we have another o Uil gy Thm“u
method to induce current. This method T Nk

N N n n " u

consists of two coils placed side by side.
One coil is connected to a battery with @ g 14.2(h) Induced current due 1o rotation of
switch and is called primary coil P. The coil in uniform magnetie field,

other is connected to a galvanometer and

is called sccondary coil S. (_{ (((( ( ( ad U [S ( ( ( ( ( ( U

Initially, when the switch is open
and there is no current in the primary
circuit, then the deflection on the *‘/ —d —
galvanometer in the sccondary circuit is
zero as shown in Fig.14.3(a). Now when 7 4 .
tch | e O LD
the switch is closed then the current \ X
increases in the primary coil and it causes
increasing magnetic flux in the secondary )
coil S linked with primary coil and thus l.l"a: (b) NS
galvanmuc(er shows deflection as shown Fig. 14.3(a) When the switch 1s opened and current is
in Fig.l4.3(b). Sil'l‘lilﬂl'iy when the SWitCh ZEro in :ht:‘ primary circuit, the deflection in meter is
. 2 : also zero in the secondary circuit (b) when switch K
IS again n?mde open then the current is closed current increases in primary coil and flux
decreases in the primary COI' which increases  in secondary  coil  thus meter  shows
causes decreasing magnetic flux in the delioenan,

=
&
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secondary coil ‘S’. Again the galvanometer shows deflection but in the opposite
direction. In this process, the e.m.f. induces due to the mutual link of two coils through
magnetic flux, so it is named as mutual induction. A transformer’s working is based

on principle of such mutual induction.

14.2 MIOTIONAL E.M.F.

In the previous section, we have
studied the production of induced e.m.f.
by different methods. In this section, we
describe the e.m.f. induced in a
conductor due to its motion across a
uniform magnetic field and it is called
motional e.m.f.. -

The motional e.m.f. can be
explained by an experimental setup which
consists of two parallel conducting rails,
separated by a distance ‘¢’ and a
galvanometer is connected between their
two ends P and Q. Let a conducting rod
RS of length ‘£’ is placed on the two
parallel rails. In this way, we have a

closed conducting loop PQRS as shown

in Fig.14.4(a). A uniform magnetic field
is also applied which directed into the
page.

~ Initially, when the rod is
stationary, the galvanometer shows zero
current in the closed loop. However when
the conducting rod is pulled to the right
with velocity ‘v’ under the action of an

applied force (anp), the free charges
(electron) of the rod experience a
magnetic force Fs. As a result, the free
charges start to flow along the conductor

and then in the closed loop thus
galvanometer shows the current in the

B"-iu S
P x » » *®
A | e e .__—_—l;_
* x *® x
» x »® % r.—_—-xg:‘
Ep <98 Vv
( x % ox x|y
| . o« x x4 B
J '
b4 B —— x
v ==

?-—-ﬁad—:lhR

Fig.14.4(a) A conducting rod sliding with velocity v

along two parallel rails produces a motional e.m.f..

T | E“|
5. e . mm
x X 4|l = x
L] F.
i .X = 1: | — 2
f - Ffr':.‘
x x | X = X

Fig.14.4(b) Separation of charges causes of electric
hield as well as electric potential across the ends of
conductor.

loop. This result shows that the current is induced in the closed loop due to the motion

of the rod across the magnetic field.

The force that experience by the charges of the rod is given by

LN
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In scalar notation

F, = qvBsin©®

Fp = q(;xﬁ)=qusinﬁﬁ-

As the velocity ‘v’ is perpendicular to the magnetic field ‘B’ and angle ¢

between them is 90°. Therefore,
Fy = qvBsin90°
Fi=qvB ...... (14.1)

The magnetic force causes the electrons (—ve charges) to accumulate at the one epg
of the rod and leaving a net the positive charge at the other end as shown ip
Fig.14.4(b). This separation of charges produces an electric field in the conductor
where the electric force (F, =qE) on the charges equals to the magnetic force

(F, = qvB). i.c., they are same in magnitude but in opposite direction. Thus according

to Newton’s third law:
F. =<F,
qE = —qvB
i=—-vB ...... (14.2)
The separation of charges in the conductor also

causes a potential difference ( AV') across the ends of

conductor and it is related to the induced e.m.f. (€)
in the loop. That is,

g =AV
But & — g\;—.
4
Or AV = E(
g =E(
E=E
4
Thus eq. 14.2 becomes
£= -vB
(
=-vB( ...... (14.3).

This is the maximum value of motional e.m.f. when the velocity of the rod is

Wircless charging mobile works

under the principle clectromagnetic

" induction.

perpendicular to the applied magnetic field. But, when there is some angle ‘@’

between V and B then Eq.14.3 can be expressed as;
g =Blvsin®




This result shows that the motional e.m.f. depends upon length of the rod,
speed of the rod and angle ‘0’ between v and B.

«  Example 14.1
A conducting rod of length 40cm is moving at a speed of 50 m s*' in a uniform
. magnetic field of strength 2T. Calculate the e.m.f. induced in the rod when (a) the

direction of motion of the rod is perpendicular to the magnetic field (b) and the rod
moves at an angle of 60° to the field.

Solution:

Length of the rod = £ =40cm = 0.41.11

Speed of the rod =w=50
_Strength of the field =B =2T

emf.=€g =7
(a) Angle between v and B = 6, = 90°

(b) Angle between v and B = 0, = 60°
By definition of motional e.m.f.

(a) = vB/sin 6,
=(50ms’ ‘)(ZT)(O 4m) sin 90°
=40V
(b) g, = vB(sin0,
=(50ms")(2T)(0.4m) sin60°
E; =35V
14.3 FARADAY’S LAW OF
| ELECTROMAGNETIC
INDUCTION

In motional e.m.f., we studied the
induced e.m.f. by moving a conducting
rod with constant velocity perpendicular
to the magnetic field. Now the same
phenomenon under the same
experimental setup was explained by
Faraday in terms of changing magnetic

flux. Again considering a conducting rod t
of length (RS = £) which is placed on two
parallel conductmg rails and “a Fig.14.5 Induced e.m.f. due to changing of

galvanometer is connected between the magnetic flux through the area of the loop PQRS.
two ends P and Q. So -there is closed

A
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conducting loop PQRS as shown in Fig.14.5. A magnetic field is also applied
perpendicular to the plane of the conducting loop. If the rod moves through a distance
Ad in time At then its velocity is given by:

Ad
vV — L (14.5)
Al
Duc to motion of the rod, the arca of the conducting loop changes

continuously. This changing arca is related with the changing of magnetic flux
through the loop. Thus, by definition of magnetic flux

Ad = B-AA
The direction ot area i wiv 1uep ie paralle] to the dwcchon of B and angle 0
between them is 0°. So —— = -
Ad= BAcos0’ = BAA POINT TO PONDER |

By neglecting the resistance, can a constant

Ap = BlAd
Ad current in a coil setup a potential difference |
Or Besumts . (14.6) across the coil? '
(Ad o
Now by definition of motional ¢.m.f.
g =-vB(l ...... (14.7)

Dutting thavaluaalvand B {rom-eq.-l4.5-andeq. 4.0 ineq. 14.7

[ma)( ) | B

Ad
X At
This result can be extended for ‘N’ number of loops instead of a single loop and we

have indeed e.m.f, ‘N’ times. That i is,

e *—»N d) ...... (14.8)

!::'_

This is the mathematical funn of Faraday law of electromagnetic induction. It shows
that the induced e.m.f. depends upon the rate at which the magnetic flux through the
the coil is changed. Thus, Faraday law of electromagnetic induction states that the
induced e.m.f. in a coil having ‘N* number of loops is equal to N times the
negative of the rate of change of magnetic flux linked with the coil. The negative
sign shows the direction of induced e.m.f. and it will be studied in Lenz’s law.

144 LENZ’S LAW

We have studied that the magnitude of induced e.m.f. can be determined by
using Faraday law of induction. i.e., the magnitude of induced e.m.f. is directly
proportional to the rate of change of magnetic flux. The direction of this induced

o ——
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current was pointed out by a Russian Scientist H.F.E. Lenz in 1834 which states as:
“the direction of induced current is always such as to oppose the cause (direction
of the action) that produces the induced current”. Thus, Lenz’s law can be
expressed same as that the Faraday’s law but with negative sign.

__NA¢
£ TR (14.9)

The negative sign in the Eq.14.3 implies that the induced e.m.f. opposes the
rate of change of magnetic flux linked with the coil. It is further explained by an
example;

Consider a coil which consists of a Approaching
number of turns.-When-t -pole of the N

bar magnet moves toward the coil,
magnetic flux linking the coil increases.
According to Faraday’s law the induced
current is setup in the circuit. Similarly,
according to Lenz’s law, this induced
current opposes the further increase in
flux through the coil. It is therefore, when
the magnetic flux across the coil is
changed then like a bar magnet, the one
end of the coil acts as a N-pole while the
other end acts as a S-pole. Hence, if the
N-polc of the bar magnet move towards
the coil. Now the two N-poles will then
repel cach other. Thus, by applying right
hand rule, the direction of induced current
in the circuit is anti-clockwise as shown
in Fig.14.6(a). :
If the N-pole of bar magnet moves away from the coil, the flux linking the coil
decreases. The induced current in the circuit again opposes the decrease in flux. This
time the end of the coil toward the magnet becomes S-pole. Now. the two opposite
poles will then attract each other and the direction of the induced current in the circuit
is clockwise, to oppose the cause i.e., decrease in flux as shown in Fig.14.6(Db).
Lenz’s law is not only provided the direction of the induced current but it is
also given the principle of law of conservation of energy. It is explained by
considering again Fig.14.6. When N-pole of bar magnet is approaching the coil, the
magnetic flux linking the coil increases and the end of the coil towards the bar magnet
becomes N-pole. Now the two N-poles oppose each other. Due to this opposition, the
mechanical energy is converted into electrical energy. Thus, Lenz’s law is consistent

(h)

Fig.14.6(a) The-indueced-currenttlows anmicfoTEWISE.
(b) The induced current flows clockwise.

'..--f - .
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with the law of conservation of energy. If the magnetic flux linking the coil increases,
the direction of current in the coil will be such that it will oppose the further increase
in flux and hence the induced current will be anticlockwise. If at this instant the
direction of current would be clockwise then it will become self-perpetuating and this
is the violation of law of conservation of energy. ; i
Similarly, when the N-pole of the magnet moves away from the coil, the
magnetic flux linking theecoil decreascs which induce current in the coil in such a
direction that the end of coil towards the magnet becomes S-pole. Now the attraction

of two unlike poles opposes the decrease in flux of the coil. This opposition to the
CAUSE Or Cuange i e ie apain in accordance with the law of conservation of energy.

Example 14.2

A coil of 150 loops is pulled in 0.06s from the poles of the magnet, which
decreases the magnetic flux linked with the coil from 6x10°Wb to 2x10-Wb.
Determine the average e.m.f. induced in the coil due to changing of flux.

Solution: -
Number of turns of coil =N = 150
Time taken =t = 0.06s
Initial flux = ¢,= 6 % 10* Wb

FIMaTIuX = ¢, =2 X 10" Wb
Changing in flux = Ad =6, =, ' —
Ap =2x107" -6x10"" = —4x10™* Wb
Induced e.m.f. =g =?
According to Faraday Law,

e = -N2¢
At
~_ —=150(=4x10™" Wb)
¢ 0.06s
g = (10000)x107*V
e =1V

14.5 MUTUAL INDUCTION
When a changing current in one coil induces an e.m.f. in another nearly
coil then such phenomenon is known as mutual induction. It is explained as:
Consider two coils which are placed side by side and close to each other as shown in
Fig.14.7. The coil which is connected (o a battery, a switch and a rheostat is callqd
primary coil P and the other coil which is connected to a sensitive galvanometer is
called secondary coil S. When the switch is closed the current increases from zero to




© its maximum value in the primary
"coil P and it produces a changing
magnetic flux which links with
the secondary coil S and we
observe momentarily deflection.
After some time the magnetic
ficld becomes steady i.e. there is
no more changing flux and
deflection ~ on  galvanometer
becomes zero. If the current in the
primary coil.P-is—changed by
changing the resistance of the
rheostat, then the magnetic flux E‘i;:.i-ll.‘? T‘r};‘- -:hrts:g-‘l;:u_z t-u_m.-‘m in primary coil _I’: the changing
linked with secondary coil S is by soilEproducesan em.f i &

also changed. Hence, according to Faraday’s law, the changing magnetic flux
produces an induced e.m.f. in the secondary coil ‘S’ and galvanometer shows
deflection. Since the induced e.m.f. in the secondary circuit is due to the mutual link

of coil S with the coil P through magnetic flux, such induction is termed as mutual
induction. The magnitude and dircclion this induced cm.€. con be determined by

Faraday’s law and Lenz’s law and its value is given by:

e, =-N2% (1410
At |

where N; is the number of turns of the secondary coil S. The analysis shows that the
- total flux N, through the secondary coil S which causes the induced e.m.f_is

directly proportional to the current T, in the primary circuit. i.e.,
N, o< I,
N, =Ml,-....x (14.11)

where M is the constant of proportionality known as mutual inductance of the two
coils. It depends upon the rate of changing of current in the primary coil, number of
turns of coils, cross sectional area of the coils and closeness of the coils. Substitute
the value of ¢, from Eq.14.11 in Eq.14.10, we get,

£, = —NSE[MI"}
- At\ N,

A]P
= M 14.12
> o ( )
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This is the mathematical expression of induced e.m.f. due to mutual induction
of the two coils. The magnitude and unit of mutual inductance can be calculated by

using Eq.14.12 as;

At
The unit of mutual inductance is Henry
denoted by H. That is, if the current in a coil P is

Changing at tha rate of one ampere per second
and it induces an e.m.f. of one volt in the cnil S,

then the mutual inductance is said to be one
henry, i.c.

keY

as @

acts

| . -

When the current in the primary coil is S\vip.ing::jl:j:;zg the do°""
changing at a ratc of 6As’, it is observed that an [ P
n_m_LnC_Lflmu—iﬁ-indu@@d.—in-the~neatby-~SECDndal'y
coil. What is the mutual inductance of the combination?
Solutiocn:

-1
Rate of change of current in primary coil = Al _6as oV
At |4 % |

Induced e.m.f. in the secondary coil = € = [?‘“"V
Mutual inductance SM =l
According to the relation of mutual induction

pi= Mﬂ
At
M=_—2_
)
At
Vo 14x10°V 5 3x10°F
6As™
M =2.3mH

; v
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14.6 SELF INDUCTION

It was first suggested by Henry that changing current in a coil induces an e.m.f.
in itself. This is known as self-induction which is explained as:
Consider a coil is connected in p

"
L

series with a battery, a switch S and a

rheostat as shown in Fig.14.8. When the _

switch S is closed, current flows through _|
the coil and a magnetic field is set up in it.

Now if the current'is changed by adjusting ol

the resistance of the rheostat, the '}_( "b_MM:W‘

magnetic flux linked with the coil also  pig 148 Changing current in the coil causes an

changes. This changing magnetic flux induced e.m.f. in the same coil.

causes an induced e.m.f. in the same coil.

Such induced e.m.f. is termed as self-induced e.m.f. whose magnitude can be
calculated by using Faraday’s law of induction.

g= — i—‘f ...... (14.14)

L]
-
i
P
»
]
&
-

bag 204
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where ‘N’ is the number of turns of the coil, ¢ be the flux through a single
loop of the coil. So, the total flux through the coil is N¢ and the experiment snows
that the total flux is directly proportional to the changing current. i.e.,
N¢ oc 1
N¢ =LI...... (14.15)

where ‘L’ is constant of proportionality called self-inductance. The value of
self-inductance depends upon number of turns.of the coil,-size-or-shape-of-the-coiland——
the type of material on which coil is wound.

Substituting the value of magnetic flux ¢ from Eq.14.15 in Eq.14.14 we have,

= el (14.16)

This is a mathematical expression of a self-induction. The magnitude and unit
of self-inductance can be determined by using Eq.14.16 in the form;

L=—rc......(14.17)
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The SI unit of self-inductance is henry “H’. It is defined as; if the current in
a coil is changing at the rate of one ampere per second and an e.m.f. of one volt |
is induced in the same coil then self-inductance ‘L’ is said to be one henry, i.e.
H= l] |
As” _ ' r
Example 14.4
Calculate change in current in an inductor of 6H in which the e.m.f. of 220V
is induced in 0.09s. Also find the change in flux in the same inductor.

Solution:

Change in current = Al =7 ~._POINT TO PONDER
Self-inductance =L = 6H W'hlch law of Physics tells us that if a
Induced e.m.f.= € =220V | current carrying conductor produces ¢ 1‘
Time taken = At = 0.09s | force on the magnet, then a magnet]
Change in magnetic flux = A =? .- must, produce a force on a current
} ; : ' carrying the conductor? e
According to the equation of self-inductance - <= —
B i= LE
At
e ~ o s
L
Al = (220V)(0.09s)
6H
=3.3A
Also £ == a_d)
At
Ad = g At
Ad =220V x 0.09s
Ad =19.8Wb

14.7 ENERGY STORED IN AN INDUCEGR =
Like a capacitor which stores energy in its electric field, an inductor also stores
energy in its magnchc ficld. It is explained as:
Consider an ‘inductor of inductance ‘L’ which is connected with a battery
through a switch as shown in Fig.14.9. When switch is closed-then there is a growth
of current from zero to its maximum value I in time t. This increasing of current

causes of changing magnetic flux (magnetic field) linked the coil. According to
Faraday’s law, “this changing magnetic flux produces an induced e.m.f.”. Similarly,
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according to Lenz’s law, “the induced

e.m.f. opposes the growth of current,
3 therefore, work is needed to be done

against the induced e.m.f. in the inductor

during the growing current until it attains
i its maximum value. This work done is

stored in the magnetic field of the

inductor in terms of magnetic potential

energy and it is calculated as under; Fig. 148 Mametic potont s nerg

By the definition of work on the charges """ e} tan induelor.

to flow in the given circuit,

W=F:«d

But F=(Aq)E=(Aq)(EV) ;.E=FV

|
|

e —

Switch / e |

L !.n_........_.,_._.p

stores in the

Hence W= Aq%-d = AqV
But according to self-inductance, the magnitude of induced e. m. ff £ or V ic

given as:
V= Lﬂ
' At
Al ™ FGK YOUR INFORMATION |
So W= ﬂqLAt " | Shake flash light nceds no battery:—
Aq : |__Shake~the  light for 30 second andJ
LAI=LIAI generates upto 5 minutes of light,)
' Electromagnctic induction occurs as al
0+1, - built in magnetic slides to and fro
where I = ! between coils that charge capacitor.
' When the brightness diminishes, shake
and Al =change in current =1, —0 | - again. You provide the cncrgy to charge
I the capamlor
Thus W= LEDIO - — .

W= é- LEZ i (14:18)

This work is stored in the form of magnetic potential energy in the magnetic
field of the inductor. Thus, according to work — energy principle, work done equals

the change in energy
: AU =Work -

w iy

©
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AU #ELIUF ...... (14.19)

As the energy is stored in the magnetic field of the inductor, Eq.14.19 can be
expressed in terms the magnetic field B.

By the definition of magnetic field inside the solenoid,

B= [l = % ...... (14.20) “n =N?
: |
TR B (14.21)
HoN

Now changing magnetic flux through an inductor of cross section area “A’
having ‘N’ number of turns;

Ap = B-A S o
_ (NI \ POINT TO PONDER
Ap = ( 0 ]A """ (14.22) What would be the value of stored
. o : : energy in an inductor if the applied
According to Faraday’s law of induction \ cumggt L doubled?
e L T
At At

L(1,—0) = NA¢

N (EQ.EO_) A
L= g

2
= # ...... (14.23)
Thus, substituting the values of 1 and L from [FF2 = DO ;_0_{_; K \?O” | _\
Eq.14.21 and 14.23 in Eq.14.19. We get, e A capacitor stores energy in its |
1 }J"'NZA B2p? clectric field.
AU = 5 0 - LINZ e An inductor stores energy in its \
‘| . Ho magnetic field.
AU = —=—(CA) .....(142¢y
2 Wy
AU = lB—(\h::han'n':)
2 |,

Now magnetic potential energy (Uw) per unit volume of the inductor is given by -

\

e

-



1B’ = (Volume)
AU 2 Ho
Un= Volume . Volume
v, =18 . .(1429

' This is the energy density or magnetic potential energy pcr unit volume in the
magnetic field of an inductor.

LXE ! e ;4-:‘

= Imi;x Lsteady current of 4A in an inductor of 1000 turns causes a flux of 0.001 Wb
to link the loops of the inductor. Calculate (a) the e.m.f. induced in the inductor if the |
current is stopped in 0.06s (b) the inductance of the inductor and (c) the energy stored

in the coil.
Solution:
Changing current = AI 4-0= 4A
Number of turns =N = 1000
Changing flux = A¢ 0.001Wb— =
Time taken = A{ = 0.06s - EO YOU KNOW =~
. (a) Bl::;k et g “A'steadyDic current cannot induce an
\ (b) uctance = =9 induced- em.f. because magnetic flux
(c) Energy stored = Un=2 due to.sych current does not change. |
, According to Faraday’s Law:
(@) e=NAe | )
At
_ g = Ioooiﬂm__\W_@_
: , -JOS
| | . E=167V .
‘ (b) Using the relation of self—mductance
L',\.I
‘ At
| L3241
Al
|
| L= %
4A .
1 L=02sy
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(C) Un= ZLII
= 1 2
Un= 5(0.2514)(4;\) =
Un =21 |

148 A.C.GEN ERATOR

An A.C. generator is 2 device that converts mechanical energy into
eleci_;ncal energy. The conversion of cnergy is based on the principle of induced
motional e.m.f. The essential parts of an A.C. generator are as under: :

Armature
It is a rectangular coil abed of Anmature col
length ¢ £ and widthx having ‘N’ number ’
of turns of insulated copper wire wounded

on a soft iron core. It is capablc of rotating

about an axis perpendicular o the

. magnetic field, as shown in Fig.14.10(a).

Magnetic Field

A strong uniform magnetic field ; : s
exists between north and south poles of
the magnets such that the armature rotates
in it

Fig. 14.10(x) A schematic diagram of an A.C.
Slip Rings .

The ends of the armaturc are connected with two slip rings Ri and Rj. These
rings rotate with the rotation ol the armaturc.

Brushes ' s
Two stationery carbon brushes Bi and Bz in contacl with the slip rings arc

responsible 10 provide the ‘nduced current from the armmature to the external circuit.

Working S -
When the armaturc is rotated at constant angular spccd o’ in the applic

magnetic ficld between north and south poles, the magnetic flux t}mt linked with 'the

armature changes. This changing magnetic flux induces an e.m.f. in the armature 1.6
- g = vB(

where v’ is pcrpcndit:ular to *B’. In order to determine @ general €

for such induced c.m.f., We consider the clockwise rotation of the armature.

xpressioﬂ
The side
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. ab and cd are moving at velocity ‘v’ making
" angle ‘0 with magnetic field ‘B’, such that,
_ the vertical component of velocity (vsin )
- js perpendicular to ‘B’ as shown in
Fig.14.10(b). The charges in these two sides
experience force along the sides of the wire,
causing induced e.m.f., while the e.m.f. due
to the side ad and bc is zero, because the
| force experience by charges in these two
| sides is perpendicular, not along the sides of
’ the wires. Thus, the value of resultant e.m.f.
' induced in the armature having ‘N’ number

of turns is given by
€= E, +&, +Ey y+Ey,

¢<
.r’/ 3
Fig. 14.10(h) The plane of armature at an angle

0 * with the magnetic ficld B.

€ = NvB/lsin6+ 0+ NvB/sin0+0

€ = 2NvB/{sin0 ...... (14.26)
If the armature rotates with constant angular velocity ‘ .’ then-according to—

the relationship between linear velocity and angular velocities is given as
V=T |
X
it and 0= wt

where ‘x” is the width of the armature. Thus Eq.14.26 becomes
£ = EN%mesinmt

As x({ = A  (area of the armature)

¢ = NABo sinot ...... (14.27)
IFangle 0’ between A and B is 90° then ¢ is maximum (&, ) and Eq.14.27 becomes

g, = NABwsin90°
g, = NABw
Eq.(14.27) becomes

DO YOU KNOW
An electric generator is an clectric
motor with its input and output

g= g, sinot ...... (14.28) fo
Since _2m _ ref R
N
Hence Eq.14.28 becomes
(14.29)

g = g, sin2nft ......
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This result shows that the e.m.f. induced in the armature varies periodically
with time. If 2 graph between e.m.f. and time is drawn then we have a sinusoidal wave
of frequency «f. The wave form of one cycle of A.C. due to different positions ofthe ——

armaturc with time 18 shown in Fig.14.11.

arqgle 6f
360y, retatitl
/; i
1
1
1]

Fig.14.1 { A wave cycle of alternating current due 10 different position of the armature.

ora full eyele = TR af the s eviert L el

Example 14.6
The armature of a generator has 150turns and its area is 200cm?. If it rotates

1 with frequency 60Hz in 0.15T magnetic field, calculate the maximum e.m.f. induced
_inthe cotle———
Selution:

Number of turns of the coil =N=150
Area of the coil=A= 200cm’ = 0.02m?
Frequency of the coil =f = 60Hz
Magnetic field=B = 0.15T
By definition of angular b requency:

o = 2nf
® =2(3.14)(60Hz)
@ = 377rad g
Now peak value of induced c.m.f. is given by
g, = NABO
=(1 50)(0.02m2)(0. 15T)(3 77rads™)
B =~ 170volt

14.9 A.C. MOTOR
An A.C. motor isan electrical machine that converts electrical energy into
mechanical energy- 1t works on the basis of principle of mutual induction, 1.€- the

applied alternating current in the stator winding induces current in the rotor.
magnetic field due to this induced current in the motor interacts with the stator fie

This interaction petween the tWo fields produce rotation in rotor. An

\19
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be either single phase or three phase. A single-phase A.C. motor converts a small
amount of electric energy into mechanical energy, while, the three phase motor
converts a bulk amount of electrical energy into mechanical energy.

An induction motor
consists of two main parts as
shown in Fig.14.12. One is the
outer side called stator having
coils supplied with alternating
current source to produce a
rotating magnetic field. While
the other is rotor which rotates
inside stator. The rotor is
attached to the output shaft

producing -.a second rotating -
magnetic field. The stator and  Fig-14.12 A schematic diagram of an A.C. motor with its different

the rotor are designed in such
a way that there is a small gap between

them known as air gap. Now we explain
various parts of an A.C. motor. _Wg =

parts.

Stator
The word ‘stator’ has been derived

from static, means stationary. The stator
is made up of a number of stampings
which are slotted to receive the winding.
It is wound for a definite number of poles
as shown in Fig.14.13. The number of
poles are inversely related to the speed of
the motor, i.e. greater the number of

poles, lesser the speed and vice versa. An s i Lominated Core
A.C. motor does not have any brushes, 9y -

but the stator is connected directly to the
A.C. source where the current alternates

through the poles and it causes a rotating

magnetic field.
Rotor
The word rotor has been derived
from rotation means rotational motion. A
rotor is the central component of the

Fig.14.13 A stator winding of an A.C. motor

Wound Rotor

Fig.14.14 A rotor of an A.C. motor.
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motor. It 1§ inserted into the stator and fixed to the sl'-naft. The rotor consists of a
cylindrical terminated core with parallel slots for carrying the rotor conductor. The
rotor conductors are not simple wires, but these are heavy bars of copper Of aluminum
such that one bar is placed in each slot as shown in Fig.14.14. This conﬁguratior! 1S-
called a squirrel-cage rotor, such rotor has the simplest and most rugged construction

imaginable.

= 4

Bearings and Ifan
Bearings are mounted on the shafl which
supports the rotor, minimizes the friction
and increases the efficiency of the motor
" as shown in Fig.14.15(a). A fan is also
mounted on the shaft of the rotor for
cooling thc motor when the shaft is
rotating as shown in Fig.M.IS(h).

Working of Motor
An A.C. motor works using the

—_prineiple_of electromagnetic induction.

When A.C. power (fom a sourcc is Fip.14.15(2) A bearing of an A.C. Motor

applied (o the stator of the molor, it
produces @ rotational magnetic ficld.
According to Faraday’s law, this magnetic
ficld induces a current in the rotor of motor
without any physical connection between
(he stator and the rotor. The frequency of
the induced current is same as that of
applied current. The induced current in the
rotor produces another magnetic field in
(he rotor that reacts against the stator (icld. Fie 1405 (b) A fan mounted the shaf of AC.
Now these (wo magnetic fields interact |
with cach other, their interaction produces torque and hence the rotor starts to rotatc
in the direction of the stator rotational magnetic field. The speed of the motor depends
upon the oscillation of the rotating magnetic field of the stator.

Let us study the production of rotating field for the one applied A.C. cycle by

considering the working of two phase A.C. motor. Such two phase motor consists of

two pole stator having two identical windings S and Sa separated by 90° phase

differen.cc between them as shown in Fig.14.16(a). The flux due to the applied
alternating current flowing in each phase winding is sinusoidal. Let & and ¢, be

# Y
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magnetic fluxes setup by two winding S, 2 Phase - 3 Wire System
and S» respectively and let ¢ be the
resultant flux of ¢, and ¢,. ie.,
b= +¢,.

* Now we observe the condition of
two flux ¢, and ¢, at different angles for

one applied cycle of alternating current.
I If 0=0then ¢, =0 and ¢, is

maximuim.

s ; :
Il If 6 = — then ¢, is maximum and
¢, =0.
11 If © = m then ¢, =0 and ¢, is
maximum. Fig.14.16(n) Circuit diagram of two phase A.C.

I motor contains two stator windings S; and S; at 90°
v It o= T then ¢, is maximum and  apart.

¢, = 0.
Vv I 0 =2n then ¢, =0 and ¢, is maximum.
Graphically, the values of flux ¢,
and ¢, in Sy and S: at different angles of T

the applied A.C. voltage arc shown in
Fig.14.16(b). The two resultant sinusoidal
waves of ¢, and ¢, show that when the

0

flux in one winding is minimum then at the
same time the flux in other winding is Fig.14.16(b) Wave shape of the two rotating
maximum and vice versa but the induced magnetic Muxes.

magnitude of the resultant flux remains constant.

14.10 BACK E.M.F. IN A MOTOR

When the potential difference V from a source is applied across an A.C. motor,
the rotor starts rotation in the stator magnetic field and there is changing magnetic
flux through the rotor. This changing magnetic flux causes of an induced e.m.f.
According to Lenz’s law, the induced e.m.f. opposes the applied potential difference.
Due to this reason, the induced e.m.f. is called back e.m.f. of the motor. As the applied
voltage (V) and induced e.m.f. (&) act in opposite dircction, the resultant e.m.f. in the

b
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circuit is V —¢. Similarly, if R be the resistance of the rotor then the current drawn
by the motor is given by

The magnitude of the back e.m.f. depends on the speed of the rotor. i.e., the
faster the rotor, the greater the back e.m.f.. In the beginning, when the motor is just
started, the back e.m.f. is zero and the current is maximum. i.e.

[=—......(14.31)

It is our daily observations that when we start a motor of refrigerator or
washing machine, the room lights near the load are affected and become din;DT Because
there is no ¢ in the starting and the motor draws a large current. At the Sa]‘n{;, time the
potential difference across the bulb is reduced, causing a mon%cntary brownout. As
the motor speeds up, the back e.m.f. is induced and as a result the potential diff erence
across the motion reduces, the current drawn in it-is much smaller, so the brownout
ends. Now if the motor is overloaded, it turns slow. According to E’q. 14.30, the back
e.m.f. reduces and there is a large current drawn in the motor. If this iarée current
maintains for a long time, the motor may burn out.

Exnmple 14,7 T
An electric motor is connected across the potential difference of 220V. If the

current of 50A flows through the resistance of 2Q of the motor, then calculate the e

back e.m.f. produced in the motor. ‘

Solution:
Applied voltage =V =220V
Current =1 = 50A
Resistance =R = 2Q2
Backem.f.=¢ =7

Using the relation

fiss Vl;B

g=V-IR

g =220V —(50A)(2Q2) ate
g =220-100 .
g =120V r



14.11 EDDY CURRENT

As we have observed that when an
armature or any other conductor rotates in a

magnetic field, it changes the magnetic flux /-
through it.  According to law of / ':?:\
electromagnetic induction, the - changing ,;"'" R} =
magnetic flux induces an e.m.f. in the A ';\/
armature. Hence this induced e.m.f. sets up a ) ( =«
current which circulate throughout the volume L@ 5

of the armature. Such current is known as _
eddy current. It is explained by an example: L

Consider a copper plate attached at the
end of a rigid rod to swing back and forth
through a magnetic field as shown In  rig14.17 Formation of cddy currents in a
Flg 14.17. As the p[a[e enters the field. it cuts  conducting plate moving through a magnetic
e e " 3 . ficld. As the plute enters or leaves the field, the
the magnetic flux which causes the changing ' " [oneic flux induces in et
magnctic flux. This Chﬂl’lgi]‘lg magnetic flux  which causes eddy currents in the plate.

induces an e.m.f. in the plate, as a result, a _ i
swirling eddy current is induced in the plate. Now according to Lenz’s law, the

direction of such eddy current is opposite to the direction of mo.tion of the pivoted
plate. It is therefore, the eddy current creates an opposite magnetic pol:? on the plate
which is repelled by the poles of the magnetic ficld. So, there 1s a repulsion force that
opposes the motion of the plate. In this case law of conservation of energy dogs not
hold. On the other hand, there is power loss due to the flow of this eddy current in the

body.

In order to reduce the power loss
and the consequent heating, conducting
parts of the rotating body are often
laminated. That is, they are built-up in
thin layers scparated by a non-conducting
material such as lacquer or a metal oxide.
This layered structure prevents large
current loops and effectively confines the
currents to small loops in individual
layers. Such a laminated structure is used
in transformer cores and motors to
minimize eddy currents and increase the
efficiency of these devices.
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Conversely, eddy current in some cases are very useful, f(')r 'example, the
braking systems in many trains and cars make use of electromagnetic induction apg
eddy current. An electromagnet attached to the train is positioned near the steel rajlg
The braking action occurs when a large current is passed through the electromagnet.
The relative motion of the magnet and rails induces eddy currents in the rails, and the
direction of these currents produces a drag force at the moment acting on train. These

eddy currents decrease steadily in magnitude as the train slows down, the braking
effect is quite smooth. Eddy current heating is used in the unduction furnance

14.12 TRANSFORMER

For a long-distance clectrical power
transmission, 1t is nccessary to use a high
voltage and a low current to minimize the
power (I’R) loss in the transmission lines.
Consequently, 132kV lines are used in our
country (Pakistan). But in practice, the
voltage should be decreased to approximately
66kV at distributing station, then to 11kV for
delivery to residential arcas and finally to
220V at the customer’s houschold wires. The

necessary Vollage conversion i1s donc by a External structure of a transformer

device named as transformer which is e

defined as; 3 ‘; — o
A transformer is an clectrical b ;

device that is used to change the applied
alternating voltage into high or low

. 3
. . | ‘a-.!:;._;n- ".' s 3 '.".":}-:'1 - '_‘f o
alternating  voltages. The working | e o
principle of transformer is based on Py ol which Geroniory cod
1 1 . 15 G el 1 b AR i et
mutual induction between two coils. A AG (1161 SCKIGa {6 & kiricl

simple transformer consists of two coils  Fig.14.18. A schematic diagram for a simple

of copper wire wound around a common transformer which consists of two coils primary and
; . 3 secondary

soft iron core as shown in Fig.14.18.

These two coils are electrically separated but are magnetically linked. The coil which
is connected to the input A.C. source is called the primary coil, and has N, number qf
turns. The coil which is connected to the load resistor and has Ns number of turns is
called the secondary coil. Here, the function of the common iron core is to enhance

the magnetic {Tux and to provide a medium such that all the flux through one coil
passes through the other.
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When the input A.C. voltage Vp is
applied to the primary coil, then
according to Faraday’s law of
electromagnctic induction, the magnitude
of e.m.f. induced in the primary coil 1S
given by

5 e

v, = -N, 22 _(1432)
At

1 re om I - |
~ If there is no leakage of flux fron Pimary |{ || Secondary
the iron core, then the flux through each . i B ol
turn of the primary coil is equal to the flux COi Soft fron »
through each turn of the secondary coil. core
Thus, voltage Vs induced in the secondary
Cﬂil is giVEll as: A symbol of a transformer
o

' N NDER
s _Nsi_f -(14.33) If the pdi(:;\ goﬁoo??hq%mnsﬁmncr is
pivingEq 14300y Eq14 32 vesst | R i
LB CN (14.34)
V, N,
Now let us consider an ideal transformer which has no losses. i.e., both coils
are pure inductive and have no resistance. Similarly, there is no magnetic flux leakage

in the core of an ideal transformer and hence it has no power losses. Thus, its input

power equals to _its output power. i.e., FOR YOUR INFORMATION
Power in = Power out In power transmission line, there are very
Velp = Vil high voltage 132kV or more and very small
\Y I current arc being used in order to decrease the
i S (14.35) power (I°R) losses in the transmission line
Vs Iy conductor

This relation shows that the
voltage across primary or secondary coil is inversely proportional to current through
the coil. This. principle is being followed for long distance electrical power
transmission. i.c., when high voltage from a step-up transformer is used for
transmission, the'current through the transmission line is decreased. Thus, the power
loss I2R due to the resistance of the transmission line is minimized.

power losses of a transformer
The power losses of an ideal transformer is always zero. The actual transformer
has some power losses. The power losses are due to the following factors.

\]%
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Fddy Current (1ron 1.0ss) |

" When an A.C. voltage is applied, the magnetic flux is generated in the coil |
This flux also passes through the core and it induces a current in the iron core kﬂﬁwﬁ .
as eddy current. This eddy current causes power dissipation and heating the core of |
the transformer. The eddy current can be minimized by using core having thj,

insulated laminations.

Tuantinreg

The power loss that occurs during magnetization and demagnetization of the
iron core in cach cycle of the A.C. is known as hysteresis loss.

esistance of the Coil

The wire that is used for winding of the coils has some finite resistance, The
resistance of the coils causes power loss (I’R) which is quite significant for large
values of current. This loss can be minimized by using thick wire for winding of the
coil. : |

Flux Leakage {(magncetic 1oss)
The observations show that the rate of change of magnetic flux linked with the
secondary coil is always less than that of primary coil. It means there is some flux
leakage. It can be reduced by winding the two coils one over one another.
All these result shows that output power of a transformer is always less than
its input power. Thus, the percentage

iron \
efficiency (r]) of a transformer can be ; e
calculated as: T i
R
Output primary  ° secondary
n = —l—-—p—-xlﬂﬁ% ...... (14.36) col = Pt
nput g 2
5 1107120 | - N - 220/240
Fypes of Transformers volts " volts
There are two types of (a)
transformers: o
) Step Up Transformer: .lf the clinty 4 B sccondary
number of tumns of secondary-coil * Ng’ coil '

is greater than the number of turns of T35~
primary coil ‘N, ' and output voltage *  volts

Vi'i input voltage ‘ V,’ then ()
s 1S more — P £ 4 Fig.14.19(a) Step up transformer, where Ng > Np and

the transformer is said to step UP  vg>V,(b)step down transformer, where Np > Ny and
transformer as shown in Fig.14.19(a). Vo> Vs,

110/120
volis

\ls()/
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2, Step Down Transformer: Il the number of turns of secondary coil * N, " is
less than the number of turns of the primary coil * N ' and the output voltage 'V, " is
gmaller than mput voltage "V, " then the transformer is said to be step down
ransformer as shown in Fig, 14.19(b).

Fxample 148
' A transformer used on a 220V line delivers 1.5A at 1800V, What current is
drawn from the line (assume | (H)% efficiency).
Solution:
Input voltage = Ve = 220V
Output vollage =Vs = 1800V
Input current=1p =7
Orutput current = s = 1.5A
As the cfficiency of the transformer is 100% so its input power équals to its

putpul power
Inpul power = output power
Vils =Vl
.= ls Ve
P v,
= (1.5}{1800) =
: : 220

¢
Example 14.%
' A step-up transfommer 15 used on a 220V line to fumish 3600V, The primary

coil has 200tums. How many tums are on the secondary coil?

Solution:

Input vollage =V = 220V
Cutput vollage = Vs = 3600V
Number of tums of pnmary =Np = 200
MNumber of turns of secondary =Ng="

As N .M

M. W,
v,

Ns=—==N
V. |
IG00Y

g = ¥ ¥ 200 = 3273 tums

220V
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SUMMARY

Induced e.m.f.: The current that induces in a conductor due to changing magnetic

flux linked with the conductor is called induced current and its corresponding
e.m.f. is called induced e.m.f.. '
Faraday’s Law: This law states that the induced e.m.f. in a coil, having N-number

of turns, is dircctly proportional to the rate of change of magnetic flux linked with
the coil. Mathematically it is expressed as

A
-
Al
Lenz’s Law: This law states that the direction of induced current is always
opposite to that action which causes of induced e.m.f..

Motional e.m.f.: The e.m.f. that induces due to the motion of conductor across a
magnelic ficld is called motional e.m.f..

Motional e.m.f. (¢) = vB(sin0
Mutual induction: The phenomenon in which the rate of change of current in one
coil induces an e.m.f. in another nearby coil is called mutual induction.
Self-Induction: The phenomenon in which a changing current in a coil induces
an e.m.f. in the same coil is called self-induction.

Henry: Henry is the unit of inductance and it is defined as: if the changing of
current at the rate of one ampere per second induces an e.m.f. of one volt then this
inductance is called one henry.

A.C. gencrator: An A.C. gencerator is a device which converts mechanical energy
into clectrical energy.

A.C. motor: An A.C. motor is a device which converts electrical energy into
mechanical encrgy.

Back e.m.f.: The c.m.f. that induces due to the rotation of motor and it opposes
the applied c.m.f. is called back e.m.f.

Transformer: A transformer is an electrical device which steps-up or steps-down

Multiple choice questions.

The source of induced e.m.f. is

(a) Cell (b) Battery

(c) Interaction between stationery magnet and coil

(d) Relative motion between magnet and coil

When the coil and a bar magnet are placed very closed to each other then the
value of their induced e.m.f. will be

the iniul vollaic at the ouliut. -
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10.

11.
12.

13.

14.
15.

16.

(a) Maximum  (b) Positive (¢) Negative (d) Zero
The unit of induced e.m.f. is

(a) Ampere (b) Volt (c) Watt (d) Weber
The law of electromagnetic induction was introduced by

(a) Maxwell (b) Faraday . (c) Lenz (d) Fleming

- According to Faraday’s Law of electromagnetic induction, the induced e.m.f.

depends upon :
(a) Minimum magnetic flux (b) Maximum magnetic flux

(c) Change in magnetic flux .(d) Rate of change of magnetic flux
Lenz’s law of electromagnetic induction explains:

(a) The production of induced e.m.f. (b) Magnitude of induced e.m.f.

(c) Direction of induced e.m.f. (d) Both magnitude and direction of induced e.m.
Lenz’s law is related to the law of conservation of

(a) Momentum (b) Energy (c) Mass (d) Charges

The mutual inductance of two coil is maximum when the coils are

(a) Parallel to each other - (b) Perpendicular to each other

(c) Facing each other (d) Touching each other

When a current change in a coil from 4A to 6A in 0.05s and it induces an
e.m.f. of 8V. The co-efficient of self-inductance is
(a) 0.1H (b) 0.2H (c) 0.4H (d) 0.8H

' The unit of inductance is

(a) Weber (b) Tesla (c) Henry (d) Watt

A conducting rod of length 0.5m moves in a magnetic field of magnitude 2T
with velocity 5 m s7', the e.m.f. induced in the moving rod is

(a) 5V (b) 10V (c) 20V - (d) 50V -

Which one of the following device stores magnetic potential energy in its
magnetic field?

(a) Resistor (b) Capacitor (c) Inductor (d) Thermistor

At constant 1nductance of * L henry, the cnergy stored in a magnetlc field is

—

(a) ECQ (b) —mv (c) (d) — LI2

The working pnncnple of an A.C. motor is

(a) Self-induction (b) Mutual induction

(c) Motional e.m.f. (d) None of those

The stator and the rotor of an A.C. motor are connected by a

(a) Copper Wire (b) Silver wire

(c) Aluminum wire (d) No physical connection between them
Two phase A.C. contains

(a) One wire two stators (b) Two wires two stators

e




17.

22.

23.

18.

19.

20,

21.

(c) Three wires two stators (d) Three wires three stators |
A transformer works when we apply |
(a) A.C. voltage (b) D.C voltage : |
(c)A.C.aswellas D.C (d) Neither A.C. nor D.C |
The quantity that remains constant in a transformer is J
(a) Voltage (b) Current (c) Power (d) Frequency |
The soft iron core is used in a transformer in order to |
(a) Enhance the magnetic flux (b) Increase the weight

(c) Increase the copper losses (d) Decrease the copper losses

Which relation is true for an ideal transformer? |

(a) Input power > output power (b) Input power < output power

(c) Input power = output power (d) Output power =0

When a step up transformer delivers high voltage then the current will be

(a) Remain same (b) Decreased (c) Increased (d) Maximum

For long distance electrical power transmission, we use

(a) Smaller current and lower voltage (b) Larger current and higher voltage

(c) Larger current and lower voltage (d) Smaller current and higher voltage
Lamination is used in a transformer in order to

(a) Reduce flux leakage ~ (b) Minimize hysteresis loss

(c) Decrease coil resistance (d) Mmamlzc cddy current

1
7
3,

*
e
-
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Wlml is the mc'lnm;: of induced current and induced e.m.f.? '!

What factor causes of induced e.m.f.?
Does e.m.f. induce in a coil, when a magnet is placed near to it?

b oo A :
The law of electromagnetic induction is expressed as: € = -—N—¢. What is the
t

meaning of negative sign? |
What is the difference between Faraday’s law and Lenz’s law of induction? |
What is the difference between induced e.m.f. and back e.m.f.?

What is the advantage and disadvantage of eddy current?

Distinguish between self-inductance and mutual inductance.

Define Henry and express its dimension.

How magnetic cnergy is stored in an inductor?

Explain the motional ¢.m.f. due to the motion of rod of length * £ with velocity
v’ which is perpendicular to the magnetic field B.

What is the working principle of an A.C. generator?

What is the role of carbon brushes in an A.C. generator?

154 . |
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14.  Why does the bulb light become dim for a moment when we start the
refrigerator or some other heavy electrical appliance at home? |

* 15.  What is the working principle of a transformer? ‘

16. What is the difference between step up and step down transformer?
+ 17. Why does not transformer work on D.C.?

18.  What is the meaning of an ideal transformer?

19.  Describe the power losses of a transformer?

20). How can you minimize the power Ioses of a transformcr"

T T

A P § y.guu s"‘t-
%@ﬂj‘:‘ (En‘(ﬂ“i Bl Juu

..,gu_l_“ ____f_..l...,l_.__..,__——l—(...pl-.-;—-—l—"a—l— =¥

Wh.at is induced e.m.f.? Explam mduced e.m.f. with e\cpenmenlal examples

?I, State and explain Faraday law of electromagnetic induction with examples.

3. What do you know about the Lenz’s law of electromagnetic induction? How
can you determine the direction and conservation of energy by using Lenz’s
law?

3 Explain motional e.m.f. and derive its mathematical relation.

5. State and explain mutual induction, co-efficient of mutual induction and its

unit.
6. Define and explain self-induction.
¢ 3 How does magnetic potential energy store in an inductor? Also denve its
4 mathematical relation.
8. What is A.C. generator? Explain its construction and working principle.
0. What is A.C. motor? Explain its construction and working principle.
10. State and explain back e.m.f. in an A.C motor.
‘ 11.  Define and explain eddy current.
What do you know about a transformer? Describe the function, working and
k‘lr[_'ldS of tran:s‘fgmler -“m m

-

- IM*‘L‘: g}:l -ZOHJtu*rHs‘ﬁ;Eed.by E_ﬂux of 40mwb [f thlS ﬂux 1s reved in atlme 0 -
4ms then determine the average induced e.m.f. in the coil. (2000V)

2. At what rate would it be necessary for a single conductor loop to cut the flux
in order that the current of 1.2mA flows through it when 10Q resistor is
connected across its ends? (1.2 x 10*Wbs™)

X A 60m long conductor is moving in a uniform magnetic field 0.9T at a speed
of 7ms™". If the motion of the conductor is at right angle to the field then
calculate the e.m.f. induced in the conductor. (378V)

ol When the current in a coil A is increased uniformly from zero to 18A in 0.3s,

an e.m.f. of 6V is induced in a nearby coil B. What is the value of the mutual

inductance between the coils A and B? - (0.1H)

1\5}
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10.

The current in a coil changes at the rate of 3A in 60ms. An e.m.f. of 10V is

induced in the coil. What is the self-inductance of the coil? (0.2H)
An inductor of inductance 0.5H carries a current of 6A. Calculate the energy
stored in the magnetic ficld of the inductor? (9J)

The frequency of the coil of an A.C. generator is 60Hz has 150 turns. If its area
is 150cm’ and it induces maximum e.m.f. of 250V during its rotation in a
uniform magnetic field, then calculate the magnitude of such magnetic field?

(0.3mT)
An A.C. motor is rotated by applying the potential difference of 220V. If the
motor has a resistance of 4Q and a back e.m.f. of S0V is induced in it during
its rotation, then calculate (a) the current when the motor just start up (b)
current when the motor is running at normal speed. (55A, 42.5A)
A step-down ideal transformer operates on a 2.5kV line and supplies a load
with 80A. The ratio of the primary winding to the secondary winding is 20:1.
Determine (a) the secondary voltage (b) the primary current (c) the output
power. (0.13kV, 4A, 10kW)
A step-down transformer is used on 1kV line to deliver 220V. How many turns
are on the primary winding if the secondary has 50 turns? (227turns)

o7



ALTERNATING
CURRENT

,..-—Major COﬂcepts ; (27 PERIODS) ~ Conceptual Linkage

Alternating current (A.C) This chapter is built on
[nstantaneous, peak and rms values of A.C. Electricity Physics X ICT
Phase, phase lag and phase lead in A.C. Physics X

A.C. through a resistor
A.C. through a capacitor .
'A.C. through an inductor
Impedance

RC series circuit

RL series circuit

Power in A.C. circuits
Resonant circuits
Electrocardiography
Principle of metal detectors
Maxwell’s equations and electromagnetic
waves (descriptive treatment)

After studying this unit, the students will be able to:

o describe the terms time period, frequency, instantaneous peak value and root
mean square value of an alternating current and voltage.

o represent a sinusoidally alternating current or voltage by an equation of the form
X = Xo sin (t.

o describe the phase of A.C. and how phase lags and leads in A.C. Circuits.

o identify inductors as important components of A.C. circuits termed as chokes
(devices which present a high resistance to alternating current).

o explain the flow of A.C. through resistors, capacitors and inductors.

» apply the knowledge to calculate the reactances of capacitors and inductors.

' o describe impedance as vector summation of resistances and reactances.

o - construct phasor diagrams and carry out calculations on circuits including
resistive and reactive components in series.

* solve the problems using the formulae of A.C. Power.

E




e explainresonance in an A.C. circuit and carry out calculations using the resonant
frequency formulae. :

e describe that maximum power is transferred when the impedances of source and
load match to each other, ‘

 describe the qualitative treatment of Maxwell’s equations and production of
electromagnetic waves.

» become familiar with electromagnetic spectrum (ranging from radiowaves to (v
rays).

e identify that light is a part of a continuous spectrum of electromagnetic waves
all of which travel in vacuum with same speed.
describe that the information can be transmitted by radiowaves.

o identify that the microwaves of a certain frequency cause heating when absorbed
by water and cause burns when absorbed by body tissues.

e describe that ultra violet radiation can be produced by special lamps and that
prolonged exposure to the Sun may cause skin cancer from ultra violet radiation.

INTRODUCTION

We have studied in the previous unit that an A.C. generator produces a current
or voltage which varies periodically with time and is known as alternating current or
alternating voltage. The alternating current has more advantages over the direct
current. For example, it can be casily transformed into higher or lower voltage, it can
be transmitted over long distances, reliable and can be produced at very low cost. Duc
to these advantages, the A.C. sources are used to power the circuits of our homes,
offices, markets, industries, farms etc. In this unit, we will study the behavior of A.C.
circuit, when a resistor, capacitor or an inductor is connected with the A.C. source.
We will also study the combined effect of resistor, capacitor and inductor when they
are connected either in series or parallel with the A.C. source.

On the other hand, we will discuss the generation, transmission and reception
of electromagnetic waves. The electromagnetic waves are composed of fluctuating
electric and magnetic fields. They have different forms which are being used for
different purposes. For example, electromagnetic waves in the form of visible light
enable us to view the world around us, infrared waves warm our environment, radio
waves connect all the countries of the world through communication system in terms
of video and audio signals, x-rays allow us to perceive not only the structures hidden
inside our bodies, but also explore the structure of various elements. Similarly, these
electromagnetic waves help us in the observation and study of solar system, stars,
galaxy and other heavenly bodies.

\lﬁ;




15.1 ALTERNATING C ~5P#1,

A
i We have studied that when 2 e ‘
rectangular coil is rotated in g umform AN '
magnetlc field with a constant angular l /‘\ . /\
" velocity ‘@’, an e.m.f. is induced ip the = -
coil. Consequently, there is a flow of é \/ \/ v
current in the output of the coil. As the 3
rotation of the coil is uniform so, its Time
output current varies pgn'gdjca][y both in Fig.15.1(a) A wave form of alternating current
positive and negative directions after an
equal interval of time. This current is A
called alternating  current (A.C.). I /\ /\
Graphically, the wave shape of A.C. is &
shown in Fig.15.1(a). Mathematically, &
~ this alternating current can be expressed 9
1 in terms of sinusoidal wave because of the
- continuous variation in its magnitude and Time =—
5 : . . i 1-1:1.! Jd (b)) A wave Imm ol ult:.rm:m" voltage
‘ direction with respect to time. That is, , .
i= I sinomt POINT 10 PONDER
But o = 2nf Why 220V of A.C. is more dangerous
lhan 220V of DC"

i= I sin2nft ...... (15.1) NGNS T

where ‘f* is the frequency of the alternating current and it is related with the number
of rotations of the coil. Thus, the frequency of A.C. is defined as the number of wave
cycles of A.C. in one second. The reciprocal of the frequency is termed as the time

period of A.C.. i.e., T ar, This is a time in which one cycle of A.C. is completed.

Similarly, ‘i’ is the instantaneous value of current of A.C. at any instant of time ‘t’
and ‘1’ is the maximum current of A.C.. ‘I, is also known as either positive or
negative peak value of current. Similarly, the alternating voltage can also be expressed
as,

v =V sinot...... (15.2)

Graphical representation of alternating voltage is shown in Fig.15.1(b).
Exaniple 15,1
An alternating current of frequency 50Hz has peak value of 70A. Calculate the
instantaneous value of current after 0.0015s.
Solution:
f=50Hz

J5%




DO YOU KNOW-
_An oscilloscope i VEry. versatlle p‘licce
_of equipment, ‘which' is being used to

peak current(Io) = 70A
t=0.0015s

instantaneous current(i) =? :

According to the Eq.15.| . display ‘A.C. wave_ form. heartbeats .
i=1I,sin2nft
1=T70A sin2(3. 14)(50Hz)(0.0015s)
1 =70 sin (0.471)
i =70(0.00822)
1=0.58A

15.1.1 Root mean square value

One cycle of alternating Vorl

current or voltage consists of half Y k

positive cycle and half negative
cycle. Therefore, the average value
of the current or voltage over one
cycle is zero and it cannot be used
to specify an alternating current or ("
voltage. To overcome this we use a "
power, because power is expressed

>

in terms of it and v*. Where the Fig.15.2 Square of the alternating current which varies with

magnitude of i and v® are time from 0 to Io? and its magnitude remains positive for

always positive even for their completecycle. |

negative values. Graphically the square value of square of altcmatmg current is shown
in Fig.15.2. Where i*varies from 0 to lu and its average value is given as;

P Tl . _DOYOUKNOW. ="
2 “ |The: avcragc wvalue: of ; an *altcmallng*
~current is zero but its square root of the
<i’>= ,‘;IJ ______ (153) average square value is not zero.

This result shows that the average value of A.C. is never zero. Similarly, the
average of square of alternating voltage is given by;

<yi>= -;—VZ ...... (15.4)

In case of A.C. source, average power dissipation in a resistor is given by
Cob=<r>R 15.5(a) R
Similarly, power dissipation in terms of voltage is

J60;
AV4
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<V s
<p>=

Now in case of D.C. source, the power dissipation is given by;
P=TH o 15.6(a)

and B s 15.6(b)
R

The value of the direct current that dissipates in the same resistor or produces
heat at the same rate as the mean rate of heat produces by the alternating current is
known as root mean square value of A.C.. It is represented by I, and it can be
calculated by comparing Eq.15.5(a) with Eq.15.6(a)

_ Y =it
Taking square root on both sides

Itms. = V< iZ>

Irms. = lIu2 =—I-[L =0.707 I, ...... (15.7)
2 2
o : _ M. s _ Yy
_Slmllal'l}’, Vims. = -Z-VD = —2 =0 T0TVs coavnn (15.8)

The root mean square value of alternating current and root mean square value
of alternating voltage are also known as effective current and effective voltage.

Example 15.2 |
The instantaneous value of current is represented by the equation
i= 25sin100xt. Compute its frequency, maximum and rms values of current.

Solution:
We have

1= 25s1in100mnt
According to the Eq.15.1

i=1 sin2nft
By comparing these two equations, we get:
2f=100Hz
f=50Hz
o =25A
Irms =0.7071o
Tms =(0.707)(25)
Ims =17.7A

NG




value of current is also zero when angle 0 : ll :
has valuc of &, 2r, 3, 4m,... thescarc  ©7§ L
* shown in Fig.15.3(a). Similarly, the : _in}

15.1.2 Phase of A.C. : :
We have studied that there is a continuous periodic variation of A.C. with
time. Therefore, its instantaneous value at time ‘t’ is given by:
' i=1 sinwt...... 15.9(a)

i=1 sind......15.9(b)

where “0° is the angle which specifies the instantaneous value of alternating current
or voltage and it is known as phase angle or simply phase, and it depends upon time
t. The instantancous value of A.C. with respect to phase angle can further be studied
graphically as well. Al time t = 0, i.e., i
ot=0=0 then current ‘i’ is also zcro. /[\ I

The value of angle 0 at t =0 is known as
initial phase of A.C. The instantancous

o

=d
SETTTY Y-SR LR R

: E
instantancous value of current "I 1S v,
maximum positive called pcak valucs ,r

T 5t 9n 13n

when phase angle ‘07 is —, ’ 1
RS 2*a"3'E WY

... and the current ‘i’ maximum negative =

iSESEEEE .
CEE L L L L)
sEsesssmEs

IEEEEEEEE e

hen pl b A,

V angle 'V 18 —,—(—— ’ L s 5 6

viicn phasc ¢ 14 b 2 9 2 -V Anhgle ==

15 i

2m  These values of current arc also  Fig.153() A graphical representation  of
Ll instantuncous current with respect to phase angle

shown in Fig.15.3(a). The samec wave ‘0" (b) A graphical representation  of
Sl‘lapc as for current will be obtained for instantancous voltage with respect to phase angle 0

instantancous value of voltage with respect to phase angle ‘0°. It is shown in
Fig.15.3(b).

15.1.3 Phase lag and phase
lead

Voltage (v) A\

Current (i) iy

We know that when a coil
(armature) of A.C. generator is
rotated in a uniform magnetic
ficld, then we have an induced emf
(valtage) as well as a current in ..

form of sinusoidal waves because  pjg.15.4 Graphical representation of voltage and current
which are in phase.

P 3p/2 2

=qQ=w
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both quantities are varying

sinusoidally with the same angular vi .

frequency (). Now when both I: s I

quantities reach their minimum

(zero) and maximum values at the 0 2 \n Sn/2\3n
same time or the values of their Inf2 [2x t
initial phase are 0° at time, t = 0 q '

then voltage and current are said to ..v:i: i

be in phase with each other.
Graphically they are shown in Fig,

Fig.15.5 Current is leading the voltage by an angle ‘¢’

15.4. s
Sometime, both quantitics
i.e. voltage and current do not Vi Voltage
reach  their  minimum  and ' __#___
maximum values simultaneously. | I Current
For example, if at time, t = 0 the 90" } : |
= ynl. =x In/2 n

value of initial phase of one 0
vantity is 0° whereas, the initial
hase of the other quantity greater

than 0° then this shows that voltage

and current are out of phase. In
case of out of phase there are two

possibilitics.

-V

‘e’ (e =907

L. Let the initial phase of v is 0° but the V. sin wt

initial phase of current i does not 0° and it had
a phase of 0° carlicr then it is called leading of
current. Graphically, the leading of current by
voltage by an angle 90° is shown in Fig.15.5.
I1. Similarly, if the initial phase of voltage
is 0° but current will has its phase of 0° later
then it is called lagging of current. Graphically,
the lagging of current behind voltage by an
angle 90° is shown in Fig.15.6.

The alternating current and voltage that
vary sinusoidally can further be explained by a
phasor diagram. A phasor is a vector which
rotates about the origin with angular frequency

B

-----------------------------------------------

Fig.15.6 Current is lagging behind the voltage by an angle

Fig.15,7 Phasor diagram for current and
voltage, :

. The diagram which contains such rotating vector is called phasor diagram. Let
alternating current and voltage are represented by two phasors OA and OB as shown

\ms/-




in Fig.15.7. The length of these V.sin wt

T Y
phasors are equal to the peak value ( SE e — I L e
of current (1) and voltage (V,) { } R S i Lo
respectively. While, the projection Wt ol % P .
of these phasors onto the vertical I,sin wt S J2n ©
axis are cqual to instantaneous W
value of current (I sinwt) and o

voltage (V, sinmt) respectively.
Current and voltage in terms of

Fig.15.8 Phasor diagram for current and voltage which are
in phase.

phasor diagram can be studied under three cases.

a. If voltage and current are in phase then both have same initial phase (6 = wt)
as shown in Fig.15.8. Mathematically, they are expressed as:
i=Isinot ... (15.10)(a)
v=Vsinot ... (15.10)(b)
Ifot=0=0 theni=0 and " -
vV = 0 5 ety oy ‘..r . i — i { o
il g ]V.slnml b (i % \?' ~_..:f
ol : T |TYTIRF - 5 3 DA
Similarly, if ot=0=— A g Mot ; A -
2 in (t+$) TR, AR & D
[ sin (wt+ . k. / .
theni=1I,and v = V,. ‘ . --"*’\‘
These results show that v ¢

and 1 are in phase.
b. If the initial

phase . of

Fig.15.9 Phasor diagram for voltage and current where
current is leading by voltage by an angle ‘e’ (e = 907)

voltage is 0° at time, t =0 but initial phase of current is positive at the same time then
mathematically they are expressed as,

v =V sinot ...15.11(a)
A i =1 sin(ot+¢)...15.11(b)
At time t = 0, the value of L
i i ST e ,  AURVRRREL [ 7
voltage ‘v’ is zero but current 'I e f\ ¥ /
has some positive value equal to ° Vainot | £t lae s\ N/ e
I,sin¢’. This shows that ‘v’ and -

‘I’ differ by phase angle ¢. - I oy :
Because i had its zero value earlier

by an angle ‘¢’ of 90° then ‘v’ as
shown in Fig.15.9. Thus the current
is leading the voltage by an angle
¢ of 90°,

5 5 — 1 ).

Fig.15.10 Phasor diagram for voltage and current where 3
current is lagging behind voltage by an angle ‘e’ (e = 90).

{6}

9. .
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C. If initial phase of voltage is zero at time, t =0 but initial phase of current is -

- negative at the same time then mathematically they are expressed as;

v =V, _sinot ...15.12(a)
' i=1I sin(wt-¢) ...15.12(b)
at time t = 0, the value of ‘v’ is zero but current i has some negative value
equals to ‘—I sin¢’. This shows that ‘v’ & ‘i’ are not in phase, where current ‘i’ is
lagging behind the voltage by an angle ¢ of 90° as show in Fig.15.10.

15.2 A.C. CIRCUIT

An A.C.-circuit is an electrical network which is powered by an A.C. source
and the elements such as resistors, capacitors and inductors are connected in series or
parallel across it. We will study the behaviour of alterating current and voltage in
each element.

15.3 A.C. THROUGH A RESISTOR

When a resistor of resistance ‘R’ is r R

connected to an A.C. source as shown in —>—"\ NN\ ——
Fig.15.11 then there is voltage drop
across it. The instantaneous value of
voltage is given by

v=Vsinot...... (15:13) s
According to Ohm’s law ]

v =1R R

A
\Y
== —y—
Fig.15.11 A resistor R in an A.C. circuil.
. T
i= —sinmt
R‘ I_,; '___liz-'fngr
i= I sinot ......(15.14)
Eq.15.13 and Eq.15.14 showthat /

the voltage and current are in phase with a3 Jjin Time

each other as shown in Fig.15.12(a). i.e.;’
If0=0 thenI=0 and v =0,

o A T g ) :
Slml]arl}'1 if 0= --2— theni=Il,and v = V, Fig.15.12(a) Voltage and current are in phase in a
' resistor. ‘
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These results show that when a resistor is connected with A.C. source then v

and i are in phase and it is shown in phasor
diagram 15.12(Db).

Power dissipation
The instantaneous value of power
in an A.C. circuit which contains a
resistor only is given by
p= Vi
p= VI sinmt ...... (15.15)
In case of alternating current or

‘r-—b'—b——

alternating voltage, we usc average  Fig.15.12(b) Phasor diagram which shows v and i
arc in phase.

. S T
dissipation by taking limits from 0° to —

I of =0=0

Then p=V,1I sin*0
p=0

Similarly, if ot =0= izt-

R
y=V.I1 sin"—
1 0o 2

p=Ll
Thus, the average power is given by

E5= 0+ V]I,

2
<p>= M

.2
< 1'} =% = Mo o
2 42

= [

FOR YOUR !NF ORMATION
In an A.C. circuit, power is always
measured in terms of rms values of
current and voltage.

(15.16)

This shows that the average power dissipation in a pure resistive circuit is equal
to the product of r.m.s. value of voltage and current.
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i.xample 15.2

A voltage V=60sin ot is applied across a resistor of 20Q in A.C. circuit.
Calculate the root mean square value of current in the circuit?

Hnlu[liu;::
V, =60volt
]F.l“q —r)
V, 60
As Vims. = L=
2 2

Vems. = 42 .4V
Vr,m.s. = Ir_m_s,R

= vmn.s
]r.m.s. - T

424V
r.ms. — m
Irms. =2.12A

154 A.C. THROUGH A CAPACITOR

Let a capacitor of capacitance ‘C’ is

connected to A.C. source as shown in
Fig.15.13. There is alternating voltage drop
across the capacitor and the instantaneous
value of this voltage is given by

v =V sinot ...... (15.17)

The amount of charge stored in the capacitor

A.C
duc to instantaneous voltage is given by » /‘,O :
q+ Cv L6
= CV“ sin ot Fig.15.13 A capacitor C in an A.C. circuit.

We know that current is defined as the rate of flow of charges, therefore instantaneous

value of current through capacitor is given by
. _.Aq
i="—
At
AR
1=—(CV;sin ot
y -_At-(- b )

A .
i= CV,—sinwt
' At '
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A i t. S0
i i Z (sinot) ismcos@t. O

The mathematical solution of At( )
i= mCV,cosmt

: .- - 2 | nt
But cosml = sm[mH—-Z—J Curre Voltage
n Sm/2\3n

)

1
And oCV, = XcV, = L, 0 3ni2[2n \-/ time
where X_. is the resistance (morc precisely |

capacilive reactance) of capacitor. Thus,
s
i= 1 sin| ot+—|...(15.18)
(4] 2 . ]C

Eq.15.17 and Eq.15.18 give us that
v and i are out of phase in A.C. circuit
contains a capacitor as shown in )
Fig.15.14(a), that is, at t=0, then v =0 and 90°
'i=1,. Similarly,att=T/4; v =V, andi

=0,andatt=T v=0 again and i =1I. ¥

This shows that current is leading the

voltage by 90° It is also shown in the

phasor diagram 15.14(b).

. - (b)

apactive reaciance Fig.15.14(a) Current and voltage are out phase

i
The opposition offered by a in a capacitor (b) current leading the voltage by
00",

capacitor to the flow of A.C. is known as
capacitive reactance. It is defined in terms of the ratio of root mean square values of

voltage Vims to the root mean square values of current Irms. It is represented by X,

(a)

2

J"

il

r?tz

L
[}

and is measured in Ohm.

N = \"rrm
" T DO YOU KNOW
V. / In an A.C. circuit, the capacitive
( 4 ) . reactance Xc of a capacitor is infinite
X, = /N2 ohms for D.C. At the opposite extreme,
¢ E, / the Xc of a capacitor is zero ohms for
/\2 A.C. Therefore, a capacitor allows
’ (filters) A.C. through it but blocks
X, = —0 D.C. DR
Iy
But I,= oCV, .x i
168
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Xc= ...... 1519
2nfC ( )

This shows that capacitive reactance is inversely proportional of both
frequency of current and capacitance of the capacitor. In case of A.C., frequency f is
large, while capacitive reactance Xc is small. In case of D.C., fis zero so Xc is infinity
theoretically. In practice Xc has an extremely large value for D.C. source. It is
concluded that a capacitor allows the A.C. and blocks the D.C. in an A.C. electric

circuit.

Power dissipation
The instantaneous value of power dissipation in a capacitive circuit is given by
p= vi
p= VI sinotcosot

POINT TO PONDER
What are the reactances of capacitor
VI and _induclor, when A.C. source is
= 09cin2mt applied across them?

p= %(ZSin ot coswt)

If we integrate the above expression with respect to wt between the limits 0 and 2n-

the final answer is zero.
Thus, the average power dissipation in a capacitive A.C. circuit over a complete cycle

1S Zero.

Example 15.2 |
A capacitor of capacitance 100uF is connected to an alternating potential
difference of 12volts and frequency SOHz. Calculate the reactance of the capacitor

and current in the circuit.

Solution:
C= 100pF = 100x10°F=1x107'F
V, =12V
f= 50Hz
Xc="7
=9 ;
As i 1
Xc=
2rfC




1
s ISR e o
Xc= 553.14)(50Hz)(1x107 F)
I
Xc= 3 1ax107
Xc= 31.8Q2
V= 1Xc
\Y%
] = —
X
o 12V
31.8Q2
I=0.377A
15.5 A.C. THROUGH AN INDUCTOR .
An inductor is usually a coil in the _L €1 1§ T-—
form of a solenoid of inductance ‘L’.
When it is connected to an A.C. source as
shown in Fig.15.15, then there is a flow of
alternating current through it and the
instantanecous value of current is given by
i=1] sinot...... (15.20)
The growth of this current causes A.C
an induced e.m.f. in the inductor whose E— {-:f\ﬂ_‘ N
direction is opposite to the applied e.m.f.. W
Thus, the magniludc of induced emfin the Fig.15.15 An inductor in A.C. circuit.
inductor is given by ' —_—
Al DO YOU KNOW
v=L— ; '_I'he inductive reactance X, of an
2[ inductor is infinitc ohms for A]C-
. ; ‘Conversely, the reactance X of an
Y _LE{!" sin ot inductor is zero ohms for A.C.
A Therefore, an inductor allows (ﬁltcli.s)
L IULESEH ot D.C. and blocks A.C.
The mathematical solultlon of _AT(sm{Gt) is wcoswt . So,
v = ol; Leoswt

But coswt = sin(m: +E)
2




and ol, L =1X, =V

- Where Xy is the resistance of inductor

Thus, Vv =V, sin(mt+g) -(15.22)

' Eq.15.21 and 15.22 show that
current and voltage are out of phase in an
A.C. circuit contains an inductor as
shown in Fig.15.16(a). That is, at time,

t=0,1=0and V=Vp and at time, t = }

,i=1Ioand V = 0. The voltage is leading
the current by 90° in an inductive A.C,
circuit. It is shown in phasor diagram

15.16(b).

Inductive reactance

The opposition offered by an
inductor to the flow of A.C. is known as
inductive reactance. It is represented by
XL and it is measured in Ohm. The
inductive reactance can be calculated by
using Ohm’s law,

XL= Vrms
Irms
(V)

XL = _I_J_L

0
(/)

XL= E

Io
But V, = oLl

Xy = LI,

In

Xo= 2nfL ......(15.23)

s

Inducior vollage

'

Fig.15.16(a) current and volia
n an inductor

L

Fig.15.16(b) current lagging
90",

Inductor current/k
1

ge are out of phase

o N
7§ 90

behind voltage by




This shows that inlductivc reactance is directly proportional to both frequency
of current and the inductance of the inductor. In case of D.C., f =0, so that XL =0,
while in case of A.C., frequency is large, so X is also large.

Thus, we conclude that an inductor allows the D.C. but blocks the A.C..

Power di
The instantaneous value of power dissipation in an inductive A.C. circuit is
given by

p= vi

p= V. sinwtcosmt
V.1 :

p= —‘,’)-‘12sm wt cosmt

= M::.in 2mt
2

The average power over one cycle can be o e e
obtained by integrating above expression with | , POINT 10 FONDE ;

b o What arc the reactances of capacitor
respect to ot between the limits 0 and 2m and | 4nd inductor. when D.C. source is
final answer is zcro. applied across them?

Thus, the power dissipation in an inductive
A.C. circuit over a complete cycle is zero.

Example 15.3
What is the potential difference across an inductor of inductance 15H when an

alternating current of 15mA, frequency 50Hz flows through it?

Solution:
Xo=1?
L= 15H
lo= 15mA = 15 x 10°A
= 50Hz
V=1iXL
V= 2nfLi
V= 2(3.I4)(SOHZ)(ISH)(IS><10‘-‘A}
V= 70.65V
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15.6 IMPEDANCE

We know that a resistor offers
opposition to the flow of current in a
circuit. On the other hand, a capacitor and
an inductor in an A.C. circuit also offer
some opposition to the flow of A.C.. Their
opposition is called reactances 's\’hl(ih are
represented by Xc and XL respectively.
Now let an A.C. circuit consists of a
resistor, a capacitor and an inductor in
series as shown In Fig.15.17(a) then the
combined effect of resistance of a resistor
and reactances of a capacitor and an
inductor is termed as impedance. It is
represented by Z and it is measured in
Ohm. Impedance can be determined in
terms of ratio between voltage to current

that is,

Since all the three components are
in series so the current 1, through each
component is the same, but the voltage
drop across cach component is different.
The resultant voltage v, can be calculated

with help of phasor diagram as shown in
Fig.15.17(b) and Fig.15.17(c).

g

vi=vp (v -ve)
v R, ~ X, T
V= iR (X, + X )
As z=¥z_
1z
7 IZ\/R2 +(X, _Xc)2

e Avg—she— Av—sfe— Avcy|

AW — 0 ——f—
R

L C

&

15.17(a) RLC-series A.C. circuit

Bl

| s"

Fig.15.17(b)*Phasor Diagram for RCL circuit

Fig.

U

A

.-
e,

V=V, <IX,~IX,

y

e s s e i 0

\ &

15.17(¢c) Resultant voltage in RCL circuit.
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Z= R?+(X, -X.) ......(15.25)
This is the impedance Z of RLC-series circuit.

15.7 A.C. THROUGH R-C SERIES CIRCUIT ’

Consider a resistor and a capacitor which are connected in series to an A.C.
source as shown in Fig.15.18. As the resistor and the capacitor are in series so the |

current in the circuit is same at its each point and at any instant. Thus, the
instantaneous value of the current is given by

i : R C |
i=I sinwt ...... (15.26) y AAN || |
Now the voltage can be calculated < + | > |

with the help of phasor diagram. As we A\ Ve |

know that the voltage drop ‘v, across |

‘R’ 15 iR and it is in phase with i. So the v

phasor for v, is parallel to i as shown in [ >

Fig.15.19. On the other hand, voltage A.C

(Vc) across the capacitor is lagging A

behind the current by 90° Thus, the . {-\J/ .

resultant potential difference ‘v’ across Fig.15.18 A resistor and capacitor in series in an
resistor ‘R’ and capacitor ‘C’ is equal to A.C. circuit

the vector sum of v, and v,..
Vi A
- - |
v: = \-‘121 +V%. . (D " i
v = [i®R? +i*X2 E g \
l { \'=IZ IE I
v = i\}R2 + g i
(mC) +‘ """""""""""""""" B
v =i [R? G T R (15.27) Fig.15.19 A phasor diagram for RC series circuit.
(2nfC) :
The Impedance of RC-series circuit is given by
Vv
Z=—
1
Z= [R*+ coree(1528
\j - (2nfc)’ —



Fig.15.19 shows that the resultant voltage ‘v’ of the circuit lags behind the
1 current 1 by an angle ¢ called phase difference between v and i and its value is given

L. by
f: - Perpendicular
: Base
¢ E— tan_l[v_{:}
( va
gk iXC FOR YOUR INFORMATION
¢ = tan iR The average power delivered by a
generator in a RLC series circuit has
4 l maximum value when the inductive
¢ = tan oCR reactance ecquals to the capacitive
o reactance.

L il I
¢ = tan (2nfCRJ...(15.29)

Example 154
An alternating current of 2mA with angular frequency 100rad s! flows through
a resistor of 9k and a capacitor of 0.4uF connected in series. Calculate potential
difference across R and C, resultant potential difference and impedance in the circuit.
Solution:
i=2mA =2x 107A
® = 100 rad s
R= 9KQ =9x10’Q
C= 0.4pF = 0.4x107°F = 4x107'F

Vp =7
Ve =7
v=7
Z=71
Ve = iR =(2 x 103A)(9 x 10°Q)
’vg = 18V
1
1 Vv =ix = —
. . oC
._3 ,
\ Ve = - 2x107A

(100rad s™ )(4x10*71-‘)
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Ve = 50V .

v = i = (18) +(50)
— J324+2500

v = /2824
v = 53V
Vv
Z=—
1
- e 53V
2x107°A !

Z=2.65x10"Q = 26.5kQ
15.8 A.C. THROUGH R-L SERIES CIRCUIT

Consider a resistor and an inductor i R L
which are connected in series to an A.C. 000 L
source as shown in Fig.15.20. The current [ —
flowing through ‘R’ and ‘C’ is same at any :
instant. Thus, the instantaneous value of
current is given by; g : >

i= I,sinwt A.C
As R and C are in series, so the voltage . ®_'___'

drop across cach component is different and 81520 A resisior and an inductor in
series man A.C. eircuit.

resultant voltage can be calculated with the
help of phasor diagram. In a resistor ‘ v, ’
in phase with 1. So, the phasor for * Ve is 0
parallel to the current i as shown in

Fig.15.21. Similarly, in an inductor, ‘v, °

L 4
. I
leads the current by % as shown in the
phasor diagram. Thus ‘v’ be the resultant it —l

of vy & Vv, and it is equal to their vector
sum, that is
vi=vi 4V
R TVL ' o circuil

v == \;‘iZRE + i2L2 Fig.15.21 A phasor diagram for RL-ser! .

V= i\/R2 +(wL)’

\1\7}
— _4
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v = iyR*+(2nfL)’ .[(15.30)
| impedance of RL-series circuit is given by
| ; %

L=
| . 1

2 2
Z= JR +(2nfL)" "...(15.31)
‘As the resultant voltage ‘v’ in RL—;éries circuit leads the current by an angle

‘b, so its value is given by

b= tan“][—\i'"—\
VR)

¢= tan™ iX, )
\ IR /

(oL

¢= tan i S
\ R J

2nfL

Example 15.5
An inductor of inductance 0.3H is connected in series with resistor of
resistance 6€2. If the voltage drop across resistor is found to be 12V, then calculate
current drawn from the source of frequency 50Hz (ii) the phase angle between V & 1.
Solution:
L=0.3H
R = 6£2
vy =12V
f=50Hz
i=7

¢ =?

. Current in the circuit =1 =

1=_=

. L X .
. . 6‘Q LI b
Reactance of coil (Xr) = 2nfL

XL =2(3.14)(50Hz)(0.3H)
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XL = 942 Q

Voltage across L(Vy) = iX,
v, =(2A)(94.29)

v, =188.4V

Supplied Voltage (V) = JVA+VL
v =Jaavy +(1884vYy

v =188.78V
2nfL
= tan”'
¢ R
2(3.14)(50Hz)(0.3H
(1) = lan-i ( )( )( )
6Q2
¢ =tan"'(15.7)
_ ¢ = 86°
15.9 POWER IN AN A.C. CIRCUIT
We have already discussed in the A
previous  sections  that the power
dissipation in a pure capacitor and a pure Vv
‘ L

inductor is zero. We knows that, a pure
capacitor stores the cnergy in terms of
electrical potential encrgy and a pure _
inductor 1f1 terms of magnetic potential v,
energy. However, therc 1s a power =P

dissipation in a resistor and its value is

given by
~ P=iR v
But according to Ohm’s law e
v
R=—"*
i \

P=iVg ...... (15.33)

In RLC-series circuit, the current is the same at each point of the circuit, but the -
voltage drop across each component is different. It can be explained with the help of

phasor diagram as shown in Fig.15.14(a) and Fig.15.14(b). Where Vg in phase with ]
but v, leads i by % and v, lagsiby % |

o




insulated thick copper wire wound closely

‘very large. Thus, its power loss is

Thus — = cos¢

v

Vg = vCosd ;
Put it in Eq.15.33 ;

p= vicos¢ ...(15.34) .Evl-v,
This 1s known as a true power in i

RLC circuit and it shows that a maximum ; >
power will be dissipated when ¢ =0 and
v’ and ‘i’ are in phase with each other.

It is possible only in a resistor. Thus one ° 2
(s

can say that the power dissipation in a
resistor is called true power. However, the power dissipation in an impedance is

called apparent power (vi).

Power factor E
Power factor of an A.C. circuit is defined as the ratio of true power to apparent

power
true power

Apparent power

Power factor =

_ vicos¢
vi
Power factor = cos¢

15,10 CHOKE COIL

A choke coil is an inductor that
presents a relatively high impedance in
order to control the current in an A.C.

circuit.
A choke coil consists of an

in large number of turns over a soft iron
laminated core as shown in Fig.15.22,
Since the wire of the coil is of thick An Inductor
copper, so its resistance is very small. '
However, due to the large number of
turns, the inductance of the choke coil is

extremely. small. For example, a Fig.15.22 A choke coil

b
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fluorescent tube light requires 120V for its fluorescence, but our applied voltage is
220V. If we use a resistor to control the extra current due to potential difference of
220V, a lot of power would be dissipated by resistor in the form of heat. To overcome
this problem, a choke coil is connected in series with the tube or any other electric

device. It offers the reactance (X, =2nfL) to the flow of current. The power

dissipation of a choke coil is almost zero, but it controls to extra current in the circuit,
The impedance of choke coil will be:

Z= R*+X3}
7= \R? +(2nfL)’

In case of D.C., f=0, then X, =0 and Z = R, this shows that a choke coil
cannot be used to control D.C. because its resistance is negligible, but it is used to
control A.C. only.

15.11 RESONANCE IN RLC-SERIES CIRCUIT
Consider a resistor, a capacitor and

an inductor which are connected in series I R ~ry ©

across the source of A.C. of constant [P~ \A\N\— VUV _‘1}’—\

voltage but adjustable angular frequency ' L

‘@’ as shown .in Fi*g.15.23. As _lhc < _—

components are in series, so there is a A.C

. . ..V o~
same current in the circuit, That is, 1=— ® ‘(\.) e

[ : ot l : B
, where ‘Z’ is the impedance of the RLC- Fig.15.23 A resistor, a capacitor and an inductor
series circuit and it depends upon the  connected in series in an A.C. circuit,
frequency. For example, if the frequency
increases, then the inductive reactance X, =L  increases while the capacitive

reactance X, & decreases. If the frequency decreases, then we have the reverse
m .

results. In between these lower and higher frequencies, there is always a frequency fo
at which both reactances become same but in opposite direction. So both are cancelled
to each other. As a result we have minimum impedance (Z) and maximum current (i).
Thus, the frequency fo at -which the impedance (Z) has its smallest value and the

current amplitude reaches at its maximum value is called resonance frequency Its
value can be calculated as;

The resonance occurs when

o X=X,

180
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oL = ! : £
o = (_G-E- POINT TO PONDER ‘
0 If resistance remain same but

P capacitance and inductance are
@0 = R— - | doubled, how will the resonance -
frequency change?
1 ———— .
Wy = —
LG ¢ ...... e TR
or 2nf = . N :
- e . a
. = ;
f, = — (15.35 : ‘
= T ... . E] :
TR ) ¢ :
This is resonance frequency. gl ! : Z.
If we plot a graph between current o :
and frequency then we have 2 E
resonance curve as shown in ]
Fig.15.24. The graph shows that the 0 A Frequem:}rf
amplitude of the current reaches its Series Resonance

maximum value at the resonance - Fig-15.24 A graph between current and frequency of an
' A.C.in RLC-series circui
frequency fo - SCrICs circuit.

15.12 RESONANCE IN LC-PARALLEL CIRCUIT

Consider an inductor of inductance ‘,- e
‘L’ which is connected in parallel with a 7oA
‘—1 "

capacitor of capacitance C across an A.C.
source of voltage ‘v’ and has adjustable =
angular frequency ‘@’ as shown in *I. _ .
Fig.15.25. The voltage drop across each <— A”C g
component is the same. But the current e

e 8 . : —n
through ‘L’ is 1, and through C s 1.. The —

. . S Fig.15.25 A capacitor and an induetor in parallel
phase difference between 1, and 1, is inan A.C. circuit

180°, so i =i, —1,. If the frequency increases, the inductive reactance X, = oL also
; : ; ek 1
increases and the current 1, decreases while the capacitive reactance X.=—
_ e
decreases hence current i. increases. Similarly, if the frequency decreases, we will
observe the inverse result. The experiments show that there is a certain frequency
between the lower and the higher frequencies at which 1, =1, and i=0. Such current
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with minimum amplitude is obtained at certain frequency
frequency f_, for LC parallel circuit. Its value can be calculatec

When the resonance occurs then A
i,_ = 1C
A ' .
XL XC .
XL = Xc, .
onf L = 1 R
. 27t C - . 0
~ _
£ 1 ; : Fig.15.26 A graph
e ——_271@ i of A.C. in LC-parallel ¢

If we plot a graph between current and frequency then
curve which is inverse as that of the curve obtained in R

Fig.15.26, we have observed that at resonance frequency “ f_ 1

" 15.13METAL DETECTOR
The metal detector comprises

of a resonating circuit and is used to

detect the presence of metal nearby,

hidden metals or metallic’ objects, e
buried metal underground etc. It

consists of two LC oscillatory circuits  Search Oscillator

A and B which are connected across Coil B

the beat frequency amplifier circuit as Fig.15:27 A cireuit ° :

shown in Fig.15.27. Each oscillator

contains an inductor coil parallel to a capacitor
to form a LC parallel circuit. A metal detector is
based on the principle that the presence of metal
within the range of the coil, changes its
inductance L which in turn causes a change in
the resonance frequency of the LC-circuit. At the
normal condition, that is, when there is no metal
near by the coil ‘B’ called search coil. The
frequency of the both oscillators A and B is the
same, i.e., adjusted at same resonance frequency,

hence they produce zero beat When the search External structur
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y known as resonance coil approaches to the a metallic object, its inductance ‘L’ decreases and the frequency
ed as | of the oscillator ‘B’ increases, So, there is difference in frequencies between the two
oscillators resulting in a beat phenomenon and the loud speaker attached to the
amplifier circuit is sounded as an alarm. The metal detectors are used not only for
security purpose but also to detect buried and hidden metal objects. In the same way,
metal detectors are used in mining and other scientific research.

15.14 MAXIMUM POWER TRANSFER IN AN A.C. CIRCUIT
In unit 12, we have studied that a D.C. source transfers its maximum power to
an electric network when the internal resistance of source equals to the load resistance.
This is named as “maximum power transfer theorem”. Such theorem also applicable
> to an A.C. network which is explained as under:

ey,

ettt LT T —

>/ . s s T X
ween current and frequency X Consider an A.C. .cm:.uxl havmg a !- [l l
g load impedance ‘Z.’ which is connected | 1
o o across the A.C. source of impedance ‘Z;" | Z, . |
V ; . ‘ ' !
RLC L RREELes as shown in Fig. 15.28. According to ! :
B8 il g maximum power transfer theorem, the | @ 5 Z,
H w 1 1
, the current is zero, maximum power is transferred from | !
source to.load when the impedance of | E
A source Zy and impedance of load Zy are } :
Loud Speaker : 3 7 s siickeo i '
y matchlng to each DI[EC]‘, L€, Fig. 15.28 An A.C. circuit in which the impedance
‘ p
-—___r»‘vqﬂ " 2=Zy s (15.36) of the source matches to impedance of load and
i source delivers its maximum power to the load.
Best Freguency Eq. 1536 holds in case of a
Amplifier & . . .
imunication system where a signal transfers ==
Sl gl s GO T | FOR YOUR INFORMATION |
with its maximum power between. transmitting ; :
Oscillator e, | To get the maximum radiated power |
4 antenna and receiving antenna when. _thc from anlantanan:ints cofiraificston
impedances of the transmitter and the receiver | system, the radiation resistance of the
| | match to each other. However, in case of power | antenna must match the output
ransmission system or any other electrical | resistance of the transmitter.

network, their efficiency in terms of maximum power {ransfer is about 50%, because
there is large load resistance across the source.

15.15 ELECTROMAGNETIC WAVES
The waves which compose of oscillating electric and magnetic fields at right
angle to each other also perpendicular to the direction of their motion through space
*"  are called Electromagnetic waves, these waves do not require any medium for their
propagation. :
' Based on Gauss’s law, Faraday’s and Ampere’s laws, British Physicist James
Clerk Maxwell in 1865 showed a closed relationship between electric and magnetic
fields. He predicted that electric and magnetic fields can move through space as

I e, o SRR




waves. He explained this mutual
interaction between the two fields in the
form of a set of four mathematical
equations which are called Maxwell
equations. These equations may be
summarized as: a time varying or
changing magnetic field . produces a
changing electric field. This changing
electric field will in turn produce a
changing magnetic field and so on.

To explain the Maxwell’s
hypothesis, we consider a conducting rod
AB which is connected to an alternating
voltage source. The charges are
accelerated through ‘'rod such that a
changing magnetic field produces around
it in the region CD as shown in
Fig.15.29(a). This changing magnetic
field again set up a changing electric field
and so on. This shows that each field
generates the other and as a result the
whole package of electric and magnetic
fields start motion in forward direction
through space. Such a combineed motion

uuuuu
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Fig.15.29(a) Changing of magnetic flux in the
region AB induce an electric field in 1its
surrounding,.

Fig.15.29(b) Propagation of clectromagnetic 'J-':ll‘-;L

2 2 : die elds
that * consists of electric and magnetic el
perpendicular to cach other.

of electric and magnetic field is known as electromagnetic waves which consists of
electric and magnetic field perpendicular to each other as shown in Fig.15.29(b)-
These waves travel in space with the speed of light ‘c’. Its numerical value
3 x 10°m s™ can be calculated by the following equation

L s (15.37)

JHogo

where p, and ¢, are permeability and permittivity of free space respectively:

Electromagnetic wave has many forms such as radio waves, microwaves,

infrared waves, visible light, ultraviolet light, X-rays and Gamma-rays. All these

electromagnetic waves travel through free space with the same speed equal to spﬁed
of light ‘c’, their frequency and wave length‘ can be study by the following relation-

c=fA ...... (15.38)

c=

184
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15.15.1 The spectrum'nf electromagnetic waves

i | o The speed of all the -
electromagnetic waves is same but their m-m-_;; m!m
frequencies and * wavelengths  are ol ——
+ »  (different. Therefore, the electromagnetic w'm--é T
waves can be classified on the basis of ity {
their frequencies and wavelength. The ""‘:-—7 L
orderly classification of electromagnetic o J >
wave with respect to their frequencies — | !
and wavelengths is known as ‘the .| wom-1my
electromagnetic spectrum. Graphically, a E 10pm .
complete spectrum of electromagnetic it
waves is shown in Fig.15.30. Now all e g
these classes of electromagnetic waves wm";:"
are explained as: S | o
Radio waves Y tom .
Radio waves are  those ,m,,,1?0: Rshisn
electromagnetic waves which have the 10kn |-
Jongest wavelength. Typically, the 1e0km | \
wavelength of radio waves is longer than | .
Fig.15.30 Electromagnetic waves spectrum in

ey are produc '
Imm. Tiney are p duced by the electrical terms of wavelength A and frequency ranges .

oscillation in the LC-circuits and used in
the global communication system with different frequencies. e.g., AM (Amplitude

Modulation) uses waves with frequency from 530KHz to 1170KHz, while FM
(Frequency Modulation) radio broadcasts are at frequency from 88MHz to 108MHz
and TV broadcasts use frequency from 54MHz to 890MHz. Radio waves are also
used for the communication system of cellular phones with frequency from 300MHz

to 3000MHz.

113 sy AR YR IOC
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Microwaves are also generated by the LC oscillating circuit. They have
wavelengths ranging from 1mm to 30cm. They are used in the radar as well as in
aircraft navigation system. Similarly, the short wavelength microwaves are also used
for study of atomic and molecular properties of matter. Microwave oven is a useful

application of the microwaves.

Heating and burning effect ol microwaves
Water is a good absorlber of microwaves because the water molecules are polar
and the positive and negative charges of the molecules are attracted in opposite

Js,



direction. As a result, the molecules start oscillation. The frequency of rotation of
water molecules is about 2.5GHz. Now if microwaves of this frequency are allowed
to fall on water, the molecules of water absorb these radiations and hence water gets
heated up, such heat energy is spread out in the whole region due to the rotation of
molecules of water. A microwave oven is used for heating or cooking the food under
this principle. Food with any moisture (i.e. free of water) cannot be heated in a
microwave oven. '

~ On the other hand, microwave radlatlun can heat the body living tissue in the

same way that it heats the food. Therefore, prolong exposure of mmrowaves cause
burning of body tissues. -

Infrared waves

Infrared radiation IR, sometimes called infrared light or heat waves, is
electromagnetic radiation with wavelengths longer than those of visible light i.c. its
wavelength is lying between 700 nm and 1 mm. The large amount of infrared waves
are generated by the sun, the sun gives off half of its total energy as infrared. Infrared
waves have also some interesting scientific applications in vibrational spectroscopy.

For example infrared is being used as short range signal wireless system between a
device and a remote control:

Visible light

This is the most important part of the electromagnetic waves spectrum emitted
by the sun, because it is the only radiation which is detected by the human eye. It is

produced by the transitions of electrons in the atoms. The wavelengths of visible light
are ranging from violet (4 x 107m) to red (7 x 107m).

Ultraviolet light

Ultraviolet light has a wavelength range from 4 x 10- m to 6 x 10"°m. Their
most important source is the sun. But they are also produced by carbon-arc lamp,
electric spark, discharge tube, mercury vapor lamp, hot bodies etc. Most of the
ultraviolet light from the sun is absorbed by ozone (O1) molecules in the earth’s upper
atmosphere, or stratosphere. This is fortunate, otherwise prolong exposure [0

ultraviolet light has harmful effects on human. Such as sun burns as well as skin
cancer.

- Ultraviolet lamp

A ultraviolet lamp is a device that produce electromagnetic wave in the
wavelength between those of visible light and x-rays. It consist of a-glass tube
contains a small amount of mercury. When the potential difference is applied across
the tube, the molecules of the mercury are excited and they emit ultraviolet light as
shown in Fig.15.31. The wavelength of emitted ultraviolet light depends upon the




pressure inside the tube. The ultraviolet

light emitted by the lamp is bemg used for

the following purpose:

e Ultraviolet light produce vitamin D in
the skin, therefore it is useful for
Cystic fibrosis (CF) and Short Bowel
Syndrome (SBS) patients, who suffer
from vitamin D deficiency

e Jt is being used in killing and
eliminating viruses, bacteria,  Fig.15.31 Excited molecules of mercury inside the
microbes  and other harmful tube emit ultraviolet light.

DI‘g&HlSH’IS
e [t is also used in hospitals as well as drug and. food industries to sterilize-the

equipments.
X-ray -
X-rays are electromagnetic radiation with wavelength ranging from 10®*m to
10-"?m. They are produced when fast moving beam of electrons strikes on the metal
target. X-rays are used as diagnostic tool and also used as a treatment for certain forms
of cancer. Care must be taken to avoid unnecessary exposure because X-rays can
destroy living tissues and organisms. X-rays are also used in the study of crystal

structure.

Gamma rays
Gamma rays have the shortest wave-lengths and their wavelength ranges from

10°m to less than 10"*m. Gamma rays are highly penetrating. Therefore, they. are
‘used to destroy cancerous cells in humans. They are also used to conduct nuclear
reactions. Gamma rays are emitted by radioactive nuclei in radioactive decay such as,
60Cy and '*’Cs. These rays are also emitted during the nuclear reactions.

15.16 PRINCIPLE OF GENERATION,  TRANSMISSION AND
RECEPTION OF ELECTROMAGNETIC WAVES

We have . discussed the Maxwell’s electromagnetic field theory that
electromagnetic waves are generated when either an electric or a magnetic field is
. changing with time and these waves are capable of traveling through space. Similarly,
we have also observed that an electric field due to a charged particle at rest or moving
with constant velocity does not radiate in space because the magnetic flux is not
changing in these cases. But the electric field only radiates through a certain region
of space, when the charged particle is accelerated. Based on this principle,
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antenna,
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(d) =T

Fig.15.32 (a) An arrangement for generation and transmission of electromagnetic waves by a dipole

electromagnetic waves can be generated in space by using a radio wave transmitting

dipole antenna.

A dipole-antenna consists of a long
wire which is powered by A.C. source of
frequency ‘f” and time period T. One pole
of the antenna is in space while the other
is grounded as shown in Fig.15.32(a). As
the source is alternating so the charges
vary periodically at the ends of antenna.

‘Now we study such variation of the
charges on antenna for one cycle of A.C.

At time t = 0; the upper part of the

antenna is positively charged and the

lower is ﬁegatively charged. The direction of E is downward. At t= T

. = . T
are neutralized, and E is zero. At t:E; upper

part is negatively charged and lower is
positively charged and the direction of E is

upward. Att=T;E again comes at its initial
position. For the next cycle, the same process of
variation of charges on the antenna is repeated.
.On the other hand, the oscillation of these
charges produces a current in the antenna, as a
result a magnetic field is also generated. Now
these two fields are out of phase to each other

188
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- Fig.15.32(b) clectric lines and magnetic lines of
force perpendicular to cach other,

—; the charges
4 g

FOR YOUR INFORMATION
A resonant LC circuit generally has
hundreds or thousands of signals
present at its input, but only one is
selected to be present at its output. €.8.
Ehe antenna for an FM receiver
Intercepts the signals of many different
FM broadcast stations, but by turning
an LC circuit to resonance, the listener

can select only the station he would
|_llk& listen to. :
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and the lines of force of E are perpendicular to the lines of force of B as shown in
Fig.15.32(b). In this way, the electromagnetic waves travel through space away from

" _the antenna with the speed of light and its frequency depends upon the frequency of

the alternating voltage source.

After transmission the
electromagnetic = waves from the |
transmitting antenna, these waves can be
received by an LC-parallel electrical
circuit where L is inductor and C ‘is }

variable capacitor. A long wire called
receiving antenna is connected with this
LC-parallel circuit as shown in Fig.15.33.
Now when the electromagnetic waves fall
on the receiving antenna, the electrons in £
the antenna start oscillation due to the
oscillating electric field of the waves. As
a result, an alternating voltage induced 5000 R ntiousus et L el

across the antenna. The frequency of this
voltage is the same as that of the waves intercepting the antenna. There are a number

of electromagnetic waves that travel through space with their own frequencies. But
the receiving antenna can receive one of them at a time. It takes place only when we
adjust the value of the variable capacitor such that the natural frequency

=TT

[f = ! J of the LC-circuit is same to the frequency of the incoming waves from
2nJLC .

the transmitting station. Thus due to the resonance phenomena, the LC-circuit will

respond to electromagnetic waves of particular wanted frequency and reject all the

other unwanted frequencies. Such arrangement is used in the tuning circuit of a radio.

15.17 TRANSMISSION AND RECEPTION OF INFORMATION

The process of transmission of information by a radio wave is shown in
Fig. 15.34(a). Our information or message which is to be transmitted in the form of
sound or picture, where sound has frequency ranging from 20Hz to 20KHz with speed
334ms! in air at 0°C and it is a non-electrical signal. Therefore, microphone converts
sound signal into the electrical signal and then it is fed to audio amplifier for raising
the strength of the signal. This audio signal cannot be radiated out from the
transmitting antenna directly. For this, a very high frequency wave called radio wave
is produced by oscillator. The radio carrier wave is also known as carrier signal. The
amplitude of radio wave is constant and they have high frequencies from 30kHz to
300000kHz with a speed of 3 x 10® m s”'. Now the audio signal is super imposed on

\189




the radio frequency wave by using
modulator. This process is called
modulation. The modulation ‘wave is
finally transmitted in free space by the
transmitting antenna.

When, when - the modulated
transmitted wave falls on the receiving
antenna as shown in Fig.15.34(b), the
receiving signal is first amplified by the
tuned amplifier and then the modulator
accepts the relevant audio signal
and reject the unwanted radio
frequency wave. This process by
which the radio waves and audio
waves are separated is known as
demodulation. Finally, the audio
signal is amplified by the audio
amplifier and then fed to the loud

aRlennn

Reeelving

Transmlitting
Aerial

Sound Audlo M

AN EDP— Amplifiers [P

Microphone

Osclllator ==t Modulator

Fig.15.34(a) A process in which the information in
terms of audio [requency wave is transmitted by a
radio frequency wave.

Lt;dlpu\rr

Fig.15.34(b) A process in which the ‘information audio
frequency signal is received under various stages.

speaker for producing the replica.of original sound waves.

15.18ELECTROCARDIOGRAPHY (E.C.G.)

The instrument that records the
voltage pulses associated with heartbeats
is called electrocardiography and the
pattern recorded by such instrument on a
graph paper or. computer is called an
electrocardiogram. It is explained as
under; - :
The heart is a muscular organ
made up mostly of cardiac muscles. Now
we will study an individual muscle cell in
its resting state. There are negative ions
on the inner surface of the membrane of
the cell, while positive ions on the outer
surface as shown in Fig.15.35(a). This
ions distribution across the membrane of
the cell causes of electric potential.

- T

Fig.15.35(a) charge distribution across  the
membrane of the cell in its resting state (b) charge
distribution as the depolarization wave passes.

Fig.15.36 Graphical representation of ECG.

The electric impulses that originate in the muscle fibers gradually_ spread from
cell to cell, causing the muscles to contract. The pulse that passes through the muscles

@



~ cells is called a depo]arizatién wave. The"

generated impulse will pump the positive

ions on the outside of the cell to flow in

and neutralize the negative ions-on the

inside of the cell as shown in

Fig.15.35(b). This effect causes of

neutralize the potential difference. Once -
the depolarization wave has passed

through an individual heart muscle cell,

the cell 1s polarized again. i.e., it recovers o o 35
the resting state ions distribution in about  Fig.15.37 {n) The rccnrdcd ECG for a normal
250ms. Thus, the depolarization and  heart.

polarization of cells in the heart causes
potential difference that can be measured using electrode connected to the skin. The

potential difference measured by the electrodes is amplified and recorded on a graph
paper or a:computer as shown in Fig.15.36.

~ Let us study the recorded ECG
for one beat of a normal heart as shown
in Fig.15.37(a). The pulse ‘P’ shows
the generated pulse before the muscle
to contract. Similarly, when the pulse
passes through the cell called
polarization and it is represented by the - ‘dhe N R
pulse QRS. Finally, the T pulse accurs i Y Bl
when the cells are polarized again.
Similarly, the recorded ECG for an P
abnormal heart e shown - . h;i:}l' .37(b) The recorded ECG for an- abnormal
Fig.15.37(b). The registered result
shows that there is no constant relation between the pulses due to the polarization and
depolarization. On the other hand, the pulse QRS 1s w1der than the pulse QRS of the

normal one.
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e Alternating Current (A.C.): A current or voltage which changes periodically®

~ with time both in positive and negative direction is called alternating current or
“voltage. i.e.,i= I sinot or v =V, sinot '

e Root Mean Square Value of Current or Voltage: The R.M.S. value is that

effective value of an alternating current or voltage which produces same amount

to heat in a resistor as that of produced by D.C.
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Irms = 0.707 Io.
A.C. Circuit: A circuit which is powered by A.C. source and a number of
components (such as R, L and C) are connected across it is known as A.C.-circuit.

Capacitive Reactance: The opposition offered by a capacitor to the flow of A.C.

is known as capacitive reactance [XC = LC)
- o

Inductive Reactance: The opposition offered by an inductor to the flow of A.C.

is known as inductive reactance (X, = oL).

Impedance: The combined resistance of a resistor, capacitor and an mductor in

~ A.C. circuit is known as impedance.

Power factor: The ratio between true power to the apparent power is called power
factor, it is equal to cos¢.

Choke coil: Choke coil is an inductor whose power dissipation is zero and it is
being used to control the current in an A.C. circuit.

Metal Detector: It is an clectronic instrument which consists of resonant circuit
and is used to detect metal, metallic objects, and the buried metals.

Maximum Power Transfer Theorem: An A.C. source transfers its maximum
power to load when its impedance equals to the impedance of load.
Electromagnetic waves: Electromagnetic waves are composed of oscillating
electric and magnetic fields at right angle to each other and they do not require
any medium for their propagation.

Modulation: A process in which audio frcquency signal is super imposed on the
radio frequency wave.

Electrocardiography: The instrument that records the voltage pulses associated

with the action of heart is called electrocardiography.

Electrocardiogram: The recorded heart pulses on a paper is called
electrocardiogram.

EXERCISE

Select the best option of the following questions.
The mean value of current over one complete cycle of A.C. is

(a) Zero (b)One ()1 (d) Io

Root mean square value of alternating current is equal to _

(@) 50% of I (b) 50.7% of Io (c) 70% of Io (d) 70.7% of Io
When the initial phase of A.C. is Tt/ 2.then it will complete its one cycle at
the phase of |

@™ (b) 3/2 © 27 (d) 512
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Average power dissipation in an A.C. circuit across the resistor is
2>

4.

(a) VI - (b) Volo () Vimslrms (d) V*P°
. 5. When a capacitor is connected across the A.C. source then
(a) V & I are in phase (b) I lagging behind V
1 (c) Ileading by V (d) V leading by I

6. When the frequency of A.C. is increased then the reactance of the inductor
will
(a) Remain the same | ; (b) Decreased
(c) Increased (d) Become negative

» The power dissipation in LC- circuit is
(a)V.I (b) Volo (¢) Vimslrms (d) Zero

8. A capacitor is an A.C. circuit is working at
(a) Any frequency (b) Low frequency
(c) High frequency (d) Zero frequency

9. The unit of impedance is
(a) Ampere (b) Volt (c) Watt (d) Ohm

10.  According to the phasor diagram, the phase difference between Vi and Vc is

T b 3n ) 5

(@) 5 (b) > () T (d) 27

11. Power factor is equal to
(a) VI (b) VI cosg (c) cos@ (d) taneg

{2. Inachokeanda resistor series circuit, the A.C. source delivers its maximum
power when
(a)R=0 (b)Z=0 (c)R=2Z (d)R>Z

13. The A.C. source transfers its maximum power to load when '
(a) Impedance of source is equal to 0
(b) Impedance of source less than impedance of load
(c) Impedance of source greater than impedance of load
(d) Impedance of source equals to impedance of load

14.  In RLC-series circuit the amplitude of the current has its maximum value when
(a) Xc=0 (b) XL =0 (c) Both zero (d) XL =Xc

15. In RCL-parallel circuit, the resonance phenomenon will be observed when
the net current in the circuit is
(a) Increasing  (b) Decreasing (c) Reverse (d) Zero

16. The resonance frequency is |

L (&) f=— (d) 3%,

| f=2nJLC (b) f=
| @ £=2m/IC () f=7= 2mdiC n

The propagation of electromagnetic waves was predicted by

17.

p.




(d) Ampere

(a) Hertz (b) Maxwell | (c) Faraday - g, |
18. The phase difference between electric and magnetic line of forces in
electromagnetic waves is ]
(a) 45° (b) 90° (c) 180° (d) 270 |
es in free space is given by the equation

The speed of electromagnetic wav

! 1 1 5 oo 1
(#) o= (b) c=—/— () c=—— d) c=—F——
i & \EoHo g/l JEo/Ho

20. The electromagnetic waves do not transport .
(a) Energy (b) Charges (c) Momentum (d) Information
Which one of the following waves has the shortest wavelength?

(a) Radio wave (b) Microwave (c) Ultraviolet wave (d) y-rays wave
mpose on radio fr

22.  Aprocessin which audio signal superi equency wave is called
(a) Rectifier (b) Amplifier (9_)_5/_10:.‘39}@(31} - .&d).p?j?lﬁdﬂ%iﬂ;
dof1 while takiﬁg themeanvalue of A.C. cycle? S
ctive then 220V of DiC?
9

19.

S

Why we use I instea
, Why 220V of A.C. is more effe
3, At what value, the A.C. and the D.C. become equal

J. What is the cause of the current leading by voltage in an A.C. circuit?

What do you know about the impedance in RLC-circuit of A.C.?7
What will happen if the freque is increased?

i ncy of A.C. across the inductor 1
% What do you know about the power factor of A.C. circuit?
B What is a phasor and ph

asor diagram?
0, Why a choke cannot con

trol D.C.7
in,  Under what condition a source transfers its maximu
(1. What is the condition 0

f the resonance phenomenon
(7, How does the amplitude of the current becomes zZ€ro in
i1, Whatis the working princi

‘ ple of metal detector?
{4, Howdid Maxwell predict the olectromagnetic waves?
i, How does transmitting antenna transmit the clectromagnetic waves?
(6. Whatdo you know about the spectrum of electromagnetic waves?
(7. How does the receiving antenna receive the electromagnetic waves?
3. How can you calculate the speed of electromagnetic waves?
to.  Distinguish between the process of modulation and demodulation.
Distinguish between clectrocardiography and electrocardiogram.
ent and alternating voltage with their mathe

m power o a load?
in RLC-series circuit?
LC parallel circuit?

T _"_*.'7-":}' i ke .
T IR e <,

AR T3 %
Explain alternating curr
graphical representation.

matical and
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4.

What do you know about the instantaneous value, root mean square value and

peak value of alternating current and alternating voltage?

What is phase of A.C.? Explain phase lag and phase lead between alternating
current and alternating voltage with the help of phasor diagram.

Study alternating current through a resistor and calculate power dissipation in

the resistor.
Discuss A.C. through a capacitor and power dissipation in it.

What are the value of instantaneous current and voltage in an inductor when it
is connected across the A.C. source?
What is impedance? Calculate the impendence of RCL-series circuit.

Calculate impedance and phase angle of RC-series circuit.

Discuss the behaviour of A.C. through RL-series circuit.

State and explain power in an A.C.-circuit and power factor.

What do you know about choke coil, its function and application?

State and explain resonance in RLC-series circuit with the resonance

frequency.
How can resonance be observed in LC-parallel circuit? Also calculate the

resonance frequency in LC-parallel circuit.
Explain metal detector, its working principle and function.
What are electromagnetic waves? Discuss the process of generation,

propagation and reception of electromagnetic waves.
What do you know about the spectrum of electromagnetic waves? State and

explain all classes of electromagnetic waves.
Explain electrocardiography with its working principle and its function.

NUMERICAL PROBLEMS

The r.m.s. value of alternating current is SA and its frequency is 50Hz which
flows in a circuit through a resistor. Calculate the peak current and the value
of the current after 0.002s. (TA, 4.4A)
An alternating current flows through a resistor of 10Q2 and produces heat at the
rate of 360W. Calculate the effective value of current and voltage. (6A, 60V)
A capacitor of capacitance 6pF is connected across the A.C. source of 220V,

Calculate the current through the capacitor, if the frequency of the source is
50Hz. (0.4A)

An inductor of inductance 0.6H is connected across the A.C. source of 220V.

Calculate the current through the inductor, if the frequency of the source is
50Hz. (1.2A)
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What 15 PN junction? How can you form a PN junction?
Define biasing of PN junction and discuss Torward biased and reverse biased
of a PN junction.

What 15 rectification? How can a diode be used as a rectifier? Explain hall-
wave rectilicalion,

State and explaim full wave bridge rectilication by using four diodes,

What is transistor? Explain the operation of NPM transistor?

Discuss the three configurations of a transistar.

What is amplification’? Explam the amplification of common emitter NPN

transistor, -
How can transistor be used as an aulomatic swilch?

NUMERIEAL PROBIPEMS

(Calculate the resistance across the PN-junction silicon diede that has Djh of
current through it with a 0L.8Y drop across the twa terminals of the diode.

(1.682)
How much s the emitter current with 100mA For the collector current and
SO00A for base current? (100.8mA)

A transistor has o= 0.995_ If the cmafter current 15 80maA, what is (i) the
collector current (i1) the base current (i) currdnl gain 7

(i) 79.6mA, (i) 0.4mA. (iii) 199
The current gain [ of a transistar is 200. I the base current is 0.2mA, Find (i)
the collector current (i) emitter current (1i1) the value of o |

(i) dimA (ii) 40.2mA (iii) 0.995
The input resistance in the common cmitter amplifier circuil of a given
transistor is 2k£) . The outpul resistance of this circuir is 8kC2. What would be
the outpul voltage corresponding to an inpul voltage 6mV if the current gain
is 1007 (2.4Y)
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i/ PHYSICS OF SOLIDS

Major Concepts ' (13 PERIODS)
- Classification of solids

Conceptual Cinkage™™

This chapter is built on

Mechanical properties of solids Properties of matter Physics
X

Elastic limit and yield strength . ;
Electrical properties of solids Types or Solids Cheanstry Xl
Superconductors

Maﬂnct]c pr opm Ues ofsohds

After studying this unit, the students will be able to:
distinguish between the structure of crystalline, glassy, amorphous and polymeric solids.

describe that deformation in solids is caused by a force and that in one dimension, the

deformation can be tensile or compressive.
describe the behavior of springs in terms of load-extension, Hooke’s law and the spring

constant.
define and use the terms Young’s modulus, bulk modulus and shear modulus.

demonstrate knowledge of the force-extension graphs for typical ductile, brittle and

polymeric materials. J
become familiar of ultimate tensile stress, elastic deformation and plastic deformation of

a material.
describe the idea about energy bands in solids.
classify insulators, conductors, semiconductors on the basis of energy bands.

become familiar with the behaviour of superconductors and their potential uses.

distinguish between dia, para and ferro magnetic materials.
describe the concepts of magnetic domains in a material,

explain the Curie point.
classify hard and soft ferromagnetic substances.

describe hysteresis loss.
synthesize from hysteresis loop how magnetic field strength varies with magnetizing

current.
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INTRODUCTION

Basically, there are three states of matter solids, liquids and gas. The liquid and
gas arc compressible and have ability to flow, whereas, solids are incompressible and
have definite volume and shapes. These are due to the closeness of their atoms or
molecules. Similarly, there are several kinds of solids, among these, each of them has
its different characteristics and properties. Some solids are crystalline while others
arc amorphous or polymer, some are clastic while others are rigid, some are brittle
while others are plastic or ductile, some have electrical conductivity while others have
magnctic conductivity, For example, diamond is hard, lead is soft, steal is strong,
glass is weak, copper has electrical conductivity and iron has magnetic conductivity.

Many solids can be deformed in the form of change in their length, volume or
shape by a deforming force. These deformations can be studied in terms of stress and
strain. -

In this unit we will explain classification of solids. For example, there are three
classes of solids with respect to their structure, named as: crystalline, amorphous and
polymer. Electrically, there are three classes of solids such as: insulators, conductors
and semi-conductors, these can be studied using band theory of solids. Magnetically,
the three types of solids are paramagnetic, diamagnetic and ferromagnetic. In addition
tlo the magnetic classes, we will also discuss the phenomenon of hysteresis and
hysteresis loop by magnetizing and demagnetizing the magnetic materials.

Arrangement of Molecules in
Solid, Liquid and Gas
(e & Tora

Solid Liquid Gas

Melecules are tightly Molecules are looscly Molecules are very lossely
packed and cannot packed and can move packed and in a continueus
move frecly freely random motion.

6.1 CLASSIFICATION OF SOLIDS

We have studied in the previous classes about the three forms of matter such
as solids, liquids and gases. Plasma is often termed as the fourth state of the matter.
Among all these, solid is the only form of matter which has a definite shape and
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volume. Normally, the distance between the adjacent atoms of the solid are the same
as the diameters of the atoms themselves. Thus, there are strong interactions between
the atoms of the solids. On the other hand, the distribution of atoms or molecules of
the solids are not alike i.e., the atoms or molecules of some solids are arranged with
orderly manner, while, the arrangement of the atoms or molecules of other solids are
orderless. On the basis of such distribution of atoms or molecules, solids can be

classified into three types.

Crystalline solids

The solid in which their atoms,
molecules or ions are arranged in a
definite order are called crystalline
solids as shown in Fig.16.1. These regular
arrangement of atoms, molecules or ions
can be studied by using various X-rays
techniques. The observations show that
the arrangement of atoms, molecules or
ions are repeating in a three dimensional
pattern with highly ordered throughout
the crystal. For example, Sodium
Chloride (NaCl) crysta‘:l has a cubic L
structure as shown in Fig.16.2. The red  ¢rysalline solid.
spheres represent the positive sodium ion
(Na') and blue spheres represent the
negative chlorine ion (CI). The
distribution of the ions shows that there is
regular arrangement of the ions which is
repeated in three dimensions. The
crystalline solids have a long range order
it means that there is a regular pattern of
arrangement of particles which repeats
itself periodically over the entire crystal.
Similarly, crystalline solids have another
important property that they have sharp
melting point. e.g, aluminum has melting point of 655°C, NaCl has meltmg point of
800°C and the melting point of copper is 1084°C.

Almost all families of solid fall in the group of crystalline solids including
metals: such as, copper, zinc and iron, nori-metal such as, diamond, sulphar and

LS T
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Fig.16.2 A cubic crystal structure of NaCl (lonic
Clrystal).
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Crystal structure of
copper (metal)
mica, ionic compound, such as,
sodium chloride and copper sulphate
and ceramic: such as zirconium.

All these crystalline solids
have not only definite volume but
also geometrical shapes such as,
cubic, trigonal, tetragonal, hexagonal,
orthorhombic,  monoclinic  and
triclinic as shown in Table.16.1.

The study shows that the
atoms, molecules or ions of the
crystalline solids are not stationary,
but they vibrate about a fixed point
and their amplitude depends upon
temperalure. i.c., the amplitude of the
vibration increases with increasing
temperature.

Amorphous solids

The solids whose constituent
particles i.c. atoms, molecules or
ions are arranged more-or-less in a
random manner are called
amorphous solids. Like crystal, the
atoms or molecules of the amorphous

solids have no order in the long range as shown in Fig.16.3. Although amorphous
solids have a definite volume, but they have not definite regular geometrical or

Crystal structurc of
diamond (non-metal)

Crystal structure of
zirconium (ceramic)

Table.16.1  Different  geometrical  shapes of
crystalline solids.
Cubic Tetragonal
e b
N \__1 —

All three axes arc equal in
length and they are
perpendicular to one
another. o

Two ol the three axes are
equal in length, and all the
three arc perpendicular to
one another,

Orthorhomibic

All three axes are unequal
but perpendicular to one
another.

Hexagonal
(PO ¢

Three axes arce of equal
length, the fourth axis is
perpendicular to the plane of
the other three.

Monoclinic

All three axes are unequal
and two of them are

Triclinic

S/ —

'z --"'-'

All three axes are unequal
and are not perpendicular to

another.

perpendicular to cach other

Trigonal

another.

All the three axes are equal in length, but
none of the axes is perpendicualr to

=

crystalline shape. Amorphous solids have some properties as that of the frozen liquid.

FFor example, if we heat a glass rod with a spirit lamp, we will find that the rod begins

\".2 su s




to flow more and more easily as its
temperature rises, this shows that glass
has no definite transition from solid to
liquid, and no definite melting point.
Therefore, one can say that glass at room
temperature is an example of amorphous
solid, which has no long range order, but
only short range order. Thus, amorphous
solids aré also called glassy solids.

Polymeric solids
The. solids in which its atoms,

molecules or ions are arranged neither
periodically  like crystalline

solids nor  random  like N '

amorphous solids are called 9 %t & c © % ’
polymeric solids. The distribution Ob‘b ® @ " A

of atoms or molecules of g,ﬁﬂgt &'.‘f
polymeric solids is shown in S ?_ o 0

Fig.16.4. The structure of the
polymeric solid lies between order
and disorder. Thus, pdlymeric
solids may be classified as partially or poorly crystalline solids.
There are two types of polymeric solids,
naturally occurring and synthetic (polymeric
by chemical reaction). The polymers that occur
naturally are rubber, resin, cotton-wool and
wood. Whereas, the synthetic polymers are
polythene,  polystyrene,  polypropylene,
polyvinyl chloride etc. Polymers, both natural
and synthesized are created under the process
of polymerization of many small molecules
called monomers. Polymers consists of very Fig.16.5 A chain of carbons bounded by
long chain of carbon atoms bounded by otherclements.
oxygen, hydrogen, nitrogen and other non-
metallic elements as shown in Fig.16.5. For example, plastic and synthetic rubber are
formed by polymerization reaction in which relatively simple molecules are
chemically combined into massive long chain molecules in the form of three

dimensional structure.”

Fig.16.4 Distribution of molecules of polymeric solid.
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16.2 MECHANICAL PROPERTIES OF SOLIDS

Almost all bodies can be deformed more or less by applying a force called
deforming force. The deformation may be in
the form of change in its length, volume or
shape of a body. All these are explained by
some cxamples;

I. Let the upper end of a wire is fixed and its
lower end is pulled down by the weight of
the body. A change may produce in the
length of the wire called tensile as shown in
Fig.16.6(a) |

I1. Similarly, if a rubber ball is pressed or

“squeezed from its all sides, its volume

Fig.16.6(a) A change is produced in length

- s of the wire =

decreascs, i.c., a change occurs in volume of

the ball called volumetric as shown in E l F
Fig.16.6(b). \ /v

I1I. When a deforming force is applied on a F——)- ‘4—'—F

box, the perpendicular axes of the box are E
displaced from their fixed position. This / V\
causes change in shape of the box called F ?F .

shearing as shown in Fig.16.6(c).

After deformation, when the deforming
forces are removed, and the bodies tend to
regain their original conditions, then this
property of the bodies is called elasticity. Those
bodies which can regain or resume completely
their original shape and size, on the removal of
deforming forces arc called clastic bodies. On
the other hand, the bodies which cannot regain
their original shape and size, but a permanent
change occurs in it after the removal of
deforming forces arc known as plastic. In
practice, there are no perfectly elastic or plastic solids. All the elastic and plastic
properties of solids are explained in terms of stress and strain.

Fig.16.6(b) A change in volume of the ball

Fig.16.6(c) A change in shape of the box

Stress :

The deforming force may produce a change in an object’s length, volume or
shape. The force in terms of its work is stored in the deformed body as elastic potential
energy which helps to regain the body to its original position and its corresponding
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force is called elastic restoring force. Defaming and restoring forces are same in
magnitude but in opposite sign. Thus, the deforming force acting per unit area to
produce any change in length, shape or volume in a body is called stress. i.e.

Stress (o) = deforming force _F (16.1)

area
The SI unit of stress is newton per
meter square (N m) which is termed as
Pascal (Pa) and the dimension formula of
stress is [ML'T].
If the force is acting normally to
the surface, then its corresponding stress
is called normal stress. There are two
types of normal stress, tensile stress and
compressive stress. However, if the force  Normal Stress Shear Stress
is acting along the surface per unit area -
then it is called tangential stress or shear stress.

Strain
The change in length, volume or shape of a body due to the deforming

force is called strain. It is always measured in terms of the ratio of change in
dimension to the original dimension. i.e.,

changein dimension

] Strain = ——; _ :
originaldimension

As strain is defined in terms of ratio of quantities with same dimensions so it
has no unit or dimensions.

If a change occurs in the length
of body then the ratio of change in Direction - L
length (AL) to the original length i
(L) is called longitudinal strain, it is <=
caused by longitudinal stress (tensile

stress/compressive stress) as shown in | - |
Fig.16.7(a), thus : } —]
changein length | -
Longltudmal strain = original length Fig.16.7(a) Longitudinal strain
& (16.2)
B = T nmmen h
L
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Similarly, the ratio of change of
volume of a body to its original volume
is called volumetric strain, as shown in
Fig.16.7(b). Mathematically, it s
explained as;
changein volume

Volumetric strain = ——
original volume

Volumetric strain = E TR (16.3)

| When the deforming force
produces a change in the shape of a
body (without changing its volume), it
is called shear strain. In shear strain, the
axes of the body are displaced through an
angle ‘0" as shown in Fig.16.7(c). Thus,
it is measured in terms of angle ‘0°. 1.e.,

X
Shear strain (y) = 3 = tan0

For very small value of angle ‘0’ in terms
of radian, tan 0 = 0, so thal, Fig.16.7(c) Shearing strain
Shear strain= 0 ...... (16.4)

16.3 HOOKE’S LAW

Robert Hooke studied the elastic
properties of various solids and defined
them in terms of stress and strain. It is
explained as: when a deforming force
produces a change in body, then we have
both stress and strain. i.c., stress is a force
that acts per unit arca of the body, which
produce deformation. Whereas, strain is
the measurement of the amount of the
deformation.

According to Hooke’s law,
within elastic limit, the strain is directly Applicd Stress (F/A) is directly proportional to the
proportional to the applied stress. i.€.,  strain ( AL).

Stressoc Strain

i -

. 2 »




stress

=E......(16.5)

strain

where ‘E’ is the constant of proportionality. It is known as coefficient of
elasticity or modulus of elasticity. Its value depends upon the nature of the solids.
gince strain has no unit, therefore, the unit of modulus of elasticity is same as that of

the stress. i.e., N m™. There are three kinds of modulus of elasticity.

1. Young’s Modulus

When the deformation in a body is in the form of change in its length only then

there is longitudinal stress and longitudinal strain. The ratio of longitudinal stress to

longitudinal strain is called Young’s modulus. It is expressed as:

longitudinalstress

’s Modulus (Y) =
Young’s Modulus (Y) longitudinalstrain

v= FA
AL/L

POINT TO PONDER
A wire used to support a weight
and is stretched by a millimetre.
The wire is replaced by another
wire of the same matcrial having
twice of cross-section area of the
first wire. How much does the new
wire stretched when it supports the

same weight? ‘

1. Bulk Medulus
When the applied force produces change in the volume of the body, we have
the volumetric stress and the volumetric strain. The ratio of volumetric stress to the

volumetric strain is called Bulk Modulus. 1.e.,
volumetricstress

Bulk Modulus(K) =

volumetricstrain
K = F/A

AV/V
L T

AAV

[, Modulus of Rigidify
In case of shear deformation which causes change in shape of the solid, the
ratio of the shear stress to the shear strain is called Modulus of Rigidity. It is expressed

as;

tr
Modulus of Rigidity (1) = shear stress

shear strain
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The typical values of the three elastic
constants for some selected materials arc
given in table 16.2.

Example 16.1

A metal wire 80cm long and 15mm in
diameter stretches 20mm when a load of 8kg
is hung on its end. Find the stress, the strain
and Young’s modulus for the material of the
wire.
Solution:

We have

Table.16.2 Typical Values of Elastjc

Moduli
Substance [ You ng's Shear RO
Modulus | Modulus | Modulys
: (Pa) (Pa) (Pa
Aluminum 70x10" | 2.5x10" | 7.0x10™®
Bone 1.8#10"" | 8.0x10' -
Brass 9.1x10" | 3.5%10" | 6.1%x100
Copper 1110 | 4.2x10" | 14x10™0
Steel 202100 | 8.4%10" | 16x100
Tungsten_| 35%10" [ 14x101% | 20x10'0
Glass 6.5 1o 2.6 1o S0t
7.8%10' | 3.2%10" [ 5.5x1q10
Quartz 56%10"" | 2.6x10" | 2.7x1010
Rib 1.2=10'" ~ -
Cartilage
Rubber 0.1210" = =
Tendon 2%10'0 5 =
Waler T = IR
Mercury = = 3 §x101

Length of the wire =L = 80cm = 0.8m

Diameter of the wirc =D = 15mm
Radius of the wire =r=7.5mm = 7.5 X 10°m
Change in length = AL =20mm =2 % 10 m
Mass of the load =m = 8kg

Stress =7

Strain =7

Young’s modulus =?
F W m
Stress =—= — = %
A art nr

81-:;_:(9.81115'2)
Stress =

3.14(7.5><10"1m)2

=444x10°Nm™
AL " 2x107m

Strain =
L 0.8m
Strain =2.5 x 1072
Young’s Modulus(Y) = Slre‘ss
Strain
_ 444x10°Nm”
2.5x107

5
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=1.78x10'"Nm™ or Pa

Example 16.2

A box has a top area of 20cm? and a height of 4cm. When a shear force of 1.5N
is applied to the upper surface, the upper surface is displaced by Smm relative to the
bottom surface. What are the shear stress, shear strain and the modulus of rigidity.

Solution:
We have
" Top area of the box = A = 20cm? = 0.002m?
Height of the box =4cm = 0.04m
Shearing force =F = 1.5N
Upper surface distance =5mm =5 x 10”°m
Shearing Stress =7
Shearing Strain =?
Modulus of rigidity =1 =7
Force

Shearing Stress =
Arca

o A = 750Nm™

~0.002m
distance

shearing Strain = —
height

=5><10'3m

0.04m
=0.125

stress

Modulus-of rigidity(n ) = —
strain

z 750Nm™

0.125
=6kPa

164 ELASTIC LIMIT AND YIELD STRENGTH

We have studied in the previous section that there is a strong relation between
stress and strain, i.e., within elastic limit the applied longitudinal stress is directly
proportional to the longitudinal strain. If a graph between stress and strain is plotted,
then we have a curved line with different steps. Such curved line is known as
stress-strain curve as shown in Fig.16.8. It may be pointed out that this graph

o
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represents the tensile stress and the resulting tensile strain. Now we explain the
behaviour of solid at various points on the given curved line.

o = C

uTS
r.
\

YTS
) Plastic
Proportional deformation
limit A Fracture

Stress

<—Elastic behavior

O - Strain ————>
Fig.16.8 Stress vs Strain curved graph for an elastic solid under difTerent stages.

Initially, the graph between stress and strain is a straight line as shown by the
section OA of the graph. In this section, stress is directly proportional to the strain
and the body obeys Hooke’s law. The point ‘A’ is called the limit of proportionality.
If the deforming force 1s removed at any point within the section OA, the body regains
its original position.

If the applied stress exceeds the proportionality limit, the strain is no longer
proportional to the stress, but it increases more rapidly. It is represented by the section
AB which is a curve and it is called elastic limit. When the stress is removed, the body
will return to its original position, because the elastic limit is not crossed.

Similarly, if the stress exceeds the elastic limit, the body deforms permanently.
i.c., if the stress is removed the body does not come back to its original position. It is
represented by the section BC and it is called plastic limit. The materials become
plastic in this region. The point where the stress enters from the clastic region to the
plastic region is called yield point and its corresponding stress is known as yield
tensile strength (YTS).

If the applied stress is further increased such that it can cross the point ‘C’, a
breaking region starts, i.e., the solids fracture when the stress reaches the breaking
point D. On the other hand, the maximum stress that a material can withstands withm.ﬂ
necking is called the ultimate tensile strength (UTS). The ultimate tensile strength is
different for different solids. The materials which continue to stretch beyond its
ultimate strength without breaking is called ductile materials, such as gold, silver,
copper and lead. These materials can be pulled like a toffee becoming thinner and
thinner until finally reaching the breaking point.

208,
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l The materials whose ultimate tensile strength and breaking point are close
) together are known as brittle substances e.g., glass, bones cast iron etc. The brighten
¢ materials have no plastic deformation. These substances break soon after the elastic

limit is reached and they are very strong in compression.

! 16.4.1 Strain energy in deformed materials
When strain is produccd in body

by deforming force then there is work
done against the elastic restoring force.
This work is stored in the body as elastic
strain energy and its value can be
calculated as; consider a wire of length
‘L’, cross-section area ‘A’, whose upper
end is fixed while, its lower end is loaded
by a weight. So, there is an extension in
the length of wire. Within elastic limit, the i
graph between deforming force and the o ] Forc?a =
resulting extension will be a straight line
OP as shown in Fig.16.9. Thus within
elastic limit, the work done against the
clastic restoring force at an extension AL under the applied force from 0 to F is equal

to arca under the straight line OP. i.e.,
Work = Area under the straight line OP

= %(base)(height)

>~
-

PA

- ——

- Extension
2
e

Fig.16.9 Strain energy duce to extension of a wire
at a distance AL,

)
= lFAL POINT TO PONDER
2 If the strain in a wire is doubled, by
1 what factor does the stored | energy
Work = EFAL changed? 1

But this work is stored in the body in the form of strain energy, therefore,
. ]
Strain energy = > FAL, e (16.9)

Similarly, strain energy per unit volume (AL) called strain energy density of

the given wire is given by
‘ 1 FAL

Strain ener er unit volume SN
E gyP (Ko) = AL




_1F AL (16.10)

o = %(stress)x(strain)

According to the definition of Young’s modulus

3
= A
YA
L
F ol
A L
Eq.16.10 becomes
ol Bl AL
I N
1

I, = 12‘1”(slr:.1in)2

0
This is a mathematical form of strain cnergy per unit volume.

Example 16.3
Calculate strain energy of a metal wire of length 0.5m and cross-section arca
lem?, when the wire is compressed with a force of 60N along its length, the value of
Young’s modulus for the wire is 1 x 10''"N/m?,
Solution:
Strain energy =7

Length of the wire =L = 0.5m

Cross-section arca of the wire =A = lem?= | x 10*m?
Deforming force =F = 60N

Young’s modulus =Y = | x [0!'Nm™2

by definition of strain energy

strain energy = -;—F&L

but according to Young’s modulus



Thus,

strain energy =

(0.5m)(60N)’
(lxlU“Nm )(IXID"‘ )
= 9x 107
16.5 ELECTRICAL PROPERTIES OF SOLIDS

Electrically, the solids can be classified into three classes on the basis of their
resistivity and conductivity, these are conductors, insulators and semiconductors.

The solids which have high conductivity or low resistivity are known as
conductors. e.g., aluminum, copper, silver, gold, etc. The range of conductivity of the
conductor is from 10*(Qm)™ to 10°(Qm)” while their resistivity is from 102Qm to
10°* Qm .

Similarly, those solids which have very small conductivity and very large
resistivity are known as insulators, e.g., wood, plastic, rubber, glass, ctc. The

conductivity of insulators lies between 107 (Qm)" to 107 (Qm)" while their

resistivity ranging between 10''Qm to 10 Qm.
On the other hand, those solids which have their conductivity and resistivity in
between the conductors and insulators are known as semiconductors. e.g.,

germanium, silicon etc. The conductivity of the semiconductors is from 107 (Qm)-}

1
27 YA 2YA
1
2

to 10° (Qm)_I and their resistivity is from 10°Qm to 10Qm.

The free electron theory based on Bohr’s atomic model is used to study the
electrical properties of solids, but this theory could not explain the conductivity.of
semiconductors and insulators. Similarly, this theory has also failed to distinguish




between metals, semiconductors and insulators. Consequently, we have to use another
theory named as band theory. This theory greatly helps us in the understandmg of
several electrical properties of solids. :

Band theory of solid

. . =00 - = —m—-
An isolated atom possesses discrete energy @, Z------------=< E -
3 n=4 E
levels such as Ei, Ea, Ej, ..c.e. E, as shown in =3 E

Fig.16.10. A significant change in the energy levels
occurs when a number of identical atoms are
brought close together as in solid. For example, if n
number of identical atoms are brought close
together, the discrete energy levels of individual
atoms overlap and form group of energy levels
called energy bands. Each band consists of closely ~ n=1 - E,
spaced encrgy levels. The individual energies 010 Piscrete eneray levels of an
within the band are discrete but so close together, that the energy level may be
considered to be a continuous encrgy band. In the process of formation of bands, there
are three bands are formed as shown in Fig.16.11.

The energies of the electrons in
the lower states of the atoms are

3

1l

N
m

Energy Band

affected very little when the atoms are .

Conduction Band
brought very close together. These
electrons remain tightly bound to their == 1

nuclei and the band is filled completely
by these electrons and plays no part in
the electrical conduction.

The outer most electrons of an

Valence Band

atom are called valence -electrons
which are most affected during the
formation of bands. The band of
energy occupied by these valance

s e i oo
;l.D'.'.'IrI!' Enargy Band

IFig.16.11 Formation ol energy bands.

electrons is known as valence band. It
may be partially or completely filled by the electrons but never empty.

The next higher band above the valence band is called conduction band. It may
be empty or partially filled with electrons. In conduction band, electrons can move
freely which causes conduction in the solids. This is a reason that why such band is
called conduction band.

|
|
|
4_-‘




B R 255, B i

*

The gap between valence and conduction bands is known as forbidden gap. It
has no allowed energy state. On the basis of the band theory of solids, we can explain
insulators, conductors and semiconductors, in terms of conduction and valence bands.

Insulators are those materials in
which valence electrons are bound very
tightly to their atoms and they have no
free electrons even at high temperature in
conduction band.

In terms of band theory of solids,
the valence band is completely filled
whereas the conduction band is empty.
There is a large forbidden gap between
valence and conduction bands as shown
in Fig.16.12. The forbidden energy band
for an insulator 1s from 5eV to 10eV. So,
the eclectron cannot jump from valence
band to conduction band even at high
temperatures or when a high potential
difference is applied across it.

Conductors are those substances
whose valence electrons are bound
loosely with their atoms and they have
free electrons available for conduction
€ven at room temperature. |

In terms of energy bands of solids,
the conduction band of a conductor is
partially filled, and its electrons are
excited. On the other hand, the valence
and conduction band are overlapping. i.e.,
there is no forbidden energy gap between
them as shown in Fig.16.13. Thus,
electrons can move easily from valence
band to conduction band even when a
Small potential difference is applied
across 1t or temperature is increased.
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Energy
A

Forbidden gap
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Fig.16.12 In an insulator, a large forbidden gap
between filled valence band and empty condition
band. .

Fig.16.13 In o conductor, partially filled valence
band and empty conduction band are overlap to
cach other,
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FOR YOUR INFORMATION
Certain materials such as mercury, tin, lead;
and vanadium become superconductors when

cooled by liquid helium to low temperatures-
— e




Semiconductors

Semiconductors are those
materials which have both characteristics
under different conditions. At absolute
zero semiconductor have no free electrons
and it behaves like an insulator. However,
when the temperature is increased, they
have free clectrons for conduction and
hence they act as conductor. In terms of
energy bands, the valence band of
semiconductor is filled while its
conduction band is empty. On the other
hand, there is a small forbidden energy
gap approximately 1¢V between valence
and conduction bands as shown in
Fig.16.14. At low temperature, the
clectrons cannot jump from valence band
to conduction band, so semiconductors

Energy
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Canductwmb,{l?,, i
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F orbidiferr gap
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Fig.16.14 An semiconductor there is a small
energy gap between filled valence band and empty
conduction band.

DO YOU KNOW
Superconductors are alloys that it certain
temperature conduct electricity with no |
resistance.

="

behave as insulator at this condition. When the tcmper*ﬂure m" qcmlconductor is raised
then, the clectrons gain cnergy and are enabled to jump from valence band (o

conduction band. This shows that

with the
semiconductors have more free clectrons available for conduction.

temperature, the
[t mcans

Increasc in

semiconductors are conducting more at higher temperature. Thus, semiconductors

ey

INTERESTING INFORMATION -

typically have negative temperature
coefficient of resistance. It may be
pointed that the number of temperature
dependent  clectrons  available  for
conduction is not sufficient for making a
semiconductor device, we will study it in
more detailed form in next unit.

16.6 SUPERCONDUCTORS

We have studied that the
resistance of a conductor depends upon
temperature i.e., the resistance of the
conductors decreases by decreasing the
temperature. The experiments show that
resistivity of some materials fall to zero

&y

Magnetic resonance imaging (MRI) machin¢ uscs
strong  magnetic  ficld product:d it
superconducting material for scanning comp!!
processing produce the image of identifying
tumors and inflamed tissues. s s




at certain temperature called critical

temperature Tc. This phenomenon is ol

kn S Normal
own as superconductivity and the state

materials which exhibit superconductivity Super-

conducting

are known as superconductors. The l erloren

superconductivity of a superconductor is
shown in resistivity-temperature graph.
The resistance at first, decreases smoothly —
with decreasing temperature, and then at its :

critical temperature its resistance suddenly  Fig.16.15 At temperature below the critical
drops to zero as shown in Fig.16.15. temperature resistance of the conductor becomes

B

™K

Superconductivity was discovered in 1911 it
by Kamerlingh Onnes. He observed that, at low | Table 16.3 Various Superconductors
temperature below 4.2K, the resistance of “’E:;;:‘::t'”“i“" temperature,
mercury suddenly dropped to zero: Later on, a _ Temperature T, (K)
number of other superconductors were also i‘]:;i“ n 0.88
identified, such as aluminum, tin, zinc, lead and | |55 Slnum' ;é;

- indium alloys. All these with their critical Mercury, Hg 4.15
temperatures are listed in Table 16.3. It is very | | Lead, Pb 7.26
interesting to note that copper, silver and gold Niobium, Nb == 9

which are good conductor, but they do not show
any superconductivity.

An important development in the
field of superconductivity took place in
1986, when new superconductors with
higher  critical  temperature  were
discovered. For example, the ceramic
materials that become superconductor at
high temperature of about 125K.
Similarly, the most recent identified

superconductor is a complex crystalline

strichire known a8 - Ytirium barium | I _Mugn!:lic Levitation Train, a (Maglev) is a system of
train which consists of a strong magnet that repeis and

copper oxide whose critical temperature | pushes the train up off the track in order to reduce the
is 163K. [riction and increase the speed of the train, Such a strong

) magnetic field is produced on the basis of technology of
There are number of importantand | ¢ erconductivity. e

useful applications of superconductor.
For example, the development of superconducting magnet which is being used for
storage of energy as well as in magnetic resonance imaging (MRI) which is widely
used in medical science. Similarly, superconducting technology can also be used for

A

215,
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magnetic levitation trains, powerful electric motors, faster computer chips and so

many others.

16.7 MAGNETIC PROPERTIES OF SOLIDS
Approximately, all the solids are

affected by the applied external magnetic N

field, i.e., some solids come under the

influence of applied magnetic field 5
strongly while the others weakly. We C,j
have studied that the electric current

through a wire is due to the flow of
electrons and hence there is a magnetic
field produced around such current
carrying the wire. Similarly, in an atom
the electrons are revolving around the
nucleus in a circular orbits their motion
constitute a tiny current which produces
small magnetic field. In most solids, the
magnetic field of one electron in an atom
is cancelled by that of another orbiting
electron in the opposite direction. It is AN
therefore, the magnetic field of majority i 7= <k
of the solids produced by the orbital > e
motion of the electrons is either zero or Spin magnetic moment of an electron
very small. That is why most solids do not :
have magnetic properties.

Besides orbital motion and orbital
magnetic field, an electron is also
spinning about its own axis. So, there is
also a magnetic field associated with the
spin motion of electrons. The experiments
show that if the spin motion of an electron
in an orbit of the atom is clockwise, the
motion of the other electron must be anticlockwise. Thus, the atoms which contain
pair electrons, the spin magnetic field of one electron is cancelled by the magnetic
field of the other electron and the net spin magnetic field of the atom is zero. However,
atoms containing odd number of electrons, they have at least one unpaired electron
and there is some spin magnetic field.

Thus, the net magnetic ficld of an atom is equal to the algebraic sum of ﬁclqs
produced by the orbital and spin motions of their electrons such resultant magnetic

W

A

Combine magnetic moment of an atom,
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field is called magnetic dipole. On the basis this magnetic dipole the solids can be
classified into three classes.

&
¥

Diamagnetic materials are those substances in which atoms have paired

electrons and their orbital as well as spin magnetic fields are zero. In other words,
diamagnetic materials have no net magnetic moment. e.g., bismuth, copper, zinc,

silver, gold, air, water, hydrogen etc.
When a diamagnetic material is
brought near to a magnet, it is repelled by
the magnet. Similarly, when a
diamagnetic material is placed in an
applied external magnetic field H, a weak
magnetic field B is induced in it. This
field inside the diamagnetic material is
not only less in magnitude but also in
opposite direction to that of the external
magnetic field as shown in Fig.16.16. The
ratio of magnetic field B inside the
diamagnetic material to the external
magnetic field H is termed as relative

permeability (). It is expressed as

B

llrﬁ

This shows that the relative permeability for diamagnetic material is always
less than one. i.e., u, <1, because B <H. The typical value of p_ for diamagnetic

materials 1s 0.9998.

.r.-.‘.-'i . rS L
N €Ei +

Paramagnetic materials are those
in which atoms have one or more
unpaired electrons and exhibit a net
magnetic moment, e.g, aluminum,
antimony, chromium, tungsten, lithium,
sodium, oxygen etc. ro3

Each atom of the paramagnetic
materials behaves as a tiny magnet. The
motions of the atoms in these materials
are random as shown in Fig.14.17(a). So,
at room temperature they have no net

T
'F
_

., i — — S
(4: J' { -\ [ a
M, ol
Jf.--—-- .,— -.____

:. - - i = S
H“—“f - -._.-ﬂ"‘J
e — P —— P
i: o | g - A
/ J
e S e —~— e

N = P

DRI IR
\ !

Fig.16.16 The direction of magnetic field inside
the diamagnetic material is opposite to the
direction of the applied field.
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) () (b)
Fig.16.17(a) random motion of atoms of
paramagnetic materials in the absence of field. (b)
alignment of atoms in the presence of field.
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magnetic dipole in the absence of an external magnetic field. However, in the
presence of magnetic field, the magnetic dipole of the atoms of the paramagnetic
materials are aligned as shown in Fig.16.17(b). When a paramagnetic material is -
brought near to a magnet, it is attracted towards the magnet. Similarly, when a
paramagnetic material is placed in an external magnetic field H, the magnetic fieldB .
is induced in it, which is slightly greater than the external field H. i.e.,

B
Me=—
" H

This shows that p_>1 , because B>H, the typical value of relative
permeability for paramagnetic materials is about 1.001.

Ferromagnetic materials
Ferromagnetic materials are those
which have one or more unpaired
electrons and exhibit a strong magnetic
moment. c.g., iron, cobalt, nickel,
gadolinium and dysprosium.
Like paramagnetic materials, each

atom of a ferromagnetic materials M
beha ' >, The atoms of
AED) 8 a Wiy lTlf.lgHC i i Domains randomly  Domains aligned

ferromagnetic materials cooperate with - aligned with external field

one another in such a way so as to exhibit _ P , i
; T] Fig.16.18 Domains of ferromagnetic malerials 10

a strong magnetic _mpmcnl. 1€ e presence and the absence of the magnetic ficld

cooperation of the atoms is in the form of

a group in a microscopic region such that INTERESTING INFORMATION

all the magnetic dipole are aligned called Platters -

domain as shown in Fig.16.18. These Megnetic disks
domains have volumes of about  10"*m’
to 10m? and contain 10'7 to 10?' atoms.

When a ferromagnetic material is

brought near to a magnet, it is strongly Head - For read /

altracted towards the magnel. S_umlarly, ki b wrile operations
when a ferromagnetic material 1s placed Powar supply
I an applied external magnetic field H, A computer hard drive is used to store audio, video ,

the field B induced inside the | o computer data. To record or write, an electro

' jal 1 i to magnetize
ferr | is stronger than | magnet called head is used
g 5 . ferromagnetic materials in a coating on the platter

the external field. Thus, ‘_he relat_wc of the drive. Ferromagnetic particles retain u:::"
permeability for ferromagnetic materials magnetization even after the head has remo

is given by away. > RS-




-2
“ H

Since B > H, so relative permeability for ferromagnetic material is very large.
i.e., its typical value is about 10%,

Ferromagnetic materials can be classified into TRRlE T

£ LK
two further classes. Hard and soft ferromagnetic Curic Temperature of
materials where hard ferromagnetic materials are | Jerromagnetic Substances

made of steel and antimony, they serve as permanent SUbSarcesaed) i.r ﬁﬁ—f

- . a Tk et R Ly S T ' ,._4_]
magnet, while, soft ferromagnetic materials are made | Cobal 394K
of soft iron. They are mostly used in motors, fans and | Iron 1043K
other electrical appliances. It has been observed IZ ‘?:‘EJI 893K
: : - icke 631K
experimentally that ferromagnetism decreases with 5 7 —— o

increase in temperature. When ferromagnetic material
is heated it loses its residual magnetism, because random thermal motion tends to
destroy the alignment of domains. At certain high temperature where the
ferromagnetic property of substance suddenly disappears, and the substance becomes
paramagnetic is called Curie temperature. The Curie temperature of various
ferromagnetic substance is listed in the table 16.4.

16.8 HYSTERESIS AND HYSTERESIS LOOP

The word hysteres;s is derived F—-—-—~ In ducedﬂeldlnslde,t:ol_ -
from Greek word hysterein means lag l “a3s
.‘
l
1

behind. Hysteresis is defined as the

lagging of induced magnetic flux ihah o [

density B behind the magnetic force _. R

‘H’ in the process of magnetization or

demagnetization of a ferromagnetic @hmmt

substances. .It is explained as; . Fm 548 Hiaameling o i ks 978
Consider a bar of ferromagnetic  feromagnetic bar inside a solenoid

material which is placed inside the
solenoid as shown in Fig.16.19. When switch is closed, there is a growth of current

in the solenoid. This current produces a magnetic field called magnetizing force ‘H’
inside the solenoid. The value of “H’ can be increased or decreased by increasing or
decreasing the current. On the other hand, the bar also starts magnetizing and its
magnetic flux density ‘B’ increases by increasing the value of ‘H’. If the values ofs
‘H’ and ‘B’ is plotted on a graph, a curve line OP is obtained, as shown in Fig.16.20.
Where the material becomes magnetically saturated, i.e., it has maximum flux density

for H = OM.
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Now if ‘H’ is decreased by
Eica:reamng current, magnetic flux density
B’ also starts decreasing but it wil] not
decrease along the line PO, it wil
decrease slowly, and it is along the line
PQ. Whep H is zero at point Q, but B is
not zero. i.e., the bar is not demagnetized.
It has some value OQ) called remanent or
residual flux density B In order to
demagnetize the bar, we apply the reverse
magnetizing force H. When the reverse
value of H is increased, B is reduced to
zero at point R where H = OR. This value
of magnetizing force H required to wipe
off residual magnetism is known as
coercive force.

After demagnetization, if the
reverse value of ‘H’ is further increased,
the bar again reaches a state of magnetic
saturation in opposite direction at point
‘S’ where H = ON. By repeating the same
process, we have another curve line STUP
same as that of PQRS but in opposite
direction. If we again start the process
from point ‘U’, the same curve
UPQRSTU is obtained once again. In the
whole process, we have observed that “H’
and ‘B’ did not attain their zero values
simultancously. Because ‘B’ always lags
behind ‘H’ and it is named as hysteresis.
The closed path PQRSTUP which is
obtained during the magnetization and
demagnetization of the bar is called
hysteresis loop.

The area enclosed by the hysteresis
loop represents the energy dissipation.
We observe that when H is made zero, the
domains of the ferromagnet bar do not
become completely unaligned. Thus,

o

Resldual 15
Magnetlsm —.

B

Fig.16.20 *\ hysteresis loop obtained during the
process ol magnetization and demagnetization
where B is lagging behind H.
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Fig.16.21 Large hysteresis loop arca for steel bar.
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Fig.16.22 Small hysteresis loop area for soft iron.
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energy is required against the residual flux density during magnetizing and
demagnetizing. This energy is dissipated in form of heat called hysteresis loss.

The shape of the hysteresis loop depends upon the nature of the material. For
example, the area of the hysteresis loop for a steel bar is very large due to its high
remanent flux density and coercivity as shown in Fig.16.21. Therefore, the hysteresis

loss of steel is also large.
On the other hand, the area of the hysteresis loop for soft iron is very small as

o Crystalline Solids: Crystalline solids are those in which atoms, molecules or ions
are arranged in regular pattern.

Amorphous Solids: Amorphous solids are those solids which atoms or molecules
are arranged in random manner.

Polymers: Polymers solids are those in which atoms, molecules or ions are
arranged neither regular like crystalline nor irregular like amorphous. Polymers
are also called poor crystalline.

Deforming Force: The applied force which produces a change in length, volume
or shape of a body is called deforming force.

Stress: The deforming force acting per unit area of a body is called stress.

L Strain: In case of deformation, strain is equal to the ratio of change in dimension

to the original dimension.
Hooke’s Law: Within elastic limit, the strain is directly proportional to the applied

stress. -
Modulus of Elasticity: The ratio of stress to strain is called modulus of elasticity.

Young’s Modulus: When a change occurs in body’s length, then the ratio of
longitudinal stress to longitudinal strain is called Young’s Modulus.
Bulk Modulus: The ratio of volumetric stress to volumetric strain 1s called Bulk

Modulus.

o Modulus of Rigidity: The ratio of shear stress to shear strain is called modulus of
rigidity.

o Elastic Limit: The limit of deformation where the body comes back to its original
position after the removal of the deforming force is called elastic limit.

o Plastic Limit: It is the limit of permanent deformation. i.e., the body does not
come back to its original position after the removal of the deforming force is called

plastic limit.
|+ ¢ Brittle Substances: The substances which break down just crossing the elastic

limit are called brittle substances.

Il
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Band Theory: When a number of identical atoms are combined in a solid
substance, than energy levels of individual atoms overlap to form band.

Superconductor: The conductor whose resistance drops to zero by decreasing its
temperature is called super conductor.

Curie Temperature: The temperature at which the ferromagnetic materialg
become paramagnetic materials.

Diamagnetic Materials: The materials whose resultant magnetic moment is zerq
are called Diamagnetic Materials.

Paramagnetic Materials: The materials which exhibit a weak magnetic moment.
Ferromagnetic Materials: The solids which show a strong magnetic moment,
Hysteresis: The lagging of magnetic flux density ‘B’ behind the magnetic force

H in the iroccss of rnainetization or demaﬁnetization 1s called hisleresis.

Q  Select the best option of the following questions.

i When the lemperature increases, the distance between the molecules of a
crystal is
(a) Decreased  (b) Increased (c) Same (d) Zero
2. Which one of the following has low melting point?
(a) Crystal (b) Amorphous (c) Polymer (d) Glassy Solid
3. Which one of the following is called glassy solid?
(a) Crystal (b) Amorphous (c) Polymer (d) Diamond
4. Which one of the following is a polymeric solid?
(a) Wool (b) Glass (¢) Sodium chloride (d) Copper
5.  The applied force which produces a change in a body is called
(a) Elastic force (b) Deforming force (c) Electric force  (d) Magnetic force
6.  The properly of a body to attain its original position after the removal of force
is called
(a) Plasticity  (b) Rigidity (c) Elasticity (d) Resistivity
T Which one of the following without any dimension and unit?
(a) Stress (b) Strain
(c) Tangential Stress (d) Young Modulus
8. Modulus of elasticity is dimensionally equal to
(a) Strain (b) Shearing Strain (c) Stress (d) Surface tension
9. The Young’s modulus ‘Y” of an elastic body is due to the applied stress S’
the energy stored in the body per unit volume is
1 5 | & 1Y 1 Y?
(a)ZY (b)2 Y ('f:)2 S (':1)2 S
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10.

11.
12.
13.

14.

16.

17.

18.

19.

23.

If the applied stress is increased, then according to Hook’s law the ratio of
stress to strain will be

(a) Increased  (b) Decreased (c) Constant (d) Zero
A substance which is permanently deformed by the applied stress is called
(a) Elastic (b) Plastic (c) Ductile (d) Brittle
A body which breaks down just crossing the clastic limit is known as

_ (a) Elastic (b) Plastic (c) Ductile (d) Brittle
Which one of the following substance is very strong in compression?
(a) Ductile (b) Brittle (c) Monoatomic  (d) Diatomic
Resistivity range of insulators is between
(a) 10°(Qm) " and 10°(Qm)” (b) 107 (Qm) and 10 (Qm)”

(c) lO"'(Qm)-land ]0"9(Qm)_I (d) 10™" (Qm)_'and lO*"’(Qm)']
The order of the conductivity of the conductor’s is
(a) 10*(Qm) " to 10°(Qm)~ (b) 107(Qm) " t0 10 (Qm)”

(©) 107" (Qm) ' t0 107 (Qm)™  (d) 10" (Qm) " 10 10" (Qm)”

Which one of the following substance has partially filled valence band?

(a) Insulator (b) Conductor (c) Semiconductor (d) Superconductor
The forbidden energy gap between valance and conduction bands in
semiconductor is upto |

(a) leV (b) 2eV . (c)4eV (d) 6eV

When the temperature is increased, the conduction in the semiconductor

material is _
(a) Decrease (b) Increase (c) Same (d) Zero

Which one of the following does not exhibit the superconductivity?

(a) Mercury (b) Copper (c) Aluminum (d) Zinc

Which one of the following is not a magnetic substance?

(a) Iron (b) Nickel (c) Brass (d) Cobalt
Which substance has relative permeability less than 17

(a) Diamagnetic (b) Paramagnetic ~ (c) Ferromagnetic (d) None of those
When a diamagnetic material is placed in an external magnetic field , the
direction of field induced in the material is

(a) Along the direction of external field

(b) Opposite to the direction external field

(c) Perpendicular to direction of external field

(d) None of these

The relative permeability of an iron is

(a) 0.9999 (b) 1.001 (c) 10? (d) 10

)
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24.  Which substance shows a strong magnetic moment due to the co-operation of
its atoms to each other?
(a) Diamagnetic (b) Paramagnetic  (c) Ferromagnetic (d) Bismuth .
25.  The temperature at which the ferromagnetic substance becomes paramagnetic
substance is known as

(a) Critical temperature (b) Curie temperature :
(c) Absolute temperature (d) Normal temperature
26.  When the arca of hyste-esis loop is small, energy dissipation is
_ ~ (2) Small - (b)Large  (c)Uniform - (d) Zero
o ‘Why solids have dé.f;mitc sh'a'pré ﬁﬁd volun{c‘:? |

How atoms, molecules or ions are arranged in a crystal?

Why frozen amorphous has same property as that of a liquid?
Why amorphous is also called glassy solids?

Why polymer is also called poor crystalline?

Is stress different from pressure?

Differentiatc among tensile, compressive and shear strains.
Define Hooke’s law in terms of stress and strain.

What do you know about the co-efficient of elasticity?
Differentiate between elastic and plastic limits.

Differentiate yield and breaking points of a solid.

What do you know about the ultimate strength of a solid?
Distinguish between brittle and ductile substances.

Which is more clastic rubber or iron?

Differentiate between valence and conduction bands.

What do you know about the forbidden gap?

What is critical temperature?

How spin and orbital motions of electrons cause of magnetic moment of an
atom?

Why the magnetic moment of diamagnetic material is zero?
Distinguish between paramagnetic and ferromagnetic materials.
What is Curie temperature? :

What do you know about hysteresis and hysteresis loop?
‘What is hysteresis loss?

What do you know about domains?

What is residual flux density?

What do you know about the coercive force?

@




- Discuss the three classes of solids: crystal, amorphous and polymeric with

COMPREHENSIVE QUESTIONS

examples.
What do you know about the mechanical properties of solids? Explain it with

‘examples.

State and explain stress, strain and their kinds with suitable examples.

Define Hooke’s law in terms of stress and strain. Also discuss the three kinds
of elastic moduli.

Explain graphical representation of Hooke’s law and define the terms: Elastic
limit, plastic limit, yield strength and ultimate strength.

, What is meant by the strain energy? Derive the mathematical relation for strain

energy.
What is band theory of solids? Explain insulator, conductor and semiconductor

by using band theory of solid.
Define  superconductor and explain  graphical representation  of

superconductivity.
Discuss magnetic properties of solids and explain the three classes of solids

diamagnetic, paramagnetic and ferromagnetic.
State and explain hysteresis and hysteresis loop.
=y
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iron rod 4m long and 0.5¢m? in cross section area stretches by 0.5mm when
a mass of 115kg is hung from its lower end. Compute stress, strain and
Young’s modulus. (2.254 x 10''Pa, 1.25 x 10, 1.8 x 10''Pa)
Calculate change in volume of a copper cube 40mm on each edge, when
subjected to a pressure of 2MPa. The bulk modulus for copper is 125GPa.

(1 x10° m*=1mm?)
A metallic wire of length 15m is stretched 6 x 10°m by the applied stress of
5 x 108Nm2. Calculate the strain energy per unit volume in the wire. ,
(0.1J)
A solid cylindrical steel column is 6m long and 10cm is diameter. What will
be its increase in two length when carrying a load of 2 x 10°kg(Young Modulus
for steel is 1.9 x 10''Pa) (7.88mm)
Two parallel and opposite forces, each 4000N are applied tangentially to the

upper and lower faces of cubical metal block 25cm on a side. Find the angle

of shear. (Shearing modulus is 80GPa) (8 x 10-5rad.)
Calculate change in volume of a solid cube 50mm on each edge, when

subjected to a stress of 25MPa. (The bulk modulus for copper is 125GPa)
. (25mm?)
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.] e Intrinsic and extrinsic semiconductors This chapter is builton
i e P & N types substances [ntroductory Electronics

e Electrical conductivity by clectrons and holes Physics X

e PN junction
| e Forward and reverse biased PN junction

characteristics

Half and full wave rectification

Uses of specially designed PN junctions
Transistor and its characteristics

Transistor as an amplifier (C-E configuration)

After studying this unit, the students will be able to:

e distinguish between intrinsic and extrinsic semiconductors.

e distinguish between P & N type substances.

e cxplain the concept of holes and clectrons in semiconductors.

e cxplain how clectrons and holes flow across a junction.

e describe a PN junctions and discuss its forward and reverse biasing.

define rectification and describe the use of diodes for half and full wave

L]
rectifications
e distinguish PNP & NPN {ransistors.
o describe the operations of transistors.
e deduce current cquation and apply it to solve problems on transistors.
e cxplain the use of (ransistors as a switch and an amplifier.
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INTRODUCTION

Electronics is the branch of Physics in which we stidy about the emission,
flow behaviour, effects and control of electrons under the action of some devices,
such as, diode, transistor etc. These devices are called semiconductor devices because
the role of semiconductor materials is very important in fabrication of these devices.
For example, when P-type and N-type semiconductors are prepared in the form of a
single crystal such that its one half is P-type and the other half is N-type. Then the
region dividing these two types is called PN-junction. The PN-junction is the first step
towards the fabrication of semiconductor devices, such as diode, transistor, integrated
circuits (ICs) etc. For example, a semiconductor diode consists of one PN-junction.
Similarly, a transistor consists of two PN-junctions and so on. These semiconductor
devices can be used as amplifier, filter, rectifier, oscillator, a switch and so many
others. In this unit, we will study intrinsic and extrinsic semiconductors, various
semiconductor devices and their fabrications. We will also explain the working
principle, function and application of these semiconductor devices.

17.1 INTRINSIC AND EXTRINSIC SEMICONDUCTORS

Semiconductors are classified into two classes:
I. Intrinsic Semiconductor II. Extrinsic Semiconductor

1. Intrinsic semiconductors ; -
An intrinsic semiconductor also 4

called an undoped semiconductor is a e @ L
' without any .

pure  semiconductor

.,

- significant impurity or dopant species Se—u
. added. ;
In the previous unit, we have . . .

studied that the resistivity of
semiconductor materials lies between '-h@ J Se—a
insulators and conductors. For example,
germanium (Ge) and silicon (Si) are & e
semiconductor materials. In pure form ' '
and at low temperature i.e., at 0K, they e g

act as insulators. Germanium and silicon S— s o aiiocn 160 sk

; ig.17.1(a) The centre atom of silicon (Si) shairs
. have .crystal[me SIl’LlCl‘ll.l'e and these its electrons with its four neighbouring atoms of Si
' materials are tetravalent, i.e., each atom  and the number of electrons in outermost shell
has four wvalence electrons in its become eight.

i outermost shell. Each atom shares its four |
valence electrons with each of its four neighbouring atoms as shown in Fig.17.1(a).




In this way, the number of electrons in the
outermost shell become eight and their
atoms make covalent bond to one another

as shown in Fig. 17.1(b). This
arrangement gives a very stable electronic
configuration to semiconductor materials.

At absolute zero temperature, the
covalent bonds among the aloms arc Very
strong and there are no free clectrons.
Thus, in this condition the semiconductor
behaves as a perfect insulator. Similarly,

in terms of energy band, valence band 1s
completely filled, and conduction band is
empty. Though the forbidden gap
between valence and conduction bands is
very small yet, there arc no free clectrons
available to jump from valence band to
conduction bond as shown in Fig.17.2.
Therefore, semiconductor behaves like
insulator at low temperature.

When the temperature is raised even
at room temperature, some covalent bonds in
semiconductor break down the electrons
become free and leaving vacancies in the
valence band called holes where holes act as
positive charges. Let the covalent bond is
broken and an electron is free from site A
and it leaves behind a hole. The electron
at sitc B may jump into the hole at site A.
Another hole is created at sitc B.
Similarly, another electron at site C may
jump into the new hole at site B and so on.
Due to the movement of electrons, the
hole appears at site G while the clectron
moves from G to A as shown in Fig.17.3.
Thus, both clectrons and holes are
movable charges and they contribute (0
conduction in semiconductor material.

cov

Fig.17.1(b) The atoms of silicon (Si) make
alent bond to one another.
Free Electrons

A Conduction Bapg

Valence Bang

Lower Energy Bang

>

Fig.17.2 Valence band has no free electrons,

Fig.17.3 Moment of electrons and holes in a

crystal structure of a semiconductor

(B
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In terms of energy band, when the
temperature 1s ncreased, the valence
electrons can gain enough thermal energy
to jump from valence band to conduction
band as shown in Fig.17.4. The number of
electrons from valence band to
conduction band depends upon the
temperature of the semiconductor. It is a
reason that semiconductor have negative
temperature co-efficient of resistance,

1 Extrinsic semicenductors
The electrical conductivity of

intrinsic semiconductor 1s small at room

temperature. ~ The  conductivity of

B B TR R L e
Bifeh:d ﬁ“i'*"—";l"hﬂﬁﬁfﬂ

Energy Bang

A Nsan 22 a i
I'ree Elcctrons
L . - ¢
Holes
L
0 " u'( 0
Lo ey Bt
Fig.17.4 At high ‘emperature, the energy bands

have c}lcc!rons and holes which cause of
conduction

semiconductor can be improved by adding impurity of either pentavalent or trivalent
atoms into a pure semiconductor. The process of adding impurity to a pure
semiconductor is known as doping, and the doped semiconductors are known as
extrinsic semiconductors. The doping should be done under a specific ratio of 1:10%
i.e., there should be only one atom of impurity in 10® atoms of pure semiconductorj
The extrinsic semiconductors are classified into two classes.

1. N-type semiconductors il

N-type semiconductors

When an impurity of pentavalent
(valency 5) element like arsenic (As),
antimony (Sb), phosphorous (P) etc is
added to a pure semiconductor
(germanium, silicon) in a specific ratio
then such doped semiconductor is called
N-type semiconductor. An impurity of
pentavalent element like phosphorous is
added to a pure silicon. The phosphorus
has five valence electrons in its outermost
shell and silicon has four valence
electrons. Therefore, the four valence

P-type semiconductors

Fig.17.5 Doping of Silicon Si atoms with
Phosphorus P, their covalent bonds have one free

electron.

electrons of phosphorus atom form covalent bonds with the four neighbouring silicon
atoms. As there is no room in the Si crystal for the fifth electron of the phosphorus

atom thus it becomes free as shown in Fig.17.5. It means each added phosphorus atom
provides a free electron. In this way we have a number of free electrons which cause
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of conduction in such extrinsic semiconductor. Since pentavalent elements provide
free electrons to the semiconductor crystal, so this type of extrinsic semiconductor is
called donor or N-type semiconductor. In N-type semiconductors free electrons are
majorily charge carriers while holes are treated as minority carriers.

P-Type semiconductors

When an impurity of trivalent
element (valency 3) like boron (B),
gallium (Ga), Indium (In) etc. is
added to a purec semiconductor
(germanium, silicon) in a specific
ratio then such doped semiconductor
is called P-type semiconductor. To
explain the formation of P-type \ \
semiconductor, consider a trivalent  Fig.17.6 Doping of Silicon Si atoms with Boron B. their
impurily like boron (B) which is covalent bonds have one free hole.
added to a pure silicon. Boron has three valence electrons in its outermost shell while
silicon has four clectrons. Therefore, the three valence electrons of boron form
covalent bonds with four neighbouring silicon atoms, this leaves one of the four
silicon atoms with an unsatisfied bond i.c., leaves a vacancy called holes as shown in
Fig.17.6. Since one added atom of boron provides one hole, so, a small amount of
boron added to pure semiconductor provides a number of holes. These hole act as
positive cha_rgc clzu'ricr and causc of conduction in the extrinsic semiconductor called
P-type semiconductor. As the created hole accepts the L
semiconductors are also called acceptor scmicondpuctors. ;::}lc;t-rtc;l:)sc, ;:mtitznzut;];?‘
holes are majority charge carriers while electrons while minority charge carriers.

17.2 THE PN JUNCTION

In this case semiconductor
materials (Silicon or Germanium) are :
fabricated in such a way that its one half | P-typo t“,
is doped by P-type impurities and the e
other half by  N-type impurities. The
boundary dividing the two halves as |
shown in Fig.17.7 is known as PN-
junction. The PN-junction has important el
role in the fabrication of semiconductor  Fit-17:8 A deflection region layer at the PN-
devices such as diode, transistor, solar ' O
cell etc.

Electron

Covalenl Bond

P-N junction

v

\ V4
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We have discussed that P-type semiconductor has holes as majority charge
carriers and N-type semiconductor has free electrons as majority charge carriers.
Therefore, there is a great concentration of holes in P-type than in N-type. Similarly,
concentration of electrons is greater in N-type than in P-type. Thus, there is diffusion
of majority carriers across the junction and they are allowed to recombine to one

another. That is, holes diffuse from P-type N-region P-region

to N-type. So P-type losses holes and this :
. ; - ®:
creates a region of negative charges called 'S'@ @@@@ O ol 20+ 000
: - F e @@ @: @ @ O E) +®
immobile negative charges. Similarly, [©.©_© & 5 @@;% @P+ 0,00
electrons diffuse from N-type to P-type | © @ Oa-g0|4ig |0 G 0,0
and N-type losses electrons. This creates stasuoeackilofiof ol ok= o

a region of positive charges called epiton

immobile positive charges. These two :

regions of positive and negative immobile |

charges produce the narrow region at the V '

junction called depletion region as shown B

in Fig.17.8. Once the depletion region 1s -

formed then further diffusion of charge

carriers across the junction stops. Thus, . e
o ] Fig.17.9 Applied potential V, across the PN-

one can say that depletion layer acts as a Cuetion

barrier to the moment of charge carrier
across the junction. The width of the depletion region depends upon the concentration

of the majority carriers i.e., more the carriers concentration less is the width of the
depletion layer and vice versa.

The depletion region consist of two oppositely immobile charged layers on its
two sides. So the separation of these oppositely charged layers causes of potential
barrier across the junction which is called junction or barrier potential as shown in

Fig.17.9. Barrier potential depends upon 1
level of doping, temperature and nature of Anode Cathode

materials. The typical value of potential \ “f\_.\ I /

barrier is about 0.3V for germanium and © g ©

0.7V for silicon. '
The PN-Junction is indeed an Fig.17.10 A symbol of semiconductor diode.

electronics device, named as a junction Arrow represents P-type and bar N-type.

diode or semiconductor diode. The

symbol of semiconductor diode is shown in Fig.17.10, which consists of an arrow and

a bar. The arrow represents P-type and it is called anode, while bar represents N-type

and it is called cathode. ;

&
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17.3 BIASING A PN-JUNCTION

The process of applying an external voltage across the PN-Junction or any
other semiconductor device is called biasing. In case of PN-Junction, there are two
types of biasing.

[ Forward biased  II Reverse biased

I Forward biased PN junction

When a PN-Junction 1s connected Nerow depleilon region
to a battery (source) such that the positive . 5:;“ _L e SpR—_
terminal of the battery is connected to P- 5,8 9°% o8
type and the negative terminal of the =% 6 e .
battery is connected to N-type as shown 8 5 5]: ;f 8 o
in Fig.17.11, then such biasing is known Negavof Poativelon
as forward biased PN-Junction. In
forward biased, the majority carriers of =

cach region arc repelled by the terminals Fig.17.11 Forward i?ﬁxmg of a PN-junction.

of the battery towards the junction. Thus,

the width of deplction region is further decreased, which results in less resistance
across the junction. When the potential difference is applied across the junction then
at certain value of voltage i.c., 0.7V for Si and 0.3V for Ge, the majority charge carrier
gains enough energy to cross the junction. Thus, the flow of current starts in the circuit

called forward biased current whose value can be increased by increasing the applied
voltage.

Forward biased characteristics of
the PN-junction

The graph between the applied
forward voltage across the PN-junction
diode and flow of current through the
diode is known as forward biased
characteristics of the PN-junction diode.

A schematic circuit diagram for
forward biased PN-Junction diode is Fig.17.12 A schematic circuit diagram for forward
shown in Fig¢17-12- When the ﬂPP[ied biased characteristics of a PN-junction diode.
voltage across the diode is increased, the
current through the diode also starts increasing which can be observed on a voltmeter
and a milli-ammeter. Now when different values of the applied voltage and current
are drawn on a graph then we have a curved line OPQ called forward bias

&

'I||+
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characteristics of a diode as shown in Fig.17.13.
The reciprocal of the slope of this curved line is = o

. equal to the resistance of the diode. i.e.,
] =

= ———r

AV

AV
Al

r

is increased from zero value, the current
also increases but at very slow rate due to
the barrier potential. It is represented by
the section OP of the curved line, where
" the barrier potential is 0.3V for Ge and
0.7V for Si. This voltage is also called
~ knee voltage. Once the applied voltage
exceeds the knee voltage, the current

through the diode increases rapidly. It is
represented by the section PQ of the
curved line. Below the knee voltage, we

| have a curve line but above the knee

voltage, there is a straight line. i.e., where
diode behaves like an ordinary conductor.
L

B Reverse biased

When PN-Junction is connected to
a battery in such a way that its P-type is
connected to negative terminal of the
battery and its N-type is connected to
positive terminal of the battery as shown
in Fig.17.14 Then such biasing is known
as reverse biased PN-junction. In reverse
biasing, the majority carriers of each sides
1" of the PN-Junction are attracted away
from the junction by the terminals of the
| battery. Therefore, the width of the
depletion region is further increased, and

The nature of such curved line
explained as; initially when the applied voltage

v |

Electrical circuit has passive
components (resistor, capacitor,
inductor etc.) that converts

electrical energy into other form of
energy such as: light, heat, sound,
etc.

e Electronic circuit has active
components (diode, transistor etc.)
that controls the flow of electrons

. for particular task such as
= amplifier, rectifier, oscillator, etc. [

Current

Al

Knee Voltage

o

(8]
Voltage
Fig.17.13 A forward biased choracteristics of a
diode due to the applicd voliage V &nd flow of
current [,
Wide deplelion region
» Free electrons
Ntype
9
2
Negalive lon Pasiliva fon
M

Battery

Fig.17.14 Reverse biasing of a PN-junction.




the junction offers a high resistance. Thus, there is no flow of current through a diode
due to the majority carriers. However, a very small current of the order of micro-
amperes flows due to minority carriers called reverse current which can be neglected.

Reverse bias characteristics 2 _
The graph between the applied _®——'—-

reverse voltage across the PN-junction
diode and the reverse current through the

N -

: : 2 4 ) -
diode is .known as reverse I_Jmsed —— . 7
characteristics of the PN-junction diode. s X i
A schematic circuit diagram for v 2

reverse bias PN-Junction diode i1s shown
in Fig.17.15. The reverse voltage across
the diode is II](::I'EEISCC] from zero value and Fig. 17.15 A schematic circuit diagram for reverse
its corresponding value of reverse current  biased characteristics of a PN-junction diode.

is very small i.c, of the order of
microampere. It is due to the reverse
biasing of a diode, there is high resistance V. (V)< ~L 0
across the junction. This small reverse Pe’ 1
current is duc to the minority carriers and Reverse daturstion
graphically it is represented by the section o
OPQ as shown in Fig.17.16. When the

reverse voltage is increased beyond the -
limit at point P, the minority charge
carriers gain large kinetic energy and they &
may break the junction of the diode. If the (1)
leIlCliOIl of the diode breaks, the reverse Fig.17.16 Reverse biased characteristics ol a diode
current increases very Fﬂpid[}’. This Iargc due to the applied reverse voltage V and reverse
reverse voltage is called breakdown  currentl. :

voltage. After breaking the junction, the

reverse current increases very sharply. It is represented by the section PQ as shown

in Fig.17.16. ;

Example 17.1
How much is the forward current for 0.7V of forward voltage when the
resistance across the PN-junction is SQ
Solution:
Forward current =1y =?
Forward voltage = Vg ="?
Resistance across the junction =r = 5Q

Breakdown
voltage

]

A4




| As Vi =1Ir
|

el I, = L/ I 4 140mA
) r 50

.1+ 17.4 RECTIFICATION
i Majority of the electronic devices like radio, TV, computer etc., require the
D.C. sources for their operation. The D.C. sources are cells, batteries etc. These D.C.
sources are not only expensive and short-range supply but their voltage are also low.
On the other hand, the supply of A.C. sources are long range with high voltage and
its cost is also very low. Therefore, A.C. is more useful then D.C. and it can be applied
to the electronic circuit only when it is converted into D.C. In this regard, we have a
rectifier circuit which is used to convert A.C. into D.C. by using the property of a
diode. i.e., a diode allows current to pass only in one direction, i.e. when it is forward
biased.
There are two types of rectifications

[ Half wave rectification 11 Full wave rectification

I fHalf wave rectification
. The schematlc circuit diagram for half wave rectification is shown in
Fig.17.17. The circuit consists of an A.C. source, transformer, diode D, and a load

/ — (Pulsating)
AC Input i f;»{ ia— \l’l DC output
~ ~ Primary Secondary D | " ;
/+ ‘\ ;‘ \\ f \". I{ \
——— R, -
x| -
\\.,," \_,/

— e = ——

T
Fig.17.17 A schematie circuit diagram for half wave rectification using a single diode.-

resistor R connected in series with the

| diode. z \ Input Slgnnl
As we know that A.C. signal i [\ I.f \\ &

consists of a positive and a negative half - *¥ \ \ / \ /‘—\7—1"”“-

cycle. When A.C. signal is applied to the it _'i

input of rectifier circuit, during positive v, Output signal

half cycle the anode of the diode becomes W AWM EW A wa'

- wie . . . Time, 1
positive i.e., it makes diode forward

. biased and the diode conducts, so there is
voltage drop across the load resistor Ry. Fig.17.18 Input and output signals of half wave

rectification duc to a single diode.

Q'I:'}




During the negative half cycle of A.C. the anode of the diode becomes negative
i.e., it makes the diode reverse biased and the diode does not conduct. Thus, there is
no voltage drop across the load resistor Ri. For the next A.C. cycle the same process
is repeated and so on. Hence at the output we have half wave rectification as shown
in Fig.17.18. The result shows that there is no smooth D.C. signal at the output but

there is a pulsating D.C. signal. Therefore, this pulsating output signal can further be
smoothened by using the filter circuit.

I

One of the
disadvantages of the half
wave rectification is that the
power ol half single is wasted,
about 50%. To overcome this
problem, we introduce a full
wave bridge rectifier. It is
used most frequently in
electronic circuits, A
schematic circuit diagram for
full wave bridge rectifier is .
shown in Fig.17.19(a). The
circuit consists of A.C.
source, transformer, four
diodes connccted in the form
of bridge loop and a load
resistor Ry.

When A.C. is applied
then due to positive half cycle
node P becomes positive and
node Q negative. Therefore,
the diodes Dy and D; become
forward biased and they
conduct during first half of
A.C., while, the diodes D3 and
D4 becomes revers biased and
they do not conduct as shown
in Fig.17.19(b). Thus, there is
voltage drop across the load

FFull wave rectification

-

Fig.17.19(a). A schematic circuit diagram for full wave bridge
rectification using four diodes.

Via

Fig.17.19(b). Due to positive half cycle, Dy and Dz are forward
biased and conduct current, while Dy and Dy are reversed biased.

oL 9

LO0000;

b,

I
1 b D,
A A
1 Dy Veur O
| —

Fig. 17.19(¢). Due to negative half cycle, Dy and Dy are forward
biased and conduct current, while D, and Ds are reversed biased.

&




resistor R due to the diodes D) and D..
Similarly, during negative half Input Signal

cycle, the node P becomes negative and e /'\ /\ /\ -
the node Q positive. So, this time the v \/ \/ \/ Ml

diodes D3 and D4 become forward biased
and they conduct, while, the diodes D
and Dz becomes reverse biased and they
do not conduct as shown in Fig.17.19(c). ov
Thus, there is a voltage drop across the °
load resistor Ry due to the diodes D3 and
Da. For the next A.C. cycle, the same
process is repeated. By combining these
two results, we have full wave
rectification. Graphically, the full wave rectifier signal is shown in Fig.17.20.

17.5 TRANSISTOR
Like a diode, a transistor is also an important semiconductor device in which
we study the transfer of charge carriers through a resistor. It is being used as an

amplifier, switch etc.
A transistor consists of a single crystal of semiconductor in the form of two

PN-junction with three electrodes named as emitter, base and collector.

In a transistor, a thin layer of one type of semiconductor is sandwiched between
the two thick layers of the other type of semiconductor. For example, the Fig.17.21
shows that the thin layer of P-type semiconductor is sandwiched by the two thick
layers of N-type semiconductor. It is named as NPN transistor. Similarly, Fig.17.22
shows that a thin layer of N-type semiconductor is sandwiched by the two thick layers
of P-type semiconductor. Which is named as PNP transistor.

The symbols of NPN and PNP transistor are also shown in Fig.17.21 and
Fig.17.22. The electrode with an arrow is emitter, the central electrode is base and the

C
°

T
e

Output signal
‘.l‘

Time, ¢

Fig.17.20 Input and output signal of full wave
bridge rectifier. P

Collector

rd

ase
- e
Emitter - Base Collector - Base

Emitter

Junction Junction

me

Fig.17.21 A NPN- transistor with its symbol, where the P-type semiconductor is sandwiched
between two N-type semiconductors.




third one is collector. It is noted that the direction of the arrow representing the emitter

of the NPN transistor is outward. And, the direction of the arrow of the PNP transistor
is inward, which shows the direction of conventional current.

Now we are going to explain the functions of the three electrodes. The emitter

has greater concentration of impurities as compare to the collector. Its mam function
is to supply the charge carriers either electrons or holes.

Base
Emitter l

Collector

/

(1]

Emitter - Base T T

Collector -Base

Junction

Junction

Fig.17.22 A PNP-transistor with its symbol, where the N-type semiconductor is sandwiched between
two P-type semiconductors.

The central region, base of the
transistor is very thin, of the order of 10
6m. Its function is to control the flow of
charges. The collector region of the
transistor is made physically larger than
the emitter region. The function of the
collector is to collect the majority charge

carriers coming from the emitter through
the base region.

17.5.1 Transistor biasing

Emiter Baso Calleclor

R

Forward Bizsed Junctlon Revarse Dlzssd Junct

= =

Fig.17.23 Biasing of NPN-transistor.

The application of voltage across the two junctions of a transistor is called

biasing of a (ransistor. For normal
operations of the transistors cither NPN or
PNP, their emitter-base junctions should
be forward biased and collector-base
junction should be reverse biased, such
biasing of the transistor is taken place by
using two batteries. The one battery is
applied the forward voltage Vpp across
the emitter-base junction, while the other
one is applied the reversed voltage Vee

Emitter B‘IE Callicl.nr
— ¥ ) i —
Forward Blaced Junciion Roverss Blasod Junctisn
it

Fig.17.24 Biasing of PNP-transistor.

across the collector-base junction as shown in Fig.17.23 and 17.24

@




17.6 TRANSISTOR CONFIGURATION

A transistor has three electrodes named as; emitter, base and collector. Two
batteries Vg and Vcc are being used to operate the transistor, such that Vi is applied
across the input section of the transistor and V¢ across the output section. Thus, two
electrodes are required for the input section and two for the output section, but the
transistor has three electrodes. Therefore, one electrode of the transistor should be
common to the input and output section of the circuit. This is named as common
configuration of a transistor. There are three configurations of a transistor.

; Caommon emitter
configuration (CEQ)

In this configuration, emitter of the
transistor is common to both input and
output sections of the circuit as shown in

Collector, C

: ; : : : Input
F1g.!7.25. In this case, the input slign.al is P N] Emitter. E
applied between the base and emitter. v
And, output signal is taken from the
collector and emltter Fig.-l'?.ZS Common emitter configuration of
(I Common base configuration B SR
(CBC) | 7
] . Emitter, E Collector, C

In this configuration, base of the L N N
transistor is common to input and output I
scctions of the given circuit. The input nput P Output
signal is applied between the emitter and
base. And, the output signal is taken from Base, B
the collector and base as shown in  Fig.17.26 Common Base configuration of NPN-
Fig 17.26 transistor.
(it Common collecto
conficuration (CCQC) Emitter, £

In this configuration, collector of N
the transistor is common to both the input e,
and output sections of the circuit. The Output
i . i . Input
input signal is applied between the base N] Collector, C
and collector. And the output signal is Y

taken from the emitter and collector as

shown in Fig. 17.27. _ Fig.17.27 Common collector configuration of
NPN-transistor.
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In the previous section, we have

. : . BASE

studlec} that a transistor can operate only EMITTER | COLLECTOR
when its emitter-base junction is forward
biased anf] collector-base jun_ction is — N |P] N |—
reverse biased. Let us consider the
operation of NPN transistor, as shown in i 8 '\ —
Fig.17.28. As the emitter-base junction of ~ Vas| FORWARD FORWARD == ‘e
the transistor is forward biased. Due to the e s

applied forward voltage, so the clectrons

from emitter cross the junction and enter I /-?_ I
the base region, where base is very thin (&_ y— ]

and lightly doped region. Therefore, the - ; T
concentration of electrons from the z
: : SIGNAL R. < ouTPUT
emitter is more than the hole from the wi °§
base. Thus only a few clectrons (about [ l
2%) recombine with the holes to Iy l‘l'l' '
I

constitute the base current. While most of
the free clectrons (about 98%) do not
combine with the holes but move through
the thin base region to the collector
region. As collector is alrcady reverse biased, and its reverse voltage attract these free
electrons from the base region, therefore it causes collector current. In this way. the
flow of charge carriers in a transistor is possible i.e., when the emitter current *li’
flows into the transistor, a very small amount of it ‘Iz’ flows out of the base, the rest
of it ‘I¢’ flows out of the collector. Mathematically, this relation of current in a .
transistor is expressed as;
[e=Is+lc...... (17.2)

This relation shows that the collector current ‘Ic’ is much greater than the base

current ‘Ip’, but it is less than the emitter current ‘Ig’. These can be expressed in terms

of ratios, 1.e.,

UB B VCC

Fie 1 7.28 A Now of o current in PN-transistor.

[
a=-< ... (17.3)
Iy
and B= ;—C ...... (17.4)

B
where o and [ are known as current gain. The typical values of a and B are 0.99

and 100 respectively for germanium transistors whereas, 0.995 and 200 respectively




for silicon transistors. These resuts show that a small variation in the base current

causes a large collector current. It js named as current amplification. It means a
P means

transistor can be used as an amphf er.

o e i
3 i 5 LI L - -
Haracieristiics or a 3 ran

'T.he cur ved line that js obtained

@ f = A

.......

and current .by ysmg a .h.a.ns;.smr is .!::.l.mwn
as characteristics of a transistor. There are
two Important characteristics of a
transistor named as jnput characteristies
and output characteristics. Let us consider
the operation of common emjtler NPN
trapsistor as shown -In F;g 17.29. The
voltage at the base with respcct to emitter
is Vir, voltage at collector with respect to

riiisist

or

7.29 The operation ol common emitier

NPN tminsistor .

base js Ves and the vollage at coJLecLor with respect o emitter 1s Vck.

l. Input Characteristics

This is the curved line between
base current Ip and base-emitter voltage
Ve at constant collector-emitter voltage
Vek.

When Vg increases by increasing
Vus, Is also starts increasing kecpmg \3.’(1
constant, if different values of Ve and Ipe
are drawn on the graph of Js versus Vpe
then there 1s cwyved line as shown in
Fig.17.30 whiech is known as ,l,nput
characteristics of a wansistor. The
recjproca;l of the slop of such curved line
is equaj to the anut resistance Rg of the
tra,ns:stor That is,

1

A4

-

=

loed)
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07 14 21 28 35
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E7.30 Input characterisiics ob a 4
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11 Output Characteristics

This is the curved line that is
obtained due to the relationship between
collector current lc and collector-emitter
voltage Ve at fixed value of base current
I,

For output characteristics of a
transistor, Van is adjusted (o get a fixed
value of I while Ve is zero at this stage.
Now when Vg is increased by increasing
Vee from zero in steps, Ic also starts
increasing  rapidly  from zero o it

maximum value ot Nixed value of Iy, The

transistor at the maximum value ol le is
known as saturation level. Graphically,
the characteristics curve of a transistor
where I varies [rom zero to the saturation
level is shown belween (the two points A
and B in Fig, 17.31(a). It may be noted that
a small amount of collector current flows
even when base current I is equal to zero.
This is termed as cutoff or non-
conducting state ol a transistor. When Ve
exceeds (the suturation  level, colleetor
current  becomes almost constant and
operation of the transistor chters into the
active or lincar region, Graphically, such
linenr characteristics of o transistor 18
shown beltween the two points B3 and Cin
Fig.17.31(a). I Ve is allowed to increase
too far, collector-base junction breaks
down and the collector l¢ increases

m

Fig.17.31(a) I¢ versus Veg curve for 1 value ol lp
under saturation active and breakdown regions,

I

gt ien=

——
N —

L ].'”

Fig. 17.31(h) Output characteristics ol a lransistor
in terms ol family curves.

rapidly. 1t is represented by a line above the point Cin Fig. 17.31(a).

Apanin, Vi is ndjusted to get another fixed value of base curvont Ty and Ve in
reduced (o zero. By repeating the same procedure, we have another curved
characteristics of a transistor and so on. Thus, we obtain a family characteristics
curves ol a transistor when Ie verses Ve which is plotted for several fixed value of
L o shown in Fip, 17,3 1(h), '

&




Example 17.2 _
In a transistor le is TmA and Iy is 200pA | caleulate 1y,

Solution:
[c=1mA
Ig=20pA =0.02mA
=17

According (o the basic equation for {low of current in a transistor

i = le 4y
I =1mA + 0.02mA
[ =1.02mA

Example 17.3
In an eclectronie circuit, the emitter current of a transistor 18 2.2mA and ity
collector current is 2mA., Caleulate (the value ol o,
Solution: | DO YOU KNOW
Emitter current = Ig = 2.2mA"~ i Diode and (ransistor are active |
Coll cctor current=Ic=2mA | components and they do not obey

o =7 I Ohm's law,
Lis
o =
L;
_ 2mA
2.2mA
o =09

loxample 17.4
Calculate the emitter current in a transistor when its base current is 50pA and
the value of current gain is 100,

Solution:
Lmitler cureent = 1y =
Base current = Iy = 50pA = 0.05mA _
Currentgain=0 =100 . = FOR YOUR INFORMATION
The current gain is defined as In most electronic circuit, the current |
. ! is only a small (raction of an anmpere,
|\ e L C A typleal value o current 1y, an
l, L oelectronie elreuit i 10mA, ,
lc= Bl
=100 % 0.05mA
[e=5mA

AV 4




Ie=1g+1Ic
Ie=0.05mA + SmA
Ie=5.05mA

17.8 TRANSISTOR AS AN AMPLIFIER

An amplifier is an electronic circuit which converts.a small input A.C. signal
into a large output A.C. signal under the action of a transistor. The amplification takes
place under the following three configurations i.e., common base amplifier, common
emitter amplifier and common collector amplifier, but common emitter amplifier is
used mostly.

Consider the operation of a common emitter NPN transistor as shown in
Fig.17.32. The emitter-base junction is forward biased by using a battery Vps and a
resistor Rp called base or input resistor, whereas collector is reverse biased by using
another battery Ve through a resistor R¢ known as collector or load resistor. The
input A.C. signal is applied in the basc and emitter section of the circuit. And the
output signal is taken out from the collector-emitter section. In the absence of any
input signal, the transistor is working in its normal mode. Now when an A.C. signal
is applied at the input terminals of the circuit, then during the positive half cycle of
the signal, the base of the transistor which acts as driven element becomes more
positive and it increases the forward biasing across the emitter-base junction.
Therefore, more electrons flow from the emitter to the collector through the base and
it causes of an increasc collector current Ic by B times the input base current Ip

=Bl ). As aresult, a greater voltage drops across the collector load resistance Rc
-d-ue to the increased collector Ic. Thus, we have a large output half A.C. cycle but in

. Vin
| inputsignal

Ve

Output signal

Fig.17.32 A schematic circle diagram for amplifier using common emitter NPN-transistor

. 5 - Y
- . . o sl
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the negative direction. i.e., there is a phase difference of 180° between the input and
output signals. |
Similarly, during the negative half cycle base becomes less positive and the
forward biasing across the emitter-base junction is decreased. Therefore, there are a
few electrons that flow from emitter to collector through the base. There is a very
small collector current. In this condition, a large voltage drops across the load
resistance Rc by Vcc. Thus, we have again a large half positive cycle of A.C. which
is opposite in direction to the input signal as shown in Fig.17.32. For the next cycle,
the same process is repeated. In this way, a transistor converts a small input A.C.

signal into a large A.C. signal. iee ity .
Analytically, the amplification of common emitter NPN fransistor is explained

as; Due to forward biasing, the base-emitter junction presents a very l?w ir{temal
resistance to the A.C. signal. It is represented by i and appears in the series with the

base resistance Rg. Thus, Ig in terms of rei is given as:

, IB = ._\_‘rgi
rci )
But Vg = V;(Input voltage)
So il =i
rci
By definition of current gain (f3)
|
B =_C
IB
V.
I. = BY .. (17.7)
I

Now, the output voltage (V, = V,;;) in the output section of the given circuit

can be determined by using KVL. i.e.,
| Vee = IcRc+ Ve

VoV~ i (17.8)

Putting the value of I.. from Eq. 17.7 in Eq. 17.8
BViR,

Vo= Yeg—
This is the output voltage of a transistor without applied input sighal. If an input signal

is applied then both input and output voltages are increased. So Eq.17.9 becomes -
' ‘ V. +AV. )R '
T L L SR
3 T. "

=]




Subtract Eq. 17.9 from Eq. 17.10

pv, =-B8¥Re  azap
rci
By definition of voltage gain (Av)
_ AV,
YAV,

A, =B . (17.12)
i

€l

This is the voltage amplification of a transistor. Negative signs shows that input and
output signals are out of phase. Eq.17.12 shows that voltage amplification of a
transistor depends upon Rc and r,. Since Rc is always greater than r, so output
voltage in a transistor is greater than its input voltage.

Example 17.5

For a germanium crystal transistor, the current gain is 200 and voltage drop

across a load resistance of 2kQ) is 4volt. Find the base current for common emitter
configuration.

Selution:
Current gain = 3 =200
Voltage drop =V¢ =4V

Output resistance =R¢ = 2kQ) = 2 x10°Q
Base current =l = ?

' As Ve=IcRe
o= Ye
Re
Ic= 4V1 =2x107°A
2x10°Q2
Ic=2 mA
Now B =L"-
Iy
[
[B=_C
.
2x107°A
Ig =
200




17.9 TRANSISTOR AS A SWITCH

Like a diode, a transistor can also be —
used as switch under its cutoff and saturation
regions. That is, a transistor is in cutoff region
when its base-emitter is reverse biased. Rg —
Similarly, it is in saturation region when its
base-emitter is forward biased. These two l
states acts as an open and closed switch. It is :
explained by considering the operation of .[
common emitter NPN transistor under two :
different cases.

In the first case, the emitter-base
junction is not forward biased, the basc
current Ig is zero. Therefore, the collector
current is also zero under this condition, the
transistor behaves as an open switch. Thus,
the: bulb is switched OFF as shown in
Fig.17.33.

In the second case, the emitter-base
junction is forward biased, there is an increasc
of base current. This causes maximum
collector current. Under this condition, the transistor acts as a closed sw:tch Thus,

the bulb is switched ON as shown in Fig.17.34. . et
e SUMMARY SRR

e Semiconductor: The solids whose resistivity or conductivity lies between
_ insulators and conductors are known as semiconduclor. e.g. germanium and
silicon. There are two types of semiconductor.

e Intrinsic Semiconductor: An extremely pure form of semiconductor is known as
intrinsic semi-conductor.

e Extrinsic Semiconductor: When an impurity of either trivalent or pentavalent
atoms is added into a pure semiconductor then this is called extrinsic
semiconductor.

e N-Type Semiconductor: When an impurity of pentavalent atoms is added to a
pure semiconductor then it is known as N-type semiconductor.

e P-Typé Semiconductor: When an impurity of trivalent atoms is added to a pure
semiconductor then it is called P-type semiconductor.

e PN-Junction: PN junctions are formed by joining N-type and P-type
semiconductor materials in the form of a single crystal.

t'|+

) Fig.17.34 Transistor as a closed switch,
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o Biasing of PN=Jiiiictions The process ifi which the potential differenice is applied
across the PN=Jufiction is calied biasing.
Forward biased PN=diinction: When PN-=jufiction is conneeted to a battery siich
that P-type is cotiriected to positive terimitial and N=type is contiected with negative |
terittitial of the battery; siich biasing is calied forward biased: |
¢ Reveise binsed PN=duiietion: Wiien PN-Junetio is coiifiected to a battery such |
- that P=type is cotifiected with the negative terminal and N-type with the positive |
teriifial of the battery; siich biasing is called reverse biased |
SemizCondiictor_Diode: Diode is indeed a PN-function which converts
dlteffiating curieiit (A.C.) ifito direct euirent (D.C.) }
s Reetifiers Rectifiet is an electrotic cireuil that conveits A.C. itito D.C. undet the
action of 4 diode aid the proeess of eonveision of A.C. iiito D.C: s kiiowt as ‘
fectifieation. There are (Wo type of rectifications:
I Half wave rectification ii  Full wave rectification
Transister: Transistor is afi electronic device which coiisists of two PN=Junétiofis
with thiee electrodes named as emitter; base and coliector. There are two kinds of
{Fatisistors; NPN aiid PNP
¢ Biasing of 4 iFARSISEOF: A tiafisisior operates oiily wiien ils enilter-base jitiction
is forward bias dnd collecloi-base jiifiction is reverse bias.
s Aumiplifier: Aiiplifier is aii electionic cireuit that coriverts a small input A.C.
sigiial inlo a lakge outpiit A.C: sigial iinder the action of a transistor.
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@ Seleet the hest aption of the following questions.
E A perifanitin at 0K i el
() Condtictor (b) Seriicondiictor
(¢) Insulator (d) P&N types seimicondictor
2. By inereasing the lemperatiire; the condictivity of the semiconductor is
(4) Degreased  (b) increased - (¢) Constant (d) Not affected
30 Wiieh oie of the following is ai ifitFinsic semicondictor?
(@) Boroi (b)) Copper (@) Indium  (d) Silicon
4 In exiriiisic seiiconductof; (he doping level shotild be i the ratio
@ i:d0° @10 o (¢ 1:H0° (d) 1:108
i P=type seiiconductor; the dopiig of Silicon is taken place with
- (&) Bivaleit  (b) Trivalent (¢) Tetravelent  (d) Pentavalent
6. When P-type atid N-type seicoriductor are combiied then we have a |
- (a) Resistor ~ (b) Capagitor ~ (¢) Diode (d) Triode
The depletion region i PN=Jufictioh carries

JA
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9.

(4) Positively charge (b) Negatively charge

(€) Both positively and riegatively chidrge (d) No mobile charge carrier

The potential differerice dcross the silicon PN=junction is

(a) 0.3V (b) 0.5V (¢) 0.7V (d) 0.9V

When P-type of the PN=Jutiction is eonnected with the negative terminal and
N-type with pesitive terminial of the battery, the width of the depletion region

(4) decreases  (b) increases (¢) remain constant (d) vanished
Iri forward biasing, the knee voltage for Germanium PN=juniction is
(a) 0.3V (b) 0.7V (¢) 3V (d)7v

Oiie of the miost important property of a diode

() Allow eiirrent in one direction  (b) Allow curtent in bidrection
(¢) Use 4s an ammplifier (d) Use as ari oscillator

The riimber of diodes used in 4 bridge rectifief is

(4) Orié (b) Two (¢) Three (d) Fouit
Transistor stanids for

(a) Transfer of Resistaice (b) Transfer of charge carriers

(¢) Transfer of power (d) Transfer of voltage
Which tegion of the transistor is most wide in terms of area?
() Eniitier (b) Base (¢) Collector (d) All have equal area

fit biasing of a trafisistor, which region must be reverse biased?
(a) Einitter-Base (b) Collector-Base

(¢) Ernitter=Collector (d) None of these
The thickiess of the base region of a tranisistor i
(@) 102w~ (b) 10*m (¢) 10%m (d) 10®m
Which one of the following relation is true f’m‘ a transrstor?
(@) Ig=lc=Is (b)le=Is=1Ic (c)ct——ig- (d)ﬂ'-'—

' E E
Which one of the following relations holds for cutoff mode of transistot?
(a) lc=1a (b) Ie =PI, (€) Ie = alj (d)lc=0
The flow of charge eatriers in a transistor is controlled by
(a) Emitter =~ (b) Base (© Collector (d) All of them
if the base current of a silicon transistor is 0.01mA, its collector curtent is
(a) 0.99mA (b) 9.9pA - (€) 0.1mA (d) imA
Vet drops across the load resistor of a transistor when
(a) Ie=0 (b)le=1Ia (e) le= alj (d) le= PI;
When 4 transistor starts its working in its active region
(a) Before its saturation (b) After its saturation

~ (e) After its eutoff (d) At the end of its cutoff
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23. A transistor is used as a switch when it operates in its

(a) Normal mode (b) Active mode
(c) ekow mode (d) Saturation and cutoff mode

__ JORT QUESTIONS
1. Duslmgumh bctwccn intrinsic and extrinsic semiconductors?
2. What are the advantages of extrinsic semiconductor over the intrinsic

scmwonduclm ¥

Under what conditions, the semlconductor materials behave as conductor and
as an insulator.

4-  What is meant by the process of doping?
5 What are the facts about holes?

6. What do you know about the depletion region in PN-Junction?

7S]

1. What is the diffusion‘in the PN-Junction?

8. How can the conductivity of semiconductor be increased by increasing the
temperature?

9, How does the width of depletion region in PN-Junction increases and
decreases?

(0. How does a diode convert A.C. into D.C.?
11.  What is the rectification of a diode?
12.  Distinguish between half and full wave rectifications.
13.  Whatis the biasing of a diode?
,j 14.  Distinguish between forward and reverse biased characteristics of a diode.
15.  What is meaning of a transistor? '
16. How docs a transistor opcrate?
17. How does the biasing of a transistor take place?
18.  Why is the base region of a transistor thin and lightly doped?
19.  Why is the collector of a transistor anode wider than the emitter and the base?
20.  Why the input resistance of a transistor is low while its output resistance is
high?
21.  Why the current gain o is less than3?

22.  Why a common emitter configuration transistor is mostly used?
23, Under what conditions a transistor acts as an open and a closed switch?

24.  What do you know about the saturation, cutoff and active regions of a
transistor?

PREHENSIVE QUESTIONS -

1. State and exphm mtnnsw and extrinsic semiconductors.

2. What do you know about the N-type and P-type semiconductors? Explain the
development of N-type and P-type semiconductor crystals.

<y




whercp=1,2,3,... and n=p+ ]

and R, = E—' =1.0974 * 107 m"
: i

The result of Eq.19.14 is the
same as that of the empirical formula in
Eq.19.6 for wavelengths of spectral
lines, so it is concluded that when
different transitions of electron are
taking place from the higher orbits the
lower orbits as shown in Fig.19.5 then
we have Lyman, Balmer, Paschen,
Bracket- and Pfund series. All these
spectral senes are shown on energy
level dJ'EETEm {112_]5'15} Fag WS Toumsilion of eleclmon oo viaioe ewidel

Bk Tl ||_ U g A,

i VI Sy

If the electrons of hydrogen alom jump from ouler orbits (n = 2,3, 4, .. ) 1q
the 1 orbit (p = 1) then we have a set of spectral lines called the Lyman series and it
15 the ultraviolet region of electromagnetic spectrum. The wavelength of this series is

calculated as;
1 JEBfL 1. L 1y P=l
P e | W By oy
L help® o 1% n=2734..

] E (eV)
= 0.00
5 i 0,544 2
4 1l 0820 4
3 -1.512
Paschan
sariag
2 Ear-maf -3.401
saErias
4 E Lyman
SEMes
1 -13.606

Fig- 16 Encrgy level dingrim of hvdrogen atom.
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Special theory of relativity This chapter is built on
Quantum theory of radiation Planck’s quantum theory
Photoelectric effect Chemistry XI
Complon’s effect - Resolving power,
Pair production and pair annihilation Magnifying power of
Wave nature of particles microscope Physics IX
Electron microscope

Uncertainty principle

Students Learning Outcomes

After studying this unit, the students will be able to:

distinguish between inertial and non-inertial frames of reference.

describe the significance of Einstein’s assumption of the constancy of the Spocd of
light.

identify that if ¢ is constant then space and time become relative.

explain qualitatively and quumntmwcly the consequence of special relativity in relauon
to:

A,

the relativity of simultaneity

the equivalence between mass and energy
length contraction

time dilation

O IMuss increase

explain the implications of mass increase, time dilation and length contraction for Space
{ravel, \

describe the cnnccpl of black body radiation,

describe how encrgy is distributed over the wavelength range for several values of
source tempcmlurc

describe the Planck’s hypothesis that radiation emitted and absorbed by the walls nfa
black body eavity is quantized.

claborate the particle nature of electromagnetic radiation,
describe the phenomenon of photoelectric effect.
solve problems and analyze information using: E = hf and ¢ = fi.

@
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e identify data sources, gather, process and present information to summarize the use of
the photoelectric effect in solar cells & photocells, ; )
describe the confirmation of de Broglie’s proposal by Davisson and Germer experjment
in which the diffraction of electrons by the surface Jayers of a crystal Jﬁtllce was
observed.

describe the impact of de Broglie’s proposal that any kind of particle has both wave

and particle properties.
explain the particle model of light in terms of photons with particular energy and

frequency.

describe Compton effect qualitatively.

explain the phenomena of pair production and pair annjhilation,

explain how the very short wavelength of electrons, and the ability Lo use electrons and
magnetic fields to focus them, allows electron microscope to achieve very high

rcs;{lnuon
o describe uncertainty principle.

_Classical physies is the physics that evolved before the 20th century. It consists

" of Newton’s laws of motion, gravitational laws, laws of thermodynamics, kinetic

theory, Maxwell’s theory of clectromagnetic wave and so many others. Duc to all
these achievements, many scientists felt that most of the great discoveries in physies
had been made. The post-Newtonian concepts in the world of physics brought a
revolution in the field of physics which is known modern physics. Modern physies
means physics based on the two major breakthroughs of the early 20" century which
are relativity and quantum mechanics. In 1900, Max Planck introduced the concept
of the guantum theory and it leads to understanding the distribution of black body
radiation. Later on, Einstein also explained the photoelectric effect on the basis of
Planck’s quantization. Bohr in 1913, introduced his model of the hydrogen atom. [n
1923, Compton confirmed experimentally the particle nature of light by scattering X-
rays with electrons. In 1923, de-Broglie proposed the wave nature of particles and
this notion was proved experimentally by Davisson and Germer in 1927. Heisenberg
and Schrodinger further explained analytically the dual nature of matter.

Even though the physics that was developed during the 20" century has led to
a multitude of important technological achievements, the story is still incomplete.
Discoveries will continue to evolve during our lifetimes and beyond that, and many
of these discoveries will refine our understanding of the nature of universe around us.
It is still a marvelous time to be alive. In this unit, we will explain some important
 theories of modern physics, such as special theory of relativity and its consequences,
black hﬂdﬁaﬁwﬁﬂ and Planck’s law, photoelectric effect and Compton effect, De-
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Broglie wave equation and Davisson-Germer experiment, pair production and
annihilation of matter and Heisenberg’s uncertainty principle.

18.1 RELATIVE MOTION

Our moving earth appears at rest with respect to the geostationary satellite,
while appears in motion with respect to the moon. This example provides the principle
of relative rest and relative motion. The experimental facts show that observations of
all the events would have different meaning to different observers. It can further be
explained by another example of a boy who is standing in a train which is moving
with uniform velocity and is holding a ball in his hand. The ball appears stationary
for an observer A, who is also standing in the train. But the same ball appears moving
with the train for another observer B who is standing on the ground outside the train.
Now if the boy throws the ball vertically straight upward, it will come back straight
downward. This will be observed by the observer A as shown in Fig.18.1(a). But the

observer B who is standing outside the train will observe that the ball is moving along
the parabolic path as shown in Fig.18.1(b). ———

T TO PON E

Although the two observers disagree on the P O’ \TTO P OM) ER |
Let you are standing at the roof the |

path followed by the ball, but both agree over Biilding and yol are obscrved by fwoll
the lnDIiOI'l Of the bﬂ“ chys lhe IEIW Of gl'ﬂ"v"ity ,Dbsgwcr one isa‘ ‘hc moon and Olhcr ‘
and Newton’s laws of motion, and they also ,

is at the geostationary satellite. Who |
agree on how long the ball is in the air. By | will observe that you are in motion? |

The path of the ball is up and down The path of the ball is a parabolic
as seen by an observer in the train as seen by a stgliunnr} observer on
moving at constant velocity relative outside the train.

to the ground.
Fig.18.1

o




summing up these observations, it is concluded that all the motions are relative. There
is no absolute rest or no absolute motion.

18.2 FRAME OF REFERENCE
In daily life, when we observe an event [~ o o Ay ]
i.e., physical happening or measure SEERES o, ""FO"”'”IO"\'

position, or change in position of a body |
then we use some relative points such as
east, west, north and south which are
lying on the earth’s surface. These points |
are called reference points and the earth |
is a frame of reference. In physics we use
Cartesian coordinates as reference points
for measurements. The set of coordinates
with respect to which the measurements
or observations are made is called frame
of reference. There are two kinds of | _
frame of reference. From the carth frame of reference. light takes

I Inertial frame of reference 25,000 years to travel from the center of our
milky way galaxy to our solar system. From

A frame of reference which is al | pe frame of reference of a high speed space
rest or moving with uniform velocity is | ship flying outward from the galactic center
called inertial frame of reference. e.g., | toward earth, the trip takes less time. If a
earth is taken almost as an inertial frame frame of reference could be attached to the
of reference. In inertial frame of light itself, the travel time could be reduced to
reference, the acceleration of the body is e
zero and law of inertia remains valid in it. That is, if a body is at rest it will be remain
at rest and if a body is moving with uniform velocity it will be continue its uniform
motion unless an unbalanced force produces an acceleration in it. According to the
principle of Galilean relativity, all the laws of physics must be the same in all inertial

frames of reference.

g A |

IT  Non-inertial frame of reference

' A‘frame of reference which is accelerating, or decelerating is known as
non-lnertla.l frame of reference. It may be pointed out that Newton’s laws of motion
are not valid in non-inertial frame of reference.

18.3 SPECIAL THEORY OF RELATIVITY

The Special Theory of relativity was proposed by Albert Einstein in 1905. This
theory has brought a revolution in the field of the science. The scientists completely
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changed their notion about
time coordinates and so many o
following two postulates,
1. Allthe Jaws of physics are sa
9. The speed of light is a univers
(3 x 10* ms™') remains the same i
The first postulate is also called the
principle of relativity and it states that al] the
Jaws of physics are equally applicable in all
frames of reference, if the relative motion
between them is uniform. For example, let any
kind of experiment such as mechanical,
thermal, optical or electrical js performed in a
Jaboratory at rest. Then according 1o Einstein’s
principle of relativity, the same result will be
obtained when the same experimen
uniform speed. Henee there are no pre
The second postulate is
believed that the light travel throu
speed of Jight relative to ether is different 1n
different direction. Bul according to Einstein,

% the speed of light in vacuum is the same in all
inertial frames of reference. For example, let

two observers measure speed of light in
vacuum, such that one observer is at res! with
respect to the source of light and the other 1s
moving away from it wilh uniform
relativity, the resull of both observers
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ther, The special theory of relativity is b i ;:ihwt'ﬁé
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al constant, That is, the value of speed of light
n all inertial frames of reference. Ihght

Special relativity Js “special” in the
'sense that it deals with uniformly
moving reference frames — once that
‘are not aceelerated. General relativity
js *general” and deals also with
I_agggjg[a{thg reference frames. Tllﬂ
general theory of rejativity P.TS-‘.S?H_‘_'-»:.*}
‘new theory of gravity. P

ts are performed in a Jaboratory moving with
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heory. Most of earlier physicists
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events that are simultaneous in one frame of reference need not be simultaneous
in a second frame of reference that moving relative to the first. It is explained by
an example. Consider a light source suspended by the exact centre of the roof of the
compartment of a train. When the light is switched on, it spreads out in all direction
with speed ‘c’. An observer inside the compartment observes that light reaches the
front wall of the compartment at the same time it reaches the back wall as shown in
Fig. 18.2(a). This occurs whether the train is at rest or moving at constant speed. Here
the two events of falling of light on the back wall and falling on the front wall occur
simultaneously for the observer inside the compartment.
On the other hand, if

the same two events are v
observed by another observer
who is standing on the ground
(at rest) and outside the
compartment, then these two

events are not simultaneous.
As light u:avcl Va1 the Fig.18.2) W respect to the observer who travels inside the
source, this observer sees the  compartment, light from the source travels equal distance to both

train Moves forward, so the wialls ol the compartment and therefore strikes both walls
back wall of the compartment ,

moves toward the beam while S

the front moves away from it. /

» |
@ '

e p—— _.El'._
(3 iy i

The beam going to the back of
the compartment, therefore,
has a shorter distance to travel
than the beam going forward,
as shown in Fig. 18.2(b). — , -
:Ellzl;sthgll:svc:::{tg;'dl?glgb[;imfgr lrhtf(, In}:;if-l.'.?u:]:; ltlv:;:jilsl::l Fqliighl :ilriking lh+c front and back walls of
omparin i simultancous with respect to an observer
the back wall of the Whoisstandingon the ground. F
compartment before seeing
the event of light falling the front wall of the compartment. Similarly, another
observer in another moving train that passes in the opposite direction would report
that the light reaches the front wall of the compartment first.

We should not wonder which observer is right concerning the two events.
!"Lccordmg to Einstein’s theory of relativity, both observers are correct, because
simultaneously is not absolute and there is no preferred inertial frame of reference,
but the two observers must find that light travel at the same speed.

_ (Pl
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When both ends of length of an y
object are measured simultaneously by an
observer at rest relative to the object, then

such length of the object is called its rest |« l, —>

or proper length. According to special
theory of relativity, the length of an object
measured in a frame of reference which is
moving with respect to the object is x
always less than the rest length or proper (2)
length. This effect is known as length :
contraction. The length contraction takes
place only along the direction of motion, I ! g v
this effect is negligible at ordinary speeds, e sl '_"'
no such effects may be observed L e vel
perpendicular to the dircction of motion.
Consider, the length of an object

; . ; 0 - X
(rod) between two point which 1s )

measured by two observers, such thatone

observer is at rest relative to the object  Fig.18.3 Length contraction of the body in a
while the other one is mnving with very moving frame of reference.

high velocity ‘v’ with respect to the object. If the length measured by the rest observer |

is £,” and the length measured by the moving observer is *£” then according to the
relativistic mechanics,

2
¢ = Em}l—Z—z ...... (18.1)

If the moving observer is also at rest, i.e., v="0 then [ = {,, that is, the results
of the both observers are the same. But if there is a relative motion of the observer
with velocity ‘v’, the length £ is less than the proper length £,. This result shows that

a moving body has a decrease in its length along the direction of motion as shown in
Fig.18.3.

When a time interval between two events is measured by an observer who 18
at rest then it is called a proper time. Now according the special theory of relativity |
time is not absolute quantity but the time interval between the two same events would |
be greater than the proper time which is measured by another observer who is moving |

&




at very high-speed relative to the place of event.
This effect is called time dilation i.e., to dilate
means to become larger and it is explained as:
Consider two events which occurred at
the same place. The time interval between these
two events measured by two observers, such
that one observer is at rest frame and he noted
the proper time interval as ‘to’ while, the other
observer in other frame of reference is moving
with uniform velocity v relative to the rest
frame and he noted the time interval between

*7

POINT TO PONDER
' Ifarod of length 1m moves with a very
high speed, will you observe its length

less or greater than Im? I

il . E—
OINT TO PONDER

| Two identical constructed clocks are

synchronized. One is attached with a

wall of a moving spaceship while the

other remains on earth. Which clock

runs more fast?

the two events is ‘t’. Thus, according to the relativistic mechanics

ty

Time Dilatlon

Stapwatch

Event

Swpwaich

| X P
Clocks run slower ns one approaches the speed of
Fig.18.4 Different time interval between two events
different frames of reference.
If the moving observer is also at rest.
Le., v=0then t =t_. But if there is a relative

motion between the two observers and the
denominator of equation 18.2 is less than one
t?lus time ‘t’ is always greater than the proper
time “ty’ as shown in Fig.18.4.

&y

1.€.

light

observed by two abservers in two

- — prsine —
DO YOU ENOW
At constant distance, time and speed are
inversely proportional to each other.
]
speed oc ——
time

It means greater is the speed lesser is the
time taken.




Mass variation. y
Like length contraction and time
dilation, mass of a body is also not A :
absolute rather it is a varying quantity. It
depends upon the speed of frame of 9 e [T e :
reference or frame of observers. It is '
explained as: when a body is at rest, its A
measured mass is called its rest mass or
proper mass. Now when the body starts — X
motion at very high speed, then according Fig.18.5 Mass dilation in a moving frame of
to the special theory of relativity, the mass reference.
of the moving body will be increased as shown in Fig.18.5. This is called mass

variation effect. Let mo be the rest mass of a body and m be the mass of the same body
which is moving with velocity ‘v’ then the mass variation is given as

ik FOR YOUR INFORMATION
m=—— ...(18.3) A £33
v? The global positioning system (GPS)
f=—p takes account of the time dilation of
¢ orbiting atomic clocks. Otherwise, our

This relation shows that increase in mass | GPS receiver would badly miss our
of a body depends upon its speed. If the speed | location.
of mass is one-tenth of speed of light (0.1c), the
increase in mass is only 0.5%. Similarly, the increase in mass of the body will be
100% if the body has a speed nine-tenth (0.9¢) of the speed of light. But, in our daily
life, we deal with extremely small speeds compared to the speed of light and hence
m = m,. This is the reason why Newton’s laws of motion are valid in everyday life.
However, in case of atomic particles which —
are moving with speeds comparable with Stable :
speed of light, the relativistic effect can be /\ -
observed evidently, and their experimental
results cannot be explained without taking
Einstein’s equations into account. E=mc’| -

Mass-Enecrey Relation

According to special theory of \_/
relativity, mass and energy are not two

different  quantities, but they are
interconvertible to each other. That is, the Mass and energy are convertible to each other.
mass ‘'m’ ol a moving body can be
converted into energy *E' and vice versa.

A,
AV 4




I Such conversion can be studied under the following Mass-Energy Equivaience

; 16
s-energy relation: Ikg <> 8.988 x 10'%]
mas = lu € 931.5MeV,

| == 2
;)n E_ mc (18.4) lcVQH 1_0?43( ]0_911
Similarly, if the body is at rest then its energy is called
tv rest mass energy Ejand its value is given by

_ E, = mgc’ ...... (18.5)
| According to the mass-dilation effect, INTERESTED INFORMATION -
change in mass causes of change in | |
energy, since E > Eq, so
E-Ey,= mc? —m,c’
AE= (m-m,)c’
AE= Amc¢® ...... (18.6)
This shows that a small variation
in mass cause an enormous amount of |
' change in energy, because the value of ¢* |
is very large. It can be observed |
| cxgcnnwnlﬂ]l}f in a nuclear powe.r plant | Saying that a power plant delivers 90 million l
which produces energy by fission of | megajoules of encrgy to its consumers is

uranium, it involves the conversion of a | cquivalent to saying that it delivers 1 gram of |
) small amount of the mass of the uranium | ©nersy o its consumer because mass and energy |

. arc equivalent.
[’ into large amount of energy.

Example 18.1 :
A rocket of proper length 50m is moving with a speed of 0.13c. Then how

' much will it appear to be shortened to an observer on earth?
Solution:

| Proper length = £, =50m

\ Speed of rocket=v =0.13¢
' Speed of light=¢ =3 x 10® ms™

| Shortened length= { =?

According to the relation of length contraction
2

v
‘ f = fﬂ ]-;2"
o 2
) £ = soJl-(&_lf"_)_
c

[ =50/1-0.0169




f =49.5m
Shortening the length of the rocket

Al=¢,-¢
Al =50m—-49.5m
Al =0.5m

Example 18.2
An atom will decay in 2 x 10® s, What will be the decay time as measured by
an observer in a laboratory if the atom is moving with a speed of 0.8c.
Solution:
Time of decay when the atom is rest =t, =2 x 10
Time of decay when the atom is moving =t = ?
Speed of atom = 0.8¢
According to time dilation equation

_ 2x10%  _ 2x10°
\/1 5 (0.80)2 J1-0.64

2

C v
2x10° _ 2x107

~ 036 06

t=3.33 x 106s

Example 18.3

At what speed the mass of the body will become twice the rest mass value?
Solution:

Rest mass of the body =m,

Mass of the moving body =m

Let us assume that at a speed of “v’, the mass of the body will be doubled 1.e.,
m= Zmo ;

According to mass variation relation

-
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; m,
2m, = .
1._r__-
C2
V2
2= =1
CZ
Squaring both sides
2
Vv
YT | =1
4v?
4=—+I1
CZ
2
4\; _3
C
V=gt = y=0866c= 0.866x3x10°ms™
v=26x10ms™

18.5 BLACKBODY RADI%TION

When a solid body is heated, the
body glows and emits radiation. This | g
emission of radiation depends upon | [ES
temperature only. That is, when the
temperature increases, the body becomes
red then yellow then white. The
wavelengths of their corresponding |
emitted radiations are decreased which |
are lying in the range from infrared to | |
ultraviolet. For example, at low |
temperature, the emitted radiation has | [EEEEEESEEEEREEINS 0 g S |
long wavelength, while at hlgh | Volcanic lava cmlls hght and is a very good 1
temperature, the emitted radiation has | €ample ofablackbody radiation. |
short wavelength. -

The analysis show that when these radiations fall on a body, some of them may
be absorbed and some of them reflected. So, we could not study well the distribution
of radiation from a hot body. We consider an ideal body that absorbs and emits the
radiations of all wavelength falling on it. Such body is called Blackbody.
Blackbody is perfect absorber for all incident radiations and also a perfect emitter or

%@/




radiator of all kind of radiations. When
the black body is heated; it emits the
radiations of all wavelengths depending
upon its temperature. Thus, a black body
is a perfect absorber as well as a perfect
emitter of radiation. Practically, a perfect
black body does not exist, but it can be
constructed by making a very small hole
in one of the walls of a hollow body called
cavity as shown in Fig.18.6. The inner
walls of the cavity are blackened with Fig.18.6 A hole in the wall of a hollow sphere is a
carbon soot to make them as good  sood approximation of a black body.

absorber and also as a reflector. The
radiation that enters through the small
hole will be trapped inside the cavity. If
this body is heated to a certain
temperature, it will emit radiations of all
wavelengths which is called blackbody
radiation. The naturc of cmission of
radiation depends upon temperature only.
That is, when the temperature of the
blackbody is increased, the radiated
energy emitted from the blackbody is also
increased. Graphically the experimental
data for the distribution of energy of  Fig.18.7 Graph between intensity of blackbody
blackbody radiation i.c.intensiy versus 0o 10t sl e ) e
wavelength are shown in Fig.18.7. These i wavelength

results show that wavelength of radiated

energy varies with temperature and shifts POINTTOP ?*"’I'?Drg Gt
towards the shorter values as the temperature of :::1 nc::::;“;czcg?;um;g;i tchl.l e e"i
the cavity increases.

_ the bulb operates at full power, it
Several attempts were made to explain | gppears white, but as it is dimmed it

the distribution and characteristics of these | looks more and more red. Explain?
radiations. The four most important among
them are given by:

Intensity

Wavelength (Jdm)

Stelan-Boitzinann lan

This law states that the total energy per second per unit area (i.e. total radiant

heat power) under the curve of the radiation is directly proportional to the fourth
power of its absolute temperature




-

1

E o« T

E= gl e (18.7)
where ‘s’ is Stefan’s constant and its
value is 5.67 x 108 wm2K™.

SE+11~

T T

GE+11

Wien’s displacement law
According to Wien’s displacement

law, the wavelength with maximum

intensity in the radiation emitted from a

4E+11 =

2E+11

Spectral energy density kJ/m'nm

blackbody is inversely proportional to the o__ i LSS

500

Wavelength/nm
radiations decreasing

temperature of the blackbody. That is,
with l.ncr'eam‘ng temperature the peak ik The peak wavelengths of
the distribution shifts to shorter wave .. . . ingtemperature.
lengths;

A, T = Constant ...(18.8)
where the value of Wien’s constant is 2.9 x 10°mK
Rayleigh-Jean’s law . - inat
Rayleigh and Jean explained the distribution of radiation based on kinetic

theory. They assumed that the radiation inside the cavity consists of standing waves.
These standing waves are due to the oscillation of radiation from one wall tc{ the other
wall of the cavity. Based on this argument, they derived the following relation.

8nkT
)\.4
where ‘k’ is the Boltzmann’s constant and its value is 1.3807 x 102 JK'.

E=

Max Planck’s law

Wien’s displacement law and Rayleigh-Jean’s law both explain only single
aspect of the energy distribution along the experimental intensity and wavelength
curves. Because, Wien’s formula can apply for those radiations which have short
wavelengths while Rayleigh-Jean’s formula for radiations having long wavelengths
as shown in Fig.18.8. None of these laws is able to explain the entire experimentally
observed curve.

To overcome this problem, Max Planck in the year 1900 developed a formula
for distribution of energy that fitted well into the experimental curve for the entire
range of wavelengths. His formula for the distribution of energy based on his quantum
theory. According to his theory, the absorption and emission of radiation from a black
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body is in the form of energy packets which he termed as ‘Q_Uaflta"_ﬂ]e Chergy o
each quanta is directly proportional to the frequency of the radiation, ie.,

Eee f

E=hf...... (18.10a)
where ‘h’ is known as Planck’s
constant. Its value is 6.63 x 1034,
But fA=c therefore eq. 18.10a
becomes

E==—......(18.10b)
N

Later, Einstein extended
Planck’s idea that the energy is
absorbed or emitted in discrete
packets which are integral part of all
kind of electromagnetic radiations
know as photon. The energy of each
photon is “hf” and its momentum can
be calculated as

But the product of mass ‘m’ and velocity (velocity of light ‘c”) is called momentum

Since E = hf = mc?
hf
So mc= —
c
. Thus,
p —_— Hf-—
: c
But fA =c therefore
_h
B

Example 18.4
: What is the wave

emitted from a blackbody at temperature

Solution:
Wavelength (A, ) ="

(18.11)

------

\rlntenslty

v ] .
tg-—‘"""_ﬁ disaster

Quantum A
. A
solution ==
Wavelength
Fig.18.8. Comparison the experimental curves
Wien's, Ravleigh-Jean's and Planck’s laws.

POINT TO PONDER

- A particle with non-zero mass can
' never move faster than the speed of
 light. Is there also upper limit on its

- momentum and kinetic energy?

S7°C.

Temperature (T) =57°C = 3;5 0K
Wien’s constant =2.9 X 10 mK

According to Wien’s formula

['-\L.

&

length of the radiation having maximum intensity when it 15




A T =Constant
= constant

= T

2 = 2.9x10" mK
330K

A

= 8.8 x 10°°m = 8.8um

Example 18.5
Compute the energy of photon of infrared light of wavelength 1240nm.
Solution:
Energy of photon (E) =7
Wavelength of infrared light (1) =1240nm = 1240 x 10°m= 1.24x10"m
Planck constant (h) =6.63 x 10*Js
The energy of the photon is given by

E— hc
A
 6.63x10Jsx3x10°ms "
1.24x10°m
E=1.6x10"]
As 1.6 x 10%] =1eV
E=1eV

The energy of given infrared light is 1eV.
18.6 THE PARTICLE THEORY OF ELECTROMAGNETIC
RADIATIONS
In the previous class, we have verified the wave nature of light by interference
and diffraction phenomenas. In this section, we are going to explain the particle nature
of electromagnetic radiations by means of the following three phenomenas:

I Photoelectric effect
II Compton effect
11 Pair production

18.7 PHOTOELECTRIC EFFECT
Heinrich Hertz made the first observation of the photoelectric effect in 1887.
falls on a metal surface (zinc, cadmium,

He observed that when ultraviolet light
f electrons from the metal surface. This

magnesium etc), then there is emission O
phenomenon is known as the photoelectric effect and the emitted electrons are called

photo-electrons. The photoelectric effect is also possible by visible light when the
target material is alkali metal such as sodium, potassium, calcium etc.

\Z



A schematic diagram of a
photoelectric effect is shown in Fig.18.9.
It consists of photosensitive metallic plate
P and collector ‘C’ which are enclosed in
an evacuated glass tube. The plate is
connected to negative terminal of the

battery called cathode. The second -

electrode called collector or anode is
connected to positive terminal of the
battery through a galvanometer G. When

/;/ “ Ultra violet rays

e‘tl‘ T4 FTASR
Photo electrons

9_

©

=11
Photo electric emission

Fig.18.9. An experimental circuit diagram for

photo clectric effect.

light of certain frequency falls on the metallic plate, then there is emission of photo
electrons from the plate. These photocelectrons are attracted by the anode to constitute
an electric current called photo electric current which is detected by the galvanometer.
The current becomes zero as soon as the light is switched off. This confirms that the
light energy 1s converted into the electrical energy under the process of photoelectric

effect.

Maximum kinetic energy of photoelectrons

In the experimental arrangement
of photoclectric effect, anode C always
collects the photoelectrons, because, it is
connected to the positive terminal of the
battery. When the terminals of the battery
are reversed as shown in Fig.18.10, then
‘C’ becomes negative. In this condition,
the photoelectrons are repelled by the ‘C’,
as a result the photoelectric current starts
decreasing. When the negative potential
is further increased then at certain
negative potential, the photoelectric

Y

Ullra violet rays

’F‘Q\’* % o0o¢cC
Photo electrons

9_

©

1
— e
|.|' I L
I L]

Fig.18.10. A reverse circuit diagram a photo
clectric effect in order to caleulate the kinetic

energy of photo electrons.

current becomes zero. At this stage, no electron reaches at the anode C. This specific
negative potential is called stopping potential V and it is related to the kinetic energy

of photo electrons. That is,

1,
—mv° =Vee......
2

(18.12)

This is the fundamental equation of photoelectric effect.

Experimental observations or laws of photoelectric effect
The experimental observations lead different laws based upon the
photoelectric effect. All these laws are summarized as:




I Threshold frequency and work function

The emission of electrons will not take place if the frequency of incident
radiation or photon is below a certain minimum frequency known as threshold
frequency. In other words, the minimum frequency of the incident light is required
for the emission of electrons from the metal surface. The threshold frequency is
denoted by f,. The threshold frequency has a different value for different metals. The
minimum energy required to eject an electron from photo emissive surface is called
the work function. The work functions of different metals are given in table 18.1. If
the energy of incident light is above the work function appears as the kinetic energy

of photoelectrons.

11 Spontaneous emission of photoelectron Table 18.1
~ When the frequency of the incident light is equal || Element Work
or greater than the threshold value then there will be |l r“"“:"}‘ (e¥)
spontancous emission of photo electron. The time of | === 50
emission is 10'%s, Copper 47
III  The photoelectric current depends upon the || Gold 5.1
intensity of light g?:kcl :T
The analysis shows that the photoelectric current | 5 23
is directly proportional to the intensity of incident light | [Silicon 48
provided that frequency if incident photon is above f,. || Silver 4.3
That is, brighter incident light will cause more emission _Sﬁigu;“ iz

of electrons from the metal surface and hence a large '—
current flow in the circuit. It is noticed that the intensity of light does not increase the
kinetic energy of photoelectrons. In other word, kinetic energy of photoelectrons is
independent of the intensity of the incident light.
IV The Kinetic energy of photoelectrons depends upon the frequency of light
The maximum kinetic energy of photoelectrons is directly proportional to the
frequency of the incident light. Furthermore, the stopping potential of the
photoelectrons also depends upon the frequency of the incident light.

18.7.2 Einstein’s photoelectric effect equation

Einstein explained the photoelectric effect on the basis of quantum theory of
light. According to Planck’s quantum theory, light is absorbed or emitted in form of
energy packet called quanta or photon. The energy of each photon is hf. When light
falls on a metal surface then the energy of photon is absorbed by an electron of the
metal surface. Thus according to Einstein, a part of this energy is used to liberate or
emit the electron from the metal surface called work function ¢ and the remaining
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part of the incident energy is converted KE4
mto the kinetic energy of the
photoelectron. That is,

Energy of incident photon = work
function + K.E. of photoelectrons

1
hf= ¢+—mv? '
= >

/
hf= hf'+eV,

eV, = hf —hf' ...... (18.13)

This is known as Einstein’s 0 £ ?

equation of photo eclectric effect. If we  Fip.i8.11. A straight line graph between kinetic
p]ol a graph between frequency of the energy of photo electrons and the fréquency of the
incident photons and kinetic encrgy of  ™c'dent photons
photoelectrons then we get a straight line as shown in Fig.18.11.
18.8 PHOTOCELL

A photocell is a device that converts light energy into electrical energy. It
works on the principle of photoclectric effect. The photocell consists of two
electrodes, emitter and collector which are enclosed in an evacuated glass tube. The
metal of emitter or cathode used must be either sodium or potassium, because these
metals are very sensitive (o visible light. However, if the surface of the cathode is
coated with cesium then it emits electrons even for infrared light. The collector or
anode is in the form of a straight rod whereas the cathode is curved to reccive the
maximum incident light as shown in Fig.18.12.

‘\
evacuated glass
I envelope
cathod anode
— anode ' Symbolic representation
of a photoelectric cell
j [

Fip.18.12. A photo cell with its symbol.
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When light from a source is incident on the cathode, photoelectrons are emitted
from it. These electrons are attracted by the positive anode to constitute an electric
current in the external circuit. The magnitude of the current can be increased by
increasing the intensity of light above threshold frequency. If the light beam is

switched off, then the flow of current also stops.
t There are number of applications of a photocell, some of them are listed below:

Counting systems

Security systems

Automatic door opening/closing
Automatic street lighting system
Soundtrack of movies

Burglar alarm system

N LA LN~

18.9 SOLAR CELL

Like photocell, a solar cell is also
an electrical device which converts
sun’s light energy directly into
electrical energy. A crystalline silicon
solar cell consists of N-type and P-type
semiconductors, sandwiched in between
two metal contacts that are responsible for
conducting electricity out of such a device

Measurement the temperature of stars

POINT TO PONDER
Rest mass of a photon is zero. Is its |
momentum also zero? |

Metalic
Conducting Strips
£y

—
Elecuon Flow

-
@: Solar Rodiation
s Phaton-light)

Depletion La
=ve clectruns P L

P-type Silicon

Substrate Base
ve

Fig.18.13(a) Schematic diagram of a solar cell
with its various parts..

as shown in Fig.18.13(a). An anti- ”
refractive coating is also placed on the top {
of the metal contact and N-type in order |
to absorb maximum solar energy by the
cell. Finally, a thin glass sheet is placed
on the top of the cell to protect it from
weather and mechanical shock.

When sunlight falls on the PN-junction of the solar cell then this light has
sufficient energy to knock an electron out of the valance band. The electron becomes
a ffec electron and leaves a hole in the valance band, creating an electron-hole pair.
This free electron can be easily accelerated by the electric field existing naturally at
the_ PN-junction towards the N-type and hole towards the P-type. In this way,
f’:lectmns accumulated in the N-type, creating negative charges and holes accumulated
In the P-type, creating positive charges. Thus an electric potential is developed

between N-type and P-type contacts.

panel.

@
,__—#




Practically, a single solar cell can
produce a potential difference of 0.6V. To
produce higher voltage, multiple solar
cells are connected in series called solar
panels as shown in Fig.18.13(b). Solar
panels are generally available in 12V,
24V, 36V and 48V.

A solar cell technology is a
wonderful development in the field of
alternative energy sources. In the present
age, its application can be observed in
every walk of life, but some of these are
given by:

L It is being used in the remote areas |

where access to the main power
grid is impossible.
I1.
I11.
IV.

electricity.
Example 18.6

| INTERESTING INFORMATION

| Noor Solar Power Plant is the world’s largest solar

! power plant which consist of 7400 solar panels

- and it occupy 25000 hectares land. It is located in |
' the Sahara Dcsert. The project has a 580- |
| megawall capacity and is ‘expected to provide

. electricity for over 1 million people.

A I Do : -

It is used to power the solar energy driven vehicles, such as: car, auto etc.
It is being used in boats, submarines etc. as a source of electricity.

It is used in spacecraft, artificial satellite and space station to provide

Electrons with a maximum kinetic energy of 3eV are ¢jected from a metal
surface by ultraviolet light of wavelength 150nm. Determine the work function of the
metal, the threshold wavelength of the metal and the negative potential required to

stop the emission of electrons.
Solution:

K_.E of electrons =3eV = 3(1 .6x|0'“‘J)

s 1eV=1.6x10"]

=48 x 10"]
Wavelength (1) =150nm = 1.5 x10”'m
Speed of light =c¢ = 3x10* ms™

Planck’s constant =h = 6.63x107*Js

(@) Work function (¢) =?
(b) Threshold wavelength (X,)=?

(c) Stopping potential (Vo) =?

According to the equation of photoelectric effect

Q{?Z/




|
hr=¢+5mv
gLy
e - | 19
663x103415x3x10 ms” _ 4 gx107"J
B 1 5%107m

p=1326x107° ~4.8x107"
p =8.46 x 1019 =5.28¢eV

By the definition of work function

¢ = hf, = Z |
he 6.63x10*Jsx3x10°ms”
g 8 46x107"]

lu =235 x 10'm = 235nm

According to the basic equation of photoelectric effect:

lm‘v'z =EVU
_dmv? _ 4.8x107°)
° e 16x10°7¢C
Vo =3 volts

18.10 PARTICLE (PHOTON) MODEL OF LIGHT

In quantum theory, we have studied that light consists of a small packet of

energy. This packet of energy was named as ‘photon’ by Einstein in 1905. According
to Einstein, a photon behaves as a particle, it travels with speed of light ‘c’ and it has
both energy as well as momentum. Thus Einstein defined light in terms of photon
which is called ‘photon (particle) theory of light’. The particle nature of light has been
observed in the Compton effect and practically it has been proved in Davisson and

Germer experiment.

Salient features of photon
i.

11

-of light 3 x 10 m s”'. In other words, a photon exists as long as it is moving. It

A photon behaves as a particle whose rest mass is zero and it travels with speed
ceases to exist when it comes to rest.

Photons are electrically neutral and are not deflected in the presence of electric
and magnetic fields.
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iil. The energy of a photon is given as:
E=if=22 ey
A
This shows that the energy of photon depends upon frequency. (or wavelength)
iv. Momentum of photon is given as: '
As E =hf = mc?
: hf
So me = —
c
hf
p —_— —
c
V. Rest mass of a photon can be calculated by using Einstein’s mass variation
equation:
m,
m = :
-5
&
mo=m,|l-——

Since photon is moving with speed of light ‘¢’ sov=c¢

mp=0

This shows that rest mass of a photon is zero.

18.11 COMPTON EFFECT

The experiment by Arthur
H. Compton is another justification
of the particle theory of light. The
experimental setup consists of a
beam of x-rays of wavelength A,

which is incident on a block of
graphite. This incident x-ray
photon is scattered at some angle
from initial direction. Compton
observed that the wavelength ‘A’
of the scattering x-ray is slightly
longer than the wavelength of the
incident x-ray. It means that the
energy of the scattering x-rays is

E=mc 17

~T hf

I’f 3{_ ~A X

NN >

2 Ty
~. E =mc’
(2

"lD\v p=my

Fig.18.14. A schematic diagram for Compton effect where
the elastic collision occurs between a x-ray photon and an
electron at rest.

also lower than the energy of the-incident x-ray photon. The increase in wavelength

274 '



—— ==

or decrease in energy of x-rays when they interact with matter or are scattered is
known as Compton effect. The change in wavelength A\ between them is termed as
Compton’s shift.

Based on quantum theory, Compton assumed that x-rays consist of photons"
and these photons behave like particles. Now the collision of a single photon with an
clectron at rest is like a collision between two billiard balls. As x-ray photon carries

hf . e -
both energy (hf) and momentum (]— ). Hence during each interaction incident X-ray
C

photon must transfers some of its energy and momentum to the electron. So, these
two quantities must be conserved in an elastic collision between photon and electron
at rest, where photon transfers some of its energy and momentum to the electron.
The schematic diagram of the elastic collision between a x-ray photon and an
electron is shown in Fig.18.14. If “6” and ‘¢’ be the scattering angles of photon and
electron respectively after collision then according to law of conservation of energy.
energy of a system before collision = energy of a system after collision

(E)Phown +(E)c - (E)I"hulon +‘(E)c
hf + m,c* = hf'+mc’
hf —hf’ =(m-my)c® ......(18.14)

Similarly, according to law conservation of momentum along x-axis
hf hf'

—+0 =—-cos0+mvcosé ...... (18.15)
Conservation of momenturfl along y—ilx‘is
0+0=hTfIsin9—mvsin¢ ...... (18.16)
By simplifying Eq.18.14, Eq.18.15 and Eq.18.16 we get the following result:
1 1 h

— — — —

1—cos@) ...... .
P mﬂcﬂ( cos 0) (18.17)

This equation shows that the photon after collision scattered at angel “8° with
- respect to its incident direction. If it is not scattered, then the value of ‘8’ would be

zero and hence the value of right hand side of Eq.18.17 would be zero. But angle 6
has some finite value. Therefore, right hand side of Eq.18.17 is greater than zero. i.e.,

ded. 0 POINT TO PONDER
£ f Why does a photon that has been
> f scattered from an electron, initially at

rest have a longer wavelength than the

This condition is known as Compton Effect. incident photon?




in wavelength

Compton shift

As c=fA
1_2

f

1 A

and F -

c c myC
h.

y - =——(1-cosB)
m,C

AL = (1-cos8) ...
| m,C
This is known as Compton shift in wavelength and its value depends upon the

scattering angle of photon.

Example 18.7
A photon with a wavelengt

9.11 x 10'kg. If the x-rays arc scattered at an
is the wavelength of the scattering x-rays?
Solution: .
Wavelength of incident photon =A = 0.4nm
=0.4 x 10°m
Angled =45
Mass of electron = 9.1 1x107'kg

wavelength scattered photon or x-rays=A' =7
Planck’s constant =h = 6.63x10™Js

speed of light =c =3 10°ms™

pton shift in wavelength

h 0.4nm strikes with an electron having rest mass
gle of 45° after the collision, then what

According to Com

h
3 - = —/(1-cosb
mﬂc( !

h .
A =A+—1- 0
_ +m0c( cos0)
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6.63x107*Js
9.11x10 kgx3x10°ms™

A =04x107+0.243x107" (1-0.707)
A =0.4x107 +0.243x107" (0.293)

A =0.4x10" +0.07x10™"
A =0.4%10"7 +0.0007x10°

A =0.4007%10"m
A" =0.4007 nm

18.12 PAIR PRODUCTION

Pair production implies the creation of an elementary particle and its
antiparticle. A process in which a high energetic gamma ray photon disappears
by producing a pair i.e., an electron and a positron when it passes close to a heavy
nucleus. A positron is the antiparticle of an electron. It has same mass as that of an
electron but carries opposite charge i.e. +e. In pair production energy, momentum and
even charges are conserved.

Pair production process confirms K,
the particle theory of electromagnetic
radiations, because, it is a direct Positron
conversion of radiant energy into matter.
Hence this process is also known as
materialization of energy.

The schematic diagram of pair Elecrom™ K
production is shown in Fig.18.15. The =8 )
incident photon’s energy hf must be equal ~ Fi&18.15. A high energetic photon interacting
or greater than rest mass energy of two with a nucleus disappears into an clectron and a

. ( positron pairs.

electrons. According to Einstein’s

Energy-mass equation E = mc?, the mass of a single electron is equivalent to
F}.S.l MeV of energy. Thus, for the occurrence of pair production, the energy of the
incident photon must be at least equal to 1.02 MeV. Now if the energy of photon is
greater than 1.02 MeV, called threshold, 1.02 MeV energy is used for pair production
and the surplus energy would appear as kinetic energies of an electron and a positron.
On the basis of this principle, we can develop a mathematical relation for a pair
production as .

Energy of incident photon = required energy for pair production + K.E_, + KE_,
hf=2myc*+K.E_ +KE,, ...... (18.18)

A =04%x10"m+

-(1 —cos45°)

-----------------------

nucleus

&y




. . oroduction:
This is the basic equation for pair P =
"y . ~ : :
Annihilation of matter ®
i ich positron ectron
. " Whlf’.’ . air annih.ﬁaﬁon
" particle and its pefore p

Antiparticle  disappear

- AWA
during their interaction QJDUA\J/\UQ \V Uf\Uf\v

a8 a result two gamma

hf
Tay Photons are prodUCEd e after pair annihilation !
IS known as Annihilation
of matter. It is the inverse Fig 18.16. Combination of clectron and positron produced two

Process of pair productim’l- gamma ray protons in the process of annihilation of matter,
For instance, when an

electron and a positron are con
gamma ray photons as shown 1n
The energy of cach gamma-ray ph i Pl |
energy of clectron or positron i.c., mc". Like in pair production, the energy and

momentum are also conserved in annihilation of matter. S |

Besides of clectron and positron, the process of annihilation of other anti-
particles can also take place. For example, annihilation of proton and antiproton,
lepton and antilepton, quark and antiquark and so on.

18.13 WAVE NATURE OF PARTICLES

It has been verificd experimentally that light has dual nature or characteristics.
As the results of some experiments reveal that it behaves as a particle while some
other experiments reveal the wave nature of light. It must be noted that both aspects
of nature of light cannot observed at the same time. Photoelectric effect, Compton
effect and pair production verify the particle nature of electromagnetic radiations.

Subsequent to the confirmation of dual nature of light, Louis de Broglie in
1924 proposed that just as light has both wave-like and particle-like properties,
electrons also have wave-like properties, i.e., any kind of matter has wave like
properties. De Broglic proposed that ‘a wave is always associated with every particle

of matter of mass m moving with velocity ‘v’. In this connection he proposed a
mathematical relation for the photon, which is expressed as;
Momentum of particle =mv ...... (18.19)

nbined, they annihilate each other and give rise to two
Fig.18.16, which are moving in opposite directions.
oton is 0.51 MeV which is equal to the rest mass

Momentum of photon = E

_ C
But c=fA




1_f POINT TO PONDER
And A c If an electron and a proton have the
h same de-Broglic wavelength. Which
-, Momentum of photon =.}T ...(18.20) particle has higher speed'i il
. Comparing Eq.18.19 and Eq.18.20
h
myv= —
A
h
N = A18.21)
mv

This is known as de-Broglie wave equation and it shows that, if a particle of mass ‘m’
moving with velocity v then it has wavelength ) associated with particle. This
equation illustrates that wave like properties cannot be observed for too heavy
particlcs. If the mass of an object is very small, like sub-atomic particles such as,
electron and is moving until high velocity then the wave like properties can be
detected experimentally.

Davisson and Germer uxpm}-immi‘

According to De-Broglie’s hypothesis and his equation, the mass of an electron
is small enough to exhibit the wave like properties, i.e., the electrons which are
particles have also wave nature. This idea was confirmed experimentally in 1927 by
Davisson and Germer, when they observed that scattering of electrons from crystals
which act like a three-dimensional diffractions grating and shows a diffraction
pattern. Their experimental setup consists of the electrons from a source (Filament)

- +
I
H.T.
F r:'* A Electron Beam g Nickel
1 - :II— ______ Target
_J,— - —p — k/, g
) i <—Electron —» r
L.T. un
g //'\
i Diffracted Vacuum
Movable — electron Chamber
collector beam
‘To galvanometer

Fig.18.17. The cxperimental arrangement of Davisson and Germer experiment.




which are accelerated by a potential-
difference V. A beam of these accelerated
electrons emerges from the anode ‘A’ and
is allowed to fall on a target which is a
nickel crystal as shown in Fig.18.17. The
incident electrons are scattered In
different direction which are detected by
a detector which moves along a circular
scale. It is also observed that the intensity Angle 0

of scattered electrons at different angles i Fig.18.18. The intensity of the diffracted clectrons
different and as a result, we have a atdifferentangles.

diffraction pattern as shown in Fig.18.18.

The result proved that the reflected electrons have been diffracted by the crystal
planes. Thus, the electrons which are particles demonstrates wave nature i.c., due to
their diffraction from the crystal. The dual nature of electrons can be further verified
mathematically, by using the experimental and theoretical data. The analysis show
that the electrons are accelerated at 54eV and the intensity of the first order (m = 1)
of the diffraction pattern is maximum at angle 50°, the spacing (d) between two

adjacent planes of the Nickel crystal is 0.9 x 10"'° m. Using the data in the following
two relations.

Wave nature

Intensity I

—

_ According to equation of diffraction from a surface of a crystal (Bragg’s law)

mA = 2dsin0
(1)(r) =2(0.91x107""m)sin(90° - 25°)
A =1.82sin65

X =165%107"m .o (18.22).

Particle nature

According to de-Broglie wave equation
h
}'. i —
. mv
According to the equation of photoelectric effect

2
S mwfr =eV,

. ’2EV
\.F L — 4]
m

n 3




2eV, 2eV.m

6.63x107*Js
J2(1.6x107° C)(54V)(9.1x 107 kg)

L=1.66x10"m...... (18.23)
These two results given by Eq.18.22 and 18.23 have verified the De-Broglie
hypothesis. '
Example 18.8
i Calculate the de-Broglie wavelength of an electron that has been accelerated
through a potential difference of 9kV.
Solution:
de-Broglie wavelength (1) =?
Mass of an electron (m) =9.1 x 10*'Kg
Charge on an electron (¢) =1.6 x 10-'°C
Potential difference (Vo) =9kV =9 x 10°V
Planck’s constant (h) =6.63 x 1034] s
According to de-Broglie wave equation
h

}k=_‘_

mv

A=

]
But Emv2 =eV,

2eV,

,/ZmBVG

), = 6.63x107Js

V209.1x10™ kg)(1. 6x107" C)(9x10° V)
6.625x107>
5.12x10™

A=
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. 6.625x107* |

L= :
5.12x107%

L =13x10"m -

18.14 ELECTRON MICROSCOPE

An electron microscope is usefy]
device to obtain high resolution images of ~ Flectron gun
extremely small biological and nop.  Cathode
biological specimens. It uses a beam of = Anode
accelerated electrons as a source of Electromagneic
illumination instead of light, i.e., it relies on

Electromagp il Cail

the wave nature of electrons. In electron conumi‘l‘.":n‘? //_ ectron
occ
e bheam

microscope, the electrons are accelerated by
applying high potential difference from
30kV to several mega volts. Such high
- voltage produces a high kinetic energy beam
of electron of shorter wavelength.
Typically, the wavelength of clectrons is
about 100 times smaller than that of the Visual
visible light. Duc to shorter wavelength of - ™m#sion

Spﬂ:il’“‘-‘"
poes here |
Specimen
chamber

door

Projector
lens

Screen

Photo 2

electrons, the resolving power and chamber
magnifying power of electron microscope is 1
about one thousand times that of the optical ' !
ITIiCI'OSCOpC. The beam of electrons is Fig.lﬂ.w.Aschcnmlicdingmrnul'nn Electron !

controlled by applied clectric and magnetic o coPe

fields, the electrons diverging from a small region are brought to convergence by these
electric and magnetic fields.

A schematic diagram of electron microscope is shown in Fig.18.19. The beam
of electrons is usually focused by magnetic conducting lens and has an energy of 50-
100 keV. It is directed onto the whole arca of the sample under investigation and the
electrons emerging are focused by second magnetic conducting lens onto a florescent
screen. The screen must be florescent, otherwise, the obtained image would not be {
visible. ;
There are two main types of electron microscope the scanning electron microscope
(SEM) and transmission electron microscope (TEM). '

18.15 UNCERTAINTY PRINCIPLE
The fact mentioned by Werner Heisenberg in 1927 and it is stated that, it is
impossible to know both the exact position and exact momentum of an object at

|'1_
“-"‘.—-——1‘. -
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the same time accurately’. This is known as Heisenberg’s uncertainty principle and
it is further explained as under:
To locate the position, speed and energy of a particles we must look at it, using .

. a beam of light. Since light has also wave nature, so we should determine the position

of the particle only within one wavelength of the used/applied light. Similarly, to
reduce the uncertainty in the position of the particle, we must usc the light of shorter
wavelength because the light of shorter wavelength increases the accuracy of the
position by its large resolution. If 1. be the wavelength of light which is being used
to locate the particle moving along x-axis, then the uncertainty in the position
measurement is given by

iy 3 - W (18.23)

On the other hand, if the wavelength of the light is shorter then it would disturb
more the momentum of the particle, as a result there is more uncertainty in the
measurement of momentum of the particle. In order to reduce uncertainty in its
momentum, we should use light of longer wavelength. If the photon of the applied

— . A : ;
light is transferred its momentum [p = ]—] to the particle then its momentum would
1

be changed. Thus, the uncertainty in the momentum of the particle Ap is given by"

h
& - e 1824
px3 ( )

These two relations (18.23) and (18.24) show that if we use the light of shorter
wavelength then the accuracy in the measurement of position will be increased and
its uncertainty in momentum will be decreased.

Likewise, by using light of long wavelength, the accuracy in the measurement
of momentum will be increased while its uncertainty in position will be decreased. A
general relation can be obtained by multiplying these two uncertainties i.e.,

(Ax)(Ap) =h......(18.25)
This is the mathematical form of Heisenberg’s uncertainty principle. It shows

~ that the product of uncertainty in the simultaneous determination of Ax. and Ap 18

equal to the Planck’s constant ‘h’. Planck’s constant h is so small that the limitations
imposed by the uncertainty principle are significant only in the realm of the atom.
Hence Heisenberg’s uncertamty principle provides a useful tool, not just a negative
statement.
In the same way, the uncertainty principle can also be expressed in terms of
uncertainty in the simultaneous determination of energy (AE ) and time ( At ) as;
AEAt=h  ...... (18.26)
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The quantity h/2n appears often in modern physics because it turns out to be the
basic unit of angular momentum and it is equal to‘;'which reduces Planck’s constant,

Therefore, in terms of 'eq. 18.25 and eq. 18.26 cannot hold more equality. Thus,
these two equations now can be expressed as:

AXAP >h ... (18.27) X
ABALSE s (18.28) *

-

Example 18.9

An electron is found in a sphere of size 1.25 x 107'°m which is the order of size
of the atom. Estimate the velocity of the electron in the sphere along X-rays.
Solution:

Position of the clectron = diameter of the sphere
Ax =1.25x10""m
Mass of clectron=9.11 x 10'kg

Planck’s constant =h = 6.63 x 10]-s
Velocity of electron =?
According to uncertainty principle
ApAx =h
h
:_'lp AX
6.63x10™Js
1.25%107""m
Ap =5.30 x 10-*'kg ms™'

Ap =

But AP, =mvy
s Ap,
' m

~5.30x10*'kgms™
9.11x10'kg
V., =5.82x10°ms™

V

X

Example 18.10

The life-time of an electron in an excited state is measured to be 5 x 107s to
an accuracy of 0.003%. Find the minimum uncertainty in determining the energy in

this time. | L
Solution: :
Lifetime of electron in excited state= 5x107"s ‘

The uncertainty in time t is 0.003% = At = 5x107sx0.003%

a8
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At =5x107s%3x107
i At =1.5x107"s
. Planck’s constant =h = 6.63 x 107]s
To calculate the uncertainty in the determination of energy, we use the
uncertainty principle

AE-At =h
~ h
AE = —
At
_ 6.63x107*Js

1.5%x107"'s
AE =4.42 x10°3)

SUMMARY |

e Frame of Reference: The set of coordinate system with respect to which
" observations or measurement are made. '

e Inertial frame of reference: A frame of reference which is either at rest or
moving with uniform velocity, i.e., non-accelerated frame of reference.

* Non-inertial frame of reference: It is an accelerated frame of reference.

e Special Theory of Relativity: Special theory of relativity is based upon the
following postulates.

o All the laws of physics are same applicable in all inertial frame of

reference.
o Speed of light is a universal constant.

® Consequences of special theory of relativity: Special theory of relatmty has
some important consequences such as; length contraction, time dllatmn mass
variation and energy-mass relation (E = mc?).

* Blackbody and Blackbody Radiation: A perfect blackbody is one which absorbs
radiations of all wavelength incident on it. When blackbody is heated then it emits
all the radiation known as black body radiations.

* Stefan Boltzmann’s Law: The energy per second per unit area is directly
proportional to the fourth power of absolute temperature.

* Wien’s Law: The wavelength having maximum intensity in the emitted radiation
spectrum is inversely proportional to the temperature.

? * Max Planck’s Law: Energy exchange takes place in the form of energy packet
" called quanta and the energy of each quanta is directly proportional to its

frequency (E = hf).

-
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Photo electric effect: When light of suitable frequency falls on a metal surface
then emission of clectrons from the metal surface take place. These electrons are
called photo electrons and this phenomenon is known as photo electric effect.
Photocell: It is a device which converts the light energy into the electrical energy.
Solar Cell: It is a device which converts sun’s light energy into electrical energy.
Photon: It is a small packet of light energy and it behaves as a particle moving
with speed of light.
Compton Effect: A.H. Compton studied the scattering of x-ray photon’ from
electrons in a carbon target. He observed that x-ray photons scattered by the target
have a longer wavelength than the wavelength of incident photons. The increase
in scattered x-ray photon wavelength resulting from the transfer of energy is
known as Compton effect.
Pair Production: A process in which a high energy gamma ray photon is
converted into a pair of ¢lectron and a positron is called pair production.
Annihilation of matter: A process in which particle moving in opposite direction
and its anti-particle disappear releasing energy in the form of two y-rays photon
is known as annihilation of matter. _
De-Broglie wave equation: According to de-Broglie’s postulate when a particle
is moving with velocity ‘v’ then it has some wavelength ‘A " associated with it.
h

ie, A=—.
mv

“ Electron_microscope: It is a device which has much higher magnification and

resolution: power than an optical microscope. An electron microscope is a device
to obtain high resolution: and magnification of extremely small specimens. It uses
a beam of accelerated electrons as a source of illumination instead of light.

Uncertainty Principle: It is impossible to determine simultaneously position and

momentum of a particle with perfect accuracy.

Q

Select the appropriate option of the following questions.
Inertial frame of reference is one which satisfies

(a) Newton's Theory ' (b) Einstein Theory

(c) Hertz Theory (d) Special theory of relativity
Non-inertial frame of reference has

(a) Zero acceleration (b) Zero velocity

(c) Uniform velocity (d) Variable velocity
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10.
11.

12.

13.

14.

15.

16.

17.

_If the source of light is moving towards the observer then the speed of light

received by the observer will be

(a) Decreased  (b) Increased (c) Remain same  (d) Maximum

The relativistic length of an moving object will be

(a) Remain same (b) Decreased (¢) Increased (d) Doubled

If the rest mass of a particle is zero, then its speed is

(a) Equal to speed light (b) Less than speed of light

(c) Greater than speed of light (d) Not comparable with speed of light
Blackbody radiation depends upon

(a) Pressure (b) Volume (c) Temperature  (d) Density

If the temperature of black body is doubled then the emitted energy from it will
be increased

(a) Doubled (b) Four time (c) Eight time (d) Sixteen time
The dimension of a Planck’s constant is

(a) [MLT']  (b) [ML*T"'] (c) [ML*T~] (d) [ML*T?]
‘Who did observe 1* time the photoelectric effect?

(a) Maxwell (b) Hertz (c) Einstein (d) Heisenberg
Photo electric effect depends upon the photon’s

(a) Pressure (b) Temperature  (c) Intensity (d) Frequency
A photon can transfer its energy into an electron, it was first explained by
(a) Maxwell  (b) Hertz (c) Einstein (d) Bohr

The momentum of a photon is

(a) mv (b) mc (c) hf (d) Ef.

A clnnge in energy of a photon occurs when it collides with an electron at rest
1s known as

(a) Photoelectric effect / (b) Compton effect

(c) Pair production (d) Annihilation

Which phenomenon does not verify the particle nature of light

(a) Photoelectric effect (b) Compton effect f
(c) Pair production (d) diffraction

The antiparticle of electron is

(a) Neutron (b) Proton (c) Photon (d) Positron

Davisson and Germer proved experimentally the wave nature of particle under
the phenomenon of

(a) Reflection  (b) Refraction (c) Interference  (d) Diffraction

In the electron positron pair production, the speed of electron is

(a) Zero (b) Less than speed of positron, .

(c) Equals to speed of positron (d) Greater than speed of nosnron '

&8y
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18.

19.

10.
i1,
12.
13.
14,
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simultaneously with perfect accuracy?

If the energy of the used light is high, then the momentum of the investigated
particle has '

(a) Less uncertainty (b) High uncertainty t
(c) High accuracy (d) Equal uncertainty

For small uncertainty in the measurement of position of a particle, the
wavelength of the incident light should be

(a) Small (b) Large .
Does not depend of wavelength

How inertial frame of reference is different from non-inertial frame of

reference?

State the postulates of special theory of relativity.

Mention the important results of special theory of relativity.

Under what condition, a particle can move with a speed of light?

Give the formula to convert the mass of a particle into energy.

Does a perfect black body exist? If yes, then give an example.

How can you construct a blackbody?

How did Max Planck solve the dilemma of distribution of energy by
blackbody?

How can you calculate the K.E of photoclectrons?

What is the difference between work function and threshold energy?

Name the metals which emit the photoelectrons for visible light.

What do you know about the Einstein’s equation for photo clectric effect?
What is the function of photocell?

How does Compton effect verify the wave theory of light?

What is meant by the Compton shift in wavelength? ‘
What should be the minimum value of energy of photon to induce the pair
production? '

What is the difference between pair production and annihilation of matter?
What do you know about the de-Broglie wavelength?

At what angle the intensity of diffraction electrons is maximum?

Why position and momentum of an electron cannot be measured

“  COMPREHENSIVE/QUESTIONS
What do you know about the relative motion? Explain the relative m
examples.

Distinguish between inertial and non-inertial frame of reference.
State and explain special theory of relativity with its consequences.

otion with
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What is blackbody radlatmn‘? Explain the distribution of energy frorn the black
body under various laws.

Define photoelectric effect and derive its fundamental equation.

State and explain Einstein’s equation of photoelectric effect and different laws
of photoelectric effect.

What do you know about the Compton effect? How does it verify the particle
nature of light by Compton theory.

Describe pair production and annihilation of matter.

What is the de-Broglie hypothesis? How such hypothesis was verified
experimentally by Davisson and Germer.

State and explain electron microscope with its function and its working
principle.

What do you know about Heisenberg uncertainty principle? = Express

uncertainty principle under two mathematical relations.

NUMERICAL PROBLEMS

How fast a rocket has to go for its length to be contracted to 80% of its rest
length? (1.8 x 108 m s)
The period of a second pendulum is measured to be 2s in an inertial frame of
reference of the pendulum. What is its period measured by an observer moving
with a speed of 0.9¢ with respect to the pendulum’s frame of reference?(4.6s)
Calculate the variation in the mass of a moving object with a speed of 0.85c.
1.9my
What is the energy of a photon of a blue light of wavelength 450nm (If'l Jnulez
and in eV). ' (4.41 x 10"%J, 2.76eV)
Calculate the wavelength of light in whtch the photons have an energy of
650eV. (1 9||m]
Determine the maximum K.E of photoelectrons ejected from a potassium
surface by ultraviolet radiation of wavelength 200nm. If the work function of
the potassium surface is 2.8V, calculate the stopping potential.(3.4eV, 3.4V)
With what speed will the fastest photoelectrons be emitted from a surface
whose work function is 2eV, when the surface is illuminated with a light of
wavelength 4 x 10"m? . (6 x 10° ms™)
Consider a photon that scatters from an electron at rest. If the Compton’s -
wavelength shift is observed to be triple the wavelength of the incident photon
and if the photon scatters at 60° then calculate the wavelength of the incident

_photon. - ~ (4.05 x 10°m)

Determine the de-Broglie wavelength of an electron ‘accelerated from rest
through a potential difference of 3.3kV volt. (0.38 nm)

289,
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An electron-positron pair, each witha K.E of 220KeV is produced by a photgp,
Calculate the energy and wavelength of the photon. (14-46‘?1'*49\7, 8.5 x 1g-13m)'
The speed of an electron 18 measured to be 4 X 1.0 *ms .to an accuracy of
0.002%. Find the minimum uncertainty in determining the position of thjg

electron.
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Major Concepts - (16 PERIODS)

¢ Atomic spectra _ = I = B
e Emission of spectral lines ThlS Chapter s bulh on
e Ionization and excitation potentials Ammlc Structure  (Bohr
e Inner shell transitions and characteristics X-rays. Model) Chemistry X1

o Laser

After studymg thls umt the students wlll he ableto

describe and explain the origin of different types of optical spectra.

how an understanding of the existence of dj
ztoms (e.g. atomic hydrogen) and deduce héiczﬁt; Telzgztsr?s :;::tgrgllﬁ:leclss grria
z;‘el:::::t]mw the uniqueness of the spectra of elements can be used to identify an -
analyze the significance of the hydrogen spectrum in the develnpment of Bohr’s model
of the atom.
explain hydrogen atom in terms of energy levels on the basis of Bohr Model.
determine the ionization energy and various excttalmn energies of an atom using an
energy level diagram.
Solve problems and analyze information using.

1/A=Ry[1/p*~1/n%] _
understand that inner shell transntmns in heavy ¢ elements result into emission of

characteristic X-rays.
explain the terms spontaneous emission, stimulated emission, meta stable states,
population inversion and laser action.

describe the structure and purpose of the main components of a He-Ne gas laser.
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INTRODUCTION

We have studied in the previous unit that a blackbody emits all radiations of
all wavelengths with different intensities depending upon temperature. The set of a]|
the emitted radiations of different wavelength is called spectrum and the study of
spectrum is called spectroscopy. But in this unit, we observe and study the spectrum
by another method of an atomic gas or vapors at less than atmospheric pressure are
suitably excited by passing an electric current through it, they emit radiations. The
emitted radiations have a spectrum which comprises of certain specific wavelengths

known as atomic spectra. Each element has a characteristic line spectrum. Atomic -

structure and spectra have a reflective effect on revealing the inner mysteries of the
structures of atoms. The existence of line emission spectra from atomic gases is used
to reveal the structure of an atom in terms of discrete energy levels in atoms. ] ]
Balmer in 1885 succeeded to devise an empirical formula which could explain the
existence of the atomic spectra of hydrogen. Neil Bohr in 1913 provided a theoretical
reasoning to Balmer formula explaining the emission of spectral lines by presenting
a semi classical model of Hydrogen atom. Following this principle, the inner shells
transition in heavy atoms should give rise to the emission of high energy photons i.c.,
x-rays. CAT (Computerized Axial Tomography) scanner is an improved technique of
x-rays which can detect tumors and other anomalies too much small to be seen with
older techniques. LASER is another triumph of research in this field. The laser beam
is an intense, monochromatic, unidirectional and coherent source of light, which has
many applications in medical, industry, telecommunication and other fields.
19.1 ATOMIC SPECTRA

When an atomic gas
at much low pressure than
the atmospheric pressure 18
excited by passing an electric
current or by electric
discharge through it, the
excited gas emits radiation or
light. If this emitted light is
investigated  using a
spectrometer, then a serics of
discrete lines may be
observed on screen. Each line corresponds to a different wavelength. This series of
lines called an emission spectra. In general, when the electromagnetic radiation from
a source is dispersed by a prism or diffraction grating into its various component

Visible ©
§pectrul_n ,

White light
source

Fig 19,1, Dispersion ol radiation (Loht) in o olass prism,
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waves as shown in Fig.19.1 then the visible set of component waves have different
wavelength known as visible spectrum. -

Similarly, when a visible light is ; '
passed through a gas at low pressure, then .Il...
we observe a spectrum with a few dark
lines. These dark lines are absorbed by the
molecules of the gas and such type of (4) Line Specivum _
spectra is called absorption spectra. X 7 -

The spectra can be classified into
line, band or continuous as shown in
Fig.19.2. Line spectra may be observed
when the electrons of an excited atom,
element or molecule move between
energy levels, returning towards the
ground state. As the spectra contains _
visible lines due to emission of radiation =~~~ (9 tontmwows Spectium .
by the atoms is known as line spectra. The Aig.19.2. Different types ol spectra of visible light,
line spectra is not confined only to visible region. It is also observed in the ultraviolet
and infrared regions of electromagnetic spectrum. If the spectra contain a series of
bands closed to one another then it is called band spectra. The band spectra is formed
due to the emission or, absorption of radiation by the molecules. On the other hand
the spectrum in which there is a continuous region of radiation emitted or absorbed i;
a continuous spectrum. e.g., the spectrum of the sun or a blackbody is an example of
a continuous spectrum.

SPDOCIVUHIT O Y500 diom
Hydrogen atom produces the
simplest line spectra. Balmer in 1885
identified the four prominent lines in the
visible spectra of hydrogen atom i.e.,

H,(red), Hy  (blue-green), - H,
(blue-violet) and = Hg(violet). The
wavelengths of these four lines are _
656.311!1], 486.1 s 434.Inm  and Fig.19.3. Spectrum of hydrogen atom

410.2nm respectively as shown in
Fig.19.3. The set of these four lines is called Balmer series. The wavelength of these

lines can be determined by the following equation which was modified by Rydberg

of the Balmer’s equation.

- ) '_2‘9.1 _.'_



l:gﬂ[:l_q__‘;J ...... (19.1)
20 W

. i -
wheren=3,4, 5, ......-and Ry is a Rydberg constant whose value 1s 1.097 x 107 -1
for hydrogen atom. :
Hydrogen spectral series of transitions e 19} Diffeyent W velengiie :
resulting in visible emission lines spectra e mu Spectral lines™ o
-when an electron of the hydrogen atom Light Spectrum
makes a transition or jumps fromn >3 to "A-nm  Color  Group
n=2. 3000-10000  IRC

1400-3000  IRB Infrared *
1700-1400  IRA
650-700 Deep Red

The value of ‘n’ from 3 onward gives us
the wavelengths of the Balmer’s Series.
On the other hand, the shortest

wavelength in the series occurs at gz ' 0:123
364.6nm, corresponding to the seriés e Yellow
limit, n & o " 547-  Green
The Balmer series contain 524  Blue-Green

wavelength in the 'visible region of the §01  Turguoise 'oOC
hydrogen spectrum, but the experiments - 480 Blue
show that there are also some other series o) Indig

440 Violet

in ‘the hydrogen spectrum. i.e., the
JEIOE P ; 422-400 Deep

extreme ultraviolet section of the Violet

spectrum contains the Lyman series. 400320  UVA - o “
The remaining series, such as Paschen, 320280  UVB  Ultraviolot [ESSS

Brackett and Pfund series are lying in the 280-200  UVC

infrared region. All these series can be
expressed in the form which is very similar to Equation.19.1.

Lyma jes: e L+ 1:
yman series: e Ry FoT e (19.2) |
wheren=2,3,4, ...... '
1.e., hydrogen spectral series will be observed in the ultraviolet region when-an
electron of the hydrogen atom makes a transition or jumps from fromn>2ton= I |

A 3 _
wheren=4,5,6, ...... | “

L.e., hydrogen spectral series will be observed in the infrared region when an electron
of the hydrogen atom makes a transition or jumps fromn>4 ton = 3.

| .
Paschen series: - RH( ] —l-—] ...... (19.3)

¢

|
—A‘




| 1 1
Brackett series: - =R,,[——n—2) ------ (194) -

e - A e |
5 wheren=5,6,7, ....... The Bracket series is also in the infrared region.

b I " |

i Pfund series: I =R (5_2_1'1_2] ...... (19.5)

wheren=6,7,8, ....... The Pfund series is also in the infrared region.
The wavelength of all the hydrogen atom spectra lines can be represented by a

single empirical formula as;
I 11
I =RH[F_F] ...... (19.6)

This equation can be used for all the series of all wavelengths where n > p

Example 19.1
' {Mhat wavelength does a hydrogen atom emit as its excned electron falls from
the n =5 to the n = 2 state.
Solution:
Wavelength =1 =7

)

-1-=1 097 x10’ [-]7——2]
A 2t- §
L =433x10"m =443nm

Y EFER 24 \ LW N e { .
o o a - I+:.. LY 1 ll,'il.‘. e e d -

In order to modify Rutherford’s
model, Niels Bohr proposed his own
model of atom and explained the
empirical formula of atomic spectra in
1913 by using both classical and Planck’s
quantum theories. It gives an accurate
account of the atomic spectrum of
hydrogen as well as the stability of an
atom. The Bohr’s model is based on the ,
following three postulates: An electron in its allowed orbit around the nnelous
iz An electron in an atom can move
around the nucleus in certain circular stable orbit, without emitting energy. Electrons

&




can exist only In
called allowed orbits an
definite energy values Suc

etc. in these orbits. 4l
ii:- An electron can revolve arou

' its in
nucleus only in those circular q;bl -
which its angular momenturm 1

g have

tron
d elec fe B

h as: E1,

h ;
integral multiple of = or h i.e.,

_nh
21
- as L= rxP =mv,I,
nh
; = . e 19.7)
my,f,= > ( |
This relation is known as Bohr’s
quantization rule of angular momentun,
where ‘n’ is the principle quantum
number andn =1, 2, 3, ...... and ‘h’'1s a
Planck’s constant.
iii:- ~An electron emits energy only
when it makes a transition i.e., it jumps
from  higher allowed orbit to lower
allowed orbit. If E, be the total energy of
“an electron in the higher orbit and E; be
the total energy in the lower orbit then the
energy emitted by an electron is given by

fati ('-i ;5'-

~ The hydrogen atom is the simplest
atom. It has an electron of mass ‘m’
which is revolving in its allowed orbit of
radius ‘rn” with velocity ‘va’ around the
nucleus having a single proton as shown
in Fig.19.4. The electrostatic force of
attraction between the electron and

proton provides the required centripetal
force to the electron i.e.,

[
L

-

Apgular momentum ol an clectron

Transitions between states

=
S

E,~E=h

nucleus
[lectron cmits energy when it jumps from higher

arbit 1o lower.

Fig.19.4 An cleetron is revolving in an orbil
around the nucleus. of hydrogen atom where the
clectrostatic force between nucleus and clectron
causes a centripetal foree.

@




mv,* _ ke’
E r-
ke’ '
vi=— ... (19.9A)
l-r'u-l'l
According to the 2™ postulate or Eq.19.7 | POINT TO PONDER
e o OB .| Why is the Bohr model of the |
LR I hydrogen -atom incompatible with |
S ] ur_lcertainry principle? e
v, =
. 2mmr,
' 21.2
2 n“h
Vi=———s ... (19.9B)
R s
Comparing the R.H.S.’s of Eq. 19.9A and 19.9B we get
nZhZ i keZ :
4n’m’t?  m,
242
nh
e S R (1910)
4n°kme

By substituting the values of ‘h’, k, m and e we get _
n®(6.625x10™)

gy 4(3.14) (9x10°)(9.1x107)(1.6x107")
r =.(0.053x10'9n2)m .=.(10'9m=nm)

| r, =(0.53n%)nm ... (19.11)
For the 1% orbit n=1
-1, =0.053nm
This is called Bohr’s radius. Based on Eq.19.11, we can develop a general relation for
Radii of the quantized orbits of hydrogen atom as; -
2 : : 2
r =n’ where 1 '=—.—21-1—-2—
’ : ‘ 4n’kme
n=1273

As
) Moy 1'1,411,91'“

\2}




Fneraios of electron in the qu;miimd orbits

When an electron is revolving in its allowed orbit, it possesses both the KE
and P.E.. The sum of K.E. and P.E. 1s equal to the total energy “En’ of the elemml;

Le.,
E.=K.E.+P.E. ~

1 ' .
_E.-,=—1*ﬂ1.{2+17-rn

: 2
As angle ‘0’ between F and rn s 180° so F.ry = Fra cos 180° = —Fr,
' ; ke ‘
and p=—
_ ' T, .
i il
Thus Eqi= lm[ e ]— k(i 14
_ s mr, o
poo ket ke
2E T,
Bt o (19.12)
2
By substituting the value of rn from Eq.1 9.10 we get
E = -2n°k*me”
e e | .
' - 2 4
g 2(3714)° (9x10°) (9.1x107")(1.6x10™")
n*(6.625x107 )’
I7%107"° '
B, = S 2 ]?x2 0 ]
n :
By = ,2']7”0 eV ~1eV=1.6x107"]
n’(1.6x107")
- 2 _] -
En =" 326ev ...... (19.13)
n
For the 1% orbif, n =1 \’ :
E, =-13.6eV

Based upon Eq.19.13, we can express a general relation for the enérgies of an
electron in the quantized orbits as T g

\29}
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Spectral lines of hydrogen atom
Another most important result of
Bohr’s theory is the determination of
spectrum of hydrogen atom. i.e., when an
electron absorbs energy equal to the
difference of energy between the two
states then the electron jumps from lower
energy state to higher energy state. At this
position, the atom is said to be in the
excited state. On de-excitation i.e., when
the electron jumps from higher energy
state to its ground state it emits the energy : sy
during this transition in the form of ::',il;'if”i,1“"'::::“_“"_],1,’_l:,",]_f:";{::\’lf:.‘L"“l-':‘;’;"‘"_j:'_'l‘;fff‘”:’l o

spectral lines. For example, if an electron
in the hydrogen atom is in the excited state ‘n’ with energy En and it makes a transition

- to the lower state ‘p’ with energy Ep, where En> E, then according to the 3" postulate

c
But c=fA=>f= =
Thcrefore, ‘ - ' _ GINT- T, PONM
~ What is the energy of the photon
E I 2 J = he ~ " emitted when a hydrogen atom makes
I ]:l2 n’ A _ a transition from the n = 2 state to n=1
| state? : )
1_Ej[1 1 e
A _hclp* n? =
1 11
I—RH[?—H—ZJ ...... (19 14) .




The relevanl masses are;
m(1H)=2.014102u, m(}H)=3.016043u, m( $He)=4.002603u and

m( gn)=1.008665u
(17.6 MeV)

Calculate the amount of energy released in the nuclear fission reaction,
420 - Y Ba+ Kr+ m+Q

The relevant masscs ore:

m(n)=1.0086650, m{ 31 ) =235.043924u, m('4}Br}=140.913740u , and

2
m( 3 Kr)="91926270u.
: ' (174 MeV)
How much crergy is released during following reaclion?
U+ iLi—iHe+ He+ 0
The refevant nuclear masses nre:
m(|H)=1.0078250, m(]Li)=7.016005u, and m (1He) = 4.002603u
(17.3 MeV)

riod
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if Balmer Series _ _

— If the electrons of hydrogen atom jump from the outer orbits (n =3, 4, 5, ...)
to the 2™ orbit (p = 2) then a set of spectral lines called Balmer series is obtained. The -
spectral lines of the Balmer series lie in the visible region. The wavelengths of the

Balmer series are given by

1 B4 L= ] | p=2 |
e g . Rl eme g ‘
A help® n 2 n n=34.53...-
-!H Paschen Series _ '
When the electrons of hydrogen atom jump from the outer orbits (n = 4, 5, 6,

...) to the 3" orbit (p = 3), the set of spectral lines called Paschen series is obtained.
Paschen series lie in the infrared region  and corresponding wavelengths can be

, _calculated as;
L BfL 1Y o fL-1 p=3
A help® n? i T n=456...

IV Brackett Series ‘
In Brackett series the transition of electrons take place from the outer orbits
(n=5, 6,7, ...) to the 4" orbit (p = 4). Therefore, the formula for the wavelength of

the lines in the infrared region in this series is given by
1 _Eif1 1 I 1 p=4 -
I 55| = Rgl ==,
A help” n 4 n 1i=56,7..

Vo Plund &Emics
If the transition of electrons take place from the outer orbits (n=6, 7, 8, ...) to
the 5™ orbit (p = 5), then there are a number of spectral lines in the infrared region

and this series is called Pfund series. The wavelengths of lines in the Pfund series are

1. B.f 1 1 3o - P=5

W 7| Ru|l 2|

A hc{p” n 5 n n=6,7,8..
Example 19.2

" An hydrogen atom is in its ground state. Using Bohr’s theory calculate
(a)  the radius of the orbit of the electron.

~(b) the linear-momentum of the electron

' (¢c)  the angular momentum of the electron

given by

B | 30y




(d)

()

(f)

the kinetic energy of the electron
the potential energy of the electron
the total energy-of the electron

<. Solution:

Mass of electron=m = 9.1 x 10! Kg
Charge on an electron =¢ = 1.6 x 107" C
Planck’s constant =h = 6.625 x 103 ] —s
Number of orbit=n = |
Coulomb’s constant =k =9 x 10? Nm2C2
(a) Radius (r) =?
(b)  Linear momentum =P =72
(c) Angular momentum=T1T, =7

- (d) K.E.=?

(e) PE.="7

(f) TE.=?
(a) As r = —'?’iz_
4m’kme?

(1) (6.63x107Y
4(3.14)*(9x10%)(9.1 x107") (6110

=

_46.9%x107®
8.3x107
: [ =5.3x10"m =0.053nm
(b) P =myv

= v=g,|[—
P=me ’___ _ l'ﬂ
mr -
= GXIO IQC(IXIO ngQ'XlOgNITIEC-

3.3%x10"m
P=1.6x10" 15.45x10™""

P=16x10""\] 54501

P=16x10""x1 243105
P—-l 993<10—24kg m S—l

{o}“




(c) L=rpsin0

If ‘0 between r and p is 90°, then

L,
(d) K.E. = Em\
] ke? | ke?
— _IT". —
2 mr 2 r - ,
1 (9x10"Nm’C?)(1.6x10™C)’
= = -
2 53x10"m
_ 23.04x10™
10.6x107""
K.E.=2.17x107""] =13.56cV
e
(c) P.E. =

:
(-9x10"Nm*C?)(1.6x10"°C)’

53x10"m
_ —144x10"%1.6x10™"
53%10°"

=-2.717x10x1.6x107"
7+ P.E.=-27.17ecV

0 T.E=K.E. +P.E.
=13.56cV —27.17¢V
T.E=-13.6lcV
19.3 EXCITATION ENERGY AND EXCITATION POTENTIAL

We have studied an atom of hydrogen has quantized orbits called allowed
orbits with discrete energy levels. The electrons can revolve around the nucleus
without radiating energy in these allowed energy orbits. For example, hydrogen atom
has a single electron and it is revolving in its lowest orbit called ground state. Let the
electron absorbs some energy and it is excited from its ground state to the higher
allowed orbits. The energy that absorbed by the. electron to jump from the ground
state to the excited states is known as excitation energy and it is equal to the difference
of energies of the electrons in the two states. It is measured in terms of eV, \:vhcrc

——————
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«y, is the applied potential which
 provides the excitation energy to an
electron. Therefore, it is called excitation
potential. ' L, _

As we know that-in case of
hydrogen atom, the total energy of an
electron in its ground state s
(Ei=-13.6eV). Similarly the total energy
of an electron in the second state is -
(Ez=-3.4eV ). Thus, the excitation energy
of an electron from ground state to the 2™
state is given by -

B2 Ez | El _ The clectron excited by a photon™s encrgy hi.
E=-3.4-(-13.6)
=10.2eV

‘Similarly, the excitation energy of an electron from the ground state (E)) to the
3" state (E3) is given by
- E=E;=E,
E=-151-(-13.6) =12.1eV

19.4 IONIZATION ENERGY AND IONIZATION POTENTIAL

When an electron is boosted from -
its ground state to infinity, such that the
electron becomes free from. the
electrostatic force of the nucleus, then the
atom is said to be ionized. The energy
required to escape an electron completely -
- from its ground state to infinity is known
~  as ionization energy. It is measured in
terms of eV,, where ‘Vy’ is the applied
potential - which provides ionization
energy to an electron so, it is called -
ionization potential. For example, in case _
of hydrogen atom, the total energy of an - lonization ofanatom by a photon ol'encrey greater
electron in its ground state is (Ei = than: 13¢Va
—13.6eV ). Consider the case in which the electron has moved to infinity, the energy
of the orbit at the infinity is zero (E_ =0). Thus, the ionization energy of hydrogen

atom is given by

~ Infinite orbit
max 13.6eV
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E=E_-E,
E=0-(-13.6)
E=13.6eV
This shows that the ionization energy of the hydrogen atom is 13.6eV and the
ionization potential is 13.6 volts. It may be noted that there is only one value of

ionization potential i.e. 13.6V for hydrogen atom because it has a single electron.
There can be more than one value of ionization potentials for the atoms with several -

electrons.
19.5 INNER SHELL TRANSITIONS AND X-RAYS
We have discussed that when B e
electrons make a transition from their ; \ IN she
higher orbits to lower orbits then they 2 \ \ M shell
emit radiations in form of spectral fines in ""-\ \ \ L shell
the range of infrared, visible or ultravio]et I "\\ \ \ \ e s
light o B
In heavy atoms, electrons are Positively
arranged in concentric shells which are ] charged
K nucleus
named as K, L, M, N, O...... shells, as L

shown in Fig.19.7(a). The electrons in the x
outer shells are loosely bound with the 1
nucleus due to large distance and weak Fig.19.7(a). An isolated

: "g.1%.7(a). Anisolated atom possessed a number
electrostatic force between electrons and ol concentric shells,

the nucleus. Therefore, a small amount of
energy is required for excitation of the electrons from the outer shells of such atoms.

When the electrons return to their original states, they emit radiation of longer

wavelength, which lie in the infrared region.
On the other hand, the electrons in the inner shells are tightly bound with their

nucleus due to a small distance and strong electrostatic force between the electrons
and the nucleus. Therefore, a large amount of energy is required for excitation of these
electrons. When the electrons return to their ground states, they emit highly energetic
radiations of shorter wavelength, which are lying in the ultraviolet region. These
highly energetic radiations are named as x-rays which are also known as characteristic
X-rays.
In other words, characteristic x-rays are emitted from heavy elements due to
inner shell transition, i.e., when their electrons make transitions between the different
energy levels. As each element has a unique set of atomic energy levels, it emits a
unique set of x-rays which are characteristic of that element. X-rays originate from
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atomic electrons and also from free electrons decelerating in the vicinity of heavy
atorrs (i.e., Bremsstrahlung).
Production of x-rays:

X-rays are clectromagnetic waves which have extremely short wavelengths.
They were discovered by Rontgen in 1895 when he was investigating cathode rays.

Filament for Lead

hermioniz radiation
emisslon  shiald Copper

Target
Cathode shield | g /

Calhodo

Glass / / \\
onvolopn Thinglass VWindow

Electron
boam X-ray beam

Fig.19.7(b). A schematic diagram for the production of x-rays, where electrons emitted by

the hot filament are allowed 1o hit the target. The target then emits X-rays. .
In modern age, a tube called x-rays | S —
tube is used to produce x-rays as K
shown in Fig.19.7(b). Such tube ' 41\_3_ SR
consists of cathode and anode, ‘
where cathode is a heated filament
and it acts as a source of electrons.
The electrons emitted from the
heated filament are accelerated
through potential difference of the
order 10°V. When these high energy _ }
clectrons strike the target anode }
(usually tungsten, molybdenum or A U__
copper), only a small fraction about e ' \I
1% of the kinctic energy of the / |
incident electrons is converted into 30 40 50 60 70 8{] 90 '
x-rays while the remaining energy of '
the (}:,lcclmns is converted into heat I JJEI@
at the ancde. It is therefore, the
target should be metal of high melting point. The target is cooled using cooling fans

.{16/

Intensity ——>
=
o
=
|
=
|

Fig.19.7(c). Graphical representation of X-rays spectrum.




or a specially designed cold water summing system. The x-rays emitted from x-ray
tube consist of various wavelengths and forms a spectrum. Graphically, it is shown in
Fig.17.7(c). The x-ray spectrum produced by x-ray sources consists of continuous
spectra and the line or characteristic x-ray spectra but no band spectra. Continuous
spectra or continuum radiation also called white radiation or bremsstrahlung.
Bremsstrahlung refers to “braking radiation” derived from German word bremsen "to
brake" and Strahlung "radiation". Line spectra or characteristic X ray corresponds to

quantum energies of inner shell transition of electrons.
x-rays are most commonly produced by bombardment of a metal target with a

beam of high energy electrons. When highly energetic electrons from cathode strikes
the target they knocks out one of the electrons from innermost K-shell. The atom is

then raised to an excited state, producing a vacancy in the K-shell. If the vacancy in
the K shell is filled by an electron from L-shell, then a photon of x-ray K, is emitted.

If the vacancy in the K shell of atom is filled by an electron from M-shell, then Kp 1S
emitted. The series of x-ray produced due to transition of electron from L shell (K )

or M shell (K ) is known as K-characteristic x-ray.

The characteristic L series are produced when vacancies in the L-shell are filled by
electrons from the higher energy states. The shorter-wavelength group is called the K
series (from 1s orbital) and the L series (from 2s or 2p), even longer then L lines are
M-series. Elements with atomic numbers smaller than 23 produce only a K series.

19.6 LASER

The term LASER is an acronym for ‘light amplification by stimulated emission
of radiation’. A laser is a device which produces intense, monochromatic and coherent
beam of visible or infrared light. The fundamental principle of laser is that, the excited
atoms are stimulated by the incident photon in order to emit another photon of same
frequency as that of the frequency of incident photon. Thus, the emitted and the
incident photons having same frequencies will travel away in phase. In order to
understand the working of a laser, we explain some phenomenon related to it.

Spontancous and stimulated emissions

Consider an atom has an electron in its ground state as shown in Fig.19.8(a).
Suppose a photon of energy hf equal to the energy difference between two energy
levels is incident on this atom then the photon can be absorbed by the atom. This
process is called stimulated absorption because the photon stimulates the atom to
transfer the electron from its ground state to the excited state as shown in Fig.19.8(b).

After the excitation, the electrons make a transition back to a lower energy
state, because the electrons can remain in an excited state typically for 107s.
Moreover, during the transition when the electrons come back to the ground state,
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. . f as [ Atom in Atom in
then it emits a photon of energy h : | _

o . : 4 | ground state excited state
shown in F1g.l9.9.'Th'15 process is known A gro : —
as spontancous emission. Lo g B !.’;,.. = —

Now considcr. an atom whu‘:? is In iﬁl AN o
an excited state Ez with lifetime 107, “‘fl;ls o
lifetime is much longer than lﬂils;i I, — _

l - Ca] c ] ]
Therefore, the excited state Ez 1s feeking e

metastable state. Metastable state 1s an e N lsoraen o ous om0 B i
abnormally excited state of an atom with s 1) thc. Process of stimulated. absorprion,
a longer lifetime than the other ordinary e the wansition of electronfrom the around
excited states. Thus, for an clectron inits  stacto lilj.' excited state when the astom absorbs 1l
metastable state Ez if a photon of energy photon of encrey hi.

hf = E2 — E, is incident, it induces the |

electron returns to the ground state by cx*:i't‘:_z‘:t';m Rr:;:z:‘:l’;tc
emitting a sccond photon with energy / \

A & K
hf=E,-E,. The phenomenon when /.5 ———%

e . O (<) hf = AE
an incident photon induce trnns!tfon = AE AN\
electron to make downward transition & ]
with the release of photon of same i E, E,
frequency is known as stimulated Before After

emission. These two photons i.€.,  Fig.19.9. the process of spontancous emisio
incident and emitted are in phase and  photon due to the transition of clectron from |

. 2 ; 5 - .\.' (| staite 1o T I stale
travel in the same direction as shown in  €veited state o the wroun
Fig.19.10,

When there are more atoms in

the ground state than in the excited | Atom n | Atuptin
state this is known as normal [exclted state] -gr_mmd i
population as shown in Fig.19.11(a). b = bT

On the other hand, when there are m AVAVAV.
more atoms in their excited states bt
than the ground state as shown in = A AA e
Fig.19.11(b), this condition is called . Before . After

population inversion. If the number
of atoms in the excited state becomes
more than number of atoms in the

ground state, then more stimulated Fig.19.10. Stimulated emission of photon by incident of
Population

emissions  occur. photon,
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inversion can be achieved if there exists metastable state. This is the most important
principle that involves in the action of a laser. One method of achieving population
inversion is ‘optical pumping’ i.e., illuminating the laser material with light. The
process of light stimulated emission is fundamental to laser operation.

Laser is produced by an active medium or gain medium inside the laser optical cavity.
The active medium is a collection of atoms, or molecules that can undergo stimulated
emission. The active medium can be in a gaseous, liquid or solid form.

Hence the essential components of a LASER are medium, pump (source of energy)

and resonant cavity.

Y Yo X
E, 4 a: 4 Ey
Photons Ty prapraps
"6 6 8 EI o 3 e X E|
(2) (b)

Fig. 19.11(a). Normal population (b) Population inversion,

Suppose population inversion has been achieved by some means and the atoms
are gathered in the excited states E; and E3 as shown in Fig.19.12. After the process
of excitation, a spontaneous emission occurs due to the transition of atoms from the
excited state Es to the excited state E; (metastable) because the lifetime of Es is only
10% 5, and the lifetime of metastable (Ez2) is 10~ s which is much longer than 10%s.

Excited State

? Spontaneous
Energy Emission

Metastable State
= .
=
EBE AVAVAV. . Stimulated Emission
s £ AS\S\/> of Radiation
= = AVAVAV.

Ground State

Fig.19.12.  Energy level diagram showing stimulated absorption,
spontaneous emission and stimulated emission.
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In order to get the stimulated emission, a photon of energy hf =E, -E - j

incident. This incident photon induces the stimulated emission. As a result, another
photon is emitted having the same energy hf and travelling in the same direction,
These two photons are in phase and they can stimulate other atoms to emit photons i
a chain to similar processes. Thus, a chain of these emitted photons causes an intense,
monochromatic and coherent beam of light i.e., laser.

-

Spontaneous emission,
random directions

7 A

E)

|
— Ansa A | — Laser

P PP | — d DUlpUl

Mirror 1 % ' t " Mirror 2

Simulaling wave
on axis

Energy input

Fig.19.13. Schematic diagram of LASER action, the two mirrors keep the photons
conlined to the system.

The emitted photons must be confined in an optical cavity long enough to
enable them to stimulate further emission from other excited atoms. It can be achieved
by using two mirrors at the ends of this optical cavity as shown in Fig.19.13. One end
of this assembly is made totally reflecting and the other is partially reflecting. The
photons are reflecting back and forth between the two mirrors from the end of this
optical cavity, so a very intense, monochromatic and coherent beam is setup anfl a
small fraction of the beam passes through the partially reflecting mirror, producing
the beam of the laser light.

Helivmeneon laser . . d
A familiar example of a laser is the helium-neon laser. It is a common an

inexpensive laser that is available in physics laboratories. The helium-neon laser
usually consists of a gas discharge tube containing a mixture of 85% helium and 15%
neon gas at low pressure. The metastable states of helium and neon are identically
located at 20.61eV and 20.66eV respectively, which are much closer to each other.
When the helium-neon laser is electrically pumped then the electrical discharge
excites the atoms of helium from the ground state to its metastable state with energy
20.61eV as shown in Fig.19.14.
Now these excited atoms of helium make inelastic collisions with the atoms of
neon in the ground state. Therefore, there is transfer of energy from the excited helium
310
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atoms to the neon atoms in the ground state. As a result, the neon atoms are excited
from the ground state to the metastable state with energy 20.66eV while the helium
atoms return to their ground state. In this way, we have the necessary population
inversion in neon. After population inversion, stimulated emission occurs during the
transition of neon atoms from its metastable state of energy 20.66¢V to the excited
state of energy 18.70eV. Thus, it causes emission of highly coherent laser light of
wavelength 632.8nm. Finally, spontaneous transition quickly takes place during the
transition of neon atoms from the excited energy state 18.70cV to the ground state.

ii
il

v

vi

.Encrgy ;
'*-* (Helium)

(Necon)

E5 3.391 microns
- SR 1,

ES
Meta 7~ 4 Collision
stable 4 with excited
states Helium atom
E3 E3 632.8 microns
It prndtfccs 2 1.152 E2
population microns
inversion Spontancous
;1_t't'{fl:t| for emission
viasing
gl Of

El

Ground state

Fig.19.14. A schematic energy level diagram for Helium and Neon gas

LASER.

Laser have several usage and applications, some of them are listed below:
Lasers are used to destroy tumors and to fragment kidney stones and

gallstones.
A detached retina of the eye can be

welded back into place by using a
laser beam.

Laser surgery is used to reshape
the cornea of the eye to correct
near sightedness (myopia).

Laser is used in the process of
endoscope.

Intense laser beam is being used
for ranging i.e., to determine far
distance between two objects
accurately, such as, the distance
between earth and moon.

A high intensity laser beam can

- e e —————————

FOR YOUR INFORMATION

A patient undergoes laser cye surgery to correct his
vision by modifying the shape of the surface of the
eyeball. This process is called LASIK (laser
assisted in situ keratomileusis).

drill a very small hole in hand objects such as diamond.

\
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A laser light is being used as a communication signal through a fiber optics
and it can transmit  both video and audio information.

viii  Laser plays a dynamic role in the system of compact disc (CD) and digital

1X

Xi

video disc (DVD) players.

A laser beam is being used to draw three dimensional photography called
holography.

A laser light also used in the printing process called laser printing.

A laser beam has a potential to induce and control the fusion reaction.

Laser is being used for weapons guided system and submarine tracking.

SUMMARY : Rt
Spectrum: A sct of wavelengths or frequencies is known as spectrum (spectra).
It can be classified into line, band and continuous spectra.

Emission Spectra: The spectra due to the emission of light from excited atoms
(gas) is called emission spectra, such spectra contain a series of visible lines.
Absorption Spectra: The spectra due to the passing of visible light through a gas
is called absorption spectra, such spectra contain few dark lines.

Bohr’s Atomic Model: Bohr’s atomic model can be explained under the
following postulates:

i An electron does not radiate energy when it is revolving in its allowed orbit.
i Electrons are revolving in the allowed orbits for which their angular momenta

. h
1s an integral multiple of — .
2n

iii An electron radiates energy only when it jumps from higher orbit to lower
- orbit.

Spectrum of hydrogen atom: When an electron in an excited hydrogen atom
makes transition from higher orbits to lower orbits then it emits radiations in the
form of spectral lines series.

Excitation energy and excitation potential: The amount of energy which can
raise an electron from its normal state to higher energy state is called excitation
energy, and the potential which provides such energy is called excitation potential.
Ionization energy and ionization potential: The amount of energy required to
make an electron free from the electrostatic force of the nucleus is called
ionization energy and the potential which provides such energy is known as
ionization potential.

Characteristic X-rays: Characteristic x-rays are emitted from heavy elements

due to inner shell transition, i.e., when their electrons make transitions between
the different energy levels.
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LASER: Laser is a device stands for light amplification by stimulated emission
of radiation and it produces intense, monochromatic and coherent light.
Stimulated absorption: Absorption of photon by electron that electron becomes

excited from ground state to higher state energy level.
Spontaneous Emission: Emission of photon by an atom during the transition

from the higher orbit to the lower orbit.
Metastable State: Second energy state (E2) is known as metastable state because

it has longer lifetime of 107%s.
Population Inversion: If there are more atoms in a higher energy state or excited

state than the ground state then this condition is called population inversion.
Stimulated Emission: A process in which a photon is incident with the excited

electron, causing the electron to jump from excited state to de-excited state by
emitting a photon of same frequency is that of the incident photon.

~ EXERCISE

Select the best option of the following questions.
When light is passed through a gas at low pressure then we observe
(a) Emission spectra (b) Absorption spectra

(c) Band spectra (d) Molecular spectra
The spectra due to absorption or emission of radiation by atoms of a gas is

known as
(b) Band spectra

(a) Line spectra
(c) Continuous spectra (d) Molecular spectra
The band spectra is produced due to emission or absorption of radiation by

(a) Atoms (b) Molecules (c) Electrons (d) Photons

Dark lines correspond to

(a) Emission spectra (b) Absorption spectra

(d) Continuous spectra

(c) Band spectra
Name of the scientist who identified the four lines spectrum series for the first
time |

(a) Lyman (b) Balmer (c) Paschen (d) Brackett

Which one of the following spectrum series is found in the visible region?
(a) Brackett (b) Pfund (c) Balmer (d) Paschen
Lyman series lies in which region

(a) Visible (b) Infrared (c) Violet (d) Ultraviolet

The dimensions of Rydberg constant are

(a) [ML'T]  (b) [M°LT] () [M'LT]  (d) [M'L'T"




When an electron in hydrogen atom is raised from the ground state to the 2%
energy state, how many times its radius is greater than the radius of its ground
state :

(a) Same (h) Half (c¢) Twice (d) Four time
When an electron in hydrogen atom is raised from the ground state to the
excited state then its K.E. and P.E. will be

(a) K.E. increased and P.E. decreased (b) K.E. decreased and P.E. increased
(c) Both K.E. and P.E. increased (d) Both K.E. and P.E. decreased

The diameter of hydrogen atom is

(a) 0.35A° (b) 0.53A° (c) 0.70A° (d) 1.06A°
The ionization potential of hydrogen atom is

(a)6.13¢V  (b) 6.13V (c) 13.6V (d) 13.6eV
Laser action cannot occur with the process of

(a) Spontancous absorption (b) Spontaneous emission

(c) Normal population (d) Population inversion

Stimulated emission occurs only when the population inversion is in
(a) Ground state (b) Metastable state (c) 3" energy state (d) Any energy state
Lifetime of metastable state is about

(a) 1075 (b) 107 s (©) 10% s (d) 10 s
Lifetime of higher excited states is
(a) Equal to the metastable state (b) Shorter than the metastable state

(c) Longer than the metastable state  (d) Is not compare with metastable state

ST A
SHORT QUESTIONS

How can you produce atomic spectra?

What is the difference between absorption spectra and emission spectra?

How can you distinguish among line, band and continuous spectra?

What is the reason of dark lines in the line spectra?

Calculate the value of Rydberg constant.

How the stability of an atom is explained by Bohr’s postulates?

What do you know about the quantization of orbits?

8,  Under what condition an electron can emit energy?

9,  What do you know about the Bohr’s radius?

10,  What is the significance of negative energy of electron in an orbit?

1.  What do you know about excitation energy and excitation potential?

12,  Calculate ionization energy and ionization potential for hydrogen atom.

13, What is the working principle of a laser?

i4.  Distinguish between spontaneous and stimulated emission.

15, What is the difference between normal population and population inversion?
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What do you know about the metastable state?

[6.
7. Why population inversion in melastabie state is necessary for the action of

-q:_-:“ .

laser?

State and explaln atomlc spectra W|th its diffcrcnt hmds
What do you know about spectrum of hydrogen atom? Discuss the Balmer’s

series with empirical formula.
State and explain Bohr’s atomic model of the hydrogen atom with postulates.

3
Also derive the empirical formulas for radii and energies of the quantized

orbits of the atom.
Discuss the energy level diagram and various serics due o the different

4.
transition of electrons in the excited atoms.

5, What do you know about the excitation and ionization of an atom? Also
discuss the potentials which are being used for excitation and ionization of

atoms?
Explain characteristic x-rays due to the transition of electrons in the excited

atoms. Also explain the production of x-rays.

" What is LASER action? Explain the various process which are related with
laser, such as spontaneous and stimulated emission and population inversion.

Define Helium-Ncon Iascr Also wrilc down lhc vanous appllcalmns of laser

| Calculate the shortéét wave]cngth of tthaImer scrlcs (3646A°) -
I 2, Determine the longest wavelength in the Lyman series. (1216A°)
3 Calculate the speed of an electron of hydrogen atom in the second orbit and

also find its kinetic energy also (1.23 x 10'* ms’, 3.4eV)
Show that the Paschen series of spectral lines is entirely in the infrared region.

4,
5. Determine the time period of the first Bohr’s orbit in the hydrogen atom.
' (1.53 x 10" 5)
6. An electron jumps from a level E; = —2.2eV to Er = —7.5eV. What is the
(234nm)

wavelength of the emitted radiation?
7. ' The ionization energy of hydrogen atom is 13.6eV. Calculate the wavelength
~ ofthe 1*' line of the Lyman series. (1212A°)
The wavelength of K X-ray from copper is 1.377 x 107/ m. What is the energy

difference between the two levels from which this transition occurs?
(9.025keV)




Major Concepts (30 PERIODS)
e Composition of atomic nuclei -
e Isotopes This chapter is built o |
e Mass spectrograph Nuclear Physics X
e Mass defect and binding energy
 Radioactivity (propertics of a,  and y rays)
o [Encrgy from nuclear decay
e Hall-lifc and rate of decay
e [nteraction of radiation with matter
e Radiation detectors (GM counter and solid state
detector)
e Nuclear reactions
e Nuclear fission (fission chain reaction)
e Nuclear reactors (types of nuclear reactor)
e Nuclear fusion (nuclear reaction in the Sun)
e Radiation exposure
e Biological and medical uses of radiations
(radiation therapy, diagnosis of diseases, tracers
techniques)
e Basic forces of nature .
e Elementary particles and particle classification
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explain that an element can exist in Vv
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e define the terms unified mass scale, mass defect and calculate binding energy
using Einstein’s equation.

e illustrate graphically the variation of binding energy per nucleon with the mass
number.

e explain the relevance of binding energy per nucleon to nuclear fusion and to

~ nuclear fission.

e identify that some nuclei are unstable, give out radiation to get rid of excess
energy and are said to be radioactive.

e describe that an element may change into another element when radioactivity

occurs.

identify the spontaneous and random nature of nuclear decay.

describe the term half-life and solve problems using the equation (9=0.693/T.

determine the release of energy from different nuclear reactions.

explain that atomic number and mass number conserve in nuclear reactions.

describe energy and mass conservation in simple reactions and in radioactive

decay.

describe the phenomena of nuclear fission and fusion.

describe the fission chain reaction.

describe the function of various components of a nuclear reactor.

describe the interaction of nuclear radiation with matter.

describe the use of Geiger Muller counter and solid state detectors to detect the

radiations.

e describe the basic forces of nature.

o describe the key features and components of the standard model of matter
including hadrons, leptons and quarks. L

' INTRODUCTION

| The discovery of radioactivity by Henri Becquerel while investigating
' phosphorescence in uranium salts had prompted other scientists to describe the details
of radioactivity and structure of the atomic nucleus. In this regard, Ernest Rutherford
studying the properties of radioactive decay named the emitted radiations as alpha,

beta particles and gamma rays. Also Rutherford discovered atomic nucleus by
performing the alpha particle scattering experiments. He explained that the nucleus is

a small, dense region at the centre of the atom. It consists of positive protons and

5 neutral neutrons, so it has an overall positive charge. These experiments provided the
[ basic properties of the nucleus of an atom such as; charge number, mass number €t¢-
Re In this unit we will not only discuss the structure of the nucleus but also explain
its properties such as: charge number, mass number, isotopes, mass defect, binding

I.
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energy etc. Similarly, we will study the radioactive nuclei i.e., unstable nuclei which
emit radiations called radioactivity. We will also study the artificial radioactivity
under the two chemical reactions i.e., fission reaction and fusion reaction. Some of
the fundamental conservation laws are used in these nuclear reactions. The
characteristics of nuclear fission reactions are discussed and applied to the example |
of a nuclear reactor used for the generation of electrical power. Energy can also be

+  produced by nuclear fusion. Reference is made to the fusion reactions in stars, and
some advantages and disadvantages of fusion as a future source of energy. In the last
of this unit we will deal with forces of nature, various elementary particles and their
classifications like Hadrons, Leptons and Quarks etc.

20.1 COMPOSITION OF ATOMIC NUCLE]

Rutherford designed an Positive
experiment to usc the alpha particles - distribution throughout
emitted by a radioactive element to atom
investigate  atomic  structure.. He  Electron /
demonstrated that the atom has a central |
massive core which he called the nucleus. \ o ®
It has very small and very dense structure. ®
It occupies only 107'? of the total volume ® ® o
of the atom; i.c., its diameter is 107" m ® ®
whereas the diameter of the atom is &
10" m. The nuclcus is positively charged, e ® e
and ‘its mass is about 99.9% of the total @ @ o
mass of the atom. ®

After the discovery of neutron in

1932, Dmitri and Heisenberg developed :
the model of a nucleus which is composed Early model of the atom,

of protons and neutrons. That is an atom

is composed of a positively-charged nucleus, with a cloud of negatively-charged
electrons surrounding it, bound together by electrostatic force. The protons were alsg
discovered by Rutherford, which carries a positive charge of magnitude 1.6 x 10-19C
with mass 1.673x10"%" kg. Snmlarty the other particle of the nucleus is the neutron.
It was discovered by Chadwick. It is a neutral FOR YOUR INFORMATION
particle i.c., it carries no charge and :t.:, Mass 1S | Afer performing the alpha particles
1.675%10%7 kg. The mass of proton is almost | scattering experiment, Rutherford
equal to the mass of the neutron but it is | concluded that most part of an atom js |

approximately 1836 times as massive as the | emptyand that mass is concentrated in |
electron a very small region called nucleus,

e e |
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The number of protons in a T X
nucleus is called the atomic number or T
the charge number. It is represented by -
‘Z’. The total charges of a nucleus is Ze. = ® -
Where ‘e’ is a charge on a proton or an
electron.

Similarly,. the total number of
protons and neutrons, called nucleons
in a nucleus is termed as mass number.

It is denoted by ‘A’. It is measured in
terms of unified atomic mass unit (u) and
this unit is defined as follows, the atom of  gppit
carbon-12 is being considered the value
of exactly 12u where lu is equal to
1.6605%1027 kg. On the basis of this

scale, the proton rest mass and the neutron Electrons— =

rest mass are both approximately lu or

_la.m.u. The masses of some other Rutherford's Atormic Model

important sub-atomic particles in terms of )

atomic mass unit are given in table 20.1. Table.20.1 -

If both mass number “A” and charge Obejet | Mass(kg) [ Mass(u) | Mass

number ‘Z" are known, then the number (MeV/eh):

of neutrons in the nucleus is (A — Z). Neutron | 1.674929x10%1 | 1008664 |  939.57
The observations show that the || Poton [ 1672623x10%" | 1007276 [ 93828

simplest nucleus of the hydrogen atom | | Flecton | 9.109390xI0% | 00054858 | 011

contains only onc proton and it has no ———— -
neutron. Similarly, the number of protons and the number of neutrons in the initial
light elements of the periodic table are almost equal. However, the number of neutrons

in the heavy elements are greater than the number of protons. For example, in helium

4 i .
»He, the number of neutrons is 2 and number of proton is also 2. In % U, the number

of protons 92 and number of neutrons 143.
In order to classify nuclei in terms of their atomic number and mass number,
the symbol X is being used to represent a nucleus as;

Massnumber v _ A
atomitnumbmx = ZX

For example, the nucleus of helium atom is represented by jHe similarly the
nucleus of Hydrogen atom is represented by |H where Z=1 and A =1. The proton is

also represented by \H and the neutron is represented by Jn.




20.2 ISOTOPES

Atoms of the same element that have the same number of protons but
different numbers of neutrons are known as isotopes. In such cases, their mass
numbers are also different. Hence, the nuclei.of an element having identical values of
atomic number (Z) but different values of mass number (A) are called isotopes. For

example, hydrogen has three isotopes, i.e., | H -ordinary hydrogen or protium has only
one proton in its nucleus, 1H -heavy hydrogen or deuterium contains one proton and

3 e - v @
one neutron and | H -tritium contains one proton and two neutrons in its nucleus as
shown in Fig.20.1,

3 -\ ¢
+ / 'it ,.f"! e +‘)
Hydrogen-1 Hydrogen-2 Hydrogen-3
1 proton 1 proton 1 proton
0 neutron 1 neutron 2 neutron
| (protium) (deuterium) (tritiumn) |

l

Hydrogen isotopes

Fig.20.1. Three isotopes ol hydrogen.

The natural abundance of isotopes can differ substantially. For example,
carbon has four isotopes, '|C,"%C "

, ¢C,':C and ';C. The natural abundance of the e
isotopes is approximately 98.9%, whereas that of the ';C isotope is only about 1.1%,
the rest isotopes, such as |} Cand ';C are not natural occurring but can be produced
by nuclear reaction in the laboratory or by cosmic rays.

The nuclei l'hal have the same mass POINT TO PONDER
number, but have different atomic number are | o what is the function of in the atomic
called isobars, ¢.g. s Ar and 5 C . Similarly, the nucleus? |
nuclei having the same number of neutrons are | ® Whatis the fate of neutron when it is

2 g o _ along are distant from one or more ‘
known as isotones (,C,;N). The nuclei protons? j
having identical atomic number and mass D —— - :

number but having different half-lives are called isomers. For example, »CO and

(33CO)™ both have same atomic number and mass number but the half-life of **CO
is 71 days while the half-life of (33CO)™ is 9 hours.

20.3 MASS SPECTROGRAPH

Mass spectrograph is used to determine the existence of isotopes and to
measure their relative abundance or it is a deyice used to separate electrically charged
particles according to their masses. A process in which the isotopes of any element
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can be separated, and their masses can be

determined is called mass-spectrography. B (out of paper)

The mass of ions are determined from /f' I

their deflection in a magnetic field. A F R e
mass spectrometer essentially consists of SRS BRI e e
an ion source, a mass analyzer, and a . :c-E':—fh:'“"\" . e
detector as shown in Fig 20.2. Other . ;” ° o :/:' e &
minor components are two slits (S; and Wi .
S2), high voltage battery, applied V‘[ Mo :

. . =
magnetic field (B) in a vacuum chamber i ity i
and a photographic plate. SlmI

In order to achieve the ionization source
pf ’the given element in vapour from Fig202. A schematic diagram for mass-
inside the source, one electron is removed  spectrograph in which fons are deflected along the

from the particle, leaving with a net circular path by magnetic applied field. =
positive charge +e. The positive ions escaping the slits are accelerated through
potential difference (Vo) applied between the two slits, the gain in K.E of " |
accelerated ions is given by

(8]

%mvz = eV, ...... (20.1)

When this narrow beam of accelerated ions passes through slit S; and enters
into a vacuum chamber then it will be exposed to a perpendicular uniform magnetic
field B. As a result, the beam of ions is deflected into a circular path of radius ‘r’ as
shown in fig 20.4. The centripetal force of this circular path is equal to the magnetic
force due to the applied magnetic field. i.e.,

2
v o= evB
r
eBr
=— . 20.2
S (202)
The value of v can be obtained from Eq. 20.1;
g 2eV,
m
v ’2ev0.
m
Thus m= -
¥ 2eV,
m




m = (iJﬂz ...... (20.3)

By using Eq.20.3, we can calculate the mass of the ion if the values of B, r, e
and V, are known. Finally, when the ions fall on the photographic plate, they cast the

images on it. The brightness images on the photographic plate give us a very
interesting result. i.e. when an element gives rise the two or more different beams in
the process of spectrograph then we will observe the same number of radii on the
photographic plate. Equation 20.3 also shows that the beams of different radii have
different masses. Thus, it is concluded that nuclei of the same element may have
different masses. For example, when a beam of ions obtained from pure chlorine is
passed through the mass—spectrograph then we will observe two images on the
photographic plate. This shows that chlorine consists of two types of nuclei with
respect to their masses, miand mz where m; = 34.97u and m» = 36.97u. Natural
abundance of m, is 75.4% and m; is 24.6 %.

In a mass spectrograph, the masses B,
of ions are determined from their
deflection in a magnetic field. Suppose
that singly charged ions of chlorine are X x X
shot perpendicularly into a magnetic field :
0.15T with a speed of 5x10* m s, /%% x x X
Chlorine has two major isotopes, of - =/
masses 34.97u and 36.97u. What would P X X X X Ky
be the radii of the circular paths, I_,._ 2 |
described by the two isotopes in the L : :‘
magnetic field as shown in figure.

¥ .
sf1lt1f ey
T-']lr.,,,

Magnetic field =0.15T
Speed (v) =5 x 10* ms™!
Mass of the 15 1on (m;) =34.97u =(34.97>< 1.66x 10-2?)k
my >=5.81 x 1026 ko &
Mass of the 2" ion (m2) =36.97u = (36.97x 1.66x27)k
m2 =6.14 x]1026 ko 8
Radius of the 1*ion (r1) =7
Radius of the 2" ion (r2) =?
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To find the radii we have the
mv
..__--"'.

: r= eB
Thus T, "Eﬁ Odms
! BB sz,kgxy‘]
| 5.81><‘030,19cx0«]5T

= X
1 1.6 '

2.005%10 _m
-.:0]2!11 4m 5-'
s 14>~<10"2'(’1"gx5xIO T
Similarly, = : 1,6:(10"9(:7( 0.15
. -21
307410
h = 94x10™
’ ]'2 50]3!‘“
20.4 MASS DEFECT AND BINDING EN
It has  been  observed

experimentally that the mass of the

nucleus is always less than the sum 0
‘masses of its free constituent i.e., protons
and neutrons. The difference between
mass of nucleus and the sum of masses of
Ll:]c nucleons of which it is composed 1S
own as mass defect. It is represented by . : :
- Amand expressed as ' _rh:: mass ol a I1I:IC1L:I.I5 is less than the total mass of
oty e TR its constituents i.c. protons and neutrons.
p n nucleus

Am = Zm, +(A-Z)m, — Mo -ooe- (20.4)

where ‘Z’ is the total number of protons
and m, is the mass of a proton. .++ + feiding +-I'
Therefore, Zm, is the total mass of the i o
| E:::;I: Oilf[i:larly, (A-Z) is the total {smgﬁglre;iss] Separaled '
e neutrons and M is the (gfea‘”?‘l‘]:;es{;ns
Iiimling

Eneroy

____
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mass of a neutron. So (A —Z)m, is the total mass of the neutrons and M, .., is the

mass of the nucleus.

The mass defect * A m’ is due to the conversion of the mass into energy when
nucleons combine to form a nucleus. This energy is called binding energy of the
nucleus and it is obtained by Einstein’s mass-energy relation.

E= Amc’......(20.5)
Substituting the value of Am from equation 20.4 in equation 20.5 we get.

BE=[Zm,+(A-Z)m,-M 0, ¢ ...... (20.6)

This is a mathematical from of

binding energy and it is defined as the m

amount of energy that holds the nucleons <

together with in the nucleus against the '

repulsive coulomb’s force. In -other j ®

words, the minimum energy that would
be required to break the nucleus of an
atom into its constituent nucleus i.e. ' Mass Defect
protons and necutrons is called its
binding energy.

In order to study the stability of a nucleus of an atom, we use the concept of
binding energy per nucleon Ep, /A usually called binding fraction. It has been observed
experimentally that the greater is the binding energy per nuclecon, the more stable is

4.00260 amu 4.03298 amu

1
C
Region of greales! binding ener:
=™ g g g energy
9 / "o —
| "Mo| m————_ ™Pb
. P_f'{Na | I AI':'-P ‘"R;J
17r

. ?v o FeIN A0
[
53 ¢ .\'N
w . L]
S8 s5/u \'B
.0
EE 4 'Be
2a
o

3

2

1| H

0
0 20 40 60 80 100 120 140 160 180 200 220 240

Mass Number A
Fig. 2!1 3. A curved line graph between binding energy per nucleon and mass number.
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the nucleus and vice versa. This can be explained by drawing a graph between binding
energy per nucleon and the mass number A.

The graph in the Fig 20.5 shows that when the mass number ‘A’ increases, the
binding energy per nucleon increases rapidly up to the mass number of 50-60 i.c., for
iron, nickel etc., and then decreases slowly. It means, the nucleons are bound most
strongly in nuclei having mass numbers of the order of 50-60, the binding energy per
nucleon for these nuclei reaches to its maximum value. i.e., 8.7 MeV per nucleon. On
the other hand, the binding energy per nucleons is small for both light nuclei (A <30)
and heavy nucleis (A > 170).

Another important characteristic revealed by the graph 20.3 is that the binding
energy per nucleon is approximately constant at around 8MeV per nucleon for nuclei
having intermediate mass number (A = between 30 and 170). For these nuclei, the

nuclear forces are said to be saturated.

Exnmple 2007
Calculate mass defect, binding energy and binding energy per nucleon of the
:2 Fe nucleus. The mass of 3gFe is 9.288 x 10 kg.

Solutton:
Mass of proton (m;) = 1.673 x10*kg
Mass of neutron (my) =1.675 x10-%kg

Mass of 5 Fe*® nucleus (m) =9.288x102%kg
Z =26 ‘
A =56
A-Z=56-26=30
Mass defect Am =Zm_ + (A- z)mu M

Am =26 (1.673x107") + 30 (1.675%102") - 9,288 0%
A'm=4.3498x102° +5,025%1026 — 9.288x 02

A m =8.68%1028kg

B.E. = A mc? = (8.68x 10-28)(3x 10%)2
B.E.=7.812x10"]

7.812x107"
s 1 6x10—19 eV =488x IOBEV sleV=1.6x 10-191
B.E. =488 MeV
Binding energy per nucleons = Pf _ 488MeV
56

Binding energy per nucleon =8.71 MeV per nucleon
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20.5 RADIOACTIVITY

Henri Becquerel in 1896 accidentally discovered radioactivity. He observed
that a uranium salt spontaneously emit radiations in the absence of any source of
energy (light). He placed a photographic plate close to the uranium salt such that the
plate was wrapped in a black paper to keep light out. He observed that the
photographic plate was blackened, which indicates that the radiation has been emitted
from the uranium salt. Thus, the term radioactivity is used to describe the spontaneous
emission of radiation from the uranium salt or other substances called radioactive
substances. These emissions of radiations are independent of physical conditions of
the radioactive substance such as temperature and pressure.

Later, Marie curie and Pierre curie discovered two new radioactive elements
which they named as radium and polonium. Similarly, Rutherford’s experiment on
o -particle scattering suggested that radioactivity is the result of the decay or
disintegration of the radioactive elements. The work done on radioactivity by various .
scientists revealed that those elements whose atomic number (Z) is greater than 82

Gamma ray = ultra-high-energy
nonvisible light

Alpha particle = helium nucleus\y [no electric charge)

(+2¢ electric charge)

Magnet

Beta particle = electron

(~e electric charge)

Radium sample Lead block

Fig. 20.4 The three emitted radioactive radiations, alpha, beta and gamma.

are unstable and they emit radiation spontaneously. The emissions consist of
positively and negatively charged particles and neutral rays as shown in Fig.20.4,
These three radiations were named as alpha (a), beta (B) and gamma (Y)
respectively. «

In the decay process, the original nucleus is usually called the parent nucleus.
This parent nucleus is converted into the daughter nucleus by the emission of
radiations. The daughter nucleus may also be unstable. In this connection a series of
successive decays occurs until a stable configuration is reached i.e. the final nucleus
is not radioactive. During the radioactive decay or nuclear decay all the laws of
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conservation such as: mass, energy momentum and charge must be conserved. These
are termed as conservation of nucleons and it is stated as neutrons may be converted
into protons and vice versa but total number of nucleons must remain constant.

20.5.1 Properties of a-Particles, p - Particles and y - rays:

The three radiations o,Bandy T

have some most important properties Type of Nature Mass | Charge
1 1 as under: Radiation _ amu
which are explained ( e T < | -
(nucleus)
. g ; Beta (f) | Fast moving ] -1
o -Particles are identical to the a\estioi —
nucleus of helium atom consisting of two ! lsgu
protons and two neutrons having a mass Ga(’;‘;“ﬂ E]:E:‘i:fzgy 0
of 4 units and charge of +2 units. The length light

g-particles are fast moving electrons i.e., ) _
p-particles has the same mass and charge as an | DO YOU KNOW
electron.y-rays are form of electromagnetic | Once alpha and beta particles are |

radiations, having_photon_crergics_abov | 4ot B o
100keV. All these are explained in Table 20.2.

oL -particles carry positive charges equal the charges of two protons whereas,
B _paﬂiclcs carry negative charges equal to charge on an electron and Y -rays carry no

charge. A summary of these characteristics is given in Table 20.2.

Lead block

B particles

Both Ot -particles and == TN
rescnce of electric and Radioactive substance Photographic
aq gnetic ﬁE',ldS whereas thB Y i Electrically charged plate
w do not deflect. The plales
rays tion of the alpha I-'ig.l{!l.:'a. Deflection ulj'.l|[‘l|'|:l'1‘!:t!:1.il:!t.:$,'tn'l:l particles and gamma
deﬂec beta particles and Ty the presence of electric field.
icles, Y~ / : s

Pﬂlr';ma rays in an electric field is shown in Fig.20.5.
ga : _

. -

As o.-particles are the heaviest, so they are slow moving particles and their

. 1 : il 5 A 2
Spet:’r dis almost E(E of speed of llght. The speed of B-particles is almost -i of speed
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of light. As y-rays are electmmagnetlc waves therefore they move with the speed
light.

venctrafing power
The penetrating power of
o-particles is very small. They can
penetrate only a few millimetres thickness
of paper as shown in Fig 20.6. Similarly,
B-particles can penetrate a few
centimetres thickness of an Aluminum.
' On the other hand, the penetrating power
of y- rays is very large, it can penetrate ; _
; Fig.20.6. Penetrating power of alpha-particles,
more than 20 cm thickness of a lead. beta-particles and gaannu-rays.

Paper  Aluminium

\

tonization power

Ol -particles have highest ionization power because of their double positive
charge and large mass. One alpha particle can ionize 10,000 atoms. The ionization

; . . 1 : ' .
power of B- particles is about 7 that of the o -particles and practically the
ionization power of - rays is zero

*hotographic effect
All the three radiations o -particles, B-particles and y-rays can blacken the
' photographic film.

Fluorescence
.Though all the three radiations produce fluorescence when they fall on the
- fluorescence materials like zinc-sulphide but the fluorescence ability of y -rays is less

than the others two.

20.5.2 Laws of radioactive disintegration
We have studied that when a radioactive element disintegrates with time, it
emits O -particles, p-particles and y-rays. Rutherford and his colleague. Frederick
introduced the disintegration theory of radioactivity and summarized it in the form of
the following laws.
i The radioactive decay is spontaneous, and it does not depe:nd upon the physical
and external conditions.
iii The decay has different radiations such as: alpha, beta and gamma but all of
them are not emitted simultaneously.
iii  The rate of decay is different for different radioactive elements.

\32},




The rate of decay is directly proportional to the initial number of atoms of

radioactive element. -
v No element practically decays completely, when its atomic number is less

than 81 1.e. these elements are stable.
vi When an element emits an a.-particles (5He), the nucleus of its atom loses

four nucleons, i.e. two protons and two neutron.
Therefore, the charge number (Z) of the nucleus decreases by two and mass

number (A) decreases by four. Hence the parent element X is converted into the

daughter element ~*Y . This can be expressed by following equation.
A A-4
D EIBVE 2I’-Ie
For example, when an o.-particles is emitted from uranium ;U then we have

“thorium *Th and this change can be represented by the following equation.
U — *pTh+;He
In this reaction we can observe the law of conservation of nucleons.

vii Similarly, when an element emits a B-particles, then there is no change in the
number of nucleons i.e. its mass number (A) remains the same. However, its

charge number (Z) increases by one. Hence, the parent element “X s

converted into a daughter element .Y by the emission of p-particles.
This change can be represented by the following reaction as,
A A 0
ZX =3 .':‘.+I‘Y + —Ie
As we know that electrons do not exist within the nucleus. However, the emission of

electron from the nucleus is being thought that a neutron is converted to proton and
an electron. It means that B-particles is formed at the time of its emission. It is 2

reason that why at the time of emission of B-particles the charge number of the
nucleus increases by one but no change occurs in its mass number.
For example, if a p-particles is emitted from carbon ";C then we have 3N

v

Which may be written as:
HCo YN+ te
Vili  If there is emission of y-rays from an element then there is no change in 1ts
charge number (Z) and its mass number (A), because a y- rays is simply
photon that having neither charge nor any mass. The nucleus is in the excited
State i.e. (‘;X) and acquires ground state after the emission of y-rays. Thus,
the decay of y-rays from the radioactive element is represented by this

equation.

3



(4 x) =AY +y

20.6 RADIOACTIVE DECAY EQUATION

Consider a radioactive element which has ‘N’ radioactive atoms at the stanmg
point. After some time At the number of radioactive atoms of the element decreases
by ‘AN’ due to radioactive disintegration process. If AN be the number of atoms
which decay in time At, then according the law of decay, the rate of decay is directly
proportional to the l[llllal number of atoms of the element, i.e.,

ﬁ e« N ‘ FOR YOUR h‘ ’)H.rlff.-é TION
At e Any quantity that decreases by half
AN over equal time intervals is said to
—=AN ...... (20.6) decay exponentially. |
AT . |e Any quantity that increases by twice |
where ‘A’ is a constant of proportionality | over equal time interval is said to
and it is called decay constant or disintegration | grow exponentially. |

constant. Since the number of radioactive atoms
decreases with time therefore a negative sign has to be mtroduced on the right hand
side of Eq. 20.6.

A N
- 100
or % = M .....(20.7) 901
; 801
Eq.20.7 can be solved using a g =
- mathematical technique called integration sl
and we have the following relation i
N= Nge™ ... (20.8) P |
where N, is the number of atoms of 304 »
radioactive element at t =0. Equation 20.7 204 S,
is known as radioactive decay equation .l ) \
and it shows that the number of atoms of Bttt ; ¥ =

a radioactive element decreases

exponentially with time. Now if we draw ——> time (days)

number of .

“ju A i A ed 1
a graph between undecayed number Of I IH.EU.!. A Qr IPI'L between undec: 1y iy {ure
. cas nucleons and* time showing an exponenti
atoms N and time ‘t’ then we have a ...

curved line as shown in Fig 20.7, which
illustrates the exponential nature of the decay of a radioactive element.
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20.6.1 Half-life of a radioactive clement

Half-life of a radioactive element is a method which is being used to determine
the rate of radioactivity and it is defined as; ‘the time taken for the activity of a
given amount of a radioactive substance to decay to half of its initial value’ or
the time interyal during which half of the given number of radioactive nuclei
decay. It is represented by T,, and its relation can be expresses as;

Let N, be the initial number of radioactive atoms of an element. i.e. at t =

which reduces to T;“ after t= Ty i.e. after one half-life. Mathematically

2

N e No, at 1= 0
N .
and — ?"', at t =T,, (half life).
Thus Eq.20.8 becomes
Nu — N e_lT”z N°
2 0
l: e—m%
2
2= e;'.,T% N‘,-"-z ""'“"":
In2 = AT, - g
7§ (S SG E— .
ATy, =1In2 N8 s viveredinsnmsnncid M- W
0.693 | : ; :
T”Z = T """ (20‘9) Ti- 2T~ 3T, time
. : . Fig.20.8. The decay of radioactive element in
Equation 20.9 gives the half-life of ~®- 5 = Y -

aradioactive element and it shows that the
half-life of an element is inversely proportional to its decay constant.
Similarly, after two half-lives, the half-life of the rest nuclei has decayed and

[¢]

) . s N
radioactive nuclei are left; after three half-lives, 8" are left and so on.

Graphically, the decay of a radioactive element in terms of half-life is shown in Fig
20.8. |

The SI unit of a radioactivity is the Becquerel (Bq). That is, 1Bq = 1decay s™
(Radioactive decay per second). The radioactivity is also being measured in terms of
curie (Ci), where 1Ci=3.7x 10'° decay s’
Thus 1Ci=3.7x10'"Bq...(20.10)
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It may be noted that the half-life of

Table.20.3 Hall-life of some radioactive

I""--—._._____,___.—---

each radioactive element is different as - nuclei. A
given in Table 20.3. B e
Example 20.3 Lithium-8 JLi 0.838s
The half-hfe of carbon ]2(: IS Krypton-89 g 3.16 minutes
5.7 x 10° years, what fraction of a sample Sodium-24 "N 15 hours
of "'C will remain undecayed after a = | — ':n .
period of five half-life times. L ) e
Solution: Cobalt-60 »Co 3-27 years
Half-life of "C T,,, =5.7 x 10° years “Radum-228 | p, 1600 years —
Time for five half-lives = t = > Tin™ | Fganam235 | ™y 703 million
5(5.7x10°y) = 2.85x10°y L ——— = - T
According to the relation for half life
069
Tin= A
0.693
g e
5. 7><10 Y
}.. =1. 216>< 10 }'
Accmdlng to e}cponentlal decay law
N .—.‘No e
E—- i Y
N
s yation
Substityte the values of A and t in 3b( Vlﬁﬁ eqy i ,1](2 ss10'Y)
=e
N,
N - 34650 = 0.0312°
. N, _
htlz 1S the desired fraction. / "—'—6_11——“““*
"llate // 25
Metlmd i 3TV 0
£ T : — //-I".l,’/jr’/_.—-——-———gé—__\__
R I
Lt Syt
2TV, I/_o,gé,/




=1
—

Hence 0.03125 (or 3.125%) of sample of ';C will remain undecayed after a period of
five half-lives.

20.7 RADIATIONS DETECTORS

Radiation cannot be detected directly by human senses. The radiations

detection is possible only when they interact with the matter and there are various

methods by which we can detect the interaction of radiation with matter, such as,
ionization of atoms, scattering from atoms or absorbing by atoms. In this regard, there
are several devices which have been developed for detecting radiations, but we will
explain two of them which are being used most commonly.

(1) GM - Counter

(2) Solid State detector.

Geiger — Muller counter

G.M. counter is a device

designed by Geiger and Muller, used
for the detection and measurement of
all types of radiations. It detects ionizing
radiations such as alpha, beta particles and + =
gamma rays using the ionization effect |
produced in a G.M. tube. The apparatus
consists of two parts, the tube and the
counter. The G.M. tube consists of a pair
of electrodes surrounded by a gas. It
consists of a sealed metal tube whose
boundary acts as a. Cath.Ode' The anode is Fig.20.9. A schematic diagram of Geiger-Muller
in the form of a thin wire lying along the Counter.
control axis of the tube as shown in .
Fig.20.9. The tube is filled with a suitable mixture of Argon gas and Bromine vapours
at low pressure i.e., at about one tenth of the atmospheric pressure. The Argon gas is
called the detecting gas and Bromine act as a quenching gas. A high potential
difference of about 1000V is applied across the anode and cathode through a high
resistance. This potential difference is slightly less than the potential difference which
would produce continuous discharge in the tube.

When a radiation (or high energy particles) from a radioactive element enters
into the tube through a thin window at the end, some of gas atoms are ionized. The
electrons removed from these ionized gas atoms are attracted to the anode and positive
ions towards cathode. The high potential difference between the anode and cathode

lomizing mdiation

lonized gas atom

Annly

- accelerate the electrons and they collide with other atoms of gas, which produce



further ionization. This secondary ionization results in an avalanche of electrons. The
process produces a current pulse and is counted by a pulse counter.

On the other hand, further incoming particles cannot be counted, it is therefore,
when the positive ions strike the cathode, secondary electrons are emitted from the
surface. These electrons would be accelerated to give further spurious count. But it is
represented by molecules of bromine gas, when they absorb the energy of the positive
ions moving towards the cathode. Hence, bromine gas acts as a quenching agent and
it is called quenching gas. The quenching gas must have an ionization potential lower
than that of the principal gas (Argon gas).

G.M. counter can be used to determine the range or penetration power of
ionizing particles. The reduction in the count rate by inserting metal plates of varying
thickness between the source and the tube helps to estimate the penetration power of
the incident radiation. Though Geiger Counter has ability to measure the accurate
count, but it 1s not suitable for fast counting, because of its relative long dead time of
the order of more than a million second which limit the counting rate to a few hundred
count per second. If the particles are allowed to enter the tube at a faster rate, not all
of them will be counted since some will arrive during the dead time. Alternately, we
have another device such as a solid state detector which is fast enough, more efficient
and accurate.

A solid state detector is a
semiconductor detector. It is used to
detect, and fast counting of incident

BSwon Inartve lepes (0] —3p N

charged particles or photons. Its working = > RS
is based on revere biasing in which Wi B
Flerl:lron hOlE: pairs are formed by the o “ £
incident particles which causes a current |t

] L]

pulse to flow through the external circuit.
It consists of PN- junction diode such that
its two opposite sides arc coated with a
thin layer of gold as shown in fig 20.10.
The thin gold layers make a good conducting contact with the external circuit. For
radiation detection this device is connected in reverse biasing of the PN-junction.
When the voltage is applied through the two conducting layers of gold then there is a
large depletion region around the junction. The small current is due to only the flow
of minority carries.

Now when the ionizing incident particles enter into PN-junction through the
depletion region, then they form electron-hole pairs. These mobile charge carriers

Fig.20.10. A schematic diagram ol Solid State

detector.
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10V towards thgir respective sides of the
gnction. This motion of charge carries (holes
nd electrons) _produces a pulse of current o
which is amplified and measured with an W —>{ s2protons.
electronic cbuntt?r called scalar. In a typical

fevice, the duration of the pulse is 10-%s. The
size of the pulse is found p_roportional to the
aqergy of the incident particles. The energy o
sceded to produce an electron hole pair is © | Saprotons.
about 3eV to 9eV, which makes the device

useful for detecting low energy particles. The
collection time of the electrons and hole is
much less than the gas filled counters and
hence, a solid state defector can count very
fast. 1t is small in size and operates at low
voltage. The solid state detectors are more
useful, for detecting o or [ particles but
specially designed detector can also be used
for detecting high energy y- rays.

20.8 NUCLEAR REACTION o "
5 . i A transmuatation from the nucleus ol o U~
A nuclear I'CEICUOI'II IS a process In into the nueleus of o« Pu™ veeurs inan
which two nuclear particles (two nucler or a  induccd nuclear reaction.
nucleus and a nucleon) interact to produce
two or more nuclear particles or y-rays (gamma rays). (O)r nuclear reaction is'a process

that occurs in an atomic nucleus, where a change occurs in a nucleus, such as a
transformation of at least one nuclide to | FIRST NUCLEAR REACTOR
another. In the process of a nuclear : -
reaction, when an clement is converted to
another by changing of its nucleus then |
such a conversion is called nuclear
{ransmutation. ;

| If ‘a’ is a nuclear particle ‘X’ is a
target nucleus, . ‘Y’ is resultant nucleus !
and ‘b’ is a emitted particle then the | |
nuclear reaction can be represented by the An artist depiction of‘th scuing in the sqush court

1 fD][GWing equation; . beneath the stands at the University of Chicago_’s
a+X —>Y+b - Stagg Field, where Enrico Fermi and his
colleagues constructed the first nuclear reactor.

- =

O -

L -

i
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Rutherford, was the first who observed the nuclear reaction in 1919. He
bombarded O -particles on a nitrogen (' N) then he got oxygen (' O) and emitted

particle proton ({H) i.e.,
"N+3He— 10+ H
In a nuclear reaction charge

Endothermlic vs. Exothermle Reactions
number, mass number, energy,

momentum all are conserved. The f.'?s‘f'f{-“f'g-_"

. . " '-,"-_I 1
minimum energy required for a reaction LU
to take place is called the threshold N \.
energy. | _ ' _ S

In nuclear reactlon, enc-rgy 18 Endaihermle Cuothermie

either absorbed or emitted which is called
Q- value and it is equal to the mass defect. The value of Q is taken as positive when
the energy is released, and its corresponding reaction is called exothermic. Similarly,

the value of Q is taken as negative when the energy is absorbed, and its corresponding
reaction 1s called endothermic. For example;

{H+ ]Li > jHe+jHe+17.3MeV
In this reaction Q =+ 17.3 MeV. Similarly,
He—="N—>"0+ H+]. 19MeV

In this reaction Q =- 1.19 MeV
There are two main kinds of nuclear reaction:
I Nuclear fission reaction II Nuclear fusion reaction

20.9 NUCLEAR FISSION

A process in which a heavy nucleus splits into two smaller nuclei with the
release of energy is known as nuclear fission.
Nuclear fission was discovered in 1938 by Otto Hahn and Fritz strassman

; ; . ; 238 ;
pursuing earlier work by Fermi. They bombarded uranium nucleus "5, U with a slow
moving neutron and observed that the uranium nucleus had split into two lighter
nuclei Barium ('3 Ba) and Krypton (53 Kr) with emission of slow neutrons (typically

two or three). On average, 2.5 neutrons are released per event as shown in Fig.20.11,
They also observed that approximately 200MeV of energy was released in each
fission reaction. The equation of above fission reaction is expressed as: :
In+ 23U > ' Ba+ j Kr+3,n+energy |
In nuclear fission, the absorption of the incident neutron creates an unstable nucleus :
and can change to a lower—energy configuration by splitting into two lighter nuclei.

\ 4
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- The combined mass of the daughter nuclei is less than the mass of the parent nucleus

and such difference in mass is called the mass defect. If we multiply this mass deflect
by *C then it becomes equal to the binding energy of the nucleus. This binding energy
must be released when the parent nucleus is splitted into two daughter small nuclei.

s Kr

O

First generation Second generation
Fig.20.11. A schematic diagram for a nuclear fission reaction.

The experimental results show that such reaction releases large amount of
energy. We have studied the graph between the binding energy per nucleon and mass
number which shows that the intermediate elements in the periodic table have hi gher
binding energy per nucleon. Whereas, the binding energy per nucleon of the heavy

elements is little less i.c. the binding energy per nucleon for 33U is 7.6 MeV per
nucleon and 8.5 MeV per nucleon for Barium (' Ba) and Krypton (2 Kr). 1t means

. ; . 235 . : . . 141 92
that if the uranium “, U nucleus is splitted into two nuclei of '}!Ba and 3 Kr then

the amount of energy released will be 8.5 — 7.6 = 0.9 MeV per nucleon. Thus, total
energy 235%0.9 = 200 MeV is released in uranium fission reaction.

20.9.1 Chain Reaction :

A process in which an induced fission reaction continues till all the atoms of
the radioactive material have gone through the fission reaction is called chain
reaction. . :

-We have studied that when a slow moving neutron is bombarded at the nucleus
of uranium-235 it undergoes fission. Beside the daughter nuclei, two or three neutrons
are also released in this fission reaction. These neutrons can further induce fission in
the other nuclei. This is the basis of the self-sustaining chain reaction as shown in
Fig.20.12. If at least one neutron on average, results in another fission, the chain

reaction is said to be critical. Because a sufficient amount of mass is required to

increase the probability of a neutron being absorbed, a critical mass of fissionable
material must be present. Similarly, if less than one neutron, on average, produces
another fission, the reaction is termed as sub critical. If more than one neutron, on
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average, produces another fission, the reaction is said to be supercritical. An atomic
bomi is an extreme example of a supercritical fission chain reaction.

uCF
&

fission
fragmenls

ﬁfﬁf

neulron(n)

v

n

n

c
r
(]
w
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Fig.20.12. A schematic diagram of Chain fission reaction.

In chain reaction, the process proceeds very quickly and in very short interval
of time, the whole radioactive element undergoes fission. The observations show that
if the chain reaction is not controlled, it can result in a violent explosion with the
sudden relcase of an enormous amount of energy. However, when the reaction is
controlled, the released energy can be used for constiuctive purpose for example
energy released during the process is converted into clectrical energy.

20.9.2 Nuclear Reactor

A nuclear reactor is a system used to initiate and control nuclear chain reaction
to produce heat. This heat encrgy is used to generate stecam, which operates a turbine
and turns an clectrical generator. For example, when fission reaction is induced, then

Puwcr |I|"I{:S

o Transformer k\- fa e —
Boiling water Steam j-::» A
Reactor /_ ﬁk

!

Control UL A

rods | — ? g Heat 79
| |5 exchanger |
Fuel H | : Turbine -l i
ot | | (boiler) _I_
Condenser| | Generator

"“'“W‘ater/ ‘ ‘ l ‘
pumps

L 7 S - _

Production of heat Production of electricity

Fig.20.13. A schematic arrangement of nuclear power plant.
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energy at the rate of 200 MeV per fission is produced. This energy appears in the form
of kinetic energy of the fission fragment, these fast moving fragments besides
colliding with one another also collide with the uranium atoms. In this way, their
kinetic energy gets transformed into heat energy. This heat energy is used the produce
steam which in turn rotates the turbine and then turbine operates generator to produce
electricity. The whole process of the nuclear power plant is shown in Fig.20.13.

The nuclear reactor was introduced in 1942 by Enrico Fermi and his colleague.
They used uranium as the fuel. A contro]ﬁl.cd nuclear reactor has the following

important parts. ™

Most reactors in operation use uranium as fuel. Natural uranium contains 0.7%

. . s “~ 238 .
of the zéiU isotope which is fissile. However, the remaining 99.3% of “5, U which
does not contribute directly to fission process. It is noted that if the neutrons are

slowed down, then they are much more likely to be captured by 2;:::U and induce

fission. For this reason, the quantity of fuel 3;EU is increased a few percent. The

nuclear fuel is sealed in long, narrow metal aluminum tubes called fuel rods.

The neutrons emitted by fission are moving very fast. At this high speed, the
chance of a neutron being captured by another nucleus ;U is very small, therefore,
the high speed neutrons are slowed down by collision with the nuclei in the
surrounding material called the moderator, so they are much more likely to cause
further fissions. In nuclear power plants, heavy water or graphite is often used as
moderators. '

(ol .
Besides the moderator, there is an arrangemeént of control rods made of
cadmium or boron which are very efficient in the absorption of fast moving neutrons
without undergoing any additional reaction. Thus, the rate of reaction is controlled by
inserting or withdrawing control rods in the core of the reactor.

Coolan

The fission reaction produces heat in the core of the reactor. This heat causes
rise of temperature of the water contained in the primary loop which is maintained at
high pressure to refrain the water from boiling. The hot water is pumped through a

heat exchanger, where the internal energy of the water is transferred by conduction to
the water contained in the secondary loop. The hot water in the secondary loop is
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converted to steam, which does work to drive a turbine generator system to produce
electric power. -

Protective shield ;
In a nuclear reactor, there are many types of harmful radiations emitted which ',

arc dangerous for all living things. In order to protect from these radiations, the reactor ]
is surrounded by a massive biological shield. i
]

Kinds of reactors
Basically, there arc (wo kinds of nuclear reactors such as:

(i) Thermal or slowdown reactor (i) Fast reactor

The neutrons which are slowed down by using moderator called thermal

nal neutrons can casily capture by the nucleus of %3 U to induces

h reaction is called thermal or slowed down reaction, its

neutrons. These thert

a fission reaction. Suc
corresponding reactor 1$ called thermal reactor. |
On the other hand, the fast moving neutrons can capture by the nucleus of

J;fU to create a fission reactions, such reaction is called fast reaction. Some neutrons

B T . ———— |

are allowed to escape and under suitable conditions they will be captured by nuclei of

L 2n
281 which arc converted to plutonium ~“Pu ie.,

92
[, 238 239 0
on+ U= " Np+ e
239
(}3

239 ]

l
I
As miore plutonium can be produced then the required to enrich the fuel in the ?
core, so these are called fast reactors. In fast reactor, the moderator is being used. 1
Because the nuclei of plutonium are fissioned by fast moving neutrons. The core of 1
fast reactor contains a mixture of plutonium and uranium dioxide surrounded by a :

238
. blanket of ;U Nuclear Fusion

20.10 NUCLEAR FUSION ".[.‘“
A process in which two lighter 0

nuclei fuse together to form a heavier  pPeuterium

nucleus and release a large amount of

energy is known as nuclear fusion

reaction. In this process, the mass of the .

- resultant nucleus is always less than the (4
sum of masses of the eriginal nuclei (}O
which arc fused. The missing mass is Tritium Energy Neutron A
converted into energy which is released
during the reaction. Though fusion

4

Fig.20.14. A schematic diagram of nuclear fusion
reaction.



fusion reaction is essentially the opposite of the nuclear fission. The energy released

, per unit mass in nuclear fusion is more than the energy released per unit mass in

‘){ nuclear fission. For example we have studied the graph between binding energy per
\1
Ll
|

E reactions release energy for the same reason as fission reaction, but the process of
i

nucleon and mass number, where the nuclei near A=56 have the highest binding
energy per nucleon, therefore, when two light nuclei are fused together to form a
heavy nucleus whose mass number ‘A’ is less than 50, then there will be huge amount
of energy released. The observation shows that the most energy is released if two
isotopes of hydrogen, {H? and \H? are fused together as shown in Fig.20.14 under the
,] following reaction;
| ’H+1H - ;He+ gn+17.6MeV

J Ip this reaction Q-values is 17.6 Mev. FOR YOUR INFORMATION
' Due to the strong binding of ;He, there is | The energy released in fusing a pair of

hydrogen nuclei is less than in
release of energy of about 3.5 MeV per nucleon Efiiing & uranium nuclens SELES

in fusion reaction. On the other hand, 0.7 MeV | e ause there are more atoms in a gram
per nucleon is released in fission reaction. Thus, | of hydrogen than in a gram of uranium,
this result shows that in nuclear fusion process, | gram for gram, the fusion of hydrogen
lighter nuclei fusing to form a heavier nucleus releases several times more energy as
* is a more prolific source of energy. But it is the fission of uranium.

comparatively more difficult to produce fusion because of large electrostatic repulsive
force between the two nuclei. The force becomes stronger, when the nuclei are
brought very close for fusion. To overcome this repulsive force, the two nuclei must
have high speed or kinetic energies. This high speed can be achieved by increasing
the temperature. Typically, the temperature of order 10°K is required for fusion to
induce. At such a high temperature, a substance is a completely ionized plasma. This
means a fusion reactor’s fuel is in the form of plasma.

The induced fusion by high temperature is called thermonuclear fusion. Such
a high temperature can be achieved by explosion of an atom bomb for short time.

Nuclear reaction-in the sun
The sun is a star and is mostly composed of the elements hydrogen (75%),
* helium (25%) and other element (less than 0.1 %). The sun continuously generates its
energy in the form of light and heat by nuclear fusion of hydrogen nuclei into helium
nucleus. In its core, the Sun fuses 500 million metric tons of hydrogen each second.
The temperature of its core is about 20 million degree Celsius. While its surface
temperature is about 5 million degree Celsius. Most of its energy is due to the fusion
of hydrogen to a nucleus of deuteron. Such reaction can be expressed as;

'H+ |H — 2H + Se +energy

¢
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Similarly, the fusion reaction of deuter

a helium (3He) nucleus i.e.,

2 ! 3
"H+ H— ,He+energy

Now at the final stage, th

represented by the following nuclear
He+ >He —

This reaction shows that there are
six hydrogen atoms take part in the
reaction. Four hydrogen atoms have
formed a helium nucleus and two
hydrogen atoms arc surplus. It has been
measured that in the hydrogen-hydrogen
reaction, there 1s a 25.7MeV energy Is
generated at the rate 6.4 MeV per nucleon
which is quite a large amount of energy as
compared to the energy obtained per
nucleon from a fission reaction.

20.11 RADIATION EXPOSURE
We have observed the detection of
radiations using various instruments, like G.M
tube ete. The radiations can also be detected in
the open environment cven when there 1s no
radioactive source present near the instrument.
This is due to background radiations i.e., the
rdiation which exist around us in the absence
of deliberate radiation sourc
cosmic rays - radiation that reaches t
rocks and soil - some rocks arc radioactive and
living things - plants absorb radioactiv
onwards through the food chain.
There are both low and high level b
natural sources. Radiation exposure isam
ionizing radiation from high-energy photons (
Instead of natural sources, the ra
activities, such as the radiations from some ma

" some radioisotopes.

reaction.

'\34},

4 1 l
‘He+ H+ H+energy

Nuclear fusion reaction in the sun.

FOR YOUR INFORM {TTON
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Background  radiation refers
radiation that is always present. [t
comes from sources such as the Sun,
space, soil, living organisms, medical
procedures and the materials used in

buildings.

f background radiation include:

es. Natural sources 0
he Earth from space,
give off

e materials from

ackground rad
easure of the joniza

i.e. X-rays and gamma rays).
o due to the human

diations exposure is als .
building which contalns

terials used in

radioactive radon gas,

B |

on (*H) with the hydrogen ( {H) forms

e fusion reaction of two nuclel of helium (3He) is is

the soil and these ar¢ passed
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tion of air due to
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The X-rays and other radiation used in the medical diagnosis and therapeutic,
radiation from burning of toxic materials or fuel in industries etc. arealso sources of
¥ background radiation.
Low level background radiations from natural sources are being considered to
., be harmless, whereas, high level radiation exposure causes damage to any material,
including the material that compose our bodies. Radiation damage is the effect of
ionizing radiation on living things i.e. humans, animals and plants. Radiation
exposure to even small amounts over a long time, raises your risk of cancer. One of
the most common types of radiation damage to humans is due to the ultraviolet rays
in sunlight. These lead to sunburn and tanning of skin. Though most of the sun’s
ultraviolet rays are absorbed by the ozone in the upper atmosphere. But it has been
observed that excessive release of chemicals. in atmosphere such as
chlorofluorocarbon (CFC) deplete the ozone layer.
If the exposure is measured in terms of Sievert (Sv), then it has been estimated
that, each person experiences a background radiation dose of 1mSv in a year, a
lifetime exposure would reduce our life expectancy about 40 days.

51%-radon and its daughter products are released into the air following the decay of naturally
occuring uranium Isotopes found in granite

[ - e ; oy
WORTI., i . R | . S W % medical
s f==2day s R L e T - :g:b-rcﬁwﬁ
& 3 x-
s s as X-rays
"""-'-t.___' o = 12%-internal sources
10%-cosmic rays fr : * ok and
om liquids we drink and
outer space less than 1%from leaks from the air we breathe

and fallout

Explaining the radiation from various sources that absorbed by a person.

. 20.12 BIOLOGICAL EFFECT OF RADIATIONS
Under the term radiation we include (a,B particles) and electromagnetic
! radiations (y-rays x-rays, UV etc). These radiations have a great interaction with

- living organisms. When these radiations interact with the atoms of the matter, they
may cause ionization which can damage the cells of the living tissues. The degree and
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type of damage depend on several factors, such as; strength and energy of the
radiations as well as the property of the matter. For example, alpha particles cause
extensive damage but have small penetration power. The neutrons penetrate deeper, {
causing significant damage. Gamma rays are lugh energy photons that can cause
severe damage.

It is a well-known fact that excessive exposure to radiations can cause very
severe illness or death by a variety of mechanism including alternations of genetic
material and destruction of the components in bone marrow that produce red blood
cells, the different biological effects of radiations can be classified into two classes;
somatic effect and genetic effect.

Somatic effect is a radiation damage to any cell such as, , skin cells, lung cells
etc. but the productive cells are exempted from it. Somatic effect causes of cancer or
seriously alter the characteristics of specific organisms. On the other hand, the genetic
effect is a radiation damage to only reproductive cells. Due to damage the genes in
the reproductive cells, genetic effect causes defective offspring or mutation.

20.13MEASUREMENT OF RADIATIONS EXPOSURE AND

DOSE

The effects of radiation can be | Taple20.4 Relative hinlngicnl effectivencss
measured using interrelated units that is (RBE)
in terms of radioactivity, ecxposure, S diation SoE
absorbed dose, and dose equivalent.

. T.he aclivity or rate of dcpay of a é::{:n o :
radioactive source is measured in terms Beta particles ]
of Becquerel (Bq), where one Becquerel Alpha particles
is defined as, one atomic disintegration e Kp®
per second. : Neutrons:

[ts larger unit is curie (ci) which equals to gmﬁ'ﬂiﬁ?ﬁm .
3.7x10" atomic disintegration per genctic changes 41010
second. [ — '

Similarly, the exposure of Xtrays and - rays are measured in term of roentgen
(R), where the quantity of radiation which produces of 2.08x10° ion pairs in 1 cm’of |
dry air is known as one roentgen.

On the other hand, the effect of radiation on an absorbing body, which relates
to a quantity called absorbed dose (D). It is the amount of energy absorbed from 1
lonizing radiation per unit mass ‘m’ of the absorbing body, i.e.,

o
Absorbed dose(D) = absorbed energy(E)

Unit mass(m)

25
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The SI unit of absorbed dose is gray (Gy) equals to the absorption of one joule

of radiation energy per kilogram (1J per kg) of matter.
Another common unit for absorbed dose is rad. (radiation absorbed dose) Irad=0.01]"

absorbed dose and RBE. i.e.,
De=D x RBE

exposed to radlauon per year

e — -—

The ST unit for biologically equwéient dose is Slevert (Sv)

where 1 Sv=1Gy x RBE

kg' =0.01 Gy. T . I -
The analysis shows that dfffcrent Tahle.20.5 ;‘wcrqrrc radiation doses froma |
kinds of radiation cause different | number of common sources of ionizing
biological effects, even if the absorbed | radiation.
dose is the same. For example, for the | | Jypesof Exposure =
T o1 20 Watching television for a year 10
: S_ame absoroe 05_"3’ . -particles are i Radiation from nuclear power stations | 10
times more damaging than x-rays. This | | fora year.
variation can be described by introducing | ';’*’ﬂariﬂgﬂ radioactive luminous “)’ﬂtﬂh 30
. . iy x or a year (now not very common
the quality factor (QF)_. Some tl’me, It 1. | I oeviie aohes oy 500
ca“ed_ the re}atlt"e _ b'?logtca[ Radiation from a brick house per year | 750
effectiveness (RBE) which is assigned to | | Maximum dose allowed to general | 1000
each type of radiation. : - | public from artificial sources per year
To measure the biological effect | xzrckmg S atonth i (8 jpeaniuy) 1000
caused by exposure to radiation, we . Typical dose received by a member of | 2500
calculate the biologically equivalent dose | | the general public in a year from all
De) and it is defined as the product of | | SOurces
(De) p *| | Maximum dose allowed to workers | 50000

Another unit of biologically equivalent dose is rem (roentgen equwalent in men)

]l rem= 0.01 Sv

20.14 BIOLOGICAL AND MEDICAL USES OF RADIATIONS

Radiations are widely used in medicine, diagnostic examination, biological
research and education for a range of purposes. We will explain a few of them, such
as radiation therapy, diagnosis of diseases and tracer techniques.

| Radiation therapy

Radiation therapy is one of the
most -useful application of nuclear
physics. It is used in cancer treatment as
it works by destroying cancer cells and
damaging a cancer cell's DNA so that it
stops dividing and growing. The idea of
radiation therapy is to supply enough
radiation to destroy the intentional

Fig.20.16. A process of radio therapy.
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sclective tissue such as tumors. The radiations can be applied internally or externally
by using various mechanism. In case of the internal treatment, the radiation sources
are placed very close to the tumor site, or sometimes they may be injected into the
tumor. Similarly, in case of external treatment the sources are placed at a distance
from the body and the radiation are directed toward the cancer site of the body. In this

method a narrow beam of X- rays or y- rays from Co® is widely used as shown in
Fig.20.16.

I Diaenosis of diseases

There are several nuclear medicine procedures for diagnostics and treatment
of discases. For example, some chemicals are absorbed by the organs, i.c iodine is
absorbed by thyroid, phosphorus and strontium by bones, cobalt by liver and so many
other. All these can serve as tracer, and they provide information about the
functioning of a body’s specific organs, or to treat diseases, for example, iodine is
being used to check whether a person’s thyroid gland is working properly. Similarly,
radioactive isotope sodium 24 is being used to monitor the circulation of blood in the
body. Liver gallbladder problems can be diagnosed using hepatobiliary iminodiacetic

acid, technetium-99 is being used to diagnose cancer, embolisms (heart diseases) and
other pathologics.

1! L racer techniques

Many radioactive isotopes are
used as tracers, to follow the path that
various chemicals take in the body. For
example, it has already been explained
that iodine, a nutrient nceded by the
human body is obtained largely through
the intake of iodized salt and scafood.
Nearly 70-80% of the iodine is stored in
the thyroid. A small quantity of
radioactive sodium iodide containing
I1-131 is fed or injected into the patient,
The half-life of this radioactive isotopes I-
131 is 8 days and it is carried directly to Radiation Counter
the point in the body where its radiation is needed in the treatment of thyroid cancer.

Similarly, radioactive sodium in the form of a solution is injected into a vein
of an arm or leg and the time at which the radio isotope reaches at another part of the

body is detected with a radiation counter. The elapsed time is a good indication of the
absence or presence of constrictions in the circulatory system.
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In the field of agriculture, tracers are being used to determine the best method
of fertilizing a plant. A certain element in a fertilizer such as nitrogen can be tagged

with one of its radioactive isotopes.
To measure pesticide levels, a pesticide can be identified with a radioisotope,

such as chlorine-36. The tracer technique has also helped to explain the process of

photosynthesis. ¥ .3
20.15 BASIC FORCES OF NATURE

All the natural phenomena or interaction ’ DO YOU KNOW
can be described in terms of by the existed | Without the nuclear strong force —
forces of nature. The four fundamental forces of | strong interaction — there would be no
nature are Gravitational force, Weak nuclear | atoms beyond hydrogen.
force, Electromagnetic force and Strong nuclear
force.

The strong nuclear force is an :"“}C"\)M
attractive force between nucleons, and OL-‘
it holds the neutrons and protons A &

together in the nucleus. The nuclear
force has a very short range and is Strong force Electromagnetic
negligible for separation distances binds the nucleus force binds atoms
between  nucleons . greater  than

Ld - ] 'IS > /V
approximately 107> m, . | ,;_”

The electromagnetic force is the .
umﬁcm.ton of the electric force and the Weik faecacli Gl o
magnectic force. These two forces were radioactive decay binds the solar system
unified by Faraday and Maxwell. The Four basic natural forees.

electromagnetic force binds atoms and
molecules together to form ordinary matter. It has a long range. It has a strength of
approximately 107 times that of the nuclear force.

The weak nuclear force has a short range and it is much weaker than the strong
nuclear force. Its strength is only about 10-* times that of the strong nuclear force. The
weak force produces instability in certain nuclei and hence it is responsible for decay
processes. : |

The gravitational force is an attractive force that acts on all forms of masses.
It is a long range force. i.e., it has a strength of only about 10~*? times that of the
nuclear force. The gravitational force holds the planets in their orbit around the Sun,
stars and galaxies together in the universe. Its effect on elementary particles 1s

negligible.

\39
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20,16 ELEMENTARY PARTICLES AND THEIR CLASSIFICATION

The idea that all matter is composed of elementary

particles has a long history. In the early age about 400 B.C., the -
Greek philosophers believed that matter is made of indivisible ( =
particles. They were named them as atoms. But at the end of the -
19" century, when the clectron, proton and neutron were :'::“

discovered, then these particles were considered as the

fundamental constituents of matter. After 1935, the observations E% 7.
of several experiments pointed out that protons and neutrons are

: - Neutron (o proton)
mi.ldc.up of extremely tiny particles called quarks. So the I“‘““"'“"
scientists had recognized that the protons and neutrons could not

be the fundamental particles of the matter. Until the 1960s, there
were a great number of subatomic particles including the two
elementary particles were also discovered. Thus, according to
the current theory, all matters are constructed from only the two
families of particles: quarks and leptons. They are considered as
clementary particles. Now all the sub-atomic particles can be
classified into two classes.

Fermions (Quarks, Leptons)

Boson (gauge bosons and the Higgs bosons)

All these particles can be explained on the basis of the
fundamental force between them as well as on the value of their
spin momentum. e.g., the particles with half integral spin are
called fermions and those with integral spin are called bosons. _

The word Leptons is derived from the Greek word ‘Leptos” which means thin
or light. The leptons are the elementary S

The building block
ol matter.

particles and have no measurable size or Table.20.6. C'““ﬂ:%::::’ pLECmEnLy 1
internal structure. There are six types of |- . —_—
leptons:  electron, electron  neutrino, pecee | GewseNew | o | ot |
muon, muon neutrino, tau and tau Eiscad P | L3 \

" neutrino. For cach of these, the neutrino L ::-4 a._%_aa
brand carries a neutral charge, while their :::1 | T :
counterparts all have a negative charge. | ™\ Foamsts | 1 \
All  leptons have weak and Quutk Peamaa | 13 |
clectromagnetic interactions. Since the apahae i $ :

s . He atein (jteuad tate) Boson ¢
spin of all leptons is equal to 14, so they | = e e - -
are also called fermions. T 2 £
' Deutteit Dok \ &
&5




Boson is a particle that has a whole number spin PO ; \, T ;rg p()'\ 'DE }'f
and it carries energy. A photon is an example of | Which quarks and laptons are found in

a boson as it has a spin of 1. ' anatom?

Hadrons derived from the Greek 3 1
word ‘hadros’ means strong. or robust. FOR TOUR B el
They are not considered elementary
particles. Because they are composed of
two or more quarks, i.e., hadron is a
composite particle. The protons and
neutrons in the nucleus of an atom are
composite particles, as they are
composed of quarks. However, electrons
orbiting the nucleus are not composite
particles. Hadrons have strong nuclear
interaction. There are two classes of :
hadron’s i.e., mesons and baryons. The Big European Bubble Chamber (BEBC) at

Mesons derived from the Greek word | CERN, near Geneva typical-of the large bubble

“meso” means middle. i.e., the mass of | chambers used in the 1970s to study particles

mesons lies between the masses of the | Produced by high-energy accelerators. o

clectrons and the protons. Mesons have not only weak but also strong nuclear
interaction. The spin of all the mesons is equal to 0 or 1, so that they are called bosons.
Charged mesons decay into electrons and neutrinos while uncharged mesons may

decay to photons.
Baryons, the name baryon means heavy in Greek. All baryons have strong

; ; B G l 3 . ;
nuclear interaction and their spin is equal to 3 or 5 so that baryons are fermions.

e.g., protons and neutrons are Baryons. All Baryons except protons are unstable and
they decay in such a way that the end products include a proton.

y o 5 R SUMIMARY.

. Atumtc number: The number of proton, msuie thc nucleus or the number of
electrons in the allowed orbits around the nucleus is called atomic number. It is
represented by ‘Z’

e Mass number: The total number of protons and neutrons inside the nucleus s

called atomic mass number it is represented by A.
* Nucleons: The protons and neutrons in a nucleus are collectively called nucleons.

e Isotopes: The nuclei of an element that have the same atomic number Z, but have
different mass number A are called isotopes. :

1 !
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o Isobars: The nuclei that have the same mass number A, but have different the
atomic numbers ‘Z’ are called Isobars.

e Mass Spectrograph: A process in which the isotopes of any element are
separated is called mass spectrograph.

Mass defect: The difference in mass between the mass of the nucleus and the
sum of masses of its constituent nucleons is known as mass defect.

Binding energy: The amount of energy that holds the nucleons in a nucleus or

energy needed to break down the nucleus into its constituents is called binding |
energy

Radioactive elements: The elcmcnts whose atomic numbers are greater than 82
sare unstable and emit radlatmns These elements are called radioactive clements.

Radio activity: The process of spontaneous emission of radiations(a.,Bandy)
from a radioactive element is called radloactmty

Half-life: The time in which half of the given number of radioactive nuclei decay
is known as half-life of radioactive Elements.

Geiger — Muller Counter' It is a device used to detect and count the ionizing
particles.

Nuclear reaction: A process in which a change occurs in a nucleus by
approaching a nuclear particle is called nuclear reaction.

Fission reaction: A reaction in which a heavy nucleus splits into two lighter
nuclei with release of energy is called fission reaction.

Fusion reaction: A reaction in which two light nuclei are fused to form a heavy
nucleus with release of energy is called fusion reaction.
* Elementary Particles: The particles which made up the other sub atomic

particles are known as clementary particles, these particles can be classified into
two classes

(1) Fcrmions

(2) Bosons

) “iw4 -+EXERCISE ..
Q  Multiple Choice QI.I'L‘HIUII.
1. Proton was discovered by
(a) J.J Thomson  (b) Chad wick (c¢) Ruther ford (d) Neil Bohr
2. Which of the following particle was discovered by Chadwick?

(a) Electron (b) Proton (c) Neutron (d) Photon
3. Which of the following particle has the greatest mass?
(a) Electron (b) Positron (c) Proton (d) Photon
4. The energy cquivalent of one atomic mass unit (a.m.u) is
(a) 1.6x10"%) (b) 1.6x10'°J (c) 931 MeV " (d)9.31 MeV

350
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10,

1.

k3

14,

16.

17.

18.

, %57
The number of neutrons in the nucleus of 5 U is

(a) 92 ~(b) 143 (c) 235 (d) 327
The Nuclei Na and 2Ne are known as

(a) Isotopes (b) Isobars (c) Isotones (d) Isomers
Which of the following nucleus has the highest value of binding energy?
(a) JHe (b) ¥Fe (c) 's¢Ba (d) *5U
The binding energy per nucleon remains constant at

(a) 6 MeV per nucleon (b) 7 MeV per nucleon

(c) 8 MeV per nucleon (d) 9 MeV per nucleon

The nuclei have maximum binding energy per nucleon whose mass number lies
between

(a) 50-60 (b) 100-150 (c) 150-200 (d) 200-235
Curie is the unit of _ '

(a) Energy (b) Intensity (c) Radioactivity  (d) Half life
The rate of decay depends upon

(a) Pressure (b) Temperature

(c) Intensity (d) Number of nuclei

Which rays have highest ionization power?

(a) o - rays (b) - rays (c) y-rays (d) X - rays
A radioactive element will decay when its atomic number is

(a) Equal to 82 . (b) Less than 82

(¢) Greater than 82 (d) does not depend upon number

When a radioactive element emits a -particle the mass number of the atom will
be |

(a) increased by 1 (b) decreased by 1
(¢) increased by 2 (d) remain the same
The unit of decay constant * A.* is :
(a) m (b) m! (c)s (d) s
The energy released per fission reaction is

(a) 0.85 MeV  (b) 28 MeV (c) 150 MeV (d) 200 MeV
Moderator used in a nuclear reactor is

(a) Ice (b) heavy water (c) boron rods (d) cadmium rods
The energy released in a fusion rcaction is _

(a) 0.85 MeV  (b) 28 MeV (¢) 200 MeV (d) 400 MeV

On average, the number of neutrons emitted per fission is
(a) 2 (b) 2.5 - (c)3 | (d)3.5 ,

4
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20. Which force has the negligible effect on elementary particles?

21.

22.

- Al

fod Id =
- 2 .

de

%

How many lladrons are therc"’

(a) Strong nuclear force (b) Weak nuclear force

(c) clectromagnetic force (d) gravitational force
The particles with half integral spin are known as

(a) Fermion (b) Photon (c) Bosons (d) Meson
Which of the following particles have the highest value of mass?

(a) thons (b) leptons (c) mesons (d) Baryons

.. SHORT QUESTIONS

Dlsnngmsh between atomic number and mass number.
What do you know about the atomic mass unit?
Why carbon atom is being used as a reference for atomic mass unit?
Differentiate between - _ /

(a) Isotopes and Isobars (b) Isotones and Isomers

Why the mass of the nucleus is always less than the sum of masses of its
nucleons?

Describe briefly binding energy.

How does stability of a nucleus depend upon the bmdmg energy per nucleon?
Express the relation between Curie and Becquerel.

What do you know about the radioactive elements? |

Explain the conversion of parent nucleus into the daughter nucleus.

Why o - particles, - particles and Y- rays are not emitted srmultancously'?
What is the decay constant?

What is meant by nucleus transmutation?

What is the role of moderator in the nuclear reactor?

Why fusion reaction releases more energy per nucleon than fission reaction?
Why a fast reactor does not require moderator?

Why fusion reaction is more difficult than fission reaction?

What is process by which the Sun generates its energy?

How many forces of nature are there?

Distinguish between elementary and sub atomic particles.

What is the difference between Fermions and Bosons?

State *md exphm lhc composmon ot a nucleus of an dtom with all its properties.
What do you know about the isotopes, isobars, isotone and isomers? Explain all

them with examples.
Define mass spectrograph. How can we separate the isotopes of an element by

this method?




7.  State and explain the functiong and working principles of the following two
radiations detectors.
1) GM-counter 2) Solid state detector

8. Discuss nuclear reaction with all jts kinds,

9. State and explain nuclear fiss

ion and chain reaction. Also discuss the various
parts of the nuclear reactor.,

10. What is nucleus fusion reaction? ¥

¢ Exnlain nuclear fusion reaction in the Sun
11. State and explain radiation CXposure and varioyg methods used for its
measurement, '
12. How can we diagnose and treat the fatal diseases like cancer by using radioactive
radiations? ;
13. What do you know about the basic forceg of nature? Explain their interag;,
14,  Discuss the clementary part

icles and their classiﬁcations.

inding energy per nucleon of “N.
(0.108513u, 101MeV and 7.2MeV)
is 3.16 minutes. Find its decay constant: (3.66x103 571y .

The mass of "N nucleus is 14.003074u.
2. The half-life of 2Ky

& 3 The half-life of radium is 1600 years. How many radium atoms decay in.1s in .
I - a lg sample of radium? (Mass number of radium is 220 kg/k mol)
e -

- (Practically no atom of radium-220 wil| decay in 1s)
' b VP
4 The half-life of 6C is 5700 years. What frz‘ictlon,of a sample of "C will
: remain unchanged after a period of five half-lwe.s"?h- ~ (0.0315) |
S.-Determine.the energy associated with the following nuclear reaction,
} f - Sy - UN+jHe»'"0+'H
_Tlie relevant nuclear'masses are:. - ,
' e m(iN) =14.003074u, m(_;He)=4.oozsn3u, m('10)=16.999131u and
-m(|H)=1.007825u

| (-L191Mev)
Calculate the,énefgy associate with the given m:u:iear fusmn-rea‘cthn._ -
=y H#Ho jHesgn

I_




APPENDIX A _
Some useful fundamental constants

Name Symbol Numerical Value
Speed of light c 2.9979%10% ms"!
Charge of electron e 1.602x1019 ¢

Mass of electron Me 9.109%107! kg

Mass of neutron my [.675x10%*" kg
Mass of proton mp 1.673x10?" kg
Planck’s constant h 6.626x107% ] s
Planck’s constant h=h/2n 1.05x103 J g
Boltzmann constant k 1.381x1023 JK-!
Stefan-Boltzmann constant o 5.67x10% W m2 k2
Electron volt eVo 1.602x1019 ]
Electron rest energy moc? 0.5109989 MeV,

e e 1.7588x%10'! kg''C
— for electron -

m m _
Permittivity of free space £, 8.854x10"2 C2N-' m-
Coulomb constant e | 8.99x10° N m? C?2

4rme,

Permeability of free space Ho 4nx107" wb A™' m™
Atomic mass unit a.m.u (lu) 1.66x102 kg
Rydberg constant Ry 1.097%107 m™*

Bohr radius r 5.29x10" m
Electron Compton wavelength 243102 m

@




APPENDIX B
Particles of Atomic Physics

Particle Charge | Mass (electron | Mean Life
mass) (sec)
Electron —¢ | ‘Stable
Proton, |H' +e 1,836 Stable
Antiproton =@ - 1,836
Neutron, gn' 0 . 1,837 ~1.000
Antincutron 0 1,837 ==
Positron +C ] Stable
O -Particle, 2He! +2¢ 7,270 Stable
Duerron, 1D? or |H? +e 3.630. Stable
Photon, ¥ 0 0 Stable |
Neutrino, v . 1. © 0 Stable
Antineutrino 0 0 B
Mecesons:
Mu meson, Jt* e 207 (2)(10°)
Pi meson, ' te 273 2)(10%)
Pi meson, n° 0 264 ~10716
Tau meson, t' Te 965 ~107
Kappa meson, k' te 920 — 960 ~10"
Theta meson, 0" 0 965 (1.5)(10°1%
Theta meson, 0 te 35 ~10" "
Hypcrons:
A 0 2,180 (3)(10°1%) |
= e 2,300 1070 |
5 e 2,300 <1010
- —¢ 2.600 ~10:10
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GLOSSARY

Alternating Current

A current which changes purmdncal ly with tlmc both in
positive and negative directions.

A.C-Circuit

An electrical network which is powered by A.C Source.

A.C Generator

A device which converts mechanical energy into electrical

cnergy |
A.C Motor A device which converts electrical energy into mechanical
cnergy.
Ammeter A device which is being used for the measurement of

electric current.

Amorphous

The solids whose atoms, molecules and ions are not

Ell'l'ﬂi_'lgC(l In a l'Cgll'IlI' manaor.

——

Ampere

It 1s the SI unit of electric current.

Artificial
Radioactivity

The emission of radiations or energy during the nuclear
rcaction either fission or fusion.

The number of protons in the nucleus of an atom.

Atomic Number
Avalanches

A process that the particles ionize the molecules of the
gas.

Annihilation of matter.

A process in which two anti-particles disappear to form
two y-rays photon.

Avometer

A multimeter which is being used Fou the measurement of
current, voltage and resistance.

Absorb dose

| The quantity of radiation absorbed per unit mass.

Back emf

The emf that induces during the rotation Of motor and it
_opposcs the applied emlf.

Becquerel

Itis the SI unit of radioactivity.

Binding energy

The energy which keeps the nucleons in a nucleus or the
energy which breaks down the nucleus into its constituent
protons and neutrons.

Blackbody

A body which absorbs all the radiations of all wavelength
that fall on it and vice versa.

_Black body radiation

Emission of radiation from a black body.

Baryons

A class of hadrons. These are heavy particles and their
spins are half.

Bohr’s radius

The radius of the first orbit of ‘hydrogen atom.

Bosons Those particles whose spin is a multiple integer e.g.
electrons, protons etc.
Bulk Modulus The ratio of volumetric stress to volumetric strain
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Brittle substance The solids which break down just passing the elastic
limits.
Band Theory Discrete energy levels of atoms that overlap to one another

in the form of bands. These bands explain insulators,
conductors and semiconductors of solids.

Capacitive reactance

Resistance of a capacitor is called capacitive reactance.

Capacitor

A device which is being used for storage of charges.

Chain reaction

A series of nuclear fission reactions initiated by a single
neutron with *; U

Charges A property of a body such that attracts or.repels the other
charged particles.

Choke [t is a coil (inductor) lhat controls the current in an A.C.
circuit. ' i

Circuit An electrical network which consists of a source of emf
with a number of components connected across it.

Current The rate of flow of charges.

Coherent light The light with same frequency and phase.

Compass needle

A device which detect the presence of magnetic field.

Compressional strain

When a change occurs in a body in its volume duc to

deforming force then its  corresponding strain 1S
compressional strain.

Compton cffect

An interaction of x-rays photon with an electron at rest,
where photon transfer a fraction of its energy to the
electron. So the energy of photon is decreased.

Compton shift

The wavelength of photon is increased when it interacts
with an electron at rest.

Conservation of
charges

In an isolated system, the total amount of charges remains |
constant.

Coulomb

It is the SI unit of charge.

Coulomb’s law

The electrostatic force of attraction or repulsion between
two point charges is directly proportional to the product of

charges and inversely proportional to square of thcI
distance between them. |

Crystalline solids The solids whose atoms, molecules and ions are arrange |
in a regular manner.

Curie It is the unit of radioactivity.

Collector It is a terminal of the transistor which collects the charge |

carries. |

|
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The solids which allow the _passage of current through

Conductor
them.
Conduction The transfer of electric effect through a medium.
Conductance The reciprocal of resistance.
Conductivity The reciprocal of resistivity.

Conventional current

The current that flows from positive to negative tcmunal
of the battery.

Critical mass

The minimum mass of a fissile material that will sustain a
chain reaction.

Critical temperature

The temperature at which the resistance of the conductor
becomes zero.

Curie Temperature

The temperature at which the ferromagnetic materials
become paramagnetic materials.

Direct current

The current that flows in one direction with constant
amplitude.

D.C. generator

A device which converts mechanical energy into direct
current.

Daughter nucleus

A nucleus left behind after a decay process

Davisson-Germer
experiment

An experiment whose result verifies the de-Broglie’s
hypothesis.

Decay constant

The probability per unit time of the radioactive decay of
an unstable nucleus.

It is an isotope of hydrogen whose nucleus contains a

Deuterium
single proton and a single neutron.

Dielectric The insulating medium in an electric field is called
dielectric.

Diffraction The bending of light through a slit or through a crystal.

Diffusion The flow of majority charge carries toward the junction.

Diode A semiconductor device which allows the current in one -
direction.

Drift velocity The average velocity of movmg charges through a

conductor.

Depletion region

The region at the PN-junction where the majority carriers
recombine to one another.

Diamagnetic
substance

The materials whose resultant magnetic moment of their
atoms is zero.

Ductile substance

The substances which have ability (property) to roll like a
wire.
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Eddy current The current that induces during the rotation of motor or
generator,

Electrocardiography | The instrument that records the voltage pulses of heart.

Electrocardiogram The recorded heart pulses pattern on a paper.

Elastic limit

The limit of deformation where the body comes back to
its original position.

Electric field

The region around a charged particle in which another

charged particle can experience force of attraction or
repulsion.

Electric intensity

Electric force acting per unit chargé at a pmm in an electric
ficld.

Electric dipole

Two charges of same magnitude but of different signs
scparated by a small distance.

Electric potential

Work on a charge against the direction of electric field.

Electromagnetic
waves

The wave which consists of cleetric and magnetic fields
which are oscillating at right angle.

Electron volt

It is the unit of clectrical energy.

Electric flux

The number of clectric lines of force passing lhmuLh an
arca held perpendicular.

Electrostatic force

[tis a force of attraction or repulsion between two point
charges.

Electrolytes

It is the ionized liquid.

Electromotive force

The work on the charges inside the source.

Electron microscope

A device which is used to get a highly magnified and
|csolvcd image of biological and non-biological
specimens. It uses a beam of acceleration clectrons as a
source of illumination instcad of light.

Endothermic reaction

A nuclear reaction in which the energy is absorbed

Exothermic

A nuclear reaction in which the energy is released.

Ether

An ideal (hypothetical) medium

Excited state

The orbit in which electron is excited and it cannot revolve
too long in it

Exponential charging

When a capacitor or other device is not charging wnh the
same rale.

Exponential decay

When radioactive elements decay with different rates.

Electric polarization

The insulator in an electric field, such that the molecules
of the insulator become in form of dipole.

\3@,
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It is an electrode of a transistor which supplies the charge

Emitter
% carriers.

Extrinsic When an impurity of either 3" or 5" group is addecl into
_ semiconductor pure semiconductor.

Farad [t is the SI unit of capacitance

Faraday law of The induced emf is directly proportional to the rate of

induction change of magnetic flux. -

Fermions The elementary particles whose spin are half.

Ferromagnetic The solids which show a strong magnetic moment.

material .'

Fission reaction

A process in which a heavy nucleus is splited into small
nuclei with releases of energy

Frame of reference

Co-ordinates system which is being used to describe the
relative motion of body.

Forbidden gap

The gap between valance and conduction bands.

Galvanometer

[t is an electrical device which detects a small current.

Gauss’s law

T |
The total flux through a closed surlace i1s equal to — times
€
0

of the total charges enclosed in it.

Gaussian surface

The surface which encloses the charges.

Gelger-Muller

[t is a device which detects and counts ionized particles.

counter

Germanium It is a semiconductor material. The barrier potential for
A Germanium 1s 0.3v.

Generator A device which converts mechanical energy into electrical

energy.

Gravitational force

The force of attraction between two masses.

_Hadron Massive fundamental particle of matter.
Half life A direction of time in which half number of atoms of
: radioactive elements decay
Heisenberg There is great uncertainty in the accurate and simultaneous
_uncertainty principle | determination of position and momentum of a particle.
Hﬂﬂk’s law Within elastic limit, the applied stress is directly

proportional to the strain.

! H)'drﬂgen atom

The simplest atom which contains a single proton and a
single electron.

It is the SI unit of inductance

@




Hysteresis

The lagging of magnetic field density ‘B’ behind

magnetizing field “H’ in the process of magnetization or
demagnetization.

Hysteresis loop

A closed path which is obtained due to the process of
magnetization or demagnetization.

Impedance

The combined opposition of resistor, capacitor and
inductor to flow of current in a circuit.

Induced emf

The emf that induces due to the changing of magnetic flux.

Inductance

The phenomenon in which changing current in a coil
produces on emf in it.

Inductive reactance

The opposition of an inductor.

Inductor

[t is a coil which stores magnetic potential energy.

Inertial frame of
reference

A frame of reference which is at rest or moving with
uniform velocity.

Internal resistance

Tonization energy

The resistance inside the source. It is due to the electrolyte.
The energy that ionized the atom.

Ionization potential

The potential which provides the ionization energy.

Isotopes

The nuclei that have same atomic number but different
mass number.

Isobar The nuclei which have same mass number but different
atomic number |

Isotones The nuclei that have the same number of neutrons.

Isomers The nuclei have same atomic number and same mass
number but their half-lives are different.

Intrinsic A pure form of semiconductor (Ge & Si)

semiconductor

Junction diode

When P and N types semiconductors are combined such
that there is junction between them.

T(irclillofﬁs current
law

The sum of currents flowing towards the node is equal to
sum of currents flowing away from the node.

—4*

Kirchhoff’s voltage The total voltage drops across the closed loop is equal to |
law ZEero.
LASER Light amplification by stimulated emission of radiation: It

is a coherent and monochromatic intense light.

Length contraction

The length of a moving object is decreased.

Leptons

Light fundamental particles of matter.

Load resistance

A resistance in the output of the circuit to check the

presence of current.
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Lenz’s law

The direction of induced emf is always opposite to the,
action of emf.

Loop analysis

It is based upon Kirchhoff’s voltage law

Magnetic domain

The volume in which the magnetic moments of a group of
atoms are aligned in the same direction.

Magnetic field

The region around a magnet or region around the current
carrying a conductor.

Magnetic flux

The magnetic lines of force passing through area held
perpendicular

Magnetic flux density

The magnetic lines of force passing through a unit area.

Mass number

The number of protons and neutrons in the nucleus of an
atom. |

Mass defect

The mass of the nucleus is always less than the sum of
masses of its separated nucleon

Mass-spectrography

A process in which the isotopes of an element is separated.

Mass variation

The increase in mass of a body in its velocity.

Mesons

The fundamental particle of matter which has an
intermediate mass.

Metastable state

It is a 2" cnergy level in a laser and the life time of
electron in it is 107

Metal detector

A device which detects the hidden metal.

Moderator

The materials used to slow down the fast neutrons for
fission reaction.

Motional emf

The emf that induces due to the motion of a conductor in
a magnetic field.

Modulus of elasticity

The ratio between stress to strain

Mutual inductance

A phenomenon in which a changing current in one coil
produces emf in the other coil.

Monochromatic light

The light that have a same wavelengths

Natural radioactivity

The simultaneous emission of radiation from radioactive
elements

Non-ohmic devices

The devices which do not obey the ohm’s law

Node-analysis

It is based upon Kirchhoff’s current law

Nuclear reaction

The interaction of nuclear particles with a nucleus

Nuclear force

It 1s a force between nucleon

Nuclear
transmutation

A process in which a change occurs in a nucleus

3
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N-type semiconductor

When an impurity of 5™ group 1s added into
semiconductor material

Oh.m’s law

The applied voltage across the conductor is directly
proportional to the current at constant temperature.

Ohm

It is the SI unit of resistance.

Ohmic devices

The devices which obey ohm'’s law

Parent nucleus

The original nucleus without any decay from it.

Photo cell

A device which converts light energy into electrical
energy. |

Phase angle

The angle between voltage and current in case of
alternating current.

Phasor diagram

' The graph between voltage and current in case of
| alternating current.

Photo electric effect

A phenomenon in which photo electrons are emitted from
the metal surface due to light falling on it.

Photon

It is a small packet of energy and it behaves as a particle
which is moving with a speed of light.

Planck’s law

The energy of photon/quanta is directly proportional to its
frequency

Plasma

A fourth state of matter e.g. ionized gas

Population inversion

When a large number of electrons are accumulated in the
excited state than the ground state of a laser.

Positron

Anti-particle of electron

Pntential difference

The work on a charge to displace against the direction of
electric field.

Power factor

The ratio between real power to apparent power.

Projectiles

The nuclear particles i.e. proton, neutron, photon and Ol -

particles which exist in a nucleus of an atom and they are
known as projectiles.

Pair production

The conversion high energy y-rays photon into electron -
and positron pair.

P-type semiconductor

When an impurity of 3 group is added into a pure
semiconductor material

Plasticity

When permanent change occurs in a body by deforming
force.

Polymeric solids

The solids whose atoms, molecules or ions are arranged
neither like crystal nor like amorphous

Potentiometer

A device which measures the potential difference

\g
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The limit in which the stress is propositional to the strain.

Proportional limit
Protium | It 1s an ordinary hydrogen which contains a single proton
in its nucleus. :

Quarks are the basic building block of matter

~Quarks
Q-values It is the amount of energy which is released or absorbed in
: a nuclear reaction.
3 Resistance Opposition to the flow of charges
Resistivity The resistance of one metre cube of the conductor.
Roentgens It is the unit of exposure of x-rays.

When P-type 1s connected with negative terminal and N-
type with positive terminal of the battery.
The elements whose atomic number are greater than 82

and they are unstable.
A process in which A.C is converted into D.C by using

Reverse bias

Radioactive elements

Rectification
' diode. '
Rem It is the unit for biologically equivalent
Rheostat | Itis a variable resistance used to regulate the current in the

~given circuit.

The phenomenon in which emf'is induced in the same coil
in which the current is changing:

Semiconductor materials have dual characteristics. They
behave as insulators at low temperature as well as
conductor at high temperature.

The ratio between shearing stress to shearing strain.
When a change occurs the shape of the body.

These waves are either sine waves or cosine waves.

A device which converts solar energy into electrical

Self-inductance

Semiconductor

Shearing modulus

Shearing strain
Sinusoidal waves

Solar cell
cnergy. .
Speetrum When visible light is split into its seven continent colours.

The group of seven colours is called spectrum.

The emission of photon during the transition of electron
from higher orbit to lower orbit.

The energy emitted from a blackbody -is directly
proportional to the fourth power of its absolute
temperature.

When Np > Ns then Vp > Vg

Spontaneous emission

-Stefan-Boltzmannllaw

Step down
transformer
Step up transformer

When Ns > Np then Vs > Vp
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Stimulated emission

The emission of photon due to the transition of electron

from metastable state to the ground state.

Stopping potential The applied negative potential which is equal to the K.E
of photo electrons.

Strain A change that occurs in a body in its length, volume or
shape.

Stress The applied force or deforming force per unit area of the
object.

Superconductor The conductor whose resistance is zero at low
temperature.

Sievert It is the ST unit of equivalent dose.

Spectroscopy

Tensile strain

The study of wavelengths of the spectral lines of the
_spectrum. '

Tesla

The change in length per unit original length of a body.
Itis the SI unit of magnetic ficld density.

Thermocouple

A process in which e.m.f. is produced by heat.

Threshold frequency

The minimum value of frequency of" light at which the
photoclectrons are emitted from metal surface.

Transistor A semiconductor device which changes a small input A.C
signal into a large A.C signal.

Transmutation A nuclear reaction in which a change occurs in the nucleus

Tritium

[tis the isotope of hydrogen which contains two neutrons
‘and a single proton in its nucleus.

Ultimate strength

The limiting stress, where the body reaches to its breaking
point.

Volts

The SI unit of potential difference.

Voltmeter

An clectrical device which is being used for the
measurement of voltage.

Work function

The minimum energy required for emission of pholo
clectrons from a metal. '

Wien’s displacement
law

The wavelength having maximum intensity in the emitted
radiation is inversely proportional to the temperature.

Wheat stone bridge
diagram

An electrical network in a diamond shape used for the
measurement of unknown resistance.

Wilson cloud chamber

A device that detects the ionized particles

Young’s modulus

The ratio between tensile stress and tensile strain. - —
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Absorptlon 303
+ AC-circuit 165
AC-generator 140
AC-motor 142
Active components 233
Alpha particles 597
Alternating current 159
Alternating voltage 159
. Ammeter 112
Amorphous solids 200
Ampere (unit) 59
Ampere’s circuital law 99
Amplifier 244
Annihilation of matter 278
Armature 140
Artificial radioactivity 335
Atomic mass 318
Atomic number 318
Atomic spectra 292
Avalanches 334
Average power 166
Avometer 15
e
Back emf 145
Balmer series 294-301
Band spectrum 293
Band theory of solids 212
Baryons 349
Basic forces 347
Base 237
Batteries 60
Bearings 144
Becquerel 326
Beta-decay 326
Binding energy 323
Black body ' 263
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Black body radiations 263
Bohr’s atomic model 295
Bohr’s radius 297
Bosons 348
Brackett series - 295
Bragg’s equation 280
Breaking point 208
Brittle substance 209
Brushes 140
Building block of matter 247
Bulk modulus 205
L]
Capamtance 40
Capacitive reactance 168
Capacitor 40
Cells 61
Chain reaction . " 337
Charge carriers . 330
Charge density 30
Charge to mass ratio 104
Charges 12
Choke 179
Coherent light | 307
Collector 237
Compressional strain 203
Compressional stress 203 .
Compton’s effect 274
Compton’s shift 276
Conductance 65
Conductivity | 66
Conductor 213
Conservation of charges 13
Conventional current 59
Cosmic rays 342
Coulomb (unit) 14
Coulomb’s constant 15
Coulomb’s law T
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Critical mass 334
Critical temperature 214
Crystalline solids 199
Curic 332
Current 58
Curic Temperature 219
B .
Daughter element 326

Davisson-Germer experiment 279

De-Broglic wave equation 279
Decay constant 33()
Decay rate 329
Depletion region 231
Deuterium 320
Dcutcron 326
Diamagnetic substance 216
Diclectric . 44
Diclectric constant 16
Diffusion 231
Diode 231
Domain 218
Drifting ol electrons 60
Dynamo 61
Ductile substance 208
F
Eddy current 147
Einstein photoelectric
equation 269
Einstein special theory of
relativity 255
Elastic limit 208
Elasticity 205
Electric dipoles 22
Electric held 1S
Electric flux 26
Electric intensity 18
Electric lines of force 21
Electric polarization -+
. Electric potential 34

Electricity 38, .
Electrocardiogram 190 :
Electrocardiograph (ECG) 190
Electrolytes 39 4
Electromagnetic spectrum 185
Electromagnetic waves 183
Elcctromagnetism 92
Electromotive force (e.m.f) 69
Electron microscope 282
Electron volt (eVy) 38
Elcctronics L
Electrostatic force 14
Elementary particles 348
Emission spectrum 292
Emitter 237
Endothermic reaction 336
Energy level diagram 300
Equivalent capacitance 44
Ether 253
Excitation energy 303.
Excitation potential 303
Excited state 303
Exothermic reaction 336
Exponential decay 330
Extrinsic semiconductor 229
F
Farad - 40
I'-'zmI 144
Faraday law of induction 129"
Fermions - 348
Ferromagnetic materials =~ 218
IFission reaction 336
Fluorescence 328
Forbidden energy gap 213
Forward bias = 232
Frame of reference 235"
Full wave rectification 236
Fusion reaction

. 340
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G
Galvanometer 109
Gamma rays 187
Gauss’s law 29
Gaussian surface 30
Geiger-Muller counter 333
Germanium 39
Ground state 303
Gray 329

H
Hadrons 349
Half-life of radioactive
element 331
Half wave rectification 235
Hard magnetic materials 319
Heisenberg’s principle = 282
Helium-Neon gas laser 310
Henry 134
Hooke’s law 204
Hydrogen atom 296
Hydrogen spectrum 293
Hysteresis 319
Hysteresis loop 319
Hysteresis loss 320

I
Impedance 173
Induced emf 125
Inductance 125
Induction 125
Inductive reactance 171
Inductor 136
Inertial frame of reference 255 .
Internal resistance 70
Instantaneous current 159
Instantaneous power 178
Instantaneous voltage 159
Insulators 213

227

Intrinsic semiconductor

Jonization energy 304
.0 notential 304
Jonization p 320
Isobars 320
ctone 320
[sotopes 320
J
Junction diode 231
Kirchhoff’s current law 74
Kirchhoff's voltage law 76
L
LASER 307
Length contraction 258
Lenz’s law 130
Leptons 248 -
Loop analysis 71
Lyman series 300
Line spectrum 293
M
Magnet 92
Magnetic field 92
Magnetic force 94
Magnetic flux 97
Magnetic flux density 98
Magnetic poles 91
Magnetic resonance imaging215
Magnetism 92
Mass defect 323
Mass number 320
Mass variation 260
Mass-energy relation 260
Mass-spectroscopy 320
Maxwell’s equations 184
Mesons 349
Metal detector 182
Metastable state 309
Microwaves 185
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Moderators 339
Modulus of elasticity 205
Monochromatic light 307
Motional emf 127
Mutual induction 132
N
Natural radioactivity 322
Negative charges 13
Node analysis 75
Non-ohmic devices 63
NPN-transistor 234
N-pole of magnet 92
N-type semiconductor 229
Nuclear fission 336
Nuclear fusion 340
Nuclear power plant 258
Nuclear reaction 335
Nuclear reactor 338
Nuclear transmutation 335
Nucleon 318 °
Nucleus 318
O
Ohm (unit) 63
Ohm’s law 62
Ohmic devices 63
Ozonc 186
l)
Pair production 27
Parallel connection of
capacitors 44
Parallel plate capacitor 41
Paschen series 301
Paramagnctic materials 217

Permeability of free space 99
Permittivity of free space 15

Plund scrics
Phase
Phasc angle

301
162
162

Phase change
Phasor diagram
Photocell
Photoelectric effect
Photoelectrons
Photon

Planck’s constant
Planck’s law
Plasticity
PN-junction
Polarization
Polonium
Polymeric solids
Population inversion
Positive charge
Positron

Potential difference
Potential gradient
Potentiometer
Power factor
Primary coil

Proper length
Proper mass

Proper time
Proportional limit
Protium

P-type semiconductor

Q

162
163
270
267
269
276
266
265
208
230

45
326
201
308

13
278

35

36

83
179
133
258
260
239
208
320
230

Quantized energy
Quantized orbits

Quantum theory
Quarks

Q-values
R

298
296
265
248
336

Radiation absorbed dose

Radiation detector
Radiation exposure
Radiation therapy
Radio isotopes
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343
333
342
345
326
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| Radio wave 185 .
330 heﬂl'lng stress
205

adioactive decay
Radioactive decay constant 330 Sie"eft
Radioactive decay equation 330 Silicon 345
Radioactive elements e S}multaneity 227
Radioactivity 326 Slflusoidal wave 256
Radium ' 3726 Slip rings 142
Rayleigh-Jean’s law 265 Sodium chloride stru e
RBE (relative biological Solar cell el
effectiveness) 345 Solenoid 271
RC-circuit 174 Solid state detector 1%
Rectification 235 g-po]c of magnet 334
Relative motion ) pecial theory of relativi ‘
Resistance gg Spectra Rty . 455
Resistivity 64 Spectral line 5
Resistor color code Spectroscopy e
68 Spect 292
Resonance pectrum
189 g , 291
Rest energy pontaneous emissi
Rest length 361 e ol N ?g :
Rest mass 58 Stefan-Boltzmann | ;
. 260 AN 1w 264
RC\’CrSc b StEp—up fran f
Rheost . 233 Step-d T s L2l
i) stat 20 g cp O‘fﬂfn tlansfor'mcr 151
ight hand rule timulated absorption 307
RLC-circuit 1 gg Stimulated emission 307
II:L-circuit 176 Sl@l’{Piﬂg potential 268
er::z value of current 161 g:ram =
> value of voltage 161 I(.:SS i 20
Rocmgens | ot Stress-strain curve 208
otor Super conductor
Bt i | 143 P ol . 214
Rydb atomic model 318 —
erg constant 504 Tensile strain 203
= S Tensile stress 203
Se-lzopdal_y = = Temperature co-efficient 67
S"”}'C(}ndu o 35 Thermocouple 73
Cries connection of 214 Threshold energy 269
gapacitors Threshold frequency 269
Il:earf'ng modulus 43 Time chsPant
earin : 205 Time dilation
g strain
204 Torqueé
371,




Transformer 148
Transistor 237
Transmutation 355
Tracer 346
Tritium 320
U
Ultimate strength 208
Ultraviolet hight 186
Uncertainty principle 282
Unified mass unit 319
Uranium 326
v
Valance band 212
Visible light 186
Volta 61
Voltage 35
Voltmeter 113
Volt 35
Volumetric strain 204
W
Wave particle duality 280
Weak force 347
Weber 97
Wheatstone bridge diagram 82
Wien’s displacement law 365
Work function 269
X .
X-rays 305
Y
Yield strength 208
Young’s modulus 205
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