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Electromagnetic Induction

We have seen how a magnetic field is
created by an electric current. The effect was
discovered in 1820. It made some of the then
scientists to search for the inverse effect. They
tried to find if electric current could be obtained
in a loop with the help of a magnetic field. The
success came in 1831 when a new phenomenon
called electromagnetic induction was
discovered. The credit went to Michael
Faraday of England and Joseph Henry of
U.S.A. who obtained it almost simultaneously
and independently. The discovery provided
enough scope to produce electric current in large
scale. It led to the invention of modern generators
(dynamo) and transformers. Let us discuss this
new phenomenon and its technological
implications in this chapter. :

9.1 Electromagnetic induction : -

Electromagnetic induction is the
phenomenon in which electric current is induced
in a closed 'conducling loop by varying the
magnetic flux linked by the loop with time. Two
simple experiments led to the discovery of the
phenomenon.

(a) Experiment No.l

Let a closed conducting loop C be
connected to a sensitive galvanometer G.
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(Induced current due to relative motion
between a coil and a bar magnet)

Fig. 9.1

If a bar magnet with its north pole N is thurst
into the coil, it is seen that the galvanometer is
deflected momentarily during the motion of the
magnet. This indicates a momentary current in
the galvarrometer even if there is no known
source of emf in the circuit,

The current disappears when the magnet
stops moving,
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It appears again but in the opposite
direction when the magnet is moved back in its
path.

The experiment may be repeated by
moving the south pole S of the bar magnet
towards or away from the coil. The deflections
as obtained in the case of the moving N-pole
are repeated in opposite sense.

A little analysis shows that

(i) a current appears only when there is
relative motion between the coil C and
the magnet. It stops if the relative motion

ceases;
(ii) - faster molion causes greater current;
(iii) if the motion of the north pole towards

the current causes anticlockwise current,

the motion of the southpole causes
clockwise current. :

The current so produced in the loop was
named induced current and the corrésponding
emf as induced emf by Faraday. The
phenomenon was called electro magnetic
induction.

{(b) Experiment No. 2

The same phenomenon can be obtained
by using two closely placed adjacent loops or
coils (Fig.9.2)
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Fig. 9.2

Here C, and C, are two conducting coils.
C, is connected to a battery B and a switg:lf} S.
C, is connected to a sensitive galvanometer G.
C, and C, are called primary and secondary
coils respectively.
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If we close the switch S to turn on a
current in C,, the meter G in C, denotes a current
for the moment. As the current in C, becomes
steady, no current in C, is observed. On opening
the switch S in C,, the meter G shows a
momentary deflection again, but in the opposite
sense. The current so obtained in C, in either
case is nothing but the induced current. Note
that no current is observed in C, so long as the
current in C, is steady and there is no relative

‘motion between C| and Cz. :

It is intersting to note that a current
appears in C, if itis bodily displaced relative to
C,evenifthecurrentin C, issteady. What may
be the possible cause ?

Let us analyse the observations in both
the above experiments.

In Expt. 1, coil Cis placed in the magnetic
field of the magnet M. The magnetic lines of
induction spread from its north pole N. So long
as C and M are stationary, C embraces a fixed
number of such lines. As the N-pole of M is
moved towards C, this number increases with
time. The increase apparently causes the
conduction electrons in the loop to move
(induced current) and provides energy (induced
emf) for their motion. When the magnet stops
moving, the number of induction lines through
the loop no longer changes and hence induced
emf and current disappear.

Similar thing may happen if the magnet
is kept fixed and the coil is moved towards it.

Quantitatively we may measure it by the -

" change (increase/decrease) of the magnetic flux

linked with the area of the coil with time. It is
this change that produces induced emf and
hence induced current in C. However, the
magnitude of this emf/current depends on how
fast the change occurs. In other words it depends
on the rate of change of magnetic flux linked
with C. '
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A similar analysis applies to the
observations in Expt. 2 too. Here we recall that
a current carrying closed coil behaves as a
magnetic dipole and produces a magnetic field
around it. When the switch is open there is no
current in C,. Hence there is no magnetic line
of induction. When we turn on the current in
C,, the increasing current builds up a magnetic
field around it and coil C, remains in this field.
While the field builds, the number of lines of
induction through C, increases gradually and
during this time induced emf and hence current
are obtained in it. When the current in C, reaches
a steady value, the lines of induction through
C, become fixed and induced emf and current
disappear. -

Again it is the change of magnetic flux
through C, with time that causes induced emf
and induced current in it. The magnitude
depends on how fast the change takes place.

Such analysis led Faraday to formulate
his law of electromagnetic induction.

9.2. Faraday's law of electromagnetic
induction :

"Whenever the magnetic flux linked
with a conducting coil changes with time,
induced emf. is produced in it and the
magnitude of this emf'is proportional to the

rate of change of this flux.
LN
Mathematically e &
At
2 A
£ =K—
= At +92.1

where g stands for the avarage induced emf

A
within the interval At, and &—? is the avarage

rate of change of magnetic flux linked by the
coil over the interval. K is a constant of
proportionality and is chosen as 1 in S.I. system
of units. Then from eq. 9.2.1
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_ Ad
£ = —
~ .9.2.2
If the circuit contains N turns of the coil each of

the same area, then

Ad

g =N
: At

+9.2.3
A negative sign is introduced in the R.H.S. of
eq. 9.2.3 due to direction of induced emf and
current in the closed loop. This will be
explained in the next section (Lenz's Law).

_ Ab
g =N =t
€ At .9.24
Fromeq. 9241 N= 1 tumand 2.2 | Yo
At sec

€ = —1 volt. This may be verified by taking
the dimensions of all quantities in the R.H.S. of
eq. 9.2.4. It comes to be ML? T A”! which is
the dimension of energy per unit charge. It is
measured in voltin S.1. system.

As the variation of magnetic flux linked
by a coil continuously takes place over an
interval, it is often required to find the
instantaneous induced emf developed in the coil.
Then eq. 9.2.4. may be written as

N3

dt «9.25

where ¢ represents the instantaneous value of

: dé
the induced emf and N I the instantaneous

rate of change of flux linked by all turns of the
coil,

Example 9.2.1 A coil of 500 turns is threaded
by a magnetic flux of 7 x 10~ weber. If the flux
changes to 3 x 107 weber in 0.010 sec, what
average induced emf is developed in the coil ?
Find the average induced current if the resistance
of the coil is 10 ohins.
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Solution
Given that
¢, =7x 10 weber, ¢, =3x107 weber

A=, -, =—4x 107 weber

At = 0.0ld sec.
N = 500, R=10 ohm
-5
= —Néi=—5mx -4 x10™" weber
At 0.010 sec
weber
7 sec
=2 volt
T S O S 00 s
R 10ohm

It is seen from eq. 9.2.4 and 9.2.5 that
induced emf in a coil depends on

(1) the number of turns (N) of the c'oil
and

(2) the rate of change of magnetic flux,

(Et_) linked with the coil.

It implies that no emf is induced in a coil
if the flux linked by it does not change, i.e.

Ap=0.
We have seen in chapter 8 that the flux
linked by a coil of area S is given by

¢ =B.S=B.AS

= BS cosf .9.2.6

where f is unit vector, normal to the area S and
0 is the angle between n and B. (Fig.9.3) Then
instantaneous emf induced in it is given by

g= —@ = --(l(BScosB)
dt dt

Hence the general means by which we can

8 g |

change the magnetic flux through a coil are
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(i) by changing the magnetic field B of
the coil, or
(i1) by changing the area of the coil, or

(iii) by changing the angle between the
directionof Band

Fig. 9.3

(Flux through a closed coil lying in a field B)

the area § of the coil i.e. by changing 9. We
shall discuss all these different ways to produce
induced emf in a coil.

Generation of induced emf and induced
current in a closed coil by moving any pole of a
magnet towards or away from the coil is an
example of-the first type. It is described in
Faraday's experiment. Here B at the coil
changes with time and hence induced emf is
produced.

9.3 Lenz'slaw

As stated earlier the negative sign given
in the right hand side of eq. 9.2.5 is in
aceordance with a law given by H. F. Lenz. It

states that

"In all cases of electromagnetic induction
the direction of the induced current is such that
it opposes the change that produces it.

To see how it applies, let us recall the
experimentsdescribed in 9.1. In the experiment
No. 1, the.coil C with the galvanometer G
remains in the magnetic field of the barmagnet
M and embraces certain flux. This flux increases
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with time as the north pole N of the bar magnet
is pushed into the coil C (fig.9.4)

Fig. 9.4

Lenz's law at work. As the magnet is moved toward
the loop a counterclockwise current is induced in
loop, the current produces its own magnetic field,

with magnetic dipole moment L 5o as (o appose the
motion 'of the magnet.

During the push an anticlockwise current
appears in the coil as seen along the magnet.
Why is it so 7 We know that a currént loop sets
up a magnetic field and behaves as a magnetic
dipole. The face of the loop seen to have
anticlockwise current behaves as the northpole
and the opposite face behaves as the south pole.
The magnetic field lines of this dipole are shown
in Fig. 9.4a. These lines through the loop

produce a field B in the opposite direction of

the field lines ( B ) of the bar magnet and thus
tend to decrease the magnetic flux linked by C.
This explains the validity of Lenz'slaw.
If the bar magnet now stops and then is
-pulled away from the coil the current in C
becomes clockwise as seeén from the magnet
side. This current tends o increase the field
within the coil and hence the magnetic flux
linked by it. Is not it in accordance with Lenz's
law ? :

Moreover the law confirms the principle
of conservation of energy. How ?

We have seen that the magnetic field
produced by the coil (Fig. 9.4) tends 10 oppose
the push of the north pole of the magnet towards
it. To maintain the push, work has to be done
and this work appears as heat in the coil C. The
thermal energy so produced in the system is
nearly equal to the work done in pushing the
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magnet. We neglect here the energy that is
radiated out of the system during induction.

Suppose, the current in the coil C would
have been clock wise during the push of the
north pole N. Then the face of the coil towards
N would have behaved as a southpole. This
would have attracted the magnet and no work
would have been done on the system. However,
Joule heat must be produced because of the
current in the loop but without any input work.
Is it not in violation of the principle of
conservation of energy ?

Hence, the induced current during the
push of the northpole towards the coil must be
anticlockwise dccording to Lenz's law and in
confirmity with the principle of conservation of
energy. _ :

Tn a similar manner we can explain the
development of clockwise current in the loop
when the northpole of the magnet is receded
away from the loop too. It is to be noted here
that we must have a closed circuit to have
induced current. If there is no closed circuit it is
to be mentally completed between the ends of
the conductor. Then Lenz's law should be used
to find the direction of current, This enables us
to determine the polarities of the open circuit
conduction, '

Example 9.3.1 The N-pole of a magnet is
brought down towards a flat coil of 20 turns
lying on a table. If the flux from the N-pole
passing through the coil changes from 1.42 x
10" weber to 8.66 x 10~ weber in 0.216 sec,
find the magnitude of induced emf. Is it
clockwise or anticlockwise as you look down
at thecoil ?

Solution

Given N=20

¢y = L42 x 10~ weber
), = 8.66 % 107" weber
At=02168
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Ad N (> —y) wcbér

E:——:

At 0.216 sec
N 142 A
L (8.66-1.42)x10 E
0.216 S
=-0.67 volt.
B

The induced emf in the coil as
seen from above (i.e. from the
magnet side) is anticlockwise.

This emf gives rise to a current in the coil
anticlockwise so that the magnetic field
produced by the current upwards opposes the
increasing magnetic field.

9.4 Motional emf

Motional emf is one type of induced emf
set up in a conductor moving in a magnetic field.
Let us examine the situation under which it is
produced.

Motional emaf due to motion of a conductor in
a magnetic field

Fig.9.5

Suppose we have a uniform magnetic

field B directed along +z axis i.e. towards the -

reader and perpendicular to the plane of the

diagram. Thus B = kB (fig. 9.5). Let a conductor
ab of length { lie along the y axis in the plane

of the diagram as shown, i.e. { = j(. If ab is
moved towards right along x-axis with a
uniform velocity §(= i9), each free electron in

ab experiences a force F, and
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F, = (8 xB)
=—e(i9 x kB) = —e(~])9B

=F, = je9B .9.4.1
Such a force on an equivalent +ve charge =
F' =—je9B 942
This means the free electrons move aong
I towards b and accumulate there. It creats a
deficiency of -ve charges at a which becomes a
+ve terminal. This is maintained so long as ab
continues to move in the field.

Force F, is of nonelectrostatic origin. Let

us denote such a force per unit charge as E X
and call it the nonelectrostatic field. The direction
of E, is from b o ai.e. along —j.

As more and more free electrons
accumulate at b, an electrostatic field E,
gradually builds up. E_ is from a to b and it
opposes f-;n. Electron accumulation at b stops
when E, £E, =0 i.e. E, =-E_. This is the
equilibrium state at which ab becomes a seat of

induced electromotive force. It is called the
motional emf.

Induced current due to motional emf
Fig. 9.6

Induced current

In stead of moving along in the magnetic
field, suppose ab moves over the parallel sides
of a U shaped conductor ¢'cdd’ with the
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velocity § (fig. 9.6). Since ¢'edd’ is stationary,
the free electrons within it donot experience any
magnetic force. But they do experience the
electrostatic force and move along the conductor
b d cto a. It creats a current (clockwise) along
a cd to b outside ab and from b to a within ab
(fig. 9.6). As aresult of this the excess charges

at a and b are reduced and E_ decreases. The

magnetic force E_, however, maintains the emf
en n

within ab by displacing further free electrons
to b and the process continues. Thus a
clockwise current in the closed pathacdba
is established so long as ab is slided in the given
magnetic field. This current is the induced
current.

Magnitude of motional emf and the current
duetoit.

Motional emf is produced due to the

movement of ab in the magnetic field B. During
such motion the free electrons are transferred to
the end b. It is equivalent to the accumulation
of +ve charges at a.

Let us imagine a charge +q to move from
b to a through a distance / under the force F; .

E'=-jq9B .9.4.3

The work W done by F! on q is given by
W= E ba=F.(-j0)
= W=(-]q9B).-j0)=q8B(
e w
. work done per unit charge = E = 9B(

..944

In all our discussions so far we have
considered the velocity § of the conductor to
be perpendicularto B. However, in some cases
§ may make angle 6 with the direction of B.

i.e. motional emf & = 8B/
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In such cases the component of § perpendicular

to B is taken into account in eq. 9.4.4 and we
write.

motional emf & = 3B sin® ..94.5

clearly wheng=o0orn, e=o0.

When the ends of conductor ab are
connected by the fixed conductor acdb, the
circuit is closed and induced current is set up. If
R is the net resistance of the system, the current
I is given by

9B

R
More generally, if € is given by 9.4.5, Lis given
by

I= .946

==

1_3_ 9B1 sin®
R R
‘While a current is maintained in the closed

loop, conductor ab experiences a magnetic force

.94.7

F,, because of the presence of the magnetic field
B.
E = I(fxB)= I(—j( % kB)

=, ﬁm =—-iIfB .94.8

Thus E_ acts in the opposite direction of

motion of ab and tends to retard its motion.
.Hence to maintain its uniform velocity, work
has to be done. This work done per unit time
i.e. the power P, necessary to maintain the

velocity § is given by

P=-F,.9 =+ I(B.i9

= P=I1(BY : .949
clearly P=I1(8BO)=1I¢ ..94.10
Also using eq. 9.4.6

B![E 2
P= 8 94,11
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It is thus seen that the input mechanical
power in the system is converted to electrical
power and is ultimately dissipated as joule heat
per sec. This confirms the principle of
conservyation of energy during the process.

Fleming's right hand rule

Fleming's right hand rule gives the
direction of induced current.

Suppose we stretch out the thumb, the
fore finger and the middle finger of our right
hand at right angles to one another (fig. 9.7). If
the fore finger indicates the direction of

magnetic field B and the thumb, the direction

motion (i.c. of §) of the conductor then the
middle finger gives the direction of induced

Fig. 9.7

Motional emf from Faraday's law

Motional emf produced in the loop acdb
(fig. 9.6) can be obtained using Faraday's law
too, Let us consider the arrangement in Fig. 9.6.
The stationary conductor c¢'edd’ is in xy plane
with its sides ed=/ parallel to y-axis and the sides
cc' and dd' parallel to x-axis. The magnetic field

B(= kB) is along z-axis, and is perpendicular
to the plane of the loop. The sliding conductor
of length / is placed at ab at a distance x from
¢d and parallel to it at time t=0 (say).

If S is the area enclosed by the closed loop
acdb at t=0, then S=Ix and

S = kfx
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. Magnetic flux linked by S= ¢ = S.B

ie. ¢ =kix.kB=Blx 9412
As the conductor ab is slided to the right with

velocity § = jg, the area S increases with time.

This results in increase of flux ¢ linked by the

loop. -

The rate of increase of ¢ = % = %(Bt‘x)

ie. ﬂ= B‘fd—x= B/S
dt dt

(*.* B and [/ are of fixed value)

Hence by Faraday's law, the magnitude of
induced emf in the loop i.e.

..9.4.13

.9.4.14

8 B
R
9415

Thus we see that the values of € and I are the
same as obtaied in eq. 9.4.4 and 9.4.6.

The direction of the induced current is
determined by applying Fleming's right hand
rule. This gives the direction of current in ab
from b to a and thus the current in the closed
loop abed is clockwise..

The direction of I can also be obtained
using Lenz's law. Since the cause of induced
emf and induced current in the loop is the motion
of conductor ab towards right (fig. 9.6) along
+X axis, it (i.e. the motion of ab) must be
opposed by I. This happens infact because the
conductor ab is moved along i against the
oposing magnetic force acting on it. The

magnetic force F ' on ab must be along -ve x
axis i.c. along —i. We have,
F,(onab) = (7 x By

ie —i E, = I(B(k x k) ..94.16
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(where X is the unit vector along the direction
of charge flow along [.)
i.e. —i = % x k and therefore
% =—] (by cross product rule)

Hence induced current in abis frombtoa and
clockwise in the loop.

To maintain this current work has to be

done on ab at the rate FS = If‘_BB. as obtained

in eq. 9.4.9.

Here the induced emf and hence induced
current in the loop are due to the change in
area of the loop with time in the uniform

magnetic field B.
Example 9.4.1

A 1m leng metal wire of resistance 4Q
moves perpendicular to its length at the rate of
3.5 m/s in a uniform magnetic field of 0.455T
that -exists in a vertical direction. Find the
induced emf in the rod and the induced current

if the ends of the wire are connected to the ends
of a U shaped conductor of negligible resistance.

{=1m
g =35m/is
B = 0.455T
=90
R =40

- g=Bf9sin0=0455Tx Imx 3.5% X sin
90" = 1.6V

Example 9.4.2

A rod of 20 cm lying along horizontal
east-west direction falls freely from the roof of
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a building of height 3m. If the horizontal
component of earth's magnetic field is 0.36 gauss
over the region, find the rate at which the rod
cuts magnetic flux in the region and the
magnitude of induced emf when it reaches the
bottom of the building. (g=10 m/s’ at the place)

Solution

: The horizontal magnellc field of the earth=B,,

By oN = 0.36 x 10 Tesla in nonh
ws___.--"l E' southdim.

The rod falls Lr to B, in a
vertical plane. Hence it cuts
magnetuc flux due to B, alone.
The vertical component of earth's magnctlc ﬁeld
does not affect its motion.

Given that { =20 cm =0.2m.
B, =0.36 gauss = 0.36 x 10 T.
h=3m.

If the rod attains a velocity § as it reaches the
bottom

h=3m.

i

then 8 = {2gh = [2x lﬂ%xjm =7.75m/s.
.. The rate at which flux is cut by the rod
—%_ BY( = 0.36 104Tx7.75%x0.2m

=0.56 weber/s.

.". magnitude of induced emf produced in the
rod

= do = (}4,56E =(.56volt.
dt S

9.5 Induced electric field

Let us recall Faraday's experiments
described in 9.1. There we have seen that
induced carrent is produced in a conducting
loop by keeping it in a changing magnetic field

B. The changing magnetic field causes an
electric field E , 1o be developed with in the
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conductor. This electric field makes the free
electrons move within the conductor to produce
current. Such an electric field is of
nonelectrostatic origin as it is not produced
by any charge. It is non conservative in nature.
No electric potential can be defined forit. Itis
called an "Induced electric field" E . The lines
of force of such induced field are closed curves.
- They donot have any starting nor terminating
point. The line integral of E_ around the loop

becomes the induced e.m.f. & developed within
iti.e.

© e=§E,.dt .9.5.1
Using Faraday's law of electromagnetic
induction

d¢
£€=——/_sothat
dt

w9.5.2

The presence of a conducting loop is. not
necessary to have the induced electric field E _.
E, is present so long as B goes on changing.
We shall get induced current if the loop remains
inE, .

It is to be noted that electric potential has
no meaning for electric fields associated with
induction. '

9.6 Eddy current

We have seen that there is induced
current in a closed conducting loop if the loop
is moved into a magnetic field or is taken out of
it. The same thing happens if the loop is replaced
by a solid bulk of material like a metallic plate
or a disc. In such cases a number of induced
current loops develop within the conductor
when the entire bulk of material or a part of it
moves into a magnetic field or is taken out of
the field. In other words induced current loops
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develop within the bulk if the magnetic flux
linked with the area enclosed by each loop
changes with time. such current is called eddy
current or Foucault current. It is an induced
current and may develop along a number of
closed paths inside the bulk (fig. 9.8).

( b) _ ;E:tllttm
loop
Eddy current loops in

(a) solid blocks moving in a magnetic field,
(b) disc rotating in a magnetic field

Fig. 9.8

As thermal energy is bound to be dissipated in
each current loop, the entire conducting bulk of
material gets heated by eddy currents.

In electrical equipments like motor and
transformer development of eddies within
masses of metal moving in a magnetic field
generates unnecessary heat in the equipment. It
is undesirable.

In some electrical measuring instruments
the coil is wound on a metal frame. The eddy
currents, set up in the metal frame produce
damping which prevents oscillation and makes
the instrument a dead beat type. The principle
is used in electromagnetic brakes and dead beat
galvanometers.

In situations, where eddy current is
undesirable, laminated metal plates are used (fig.
9.9a) (in stead of solid pieces of metal) or slots.
are cut in a plate (fig. 9.9b). This prevents closed
electrical paths to be formed within the body so
that eddies donot develop.
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Laminated

(b)

Slots cut in a plate

Fig. 9.9 Reduction of eddy currents by the
use of (a) laminated core (b) cutting of slots

9.7 Self induction

Self induction is the phenomenon by
which induced emf is generated in a conducting
loop or coil due to the change of its own current
with time. This is because, the current carrying
loop/coil produces its own magnetic field and

hence embraces magnetic flux. When the current

changes, the magnetic field changes which
results in a change in the magnetic flux of the
loop/coil. The time rate of change of this
magnetic flux developes induced emf in the coil.
It is called the self induced emf. By nature this
emf opposes the cause producing it i.e. it
opposes the increase or decrease of current by
developing a new current in the opposite
direction during the time of change.

The magnetic field B at any point due to
acurrent I is proportional to the current. Hence
the magnetic flux ¢ through the area bounded
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by the loop/coil is proportional to I i.e.
bl
= $=11 -9.7.1

where L is a constant depending on the
geometry and material of the coil, and the system
of unit, used. L is called the self inductance of
the coil.

Fromeq.9.7.1, ¢ =L whenI= I unitof
current.
Hence self inductance of a loop/coil is

defined as the magneti flux linked through it
due to unit current in it. Its value depends on

the units in which ¢ and I are measured.

The rate of change of magnetic flux linked

: d
by the coil is given by d—f and from eq. 9.7.1

g9 _, di
dtdt

Hence the induced emf £ in the coil is written
as

«97.2

Jdp_ o dI

A a0 o

d
when o 1 unit, g = L. numerically.

In other words rhe self inductance of the
coil is defined as the induced emf generated in
the coil due to unit rate of change of current in
it.

Fromeq.9.7.1 L= % so that the unit of self

inductance is weber/ampere i.e. W/A. From

97.3 e=L= . , SO that the unit of self
"E

) . volt.sec
inductance is = ohm. sec. Thus weber/

ampere
ampere =ohm. sec. and it is called henry which
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is the S.1. unit of self inductance L.

The dimension of Lis M'L*T A, which may
be verified.

For most applications, henry (H) is rather
a large unit, so that its submultiples are used.
The submultiple units are millihenery (mH),
microhenry (jtH) etc.

I mH = 10" H and 1 pH=10"H.

The role of inductance is analogous to that
of inertia in mechanics.

Inertia is the property of a material body
and it opposes any change in the velocity of the
body. Similarly self inductance of a coil is the
property of the coil and it opposes any change
of current in the coil.

Even a straight wire has inductance, since
a current in a wire contributes to the magnetic
flux linked with a circuit of which the wire is a

part.
Example 9.7.1

The current in a coil of 325 turns is
changed from zero to 6.32 amp. thereby

producing a flux of 8.46 x 10 weber. Find the
self inductance of the coil.

Solution

Given that N=325
Al =632A -0=632A
Ad = 8.46x 10 weber

We have for N turn of coil NA$ = LAI, so that

_ NA$ 325x846x 107 weber
Al 6.32 ampere

) &

— L=435x 10* henry =4.35 x 107 henry

=43.5 milihenry.
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Example 9.7.2

A circuit in which there is a current of
2.5A is changed so that the current, falls to zero
in 0.2 sec. If an average emf of 200 V is induced
in the circuit, find its self inductance.

Solution

Given that Al=25A-0=25A
At=0.28S
£=200V

A

At
L=|- €| 200V
= 3" 23A
At] 028
o) )
_ .,ooxo.__\gﬂm
2.5 A
Inductor

An electric circuit element having
appreciable self inductance is called an inductor.
In acircuit itis indicated by the symbol —z—.
An ideal inductor has zero resistance. But
practically it is not so. Every real inductor has
some resistance. Symbolically it is represented

as -rw An inductor does not have

any effect in a circuit in which there exists a
steady current. However, il provides an
opposing effect whenever the circuit current is
changed. It produces unnecessary heat in the
circuit. Hence coils are made noninductive by
special designs (fig 9.10). Here the resistance
wire is doubly wound on itself. Each turn
remains very close to a similar tum carrying
current in opposite direction. The magnetic flux
produced by current in one half neutralises that
due to current in the other half. This makes the
self inductance of the coil nearly zero.
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Fig. 9.10 Non-inductive coil
(Resistance wire doubly wound on itself)

Self inductance of a long solenoid

Suppose, we have a long solenoid of
radius r and n turns per unit length. If I is the
current through the solenoid at the instant t the

magnetic field B inside it is given by

B =p,nl.

Then the instantaneous magnetic flux linking
each turn of the solenoid =

b= I B.ds = p_nl nr’. If the flux changes with

time due to change of current the induced emf
generated in each turn is given by

dé

.
dt o dt

Hence the net emf across a length [ of the
solenoid is given by

PO Ny 2.

5= —(nf)polmrz ﬂ]_

at 1D
2, aydl dl
e €E=—{np n"0r°)]— =-L—
ice. &= ~{(mn’ ) = = 9.7.6
e L= nponzfrz =N |

Where L is the self inductance of the solenoid.

Itis seen that the self inductance depends
on the geometry of the solenoid. A coil or a
solenoid made of thick wire has negligible
resistance but its sell inductance may be large.

Unitof p,
From eq. 9.7.7 we may write
L

pr——
- in”

Hao = ..9.7.8
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In the R.H.S. of eq. 9.7.8. ST unit of L, ", /, n*
are henry, (metre)’, metre and (per metre)-
respectively. This gives unit of p . the magnetic
permeability, to be expressed as henry per metre
or simply H/m.

Experimental demonstration of self
inductance

L
— I
| by
\ B
w— 1]+

Fig. 9.11 Arangement for demonstration of
self inductance

We may demonstrate the effect of self
inductance from the simple experimental
arrangement shown in fig 9.11. Here L and p
represent respectively an inductive coil and i
ordinary bulb having a filament. L and b arc
connected in parallel and the combination is
conected to a battery B. A Key K as shown in
the figure.

On closing the key it is seen that the bulb
glows brightly for a moment and then glows
normally. Similarly while switching off the
circuit it again glows brightly for an instant and
then stops glowing. In both the cases itis due to
the momentary high rate of increase or decrease

d
of magnetic flux f through the coil so that

appreciable back emf is produced in it. The bulb
glows brightly under the effect of this back emf.

Energy stored in an inductor

A coil or a solenoid of thick conducting
wire has negligible resistance but appreciable
selfindutiion. Such a coil is called an inductor
().

When a circuit containing a d.c. source
and an inductor (fig. 9.12) is switched on, the
current in it does not come to steady value [
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immediately. There is a small time lag. This is
due to the back emf (- V) produced by the
inductor. The source has to do work to
overcome this back emf and establish the current.
This requires a small time interval. The current
and its associated magnetic field build up to their
steady values during the interval, which is of
the order of some fraction of a second. Work
W, done by the source during the interval, is
stored as magnetic energy in the inductor. Let
us calculate it.

Let i be the instantaneous current at a time
t when the current is building up. The back emf

Fig. 9.12 An inductive circuit

—V,_produced in the inductor at the moment is

di
ie.V, =L —
LT de
. Work dW done by the source of emf to
overcome the back emf and maintain the charge
flow is given by

dw = V,idt

= Lﬂ.idt
dt

L.e. dW =L idi

Ift is the time reqired for the current to come to
its steady value I, work W done during it is

W 1
W= J'dw = j’Lidi
0

(4]

= W:l
2

LF = Ug .9.79
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This is stored as magnetic energy U, in the
inductor. When the circuit is switched off, the
current does not come to zero immediately too
because of back emf. The energy stored in the
inductor is used in maintaining the current during
the decay.

We can see that the dimension of

l
Ug=W =5le is that of energy. Its unit is

joule when L is in henry and I, in ampere.
Example 9.7.3

A current of 3A is established in a circuit
containing an inductive coil of inductance 40
mH and negligible resistance by connecting it
to a d.c. source of steady eml..How much
energy is stored in the coil ?

Solution
Given L =40mH=4x 10°H
I =3A (final steady value)

U LI’

0 | =

x40 x 10 H x9A*

12| —

=18x 102 J=0.18 Joule.
9.8 Mutual Induction

Suppose we have two coils A & B placed
close to each other, the terminals of A being
connected to a source of emf through a key and
that of B being connected to a galvanometer G
(fig. 9.13). When there is a current in A, called
the primary circuit P, some magnetic flux due
to it links B, the secondary circuit S. Hence any
change of current in A results in a change of
flux in B during the change so that an induced
current is produced in B. It is observed as a
deflection’ in the galvanometer. This was
discussed in detail in the experiment no. 2 of
9.1 too. The same thing happens if the source
of emf and the galvanometer interchange their
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positions. Hence the phenomenon is called
mutual induction. It is the property of a pair of
circuits or coils by vertue of which any change
of current in one induces an emf in the other.

¥
®
> e

SY® A

<

Mutual induction between two coils A and B
Fig.9.13

If the current in the primary circuit A is
I, at any instant of time and the magnetic flux
linked with B is ¢ due to I, then

$, al;
i-e- ¢$ - mp

Where M is a constant depending on the
geometrical shapes of the two circuits and their
placing. M is called mutual inductance or the
coefficient of murual induction of the given pair
of circuits. In eq. 9.8.1, ¢, denotes the total
magnetic flux linked with all the tums in the
coil B. When I is one unit of current i.e. 1
ampere in eq. 9.8.1, we have ¢, = M. Hence
we may define mutual inductance of the two
coils as the magnetic flux linked with one (i.e.
the secondary) due to unit current in the other.
(i.e. the primary). As discussed in 9.7, the unit
of M is weber/ampere or henry.

..9.8.1

Further we see that if the current I in
one of the circuits changes with time, there is
rate of change of flux through the area bounded
by the other and an emf € is induced in it. Using
Faraday's law of electro magnetic induction we

have € = -%? and using eq. 9.8.1
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d1
e=-M—
= 982
L
This gives M= ‘_ di . ..983
dt

so that, the mutual inductance of two circuits/
coils is the induced emf produced in one due to
unit rate of change of current in the other.

From eq. 9.8.3 unit of M is obtained as
volt. second/ampere or ohm. second, which is
also called henry. One henry is the murual
inductance of that pair of circuits in which a
rate of change of current of 1 A/s in the primary
causes an induced emf of 1 volt in the
secondary or viceversa. The dimension of M

is M'L*T A,
Example 9.8.1

The current in a coil changes at 0.03 A/s.
Find the mutual inductance between this coil
and a nearby coil in which an emf of 0.3 mv is
induced.

Solution
Given ’3_][ - 0.03As™"

g=-03mv=-03x10"V

B l&_:|__ 0.3x107° volt
dl = 0,03

dt

ampere / sec

= 102 ohm.sec
= 10 millihenry.
Mutual inductance of two co-axial solenoids

Suppose we have two co-axial solenoids
S,, and S, having radii r,, and r, respectively
(r,<r,). 8, is placed inside S, (fig 9.14). Letn,
and n,, be the number of tums per unit length of
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Two co-axial solenoids S, and S,
Fig.9.14
S, and S, respectively. If there is a current I in
the inner solenoid S, the magnitic field
produced inside it is gives by eq. 8.8.6 as :
B=p, nl
and that outside it is zero. Though the area of
each turn of the secondary is 7r”, magnetic flux
is linked by a portion of this areai.e. ;" which
remains inside the 1st solenoid. Hence the

magnetic flux associated with each tumn of the

secondary due to the current in the primary is
equal to Brer? or pn, Irer’. Considering alength
I of the secondary, the flux ¢ linked by all the
turns within this length is given by

¢=“nnllnrlzn2f

= ¢=(pnny ()1 .9.84

Comparing eq. 9.8.4 with eq. 9.8.1, we have

M=t nn, .9.85

Example 9.8.2

A long air core solenoid has an area of
cross section of 200 ¢cm? and is wound with 40
. turns per centimeter. A short coil of 300 tums is
wound around the solenoid at the middle. Find
the mutual inductance of the combination. If the
solenoid current changes at the rate of 5 A/S,
what is the emf induced in the 300 turn coil ?

Solution
~ Hereitis given that
n,=40 cm '=40x 100m"

o’ =200cm’ =200 x 10~ m?
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dly _sA
dt S

5 M = pn (g )(n,()

W
%40 x 100m ™!
Am

% 200 % 10~ m” % 300

-3x|0"w
A

=4nx107’

=0.03H
6, =-MEE - goaHxs 2
dt S
A
S

=—.15 volt-

Mutual inductance is of importance in
calculations involving transformer coils,
dynamo apparatus, induction coils and other
electric machinery. Let us discuss here how an
induction coil works.

Induction coil

Induction coil is a device used (o
produce a large emf using a source of low emf.
One such coil is Ruhmkorff's coil (fig. 9.15). It
works on the basis of mutual induction. The
device consists of a primary coil P wound over

Fig. 9.15 Ruhmkorff"s iinduction coil

a laminated soft iron core C and a secondary
coil' S wound co-axially over the primary. The



282

radius r_ of the secondary is more than 1, the
radius of the primary. The two ends of the
secondary are connected (o two rods Gl and
Gz. The separation between the two rods s
adjustible.

The primary coil is connected to the
terminals of a battery through a circunt
interrupter. In this arrangement one end of the

primary is connected to a thin metallic stripM

to which is attached a light soft iron hammer H
(fig. 9.15). H lies close to €. The pointed end
of a screw just touches M while the screw head
N is connected to one terminal (-ve) of the
battery. The strnp M with the hammer H acts as
the cirewit interrupter, A capacitor k is connected
in parallel between M and D. The other end of
the primary is connected to the second terminal
(+ve) of the battery through a switch K'.

Suppose the screw N touches the
metallic strip M at one point of time. The primary
circuit is compleled and a current 1 is established
in it. The current grows gradually and slowly
‘because of the sell inductance of the primary
coil. The core C becomes megnetized and it
attracts the hammer H. Hence the contact
between M and N is broken. Here the current
drops to zero but tiukes some time too. However,
the rate of decrease of [ is comparatively high
in comparison with its rate of growth when the
circuit 1s made. Now the soft iron core C
becomes demagnetized and hence M with H
comes to its original position. The screw now
touches M and current is established again. C
becomes magnetized and attracts M so that the
circuit is broken again, The process of make
and break ol the circuit continues till the switch
K'is made off.

During the change of primary current
at the time of make and break of its cireuit the
magnetic flux linked with the secondiry changes
with time. Hence induced emf is developed
between its ends. It appears between the rods
G, and G, This induced emf is proportional to
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dl/dt. It is more at the time of breuk than at the
time of make. The two emf’s are in opposite
directions. With suitable separation between the
rods G, and G, one can see sparks jumping
from one rod to the other. E.m.f's of the order
of around 50000 volts can be produced in this
way out of 12 volt of input emf in the primary
circuit. Such high emf between the rods G, and
G, is used to operate equipments like discharge
tube, sodium vapour lamp, mercury vapour
lamp etc.

Role of Capacilor

At the time of make and break of the
primary circuit self induced emf is also produced
between the ends of the primary alongwith the
mutually induced emf across the secondary. The
self induced emf across the primary coi at the
time of break of the circuit is in the same direction
of applicd emf and is much larger than the
applied emf. It tends to drive large current in
the same direction as the original current. A large
potential difference therefore appears between
the screw N and the strip M. This may cause
sparks to jump and the current to continue in
the same direction. This reduces the rate of decay
of current there by reducing the emf across the

.secondary. Moreover, repeated spurks between

M and N may damage the surfaces too. To avoid
it the capacitor K provides an alternative path
to the current when the circuit 1s broken. The
current charges the capacitor plates. Hence
spark across M and N is avoided and the current
in the primary circuit drops more quickly. This
makes the induced emf across the secodary
larger. Further, the charged capacitor is quickly
discharged by sending a current in the primary
cireuit in the opposite direction.

9.9 E.m.I. induced in a rotating coil

In all our discussions made so far we
have seen, that induced emf is developed in a
conductor or in a coil either by changing the

area A associated with the coil or by varying
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the magnetic field B in which the coil is placed.
There is a third way in which such emf can be
generated in the coil by varying 0 as indicated
ineq. 9.2.7. Here 0 represents the angle between
the normal to the area A of the coil and the

direction of B (fig. 9.16). This is done by rotating
a coil of fixed area and fixed number of tumns in

auniform magnetic ficld B. As the coil rotates,
the flux associated with it changes continuously
with time and an emf is induced in it. The emf
is found to be alternating in nature.

A coil of area S lying in the magnetic field B
and making angle 0 with B
Fig. 9.16

_ Let us take a conducting coil of N tumns,
each having area S. Let it be rotated about its
axis lying in its plane with constant angular

speed @ in a uniform magnetic field B. Letus
assume that initially the plane of the coil is

perpendicular to B (fig 9.16). In time t, it will
rotate through 6 = ¢ 1. At this position the angle

between the area vector § and B is equal to 0

and the instantaneous magnetic flux ¢, linked

with the coil is given by
¢ = NS.B=NSBcos0

= NSB cos ot ..9.9.1

Hence the instaneous rate of change of flux is
given by

92 = ~-NSBo sin ot

7 v 4992
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using Faraday's law of electromagnetic
induction, the instantaneous emf induced in the
coil is

dé

g=-——=-NSBw sin ot

4t e, T

This shows that the induced emf £ varies
sinusoidally with time. It is maximum when

f=w1=90"or T 5 i.e. when the coil lies parallel

to B. This maximum emf is given by

e, = NSBo ~9.94
so that eq. 9.9.3 may be written as
£=g,sinol «9.95

The variation of € with @ is shown graphically
in Fig. 9.17b. The relative orientations of the

coil with B for some given points in the graph
are shown in fig. 9.17a.

a- Orientations of coil C with B during rotation
b- Variation of € with @1 for different orientation

Fig. 9.17

It is seen from the graph (fig. 9.17b) that €
changes sign in each half cycle of rotation. In
each +ve half cycle it passes through +ve

maximum of NSB® or £, and in each -ve half
cycle it passes through a -ve maximum -NSB®
or —&,,. The value of the emf is repeated aftera

2n
periodic time T = o in which a complete




284

rotation of the coil takes place. The emf given
by eq. 9.9.5 is called alternating emf. It is so
called because its magnitude changes at every
instant and its sign changes after each half cycle
of rotation. A dvnamo or a.c. generator works
on this principle. Such a source is the cause of
alternating current (a.c.) in an external circuit
connected to it. Let us discuss its construction
and working.

The Dynamo or A.C. Generator

A simple diagram of a dynamo is given
in Fig. 9.18. Its main components are

(1) the field magnet,
(i)  thearmature,

(iii)  theslip rings and
(iv)  the brushes.

The field magnet may be a permanent
magnet (fig. 9.18) or an electromagnet. The
poles of the magnet face each other so that a

strong, uniform field B exists in the space
between them.

Fig. 9.18

Schematic_diagram of an A.C. Dynamo

The armature is a coil of several turns
in series. Itis generally wound over a laminated
soft iron core 10 embrace more magnetic flux.
Eddy current in the core is avoided by this too.
The two ends are connected to two metallic slip
rings which can rotate with the coil.

The slip rings are rigidly fixed to the
shaft but are well insulated from it. These are
fixed co-axially with the axis of rotation.
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The carbon or graphite brushes bearon
the rings and can make connection to outside
circuit. The brushes donot rotate with the rings.

Working

Suppose the armature of area A and
number of turns N remains vertically with the
direction of B initially i.e. at t=0. In time t it
rotates by 0 = @t where ¢ is its uniform angular
velocity of rotation. As described earlier, the
instantaneous flux linked by the armature is
given by eq. 9.9.1

i.e. ¢ = NBS cos ot

Hence the instantaneous induced emf € in the
coil at time t is given by eq. 9.9.5.

£E=g,sinmt
£,=NBAgw

Which has beenderived carlier (vide egs. 9.9.1
10 9.9.5). The variation of € with time has been
shown graphically in Fig. 9.17. Itis sinusoidal.
When terminals of this generator i.e. the two
carbon brushes are externally connected to a
circuit of load R, then a sinusoidal current is
established in the circuit. The current I is given
by

= Lo o f'.—"-'-sinmt
R R
= [=1,sinwt ..9.9.6
NBA®
where I, = R 997

Such a current thus, varies sinusoidally with
time and is called alternating current (a.c.). We
shall"discuss its characteristies and uses in the
next chapter.

It'is to be noted that in some a.c.
generators the armature is made stationary and
the field magnet is rotated to generite the desired
emf. '
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The D.C. Generator

Sometimes it is required to obtain
unidirectional emf from a generator. This is
accomplished by modifying the original
generator in its construction so that the desired
undirectional emf can be fed to an external load.
Here it is arranged to reverse the connections 1o
the outside circuit at the instant when the emf
changes direction in the coil, The change in
connections is made by means of a commutator
(fig. 9.19). The device is a split ring, each side
being connected to the respective end of the coil.
Brushes, usually of graphite rods, bear against
the commutator as it turns with the coil. The
position of the brushes is so adjusted that they
slip from one commutator segment

Fig. 9.19 The D.C. Generator

Wl ——

T 37[ I
7 )

=

o
2

- Variation of € with ot in a D.C. Generator
Fig.9.20

to the other at the instant the emf changes
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direction in the rotating coil. In the external
circuit, there is a unidirectional voltage which
is, however, not constant in magnitude. The
variation of such emf with time is shown in Fig.
9.20. The curve is similar to a sine curve, with
the negative half inverted. A nearly steady
unidirectional emf may be obtained by using
many armature coils. having their planes
gradually and slightly inclined to its previous
one. These are wound in slots distributed evenly
around a laminated soft iron cylinder.
Example 9.9.1

A rectangular coil of 100 wums each
having an area 50 cm’, hangs in a vertical plane
with its plane perpendicular th a uniform
magnetic field of 6 x 107 T. If it is rotated by
90°in 0.02 sec, find the induced emf in the coil.

Solution
N =100 _
S=50cm’=50x 107w’
B=6x10*T=6x 10" W/m®
At=0.028 =2 x 1078

Initial flux linked with the coil = § =NSB cos 0°

= ;=100 x 50 x 10*m’x 6 x10* W/m’
=3x10*W

Final flux linked with the coil ¢, = NSB cos 90°
=bh=0

_ =(0-3x10"H)W
- 2x107

=}15x10°V

= |5 millivolt.
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Miscellaneous Worked out examples
Example 9.1

Find the magnitude of induced emfina
coil of 100 turns each having area 0.32 m?, if
the magnetic field through the coil changes by
~ 0.40 weber/m” uniformly over a period of
0.04S.

Solution
Given S=032m°
N =100
wB=04 "
m
and Ar=0048S
Then € = NSAB/ At
100 032m’ x04 W
¥ 0.04S m?
0.128 x 10°
S e volt
4 %10
=320V
Example 9.2

A conducting circular loop of area |
mm- is placed coplanarly with a long, straight
wire at a distance of 20 cm from it. The current
in the wire changes from 10A to zero in 0.1
sec. Find the average emf induced in the loop
during the interval.

Solution
The magnetic field B due
to the wire at the loop is
° given by B—"L—“l and is
d . 2nd
perpendicular to the plane
of the loop.
. Flux through the loop
L e
2nd
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S Ap=0-¢
- p IS
2nd
2 __L}i e n IS
At 2rndAt
Given I = 10A

S = lmm? = 10%m*
d=20cm=02m
At=0.18

ST.m  0Ax10°m”
0 * [ ]
A 2x107"mx107'8S

B =2Xl

= 10j‘”£= 107" volt

Example 9.3

A circularcoil of 100 turns and radius 4
cm is placed with its plane making ungle 45°
with a magnetic field of 0.3T. The field reduces
to 0.2T in 0.2S. Find the average emf induced
in the loop.

Solution
Given N = 100

r=4cm=0.04m
0=45
B,= 03T
B.=0.2T
At=0.2S

Area of each loop i.e. S = e
=nx16x10"*m’

Initial flux linked with the coil
i.e. ¢, = NSB, cost

=10 xwx16x 107 x03cos45° W
Final fluxJinked with coil
i.e. ¢, = NSB, cos0

L 10? x e x16x 107 x 02 cos45° W
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LB = -—-%? = /Al
10" xwx16x 107 x0.dcos45 W
i 0.2 S
—f x 1072 volt
=178x1072V=0178V
Example 9.4

A 10 m wide space craft moves through
interstellar space at a speed 3 x 107" m/s. A
magnetic field of 3 x 10"'°T exists in the space
in a direction perpendicular to the plane of
motion. Treating the space craft as a cdnductor,
calculate the emf induced across its width.

Solution
| Given width of the space craft=/=10m
B=3x 10T

§=3x10"m/s

;.8 =BI(Y
=3x 10T x 10mx 3 x 10" m/s

W
=9x 10‘3‘S—=0.09V

Example 9.5

A copper wire bent in the shape of a
semicircle of radius r translates in its plane with
d constant velocity 9. A uniform magnetic field
B exists in the direction perpendicular to the
plane of the wire. Find the emf induced between
the ends of the wire if the velocity is
perpendicular to the diameter joining its free
ends.

287

As shown in the diagram
aba' is the semicircular wire.
° C is its midpoint.

— % Ois the centre of the circle.

o"

) B is Lr to the plane of the
diagram.
ris the radius of the circle.

=

Let us take a small arc rd0 zil C, which makes
angle O with ob,

Here component of 8 Llrto the length
rd0 =9sinB (from the diagram).
The motional emf dg, induced between the ends
of rd0, is given by dg, = Brd03 sin0
For an identical arc in the lower quadrant

de, = Brd03sin0
2. de (for the pair) = dg, +de, = 2Brd69 sin

- = de =2Br3sin0do
.. The induced emf in the wire due to its motion
a2

=¢=[de= jzarssinede

= £ =2Br9[-cos0]"* = 2Br8.
Example 9.6

The horizontal component of earth's
magnetic field at a place is 3.3 x 10T and the
angle of dip is 60°. A metal rod of length 50 cm
and placed along N-S direction is moved at a
constant speed of 20 cm/s towards east. Find
the induced emf in the rod.

Solution

Given

. B,=horizontal component of carth’s field =3.3

x 107T
£ = angle of dip = 60"

B
sotan £ = 'Ii (B,, being the vertical

component)
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ie.B, =B, tan g
=3.3x 10* T x tan 60"

=J3x33x107'T
g = speed of the rod towards east

=202 =02m/s

S
¢ = length of the rod = 50 cm
=0.5 m along N-S direction.

As it moves perpendicular to its length i.e.
towards east

g=By(9
= 3x33x107*Tx05m»02m/s.

=057x10™ T.m*
S
=57x107°V.
=57uV
Example 9.7

A train is travelling north with a speed
of 20 m/s. The distance between the railsis 1.3
m and the vertical component of earth's field
is 4 x 10°T. Find the potential difference
between the rails when the train is in motion. If
the leakage resistance between the rails is 100
ohms, calculate the'retarding force on the train.

Solution

.................

.................

Given g — ig (say) towards north
t=13m -
RO - VEST 4 T ¢

Y (between the ends of iﬁe,mdlé-BVCS
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=4 %107 T x 1.3m = 20m /s = 104 x 10 volt
. R =theleakage risistance between the rails
= 100 ohm.

I = current across the rails
& _104x 10 volt _
R 100 ohm

.. The retarding force on the train
F=I(B

=1.04x 10°Ax 1.3 mx 4 10°T

1.04x 10°A

.=54 x 10" newton.
Example 9.8

The current in an inductive circuit varies
as I = (1-0.2t) A. If the self induced emf
produced in it is 2 x 10°*V, find the self
inductance of the circuit.

Solution _
GivenI=(1-0.21) A
ﬂ =-02A/s
dt
dl
i =02°A/s
i.e. a‘
v E= Lﬂ,
dt
2 x 10V =L x 0.2 Afs.
-2
B 2x107°V.S
02A
=0.1H
Example 9.9

A metal rod of length 1 m rotates about

an end with a uniform angular velocity of %

rad/s. A uniform magnetic field of 0.02T exists
in the region in a direction parallel to the axis of
rotation. Find the emf induced between the ends
of the rod.
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Solution

B 2
X X

X Xip< X
X XHpx
x xx x
X xijpx x
cheh

X X

X
X X X X X X

As shown in the diagram rod ab of
length [ (say) rotates about a with angular speed
o (say) in the plane of the diagram. The
magnetic field is perpendicular to the plane of
the diagram down wards. Let us take an element
of length dx on the rod at a distance x from a.
The linear speed of the element of length
=9 = @x. As it moves perpendicular to its
length and also perpendicular to the magnetic
field, it cuts magnetic flux at the rate B3dx.

Le. b = B9dx

dt
. The magnitude of induceed emf between the
ends of the clement = de = B8dx = Boxdx,

. The net induced emf between the ends of the

rod=& =jde=ijxdx

o o
e.€ =< Bol’
2
Givenin the problem (=|m
0= %rud /s
B =0.02T

LE LT
2

L 002T x = xim?
2 6s

2
=524 10"‘3';’—

=5.24 x 107 volt.

289

Example 9.10

The current through a 1 H inductor
varies sinusoidally with an amplitude of 5A and
a frequency of 50 cycles per sec. Calculate the
peak potential difference across the inductor.

Solution

Let the current be given by I =1 sinwt

dl
Then € =-L—
dt

. =—L%(Insinmt)=—uomcosmt .

= g, Ccosmt

where £, = -LI o and lanl =Ll o
GivenL=1H

I,=5A

o = 2nf =27 x50 c.p.s.= 100 x/s
- &, =1Hx5A x1007/s = 1570 volt

SUMMARY

Electromagnetic induction is the phenomen;:n
of generating induced emf in a coil by changing
the magnetic flux (¢) linked by the coil with
time. -

Michale Faraday discovered the law of electro
magnetic induction. '

Faraday's law states that the rate of change of
total magnetic flux linked by a coil is equal in
. : e d¢
magnitude to the inducedemf initi.e. €=-N 9t
Lenz's law gives the nature of induced emf and
is in accordance with the principle of
conservationfoenergy. '
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Lenz's law states that in all cases of
electromagnetic induction the induced current
isin such a direction so as to oppose the cause
to which it is due, '

Motional emf is the induced emf developed
between the ends of a conductor when the
conductor moves in the magnetic field in a
direction other than the parallel or antiparallel
direction. Maximum motional emf is produced
when the conductor moves perpendicular to the
field. Itis given by £ = B(9 where B, { and 8
stand for the magnetic field, the length of
theconductor and the velocity of the conductor
respectively.

The direction of motional emf and hence the

induced current in a closed conducting path is
given by Fleming's right hand rule.

Flemings right hand rule states that "If the
forefinger of the right hand points in the direction
of magnetic field and the thumb in the direction
of motion of the conductor, then the middle finger
will pointin the direction of induced current.”
The induced current due to motional emfina
B8({sinB

R

Power P required to maintain velocity 8 in the

- : 20202
conductor is given by P = B ;3 X

circuit of resistance Ris given by | =

Induced electric field is of nonelectrostatic
origin and nonconservative. It is produced by
changing magnetic flux. The induced emf in

terms of induced electric field E_is given by

£E= § f".n a} = .-ﬂ,
Codt

Eddy current loops develop within solid bulk

of conductor when it is moved into a magnetic

ficld. Such currents produce unnecessary

heating in the conductor.

Self induction is the phenomenon in which
induced emf is generated in a conducting loop
or coil due to any change of its own current

Bureau's Higher Secondary Physics

with time. The emf induced in the coil is £=-L d_t

Self inductance L of a loop/coil is the magnetic
flux linked through it due to unit current in it,

dt
unit is weber/ampere or ohm-sec which is also
called henry (H).

A coil or a solenoid behaves as an inductor,
given by sysmbol —zg— . When connected in
a circuit it produces back emf at the time of
change of current. In such situations energy is

- d .. _ . dI
e L= T Itisalsodefinedas 1.=¢/— IisS.L.

stored in the inductor and is given by U = -;—Ll &

when the current gradually builds up in the
circuit fromzero to L.

Mutual induction is the property of a pair of
circuits or coils by virtue of which any change
of current in one induces an emf in the other in

==l
the opposite sense. The induced emf £,~M R

Mutual inductance of two coils is defined as
the magnetic flux linked by one due to unit

currentin the otherie. M =6, /I, =¢, /1.

Itis also defined as the induced emf developed
in the secondary due to unit rate of change of

a,
dt

flux in the primary, or vice versa, i.e. M =

Induction coil is a device used to produce a large
emf using a source of low emf. It works on the
principle of mutual induction.

Sinusoidal emf can be developed in a coil by

rotating it ina magnetic field, not parallel to the

plane of the coil. Such sinusoidal emf is given
by & =&, sinot, where £, = NBS® where N,
B, S and @ stand for no. of turns in the coil, the
magnetic induction of the field, area of the coil
and angular velocity of rotation of the coil
respectively.
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MODEL QUESTIONS .

A.

Multiple Choice Questions :

A bar magnet is moved quickly towards
aclosed coil of 100 turns and area 25cm’,
its plane being parallel to the direction of
motion of the magnet. The induced current
produced in the coil is

a)  zero b) 0.25A
c) 25A d 4A

The magnitude of induced emf in a coil
depends on the :

a)  the amount of magnetic flux linked
by the coil.

b)  the amount of electric flux linked
by the coil.

¢) therate of change of magnetic flux
: linked by the coil.

d) the rate of change of electric flux
linked by the coil.

Arod of length ( rotates with a small but
uniform angular velocity o about its
perpendicular bisector. A uniform
magnetic field of 0.3T exists parallel to
the axis of rotation. The potential
difference between the two ends of the
rod is

a) zero b) 0.15(w*
o 030> d) 0600
Weber per second is equal to

a) Ampere b) Volt

c) Ohm d) Henry

An iron rod of length I m moves in a
magnetic field of 0.32T with a velocity

of 2m/s in a direction that is perpendicular
to the field. The induced emf between the
ends of the rod is

a) 064V b)
¢c) 016V d)

032V.
zero

6.

10.

The induced electric field produced in a
region due to time rate of change of
magnetic flux in a coil is of

a) electrostatic origin and conservative.

b) nonelectrostatic origin and
conservative.

¢) electrostatic origin and non
conservative.

d) non electrostatic origin and
nonconservative.

The current through a choke coil of
inductance 0.5H is decreased at the rate
of 2A/s. The induced emf developed in
the coil is of magnitude

a) 025V b} "V
c) 2V d 4V

A magnet is allowed to fall from a height
through a metal ring of diameter 0.5m.
The acceleration of the magnet is

a) equaltog

b) lessthang

c) greaterthang
d) zero

The current in an inductive circuit
changes from 0.5A to 0.3A in 2 seconds.
If the seif inductance of the coil is 1 mH,
the induced emf developed in the circuit is

a) 10*V b) 2x107%V
¢) 3x10%V- d) 4x107V
Self inductance of a coil delays

a) ~ the growth of current through it

b) . the decay of current through it.

c) both the growth and decay of
current through it. ' ‘

d)  neither the growth nor the decay of
current through it.
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11

12.

13,

14,

15.

Mutual inductance between two circuits
does not depend on

a)  number of turns in both the coils.

b)  area of both the coils.

c)  permeability of the cores of the coils
and permeability of the separating
medium.

d)  permittivity of the cores of the coils
and permittivity of the separating
medium.

Self inductance of a coil is the mechanical

-analogue of

momentum
power

a)  energy b)
¢)  inertia d)

‘A conducting plate is allowed to swing

like a pendulum about a pivot and into a
region of magnetic field. Eddy currents
are induced in the plate when the
conductor

a)  enters the field but not when it
leavesit,

b) leaves the field but not when it
enters it.

c)  enters the field and leaves it.
d)  does not enter nor leave the field.

A bar magent is released from rest along
the axis of a very long and vertical copper
tube. After some time the magnet will

a)  come to rest inside the tube.
b)  move with terminal velocity.

¢)  move with an acceleration greater
then g.

d) oscillate.

L, C and R stand for the inductance,
capacitance and resistance respectively of
an LCR circuit. Which of the following

expressions has the dimension of

frequency ?

16.

17,

18.

19.

20.
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all o]

L
3 R b)
1 |
I oL PR 7
The unit of magnetic permeability can be
written as
a) hc*:nry.*’(meter)2
b) (meler)llhenry
¢)  henry/metre
d)  metre/henry
A current of 2A is established in an
inductor of inductance 1ImH in 0.02 sec.
The magnetic energy stored in the
inductor is
9 2x1077 b) 1x10'J
0 4x10°T & 2x107)
Two circular, similar and co-axial loops

carry equal currents in the same direction.
If the loops are brought nearer

a)  current will increase in each loop.

b)  current will decrease in each loop.

¢)  current will remain the same in each
loop.

d)  current will increase in one and
decrease in the other.

-A coil having number of turns N and area

A is rotated in a uniform magnetic field
with angular velocity . The maximum
‘induced emf in it is given by

N

0 - IRAR: ) s
(0]
NA® NA
c) B d) Bo

When the number of turns ir'n a coil is
doubled without any change in the length
of the coil, its self inductance L becomes

a) 4L b) 2L
¢) ‘L2 d L
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10.

11.

12.

13.

14.

15.

Very Short Answer Questions :

Under what condition induced current is
produced in a closed coil ?

Explain the symbols used in the

3 £E=- .A_‘b.
expression R p

State Lenz's law.

How much emf is induced in a coil of
single turn when the magnetic flux linked
with the coil chdnges by 0.5 weber in 1
sec ? ;

Define coefficient of self induction.

Mention two physical factors which may
be varied for a coil to produce induced
current in itin a fixed magnetic field.

A straight conductor is moved in a
magnetic field in a direction parallel to the
field. How much emf is induced between
the ends of the conductor ?

Define coefficient of mutual induction.

Define self inductance of a coil.

Can you have an inductor without any-

resistance ?

How much induced emf is developed in
a circuit containing an inductance of one
millihenry if there is a steady d.c. of 0.1A
maintained in the circuit ?

Mention the name of two factors that
govern the magnitude of induced emf in
an electric circuit.

The electric mains in the house is marked
220V, 50 ¢.p.s. Write down the equation

“for instantaneous voltage.

Name the device that converts a.c. tod.c.
in a dynamo.

Name the quantity measured in -

Maxwell/cm.

16.

17.

18.

19.

20.
21.
22.
23.

24,

235.

26.

27.

28.

29.

30.
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Give the relation between weber and
maxwell.

Name the unit of self inductance in S.1.
system.

Write the dimension of mutual
inductance.

Name the rule to determine the direction
of induced emf in a conductor.,

Mention two uses of eddy current.
Name the essential parts of a dynamo:
Define henry. [CHSE, 1989(S)]

What will happen if a closed coil is placed
in a changing magnetic field ?

[CHSE, 1991(S)]
State Fleming's right hand rule.
[CHSE, 1993(S)]

Name the principle on which a dynamo
works.

What emf is developed in a coil that
moves through a uniform magnetic field.

‘Write the S.1 unit of magnetic flux. Isita

scalar or a vector quantity ?
[CHSE 2003]

How does the self-inductance of air coil
change, when (i)the number of turns in
the coil is decreased (ii)an iron rod is
introduced inthe coil.  [CHSE 2003]

If the number of turns in the solenoid is
doubled, keeping other factors constant,
how does the self-inductance of the coil
change ? [CHSE 2000]

If the rate of change of current 2 ampere/
second induces an emf of 40 mV in the
solenoid, what is the self-inductance of
this solenoid ? [CHSE 1996]

Short Answer Questions :

Explain what is electromagnetic
induction.

Write Faraday's law of electromagnetic
induction and explain it.
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10.
I1.
12.

13.

14.

15.
16.
17.
18,

19.

Explain motional emf.

Write down the mathematical expression
for motional emf and explain the symbols
there in.

Why does a spark appear in the switch of
a fan when it is put off ?

Explain what is self induction.
Explain what is mutual induction.

How does Lenz's law obey the principle
of conservation of energy ?

Establish the S.1. unit of self induction.
How does a dynamo differ from a motor ?
[CHSE, 1986(S)]
State Lenz's law and explain it.
| [CHSE, 1987 (S))
Explain Fleming's right hand rule.
[CHSE, 1988(S)]

Define coefficient of self induction and
state its units.

The manetic induction inside a solenoid
is p nl and is parallel to its axis. The
cross sectional area of the solenoid is A.
Calculate the value of its self inductance.

[CHSE, 1994(A)]
Distinguish between self induction and
mutual induction.

Distinguish between a resistance and an
inductance.

Why are the coils in a resistance box
doubly wound ?

Explain the factors on which the
coefficient of mutual induction depends.

Why is the induced emf stronger when
the current in an L.R. circuit is cut off than
when it is made on ?

20.

21.

22,
23;

24,

25.
26.

27.

28.

29.

Bureau's Higher Secondary Physics

What happens to M if the number of turns
in the secondary coil is increased without
affecting the primary circuit.

How much power is required to drag a .
rectangular coil through a magnetic field
so long as the coil remains inside the

- field ?

How does self induction play the role in
bringing an oscillating galvanometer to
rest 7

Explain what happens when a circular
coil and a bar magnet recede from each
other with the same speed.

A bar magnet is kept along the axis of a
circular coil. Will there be current in the
coil if the magnet 1s rotated about its own
axis 7 Explain your answer.

A metallic loop is placed in a nonuniform
magnetic field. Will an emf be induced in
the loop ? Explain.

Why does an oscillating moving coil
galvanometer come to rest immediately
when its ends are connected to-gether.

A pivoted aluminium bar falls much more
slowly through a small region containing
a magnetic field than a similar bar of an
insulating material having the same
weight. Explain. - =i

How does the mutual conductance of a
pair of coils change when (i)the distance
between the coils is increased and (ii)the
number of turns in each coil is decreased?
Justify your answer in each case.

[CBSE 1998]

Two identical loops, one of copper and
the other of aluminium, are rotated with
the same angular speed in the same
magnetic field. Compare (i) the induced
emf and (ii) the current produced in the
two coils, Justify your answer.

[CBSE AI2010]
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30.

[e—
.

Two identical coils, one of radius r and
the other of radius R are placed co-axially
with their centres coinciding. ForR >>r,

~ obtain an expression for the mutual

inductance of the arrangement.
[CBSE 2004, 08]
Long Answer Type '

Describe Faraday's experiment on
induced emf and induced current and
explain how the results led to the
formulation of the law of electromagnetic
induction.

Explain what is induced emf. In what way
it is different from the emf due to a
battery ? Mention the factors on which
induced emf depends.

Describe how translational induced emf
is produced. Find an expression for the
same. Find the magnitude of induced emf

in a conductor, when it moves parallel to

a magnetic field.

Explain what is eddy current. Discuss its

advantages and disadvantages. Suggest
ways to minimise cddnes in conducting
blocks.

Describe how rotational induced emf 1s
produced. Deduce &=¢g, sinot and
discuss its significance.

GGive the principle of construction and
working of an a.c. generator. How is it
vonverted to a d.c. generator.

Describe the principle, construction and
working of a d.c. generator. Discuss how
it differs from an a.c. generator.

Explain what is a dynamo. Discuss with
necessary theory the working of an a.c.
dynamo,

Explsin what is self induction of a circuit.
Desci'9e an experiment to demonstrate
the sar. .

5

10.

11,

(b)

12.

(b)

E.
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A long straight conductor carrying a
steady current passes through the centre
of ‘a circular coil, perpendicular to its
plane. If the current in the straight
conductor is increased suddenly, will an
emf be induced in the circular coil ?
Explain your answer.

(a) It is seen that, if a permanent
magnet is dropped down a vertical copper
pipe, it eventually attains a terminal
velocity, even if there is no air resistance.
Explain the phenomenon.

A current carrying conductor passes

through the centre of a metal ring normal

to the plane of the ring. Is there a current

in the ring when the current in the

conductor is switched on and switched
off ? Will such current in the ring be seen

when the current in the conductor is

steady ? Explain your answers.

(a) A farmer claimed that the high
voltage transmission lines running paralle!
to his wire fence induced large voltages
on the fence and often becomes
dangerous. Is it possible ? Explain your
answer.

A sheet of copper is placed between the
poles of an electromagnet, so that the
magnetic field is perpendicular to the
sheet. When the sheet is pulled out, a
considerable force is required and the
force required increases with speed.
Explain the happening.

Numerical Exercises

The plane of a coil of area 100 m is at
right angles; to a magneuc field of
induction 10~ webear! m. If the field
decreases to 5 x 10 weber/ m in 5 s,
find the average induced emf in the coil.

An aluminium disc of diameter 25 cm -
rotates at 3600 r.p.m. about its axis. It is
placed in a magnetic field of induction
0.2T acting parallel to the axis of rotation
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of the disc. Calculate the magnitude of
induced emf between the axis of rotation
and the rim of the disc.

Calculate the emf induced between the
ends of an axle of length 1.75 m of a
railway carriage which runs on a level

- ground with a uniform speed of 80 km/

hour. The horizontal component of
earth’s magnetic field at the place of
observationyis 3.2x 10" T and the angle
of dip is 60 ..

A horizontal straight rod of length 2m and
extending along East-West falls vertically
down with an average speed of 5 m/s. If
the horizontal component of earth's
magnetic fieldis 3.6 x 10 T, in the region

find the instantaneous value of emf

induced in the rod.

A 10 ¢m long wire carries a current of
SA and lies perpendicular to the field of
strength 2.5 mT. Calculate the force acting
on the conductor and the mechanical
power required to move it against this

force with a speed of 2 m/s. Find too the -

induced emf in the conductor.

A copper rod of length 1m rotates about
one of its ends with an angular speed of
10% rad / s in a uniform magnetic field of
2T that is perpendicular to the plane of
rotation. Calculate the induced emf
developed between the two ends of the
rod.

The current in a coil of self inductance
2H increases as I = 2 sin t* where t stands
for time. Find the amount of energy spent
during a period when the current changes
from zero 1o 2A.

An emf of 1.5 KV is induced in a coil
when the current in it collapses
uniformly from 4A to zero in 8
millisecond. Determine the self
inductance.of the coil.

A long solenoid having 220 turns /cm,
carries a current of 1.5 A, its diameter
being 3.2 cm. Another close-packed coil
C of 130 turns and diameter 2.1 cm lies
co-axially at the centre of the solenoid.
Find the emf induced in C when the

10.

1.

12,

14,

15.

16.
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current in the solenoid 1s reduced to zero
at a steady rate in 25 millisecond.

The current in the primary of an induction
coil of mutual inductance SH is suddenly
switched off so that an emf of 30000 V is
induced in the secondary. Find the current
in the primary before break if it is
uniformly reduced to zeroin 10 s.

The current in a 0.25 H inductor is given
by I =5t + 7t + 3. Find the induced emf
in the inductor at t = 2 millisecond.

A fan blade of length 0.5 m rotates
uniformly at right angles to a uniform
magnetic field of 5 millitesla parallel to
the axis of rotation, If the fan makes 1500
revolutions per minute how much
potential difference is developed between
the ends of the blade during rotation.

The current through a 0.5 H inductor
varies sinusoidally with an amplitude of
2A, and frequency of 50 ¢.p.s. Calculate
the maximum potential difference
developed across the inductor.

A square coil of edge 20 cm and 100 tums
is rotated with a uniform angular speed
of /3 rad/s about one of its diagonals
which is kept fixed in a horizontal
position.. If a uniform magnetic field of
0.4 T exists in the vertical direction, find
the maximum value of emf induced in the
coil. : :

A conducting circular loop of radius 50
cm is rotated about its diameter at a
constant angular speed of 6z rad /s in &
magnetic field of 1 tesla that exists
perpendicularto the axis of rotation. Find
the maximum emf induced in the loop and
the positions where the induced emf is
zZero.

A 10 m wide space craft moves through
the interstallar space at a speed 3 x 10
km/s. A magnetic field of 3 x 10° T
exists in the space in a direction
perpendicular to the plane of motion.
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17.

18.

19.

20.

21.

Assuming the space craft to be
conducting, find the emf induced across
its width.

A magnetic flux of 16 x 10 weber is
linked with each turn of a 100 turn coil
when there is an electric current of 2A
in it. Calculate the self inductance of the
coil.

The current in a solenoid of 200 turns over
a length of 10 cm, changes at the rate of
L A/S. If the radius of the solenoid is 2cm,
find the emf induced in it and its self
inductance. '

A solenoid of length 12cm and radius 2cm
has 2000 turns and it is placed inside
another solenoid of the same length and
same number of turns but of radius 4cm.
Find the mutual inductanee between the
solenoids.

The current in a coil changes at 0.02 A/
S. Find the mutual inductance between
this coil and a nearby coil in which an
emf of 0.4 mV is'induced.

A small piece of metal wire is dragged
across the gap between the pole pieces of
a magnet in 0.5 s. The magnetic flux
between the pole pieces is known to be

8. 10" Wb. Estimate the induced emf in
the wire. [CBSE 2004]

A jet plane is travelling west at 450 . If
the hjorizontal component of earth’

magnetic field at that place is 4 x 10° T
and the angle of dip is 30", find the emf
induced between the ends of wings
having a span of 30 m, [CBSE Al 2008]

The magnetic flux linked with alarge
circular coil, of radius R, is 0.5x 10 Wb
when a current of 0.5 A, flows through a
small neighbouring coil of radius r.

297

Caculate the cofficient of mutual
inductance for the given pair of coils.

[CBSE 2008 C1
Answer as directed

A coil of insulated copper wire is moved
in a uniform magnetic field at constant
rate. An emf'is induced in it (True / False)

A coil of metal wire is stationary in a non-
uniform magnetic field, will an emf be
induced in the coil ? (Yes/No)

A wire-coil carries the current L. How will
the potential energy of the coil depend
upon the resistance of the coil ?

Is a transformer used to convert
alternating current into direct current ?

When a magnet is moved with its north
polarity towards a coil placed in a closed
circuit, then what type of polarity will be
found in the nearer face of the coil ?

Do eddy currents cause sparking ?

Is the self inductance of a ciol a measure
of electrical inertia or induced emf ?

A coil is rotated with a uniform speed
in a constant magnetic field. Will there
be induced emf and if so, can it be
periodic ? .

Correct the following sentences :

Fleming's left hand rule gives the direction
of induced current,when a conductor
moves in a magnenc’ field.

Lenz's law confirms the principle of
conservation of momentum.

The S.I unit of self inductance is volt/
ampere.

The dimension of mutual inductance is
ML T?A. _

Weber per second is equal to henry.

Self inductance of a coil speeds up the
gmwth and decay of current through it.

Induced current is produced in a closed
coil when a magnet is kept near it.
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G | ANSWERS )

A. - Mulitiple Choice Type Questions :

R K (Y 2 () 3. @ 4 (B S5 @ 6. d 7. ®) 8 ()
9. (a) 10. (c) 1. (d) 12. ¢) 13.(c) 14. (b) 15.(d) 16. (c)
17. (a) 18. (b) * 19. (a) 20. (b)

E. Numerical exercises :

. 01V 2. 0589V
3. 00022V 4.  36x 107 volt
5.  1.25x 107 newton, 2.5 x 107 watt, 5 x 10~ volt

314 volt 7. 4Joule
8, 3H 9. 75mV
10.. 0.6 A ‘ 11. 1755V
12, 0.0982 V - 13, 31416V
14. 1676V | e
15. 14804 V; g =0 at ot = ng wheren=0, 1,2.........
16. 9V ] 17. 8x 10°H
18. 6.32x10*V;6.32x 10 H 19, 0053H
20. 0.02H _ 2. 1.6mV,
22. 312V, 23. 1mH

F. (1) False (2) No. (3) Does not depend on (4) No. (5) North polarity (6) No. (7) Electrical
inertia (8) Yes, induced emf and is periodic.
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Alternating Currents

We have studied the direct current (dc)
circuits. In such circuits currents, voltages and
emfs are treated as constants and they donot vary
with time in direction and magnitude. However,
large scale power generation and distribution is
not easy using dc. Instead, it is achieved by
alternating current (ac), in which voltages and
currents vary with time, often in sinusoidal
manner. These are produced by sources

“producing alternating emfs i.e. dynamoes. In this

chapter let us study the properties of ac and the
circuits in which it is maintained. Many of the
same principles used in dc circuits are applicable
here and some new ideas relating to the
behaviour of inductors and capacitors will be
briefly discussed.

10.1 Alternating Current :

In the previous chapter we have seen how
alternating emf is generated by a dynamo. Such
an emf is given by

e=g,sin(ot+¢) 1011
where, £, = peak value or amplitude of emf
@ =angular frequency of variation of emf
and ¢ =the initial phase angle
-.10.1.2

When such a source of emf is connected
externally to a load of resistance R (fig. 10.1)

If ¢ =0, then &€ =g sinmt

the instantancous current developed in the circuit
is given by

€ €
[ = —=—"sin(wt+
R R ( ¢

= 1 = I;sin(ot+¢) ..10.1.3

where 1 iscalled the alternating current (ac)

in the circuit
and I isits peak value or amplitude
R
—_— MWVWWWWA
»K @8
Fig. 10.1

(a.c. circuit with a load R)

Such a current varies continuously in magnitude
and periodically in direction. It repeats its value
after each time interval T =27/, called the
time period of ac. ¢ is called the inital phase
angle of the sinusoidal variation. A plot of T
versus 't' is shown in Fig, 10.2. The current is
positive for half the time period and is negative
for the Temaining half. In each half it passes
through a peak value. An a.c. source is shown
as ~in a circuit diagram.
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Fig. 10.2
(Variation of a.c. with time)

A sinusoidally varying emf or current can as
well be represented by the equations,
g=¢g,cos(wl+¢). Such an emf or current
differs from that represented by eq. 10.1.1 or
10.1.3 in the mitial phase, which is 7. One

may note that the instantaneous phase of
alternating current or voltage is measured by
the angle tumed through by the generating
element from a given instant. Any given phase
of a.c. is repeated after a periodic time

1
T=2n/o= e where 'f’ denotes the frequency

of a.c.
Ex. 10.1.1:

. The peak value of emf of an a.c. source
is 100 volt ‘and its frequency 50 cps. It is
connected to a resistor of 50 ohm externally.
Write down the equations for instantaneous emf
produced by the source and the instantaneous
current assuming the initial phase angle to be
zero. Find the peak value of a.c.

Soln.
Given g, =100V

f=50cps
® =2xf = 100w per sec.
R =50 ohm
Hence the instantaneous emf is given by

£ =g, sinwt = 100sin 1007t

and the instantaneous a.c. I is given by

1= Eﬂ-sin ot = @sin 1007t = 2sin 1007t
R 50 _

Bureau's Higher Secondary Physics

The peak value of current = [,=2A

10.2 Average and effective values of
alternating current

The alternating current varies sinusoidally
with time and repeats its value after one time
period T. Its value at any instant t is given by
eq. 10.1.3.i.e. I = I sin(wt + ¢). It is a periodic
function of time. Hence we may calculate its
average value either gver a period T or over a
half period T/ 2.

The average value of a.c. over a period
T is given by

T
- J'l{, sin(ot +¢)

T
1“=jld:/jd:=u

T
= Inv = lg[—__—COS((Dt ¥ ¢)]
T ®

iy

Lo |

--C-D—;I-_[ cos(oT + ) +cos]
I, i

—5;[ cos(27 +¢) +cos ¢

= Im,=l [-cosdp+cosh]=0 . 102.1

2o
2n
[- ©T=2nand cos (2 + o) = cosa]

Thus we see that the average value of a.c. over
a cycle or over a period is zero. Since the
periodic time of a.c., we use, is very smalli.c. a
small fraction of a second, it is of no use to take
its average value. On the otherhand we may
calculate such average value over half a cycle
i.e. over a period from 0 to T/ 2.

The average value of a.c, over T/2 is
given by

T2 T
Lty = Ildl/ Idl
o

[\
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T

12
I sin(ot +¢)dt

Il

-—IE"]

. [—cos(cot +¢)]T"2

(0]

= %[—003[921+ ¢)+ COS¢]

cos(m+ ¢)+cos ¢]

-Il[cosq: +cosd]
T
21, cosd

T

= Lymy= 1022

Eq. 10.2.2. gives the I over the + ve half cycle.

Such average value over the - ve half cycle can
be similarly calculated as

-
_[ [, sin(mt +¢)dt
I (fom T/2 to T) = ——
Idt

Ti2

_ 21, [- cos(ot + ¢)]T
T ) T2

21, cosd
S

= I, (over —ve half cycle)=—

.1023

Thus we see that the average value of a.c.
over the - ve half cycle is the negative of its
average over the + ve half cycle and hence the
average of a.c. over the full cycle becomes zero.

Iy main 18 found to be that steady current which
sends the same charge through the circuit as is

done by a.c. in a half cycle in a given direction.

21,
From eq. 10.2.2 we have Lyqun = =y
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if ¢ =0, and it is thus 0.637 times the peak
value of ac. As the average value of a.c. overa
full cycle is zero, a moving coil galvanometer
gives zero deflection when connected in an a.c.
circuit. Such I is hardly, of any use. Because
of this, effective or r.m.s. value of a.c. is of
practical use and most a.c. meters are calibrated
toreadthis1 . orl value. Letus calculate it.

Effective or r.m.s. value of a.c. (1 aroF lm)

The effective or r.m.s. (rootamean square)
value of a.c. over a particular time interval is
defined as that value of steady d.c. which
produces the same heat in a given resistor as is
done by the a.c. in the said resistor in the same
time interval.

Let us take the a.c. as I =1_sin(ot +¢).

The heat produced dQ by this a.c. in a resistor
R over a time dt is dQ=I"Rdt. Then total heat
produced in one completecycle is :

] T
Q = [IP Rt =R[I sin*(@t+) di

‘2’ [Idl ~}cus 2ot + ¢)dl:|

[ sin’ (wt+¢) =

2 . T
_LR I—T_{sm 2ot + ¢)}
2 | 20 ¥

1 —cos 2(wr -i-m]

i,

-—

[‘[‘ ——{sin2(wT+ ¢)—sin 2¢}]
[T - —{sm(4n +2¢)—sin 2'1'}]

i ——%(sin 2¢ —sin 2¢)]

..10.2.4



If a steady 1, produces the same heat Q
in joules in a resistor R in time T, then, clearly

Q=1%RT «10.2.5
so that
l5§T=1§ﬂrm"
s
= ILyg==
C“ 2
Iﬂ
= le=—4% -10.2.6

It is to be noted nere that whether the
instantaneous a.c. is +ve or -ve at a given instant,
its square is always positive. Hence its average
value over a cycle must be positive. Such mean
square value of a.c. over a cycle is given by

12 e
mean — T

ke 3

o

T i i
[1dt  [12sin® (t+¢)dt
1 o -

I F
o ] o T :
=T Jsm (ot +¢)dt

[

2
= Imc:m

i[l _sin2(ot +¢)T'
2T 2m

(4]

— S = ..10.2.7

I
2 ||::;_»'a

12, is called the mean square value of a.c. Its

square root is called root mean square value of
ac.orl . Hence

I

Lens =1 =—7 +10.2.8

3
ms mean

=)

Bureau's Higher Secondary Physics

o ‘
[ =1 =—=0.707]

Thus we see that 1.g =1 -.6. o
I ot OF Im is also called the virtual value of a.c.
orl . Such virtual a.c. is thus 0.707 times the
peak value of a.c.

In the same manner we may obtain the
effective value or rms value or virtual value of
alternating emf € which is given by

g5 [ e
eff Ji

where, €, is the peak value of alternating emf.

..10.2.9

Any meter, measuring alternating voltage
or current measures this effective orr.m,s. value
of voltage or current. When we say that the
household supply of a.c. is at 220 volt, it means
that r.m.s. or effective value of alternating
voltage is 220 volt. Its peak value is
J2 %220V =311.08V - Insinusoidal variations
of a.c., the ratio of the peak value of a.c. to its
rms value is called the peak factor. It is denoted

as I(p and is given by

1
K, =T°=J5 ..10.2.10
Similarly, the ratio of the rms value of a.c. toits
average value over a half cycle is known as the

form factor K. It is given by (for $ =0)
e L3 _

Ia\-[halfl 210 /TI > 2\{5
.10.2.11

f

Example 10.2.1

Write down the equation to show the
relation between the instantaneous and peak emf
of a generator marked 230 V - 60 Hz.

Soln. °
Giventhat £, =230V
f =60 cps.
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w = 2nf = 120n per sec.
€, =EqV2 =23042V
=3253V

Assuming the initial phase angle to be zero, the
instantaneous value of a.c. emf is given by

g =&, sin(ot)

= £=2253 sin 120mnt
Example 10.2.2

An electric kettle marked 220V - 500 W
is connected to house mains of a.c. supply of
220 V - 50 Hz. Find the peak value of emf, the
rms value of emf and the virtual current. Write
down the equation for instantaneous a.c.

Seln.
- Giventhat £, =220V

P = 500 watt
f = 50 Hz
The peak value of emf
£, =Eegv2 = 22042 volt
=311.13 volt

The rms value of emf = &, = €. =220 volt

The virtual current I, =1 = P _ 500 watt
Eur 220 volt

=2.27 ampere
f=50 Hz, @ = 2nf = 1007 per sec.
The equation to instantaneous a.c. 1$

I=1,sinot
= I /2 sinot
=2.274/25in 1007 t
= [=321sin100m1t
10. 3 : Simple a.c. circuits

A simple a.c. circuit contains an a.c. source
@ and may contain a resistor, an inductor or a
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capacitor or acombination of any two or all the
three types of these elements. While a resistor
has the same role in both a.c. and d.c. circuits,
an inductor and a capacitor have different
effects in the two. An inductor does not have
any role in a steady d.c. circuit. It simply adds
to the resistance. However, its role in an a.c.
circuit is to produce a back emf as we have seen
earlier. Its opposing effect is expressed by a
peram eter called inductive reactance (X ) and
is measured in ohm. Similarly a capacitor
provides infinite resistance to the flow of charges
in a d.c. circuit and no current is obtained in
that part of a circuit in which a capacitor is
connected. But it allows a.c. to pass through it
and thus it has much less opposing effectin an
a.c. circuit, Its opposing effect in an a.c. circuit
is expressed by a parameter called capacitive

- reactance (X ) which is also measured in ohm,

With this background let us see the behaviour
of a.c. in different circuits.

The analysis of stich circuits is facilitated
by use of vector diagrams similar to those used
in the study of harmonic motion. In such
diagrams, the instantaneous value of a quantity

_ (emf or current) that varies sinusoidally with

time is represented by the projection of a vector
onto a horizontal or vertical axis. The length of
the vector corresponds to the amplitude of the
quantity and it rotates counter clockwise with
angular velocity . In the context of a.c. circuit
analysis, these rotating vectors are often called
phasors and diagrams containing them are
called phasor diagrams. Let us now take up
some of the simple a.c. circuits one by one.

(i) A.C. circuit containing only a resistor :

- R
AWM
- /K @
Fig. 10.3

(a.c. circuit containing a resistorR)
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. An a.c. circuit containing a resistor is
shown in Fig. 10.3. Let the instantaneous emf
* of the source be given by

gE=g,sinmt ..10.3.1

This instantaneous emf is used to overcome the
resistance of the resistor to maintain the charge
flow. If 1 is the instantaneous current in the
circuit, we use Kirchhoff’s loop law to obtain

g, sinwt = RI

€
= I=-sinot ..10.3,

R 10.3.2
where, I =€, /R = peak value of current. Itis
the ratio of peak value of emf to the resistance
of the circuit.

Equations 10.3.1 and 10.3.2 show that
the instantaneous current.in a purely resistive
circuit has the same phase as the emf at that
instant. It is sinusoidal in nature. Graphically
the variations of emf and current with time (i.c.
®t) are shown in fig. 10.4. It shows that emf
and current vary in the same manner with time
except that they have different amplitudes. The
phasor diagram for emf and currrent in the
resistive a.c. circuit is given in fig. 10.5.

t !
ﬁs o
0 I T In Jin
w\:ﬁl_. ot

e&l
.- Fig. 104
(Variations of o and I with time for a purely
resistive a.c. circuit)

| 1y=—pg—— Iy
| 5T .
(@ ~ (b)

Fig. 10.5
(Phasor diagram for purely resistive a.c. circuit)
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Itis to be noted that in Figs. 10.4 and 10.5
the greater amplitude of current in the diagram
is of no significance, because the choice of
vertical scale for I and € is arbitrary. Because
the current and emf are in phase and have the
same frequency, the current and emf phasors
rotate together.

Instantaneous power in the circuit
The instantaneous power P in any current

circuitis given by the product of instantaneous

current and emf, i.e.
P=¢gl

‘=g, sinot. I sinot

: €
= €, Sinot . Esmmt

=]
sin” ot

w lnmu

= P =P,sin’ot 1033

where P, = —lio_ =1I2R = peak value of power

From eq. 10.3.3
P =P, sin’ ot
Using trigonometric idemtity
cos2ot = (1- 2sin’ot),

l-cos‘.!mt)

P=P, (

5 2

_P, P,cos2ot
2 2

This shows that P varies periodically with
time, the angular frequency of variation being
2 - Itisalways pulsating and it pulsates at twice
the frequency of voltage and current. The
variation of P with t is shown in Fig. 10.6.

= P ..1034
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}
P
20t —
Fig. 10.6
(Variation P with t for a purely resistive a.c.
circuit)

Since the power is positive for both forward
and reverse directions of current, electrical
energy is continuously converted to heat energy
in the resistor whatever may be the direction of
charge flow.

If an electric bulb is operated by an a.c.
source having a frequency of 50 Hz, it glows
continuously because of the conversion of
electrical energy into light energy. Though the
current over a period passes through a series of
maxima and minima, yet the bulb does not seem
to flicker. It is due to persistence of vision.

Average power in the circuit
" The average power P in an a.c. circuit is

the average rate of conversion of electrical
energy into heat energy. Itis equal to the power

averaged overa period i.e.
i
[Pa
- | 3
P= T =—IP°SII1'(l)ldl
i
|

P N
=2—_‘;‘£ (1-cos2mt) dt

‘ P T y
- ﬁ[‘! dt - _! cos 2wt dl]

= P p - _.
==2[T-0]=-2 103
= P=c2fT-0]=7 10.3.5

This average power can also be written as

P =
J_ T_ L -€er
It is also called the active power input of the
circuit. :
Example 10.3.1.

An alternating emf g = [00sin 1007t 1S
fed to a resistive circuit having total resistance

50 ohm. Find the rms values of emf and current
and the average power input.

Soln.

Given € =g sinot = 100sin 100nt

P=

..10.3.6

This gives €, = 100 volts (say)

2nf = = 1007%

100w
2n

f= = 50Hz

£, = 100 volts

b

£ “---—-50 2
off = -Ji J— v’_volt

I, =214 =+/2.42A=2A

D I1:.8()
P= I g€y = 2
— 2. 1200\’ — lOOwalt

(ii) A.C. cm:uu containing only an inductor :

— N
: L
- "
Fig. 10.7

(A.C. cireuit containing only an inductor)



An a.c. source of instantaneous emf € is
shown to be connected to an ideal inductor of
inductance L through a switch K in fig. 10.7.
The inductor is said to be ideal in the sense that
its resistance is negligible or practically zero.

The instantaneous back emf (induced

dl
emf) produced in the inductor is —L = where I

is the instantaneous a.c. at time t. The
instantaneous emf € = g, sin t provided by the
source is used to overcome this back emf and
maintain the charge flow. From Kirchhoff's loop
law

susinml—l..g= 0
dt

FEIsEt
— = —sinmt
d L
€, ..
= dl=-= sin otdt
Integrating both sides we get

80
ol

[=- cos ot +C

..10.3.7

where C is the integration constant.

The constant of integration has the
dimensions of current. It is steady and hence
independent of time. The rest two terms in eq.
10.3.7 are time dependent terms. As there is no
source to produce steady current in the circuit,
C must be zero. Hence eq. 10.3.7 becomes

£
[=—-—2 cos ot
oL

Using the identity — cos ot =sin(ot—mn/2),

= I=8“
L

sinfot—=x/2) ..10.3.8
= .

= I=I,sin(wt-n/2)  ..10.3.9

I = B%L is the peackvalue of a.c.
o .. 103.10

where
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From eq. 10.3.10 we see that ¢»]. has the
dimensions of resistance and it is called the
inductive reactance, X, . It plays the role of
effective resistance in the circuit. However, an
ideal inductor does not convert electrical energy
to heat energy. Why ?

Eq. 10.3.9 shows that the current through
the inductor varies sinusoidally with time and
is not in phase with the instantanous emf.
Comparing eq. 10.3.9 with the equation for emf
we see that the phase of current is n/2 less
than that of emf. In other words, the current
lags behind the emf by phase n/2. The
variations of emf and current with time in a

> B ]
| ¢ g
I ": T \ %’ﬂ / 3n \11:

1 i i
0 jﬂ \ /2= ; S \ Jan
22 j /2 ol—
.- Poaaae® ~
Fig. 10.8

(Variation of g and I with time in a purely
inductive circuit)
purely inductive circuit is shown in fig. 10.8.
The corresponding phasor diagram is given in
fig. 10.9.

=4

S}

Fig. 10.9

(Phasor'diagram for current and emf in a
purely inductive circuit)

Itis seen that the emf in a purely inductive circuit
leads the current by a phase n /2,
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The inductive reactance

As stated earlier, the opposition to flow
of charges in a purely inductive circuit is
measured by a term called inductive reactance

X, =oL ..10.3.11
The unit of R, in S.I. system =

hen ohm second
r},( = = ohm
second second

From eq. 10.3.11, X, =C!7tL=1;1 , 50 that when

(4]

€, =1VandI = IA, RL= 1 ohm. In other
words an a.c. circuit containing a pure inductor
has an inductive reactance of 1 ohm when an
a.c. of peak value 1A maintained through the
inductor creates an inductive voltage dropof 1V.

X, =oL=2nfL ,
inductive reactance is clirectl); proportional to
(i) the self inductance L of the inductor
and (i)

One can easily see that for a d.c. circuit
f=0, sothat XL = (. It means that an inductor
has no effect in a d.c. circuit.

the frequency of a.c.

Power in a purely inductive circuit

The instantaneous power in an inductive
a.c. circuit is given by

P =&l =g sinot{-I, coswt)

- P=—%sin2ml 103,12

- = P=-P,sin2ot ..10.3.13
Eoly

where the peak power P, = 2 ..103.14

Thus we see from eq. 10.3.13 that the
instantaneous power is sinusoidal at twice the

frequency of the applied emf. Graphically the

variation of P with @t is shown in Fig. 10.10.
The graph is sinusoidal in shape

b
PI @l /‘\
— 2 ¥ >
ol — \2n 30T oT
4 ot—
Fig. 10.10

(Variation P is purely inductive with ot)
at twice the frequency of emf and current.

The instantaneous power becomes
alternately -ve and +ve after equal time intervals
i.e. T/4. Energy is received by the inductor
device from the source during one quarter period
and is returned to the source during the next

P P,
. quarter. The power is ——~ at T/8 and +?° at

2
3T/8 and the sequence continues.
The average power or true power is
zero in a pure inductor since the average of
Sin 2ot over a complete cycle is zero.

Hence we may calculate the reactive
power P, for a pure inductor. It is the product
of effective values of current and emf over a
cycle, i.e.

PR = chf Ieﬂ' ..-10-3-15

- The current through the inductor produces

magnetic energy which is stored in the magnetic
field around the inductor. As the current
alternates with time it becomes zero for a
moment during change. Then the field
(magnetic) collapses and returns all its energy
to the circuit. Hence the power in an inductor is
not dissipated. It alternately goes to the circuit
and the magnetic field created by the current.
Hence the reactive power P, of a pure inductor
is also called wattless power or apparent
power. It js measured in watt.

Example 10.3.2

An ideal inductor of self inductance 1 H
is connected to an a.c. source of 50V having
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angular frequency 1000 rad/s. Find the current
in the circuit, the reactive power and the
inductive peactance.

Soln,
Give L=1H
Eqp =0V
o = 100024

We have tofind I _and P,,.
efl R

g

By = SOV, B, =Eq V2 =502V

Let us write the equation for instantaneous emf
as  e=g,sinot =502 sin 1000t

As the circuit is purely inductive

1= E‘"—‘—sin(ml -n/2)
Lo

5042

= —————sin(et-7/2)
IH. 1000/s

=1, sin(wt—mn/2)

o soﬁA

1000

. S02A
L == YL 0.05A
o2 100042

P, = Reactive power = €. . I
=50 x 0.05 watt = 2.5 watt

Inductive reactance = Lo = IH x 100022
- = 1000 ohm

Note : For a.c. circuits P is also expressed as
VA i.e. volt ampere. _
(iii) A.C. circuit containing a pure capacitor :

Let us take an a.c. source g conne;cted
across a capacitor C through key K (fig. 10.11).
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"

Fig. 10.11

(A.C. source connected to only a capacitor)

K

It is assumed that there is no resistance nor
inductance in the circuit. Thus it is a purely
capacitive circuit. On making the switch on
charges of both Kinds deposit on the capacitor
plates and current is observed. It is continuous
but alternating in nature. We may recall that
when a capacitor is connected to a d.c. source
such as a chemical cell, there is a current for an
extremely short interval in which the capacitor
is charged. Thereafter no current is observed.
But when an a.c. source is connected to the
capacitor plates, there is current in the circuit so
long as the switch is made on. This is because
the charges on the plates go on changing
continuously not only in'magnitude but also in
sign, They oscillate between the two plates.
Thus current is observed till the source is
disconnected.
Let the instantaneous emf of the source
be given by
£E=g,Sinot ..10.3.17

If q is the amount of charge on the capacitor
plates at this time, we have

q=Ce=Cg,sinmt ...10.3.18

where C is the capacitance of the capacitor.
Then the instantaneous current I in the
circuit is given by
o dg d

I=5= E(Ca" sinmt)

£
= I=Ce wcosot=—22—cosnl
2 1/Cw
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= I=I cosot=Isin(ot+mn/2)

...10.3.19
£
[ =Coe, =—=
where 0 "= 1o ...10.3.20
= the peak value of the current

It is seen that (i) the current in the capacitive
a.c. circuit varies sinusoidally with time and (ii)
is not in phase with the instantaneous emf.

A comparision of equations 10.3.17 and
10.3.19 shows that (iii) the current leads the
emf by a phase = / 2. It means that the current
becomes zero when the emf is maximum and
vice versa. Graphically the variations of emf and
current are shown in Fig. 10.12. The
corresponding phasor diagram is given in Fig.
10.13. ;

e[ ~ ¢ Ao /
AN N\
o \_"/27: i /
\ L 4 /
N

Fig. 10.12

(Variation of emf and current with time in a
purely capacitive circuit)

0

I
| %

L

Fig. 10.13
(Phasor diagram showing emf andcurrent)

It shows that in a capacitive a.c. circuit,
the emf lags behind the current by 7 /2.

The capacitive reactance
From eq. 10.3.20, we see that

€

I,=Cog, =—=
1/Cw
= I= Lo
Xe

where X_ is called the capacitive reactance of
the capacitor and is given by

¢ Co 2aCf

X, plays the role of resistance in a
capacitive a.c, circuit and has the dimensions of
resistance 100. Its unitin S.I. system is ohm (£2) .
It can be verified from eq. 10.3.21.

..10.3.21

1 1
farad coulomb
sec ond volt.second

volt.second volt
= = = ohm

r ampere.sec ond - ampere

From eq. 10.3.21, we see that

1 1
x{-ﬂ?andxcﬂz:

Hence the capacitive reactance of the capacitor
is inversely proportional to (i) the frequency f
of the a.c. source and (ii) the capacitance C of
the capacitor. It is independent of the magnitude
of alternating emf.

It is now easy to find why the current in a
capacitive a.c. circuit becomes zero, where f =
0 and X .= . Thus the response of a capacitor
to an a.c. source depends on the frequency of
the source.

Instantaneous power
The.instantaneous power in a capacitive
a.c. circuit is given by
P=el=¢g sinot. I sin(ot+n/2)
=g sinot . I, cosmt
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£ :
= °—I“sm 2mt
2

=5 P=—;—Pc sin 2ot ..103.22
Thus the instantaneous power in a capacitive
a.c. circuit is sinusoidal with a frequency 2f,
i.e. twice the frequency of a.c. source.
Graphically the variation of P with t is shown

“in Fig. 10.14. The graph is sinusoidal in shape
at twice the frequency of emf and current.

Pl
% T 3T
) 73 4 T -
X = L —=
ELE 2 U \
2
Fig. 10.14
(Variation of P with wt for a purely capacitive
a.c. circuit)

The instantaneous power becomes
alternately +ve and -ve for equal time intervals.

Fore=g sinot,PisP =£‘—’-alland—£
2 8 2

at % Itis zeroatt=0, T/4, T/2, 3T/4 and T

and the sequence continues.

The voltage across the capacitor rises from
0 to maximum value during the first quarter
cycle. The electrical energy provided by the
source is stored in the electric field of the
capacitor, which gets charged. During this
period there is charge flow in the direction of
applied voltage. In the next quartercycle € drops

from € , to zero and there is charge flow opposite

to that of the applied voltage. The capacitor gets .

discharged and delivers energy to the source.
This sequence continues. Thus the circuit
becomes a source of power during 2nd, 4th,
6th, etc. ie. in even quarter cycles. :
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Average power

The average power or true power is
zero during one time period as the average of
sin 2mt over a cycle of a.c. is zero. Hence the
reactive power P, for a pure capacitor is
calculated.

Reactive power

The reactive power for a purely capacitive
a.c. circuit is the product of the effective values
of current and emf, i.e,

‘PR = 8,,1-. Icﬂ' ses 10-3.23
€ 82 £
= P,=g, S0 _Ccff - "o
RTTR. RE IR
10.3.24

Also Pr =IqRe Iy =I3gRc = ?ch

P, is also called the apparent power of the
circuit whereas P, the average power, is called
the active power. For a purely capacitive circuit
active power is zero.

Example 10.3.3

A capacitor of capacitance 50 pF is
connected to a 60 Hz a.c. source which provides
24V (rms). Find the capacitive reactance, the
maximum charge on the plates of the capacitor
and the maximum current in the circuit.

Soln.

Given C=50 pnF=50 x 10%F
f =60 Hz = 60 / sec
Ems =24V

The capacitive reactance

Xg= -
50x107F*2nx60/sec
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- 10°sec.volt 1000
6000m coulomb  6m

= 53.05 ohm = 53 ohm

ohm

Eoms = 24V, 8, = Eyme V2 = 244/2 volt
. q, =Ce, =50x 10 °Fx 242V
=1697.05 % 10™° coulomb
=17x10" coulomb

Similarly
4 =50 M = (.64 ampere
R 53 ohm
Impedance of a.c circuits

In all types of a.c. circuits, the relation
between peak emf and peak current is expressed
as

g, =1,Z ..10.3.26

where Z, in general, is called the impedance of
the circuit. It is measured in ohm and plays the
role of resistance in a steady d.c. circuit. Z=R
for a purely resistive a.c. circuit, Z= L fora

oy
purely inductive a.c. circuit and Z = g fora

purely capacitive a.c. circuit.
The Phase Factor

It is to be noted that generally the current
and emf are not in phase in an a.c. circuit. When
the instantaneous emf is given by

€ =g, Sinot,

the instantaneous current is genrally expressed
as

I=1,sin(ot+¢)
where ¢ is the phase difference between the

emf and eurrent or the phase factor. ¢ may be
+ve or = ve.
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For a purely resistive circuit d=0
For a purely inductivecircuit  ¢=-n/2
For a purely capacitive circuit ¢ =+mn/2

10.4 More about a.c. circuit

So far we have confined our discussion
to a.c. circuits containing (i) a pure resistor, (i1)
a pure inductor and (iii) a pure capacitor. Such
circuits are ideal circuits, however, as we cannot
get practically an inductor or a capacitor without
any resistance. Hence in the practical case we
may have a combination of these elements. We
shall confine our discussion to geries
combinations only at this stage. Suppose the
instantaneous emf of a.c. source connected in
the circuit is given by

E=E,Ssinot

Then the instantaneous current in the Circuivcan
be obtained by a simple method when the circuit
contains any one of the above elements or a
combination of them. '

In this method the resistance R of the
circuit is represented by a vector having its
magnitude proportional to R and is drawn along
the +ve X-axis. Then the reactance R of a
capacitor is drawn as a vector of magnitude

|
proportional to X = g3 along the +ve Y-axis

and the reactance X, of an inductor is drawn as
a vector of magnitude proportional to the
inductive reactance X |, =L alongthe-ve Y
axis. Such a convention is followed taking into
account the fact that the current in a capacitor
leads the emf by a phase x /2 and that in an
inductor lags behind the emf by a phase n /2
whereas it is in phase with emf in a resistor.

The impedance Z and the phase factor ¢
are found By adding these three vectors. The
magnitude of the sum gives the impedance Z
and the angle made by the resultant gives the
phase factor ¢ . Fig. 10.15 illustrates it.
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X
X -": Z= JRE4X =X Y

X=X, Ke=Xy %

X, ale
Fig. 10.15

(Finding impedance Z and phase factor ¢

vectorically)

However, itis to be noted that though the
three circuit parameters R, R _and R, are added
as vectors, they are not vectors actually. It is for
convenience that this convention for adding the
three is followed. With this background let us
analyse some a.c. circuits having a series
combination of any two of these parameters or
of all the three.

(iii) A.C. through series L - C - R circuit ;

In many cases, a.c. circuits include
resistance R, inductive reactance RL and
capacitive reactance Rc in series (Fig. 10.20).

— AMAAA—— YT TN ——]
el

€ =T
Fig. 10.20

(R - L - C series circuit with an a.c. source)

Such circuits are very well analysed by use of a
phasor diagram. It includes the voltage and
current vectors for various components. Here
the instantaneous total voltage across all the three
components equals the source voltage or emf
of the source (for r=0) at that instant, Its phasor
is the vector sum of the phasors for individual
voltages (Fig. 10.21). Accordingly the vector
representing R has been taken along +ve X-
axis, that representing X . and X, have been
taken along +ve Y-axis and -ve Y-axis. The
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! :
resultant of E and L is

1
XXc-X,=( -0l 1049

which is shown along +ve Y-axis, assuming

1
o to be greater than L. X represents the

toal reactance of the circuit. The impedance Z

¢
LA
wC
X= ( i s GJL) 3
e :
o X
R
oL
\ 4
Fig. 10.21
(Vector diagram to find Z and ¢ forR-L-C
a.c. circuit)

of the circuit is shown to be the resultant of X
and R in Fig. 10.21, clearly

Z= JRz +(-1-—mL)2
oC

Z makes an angle ¢ with X-axis and we have

..10.4.10

1

_oC _
R

gy = 10411
R

Thus the instantaneous current in the circuit is
given by

. Eq

I= l ssin(ot +¢)
J R~ +(E —mL]

..10.4.12
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where ¢ is phase by which current leads the
emf and it is given by eq. 10.4.11. Eq. 10.4.12
may be written as

[=1,sin(ot+¢) ..104.13

e 104014
JR2 +( o3 —coL)
oC

If X, > X_, the vector for the net reactance
i.e. X, - X, is along -ve Y-axis. Here the phase
angle is -ve and the current lags behind the emf
by phase ¢.

where I =

If X, = X_., the net reactance is zero. The
circuit then behaves as a purely resistive circuit and
Zis along X-axis, i.e. along the resistance axis. The
current is in phase with the emf in this case.

Eq. 10.4.10 is the general expression for
impedance of the circuit when all the three
components R, L and C are connected in it.

(i) When R =0, the circuit becomesaL - C
circuit. The impedance in this case is the
net reactance of the circuit. The current-
voltage relationship is given by eq.
10.4.12 with R = 0 in it. The circuit is
ideal, however, because there is hardly
any pure inductor without any resistance.

(i) When C=0,the circuit becomes an L.- R
circuit. The impedance. phase angle and
current in the circuit are obtained from
eqations 10.4.10, 10.4.11 and 10.4.12
respectively by putting C = 0 in them.
Verify the validity comparing these
equations with equations 10.4.1, 10.4.2
and 10.4.4.

When L =0, the circuit becomes the R-C
circuit. One may get all required quantities
for the circuit by putting L = 0 in the
equations developed for R - L. - C circuit.

(1)
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Analytical Solution :

We consider the circuit as shown in fig.
10.20 connected to an a.c. source of emf.

g=g,sinol ...(10.4.15)

The voltage equation to the circuit shown in fig.
10.20 s given as

L Ri+ L =g=c,sinst  ..(104.16)
dt ¢
dq . % .
We know that i = 2% .Lhereforedlfferennanng

both side of eqn. 10.4.16 we obtain:

L% RE+—=%‘° cos ot .(104.17)

Equation 10.4.17 is an inhomogeneous
differential equation. In general it admits two

solutions /. (complimeméry) and i,
(particular) which satisfy the differential

equations as given below.,
d’i di i
L—F++R—+==0 4.
o A —(104.18)
d’i di i
L—L 4 R—L+L=¢g wmcoswt..(104.
dr? at ¢ ° ey

But solution i_of eqn.10.4.18(called a transitory
solution) decays with time. Hence i, should be
accepted as the steady state solution and i_be
neglected. Therefore we solve the equation

10.4.19 and puti, =i as our steady state
solution of eqn.10.4.17. Now let us assume the
solution to be

i =i, sin(wf +8&) ---(10.4.20)

di .
Then —= iyweos(r +60)  —-(104.21)
d’i _

b aa —iy” * sin(wt +6) ——(10.4.22)
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Using equation 10.4.20, 21 and 22 in eqn.
10.4.17 we get

~Liy@” sin(@t +0) + Ri, cos(wt +6)
+ —(I:— iy sin(wt +8) = £, cos ol

= LietR cos(on +6)

-—---(10.4.23)

1
Define: X, =wL, and X.=— and
wc

R=Zcosp, (X, —X,)=Zsing sothat

Z=\|R +(X,.-X,) ,and

—-(10.4.24)

and use it in 10.4.23 to obtain

i,[Z cospcos(an + 8) + Z sin @sin(wi + )]
= g,co8M!

= i, Z[cos(wt + 8 —@)|=¢g,coswt -(10.4.25)

Comipraring LHS and RHS of equation. 10.4.25
we obtain

iy=£,/Z and =g -(10.4.26)

Using the result given in equation 10.4.26 in
10.4.25

i= E'lsin(tm +@)
Z

&

JR +(X, - X,)2
From equation 10.4.15 and 10.4.27, we find that
the current i and applied emf g differ in phase
by @ . Equation 10.4.24 shows: (i)if X. > X, ,
then ¢ is positive and we say that current leads

SN+ B). o (10427)

the aplied emf in phase by @ (ii) if X, <X,
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then @ in negative and we conclude that current
lags behind the applied emf in phase by @.
Power

The instantaneous power PisR-L - C
circuit is obtained by the product of
instantaneous emf and instantaneous current.
Thus,

P=gl=
=g I, sinot [sinot.cosd + cosmt.sin ¢]

G N

g, sinot . 1 sin(ot+¢)

o [2sin’ ot cosd

+2sinmt.cosot.sing] -
I
— 2 ELZ"-[cos $(1—cos 2mt) +sin 2ot.sin §]

The average power (or True power) over a
complete cycle is obtained as

lT
P j P(1) dt

T
=.%j [ 20 {cos ¢(1 - cos 20t)

+sin .sin 2ot}dt |

1tel
=—|—"==cos¢ dt
3 oo
el T
27 (cos §.cos 2ot —sin ¢.sin 2et)dt

2
g1,
= cos¢p—0
5 -cosh
G |
= P,= "2°cos¢ ..10.4.15
oo - S |
= P“=J—§'.'J%COS¢
= Eop- Loy COS G ..10.4.16
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Thus we see that the average or true power in
an a.c. circuit in general, is expressed as the
product of effective values of emf and current
and a factor cos ¢, known as the power factor.
The power factor (p.f.) depends on the phase lag/
lead of current behind/over emf in an a.c. circuit.
Its value depends on the resistance R and
impedance Z of the circuit and is obtained as

R
p.f.=cosd = 7 ..10.4.17

One may deduce it from eq. 10.4.11. How ?

We have seen earlier that the product of
effective values of emf and currentis called the
reactive power P, or apparent power of an
a.c. circuit i.e.
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Further we see from phasor diagrams that the
component of peak current along €, is I, cos¢
in a.c. circuits in general. This component is
used in finding the true power and is called the
active or wattful component of a.c. The
component I_ sin ¢ at right angles to i:u has no
contribution to find the true power of the a.c.
circuit and hence is called the idle or wattless
component of a.c.

In purely reactive circuits such as L, C or
L - C circuits having negligible resistance, the
current is entirely wattless since ¢ =7/ 2, and
no power is required to maintain the current in
any reactor.

Reactors are used in storing energy. An

Py =& Lo inductor stores energy in its magnetic field and
We see from eq. 10.4.16 that the energy is %Llf,,
an - PR.COS¢!
P A capacitor stores energy in its
ie. pf=cos¢ = -if"— electrostatic field in between the plates and the
R )
energy i L4,
true power s
B o ..10.4.18 2C
apparent power
Table 10.1
a.c. ckt ¢ phase difference Z power factor| true power | Nature of
containing| betwn.I& ¢ impedance =cos¢ circuit
R only 0 0 1 Eoir- Lo dissipative
L only -7 oL 0 0 reactive
l
T e :
C only + /-2 oC 0 0 ractive
= ol N
R&L tan "R R? +o2L2 cosp=R4 |Euq- Loy cOSP| dissipative .
& reactive
e 1/wC 2 |
R&C tan (—R- R™+ T c?s¢=l}5 do do
RL&C lan"["“lr—m]“] R? +(L-(01.]2 cosp=1; do d
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Series resonance

When a sinusoidal emf of variable
frequency is applied to an a.c. circuit containing
R, L and C in series, the impedance Z of the
circuit changes with @ . This results in variation
of the peak current I of the circuit.

s £o

g 5 1 2
R*+| —-wL | »
J +[mC 3 )

it becomes maximum when

1
= L
oC 2
= 0= -i- 10.4.19
— LC L Ed a s

The corresponding a.c. frequency f=f is given
by

gl |1
* 2=YLC
This frequency f_is called the resonant

frequency of the a.c. circuit for given values of
L and C. The peak current at resonance of the

..104.20

£
circuit is Iy e = T;:' and the reactance is zero.

The variation of peak current I, with fis shown
in Fig. 10.22 for two different values of R, but
for the same values of L and C.

fr fin HZ —_—
Fig. 10.22
 (Variation of T, with f)
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It is seen that, the resonance is sharp when
R is small. In other words when fis close to f ,
the current is high. An LCR circuit used at a
frequency close to resonant frequency is called
a resonant circuit. The tuning eircuit of radio
or television is an example of resonant circuit.
The tuning of a radio means to adjust the values
of C for given values of R and L to obtain the
resonant frequency corresponding to the

- frequency at which signal is transmitted from

the transmitting station.

The power factor of a resonant RLC
circuit is unity.
Example 10.4.1

A 100 ohm resistor and 1H inductor are
connected in series to an a.c. source of peak
voltage 220V and frequency 50 Hz. Find (a)
the impedance (b) peak value of current (c) phase
angle between voltage and current (d) power
factor (e) peak voltage across the inductor and
the resistor.

Soln.
Given - R = 100 ohm
L=1H
£, =220V
f=50Hz
We have
() Impedance Z=+R? +0°L2
= /100% +(1007)?
=3290.7 ohm

(b) Peak value of current = I,
€y
Z
_ 22V
. ~ 3290.7 ohm
(c) Phase angle between voltage and current

L
=tan™' —
¢ R

-

=0.67A
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= 100nH /s =1
=fan " ————=tfan '«
100 ohm
= $=7234°

(d) Power factor = cosp = cos72.34° =0.3
(e) Peak voltage across the resistor = IR
=67 volt
Peak voltage across the inductor
= [, oL =210 volt
Example 10.4.2

A resistance of 500 and a capacitance
of 50 i F are connected in series to an a.c. source
of emf 230 V and frequency 50 Hz. Find the
impedance, the peak value of current, phase
angle, power factor and peak voltage across R
and C.

Soln.
Given R=50 Q :
C=50 pnF=50x 10°F
B =230V |
_ f=50 Hz
We have

2
(a) ImpedanceZ= R’ +(é)

' 1
= [50% +
J (2x 1«:;'(_5_0)(50xlO"’)2

= /2500 + 4033 = 80.95Q =81 ohm
(b) Peakemf=¢g,=+2 g4 =23042V
=32527V

- 32527
- Peakcurrent=1, =€, fz=8—1A

=4.02A=4A
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(c) Phaseangle ¢ =tan™" AL

=lan"'(*l—J=tan"( 1 )
oCR 2nfCR

3 1
(2% 7t % 50 % 50x 107 x 50)

=tan"'(127324)
= 51.85°
(d) Power factor= cosd = cos51.85" =0.62

(e) Peak voltage across R = [ R =4Ax 50
=200V

Peak voltage across C = In(-l_]
oC

=4A x 63.66 =254.64 V
Example 10.4.3

The resistance, inductive reactance and
capacitive reactance in an a.c. circuit are 3002,
2002 and 609 respectively. Find (a) the
impedance of the circuit, (b) the phase
reJationship between voltage and current and

_(c) its power factor.

Soln.
Given ~ R=30Q
oL =R, =200
and —= =R.=60Q
Impedance Z of the circuit =

e +{or-LJ
+|oL-———
oC
= /(30)? +{(20)- (60))

3 = /900 + 1600
=./2500 = 50 ohm
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(b) The phase angle ¢ between current and
emf is given by

(i)

ie. ¢=tan"'1333=53.13"
Here current leads the voltage by 53.13°
() Power factor = cos¢ = cos 53.13°=0.6

10.5 Simple a.c. devices

In this section let us discuss the functions
and uses of some simple a.c. devices in anutshell.

(a) A choke coil

Sometimes it is required to reduce the
current in a circuit to save some appliances from
damage. In d.c. circuits this is done by using
extra resistors at the cost of loss of energy. But
in a.c. circuits this can be done by using an
inductor in series with the appliance without any
loss of energy. Choke coil is an example of the
same.

It is a coil having appreciable inductance
but small resistance and is used in series with
fluorescent mercury tube fittings to reduce the
current. The tubes are, thereby, saved from
damage. The choke is fixed in the tube-light
fitting to which the tube is connected [Fig. 10.23
(a)]. The tube itself acts as the resistor whereas
the choke coil in series with it acts as the
inductor.

L R
—— YT —AMAN—

N:V =V, sinwt
(@)
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(b)
Fig. 10.23
(choke coil and its connection in a.c. circuit)

The equivalent circuit is shown in Fig. 10.23

(b). Its impedance 7 — JJR? + @ L - Assuming
the applied voltage V =V, sinot, the peak
current through the choke and the tube is

A

l_ [\
o 2 2¢2
R +w L

I, V, /2

| e
T8 o

the effective voltage across the resistor is

RI ————R—V
eﬂ"m° eff,

Without the choke, voltage across the tube is
V.- Thus the voltage is reduceduby a factor

R

'_—Rz oLt by using the choke and hence the

current. This saves power too as use of inductor
does not necessiate any power.

Hence

In high frequency a.c. circuits choke coil
with air core is used whereas in low frequency

‘a.c. chokes with iron core are used.
(b) A.C. measuring instruments

Average values of a.c. over a complete
cycle is zero and therefore alternating current
or voltage cannot be measured by d.c. ammeters
or voltmeters. The making of such instruments
depends on the Tact that average value of 128
not zero over a completﬁ %cle. of a.c. The
deflection of these instr%n?cntgol]s! seen to be
proportional to I? and these instruments are
otherwise called hot wire instruments.

In a hot wire ammeter, a platinum-
iridium wire AB is fixed tightly between two
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its associated induced electric field. The primary
and the secondary are wound on the same core
to minimise flux leakage. The transformer is
named step up or step down according as the
number of turns in the secondary windings
is more or less than those in the primary.

Laminated iron core

Secondary
1200 tums

Ay
{( \\:\%

X I‘;‘\\\.'\\" \

{a) . o “’J
Fig. 10.26 (a transformer)

The core material is chosen to have high
magnetic permeability, low hysteresis loss and
large specific resisistance. It is laminated to
minimize loss of energy due to eddies. The
- material is usually called transformer steel.

Working

Let us consider an ideal transformer in
which there are no losses and the total magnetic

flux is confined to the iron core. Hence the same

flux links both the primary and the secondary.
It is assumed that N, turns of the primary and
N, turns of the secondary, both encircle the core
in the same sense.

Let the primary be connected to an a.c.
source of instantaneous voltage V, and let the
secondary be open. Then there is no current in
the secondary and the primary works merely as
an inductor. The primary current is small
because of the back emf produced in it and the
current lags behind the voltage by /2. It is
the magnetizing current and the power-input
(due to it) to the transformer is zero (why ?).

As the primary current is alternating, the
flux through the core is alternating too, being in
phase with the current. Let ¢ be the
instantaneous flux linking each turn of the
primary and the secondary. Then the flux
linking the primary at the instantis N,¢ and the
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magnitude of the induced emf ¢, produced in
it due to the changing flux is given by

[ =Np %11
By assumption the resistance of the windings is
nearly zero so that [g p| €quals V,, atevery instant
to maintain the charge flow.

+.10.6.1

d¢

Vp =lep| =Np—

i =ler] = Np S8

The instantaneous flux linking the secondary is

N¢¢ and the magnitude of induced emf

developed due to it across the secondary is given
by '

Hence 10.6.2

dé

E¢/=Ns—

sl =Ns 3 1063
les| also equals V¢ and therefore

V= |Bs| =Ng C ..10.6.4

: dt
From eqns. 10.6.2 and 10.6.4, we have

Vs _Ng

v, = Ny «10.6.5

N
Thus by properly choosing the turn ratio N_S,
P

the desired secondary voltage may be obtained
from a given pri_mar_y voltage. '

When V¢ >V, we have the step up
transformer

When V <V, we have the step down
transformer.

Let us now see what happens when the
secondary circuit is closed. A current L isnow
maintained in the secondary circuit. Its phase
angle ¢, depends on the nature of the circuit.
Now some power is delivered by the secondary

except when ¢, =90°. This necessiates an
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fixed ends A & B (Fig. 10.24). A spring is fixed
atone end C and is permanently connected to a
thin wige at the other end. The thin wire is
wound several times over a cylinder D and its
end is connected to the mid point of AB. The
cylinder can rotate about its axis. A pointer fixed
to the cylinder can move along a graduated scale
when the cylinder rotates. A shunt r (low
resistance) is connected parallel to AB. This
makes the ammeter a low resistance device. The
points A and B are connected to the outer

terminals TI and Tz.

Fig. 10.24 (a.c. ammeter)

The current to be measured is passed
through T, and T,. As current is passed, AB
gets heated and the rise of temperature becomes
proportional to 12, The wire gets clongated and
its tension decreases. It increases the tension of
the spring on the otherside so that the cylinder

rotates a little resulting in deflection ¢ of the

pointer on the scale. § is proportional to I%,.
However, the graduations on the scale are such
that the reading gives directly the value of I__ .
Itis precalibrated.

A.C. voltmeter is almost identical to a.c.

ammeter except that a high resistance R is

connected in series with the wire AB replacing
r (Fig. 10.25). The alternating voltage to be

319

measured is applied across "[‘1 and Tz s0 that
the current deflects the pointer on the scale. Here

deflection g is proportional to V2. However,
the calibrations are such that it directly measures

Fig. 10.25 (a.c. voltmeter)
10.6 Transformer

A transformer is an electrical device either
to increase or decrease a.c. voltages as per
requirement, which is not otherwise possible in
case of d.c. It works on the principle of
electromagnetic induction and is used in a
variety of cases starting from long distance
transmission of power to the operation of many
simple electrical and electronic devices.

Constructien

A transformer consists of two coils
electrically insulated from each other and
wound on the same laminated soft iron core
(Fig. 10.26). One of the coils is called the
primary to which is connected an alternating
source of emf. The other one is called the
secondary across which an induced emf is
developed due to varying current in the primay.
Energy is thus transferred from the primary
windings to the secondary via the core flux and
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its associated induced electric field. The primary
and the secondary are wound on the same core
to minimise flux leakage. The transformer is
named step up or step down according as the
number of turns in the secondary windings
is more or less than those in the primary.

Laminated iron core

Fig. 10.26 (a transformer)

The core material is chosen to have high
magnetic permeability, low hysteresis loss and
large specific resisistance, It is laminated to
minimize loss of energy due to eddies. The
- material is usually called transformer steel.

Working

Let us consider an ideal transformer in
which there are no losses and the total magnetic

flux is confined to the iron core. Hence the same

flux links both the primary and the secondary.
It is assumed that N, turns of the primary and
N, turns of the secondary, both encircle the core
in the same sense.

Let the primary be connected to an a.c.
source of instantaneous voltage V,, and let the
secondary be open. Then there is no current in
the secondary and the primary works merely as
an inductor. The primary current is small
because of the back emf produced in it and the
current lags behind the voltage by n/2. It is
the magnetizing current and the power-input
(due to it) to the transformer is zero (why ?).

As the primary current is alternating, the
flux through the core is alternating too, being in
phase with the current. Let ¢ be the

instantaneous flux linking each turn of the
primary and the secondary. Then the flux
linking the primary at the instantis N,,¢ and the
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magnitude of the induced emf g, produced in
it due to the changing flux is given by

..10.6.1

By assumption the resistance of the windings is
nearly zero so that [, | equals V,, at every instant
to maintain the charge flow.

; dé
V,, = |8p| = Np E
The instantaneous flux linking the secondary is
Ng¢ and the magnitude of induced emf

developed due to it across the secondary is given
by

Hence ..10.6.2

dé
eq|=Ng—
| s| S 4t ..10.6.3
les| also equals V¢ and therefore
d
Vs = Issl =Ny L] ..10.6.4
dt
From egns. 10.6.2 and 10.6.4, we have
VS . NS
V, N, ..10.6.5
N‘i

Thus by properly choosing the turn ratio E:,

the desired secondary voltage may be obtained
from a given primary voltage.

When V¢ >V, we have the step up
transformer

When V¢ <V, we have the step down
transformer.

Let us now see what happens when the
secondary circuit is closed. A current I is now
maintained in the secondary circuit. Its phase
angle ¢, depends on the nature of the circuit.
Now some power is delivered by the secondary

except when ¢ =90". This necessiates an
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equal amount of power to be supplied to the
primary circuit. It is accomplished as follows.

When the secondary circuit is closed, the
flux in the core is produced by both the primary
and the secondary currents. The secondary
current tends to weaken the core flux by Lenz's
Jaw and thus decreases the back emf in the
primary. The primary current, thereby, increases.

When the secondary circuit is completed
by a load of resistance R, I, = V¢ /R. Since
power delivered to the primary is equal to that
taken out of the secondary (assuming no loss of
pqwar) : ;

Vplp = Vil ..10.6.6
%:‘ =i_: ..10.6.7
From egs. 10.6.5 and 10.6.7, we have
'I[':'i - %:‘ .10.6.8
Ig 1 1
e 3. = ..10.6.9

IP NsI Np = tum rﬂlio

Thus in an ideal transformer the ratio of the
secondary current to the primary current varies
inversely as the turn ratio. The voltage in the
secondary is gained in a step up transformer at
the cost of secondary current. The reverse is
the case in a step down transformer.

We have considered the ideal case only
in which there is no loss of the supplied power
to a transformer. In the practical cases, however,
the losses are unavoidable. These include mainly
the ohmic loss (I’R), the hysteresis loss and
the eddy current loss. With attempts to
minimize the losses, the efficiency of the
transformer increases. Hence in practical cases
we may have transformers with effiiciency
nearly 90% or above.

The losses in a transformer

Energy fed to a transformer is lost to some
extent in the following three ways.

3

(a) C'opper (or Joule) loss

Though made up of copper, the windings
of the primary and the secondary have some
resistance and joule heat is developed when.
current is maintained in these coils. This loss (=
IF Rt) cannot be completely eliminated.
However, it is minimized by using low
resistance coils (i.e. thicker wires) of copper.

(b) Eddy current loss (Iron loss)

Due to change of magnetic flux linking
the iron core induced eddies are formed through
the solid block of the core. These eddy current
loops produce unnecessary heating in the core.
Such a loss of energy is called the eddy current
loss or iron loss. Itis minimized ic a great extent
by using laminated core of iron in place of solid
block. '

(c) Hysteresis loss

The iron core gets magnetized during the
+ve half cycle of the a.c. and is demagnetized
during the -ve half cycle. However, the
demagnetization is not complete and some
magnetism is retained in the core in a complete
cycle. Such retention of magnetism in the core
is called hysteresis and in the process some
energy is lost which appears as heat. Hence the
loss of energy is called hysteresis loss, which
depends on the nature of the material of the core.
It is minimum for soft iron. Hence the core of
the transformer is made of soft iron (laminated)
to minimise hysteresis loss.

(d) Loss due to flux leakage

The whole of magnetic flux produced by
the primary may not link the secondary or vice
versa. Hence there is some leakage of flux. Itis
due to manufacture defect. The energy loss
during the process 1s called loss due to flux
leakage. It is minimized by proper winding of
the coil op the core.

~ Usesof transformer

(i) . The most important use of transformeris
in the long distance transmission of
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electricity from the generating stations
through cables. Here step up transformers
are used to increase the voltage to kilovolt
order and reduce the current so that the
heat loss (I’Rt) in the cables are
minimized by appreciable amount. Hence
a lot of energy is made available at distant
places. However, from safety point of
view and insulation of moving parts it is
required to work with desired low
voltages, which is brought about by step
down transformers at substations, set up
at different places.

(i) Transformers are used in machines
working on a.c. It is used in telephone,
telegraph and wireless transmitting and
receiving sets, television, electrical

welding machines, electric furnaces etc. -

10.7 LC Oscillatrons :

The circuit shown below describes the
* mechanism of L-C oscillation. The capacitor C
and inductor L are connected through a key K.
There is anarrangement of a battery 'E' and key
K, to charge the capacitor. It is to be noted that
the capacitor and inductor store electrical and

magnetic energy respectively. °

Civewll J;Jn.rnuu '

—

L%

— =

: . =

E: ==~ ET Lt':'
Ky

Figs

Let the key K1 is closed _kecping’the_ key

K open. The capacitor is now charged. If q0 is
the maximum charge on the capacitor, then the
electrical energy storedin itis
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The key K1 is now made open and the
key K is closed. The capacitor starts discharging
through the inductor, giving rise to the current
in the circuit. The current flow giving rise to
the current in the circuit. The current flow sets
up a magnetic field around the inductor, This
carrent increases to a maximum value 10 for
which the magnetic energy in the inductor is

-----10.7.1

U =5 Ll

When the current in the inductor is
maximum, the capacitor becomes fully
discharged and electrical energy in the capacitor
is zero. In other words electrical energy across
the capacitor has been fully converted to
magnetic energy across the inductor. At this
stage, the magnetic field now starts decreasing

- and the current starts charging the capacitor but

in opposite director, Finally the magnetic field
completely collapses and capacitor becomes
fully charged. We can view this as the
transformation of magnetic energy in the
inductor to the electrical energy in the capacitor.

From the above discussion we see that
the energy altermnately changes from electrical

" to magnetic across capacitor and inductor

respectively. This type of oscillation of energy
between 'L and 'C' is called LL.C oscillation.

Mathematical analysis

We take the time at which the capacitor
is fully charged (q0) as the initial time (t=0). As
the key 'K' is closed, the capacitor starts
discharging and a current is built up in the
circuit. Let at anyinstant t, the charge in the
capacitor is 'q' and current through the inductor
is'T. .

Total energy in the circuit is
1

U=t 40 =L lip
2C 2
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If we consider that there is no loss of
energy (which is not possible practically), V is
constant.

du
=Z=0
Then a
q dq dl .
==+ L—=0 —
C di dr 1)
di dzq
Bt o S

Then from eqn. (ii)

q d’q g  dq
740199 o=p1| L +512
PR (Lc ar’

Butif [=0 it will imply g=constant. which
is physically incorrect, so

=4 q+Lq =0
dar*  LC

This equation is equivalent to the
equation.

--—--(10.7.3)

5‘;’—':’4- wy=0 e(10.7.4)

Which represents simple harmonic
oscillation of frequency w.

Thus the charge 'q' oscillates with a
natural frequency*.

W=——

Jie

The solution of the differential equation
(10.7.3) is

—(10.7.5)

—————(10.7.6)
10.7.4

q = g, cos(at +J)

comparing 10.7.3 and

@’ —Lz:rw 7=

As we have taken g=q, at t=0, we have
o = 0 . Equation 10.7.6 may then be written as:

G=quCos®t = v (10.7.7)
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In terms of current;

dg .
I =—=—g.msincot,
dt U

or I, =—q, is the peak value of current.

From equations (10.7.7) and (10.7.8), wer
see that the charge and current oscillate with a
natural frequency . However such type of
constant undamped oscillation is not possible
for the following two reasons.

1. Every inductor has some resistance for
which there is a loss of energy in the coil.

2. There is also a radiation loss from the
circuit in the form of electromagnetic waves.

Thus amplitude of scillation decreases and
finally dies away. To maintain a constant
amplitude appropriate amount of energy must
be supplied at prope: time intervals in corrent
phase. A practical oscillator has such an
arrangement sot that continuous undamped

oscillations can be produced.
Displacement Current :

Amperes circuital law states that the line
integral of magnetic induction 3 arround any

closed path is'equal to £ times the current(I)
across the area bounded by this path.

dBdi=; 1 (1)

This equation is valid for steady current
i.e. when electric field at the surface is constant
wth time however this law fails when electric
field at the surface changes with time. In other
words Ampers law was limited only to the
situation of a constant electric field. James clerk
maxwell generalised this law to include time-
varying electric field. He introduced a new term
in the r.h.s. of equation(I) in order to account
for the non-steady situation.

'I‘he modlf' ed Amperis law is then:

q{ Bdl =" I+/ E, 46,
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Ex.10.3:

The overall efficiency of a transformer is
90%. It is rated for an output of 12.5 KW. The
primary voltage is 1100 V. The ratio of primary
to secondary turns is 5:1. If the iron losses at
full load are 700 watts and the resistance of the
primary coils is 1.82 ohms, how much power is
lost because of the resistance of the primary
coils ? Find the resistance of the secondary
coils. i
Soln. i

Given,
efficiency of the transformer, n =90% =0.9

P_ = output power = 12.5 k. watt = 12500 watt
output power _ 12500watt

P =input power= - 99
= 13888.9 watt
Velp =P,
Ip = % = ——-[31 ﬁf;gv;:“ = 12.626A
Rp = 1.82 ohm

Loss in prifnary as heat = ;R , = 290.14 watt
Total loss of power = 13888.89 - 12500
= 13888.89 watt
Total Ironloss =700 watt
Total copper loss = 1388.9 - 700
= 688.89 watt
Copper loss in secondary =
(688.89 - 290.14) watt
= 398.75 watt

x 1100 volt = 220 volt
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[ Po _ 12500
STy 220

Copper loss in secondary =
iR, = (56.82)*R4A*

=56.82A

I3Rs _ 398.75watt

ST (5682)°A°
Ex. 104 : _
A 60 cycle a.c. circuit has a voltage of

120 V and a current of 6 A. Find the maximum
values of these quantities and the instantaneous

= 0.124 ohm

|
voltage —— S after the voltage has ze1u start.

720
Soln.
Given f=060Hz
" o= 120V
and l,n =06A

V, = Vop-+/2 = 120V/2 = 169.68 volt
and I, =1.v2 =642A =848A
Let us take V =V, sint, so that

Vm(after —Lsec) =V, sinmt
720

= 169.68V sin 2nft

1
720 s

= 169.68V sin-:—= 169.68 x %v

=169.68Vsin2n x 60 s x

=84.84V
Ex. 10.5:

A choke coil has a resistance of 4 chms
and self inductance of 2390 pH. It is connected
to a source of 500 cycle 110 V alternating emf.
Find the reactance, impedance and current of
the circuit.
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Soln.

Given R =4 ohm
L=2390 unH

=2390 x 10°H =0.00239 H
f = 500 cps = 500 Hz
o = 2nf = 27 x 500 per sec = 10007 /s
V=110V
V, =1104/2V =155.56V

Reactance = oL = 1000% % 0,00239H

=7.51 ohm

Impedance = Z =yR* +0°L* = J42 +(751)°

=8.51 ohm
v 110V
urent =l =—L= =1293A
el " 7  85lohm
Ex. 10.6 :

Alternating emf € =220sin100xnt is
applied to a circuit containing an inductance of

1 ; !
;H. Write the equation for instantaneous

current through the circuit. Find the peak value
and r.m.s. value of current.

Soln.

Given £ = 220sin 1007t

£, =220V

o= 1007

B
T

R,_=(:)L=1001txl=1000hm
b

_ 220V _ 220V

6 = =22A
R, 100 ohm

I
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I=1sin(wt—m/2)
=2.2sin(100mt -7/ 2)

Ex. 10.7 :

The peak power consumed by a resistive
coil when connected to an a.c. source is 80 watt.
Find the energy consumed by the coil in 100 S
which is many times larger than the time period
of the source.

Soln.
|
Power P= ;80[“ cosd

For a resistive circuit cos¢ = 1, since ¢ =0

|

Py =5 8ol overacycle
Thus P = &,1, = 80 watt

-. Energy consumed in 100S =P _ » 100 S

€ls . 100s

80watt

x 100S

=40001]
=4kl
Ex. 108 :

An inductance of 2H, a capacitance of
18 uF and a resistance of 10 KQ are connected
to an a.c. source of 20 V with adjustible
frequency. What frequency should be chosen
to get the maximum current and find the
maximum value of the current.
Soln. :

Given R =10 KQ = 10000 ohm

L=2H
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C=18 uF=18 x 10°F
Eer =20V
g, =2012 V
Peak current I in the circuit is given by

I,= 2

(¢ 7 l . 2
-
oC

When the frequency is adjustible I, becomes

1 1
maximum for —-®L =0je. —=0L
3 ®C

oC
1
Hence @, = _J—__E
. 1
= 21'Cf, =—JL—-E
= f == I
" 2nJ2Hx18x107°F

I

T 2xx6x107° S
50 =26.53

¢ =y Persec =26.53 per sec
= f =27Hz (resonant frequency)

The maximum value of the peak current at
resonance -

€. 202V

R 10000 ohm

The maximum value of r.m.s. current at
resonance

=283x107°A

B 0V o 107A=2mA
_ R _ 10000 ohm
Ex. 10.9:

~ Aninductor coil joined toa 12V battery
draws a steady current of 6 A. The coil is
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connected to a capacitor and an a.c. source of
rms voltage 9 V in series. If the current in the
circuit is in phase with the emf, find the rms
current.

Soln.

When the current is steady, the inductor
simply behaves as a resistor.

Steady current = 6A
Steady emf= 12V

2

12V
Resistance of the coil R =-—6*A— =2 ohm

When the coil is connected to a capacitor and
the a.c. source and the current is in phase with

|
the emf ®L = oC and the impedance Z of the

circuit is simply R.

. The r.m.s. current = = =4.5A

Ex. 10.10 :

A series a.c. circuit contains an inductor
of L.= 16 mH, a capacitor of C =50 pF and a
resistor of R = 100Q). If the source voltage is

" 12 V and the frequency of a.c. is 50 Hz, find .

the energy dissipated in the circuit in one hour.

Soln.
Given L=16mH=16x10°H

' C=50 uF=50x 104F

R = 100Q

Eme =12V

f=50 Hz

time t = | hour=3600s

| S
of= T==-=—sec =
=50 I:lz. £~ 50 sec = (.02 sec

The duration of energy dissipation = 1 hour
which is much larger than T. Hence we may
find the energy by finding the average power
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P . given by
P, =& Jims COSO

We have cos = power factor = R,

€ R €
| =am.—2‘“-“-.z= —z"%.R
= Pn\r = E;I@R 4
R" +(———mL)
oC
Ao eim.R i
R’ +[ = 2::&)
2xfC
{(12V)*.1000hm

'3 2
I:{IMJ’ +(ZRTISO__IF-. 2n x50 16 x |0';J ]ﬂhm:
n*50% 50 x

_ 12x12x100(volt)®
[10000+(10—3 -I.(m] }:ﬂm
Sn
14400
= mwaﬂ = 1.072
watt
Energy dissipated in 1 hr.
=1.072J/s x 3600 s
=3859.21=3.859k1J.
SUMMARY
(i) Alternating current (a.c)

It is the current which alters
continuously in magnitude and reverses
periodically its direction. It is represented by
I=1,sin(wt +4¢), I, being the peak value of
a.c..o =2n/T = 2nf = angular frequency of
a.c. and ¢, the initial phase.

(i) Average value of a.c. over a one cycle or
during one time period is zero.
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Average value of a.c. over one half cycle =

21 : :
TO i.e. during the +ve half cycle. The same

21
over -ve half cycle is - T"

(iii) R.m.s. or root mean square value of a.c.
is that steady current which produces the same
heating effect in the same resistor as that of a.c.
during a given time. It is also called the effective
or the virtual value of a.c. -

Ims:leﬂ =Ivit =lo,ﬁ

(iv) A.C. in a pure resistor connected to an
alternating source of e.m.f. € = £ sinot is given

by [= %’sin ot = Io sin®t, Here the emf and
current are in phase with each other.

(v) A.C. in purely inductive circuit connected
to a source of emf given by e =g_sinot is

as I= 8—""sin((ot -nl/2)
ol

=1, sin(wt—n/2). Here the current lags
behind the emf by x /2 or the emf leads the
current by n/2. oL is called the inductive
reactance of the inductor and has the unit of

resistance i.e. ohm. A.c. in a purely capacitive
circuit with capacitance C and connected to a

source of emf, given by. e=g;sinot, is
I=g,0Csin(ot +7m/2)

expressed

expressed as

= I, sin(wt + 7/ 2). Here the current leads the
emf by n /2 orthe emf lags behind the current
by n/2. 1/wC 1is called the capacitive
reactance of the capacitor and has the unit of
resistance too i.e. ohm.

A.c. in a circuit containing a resistance
R, an inductance L and a capacitance C in series
and connected to a source of emf € = g, sinot
is given by,

I =g, sin{ot +$)/y[R* + (oL —1/aC)]
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=(gy / Z)sin(wt + ¢) = Isin(ot +¢)

where Z is called the impedance of the circuit
and has the unit ohm. ¢ is called the phase
difference between the current and the emf of
the circuit and is given by,

¢ =tan"'[(oL-1/@C)/R]-

Average power in an a.c. circuit is given
by P=(1/2)glycost =€, ] cosd, Where
cos ¢ is called the power factor of the circuit
and is given by,

1
cos$p=R/[R* +(wL~-1/0C)]

For a pure resistive circuit ¢ =0 so that
cosé = 1 and for a purely inductive or purely
capacitive circuit ¢ =90 so thatcos ¢ =0. The
component I, cos ¢ of a.c. is called the wattful
or active component and the component I siné
of a.c., the wattless or idle component. When €

and I are in phase, the average power equals

Y €,1,; and when € and I are 90° out of phase,
the average power is zero. The impedance of
an R-L-C series circuit depends on the frequency
fofa.c. The frequency for which the impedance
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of the circuit is the minimum is called the
resonant frequency of the circuit. The amplitude
of current is the maximum at this frequency, the
impedance being R and the reactance being
zero. Then the resonant frequency is given by f

=1/2 JIC.

The inductance coil which is used for
changing the a.c. in a circuit is called choke coil.
In high frequency a.c. circuits choke coil with
air core is used while in case of low frequency
a.c., choke coil with iron core is used.

Transformer is a device which can be
operated with a.c. only and is used to increase
the voltage at the cost of current (step up
transformer) or to decrease the voltage with
increase in current (step down transformer). It
is mainly used for long distance transmission of
a.c.

A transformer may have, 1. copper loss
due to heating of the primary and the secondary
coils, 2. iron loss due to eddies formed within
the core and due to hysteresis. These losses are
avoided to a great extent by using thicker copper
wires and laminated soft iron cores.
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MODEL QUESTIONS

)

Multiple Choice Type Questions :
Which of the following effects is not
possible by a.c. 7

a heating effect

b.  chemical effect

¢.  magnetic effect

d.  none of the first three

A.c. ammeters actually measure
SR | b. I

ms

C. I d B

s
IfR,Z, R, and R_ stand for resistance,
impedance, inductive reactance and
capacitive reactance of the a.c. circuit
respectively, then power factor of an a.c.
circuit is given by
a. R/Z b. ZR
c. RR d. RR,

L

The emf of an a.c. circuit is givenby e =
60 sin (53.141 t) and the current by

i =(60/10.628) sin (53.141.t- n/2).

Then the power consumed by the circuit
is

a. 60 watt
c. 60/10.628 watt

The peak values of emf and current of an

b. 60/53.141 watt

d. zero

.a.c. circuil containing R, L. and C are

obtained as 200 volt and 20 ampere

respectively. The average power of the

circuit is
a. 2000 watt b. 1414.2 watt
c. 1000 watt d. 707.1 watt

The phase difference between current and
emf inan RLC series circuit at resonance
IS

10.

11.

a.  zero b. 90°

c. -90° d.  60°

A pure caﬁacitor in an a.c. circuit

a.  sloresenergy inits electrostatic field
b.  stores energy inits magnetic field

¢.  does not store energy

d.  dissipates energy

In an a.c. circuit the phase difference
between current and emf is 45° The
circuit contains

a.  apure inductance

b.  apure resistance

C.  apure capacitance
d.

a resistance, an inductance and a
capacitance in series.

The instantaneous emf of an a.c. circuit
is given by € = 4sin(100t +¢) volt. If the
circuit contains an inductance of 2H, the
peak current in the circuit is

a. 004 A b. 0.02A
c.  001A d 0005A

When a fluorescent tube is used in an a.c.
circuit, it is convenient to use

a. a choke in series with the tube,

b.  ahigh resistance in series with the

tube.

c. - alow resistance in series with the
tube.

d.  ahighresistance in parallel with the
tut_:e.

An alternating current in a circuit is given
by i=isinot+i,cosot. The rms
current in the circuit is given by
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12,

13.

14.

15.

16.

17.

a (i, +i)/¥Z b (0, #i,)/2

e. JGi,T+i,)/2 d JiF+i )2

The magnetic field energy in an inductor
changes from maximum to minimum
value in 5 ms when connected to an a.c.
source. The frequency of the source is

a. 20Hz b. 50Hz
c. 200Hz d. 500 Hz

An inductive coil joined to a 6 volt battery
draws a steady current of 6 A. The coil is
joined to a capacitor and an a.c. source of

rms voltage of 6 volt in series. If the

current in the circuit is in phase with the
emf, the rms current in the circuit is

a. I2ampere b. Gampere

c. 32 ampere d. 3ampere

An inductor coil having some resistance
is connected to an a.c. source. The
physical quantity having zero average
value over acycle is

a.  induced emf in the inductor

b.  joule heat in the inductor

c.  magnetic energy in the inductor
d. total energy in the circuit

The metal / alloy that is more suitable for
making cores of transformers is

a steel v b soft iron

c. copper - d. brass

A transformer has 20 tums of primary and
100 turns of secondary. If the primary is
connected to a 220 volt d.c. supply, the
voltage across the secondary will be

a. 1100 volt b. 220volt”
(8 10 volt d. zerovolt’

The voltage applied across the primary
of a transformer is 220 volt. If the

18.

10.
1.

12.

13.

14.
15.

KR |

resistance of the primary is 20 ohm and
efficiency of the transformer is 90%, the
output power is

a.  2420watt b,
C. 11 watt d.

2178 watt
9.9 watt

The peak value of an alternating current
is 5 amp., and its frequency is 60 Hz.
Starting from zero, the time after which
the current reaches its peak value is

a. 60 sec. b. 12 sec.
¢. 1/12sec. d.  1/240 sec.
Very Short Answer Type :

What is the reactance of a capacitor
connected to a steady d.c. circuit ?

Can the peak voltage across an inductor
be greater than the peak voltage of the
source in an LCR circuit ?

Is energy produced when a transformer
steps up the emf ?

Define what is a.c.

Write the relation between the peak value
and the rms value of a.c.

What is the mean value of a.c. over a full
cycle? | »

Can a.c. be used for electrolysis ?

What is the amplitude and phase of a.c.
in the equation 1 =3 sin (120 xt- x/3)?

Define rms value of a.c.
Define power factor.

Mention the factors on which the
reactance of an inductor depends.

Mention the factors on which the
reactance of a capacitor depends.

Mention the factors on which the

impedance of an a.c. circuit depends.
Define impedance of an a.c. circuit.

Which is more dangerous, a.c. ord.c. ?
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16.
17.
18.

19.
20.

21.

22,
23.

24.
25,

26.
27.

28.
29.
30.

31.

32.

How much reactance is provided by a
capacitorin a steady d.c. circuit ?

How does an inductor behave when
connected in ad.c. circuit ?

What is meant by wattless component of
a.c,?

Mention the function of a transformer.

Write down the names of the losses
obtained in a transformer.

Mention the cause of copper loss in a
transformer.

Write down the phase difference
occurring between current and emf in a
purely inductive a.c. circuit.

What type of transformer is used at the
generating station of a.c. to trdnsmit
power ?

Is energy spent for sending a.c. through a
purely inductive circuit ? [CHSE, 1986 S]

In what !(iild of a.c. circuit current lags
behind the emf ? [CHSE, 1995 S]

What is virtual ampere ? [CHSE, 1993 A]

What is the rms value if the peak value of
alternating current is 5 ampere ?

[CHSE 1995 S]

In what kind of a.c. circuit, the current
lags behind the voltage ? [CHSE 1995 S]

What is the phaée difference between
current and emf in a purely capacitive
circuit ? [CHSE, 1995 A]

Can power factor of an a.c. circuit be
equal to one ?

What is the phase difference between the
voltage across the inductance and a
capacitorin an a.c circuit.

[CBSE, 1999]

What is the phase difference between
voltage and current in a LCR series circuit
atresonance ?  [CBSE 1997; 98, 99]

33:

34,

35.

—
.

10.

11.

12.
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The instantaneous voltage from an ac
source is given by E =300sin 314 t; what '
is the rms voltage of the source ?

[CBSE AI 2000]
What is the average value of ac voltage
V=V, sin ot. [CBSE Sample Paper]

An electrical element x when connected
to an alternating voltage source, has a
currentthrough it leading the voltage by
n/2rad. Identfy x and write an
expression for its reactance.

[CBSE Sample Paper]
Short Answer Type :

Explain what is rms value of a.c, ?

Differentiate between average value and
rms value of a.c. over a cycle.

Write down an equation representing
alternating current and explain the
symbols used in it.

Show that average value of a.c. over a
cycle is zero.

Explain the meaning of wattless
component of a.c.

Why is a choke coil used in an a.c. circuit

‘but not a resistor ?

Explain what are iron and copper losses
in a transformer.

Differentiate between step up and step
down transformers. '

Why is a.c. used widely though it is more
dangerous thand.c. ?

Inconsidering the voltage in an a.c. circuit
required to puncture a capacitor should
one be concerned with the effective,
maximum or average values ? Explain.

An a.c. circuit contains a variable
capacitor in series with a fixed resistor.
Plot any curve as : capacitance is varied
from zero to a very large value.

A choke coil, placed in series with an

electric lamp in an a.c. circuit, causes the
lamp to become dimmed. Explain.
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13.

14.

15.

16.

17.

18.

19,

20.

21.

25!

A choke coil and a variable capacitor are
placed in series with an electric lamp in
an a.¢. circuit. The capacitor is adjusted
to make the lamp glow brilliantly. Explain
how it is possible ?

Explain what is apparent power in an a.c.
cireuit.

Explain the meanings of wattful and
wattless components of a.c.

Which physical quantity is expressed in
kilovolt-ampere in connection with a.c. ?

Find an expression for the average power
expended in a resistor in a quarter cycle
of a.c.

Graphically show the variation of
inductive reactance and capacitive
reactance with frequency of a.c.

Mention the variation of resistance,

capacitive reactance and inductive
reactance with the frequency of a.c.

Distinguish between resistance and
reactance in an a.c. circuit.

Write the expression for the impedance
of an LCR circuit and hence show the
condition under which its impedance
equals ils resistance. '

Explain which is more dangerous for
human body, 220 volta.c. or 220 volt d.c.

Explain the meaning of lagging current
and leading current in case of a.c.

Explain the necessity of transformer in

long range transmission of power.
[CHSE, 87 §]

A coil having inductance of 1 henry is
connected to an a.c. source of frequency
50 hertz. What would be the inductive
reactance of the coil ? [CHSE, 1989 A]

A capacitor of capacity 5 uF is connected
to an a.c. source of frequency 1000 Hz.
What is the capacitive reactance of the
circuit ? [CHSE, 1991 A]

27.

28.

29,

30.

31.

32.

33,

34.
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An a.¢, eircuit contains an inductance of

10 henry. What is the reactance of the

circuit ? (frequency of source is 50 Hz).
[CHSE, 1991 S]

Why is long distance transmission of
electric power done at high voltage and
low current 7 [CHSE, 1993 A]

The primary and secondary of a
transformer have 200 and 600 turns

“respectively. If the input voltage is 210

volts, calculate the output voltage.
[CHSE, 1994 A]

The primary and secondary of .a
transformer have 500 and 2000 turns
respectively. If the input current is 16
ampere, calculate the output current.
[CHSE, 1995 A]

Prove mathmetically that the average
power over a complete cycle of
alternating current through an ideal
inductor s zero. [CBSE 1997, 99]

An electric lamp connected in series with
a capagcitor and an ac source is glowing
with certain brightness. How does the
brightness of the lamp change on
reducing the (i) capacitance and (i)
frequency ? [CBSE 1997, 99]

Prove that an ideal capacitor in an a.c
circuit dose not dissipate power.

[CBSE 2005]

‘When a capacitor is connected in series
LR circuit, the altemating current flowing
in the circuit increases. Exaplain why ?
[CBSE 1999]
Long Answer Type :
Differentiate between direct current and
alternating current. Obtain an expression
for the rms value of the latter i.e. a.c. over
cycle. What is the difficulty in using the
average value of a.c. 7
Write down the equation that represents

a sinusoidal a.c. Obtain expressions for
its mean value and rms value over acycle




in terms of the peak current. Why is a.c.
considered to be more dangerous than
de:r?

Derive the expression for current in a
. purely inductive a.c. circuit. Why is it
called wattless current ? Draw the phasor
diagram for voltage and current of the
circuit. (CHSE, 1994 A)

An a.c. circuit contains a resistance and
an inductance in series. Draw the circuit
diagram and calculate the current in the
circuit, What is the phase of the current
in the inductance with respect to applied
emf ? (CHSE, 1995 A)

What is alternating current ? Prove the
following for a.c.

(1) Icﬂ,m“c =1/42 . Gi)1 . =20 /n for
positive half cycle. I, = Peak value of a.c.

and the other symbo!s have usual
meaning. (CHSE, 1996 A)

Discuss principle, theory and construction
of a transformer. What are the various
types of losses in it ? Mention its two main
uses.

Obtain an expression for the average
power in an a.c. circuit containing a
resistance. Show that it is equal to the
product of the virtual values of emf and
current of the circuit.

The emf and current of an a.c. cii'cuit
containing L, C and R are given by

e=g,sinot  and [=I; sin(ot—4¢).
Show that the average power of the circuit

18 P, =g,1, cos¢, where g, and I stand’

for virtual emf and virtual current
respctively.

Show that the current leads the applied
voltage by 90" in a purely capacitive a,c.
circuit. Find the impedance of the circuit
and discuss its variation with frequency
of the a.c. source. If f=50Hz,,C=2uF,
what is the value of the same ?
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Deduce an expression for the power of
an a.c, circuit containing a resistance and
an inductance. Explain what is power
factor. What will be the power factor if
the resistance of the circuit is zero and
why ?

Numerical Exercises :

Alternating current in a circuit is given
by 1= 50 sin 400 nt. Find the frequency
and the rms value of the current.

A circuit has an inductance of 1/2 7 henry
and a resistance of 500 ohms. If an a.c. of
frequency 50 c¢.p.s. 1s applied to it, find
reactance and the xmpedance of the
circuit.

Calculate the capacitance of a capacitor
to run a 250 V, 100 W lamp connected in
series with an a.c. mains of 220 volt
having frequency 50 hertz.

A 60 Hz. a.c. circuit has a voltage of 120
volts and a current of 6 amp. (effective
values). Find the maximum values of
these quantities, What is the instagtaneous
value of the voltage 1/720 sec. after the
voltage has zero value ?

A coil which takes 10 amps from 20 volt
d.c. circuit, takes 3 amps. froma 120 volt,
60 cycle line. Find the resistance,

“inductive reactance and inductance of the

coil.

A coil takes 3 amps and 108 watts from a
120 volt, 60 cycle line. Find what are its
resistance and inductance.

The resistance in a certain 220 volt 60
cycle a.c. series circuit is 82.4 ohms and
the capacitive reactance is 60 ohms. Find
the total impedance. Calculate the current
in the circuit and the capacitance.

At which frequency of a.c. will the
inductive reactance of a 20 mh inductor
be equal to the capacitive reactance of a

20 1 F capacitor ? Caleulate,



Alternating Currents

9.

10.

11.

12.

13.

14,

15.

16.

17.

The current through a coil is 2A when
connected to a 8V d.c. supply. When the
same coil is connected toa 15V a.c. supply
at 50 Hz, the current is 3A. Find the
resistance, impedance, inductive reactance,
inductance and power factor of the coil.

The input and output impedances of a

‘transformer, which delivers 20W of

power, are 1000 ohm and 8 ohm
respectively. Calculate its turn ratio and
the current and potential difference in the
primary and the secondary.

The voltmeter reading across a 60 Hz
source of alternating emf is 220V, Write
the equation for the instantaneous emf of
the source. If it is connected across a 5002
resistor find the peak current in the circuit.

A single circuit element is connected
across a source of altemating emf given
by V = 100V sin100 rt. Determine the
circuit element if the current in the circuit
is written as I =20 A sin (100t + 7 /2).
A 40 V, 500-cycle a.c. source is
connected 1o a series circuit containing a
5 ohm resistor, a capacitive reactance of
4 ohm and a coil which has a resistance
of 1.25 ohm and an inductive reactance
of 12 ohm. Calculate the power and the
power factor.

If the electric current in a circuit is given

by I=I (V1) for some time, find the rms

current for the period fromt=0tot= 1.

A coil having a resistance of 50 chm and
an inductance of 0.5 henry is connected
to an a.c. source of V__ = 220 volt and
f = 50 cycle/sec. Find the peak value of
current.

A series combination of C = 100 uF,
R=50Q and L=0.5 His connected to a
110V, 50 Hz a.c. source. Calculate the
peak current, power and power factor of
the circuit.

An inductor of inductance 100 mH is

18.

19.

20.

2L

22;

23.

A3s

connected in series with a resistance, a
variable capacitance and an a.c. source
of frequency 2000 Hz. Find the value of

. the capacitance so that maximum current

may be drawn into the circuit.

A series a.c. circuit contains an inductance
of 40 mH, capacitance of 100 uF,
resistance of 500 and an a.c. source of
12 V, 50 Hz. Calculate the energy
dissipated in the circuit in one hour.

A lamp which can carry a current of 10A
at 15V, is connected to an alternating
source of emf 220V. If the frequency of
the source is 50 ¢.p.s., find the inductance
of the choke coil required to lit the lamp.

Find the value of inductance which should
be connected in series with a capacitance
of 5 microfarad and a resistance of 10
ohms, to an a.c. source of 50 ¢.p.s., so
that the power factor of the circuit is unity.

A current is made of a 3 amp d.c.
component and an a.c. component given
by I=4sin wt Amp. Find an expression
for the resultant current and caleulate its
effective value. [Hint. T=1, +1_. Find

the square of I and hence obtain I__].

When 100V d.c. is applied across a coil,
a current of 1A is observed through it.
When 100V a.c. of 50 Hz is applied to
the same coil only 0.5 A is observed.
Calculate the resistance, impedance and
inductance of the coil. What would be the
phase lag between this current and the
applied emf.

A 100 volt a.c. source of frequency 500
Hz is connected to a series LCR circuit
withL=8.1mH,C=125 pFandR =
102, Find the potential difference across
the rgsistance. [Hint : Obtain values of
R =wlLand R, = 1/wC and see that R
=R,. Hence I = V/R i.e. the resonance
condition.] i
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24,

23.

26.

27

28.

29.

30.

A radio can tune over the frequency range
of a portion of medium wave broadcast
band between 800 kilohertz and 1200
kilohertz. If the LC circuit has an effective
inductance of 200 pH, find the range of
the variable capacitor required for the
purpose. [Hint : Find f = 12n JLC:
hence C = 1/4n*f*L. Determine C for f =
800 kiloHz and 1200 kiloHz.] '

A bulb of resistance 10Q , connecied to
an inductor of inductance L, is in series
with an ac source marked 100 V, 50 Hz.
If the phase angle between the voltage and
current is x/4 radian, calculate the value
of L. [CBSE 2001]

A 25.0uF capacitor, a 0.10 H inductor
and a 25.0Q resistor are connected in
series with an ac source of emf given by
E= 310 sin 314 t. What is the frequency
of emf and reactance of the circuit ?

[CBSE 1995]

In an LR series circuit, the potential
difference across the inductor L and
resistor R are 200 V and 150 V
respectively and the rms value of current
is 5 A. Calculate (i) the impedance of the
circuit and (ii) the phase angle between
the voltage and current. [CBSE 2004]

An.a.c source of frequency 50 H, is
conected to a 50 mH inductor and a bulb.
The bulb glows with some brightness.
Calculate the capacitance of the capacitor
to be connected in series with the circuit,
so that the bulb glows with maximum
brightness. [CBSE 2000]
When an inductor L and a resistor R in
series are connected across a 12 V, 50
Hz supply, a current of 0.5 A flows in
the circuit. The current differs in phase
from applied voltage by n/3radian.
Calculate the value of R. [CBSE 2008]
In an ideal transformer, the number of
turns in the primary and secondry are 200
and 1000 respectively. If the power input

F.

@

W =
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to the primary is 10 kW at 200 V, calculate
(i) output voltage and (ii) current in
primary. [CBSE 2001]
Answer as directed

Ohm's law is applicable only to
circuitin A.C.

How will you connect a choke, when a

fluorescent tube is used in A.C. circuit ?
(Series / Parallel with the tube).

One complete set of positive and negative
values of alternating current or emf is
called ;

What is the basis of hot wire instruments ?
What is used as core in a radio frequency
choke ?

At low frequency a condenser offers high
impedance. (Yes/No)

In a series L-C-R circuit what is the value
of total impedance at resonance ?

Why a choke coil is prefered to a
rheostat in an a.c. circuit ?
When power is drawn from the
secondary circuit of a transforrger, will
the dynamic resistance increase/
decrease/remain constant.

Correct the following sentences :
The rms value of a.cis [ /2.

The avarage value of a.cis I,/v2.

The impedance Z of a series L-C-R a.c
circuit is Z = [R*+(L-1/C)*]'*

At high frequency a condenser offers
high impedance.

The resonance frequency f of a series L-
C-R a.c circuit is given as f =

2n(i/1.C) 2.

D.c is more dangerous than a.c. .

InL-R a.c cirvuit current leads e_nif.
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ANSWERS

-

>

E.

Multiple Choice Type Questions :

L 2@ 3@ 4@ 5@ 6@
9. (b) 10.(2) 1L 12.() 13.06) 14.(a)
17. (b)  18.(d)

Numerical Exercises :

1. 200Hz 253 A

2. 500, 502.5Q

3. 69 pF

4. 1697V, 85A, 8485V
5. 20, 200,0053H

6. 12Q, 40Q
7. 102Q), 2.2A, 442 uF
8. 252Hz

9. 4Q, 5Q, 3Q, 9.55mH, 0.8
10. 1:354,V,=10042 V,V,=4 /igV
11. £=2204/2sin120nt, 6.22A
12. C=063TmF
13. '118.6 watt — 70.43 watt
0.6 —»113.6
4. 1,/3A
15. 1.89A
16. 1.15 A, 89.45 watt, 0.37
17. 633nF
18. 9676.8 —9028.45 joule
19. 220 mH
20. 2.03H
21. 4.12A |
22. R=100Q,L=0.55H,Z=1728Q, ¢ =60°
23. 100V ¥ i
24. C. =88pF, C_, =198 pF

7. (a) 8. (d)

15.(b) 16.(d)

25. 00318H, 26 50Hz 340  27.50Q,53° 28.2.0x10°

29. 12Q 30. 1000V, 50 A : T S

(1) Resistive (2) Series with the tube (3) Cycle (4) Heating effect of current (S) Alr (6) Yes

(7)R (8) It consumes almost zero power (9) Increase
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11.1 Light Preliminaries :

There are several forms or types of energy,
like electricity, heat, sound, magnetic, mechanical
etc. This list also includes light energy.

Light is a form of energy, which itself is
invisible; but when it falls on an object, that
object becomes visible to us through our sense
organ - the eye. Thus light is the external cause
of sensation of sight.

While dealing with light we often come
across the following terms:

Ray of light is a straight line which marks
not only the transfer of light energy but indicates
its direction also. The direction is indicated by
an arrow.

Pencil of light is a small bunch of rays of
light. )

Beam of light is an appreciably large
bundle of rays. If rays in a beam start and
progress away from a point, then these rays are
called divergent. But if the rays proceed towards
a point, then it is a case of convergent beam.

In a parallel beam, the light rays are
parallel to each other.

P
~N S —

a.Divergent rays  b. Convergent rays  c. Parallel rays
Fig. 11.1

——

Rectilinear Propagation of light :

When light passes through a particular
medium (say, air, water, glass etc.) it does not
change its direction of motion; i.e., the light-
path remains unchanged. This phenomenon is
known as the rectilinear propagation of light.
However, when it meets another medium in its
path, the following effects may occur:

(1) Reflection :

A part of the incident light is turned back;
moves from the surface of the second medium
to the first medium. This is known as reflection.

Relfection can be of two types : (i)
Regular type, (ii) Irregular (or, diffused) type.

(2) Absorption :

A portion of the light, incident on the
second medium, may be absorbed by the later,
leading to interconversion of light into heat
energy etc.

(3) Refraction :

The remaining part may pass through the
second medium, obeying the laws of refraction.

Thus : Incident light = Reflected (Regular
and irregular) light + Absorbed light + Refracted
(transmitted) light.

Regular reflection takes place, when light
falls on a smooth surface like mirror, polished
metal surface etc.
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Regular reflection is subject to the
following two laws :

D
A

1 ¥

X 4
Regular Reflection

Fig.11.2
XY =Plane mirror
AB =Incident ray
B  =Pointof incidence
BC =Reflected ray
BD =Normal to the mirror at the point of

incidence

ZABD = Angle of incidence =i
ZDBC = Angel of reflection=r

(1) The incident ray, reflected ray
.and normal at the point of incidence lie in one
plane. (AB, BC and BD lie in the plane of paper
in this case).

(2) Angle of incidence is equal to
the angle of reflection. (£LABD=/DBC,i.e.i
=T)

11.2 Spherical Mirror:
A part of a regular, reflecting, hollow

sphere can be used as a spherical mirror.
Spherical mirror is of two types :

(1) Concave mirror
(2) Convex mirror
Concave mirror :

In this type, reflection occurs on the
hollow side. When we hold such a mirror
(APB) facing us, its middle point P will be at
the greatest distance when compared with its
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other points.

Fig. 11.3

=Pole (or, vertex)
C  =Center of curvature
PC =Radius of curvature (=)
PX =Principal axis
P'X' =Secondary axis

Some definitions, relating to spherical
mirrors, are given.below :
Pole: Pole of amirror is defined as the middle
point of the reflecting surface.
Centre of curvature : It is the centre of the
sphere, out of which the mirror is formed.

Radius of curvature : It is the radius of the
sphere, of which the mirror forms a part.

Axis : Any straight line, passing through the
centre of curvature and any point of the
spherical mirror forms the axis of the mirror.

Axis may be of two types.
(1) Principal axis
(2) Secondary axis

Principal axis is a direction which
contains the center of curvature and the pole.

Secondary axis is any other direction
containing ‘center of curvature and any point,
other than the pole, of the mirror.
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Any axis, Principal or Secondary, is
normal to the mirror. :

Principal Section : Consider a spherical
mirror. Let us imagine that a plane is passing
through the principal axis and also intersecting
the mirror. Then the cross-section of the mirror
is a circular arc. This is called the principal
section.

A mirror is represented by its principal '

section.

Aperture : The length between the two extreme
points of the principal section is known as the
aperture.

Angular aperture : This is the angle subtended
by the diameter (aperture) at the center of
curvarure of the mirror.

InFig. 11.3,
Angularaperture = ZACB
_ Arc APB
Radius AC

Normally we consider spherical mirrors
of small angular aperture (say, less than 10 of
arc).

- Optical image :

If the direction of rays, starting from a
point source, changes either due to reflection
(or refraction), so that the reflected (or refracted)
rays either actually converge to, or appear to
diverge from, a second point, then the second
point is called the optical image of the first point
source.

L]

Optical images are of two types :
(i) Real image
(i1) Virtual image
(i) Real image: When the reflected (or refracted)
rays of a point actually converge to (i.e.,

intersect) at a second point, the second point is
called areal image.
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Hence the image formed by a plane mirror
cannot be a real image.

(ii) Virtual image : When the reflected (or
refracted) rays of a point appear to diverge from
a second point, the second point is called a
virtual image.

Example : The image formed by a convex
mirror is always virtual.

Since, in the case of virtual image, the
reflected (or, refracted) rays don't actually
intersect, the image is merely an imaginary
intersection point and hence cannot be held on
a screen or photographed.

As mentioned above, the optical image is
formed due to reflection or refraction. As such,
the image formed by a pin-hole camera cannot
be called an optical image, since it is not formed
by reflection or refraction, but by rectilinear
propagation of light.

Principal focus and focal length :

Focus (a) Concave mirror
Fig. 11.4
Concavemirror:  Convex mirror :
F = Focus (Real) F = Focus (Virtual)
PF = Focal Length  PF =Focal length
Fig. 11.4(a) Fig. 11.4(b)

Let a pencil of rays, parallel to the .
principal axis, be incident on a spherical mirror.

(b) Convex mirror

(2) In case of concave mirror, all the rays,
after reflection, will converge to a point (F) on
the principal axis. This is real, since all the
reflected rays actually intersect atF.
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(b) In case of convex mirror, the rays, after
reflection, appear to diverge from a single point
on the principal axis. This point (F) is known
as the focus, but this is virtual, since the reflected
rays do not actually intersect.

In both the cases, the distance between
the pole and the focus is known as the focal
length.

Focal Plane : Any plane, which is vertical to
the principal axis and passes through the focus,
is known as the focal plane.

11.3 Procedure for object-image Ray
diagram : Spherical mirrors

(i) Point object :

(a) Concave mirror
Fig. 11.5 Image-formation-point object

(h) Convex mirror

Let a point-object A be on the principal axis. A
ray, starting from A and passing through C, after
reflection at the mirror, will retrace its path (AP
© PA) due to normal incidence, along the
Principal axis.

Take now another ray, AD which, on
reflection, will move along DE. The reflected
ray DE will intersect (in case of concave mirror)
the Principal axis at A, or appear to intersect
(in case of convex mirror) at A, on the principal
axis.

Thus A, isimage [Real -in Fig. 11.5 (a)]
and [Virtual - in Fig. 11.5 (b)] of the point objec
A. :

(ii) Extended object :

Consider an extended object AB, placed
normal to the Principal axis of the mirror.
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Take two rays starting from the top of the
object A - one ray through C and another ray
passing parallel to the principal axis and then
find out the intersection of their reflected rays.
Then the intersection of the reflected rays gives
the image.

(a) Concave mirror :

C

=
B, F/\E
B P
A
G
Image formulation (Extended object) Concave
mirror

Fig. 11.6

The ray passing through C retraces its path
along ECA on reflection. The other ray AD,
parallel to the principal axis, is reflected along
DFG, so that the intersection of ECA and DFG
gives the image at A . Drop a normal from A,
on the principal axis, A B,.

Thus A B, is the image of AB. In this
case this is real.

(b) Convex mirror :

Tracing of image (Extended object) Convex mirror
Fig. 11.7
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The ray, proceeding towards C, retraces
its path along CEA after reflection. The other
ray AD parallel to principal axis is reflected along
DG. The intersection of the twa reflected rays
EA and DG is obtained by producing them
backwards. The intersection point is at A,
behind the mirror. Thus A B, is the image of
AB. The image of a convex mirror is always
virtual.

11.4 Relation between focal length and Radius
of curvature

(a) Concave mirror (b) Convex mirror
Fig. 11.8 Relation between r and

Let the object be at infinity (o). The rays
coming out of it are parallel. Consider one of its
rays AB, moving parallel to the Principal axis.
After reflection it intersects at F (concave mirror)
and appears to intersect at F (convex mirror).
Thus F is the image formed on the Principal
axis of the distant object (located at infinity).

In the above figure,

B = point of incidence
C = centre of curvature
CB= Normal at the point of
incidence.
(a) Concave mirror :
ZABC =i
ZCBF =T
ZABC = ZCBF

(2nd law of reflection) (11.4.1)

ZABC = ZBCF ("~ AB| | CF)
«(11.4.2)
Comparing the above two equations,

ZCBF = £ZBCF

Further

Bureau's Higher Secondary Physics

So that the triangle CBF is isosceles.

BF = CF -(11.4.3)

Assume that the mirror has small aperture and
the rays are very near to the principal axis, so
that we can replace the point B by point P,
without much error.

‘Hence eqn. (11.4.3) gives

PF =CF (11:4.4)
Now r=CP
=PF + FC
=2PF (by 11.4.4)
=2f
Thusr=2f .(11.4.5)
(b) Convex mirror :
ZABN =i
ZNBM =T
ZABN = ZNBM
(2nd law of reflection)
..(11.4.6)
Further  /NBA = #Bcp (- AB|| CP)
(11.4.7)
Comparing the above two equations
ZNBM = ZBCP .(11.4.8)
But  /NBM = ZCBF ...(11.4.9) (opposite

angles)
Comparing eqns. 11.4(8 & 9), we have
ZBCP = ZCBF

So that CBF is an isosceles triangle.

BF = CF .(11.4.10)
Assuming the mirror to be of small aperture and
considering the rays very close to principal axis,
we replace B by P in eqn. (11.4.10), so that

CE=PF ~(11.4.11)
Now r=CP
2 CF + FP
=2PF (byegn. 11.4.11)
=2f _ _
Thus r=2f «(11.4.12)
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Eqns 11.4 (5 & 12) show that there is a
general formula for spherical mirrors, which can
be written as :

r=2f (11.4.13)
11.5 Sign Couvention : Spherical mirrors

The International commission of optics
has recommended a system of sign convention,

known as New Cartesian (N.C.) for measuring

distances such as focal length, radius of
curvature, object distance, image distance etc
for both lenses and mirrors.

The rules are :

(1)  All the ray-diagrams will be drawn with
light travelling from left to right.

(2) The pole and the optic center will be taken
as the origin (of the co-ordinate system) for
measurement in case of mirrors and lenses
respectively.

(3) The Principal axis will be taken along the

X-axis of the co-ordinate system.

(4) Distances measured towards left of the
origin are negative and towards the right are
positive.

(5) Transverse measurements, i.e., distance
above X-axis are positive and downwards are
negative. -

Graphically :

(=+) (+.4)

(+1_)

Yf
Fig. 11.9 New cartesian sign convention

Note regarding sing convention :
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Measurement

Horizontal Vertical

X Y

For 2nd Quadrant, (i.e., Yox)

X=-ve

Example:

y=+ve
or, (-,+)
11.6 u-v relation for spherical mirrors :
(a) Concave mirror
Case 1 (Real image) :

When the object is placed beyond F, real
image is formed.

Ape— >
N ’
B Cc
(Concave mirror - Real image)
Fig. 11.10
AB =Upright object, placed normal to
principal axis.

PB =Distance between pole and object
= object distance = u (say)

A B =Image (real) of AB
PB, =Distance between pole and image
= Image distance

=v (say)
In the similar triangles ABC and A B C,
AB _ CB
. AB, BC .(11.6.1)

Drop a normal DN on the Principal axis from
the point of incidence D. Now in the similar

triangles DNF and A B F.
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DN _NF

AB, FB,

_AB _ NF :
or, AB, FB, (- ABNDisa

rectangle) (11.6.2)

Equating eqns. 11.6. (1 & 2)
CB _NF

BC  FB, (11.6.3)

Since we are considering mirrors with
small aperture and incident rays very close to
the Principal axis, we can replace N by P in
eqn. 1 I.G.St as an approximation.

CB PF
Thus E"E = E{ ..(11.6.4)
Using sign convention, CB =PB - PC
=-u-(1)
=-u+T
=-u+2f
B C=PC-PB,
=-1-(-v)
=-T+V
=-2f+v
PF=-f
FB =PB, - PF
=-y-(-1)
=-v+f
Substituting these values in 11.6.4, we have
=20 =1
2f+v  =v+f

Cross-multiplying and simplifying
uv = fv + uf

Dividing throughout by uvf:
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(11.6.5)

Concave mirror :

Case 2 (Virtual image):

When the object is placed between P and
F, virtual image is produced.

Concave mirror - Virtual image
Fig.11.11
- AB = object
A B, =image (virtual)

Drop a normal DN from D on the
Principal axis.
: In the similar triangles ABC and A B C

AB BC

H =BI—C .(11.6.6)

Furtherin similar triangles DNF and A B F :

DN _ NF
AB, BF
AB _PF
o AB BF (11.6.7)

(Since ABND is a rectangle,
DN = AB. Further N being
close to P, NF = PF)
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Comparing eqns. 11.6 (6 & 7), we get

BE - -PE
ﬁ . ﬁ ..(11.6.8)
Using sign convention,

BC =PC-PB
=-2f-(-u)
=-2f+u

8 ,C =PC+PB,
=-2f+v

PF =-f

B F =PF+PB,
=-f+(+V)
=-f+v

Substituting these values ineqn. (11.6.8)

2f+u _ -f
2f+v  —f+v

Cross-multiplying and simplifying
uv = uf + vf

Dividing throughout by uvf :

1
e
v

e |-

..(11.6.9)

vty |

(b) Convex mirror :

A convex mirror always produces a
virtual image, irrespective of the position of the
object, placed in front of the mirror.

Convex mirror - Virtual image
Fig. 11.12
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AB is the object and A B is its image. DN is
constructed as a normal from D on the principal
axis.

In the similar triangles ABC & A B,C
_AB _ BC

AB, BC .(11.6.10)

In the similar triangles DNF and A B F

DN _NE

AB, B[F

AB _ PF
or AB, BF ...(1_1.6.11)
Since ABND is a rectangle,
DN = AB and N, being close

to P, NF = PF
Comparing eqns. 11.6 (10 & 11), we have

BC . PR
'ﬁ:‘ﬁ ..(11.6.12)
Applying sign convention :

BC =PB+PC
=-u+(+2f)
=-u+2f

B,C =PC-PB,
=+2f-(+V)
=2f-v

PF =+f

B F =PF-PB,
=+f-(+v)
=f-v

Substituting these values in (11.6.12)

—u+2f _ i
2f—-v f=v
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Cross multiplying and simplifying
uv = vf +uf
Dividing throughout by uvf :
11 o5k
—_—— e —
f u v
On the basis of egns. 11.6 (5, 9 & 13),
we obtain the general formula for spherical
MIITOrs as :

-(11.6.13)

2
*l-_' .(11.6.14)

| R
= — e —
u v

11.7 Magnification ;
Definition : Magnification (m, say) =

w—try | —

size of the image
size of the object

when m > 1, image is magnified.

when m = 1, image and object have the
same size

when m < 1, image is diminished.
We shall find m for different cases :
(a) Concave mirror :
(i) Real image :
(Refer Fig. 11.10)

Draw an incident ray AP from A, which
after reflection, will pass through. PA, (since
A, is the image of A, any ray coming out of A
will travel through A ). Thus PA is the
corresponding reflected ray,

In the similar triangles APB and A PB,

‘AB, PB

AB _PB

ity o [t BE
o ~PB
-y

= _—u- (by sign convention)
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¢ v _
m = i «(11.7.1)
(ii) Virtual image :

Refer Fig. 11.11

Draw an incident ray AP, which will be
reflected along PE. However when PE is
produced backwards, it will meet at A, - which
is the image of A.

In the similar triangles APB and A PB,

AB, _PB,
AB PB
v
or, m = —_ll -(11.7.2)

(b) Convex mirror :
Refer Fig, 11.12

Draw an incident ray AP, which will be -
reflected along PE. However, PE, when
produced backwards, will meet at the image A .

In the similar triangles APB and A PB :

AB, _PB,
AB _ PB
+v
or, m=—
. —-u

o B 1173

< s .(11.7.3)

11.8 Nature, Position and Size of image
(a) Concave mirror :
(i) Object of infinity :

Since the object is at infinity, or a very
long distance from the mirror, the rays, reaching
the mirror, gre parallel.
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The image A B, is real, inverted and

' Rayy o0 diminished (since v <u) and located between F
fron, . Min &C
L .

m
}bJC(';dA§;ﬂ" tg
B (iii) Object at C :
L P

Object at infinity . B[C o
Fig. 11.13
A e
Let these incident parallel rays from A are >

not parallel to the Principal axis After reflection,

these rays intersect at A, - on the focal plane of Object at C
the mirror. Thus A B, is the image. Fig. 11.15
Mathematically, Using the formula
1,1t L1t
P | T f v u
u=F and putting here u = PB = - 2f and focal length
=PF =-f, we have
and m= 'E o 5 i1
f v 2f
& =w0 . | ) Ol §
k gt 2
chce the image is real, inverted and very of. - VEL2F=PC
diminished. :
s ; Hence the object and image are located at the
(i) Objectbeyona C.: same position (i.e., C). The image is real,
inverted and of same size as the object (m = %%

=1).
(iv) Object between F and C :

" Object beyond C l//p -
Fig11.14 A ' j

The object AB is placed beyond C, but
not far away.

‘Object between F and C
Fig. 11.16



Image is real, inverted, magnified and
located beyond C.

(v) Object at focus :

,‘“{\“\\‘i

A —
C.— Bl f: =
//F ="
% f
Object at Focus

Fig. 11.17

The reflected rays are found parallel and
so they meet at infinity. Hence the image is
formed at infinity, It is real, inverted and
enlarged.

{vi) Object between focus and pole :
Refer Fig. 11.11
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The image is virtual being behind the
mirror, erect and enlarged.

(b) Convex mirror :
(i) Object at infinity :

Parallel rays
coming from,
the object w N
mfinity R

Fig. 11.18 (Object at infinity)

Image is formed at F, behind the mirror.
Itis virtual, erect and diminished.

(ii) Object between infinity and pole :
Refer Fig. 11.12

Image is formed behind the mirror. ll is
virtual, erect and diminished.

11.9 Summary of results :
Nature, Position and Size of image
Position Position Nature of Ref.
Mirror of of image Size Fig. No. Remark
object image '
Concave ) F Real, inverted | diminished | 11.13 As the object
Between oo | Between 5 A 11.14 | moves from oo
and C F&C to F, the image
AtC AtC » same size 11.15 | move fromFto
Between C | Between C @, growing in
&F & ®© - Enlarged 11.16 | size, in front of
AtF Ato |v A 11.17 the mirror.
Between F | Behind the | Virtual, erect & 11.11 -
and pole mirror
Convex o0 B x Diminished | 11.18 Al\;rays virtual,
Between o | Between F v g 3 11.12 erect &
and pole | and pole diminished image
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11.10 Conjugate points :

Two points on the principal axis are said
to be conjugate to each other, if the object placed

at one point, gives the image at the other and

vice versa.
A
Bi
B 4
Al
Conjugate Points
Fig. 11.19
Example: Let PB =objectdistance=u

PB = image distance = v

AB is the object & A B, , its image. Now
if we inter change the position of the object to
A B, then its image will be formed at AB;

because B and B, are conjugate points - thus u
becoming v and v becoming u.

11.11: Identification of mirrors :

A mirror (plane / convex / concave) can
be identified by knowing the image formed by
it. Suppose we hold the mirror, to be identified,
close to the object. Then if the mirror produces
an erect and magnified image, the mirror i§
concave.

The identification - tests can be tabulated
as follows :

Nature of image Type of mirror
Erect, same size as object Plane
Erect, magnified (when Concave

object is held near to the mirror)
Erect, diminished (whatever

the position of the object may be)
11.12: Uses of spherical mirrors :
(a) Concave mirror

Shaving glass, Reflector (for table lamps)
Doctor's ophthalmoscope.

Convex
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(b) Convex mirror :
Viewfinder of an automobile
Reflector (for street light)
11.13: Spherical aberration :

We normally use spherical mirrors,
having small aperture. However, if a spherical

“mirror is having wide aperture, all the rays,

falling on it, will not come to a single focus after
reflection. This is known as spherical aberration.
This defect can be avoided either by using
spherical mirrors of small aperture or by using
paraboloidal mirror.

11.14: Hints for solving numerical problems:

(i) Putthe data (i.e. numerical values)
given in the problem with their
proper sign and then use them in

. the u - v relation.

(ii) Do neot put any sign for any
measurement (like u, v, T etc),
unless its numerical value is given.

Note: Solve a problem following the above
rules. Then draw necessary conclusion basing
on the sign of the numerical result, obtained after
solving a problem.

The conclusions are ;

(i) If the numerical result of forris
-ve, the mirror is concave. Similarly
+ve sign would mean convex
mirTor.

(i) If the numerical result of
magnification is -ve, the image 1s
real and inverted and is formed in
front of the mirror. However if m
is +ve, the image is virtual, erect
and is formed behind the mirror,

Ex.11.1: An object is placed 28 cm from a
concave mirror whose focal length is 10 cm.
Find where the image is ? Is it real or virtual 7
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Soln.
Given u=28cm
f=10cm
By sign convention
u=-28cm
f=-10cm
v="7
5 1+1 1 "
sing —+—=—=, we have
My f
Lt S
v 28 . 10
kol e nd
BT 28 10
Vg
T 140
yv=-1556cm

The -ve sign shows that the image is
formed on the same side as the object, i.e., in
front of the mirror. So the image is real and
inverted.

Ex.11.2: An object is at a distance of 10 cm

from a mirror and the image of the objectis ata
distance of 30 ¢m from the mirror on the same
side as the object. Is the mirror concave or
convex ? What is the focal langth ?

. Soln.

Given u=10cm
v=30cm

By sign convention
u=-10cm
v=-30cm
f=17

- ¥4
Substituting the values in ;RO i Gove get
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L3
f 30 10
ey
73

o _1
= TS =47.5icm

The - ve sign shows that the mirror is
concave. :

Ex.11.3: The image of an object in a convex
mirror is 4 cm from the mirror. If the mirror has
a radius of curvature of 24 cm, find the object
position and magnification.

Soln.
Given * v=4cm
f=r/2=12cm
Applying sign convention,
v=+4cm
(Since in a convex mirror,
the image is always behind
the mirror)
f=+12cm
P
smgf % u.‘we i
et [ |
.—=—+.—
P24
.11
S e T
_2
o i)

or, u=-6cm

Sinct u is -ve sign, the object is 6 cm in
front of the mirror.
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u

Magnification=m= &

= 0.67

—_—

-NFS

Hence the image is two-thirds as high as
. the object. .
Ex.11.4: An erect (up right) image, three times
the size of the object, is obtained with a concave
mirror of radius of curvature 36 cm. What is the
position of the object ?

Soln.

Given f=r/2="18cm

v

u

m=3=

By sign convention, f=-18 cm.

Further since image is erect, the object and
image should be in the opposite sides of the
mirror. But u is -ve. So v should be +ve.

Thus u=-x (say)
Thenv=+3x

Applying

~2 1

R T

x=12cm
Thenu=-12cm.

Thus the image is formed in front of the
mirror at 12 cm from the mirror.

Ex.11.5: A concave mirror produces a
magnification of 4 times as great when the object
is 25 cm from the mirror, as it was with the object
at 40 cm from the mirror. The image in each
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~ case is real. Find the focal length of the mirror.

| O et |
Weknow —+—=<
v o f

Multiplying by u throughout,

Zi1==
v f
3 g_u-f
T f
& Wiy
l-n_u u—f
 §
Now m'_—25—f
d = :
= T
ﬂ=( f ][404-1‘
m, \25+f f
,_40+f
T 25+f
=4 (By the question)
100 +4f=40+1f
or, 3f=-60
f=-20cm.
The -ve sign confirms that the mirror is concave.
SUMMARY

1.  Aspherical mirror is a reflecting surface,
which forms a part of the sphere.

2. Forall spherical mirrors,
r=2f
* where r = radius of curvature

= focal length
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For all spherical mirrors,

where u = object distance

v = Image distance

: '  Size of the image
Magnification=m= = &0 - object

Sign convention:
Taking the pole of the mirror as origin,

distances measured towards left of
the origin are -ve

Bureau's Higher Secondary Physics

and distance measured towards right of
the origin are +ve.

~ Image:

When a beam of light diverging
from a point after reflection (or refraction)
actually converges to a second point, then
the second point is called the real image
of the first point.

When a beam of light diverging
from a point after reflection (or refraction)
appears to diverge from a second point,
then the second point is called the virtual
image of the first.

.....
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MODEL QUESTIONS

D

Multiple Choice Type Questions :

The picture seen in the screen of a pinhole
camerais :

a) Animage

b) A shadow

¢) Neither an image nor a shadow

d) Both an image and a shadow

An object 5 cm'tall is placed 1 m from a
concave spherical mirror which has a
radius of curvature of 20 cm. The size of

the image is
a) 0.11cm b) 0.50 cm
¢) 0.55cm d) 0.60 cm

A dice is placed with its one edge parallel
to the principal axis between the principal
focus and the center of curvature. Then
the image has the shape of

a) cube

b) rectangular parallelopiped

¢) barrel shaped

d) spherical

A boy stands straight in front of a mirror at
a distance of 30 cm away from it. He sees

his erect image whose height is %—th of his
real height. The mirror he is using is

a) plane mirror

b) convex mirror

¢) concave mirror

d) plane-concave mirror

The relation between magnification m,
the object distance u and focal length f of
the mirroris

f—u f
Sl b ™=t

f+u £
G W= 1B e

A concave mirror of focal length f
produces an image n times the size of the

-

10.

1.

object. If the image is real, then the
distance of the object from the mirror is

a) (n—=Df b) [HT-l)f
[n+l

| d) (n+1)f

Reflectors used in solar cooker are

a) convex b) concave

¢) plane d) cylindrical

An object of length 4 cm is kept on the

principal axis of aconvex mirror at a distance

of f. The size of the image formed is

a) 2cm b) 8cm

¢) 6ecm d) 4cm

A concave mirror has radius of curvature

of Im. Light from a distant star is incident

on the mirror. The distance of the image

of the star from the mirror is

a) 0.5m b) Im

c)2m d) 0.25m

A convex mirror is used to form an image

of a real object. Then tick the wrong

statement

a) The image lies between the pole
and the focus

b) The image is diminished in size

¢) The image is erect

d) The image is real

A dentist has small mirror of focal length

16 mm. He views the cavity in the tooth

if a patient by holding the mirror at a

distance of 8 mm from the cavity. The

magnification is

a) 1 b) L5
c) 2 d)3
Answer as directed :

Is the path of light rays reversible ? (Yes/
No)

What is the focal length of a plane
mirror ?
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A

-

Radius of curvature of a plane mirroris__.
The image can be seen from any position
of the line joining the eye to the image
the surface of the mirror.

What is the angle of reflection, when a
ray of light is incident normally on a plane
mirror ?

The least distance between an object and
real image formed by a concave mirror
of focal length f is zero when the object
is at 2f from the mirror (True/False).

A person and a plane mirror both
approach each other with a velocity x.
What is the velocity of the image ?

A diminished virtual image can be
obtained only in ___ type of mirror.
Which one is having a more field of view:
convex or concave or plane mirror 2
Very Short Answer Type Questions :
Why a concave mirror can be used as a
shaving mirror ? :

Why a convex mirror can be used as a
driving mirror ?

Under what conditions, the formula
"radius of curvature is twice focal length”
for a spherical miror holds good ?

Why cann't you photograph a virtual image ?
Where will you get the image of an object
at infinity for a concave mirror ?

Short Answer Type Questions :

You are asked to decide whether a given
mirror is concave, convex or plane,
without touching it. What method would
you adopl to ascertain this ?

What difficulty a cardriver will face, if he
uses a concave mirror instead of convex
mirror to see the roadway behind him ?
Show mathematically where the object
should be placed so that the size of the image
will be equal to the size of the object in case
of aconcave mirror, Give ray diagram.
When an object is moved from very long
distance to the focus. in what way the
nature and size of the image will be
affected, in case of a concave mirror ?

Bureau's Higher Secondary Physics

What do you mean by linear
magnification ? What are its limiting
values for a convex mirror ?

You have learnt that plane and convex
mirrors produce virtual images of objects.
Can they produce real images under some
circumstance ? Exaplain,

" [CBSE Sample Paper]

A virtual image, we always say, cannot

be caught on a screen. Yet when we 'seé'

a virtual image we are obviously bringing

it on to the screen (i.e.. the retina) of our
eye. Is there a contradiction ?

[CBSE Sample Paper]

Numerical Problems :

An object is placed 10 em in front of a
concave mirror of focal length 15 cm.
Find the image position and the
magnification.

Describe the image produced by placing
an cobject 30 ¢m in front of a convex
mirror having a focal length of 10.cm.
At what distance from a concave mirror
of focal length 15 cm must an object be
placed so that the linear size of the image
be half that of the object 7

Plot the u-v graph from the following
values:

U ... 250, 200, 150, 120, 100, 80, 70 cm
Vv ... 609, 65.2, 732, 84, 96.5, 1275,
166.5 cm.

Find out the focal length from the graph.
Anjimage produced by a convex mirror
is —thof the size of the object. Prove that
th@object must be at a distance of (n-1)f
from the mirror, where fis the focal length
of the mirror.

Calculate the distance of an object of
height 'h' from a concave mirror of focal
length 10 cm, so as to obtain a real image
of magnification 2. [CBSE 2008]
Long Answer Type Questions :
Establish a relation between radius of
curvature and focal length for a concave
MITToT.

Establish a relation between u, v and f
for a concave mirror.
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3,

Establish a relation between

(i)randf
and (i) u, v and f
for a convex mirror.
Find out the formulae for magnification
for concave and convex mirrors. Give
ray-diagrams.
Describe the appearance and position of
the image produced by a concave mirror
as the object moves from infinity towards
the mirror; with the help of ray-diagrams.

(.
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- Correct the following sentences :
- Convex mirror can be used as a shaving

MITTor. : .
Plane mirror is used in motor cycles for
rear view.

Concave mirror produces virtual image
for all positions of the object.

The focal length of a concave mirror is
one-third of its radius of curvature.
Diminished virtual image can be produced
by a concave mirror for all positions of
the object. ' :
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ANSWERS 7y

Multiple Choice Type Questions :

1546 2. (&) .- (b} 4, (b) 5. (b) 6. (c) 7. (b) 8.(a)
9. (@ 10. (d) 11. (¢)

1. Yes  2.Infinity 3.Infinity 4.Intersects 5.0° 6. Tru¢ 7.3x 8. Convex spherical

9. Convex

Numerical Problems :

1. 30cm,3

2 Virtual, 7.5 cm behind the mirror, 0.25
3. 45cm

6. -15cm
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Refraction, Dispersion and Lens

12.1 Refraction :

: Q
Nl ¢
Fig. 12.1
AB = Incident ray
B = pointof incidence
BC = Refractedray
NBN' = Normal at the point of incidence to
the interface (or, refracting surface)
ZABN = Angle between incident ray & the
normal
= Angle of incidence
= i
ZCBN'= Angle between refracted ray and

the normal
Angle of refraction

r

Let us consider two media (Medium I -
say, air) and (Medium II - say, glass). The face,
separating the two media, is called the interface
(PQ). Let a ray of light AB is travelling from

~ medium I to Medium II (in this case from air to

glass i.e. rarer to denser medium).

Then the ray will change its direction at
the point of incidence B. This phenomenon is
called refraction. In the absence of the interface,
the incident ray AB would have proceeded
straight along BC'. However due to refraction,
its direction changes. If the medium I is rarer
than medium II, i.e. light is passing from rarer
to denser medium, the refracted ray would move
closer to the normal (as in the case of air to glass).
However, in the reverse case, i.e., when light
travels from denser to rarer medium (say, glass
to air, or water to air), the refracted ray would
move away from the normal.

The phenomenon of refraction is
regulated by the following laws of refraction :

1. The incident ray, the refracted
ray and the normal at the point of incidence lie
inone plane.

2 Snell's law (or, the Law of
Sines) : The sine of the angle of incidence bears
a constant’ ratio to the sine of the angle of
refraction, for any two media and a given colour
of light.
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where }t is a constant, known as the refractive
index and 1,2 attached to p indicate that the
light is passing from medium | to medium 2.

In the present case, since light is passing
from air (a) to glass (g), pt should be represented

as Mg

1 H2 can be defined in another way, basing
on Huygen's wave theory of light, as

M|

Va

1Ha= w12,1.2

where v, = velocity of light in the Ist medium
v, = velocity of light in the 2nd medium

i} (v,7C)
1H2 (v,/C)

o e &

where C = velocity of light in air (or, Vacuum)

The absolute refraction index 1 of any
medium is defined as :

o =Clw w12.14
-where v = velocity of light in the medium

Using eqn. (12.1.4) in (12.1.3), we get

we= (1) /)

=b 12.1.5
i =d2d.
Comparing eqns. 12.1 (1 & 5), we get
sini _ py
sinr |,
so that i, Sini = p,Sinr .12.1.6
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In case the angles i and r are small, we
put
Sini=i
and Sirr=r

so that the above eqn reduces to

Hi_ pr
1 2

12,17

An important formula rcgardiﬁg
refractive index can be derived as follows :

B By :
—=x—=] B
Wy My
Hy
But E’=!p3 by eqn. (12.1.5)
1

1
and similarly p_; = 5 1y

Substituting above in (12.1.8) (1, x , i, =1

H2= yzl‘l

Examples of refraction :

so that ..12.1.9

In nature, twinkling of stars can be

- explained by atmospheric refraction.

Further an interesting case of refraction
and reflection is that : when a colourless glass,
having the same refractive index as that of water,
is fully immersed in water, it will be completely
invisible since neither reflection nor refraction
takes place.

Real depth and Apparent depth ;

Rare ¢
4 Mediuh
M P

- i:

.
Bid

Denser
Medium
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O = Point objec;
I=Image |
ZMOP = Angle of incidence =i
£ MIP = Angle of refraction =r
MO = Real depth
MI = Apparent depth
sin i =MP/OP
sin r = MP/IP
sini
SRSRE el

_MP/OP TP

"MP/IP ~ OP

If P is taken very close to M (i.e. for
paraxial rays) :

-

_ Real depth
RarerH Demser Apparent depth

12.2 Total internal Reflection :

The basic condition for total internal
reflection is that the ray must travel from denser
to rarer medium (say, water to air). Then
refraction will occur as follows :
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Consider aray AB, passing from denser to rarer
medium. It will be deviated away from the
normal NBN' obeying the laws of refraction and
refracted along BD.

Now consider a ray A B with a greater
angle of incidence. After refraction, it will pass
along BD,, coming closer to the interface BQ.

Table : Critical Angle (C)
Incident Phenomenon Remark
ray involved
AB Refraction 1<C
(BD)
AlB Refraction i<C
(BD,)
AZB Refraction =
citical phenomena
(BD,)
AJB Reflection i > C This reflec-
(BD3) tion is total,
since no part of
the incident ray
is refracted

Note : A,B < BD, is the critical case, since

this separates the refraction region from the
reflection region.

If we take another incident ray, A, B, with
a still greater angle, such that its refracted ray -
BD, just coincides with the interface BQ (i.e,
the refracted ray grazes on the refracting
surface), then the corresponding angle of
incidence (< A,BN) is called the critical ange
(C). Thus BD, yields the greatest possible angle
of refraction (i.e. 90").

If ow an incident ray A B for which the
angle of incidence is greater than critical angle
(i > ¢) is considered, it will have no chance of
refraction; instead it will be fully reflected-back
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to its original denser medium along BD,,
obeying the laws of reflection (i.e., angle of
incidence = angle of reflection

ZA;BN = ZD;BN)
The Snell's law, as applied to critical angle
gives
Sini
Sinr,

Denserpkurer =
_ SinC
~ Sin 90
=SinC

1
SinC
This equation shows that critical angle depends
upon the two media involved and the colour of

light. Mirage is an example of total internal
reflection in nature.

12.3: Conditions for total internal reflection :

(i)  Theincident ray should move from
denser to rarer medium.

«.12.2.10

34 Rmu'pl‘.)enscr=

(i) The angle of incidence must
exceed the critical angle for the two media for a
given colour of light.

12.4: Opitical Fibre:

An optical fibre is a flexible, transparent
firbre, made by drawing glass (silica) or plastic
to a diameter slightly thicker than that of human

hair (=10 m).

Optical fibres typically include a
transparent core surrounded by a transparent
cladding of dielectric material with a lower
refractive index, as shown in fig.12.3 (d). The
boundary between the core and the cladding
may be abrupt, in step-index fibre, or gradual,
in graded-index fibre. Bundle of such fibres
forms a light pipe (or a tube of fibres) as shown
in fig. 12.4.1(c). )
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{image thiough fibre optic bundie)
Eaaza

Principle of Operation:

Optical fibre works on the principle of
total internal reflection. When light travelling
in an optically dense medium hits a boundary
at a steep angle larger than the critical angle for
the boundary), the light is completely reflected.
This phenomenon is called total internal
reflection. Because of small radius of fibre, once
the light is introduced such that the light makes
a glancing incidence on the cladding wall
(within the confines of the numerical aperture
(NA) of the fibre) then the angle of incidence is
greater than the critical angle and hence total
internal reflection takes place. The sine of this
maximum angle is the numerical aperture (NA)
of the fibre. Fibre with a larger NA requires less
precision to splice and work with than with a
smaller NA. Due to tolal internal reflection light
travels through the fibre core, bouncing back
and forth off the boundary between the core and
cladding.* !

Tyes of Fibre:

_Opu'cal fibres are broadly of two types;
(i) Multi-mode fibre (i) Single mode fibre
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(i) Multi-mode fibre:

Fibre with large core diameter (greater
thar, 10 micrometers) are called multi-mode
fibre. These can be analyzed by geometrical
optics. In step-index multi-mode fibre, rays of
light are guided along the fibre core by total
internal relfection. Rays that meet the core-
cladding boundary at a high angle (measured
with respect to the normal to the boundary),
greater than critical angle for thisboundary, are
completely reflected. The critical angle is
determined by the difference in index of
refraglion between the core and cladding
materials.

_ 1 Jd
rarer it denser = ——=~—
Iraeer sinC’ ,ur]

Rays that meet the boundary at low angle are
refracted from the core into the cladding, and
do not convey light and hence information along
the fibre. The critical angle determines the
acceptance angle of the fibre, often reported as
numerical aperture (NA). A high NA allows
light to propagate down the fibre in rays both

close to the axis and at various angles, allowing,,

efficient coupling of light into the fibre.
However, this high NA increases the amount
of dispersion as rays at different angles have
different parth lengths and therefore take
different times to traverse the fibre.

In graded-index fibre, the index of
refraction in the core decreases continuously
between the axis and cladding. This causes light
rays to bend smoothly as they approach the
cladding, rather than reflecting abruptly from
. the core-cladding boundary. The resalting
curved paths reduce multi-path despersion
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because high angle rays pass more through the
lower index periphery of the core, rather than
high-index centre. The index profile is chosen
to minimise the difference in axial propagation
speeds of the various rays in fibre.

(ii) Single-mode fibre:

Fibre with core diameter less than about
ten times the wavelength of the propagating light
cannot be modelled using geometric optics.
Instead, it must be analyzed as an
electromagnetic structure, by solution of
Maxwell's equations as reduced to
electromagnetic wave equation. The
electromagnetic analysis may also be required
to understand the behaviours such as speckle
that occur when coherent light propagates in
multi-mode fibre. As an optical waveguide, the
fibre supports one or more confined transverse
modes by which light can propagate along the
fibre. Fibre supporting only one mode is called
single-mode or mono-mode fibre. The
behaviour of large-core multi-mode fibre can
also be modelled using the wave equation,
which shows that such firbre supports more than
one mode of propagation. The results of such
modelling of multi-mode fibre approximately
agree with the predictions of geometric optics,
if the fibre core is large enough to support more
than a few modes.

The wave guide analysis shows that the
light energy in the fibre is not completely
confined in the core. Instead, especially in
single-mode fibres, a significant fraction of the
energy in the bound mode travels in the cladding
as an evanescent wave. The most common type
of single-mode fibre has a core diameter of 8-
10 micrometers and is designed for use in near
infrared. The mode structure depends on the
wavelength of the light used, so that this fibre
actually supports a small number of additional
modes atvisible wavelengths. Multi-mode fibre,
by comparison, is manufactured with core
diameters as small as 50 micrometers and as
large as hundreds of micrometers.
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Special-purpose fibre:

Some special-purpose optical fibre is
constructed with a nen-cylindrical core and for
cladding layer, usually with an elliptical or
rectangular cross-section. These include
polarisation-maintaining fibre and fibre designed
to suppress whispering gallery mode
propagation. Polarisation-maintaining fibre is
unique type of fibre that is commonly used in
fibre optic sensors due to its ability to maintain
the polansation of the light inserted into it.

Photonic-crystal fibre is made with a
regular pattern of index variation (often in the
form of cylindrical holes that run along the
length of the fibre). Such fibre uses diffraction
effects instead of or in addition to total internal
reflection, to confine light o fibre's core. The
properties of fibre can be tailored to a wide
variety of applications.

Uses:

Optical fibre has a large number of useful
applications " in different fields. 1.
Communication: Optical fibre can be used as
a medium for telecommunication and computer
networking because it is flexible and can be
bundied as cables. it is especially advantageous
for long distance communications, because light
propagates through the fibre with little
attenuation compared to electrical cables.
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For short distance application, such as
network in an office building, fibre optic cabling
can save space in cable ducts. This is because a
single fibre can carry much more data than
electrical cables. Optical fibre-is also immune
to electrical interference; there'is no cross-talk
between signals in different cables, and no pick
up of environmental noise. There is no danger
of ignition.

- 2. Imaging optics (medical & industrial use):

Fibre optic Imaging uses the fact that the light
striking the end of an individual fibre will be
transmitted to the other end of that fibre. Each
firbre acts as a light pipe, transmitting the light
from that part of the image along the fibre. If

"the arrangement of the fibres in the bundle is

kept constant then the transmitted light forms a
mosaic image of the light which struck the end
of the bundle. A coherent bundle of fibres is
used, sometimes along with lenses, for a long,
thin imaging device called an endoscope, which
is used to view objects through a small hole.
Medical endoscopes are used for minimally
invasive exploratory or surgical procedueres.
Industrial endoscopes (fibrescope or borescope)
are used for inspecting anything hard to reach,
such as jet engine interiors. Many microscopes
use fibre optic light sources to provide intense
illumination of samples being studied.

3. Advantages over copper wiring:

(a) Broad bandwidth: A single optical fibre
can carry over 30,00,000 full-duplex voice calls
or 90,000 TV channels.

(b) Tmmunity to electromagentic
interference: Light transmission through optical
fibre is unaffected by electromagnetic radiations
nearby. As optical fibre is electrcally non-
conductive so it does not pick up electromagnetic
signals. Information travelling insidethe optical
fibre is immune to electromagnetic interference,
even to electromagnetic pulses generated by
nuclear devices. '
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(c) Low attenuation Iss over long distances:
Attenuation loss can be as low as 0.2 dB/km in
optical fibre cables, allowing transmission over
long distances without need for repeaters.

{d) Electrical insulator: Optical fibres do not
conduct electricity, preventing problems with
ground loops and conduction of lightning.
Optical fibres can be strung on ples alongside
high voltage power cables.

(e) Material cost: Optical cables are of low
cost compared to copper cables. Also there is
chance of theft of copper cables but optical fibres
have no such theft chance.

12.5: Prism : Preliminaries

Prism is a transparent medium, lying

between two plane faces inclined at an angle. -

Refracting faces are the two inclined
planes of a prism.

A A’ A
S /N
S ARV

Fig. 12.3 : Prism
AA'B'B & AA' C'C = Two refracting faces
AA' = Refracting edge
ZBAC = Angle of prism = (A, say)
ABC = Principal Section
BB'C'C = Base of the Prism

Refracting edge (or, simply edge) of a
Prism is the line along which the two refracting
faces meel.

Angle (or, refracting angle) of a prism is
the angle of inclination between the two
refracting faces. :

Principal section is any plane,
perpendicular to the edge of the prism.
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The face of the prism, which is opposite
to the refracting edge, is called the base of the

prism.
12.6 Refraction through Prism :

We shall here consider the refraction
through the Principal section of a prism.

Fig. 12.4: Refraction through Principal

section of a prism
At the point Q :
PQ = Incident ray

QR = Refracted ray

FN = Normal to the face AB at the point
of incidence Q.

ZPQF = Angle of incidence = i

ZRQN = Angle of refraction=r
At the point R :

QR = Acts as incident ray
RS = Refracted (emergent) ray
GN = Normal to AC at R

ZQRN =r, (say)
ZGRS =1, (say)

Def : Angle of deviation = Agnle between the
incident ray (PQ) and the emergent ray (RS)

= £EDS =D (say)
In the triangle NQR : QNR +r+1, = 180°
‘. QNR = 180" ~(r+r) .12.5.1
In the Quadrilateral QDRN :

ZDQN + ZQNR + ZDRN + ZRDQ = 360°
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or, i+[180—(r+r)]+i,+£RDQ =360°
using ZDQN = ZFQP =1 being
opposite, ZDRN =/ZGRS=1i,
being opposite and eqn. 12.5.1

oo (i+1)—(r+15)=180-ZRDQ

= ZRDE
=D SA2.52
In the triangle AQR :
ZAQR + ZARQ+ A =180
or  (90-r)+(0-n)+A=180
or A—(r+r)=0
r+n=A ..12.5.3
Substituting (12.5.3)in (12.5.2)
weget: (i+i)=D+A 12,54

i,1,and D can be plotted graphically, as in Fig.
12.5. This is known as the i-D curve.

<

S
#

Angle of Deviation(D)
i

| |
lug I
| |
| |
L ]
’ | |
| |
|
|
| |
|
|
|
|
|

-

Angle of incidence —>

Fig. 12.5 (i-D curve)
The graph can be analysed as follows :

Let us draw a horizontal line, say MM,
for an angle of deviation, say, 0. Then MM,
will intersect the i-D curve at two points G and
G,. When we drop normals from G and G, on
the X-axis, we get two values of angle of
incidence (say, iandi ).

This illustrates that for a given value of
angle of diviation, there are two values of angle
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of incidence.

However, if the horizontal line MM, is
lowered, we will reach a particular stage, where
there will be only one value of angle of incidence
(Refer MM, for which the angle of incidence
is single-valued, i.e.,i =i and angle of deviation
is minimum, denoted by D ).

As has been shown in the i-D curve, the
two angles of incidence become equal and
correspondingly their angles of refraction (r and
r,) are also same in the minimum deviation
position.

Thus, when D=D_

= il PR P
and r=r

Substituting these values in egns 12.5(3 & 4) :

=4
so that r=A/2 -12.5.6
and 2i=A+D_
A+D
sothat . i= +2 m 1257
Applying Snell's law to the point of incidence
- Q, we get
_ Sini
H= Sint
Sin §+2_D,L
B w12:5.8
Sin —
2

12.7: Deviation Produced by a prism of small
angle : Thin Prism

Eq. (12.5.3) gives
A=r+r1,

When the angle of the Prism (A) is very
small, rand r, will be samll. Consequently i and
i, will also be small, as per Snell's law. .
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Sin i
We have —=H
. Sinr
Sini; _
s Sin

Since i, il. r and r, are small, the above two
equations lead to :

i

—_———= p_

r

i=rp

and i, =np

In (12.5.4), we had obtained
i+H=D+A

Substituting (12.6.1) above :
pur+n)=D+A

or, pA=D+A
D=(u-DA

In eq. 12.5.4, we had seen that deviation
depends on angle of incidence for prisms
generally. However for thin Prisms, eq. 12.6.2
shows that deviation depends on the angle of
Prism, but not on the angle of incidence. Of
course, in both types, the incident ray bends
towards the base of the'Prism.

12.8: Application of Total Internal
Reflection to Prisms :

The Principle of total interna! ction
has been applied to construct different types of
prism to suit various needs.

(by eq.12.5.3)
1262

‘While constructing glass prisms, the value
of the corresponding critical angle should be
taken care of.

. |
We have, SinC= -

Taking a Mg =15

- 2
We get SmC=§
C=~42°

Hence total internal reflection for glass-
Prisms will take place, when the angle of
incidence is greater than the critical angle of 42°,

so that

The types of glass-Prisms of importance
are :

(a) Total Reflection Prism
(b) Erecting Prism.
(a) Total Reflection Prism :

A
* 1 * Rays from
e 2 an object
€ B
¥+
or]
Fig. 12.6 Total Reflection Prism

ABC is a glass-prism, which is right-
angled and tsosceles, such that AB = BC.

Let rays from an object fall on the face
AB normally; so that after entering into the
prism, they make an angle of incidence of 45°
with the face AC. Since this is more than the
critical angle (i.e., i > C) and the rays are
travelling from denser to rarer medium (glass to
air) inside the Prism, there will be total internal
reflection, These reflected rays will now emerge
out of the face CB normally.

These rays are reflected totally. Hence the
image so produced, will not suffer from any loss
of intensity. Thus a bright image will be

produced.

(b) Erecr;'.ng Prisms :
These prisms convert inverted images into
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erect images. So they are used in periscopes,
telescopes, binoculers etc.

@

Q
Inverted

Fig. 12.7 (i) Erecting Prism

ABC is an isosceles right-angled glass
prism with £A =90 and AB = AC._
QP = Inverted position
P Q, =Erectimage, obtained by the prism, due
to total internal reflectionon on the face BC.

In this case, the total deviation is nil, since
the incident and emergent rays have the same
direction.

(i)

B
gl
:2. P

L 4
A : 4

S
:l Q

C

Fig. 12.7 (ii) Erecting Prism

ABC = Right angled isosceles prism
QP = Inverted position
P,Q, = Erect image

The rays suffer total internal reflection twice-
once in each in the face AC and AB.

Here the total deviation is 180°, since the
incident and ,emergent rays are in opposite
direction. ;
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12.9: Dispersion :

Screen

- ok
\"J“‘\cwb K
Spectrum
L]
Fig. 12.8 Dispersion of light
ABC = Prism
VIBGYOR = Violet, Indigo, Blue,

Green, Yellow, Orange, Red.

When monochromatic (or, simple) light
falls on a Prism, we have seen that it bends
towards the base of the Prism. However, if
polychromatic (or compound) light falls on it,
the light is not only deviated towards the base,
but also splits into its component basic colours,
which cannot be split further. For example,
when white light is refracted through a Prism,
the seven component clours are arranged as
VIBGYOR - Violet colour being the most
refrangible (i.e., the most deviated). The process
of breaking-up of composite light into its
fundamental component colours js known as
dispersion and the orderly arrangement of
colours is called the spectrum.

It should be noted that the Prism does not
produce different colours, it simply separates the
component colours that are contained in the
incident light.

12.10: Spectrum :
Spectra can be of two Kinds :

(a) Pure spectrum : In this case, the
constituent colours are separated
distinctly and visible clearly.

(b) TImpure spectrum : Here the
constituent colours practically
overlap on each other.
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12.11: Arrangement for pure spectrum :

Fig.12.9 Pure Spectrum
S = Source of white light

XY = Narrow slit
| 58 1L2 = Two convex len‘ses

ABC = Prism (in minimum deviation

position)

The conditions for formation of pure
spectrum are :

(1) The slit should be narrow

(2) The Prism is to be kept in the
minimum deviation position for the
mean colour of light (yellow for
white light).

(3) Convex lens(L,)is placed between
slit and Prism to make the incident
rays parallel.

Another achromatic convex lens
(L, should be placed between the
prism and the screen, so that the
emergent rays of different colours
will be focussed at different

positions of the screen, thus,
avoiding overlap of colours.

(4) The refracting edge of the prism
should be parallel to the slit.

A spectrometer is a compact optical
instrument which is designed to get pure
spectrum. This is also provided with suitable
scales for measuring refractive index and some
other physical quantities, relating to optics.

12.12: Classification of spectra

Spectra
|

Emission spectra
|

Continuous ' Band Line
(Fluted)

(a) Emission spectra : Let us consider the
atoms or molecules that are kept inside a source
of light. When they are supplied energy (by
heating / bombarding with energetic particles
etc.), then they get excited and move to higher
energy-levels/states. These excited atoms/
molecules emit light, when they fall back to their
initial state.

Absorption spectra

Drak line  Dark band

The emission spectra are subdivided into
three types : (1) Continuous (ii) Band (iii) Line
spectra, :

(i) Continuous spectra are given by :
(1) incandescent solids; depending on their
temperature (2) liquids and gases under large
pressure, '

Example : Incandescent electric lamp, electric
arc, luminous coal gas flame, lime-
light.

The colours are arranged in the
spectrum in proper order from violet
to red continuously without any
break.

(i) Band spectra: It is emitted by molecules
and depend on the character of the
molecules and the method of excitation.

Nature :

The spectrum consists of broad luminous
bands - each being sharp at one edge, but
gradually shading off at the other end.

(iii) Line spectra: Atom is responsible for this
typesof spectrum. Different atoms give
spectral lines of different colours : sodium
gives two yellow lines. Hydrogen gives
three spectral lines (red, green, violet).



(b) Absorption spectrum :
This occurs due to the following law :

"The vapour of an element at a lower
temperature selectively absorbs the light
which it will itself emit, when it is at a
higher temperature”.

For example, when white light passes
through a particular material, then that material
will absorb some of the colours of the white
light. Thus, in the spectrum produced by the
transmitted light, the colours, as absorbed by
the material, will be missing and their places
will be occupied by dark lines or bands.

This (Dark line) can be illustrated through
the solar spectrum. Here the continuous
spectrum of the sun-light is crossed by a large
number of dark lines (called the Fraunhoffer
lines), which are due to the presence of some
terrestrial elements in the atmosphere of the sun.

Another example is that : when white light
passes through a dilute solution of potassium
permanganate, the middle region of the spectrum
will be absorbed by the solution, thereby
resulting in a dark-band.

Dark band spectra can also be obtained
by using coloured glasses.

12.13: Dispersive power

The dispersive power of the material (of
a prism) with respect to any two colours is given
by the ratio of the difference between the
deviations of these two colours to the deviation
of the mean ray between them.

Illustration : Let us consider white light.

Let D, =Deviation of violet ray
D, =Deviation of red ray
D, = Deviation of mean ray (May be
* takenasyellow,since A, = 4000A°
" Ay =8000A°
Ay =6000A"

. the material of the =
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Thus, by def.:

Dispersive power of
w2121
Prism (@, say)

If we take a Prism with a small angle, say
A, we can use the following formula 12.6.2 to
calculate deviation.

D=(u-DA
so that Dy =(py —1)A

Dy = (e - A

Dy = (P'Y -1)A

s A_[(l-‘v —1) - (pg ‘1)]
Alpy - 1)

Bv~he 12,122
= py-l iifie

12.14: Refraction at curved surface
Refraction at a single refracting surface :

Case (a): Convex spherical surface (Real
image)

Fig.12.10 Refraction at convex spherical surface
(Real image)
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POQ = Interface (A convex spherical
surface), separating Medium I (say,
rarer) from Medium II (say, denser)

A = A pointobject on the principal axis
AOA,

AP = Incidentray

PA, = Refracted ray

C =  Centerof curvature of the spherical
surface POQ

NPC =  Normal at the point of incidence P
to the surface POQ

AO = Incident ray falling normal -
Refracted undeviated along OA,

A, =  Image(real) of object A

WM, = Refraction index of Med I and II
respectively.

Let /PAO=a

ZPCA =
LPAC=y

ZAPN =i (Angle of incidence)
£A,PC =r (Angle of refraction)

In the triangle APC,

Exterior ZAPN =i=a+p ..12.13.1
In the triangle A PC,

Exterior ZPCA =B=y+r ..12.13.2

From eq. 12.1.7, we have
i, =r1H,
which, using egs. 12.13 (1 & 2), gives
(a+P)p; =B -7,

or, (Tana +TanP)u, =(TanP - Tany)u,
..12.13.3

(since o, Pand y are small)
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Let us assume further that the aperture of the
surface is small, so that we can consider PO as
almost a straight line and perpendicular to the
principal axis.

Hence eq. 12.13.3 gives

(PO+PO) PO PO
Milao " oc) Floc oA,

K Pl _ M K
o oA TOC_ OC OA,

Ky ) 1
+——2-= -
OA ' OA, c-,v:("'l 2 =)
it BT o _1
ofs +V R( Ht)
after applying sign convention
Ha By _ Ha—Hy
Vo R ..12.13.4

Case (b): Convex spherical surface (virtual
image)

Med' 1 by Med II iy
. Q
Fig. 12.11 Refraction at convex spherical surface
(Virtual image)

In this case, the refracted rays PM and
OC diverge, if we produce them in forward
direction (i:e., Right Hand Side). Hence to get
their intersection, we produce them backwards, ..
so that they intersect at A, . ‘

Thus A, = Image of A
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In the triangle APC,
Exterior 2APN= iza+p
Ih the triangle A, PC
- Exterior AZMPC=r=pB+y

.Substituting these values in eq. 12.1.7, we get

H(a+B) = p,(y +B)
or, u,(Tanc+ TanP)= p,(Tany + Tanf)

0 _POY LFOL L FO
or, . ¥ 0A " oc) " 0a, ocC

Fi_“:zl
% SO OA; S 0C

(1, _pl)

FL I L e Y
or, e S (Pz\ )
- after applying sign-convention
By oy 1 :
o) = Bl by e 9
TR 7 L (P.z o )
Case ( ;‘): Concave surface

Fig. 12.12 Refraction at concave spherical
surface (Virtual image)

In this case, the refracted rays PM and
OX diverge in the forward direction. So we
produce them backwards to get the image at the
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intersection point A .

In the triangle APC, external angle

B=a+i

so that i=pB-a
In the triangle A PC, external angle

B=y+r

so that r=pB-y
Substituting these values in the eq.

il =ryu,, weobtain:

(B, =(B-1)n,
or, (TanP-Tana)p, =(TanP - Tany)p,

(B =
o, \oc OA M OC  OA, H2

B, B _ B By
OA, OA OC OC

Hy By Hy Iy
Of."  me TR

Voi=g - =R =R

s -
or, ~2-tl=32 T 12,136
v

If we take Medium I as air, then 1: =1,

Substituting this value in egs. 12.13 (4, 5 and
6), we get the general expression as

(TR S |
R Sy PSR
V u R(u )

«.12:13.7
where p ?‘Refracti ve index of the Medium II.
12.15: Power: Spherical refracting surface:

Power of a spherical refracting surface
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Ha—
R

Sign-convention : Consider incident rays which
are parallel. If these rays converge after
refraction in a spherical refracting surface, then
the power of this surface is +ve. However, if
the rays diverge, then the surface has negative
power.

12.16: Refraction through a lens bounded
by air :

-12.14.1

2 .
Air M] N Alr
C: A W A EI- A’
iy el
u L v

Fig. 12.13 Refraction through a thin lens

Let the lens L be thin and its material has
" a refractive index p . Let its two spherical
surfaces, marked | and 2, have centers of
curvature C, and C, respectively. Let O be the
center of lhc lens.
Radius of curvature of surface | = OC, =r,
Radius of curvature of surface 2 =0C, =r,
A = Point object
A'= Image of A due to surface 1
A, = Final image (i.e., image produced
after refraction through hoth the
surfaces | and 2)

AM = Incident ray

MN = Refracted ray

NA, = Emergent ray

OA = Object distance = u

OA' = (intermediate) Image distance = y,
OA, = Image distance = v

Using eq. 12.13.4 for refraction at surface |,
we get

3N

I 4
it (1)
L u

!

12,151

For refraction at surface 2 (in which light is
passing from denser to rarer medium, we get

T = 00 4. e

Adding egns. 12.15 (1 & 2), we have :

e St
== . 212,153

n I

Let us apply the above eqn. to a case, as
specified below :

Suppose an object is at mf'maty Then
parallel rays will come out of it. After refraction,
they will meet at the focal plane of the refracting
body. Thus we have here :

U= oo

v =Ff

- When these values are substituted in 12.15.3,

we gel

e gy 5 5
f = T o 12,154

Eq. 12.15.4 is known as the Lens Maker's
formula.

Comparing eqns. 12.15 (3 & 4), we have

< . Lt 12.15.5

R ..12.15.
The eqn. (12.15.4) can be applied to convex
and concave lenses, as follows :



372

(i) Convex Lens:r =+ve

r,=-v€

2

SO we get; 1,=(p—l){i+l)
f n n

(1) Concave lens : r,=-ve

r,=+ve
1 L ol
sothatwe get: —=—(u—1)| +—+—
f h b
12.17: Lenses: Preliminaries

Lens:

It is a transparent refracting medium,
bounded by two surfaces of regular geometrical
form. The geometrical form may be spherical,
plane, cylinderical on one surface. Usually the
spherical form of the surfaces is used.

Classification of lenses :

There are two types (i) convex,
(ii) concave.

(1) Convex (or converging): They are thicker
at the middle part than at the edges. Example :

(i) Double (or Bi-) convex:
Both surfaces are convex.

(i) Plano convex': One surface
is plane and the other one is
convex.

(iii) Concavo-convex-one surface
is concave, whereas the other
is convex.

(2) Concave (or, Diverging): They are thinner
at the middle part than at the edges.

Double(bi-) ’ Pi:mo- Convexo-

concave concave concave

Fig. 12.15 Types of Concave Lens
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To explain the optical behaviour of a lens,
we may consider it as consisting of a set of
truncated prisms arranged symmetrically on the
opposite sides of the principal axis.

Fig. 12.16 Convex lens
lens

Fig,12.17 Concave

In the case of convex lens, the parallel
incident rays, which bend towards the bases of
their individual truncated prisms after refraction,
actually intersect at acommon point F - known
as the focus (real).

In the case of concave lens, the parallel
incident rays, which bend towards the base of
their respective truncated prisms on refraction,
do not intersect in the forward direction and,
hence, they are produced backwards, so that they
will appear to meet at a point, known as focus
(virtual). :
Optic center:

Itis a point within a lens, such that when
a ray passes through it, it is displaced but not
deviated. However if the lens is thin, the ray
passing through the optic center passes straight,
i.e., without deviation or displacement.

(or . N Ze
AN il

Convex lens Concave lens
Fig.12.18 Optic center (0)
Principal axis :
LN TN
Y <./ O oA G

Convex lens Concave lens

Fig 12.19
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: Principal axis (XY)

: Principal section (shaded portion)

C, and C, are the centers of curvature of
the spherical surfaces 1 and 2 of a lens
respectively. A straight line passing through C,
and C, is called principal axis.

Principal section :

The cut away section of a lens, as obtained
by passing a plane through the principal axis is
called the Principal Seetion.

Principal focus :
A lens has two principal foci
(1) First Principal Focus

(2) Second Principal Focus

(1) First Principal Focus :

Principal

ﬁ:u

Fig. 12.20 Convex lens: First Principal Focus
(Incident rays are divergent)

Consider a point on the principal axis. If
the rays, starting from it, emerge parllel to the

principal axis after refraction through the lens, then
it is called the first principal focus of the lens.

Parallel rays

Principal
XX

Fig. 12.21 Concave lens: First principal
focus (F)) (Incident rays are convergent)

373

However, in the case of a concave lens,
we consider a beam of converging rays. If these
rays are intercepted by a concave lens, so that
the rays will be rendered parallel to the principal
axis after refraction, then the point of
convergence on the principal axis is called the
first principal focus.

(2) Second Principal Focus :

> l > E

Fig. 12,22 Convex lens: Second Principal
Focus (F,) (Incident rays are parallel) '
Consider rays, parallel to principal axis.
After refraction, they intersect on the principal
axis, giving the second principal focus - which
is real.

Parallel rmys
s
e
= Principal
Sec axix
Principa
Focus {virtuul
Fig.12.23 Concave lens:
Second Principal Focus (F,)
(Incident rays are parallel)

If we consider rays, parallel to principal
axis, after refraction, they appear to diverge from
a point, on the principal axis. This common point
of divergence (F,) is called the second principal
focal point Which is virtual.

Note: Usually the second principal focus is
termed as the principal focus of the lens.
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Focal length: The distance between the optic
center and either one of the principal foci
(conveniently the second principal focus) is
called the focal length of a lens.

Focal plane: Any vertical plane passing through
a focal point and perpendicular to the principal
axis is called the focal plane.

A lens has two focal
corresponding to two principal foci.
Thinlens: A lens, having negligible thickness
when compared with its radii of curvature, is
called thin.

12.18: Graphical construction of images for
lenses :

(i) To construct an image of an extended
object, placed perpendicular to the principal
axis, the following two rays starting from the
tip of the object may be considered :

(a) One ray is taken parallel to the
principal axis. After refraction, it will pass
‘through the focus.

(b) Another ray is taken, passing
through the optic center. It will pass straight even
after refraction.

(i)  The intersection of the above two refracted
rays will give the tip of the image. Drop a normal
from this point on the principal axis to get the
full image. If the refracted rays actually intersect
(i.e., intersection is in the forwarded direction),
the image is real. But if their intersection is
obtained by producing them backwards, then
the image is virtual.

12.19: Sign convention: Lenses

This is the same, as in the case of
spherical mirrors.
Direction of incident ray

planes,

e e (+:+)

S Y P
gl — B, X Principal
B F "|©dgn E, —ve Axis
aplic = A
(_ _) centre) 1
’ (+-)

Fig. 12.24 Sign convention (Lenses)

OB, =
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12.20: General formula for lenses :
(a) Convex lens

Case 1: (Real image)

3 B,
B Of
A,
Fig. 12.25: Convex lens-Real image

AB =
AB =

object

Image (obtained by following
procedure in 12.17) (Image is
real)

OB =  Objectdistance =u
Image distance = v
OF = _
In the similar triangles ABO and A B O
ABptth
AB OB
In the similar triangles A B Fand FDO :
AB, _FB
oD OF -
or, 4By,

AB OF
‘(-» ADOB is a rectangle)

Comparing eqs. 12.19 (1 & 2):

focal length=f

«12.19.1

.12,19.2

o5 = = b 23
OB OF -
Applying sign convention :
OBI =+ 1
*OB=-u
FB, = OB, - OF
—
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OF = +f
so thateq. (12.19.3) yields :

L _vo-f
- f
or, vuf=-uv+uf
| S ey |
O ...12.194
f v u

o

\\

Fig. 12.26 Convex lens-virtual image

In this case, the object is placed between
the first principal focus and optic center of the
lens. Since the refracted rays diverge in the
forward direction, their intersection is obtained
by producing them backwards - resulting in a
virtual image.

AB =  object

A B =  Image (virtual, erect, magnified)
OB =  Objectdistance=u

OB, = Imagedistance= v

OF =  focal length=f

In the similar triangles A B, O and ABO

AB, OB
“ALB'L='0_B' 12195
In the similar triangles A B F and ODF
0 8
oD OF
AB, _FB,
or, _552315 ..12.19.6
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Comparing eq. 12.19 (5 and 6)

0 2 .12,19.7
OB OF
By sign convention
OB=-u
OB, =-v
FB, =0OB, +OF
=-p+f
OF=+f

Using these values, eq. (12.19.7) gives

-0 —v+f

—-u f

or, vuf=-up +uf

v = il
ot SN ...12.19.8
£ 1) u
(b) Concave lens :
A X
'y L T
/

i
(e

F B B, f

Fig. 12.27 Concave lens virtual image

A concave lens always produces virtual
image. Since the two refracted rays diverge in
the forward direction, we produce them

backwards 10 get their intersection at A .

AB =  object

A B =  Image (virtual,erect, magnified)
OB =  Objectdistance =u

OB, = Imagedistance= v

OF =  focallength=f

In the similar triangles ABO and A B O

AB, OB,

AB ~ OB 212,199
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In the similar triangles FA B, and FDO

AB, _BF
OD OF
AB, _BF

or, AB _ OF ..12.19.10

( -~ ADOB is a rectangle)
Equating eqns. 12.19 (9 and 10) :

OB, B/F
o—ﬁzﬁ 12,1911 -
By sign convention
OB, =-v
OB=-u
B,F =OF-OB,
=-f+v
OF=-f
so thateq. 12.19.11 gives :
~v_—f+v
-u —f
or, —fo=-uf+uv
or, %=%-% w12.19.12

From the u-v relation of the above three cases,
the general formula can be written as :

1-1.4 '
——o—a ..12.19.13
v u f _
12.21 Magnification (= m):
Unless otherwise mentioned,

magnification means transverse (or, lateral)
magnification. It is defined as :

Magnification =

Height of the image
™= Height of the object

-.12.20.1

Bureau's Higher Secondary Physics

In all the above three cases, the ray-diagrams
give:

Height of the image ~ A\B, OB,
Height of the object ~ AB OB
..12.20.2
(Ref: eqns. 12.19.1, S and 9)
Equating 12.20 (1 and 2), we have :
OB,
OB
With sign convention :

m= ..12.20.3

v
m=—
=u

" (convex lens-Real image)

-0

—u

v
e (Concave / convex lens
u

Virtual image)
12.22: Nature, size, position of image :

(a) Convex lens :

- (i) Object at infinity :

Let the parallel rays, coming out of the
tip (A) of the object AB at infinity, make a

A Red.ul. i?vcrtc]'d
4/ and extreme
Ogh.l at diminished imgch.Ql

B,

Principal |iSecond
; principal
focus
Ay
As
Fig. 12.28 Convex lens : Object at «

small angle with the principal axis of the lens.
After intersection, the rays would intersect at

A, giving the image.
The image will be real, inverted apd very

much diminished and found at the second chal
plane. A o



Refraction, Dispersion and Lens

(ii) Object between infinity and 2F  :

nm

(iv) Object between F| and 2F :

Fig. 12.29: Convex lens : Object between

w0 and 2F,
AB ‘ = Object
‘AIBI= Image (Real, inverted,

diminished) and located between 1-72 and 2F2
(iii) Object at ZFI =

A -~ I\
BN‘\\E 2F,
2F, K 0 B,

Ay

Fig. 12.30: Convex lens : Object at ZFl

Since the object is at 2F , here, u = 2f
- and the focal length = +f with sign convention.

Substituting this value in the lens equation

M=y L
e f,wege.
| SR |
—_—t—
v 2f f

1_1

Qv 2r

or v =+2f

The +ve sign shows that the image is formed at
2f on the other side of the lens.

Further since u = v= 2f, the
magnification is unity, i.e., both the object and
image are of the same size. Here the image is
real and inverted.

Fig. 12.31 Convex lens
Object between F| and 2F

By applying the principle of reversibility
of light to the case (ii) above, (i.. object beyond
2F, and hence image between F, and 2F,) we
can say that the image here will be formed
beyond 2F, (since the object is placed between
F, and 2F ). Further, the image is real, inverted
and magnified.

(v) ObjectatF, :

The refracted rays are
parallel and will meet at o

Fig. 12.32
Given u = - f. Hence the lens-equation gives :
B M
v -f f

1
or, ;=0 sothat v ==

Thus the image will be formed at «. Applying

the magnification formula :
v
m=—
. u

R ALY

e A very large quantity
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Hence the image is very much magnified, real
and inverted. This property is used in the
collimator of spectrometer, telescope etc.

(vi) Object between F| and 0 :

Convex lens : object between F,
and optic.centre

Fig. 12.33

As seen from the ray diagram, the refracted rays
diverge on refraction in the forward direction.
So their intersection is obtained backwards at
A,. The image (A B)) is virtual, magnified,
erect and formed on the same side as object.
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This property is made use of in the
construction of magnifying glasses, eyepiece of
microscope and telescope. This also helps in
distinguishing different types of lenses.

(b) Concave lens :

A A\

lk AL.‘—I

Convex lens : object image diagram |
Fig. 12.34

The object may be placed at any position
in front of the lens. Due to the divergent nature
of the refracted rays, we get a virtual image
which is erect, diminished and formed on the

same side of the object.
12.23: Summary of results :
Position of | Position of | Nature of | Size of Ref
Lens object image image image Fig. No. Remarks
Convex At o« AtF, Real & Dimini- 12.28 In case of real
Inverted shed image, as the
Between Between -do - -do - 12.29 object moves
w and 2F, F, and 2F, from oo to F,
At 2F, At 2F, -do- |Same size | 12.30 [the image moves
Between Between -do - Enlarged 12.31 fromFto oo -
2F, and F, 2F, and oo growing in size.
AtF, At o -do - -do - 12.32
Between F| Same side virtual, -do - 12.33
and optic as F, and erect
center beyond F,
Concave Al oo ALF, Virtual, Dimini- 12.23 | Image is always
erect shed ' virtual, erect
Any other Between -do - - do - 12.34 | and diminished
position F, and ’
optic center




Refraction, Dispersion and Lens

12.24: Power of lens (P)

Power is defined as :

...12.23.1

where f = focal length of the lens

Power forconvex lens is taken as +ve and
for concave lens is taken as -ve.

12.25 : Dioptre:
The unit of power is dioptre.

To get the power of a lens in dioptre, we
express its focal length in meter. Then its
reciprocal will give its power in dioptre.

Example : Suppose we have a convex lens of
focal length 20 cm.

1
Then P (in dioptre) = 50771655~ +5 dioptre

12.26: Power of two lenses in contact :

L L,
Lenses in contact : power
Fig. 12.35

L A and i..2 are two lenses in contact. Let focal

length of L., and L, be f, and f, respectively.
Then their combined focal length (F) is given
by the formula :

I 1 1

e e s .
F f f «.12.25.1
Using the formula for power, (12.25.1) gives :
P=P +P, 12.25.2

where P = power of the combination
P, = power of the 1st lens

P, = power of the 2nd lens
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12.27: Identification of lenses :

The lenses can be identified by testing
them optically as follows :

Look at a nearby object through the lens,
to be identified. If the image is enlarged and
erect, the lens under question is convex.
However, if the image appears diminished and
erect, the lens is concave.

12.28 Scattering of Light:

When a beam of light falls on an irregular
surface or passes through a gas, a part of it
appears in directions other than the incident
direction. This phenomenon is called scattering
of light. The basic process in scattering is
absorption of light by the molecules of the
medium followed by its radiation in different
directions. '

In absorption the light energy is converted
into internal energy of the medium,whereas in
scattering, the light energy is radiated in other
directions. y

A. Rayleigh Scattering:

Reyleigh scattering is the (dominantly)
elastic scattering of light or electromagnetic
radiation (since the photon energy of the
scattering photons is not changed) by particles
much smaller than the wavelength of the
radiation.

Rayleigh scattering does not change thie
state of material; hence it is a parametric process.
“The particles may be individual atoms or
molecules. It can ocur when light travels through
transparent solids and liquids, but is most
prominently seen in gases.

Rayleigh scattering results from the eletric
polarizability of the particles. The oscillating
electric field of a light wave acts on the charges
within the particles, causing them to move at
the same’frequency. The particle therefore
behaves like a small radiating dipole, whose
radiation we see as scattered light.




Rayleigh scattering applies to particles
that are small with respect to wavelength of light
and that are optically "soft" (i.e. witha a
refractive index close to 1). The size of the
scattering particles is oftern parameterized by
the factor

2nr

A
where 'r' is its characteristic length (radius) and
"A'" is the wavelength of light. Rayleigh

scattering applies to the case when the scattering
particles is very small (i.e. x<<1, with a

1
particle size < T of 4 ) and the whole surface

- re-radiates with the same phase.

Because the particles are randomly
positioned, the scattered light arrives at a
particular point with a random collection of
phases; itis incoherent and the resulting intensity
is just the sum of the squares of the
amplitudes from each particle and is
therefore preportional to the inverse fourth
power of the wavelength and sixth power of
its size. To be more specific, the intensity 7 of
light scattered by any one of the small particles
(/assumed to be small spheres) of diameter 'd’
and refractive index 4, from a beam of

unpolarized light of wavelength 1 , and inensity
Lisgivenas

1+cos’ @ 2::'

I=1, L )( 79 )2()

---(1_2.23.2)

‘Where R is the distance of the particle and g is
the scattering angle. Averaging over all angles
gives the Rayleigh scattering cross-section as

§ 36 2
LA T T L
3 A w+l
for A ~ 532 nm=532x10"m (12.28.3)
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Fraction of light scattered by a group of N
particles is

I=c N

Equation 12.28.2 can re-written in terms of
individual molecules by expressing the
dependence of refractive index () as molecular
polarizability e , proportional to dipole moment
induced by the electric field of light as given
below.

87'Na?
I=l,———— R (l-!-cos 8) —(12.284)
(i) Blue colour of the Sky:
or Na ‘ 2 Seatianng a1 nght kg
. 1=l Rt {1 oD 57t e orward
Rapkigh scanierig i iod
Trom sk molcuies N = # ol scatteners
7 = polstrabdty
13 l-? A « chistincs om soattensy
B mmmm-d-um
Oeterve

mnuum‘r

Fig, 12.38

As shown above this strong wavelength
dependence of Rayleigh scattering means that
shorter (blue) wavelengths are scattered more
strongly than longer (red) wavelengths by the
molecules of gas and other small particles in the
atmosphere. This results in the indirect blue light
coming from all regions of the sky.

However, the Sun, like any other star, has

“its own spectrum and so I, in the scattering
formula (12.28.4) is not constant but falls away

in the violet. Further the Oxygen in earth's
atmosphere absorbs wavelengths at the edge of
U-V region of the spectrum. The resulting
colour, which appears like pale blue, actually is
a mixture of all the scattered colours, mainly
blue and grgen. Conversely, glancing towards
the Sun, the colours that are scattered away the
longer wavelengths such as red and yellow light
are directly visible, giving the Sun itself a slightly
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yellowish hue. Viewed from space, however,
the sky is black and the Sun is white.

(iii) Reddish appearance of Sun at sunset and
sunrise:

When the Sun is near horizon light from
Sun passes through a greater distance in earth's
atmosphere that the distance it passes when the
Sun is overhead. The correspondingly greater
scattering of short wavelengths, removing
virtually all the blue light from the direct path to
the observer, accounts for the reddish
appearance of the Sun at sunrise and sunset.

B. MieScattering:

For the sake of completion we give below
a brief note about Mie scattering.

Mie Secattering

fes §=! | 710 wavelenhi s

“he seantering from molecubes and very vy

vedominantlyRaylsigl scattenng. For pasticls sizes lirper than u wavelenuht Mic
¥ pred This Ing produces & paniem lile on aniaring lohe. with

harper and more intense forward lobe for larger panicles

Arylogn Scanoriog saie Beattaring M Scatterng,
larger pasticies
"‘q._“ ——
e
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Mie scattering is not strongly wavelength
dependent and produces the almost white glare
around the Sun when a lot of particulate meterial
is present in the air. It also gives us the white
light from mist and fog.

Ex. 2.1 : Calculate the refractive index of cedar
wood oil relative to air when its critical angle is
41° 16"

Soln.

l
Rnrc(l'l'Dcnscr 5 sinC

) 1
3 nir“ccdatwoedoil 1 sin41016r
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= 5]
0.66
Ex. 2.2: The critical angle for refraction from
glass to air is 42° and that from water to air is
48°. Find the critical angle for refraction from
glass to water.

Soln.

| I

- SRR
He " sina2" " 067
1 I

= g
aHw™ §inag® 074

But wHe= WM, X oMy

=aHg By
g 1.49
T 135
=1.10

1

[’ = '=l.1
- whe T §ine

I
s C =091
MR

8 C 265"

Ex.2.3: A ray of light in air makes an angle of
incidence 45° at the surface of a sheet of ice.
The ray is refracted within the ice at an angle of
30° What is the critical angle of ice ?

Soln.

By Snell's Law :
i sin45°
aftice = ¢in30°
0.70 -
* =—=14
0.50

From critical angle eqn :
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.
stie = Gne
=1.4
‘sinC——l——U'?l
i T
or, c~45".

Ex. 2.4 A glass pﬁsm of angle 59°52' has an

angle of minimum deviation of 40°30’ for a
given colour of light. Calculate the refractive
index of glass for that colour of light.

Soln.

. A+D,
2

sinA/2

-au'g=

2
sin(59°52'/2)

: [59°52'+4o°30'J
sin

]

sin 50°11'
sin 29°56’
= 1.539
Ex. 2.5: Calculate the angle of emefgence iand
the deviation when light is incident at 90° on

the face of a glass prism of refractive index 1.5
and angle of prism 60.

Soln.

Fig. 12.36
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PO = incident ray
Angle of incidence = 90°

Angle of refraction at O (Point of incidence) =
Critical angle (By definition)

From the critical angle formula:
sl
Mg = §inC
1 1

aug i's
or, C=41.8"

Further, we know A=r1'+r

sinC =

= (sum of the two angles of refraction)
In this case, 60" =41.8% +r

2 r=1820

Applying Snell's law to the point Q,
sini
“ 7 sin182

i=279°

Further total angle of deviation =

Deviation at O + Deviation at Q
(90 -C)+(i-r)

(90 -41.8)+(27.9-18.2)

=" ""§79°

Ex. 2.6: Find the dispersive pawer of flint glass.
(Given: py =1.632, py =1.620, 1, =1.613)

Soln.

}

. We use the formula :
S, 0 Bv —Hr
o = Dispersive power =
. I‘I'Y = 1
¥ 1.632-1613
;i T 1620-1
= 0.03064
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Ex. 2.7: An object is placed 12 cm in front of a
convex lens of focal length 18 cm. Find the
position and nature of the image.

Soln.
u=-12cm
f=+18cm

(- the lens is convex, f is taken +ve)

Using the relation

LI
g f

v=-36 ¢m

The -ve sign shows that the object and
image are in the same side of the lens. The image
is virtual, erect and magnified.

Ex. 2.8: An object is placed 20 cm in front of a
concave lens of focal length 10cm. Find the
nature and position and the magnification of the
image.

Soln.
f=-10cm
( -» the lens is concave, f is taken -ve)
=-20cm

Using the u-v relation

The -ve sign shows that the object and-
image are in the same side of the lens. The image
is virtual and erect.

Magnification = %

_20/3
20

%!
el
Hence the image is one-third diminished.

Ex. 2.9: Find the least possible distance between
object and real image with converging lens.

A
-
v

Minimum distance between object and image
Fig. 12.37

A = point object on principal axis
A, =image
AOA1 =d (say)
A10= image distance = x (say)
Object distance = AO
= AOA, - OA,
> =(d-x)
Let focal length of lens =f.
Applying sign convention,
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OA=u=-(d-x)
0A1=U=+x
focal length = +f

o

sing g
B SR
+x —(d-x) f
s i

& X d=x T

{(d_— x)+x)f = x(d-x)

of, x?_dx+df=0

For areal image, the roots of this quadratic
equation for x must be real roots (i.e., in the
quadratic equn. ax? + bx - ¢ = 0, b’ - 4ac > 0).

Inthiscase,(d’ -4 x 1 xdf) >0

ie. d’-4df>0
or, d(d-4f)>0
or, d>4df

Ex. 2.10: A lens projects an image 30 times as
large as the object, which is placed at a distance
of 8 cm from the lens. Find the focal length of
the lens.
Soln.

Since a magnified image is produced, the
lens is a convex one.

u=-8cm
M=2=30
. u ..
v =-240 cm (for the image to be erect)
: | Sl
Usmg ‘G'—;='f—_
1 1=
—_—
240 8 f
1_-1+30 29
% F 240 M0
f=827cm

Bureau's Higher Secondary Physics

Ex. 2.11: The radius of curvature of each surface
of a double convex lens is 20 cm and the
refractive index of the medium of the lens is
1.5. Find the focal length of the lens.

Soln.

Given r,=+20cm
A= 20 cm
=13

Substituting these values in the eqn.

1 1 o |
= (P—l)(—-“*] , we have

h n

== () +4)

f=20cm.

Ex. 2.12: A double convex lens is made of glass
of refractive index 1.65 and the radii of its
surfaces 50 cm and 75 cm (a) Compute its focal
length (b) If the flatter surface of the lens is
concave, recompute its focal length.

Soln.

1

Use the relation + = (h~1){ -
se the relation ¢ im

(a) Given p=L65
r; =+50cm
A2 75 cm
l=(l1§5-1)(+L+—)
f e o)
= 65x i
150
=46.15cm
®) = 50 cm

r, , having larger radius, is flatter

BilimTook.com
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By the question r, =+ 75 cm (being concave)

f=230.7cm

Ex. 2.13: A glass lens has focal length 5 cm in
air. What will be its focal length in water ?

(Refractive index of glass and water is
1.51 and 1.33 respectively)

Soln.

b e o S
A g (1)

When a lens of Refractive index K, is

placed in a liquid of Refractive index jt,, the
focal length of the lens is given by :

| R

f K h  h
Rl
R e 5%.51

= 18.84 cm

Ex. 2.14: A convex lens of focal length 40 ¢cm
is in contact with a concave lens of focal length
25 cm. Find the power of the combination.

Soln.
Power of the lens in Dioptre

1
= focal length (in met)

Pt.=_1"'"D

204 (for convex lens)

1

2025 (for concave lens)

P=P+P,

o8

4 25
=25-4
=-15D

Ex. 2.15: The plane faces of the identical plano-
convex lenses, each having focal length of 40
cm are placed against each other to form a usual
convex lens. Find the distance from this lens at
which an object must be placed to obtain a real,
inverted image with magnification one.

Soln,
S s

F f,

1 |
"y S

40 40
F = focal length of the combination
=20cm

We know, for a convex lens, the
magnification is unity when the object is placed
at 2F. _

- The distance at which an object is be
placed for unity magnification = 2F =40 cm.
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(i)

5.(1)

(ii)

(iii)

@iv)

(v)

SUMMARY
Laws of refraction :

The incident ray, the refracted and the
normal at the point of incidence to the
surface, separating the two media, lie in
one plane.

Snell's law : For any two media, the ratio
of the sine of the angle of incidence to
the sine of the angle of refraction is a
constant for a light beam of a particular
colour (i.e., wave length).

Sini My

—_l = constant
Sinr My

where i = Angle of incidence
r = Angle of refraction

M, M, are the absolute refractive
indices of medium I and II
respectively.

W, Sini=p, Sinr

Velocity of light in vacuum
Velocity of light in medium

B e e

Refraction through a number of medium
(say, air, water, glass) :

When light travels from vacuum to a
medium, then W is known as absolute
refractive index of the medium.

When light travels from air to a medium,
then M is known as the refractive index
of the medium.

p depends on the pair of the media,
colour of light and temperature of the
media.

As temperature of the medium i mcreases,
refractive index decreases.

W is inversely proportional to wave lenglh
approximately.

(vi)

(vii)

(a)

(b)

(©)

d

(e)

BilimTook.com
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ha o
A

Thus “viulcl > Hiea
The angle of deviation in refraction =D

(say)=(i-r) _
where i = Angle of incidence
r= Angle of refraction.
Real depth
Apparent depth
Critical angle and total internal reflection:

Refractive Index = L=

Let a ray travel from denser to rarer
medium. The angle of incidence, for
which the angle of refraction in 90°, is.

called the critical angle (C).
SinC = LI =K,
5]
1

n:rp' = .
il ST

When angle of incidence (i) of a ray,
travelling from denser to rarer medium,
is greater than critical angle (C), no
refraction occurs. The incident ray is
reflected back to the same medium. This
phenomenon is called the total internal
reflection.

i Ifi<C,
refraction

the ray undergoes

(i) If i > C, the ray undergoes total

internal reflection

Critical angle depends on the two media

Refractive Index of the rarer medium

S oot ve Tndier of fhe douiscr Fuediven

1
SinC

For air or vacuum, 1 =

£l dcp::nds on the pair of the media, colour
of light and temperature of the media.

As temperature increases, C also
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®

(i)

(iv)

(v)

(vi)

(vii)

(viii) D

8.
(a)

increases.

C a A

" Cred > Coivter

Prism:

Angle between incident ray and emergent
ray is called the angle of deviation (D).
Angle of deviation=D =i +i'- A

where i and i' are the angles of incidence
at the two faces

A = Angle of the prism.

When the ray passes through the prism
symmetrically (ie, angle of incidence =
angle of emergence), the deviation of the
ray is minimum (D, ). Atthe D__ position:

A+Dg,
2

Angle of incidence =

Angle of refraction=A/2

Sin A+D, ..
2

SinA/2

=

For a thin Prism :
D = Angle of Deviation = A (n—1)

The refracted ray inside a prism bends
towards the base.

AtD_ position, the refracted ray inside
the Prism is parallel to the base of the
Prism.

Violet - DRﬂJ

Dispersion :

When a ray of white (Polychromatic) light
passes through a Prism, it is split into rays
of constituent colours (or, wave lengths).

BilimTook.com

(b)

(c)

(d)

(e)

®

(a)

387

This phenomenon is called dispersion of
light.

The display of colours is known as the
spectrum. Strictly speaking, spectrum is
the orderly coloured pattern, obtained in
the screen, after dispersion of light.

In pure spectrum, there is no overlapping
of colours,

The angle between two emergent rays of
different colours is known as angular

dispersion for these colours.

Angular dispersion for violet and red =
D, -D,.

Dispersive power ( @ ) of the material of
the Prism is the ratio of the angular
dispersion between two colours to the
deviation of the mean ray, produced by
the prism, for those colours.

w:.D_v__-.I)—R.
Dy

e DV DR o dp .
By =1 p=1

Réfraction at curved surface :

When light is passing from Medium [ 1o
Medium II,

D u R

where R = Radius of curvature of the

~ curved surface

| L |
A e 4l B -
v u R ('“2 l)
where |1t, = Refractive index of the

second medium with respect to the first
medium.
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(b)

©

(d)

(e)

®

@

For refraction through a lens, bounded by

air,
1 1 1
=wmig<hil ===
f ¥ )("1 "z]

(Lens Maker's formula)

Lens is situated in a liquid.

When a lens of refractive index M, is

placed in a liquid of refractive index i, ;
the focal length of the lens is given by :

o))

size of the image
size of the object

:

The reciprocal of the focal length
(expressed in meters) of a lens is called
its power (in dioptres).

Magnification =

Powerof alens :

1
P(ln le[Jﬂ'eSF focal ]ength (ill meteIS)

Equivalent focal length and power of two
lenses

(i) Whenincontact :

The equivalent focal length F of

two lenses in contact with focal length f,

(h)

()

(k)

0}

(m)

(n)

Bureau's Higher Secondary Physics

and f, is given by

«(ii) Lenses separated by a distance 'd":

P=P +P,-dPP,

Air bubble in water behaves like a
divergent lens.

When a lens is placed in a medium, for
which gt is less than that of the lens, its
focal length increases. The nature of the
lens remains unchanged.

When a lens is placed in a medium for
which p is equal to that of the lens, the
focal length of the lens becomes infinity
and power becomes zero. The lens
behaves like a plane glass plate.

When a lens is placed in a medium for
which p is greater than that of the lens,
the nature of the lens changes.

When a convex lens and concave lens of
equal focal length are combined, the
combined focal length becomes infinity
and hence power zero. This acts like a
glass slab.

When a lens of focal length f is cut into
two equal halves, perpendicular to the
principal axis, then each part of the lens
has a focal length 2f.

When a lens of focal length f is cut into
two equal halves, parallel to the principal
axis, then each part has a focal length f.
However the intensity of the image
decreases.
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MODEL QUESTIONS )

A.

Multiple Choice Type Questions : .

When light passes from one medium to
another, the characteristic, that remains
constant is

" b) wavelength
d) Frequency

a) velocity
¢) Amplitude
One cannot see through fog, because
a) fog absorbs light

b) light is scattered by the droplets in
fog.

c) light suffers total reflection at the
droplets in the fog.

d) the refractive index of fog is infinity

A ray of light falls on a transparent glass

plate. Part of it is reflected and part is
refracted. The reflected and refracted rays
can be perpendicular to each other for

a) no angle of incidence

b) angle of incidence equal to 90°
c¢) more than one angle of incidence
d) only one angle of incidence

The refractive index of glass is 1.5. The
velocity of lightin glass is

a) 3 x 10'° cm/sec
b) 4.5 x 10'° cm/sec
¢) 2 x 10'° ecm/sec
d) 10'% cm/sec

When a monochromatic ray of light
travels from a medium of refractive index

n toa medium of refractive index n, (n2
> nl), is

a) speed increases by a factor n, /n

b) speed decreases by a factor n, /n,

c) frequency decreases by a factor
ny/n

d) wavelength increases by a factor
n,/n

Light starting from a medium of refractive

index p undergoes refraction into a

medium of index p'.If i and r stand for

angle of incidence and angle of refraction

respectively

Sini p Sini !
8) o Ty B L=
Sinr p Sinr
Cosi _p' Sini 1
c) i | e g
Cosr Sinr  pup

The critical angle for total internal
reflection of light going from medium 1
to medium 1II is given by the relation

tani, =5/7. The refractive index of the
medium I with respect to medium Il is

a) 1.4 b) 1.6
c) 74/5 d) 5/73

If there is no atmosphere, then the length
of the day on the earth will

a) decrease

b) increase

¢) remain the same

d) depend upon the weather

The phenomenon of dispersion arises
because of

a) the decomposition of white light
beam by a prism
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10.

11.

12.

13.

14.

15.

b) the refraction of light

c) the refractive index of the prism
material.

d) the corpuscular nature of light

It is possible to observe total internal
reflection, when a ray travels from

a) airinto water
b) airinto glass
¢) water into glass
d) glass into water

The refractive index of diamond is 2.0.
Velocity of light in diamond in cm per
second is approximately

a) 6 x 10" b) 3.0 x 10"

c) 2x 10" d) 1.5 x 10"
Critical angle of light passing from glass
to air is minimum for

a) red b) green

c) yellow d) violet

An equilateral triangular prism is made
of glass pt = 1.5. A ray of light is incident
normally on one of the faces. The angle
between the incident and emergent ray is

a) 60° b) 90°
c) 120° d) 180°

An equilateral prism is made of a material

of refractive index v3. The angle of

minimum deviation for the prism is

a) 30° b) 45°

¢) 60° d) 90°

The radii of curvature of two faces of a
lens are 20 cm and 30 cm and the
refractive index of the material of the lens
is 1.5. If the lens is concavo-convex then
the focal length of the lens is

a) 24cm b) 10cm
c) 15¢cm d) 120cm

16.

17.

18.

19.

20.

Bureau's Higher Secondary Physics

The minimum distance between the object
and its real image formed by a convex
lens is

a) 1.5f b)2f
c) 2.5f d4f

A lens of power +2 dioptres is placed in
contact with a lens of power -1 dioptre.
The combination will behave like

a) a divergent lens of focal length
50cm

b) convergent lens of focal length
50cm

c¢) a divergent lens of focal length
100cm

d) a convergent lens of focal length
100cm

An equiconvex lens is made from glass
of refractive index 1.5. If the radius of
each surface is changed from 5 cm to 6em,
then the power

a) remains unchanged

b) increases by 3.33 dioptre approx
¢) decreases by 3.33 dioptre approx
d) decreases by 5.5 di;:)pln: approx

A lens forms a virtual image 4cm away
from it when an object is placed 10cm
away from it. The lens is of focal length

a) concave, 6.67 cm

" b) concave, 2.86 cm

¢) convex, 2.86 cm

d) may be concave or convex, 6.67cm
The focal length of a lens depends on
a) radii of curvature of its surfaces only

b) refractive index of its material only

c) refractive index of the medium
surrounding the lens only

d) All the above factors.
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21.

22

23.

24.

s

26.

A virtual image twice as big as the object
is formed by a convex lens when the
object is 10 cm away from it. A real image
twice as big as the object will be formed
when it is placed at a distance from the
lens

a) 40cm b) 30 cm
c) 20cm d) 15cm

The graph drawn with object distance
along abscissa and image (real) distance
as ordinate for a convex lens is

a) astraight line

b) acircle-

¢) aparabola

d) arectangular hyperbola

The curved face of a plano-convex lens
has a radius of curvature of 250 mm. The

_ refractive index of the lens material is 1.5.

The power of the lens is
a) 0.2D b) -02D
c)+2D d)-2D

An object gets closer to the focal point of
aconverging lens from infinity. Its image

a) becomes smaller

b) remains of the same size

) gets farther fr;)_m the lens

d) gets closer to the lens

The image of an object formed by a
device is always virtual and small. The
device may be
a) convex lens b) concave mirror
c) aglass plate d) concave lens
The linear magnification of an image is
m. The magnification for area will be

a) m b) m*

c) mY? d) m?

27.

10.

39

A concave lens of focal length 20 cm
produces an image half in size of the real
object. The distance of the real object is
a) 20cm b) 30 cm

c) I0cm | d) 60 cm
Answer as directed :

The colour of light which uﬁvcls with the
maximum speed in glass is
The rising sun appears to be higher in the
sky than actually it is. (True/.False)
Rainbow is formed in the air due to
dispersion of light by :

A light ray is refracted from ice to water.
The refracted ray bends away from the
normal. (Yes/No.) !

Refractive index varies
wavelength of light.

Is the absolute refractive index of any
medium is always greater than one ?

An astronaut in a space ship sees the sky
away from the sun as
Does trasparency of a medium depend
upon its thickness ?

When a glass slab is placed on a cross
made on a sheet, the cross appears raised
by 1 em. The thickness of the glass is 3
cm. What is the critical angle for glass ?
If the length of the day on earth is defined
as the time-interval between the sunrise
and sunset, how will be day affected if
earth loses its atmosphere ?

Very Short Answer Type Questions :

The critical angle of a medium is 60°. Find
its refractive index.

Due to what phenomenon, an air bubble
in water shines ?

Show that the refractive index of a liquid,
which produces a minimum deviation of
30° when placed in a hollow prism of
angle 60%is 1.41.

of
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10.
11.

12,

13.

14.

15.

D.

2

What type of image will be produced by
a concave lens for real objects ?

What is the power of a convex lens of
focal length | meter ?

A lens of power +2D is placed in contact

with a lens of power - 1D, How will this

combination behave?

A convex lens is dipped in a liquid whose
refractive index is equal to the material of
the lens. What will be its focal length ?

A real object is placed before a convex
lens on its axis and at a distance less than
the focal length of the lens. What will be
the nature of the image ?

Does the power of a convex lens depend
on the convention of signs adopied ?

Why white light is dispersed by a prism ?

When light undergoes refraction, what
happens to frequency? [CBSE Al
2000C]

How does the frequency of a beam of
UV light change when it goes from air to
glass ? [CBSE 2000]

Refractive index of glass for light of
yellow, green and red colours are n, n,
and n, respectively. Rearrange thesc

-symbols in an increasing order of values.

[CBSE Al 1987]
In which direction relative to normal does

aray of light bend when it enters obliquely

in a medium in which its speed is reduced.

[CBSE 1999]
For the same angle of incidence the angle
of refraction in three different media A,
Band Care 15,25 and 35 respectively.

In which rncdwm the velocity of lightis
minimum ? , [CBSE 1999 C, 94]

Short Answer Type Questions :

Why, during hot days at noon, trees and
houses across open ground appear to be
quivering 7 | .

Why does an air bubble in'a jar of water
shine brightly ?

10.

11,

12,

13

14.
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Why does a diamond sparkle more than
a glass-imitation cut to same size ?

Why is a right-angled Prism a better
reflector than a plain silvered mirror ?

On what factors does the focal length of
a lens depend ?

A convex lens, a glass slab, a glass prism
and a spherical solid ball have been
prepared from the same optically
transperent material. Explain which of
them will possess dispersive power ?
The radii of curvature of both the surfaces
of a lens are equal. If one of the surfaces
is made plane by grinding, find the new
focal length.

An object is placed at the focus of a
concave lens. Where will be image be
formed ?

A lens, whose radii of curvature are
different, is forming the image of an object
placed on its axis. If the lens is reversed,
will the position of the image change ?
Explain.

A thin convex lens is put in contact
with a thin concave lens of the same
focal length. Show that the resultant
combination has a power equal to
Zero.

An object is placed at the principal
focus of a convex lens of focal length
f. Where will its image be formed ?

[CBSE Al 2008, 2003]

The refractive index of a material of a
convex lens is n,. It is immersed ina
medium of refractive index n,. A
parallel beam of light is incident on the
lens. Trace the path of the emergent rays
whenn, >n,. [CBSE 2002 C]

A glass convex lens is placed in water.
Will there be any change in focal length?
Give reason. [CBSE 2000 C]

A converging léns of refmcuve index 1.5
is kept in a liquid mediuni having same
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refractive index. What is the focal length
of the lens in this medium ?

[CBSE Delhi 2008]

A diverging lens of focal length 'f" is cut
into two identical parts, each forming a
plano concave lens. What is the focal
length of each part ? [CBSE Al 2008)

Long Answer Type Questions :
What is refractive index ? Deduce the
formula sin(A "'2Dm ]

PSS
for refraction ®M{¥hethrough a prism.

What is meant by critical angle fora given
refracting medium ? Establish a relation
between critical angle and refractive
index. What is total internal reflection and
when does it take place ?

h ical refracti
Prove that tio: ?’L siqhenca refracting
surface g g e

u R
where p = Refractive index of the
medium of refracting surface.

R = Radius of the spherical surface

u and pare the object and image
distances respectively from the pole of
the surface. :

Prove the formula :
| 11
==(j—1) (———)
f n n

for curved refracting surfaces, the symbols
having their usual significance.

Deduce an expression for the focaﬁenglh
ofalensintermsof uand v.

Describe the appearance and position of
the image produced by aconvex lens as

9.

winw
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the object moves from infinity towards the
lens, with the help of ray-diagrams.

What is transverse magnification ? Derive
an expression, with the help of ray-
diagrams, for magnification for different
type of images in convex and concave
lenses.

What is dispersion ? Define dispersive
power, angular dispersion and establish

a relation between them.
Numerical Problems :

) _3 4
Given 1, = 5 and ‘pu, = 3

Find ,, 1, and the corresponding critical
angle.

A prism of refractive index \E has a
refracting angle of 60°. At what angle a
ray must be incident on it, so that it suffers
aminimum deviation ?

A ray of monochromatic light is incident
on the refracting face of a Prism angle
75% 1t passes through the prism and is
incident on the other face at the critical
angle. If refractive index of the prism is

J2 , what is the angle of incidence on the
first face of the Prism ?

A ray of light is incident at an angle of
60° on one face of a Prism which has an
angle of 30° The ray emerging out of the
Prism makes an angle 30° with the
incident ray. Show that the emergent ray
is perpendicular to the face through which
it emerges and calculate the refractive
index of the prism.

Refractive index of crown glass for red,
yellow, violet colours are 1.5140, 1.5170
and 1.5318 respectively and for flint glass
are 1.6434, 1,6499 and 1.6852




394

10.

I1.

12.

respectively. Find the dispersive power
of crown and flint glass.

Radius of each surface of a convex lens
is 20 cm and refractive index of the
material of the lens is 3/2. '

(i)  Calculate its focal length

(i) If itis vertically divided into two
equal halves, find focal length.

Ifitis horizontally divided intotwo
equal halves, find focal length.

(i)

A thin lens has focal length f and its
aperture has diameter d. It forms an image
of intensity I. Now the central part of the
aperture upto diameter d/2 is blocked by
an opaque paper. Find out the change of
focal length and intensity.

A concave and convex lens have the same
focal length of 20 cm and are put into
contact to form a lens combination. The
combination is used to view an object of
5 cm length kept at 20 em from the lens
combination, Compare the nature and size
of the image with the object.

A double convex lens made of glass of
refractive index 1.5 has both radii of
curvature of magnitude 20 cm. Find
where the incident light rays parallel to
axis of the lens will converge.

Asslide projector gives a magnification of
10. If it projects a slide of dimensions 3
¢m X 2 ¢cm on a screen, find the area of
the image on the screen.

The radii of curvature of the faces of a
double convex lens are 10cmand 15 cm.
If the focal length of the lens is 12 cm,
find the refractive of the material of the
lens. [CBSE Delhi 2010]

A double convex lens of glass of
refractive index 1.6 has its both surfaces
of equal radii of curvature of 30 cm each.,
An object of hight 5 cm is placed at a

13.

14.

15.

G‘
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distance of 12.5¢m from the lens.
Calculate the size of the image formed.

[CBSE AT 2007,2005]

An illuminated object and a screen are
placed 90 cm apart. Determine the focal
length and nature of the lens required to
produce clear image on the screen, twice
the size of the object. [CBSE Al 2010]

Two lenses of power 10 D and -5 D are
placed in contact. (i) Calculate the power
of lens combination. (ii) Where should an
object be held from the lens, s0 as to obtain

- avirtual image of magnification 2 ?

[CBSE Al 2008, 2008 C]

A ray of light passing through an
equilateral triangular prism from air
undergoes minimun deviation when
angle of incidenceis 3/4 th of the angle of
prism. Calculate the speed of light in the
prism. [CBSE 2008]

Correct the following sentences :

When a light ray is refracted from water
to air the refracted ray bends towards the
normal.

The total internal reflection is possible
when light travels from rarer to denser
ledium.

Transparency of a medium does not
depend on its thickness.

Blue light travels with the maximum
speed in glass.

During dispersion through a prism, the

blue colour is most deviated.

If the critical angle for a medium is 60°,
then the refractive index of the medium

is J3/2.

- The power of a convex lens of focal

length 2 meter is 2 dioptre.
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ANSWERS

A‘

F.

Multiple Choice Type Questions :

L. @ 2 ® 3 @ 4 ©
9, © 10.(@ 1. (@ 12. @
17. () 18. () 19. (@ 20. (d)
25.(d) 26.(b) 27. (a

5. ) 6. b 7. © 8 (2
13. ¢) 14. (c) 15 (d) 16.(d)
2. b) 22. d 23 (00 24.(0)

1. Red 2.True 3. Waterdroplets 4. No 3. Inversely as the square 6. Yes 7. Black 8. Yes

9. sin”' (0.66) 10. Decreases
Very Short Answer Type Questions :

L 23

4.  Virtual and diminished

6. Convex lens of focal length 1 meter
8.  Virtual and magnified

2.  Total internal reflection

5. +1D
7. Infinity
9, No

10. Refractive index of prism material is'different for different colours

Short Answer Type Questions :

6.  All the four

8. Itwill be formed exactly midway
between optic center and focus.

Numerical Problems :
1.  1.11,Sin" (0.88)
3. 45°
5. 0.034,0.064
7. fand31/4
[Hint : Amount of light crossing the lens
d/2)y |
decreases by a factor of & ,) =
nd” 4
I 3l
I'=]-—=—
Hence Fdns ]

9, 20cm

11. 1.5, 12. 10cm, 13.f= 20 cm, convex lens.

14. 5D,u=-10cem, 15. 213x10%ns™"

7.  fwill be doubled

9.  Nochange
2. 45
4, 1732

6. 20cm,40cm,20cm
8. same size as object and erect

10. 600 cm’
[Hint: Area of the image =

(3% 10em) % (2 x 10cm) = 600cm? ]
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13.1: Eye :

Eye is an invaluable gift of nature to us.
Itis a splendid optical instrument. Different parts
of our eye are kept inside a nearly spherical ball
capable of movements in a socket.

An important constituent of human eye
is a focussing bi-convex lens (L), which is more
convex at the back. It is kept hanging inside the
eye-ball with the help of suspensory ligaments.
The eye-lens is composed of different values of
refractive index. The lens divides the eye-ball
into twochambers. (i) Anterior chamber, filled
with in watery liquid called acqueous humour
of refractive index 1.34. (ii) Posterior chamber,
filled with a transperent jelly like fluid called
vitreous humour of refractive index 1.34.

When rays from an object enter an eye,
they are subject to refraction in different parts
of the eye. The cornea(C), which is the front
portion of the eye, refracts the light most. These
refracted rays inside the eye are further refracted
by the eye-lens. Finally the image, appears on
the ratina R - which is the light-sensitive screen
at the back of the eye.

The image,
(convergent) eye - lens is diminished, real and
inverted. However we are a,ccostomed lo see
lhem erect by a process of mental mtcrpretat:on

produced by the

Agqueous
Humour

Fig. 13.1 (Human Eye)
Chroid (Ch) : It has two parts :

(i) Its front portion is transparent,
through which light enters the eye from the
object. It is called cornea (C).

(i)  The other portion of choroid is
located on the internal back part, which is
covered by a purple-red membrane, constisting
of a large number of rods and cones. The rods
and cones receive the light waves and
communicate the visual sensation to the brain
through optic nerve fibres.

Cm = Ciliary muscles. Ciliary muscles,
when contracted, will be in a position to bulge
the eye-lens, thus, reducing the focal length of
the eye-lens. By reverse-action, it can increase

focal length. This is responsible for the
_accommodation of the eye. The ciliary muscles

hold the Iris. |

I = 4rish (circular diaphragm). The
aperature of the Iris is called the pupil. The
aperture changes, as per requirement. Its colour
gives the colour of the eye.
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- SL = Suspensory Ligaments. The
focussing lens (L) is hung through them.

It should be noted that the image must
be formed on the Ratina (located at the back of
the eye) for objects to be observed clearly.

13.2: Power of accommodation :

We know that the eye can see not only
distant objects but also near objects at ease. This
only proves that the eye lens is not having a
rigidly fixed focal length. Its focal length is so
adjustable that it is capable to change it, as per
requirement, so that it can see both far and near
objects without any eye-strain, This property of
the eye is called its power of accommodation.

Accommodation is that property of the
eye-lens, by which its effective focal length is
automatically altered, so as to suit the act of
viewing distant or near objects.

13.3: Persistence of vision :

Take acard-board. Suppose on one side,
you draw the diagram of a tiger and on the other
side that of a big cage. If the card-board is
rapidly rotated about a vertical axis, it will appear
as if the tiger is inside the cage.

The reason is due to the persistence of
vision which is the property of the eye. Suppose
we look at a picture. Then its image lasts in our
mind for about 1 th of a second. If during this

time-interval, the picture is removed from our

eye-sight and is again brought back, then our.

eye will not be able to note this temporary
disappearance of the picture.

That is why in the above case, even if
the pictures of the cage and tiger are separate
and are temporarily out of sight due to rotation,
we are unable to note them, because the time of

absence is very short, say, less than {5th of a
second. '
13.4: Far-point of the eye : v

It is the farthest point, upto whic.h the
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eye can see an object distinctly without strain.
Theoretically this is infinity for a normal eye.

Far
point
aloo

Fig. 13.2 (Normal eye : Far point)
13.5: Near-point of the eye :
It is the least distance, beyond which the
eye can see an object clearly with full relaxation.

Fora normal eye, this is 25 cm. This marks the
limit of the power of accommodation of the eye.

Near
Point

~5em
Fig. 13.3 (Normal eye : Near point)
13.6: Defects of vision :

The common defects of vision are :
(@  Long-sight (Hypermetropia)
(b)  Short-sight(Myopia)
(c) Presbyopia

d) Astigmatism

, (e)  Phorias
(g)  Colour-blindness
(a) Long 'sigh,l

A man suffering from this defect can see
distant objects, but not near-objects, i.e. its Near-
point (N) is more than 25cm, as meant for a
normal eye.

Causes : e
(1) Theeye-ballis small.
(2) = The focal length of the eye-lens
: is large. 54, )
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Eye-ball

.:"‘:'*"*Rl

Long-sighted eye R=Ratina
Fig. 134
Here the near-objects are not focussed on ratina,
but behind it (R ).
Remedy :

The object at N should be brought to
Nl (where N is the least distance of distinct
vision, i.e., 25 cm for a normal eye)

25 cm

I a i
Long-sighted eye : Remedy
Fig. 13.5
Henceu=-d . .
with sign convention
v=-D(= 25cm}

Assume that L, (the lens to be used in spectacles
as aremedy) and L (eye-lens) are very close to
each other.

Using the above u and v values in the lens
formula

bl ol

o T T
R e
we ge 254§

' oo owhere f = focal lengthof L, 1
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d-25

ﬁ ...13.6.1

so that {=

Since for a long-sighted person, d >
25cm, f should be +ve, i.e., the lens, to be used
as a remedy, should be convex.

(b) Short-sight:

With this defect, a person can see near

- objects (i.e., objects at or somewhat beyond

25cm) but not very distant objects (as is possible
for anormal person, who can see, theoretically
as large as, upto infinite distance). Here the
distant objects are focussed not on the ratina

(R), but in front of it (R)).

E
- R
Short-sighted eye
Fig. 13.6
Causes :
The defect may be due to

(1) Eye ball is two elangated
(2) Focal length of the eye is short.

L
L
—_—

L,

Short-sighted eye : Remedy
Fig. 13.7

N, = Farthest point, upto which the
defective eye can see. '

NL =X (say)

In an ideal case, a person should see upto
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2. Hence an object at «o should be brought to
N, sothat the defective eye will be able to see it.

Henceu = o

v = - x (with sign convention)

1 1 1
Using the u-p relation ———=—, we have
v o f
1-1 3
-x o f
ey .13.62

The -ve sign indicates that the remedial
lens L, (i.e., the lens of the spectacles) should
be concave and its focal length should be equal
to the farthest distance, upto which the defective
eye can see, '

(c) Presbyopia (Far-sight) :

This is due to old age, caused by the
decrease in the elasticity of eye-lens. It is one
type of long-sight. Hence a child, suffering from
short-sightedness will become normal in old age
due to presbyopia. Thus presbyopia will be a
boon to him.

(d) Astigmatism :

Suppose a person, suffering from this
defect, looks at a network, consisting of
horizontal and vertical wires. If he will focus
hiseyes on the horizontal wires, then the vertical
wires will appear curved or unclear. This defect
can be remedied by using acylindrical or sphero-
cylindrical lens. .

(e) Phorias :

We are gifted by nature with the two eyes,
for binocular vision (i.e, the power of estimating
distances of different objects correctly).
However, if there is defect in the proper
orientation between the two eyes of a person,
he suffers from phorias. This will cause eye-
strain and headache while viewing objects. By
using prismatic lenses, this defect can be
removed. '

(f) Colour-blindness :

Suppose our eye cannot detect red colour.
Then if we look at a red object, it will appear
dark. This is a case of colour-blindness.

Colour-blindness is incurable. Due to this,
the eye will be incapable of responding to a
particular colour.

13.7: Optical instruments :

Visual angle
Fig. 13.8

(a) Visual angle :

L = Eye-lens

R =Ratina

AB = object

A R =Image
Let the angle created by the object AB at the
eye = ZAOB=0 = {known as visual angle)
OR = Diameter of the eye-ball = a (say)

ZADB = ZRAO, =0 (being opposite)

The length of the image (RA ) can be written
as:

R-AI,- = 39

since 'a’ is a constant,

.. Length of an image o 6
This shows that the greater the visual
angle, the greater will be the size of the image
(i.e, the object will be consequently seen in
greater size). : ~

The importance of the visual angle will
be realized from the following figure :
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Visual angle : Importance

Fig. 13.9

Let us consider an object, placed erect on the
axis. When this object is in the position AB, the
visual angle= ZAOB=a .

When this is moved to the new posi non
A B, the visual angle = ZA OB, = =§.

Since P> a, the object at A B, will
appear to be bigger than AB to the eye; even
though the object height (i.e. physical size) at
both the positions is same.

Hence when we are dealing with optical
instruments like microscopes, telescopes etc, we
should bear in mind that the visual angle is
increased, so that objects can be seen distinctly.
(b) Angular magnification :

Let o= Visual angle produced by an
object, when seen without an optical instrument
(i.e., unarded eye)

o' = Visual angle subtended, by
using an optical instrument.
Then angular magnification (M) is defined as
. a’.

a
Il is necessary that an opncal mstrument be so

A,des:gned such that o’ > a , as this will resultin
a magnified image. It should be remembered
that we are less interested in the physical size of
the objects ‘or their images; but;miofe in their
visual angles. . 7

'1371

Y.
1

13.8: Mlcroscope s

It is an optical instrument to view 'near’
objects Scientist Hooke, in 1648 was able to
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discover 'cells' in vegetable and animal tissue,
with its use.

We shall deal with microscopes in two
categories.

(a) Simple microscope (which consists
of a single lens)

(b) Compound microscope (consisting
of more than one convex lens)

(a) Simple microscope :
(Magnifying glass / Reading glass /Magnifier)

Simple microscope uses the principle that
when an objéct is placed betwen optic center
and focus of a convex lens, an erect, magnified
and virtual image is formed on the same side of
the lens.

. With naked eye

Simple microscope
| Fig.13.10
L = convex lens of focal length f

AB =object placed between optic center and
focus (Here OF, <least distance of distinct
vision, D, due to which the object is not
clearly visible to the unaided eye).

A B =Image (The distance between the object
AB and lens be so adjusted that the
image A B, is formed at the least
distance of distinct vision, D)

OB, =D

ZGOB, = o= Angle subtended by the object
AB, if it would have been placed at D.
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ZA,OB, =o' = Angle subtended by the image
AB, , which is formed at D (by experimental
adjustment)

Magnifying power :

~ It is defined as the ratio of the angle
subtended at the eye by the image to that

subtended by the object, when placed at the least
distance distinct vision.

Thus Magnifying power =M

QR

_ Tana'
Tana
(since o' and o are small)

(CB, /B,0)

= AB,/CB,
= AB,/AB
= OB, /OB
(+ triangles OAB and OA B, are similar)
=-D/-u
M =Dl

(with sign convention)

..13.8.1

) O LAl
. We shall use now the lens-formula : =TS = r

Here v= -D
and u=-u (with sign convention)
so that the lens formula gives

F- .2
A,

D u f
Multiplying by D throughout, - *
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D D
] —=—
u f
D D
or, —=l+— ...13.8.2

Comparing eqns 13.8(1 & 2), we obtain

M=1«1-2
£

..13.8.3
Thus if focal length of the lens is less, its
magnification will increase.

Since the purpose of a simple microscope
is to get large magnification, we should use
convex lens of short focal length (f). This means
that lenses with large curvature need to be
constructed by grinding lenses. However this
often leads to many difficulties. Hence there is
need to go for other type of microscope -
compound microscope - for larger
magnification.

Best position where the eye is to be placed :

Suppose the distance between the eye and
lens=a '
- Hence v =Image distance=D - a
Thus replacing D by D - aineqn. (!3 8.3),
we get
D-a

M=1+
s

..13.8.4

Hence M will be large, when 'a' is almost
zero. So the best position of the eye will be the
position, very close to the lens. An added
advantage for IhIS posmon is that chromatic
abcnan,on ( - a defect due to which coloured
image is produced for a ‘white object) can he

~ avoided. _
Mngnlfyhgglnsswith-imgeatlnﬂnt_ty:-
Rewriting egn. (1384) Ko
D i02etr it

s LB
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We note that this magnification is meant for the
image which is formed at D. Here we had
placed the object between O and F - and this
position is called the Normal setting. Let us
denote M by M Hence

near point”

M potad =1+% ..13.8.5

Now we shall consider the case, when
the image is formed at oo. This can happen,
when the object is placed at the focus of the
lens. Thus now u=f (where f=focal length
of the lens)

So that eqn. (13.8.1) gives
' M, =D/u
=Di/f ...13.86
Comparing engs. 13.8 ( 5 & 6) we find that

=1+M,, 1387

Mnc:u' point

This proves that the magnification at near point
is larger than that at infinity.

(b) Compound microscope :

When we use two co-axial convex lenses,
seperated from each other, we shall get angular
magnification, which is much higher than a
simple microscope. Thus a compound
microscope is more suitable to have magnified
images of small and near objects.

e

Objective lens

Compouind Microscope : Normal setting
. Figasar
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AB =  object

This distance is slightly more
than the focal length (f ) of
the objective lens O
(objective lens is so called,

because it is turned towards
the object) u, (say)

A B

Image formed due to the
objective lens (this is real,
inverted and magnified)

OB = v

1 0

Eye-lens, near to which the
eye is placed for viewing
object.

EB, = u

e .

For the eye lens E, A B, acts as the
object. E is kept at such a position that the
distance B E is less than the focal length of the

eye-lens '(fc), so that a virtual, magnified and

(erect with respect to A B,, but inverted with
respect to AB) is formed at the least distance of
distinct vision D.
EB,=D

The objective and the eye-lens are kept
co-axically in a hallow metal tube of
approximate length (u, + v')), which can be
changed as per requirement by rack and pinion
arrangement. There is provision of cross-wires
at the position A B , so that they can be used
for taking different measurements.

Magnification at normal setting :
This is the setting, in which the final image
AB, is formed at D. :
By definition,
Magnification=M___ ..
» ( Angle siibtasiiod by the image, formed at D ]
~ | Angle subtended by the object, if placed at D

at the eye ..13.8.8
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But angle subtended by the final image
A,B, (formed at D) at the eye = o’

Angle subtended by the object AB
(which is at a distance D from the eye) at the
eye= 0

Hence eqn. 13.8.8 gives,

MNcar-poim =

R |R

Tan o’
Tan

(o, " being small)

_ A,B,/BE
AB/BE

A,B,
AB

(- B,E=BE)

A,B, AB,
= " AB

AB,

[ Magnification

Magnification
due to eye — lens

due to objective
=M, xM, ..13.8.9

But Magnification due to objective =M_

UO o
= (with sign convention)
O
..13.8.10
- et Aol S
Using the u-v relation ———=— for the
v u f

objective lens, with sign convention, we get

1 1

_—

1
+v, -u,; f,

403
chop e A
Dy B s
- Yo |9
or, u, [fo ] ...13.8.11
UO
s0 that M,=- f—'l ..13.8.12
0

Further the eye-lens is acting here as a simple
microscope or magnifier, the magnification of
which is given by eqn. (13.8.3):
M, =1+ L
f,

€

-13.8.13 .

Substituting eqns. 13.8. (12 & 13) in (13.8.9):

v, D
M e =— =21 || 14—
e

..13.8.14
The -ve sign indicates that the image is virtual,
but inverted (with respect to the object AB).
Since M = M_ x M, we.see that
magnifying power of the compound microscope
is M times the magnifying power of a simple.
microscope (M,). But because M increases
when v,, inoreases (Ref eqn. 13.8.12), the length

of the microscope tube (v, + u, ) consequently
increases.

Further magnification can be enhanced by
decreasing the focal lengths of the objective and
eye-lens (f, and f). _ ' _

In fact, in a compound mii:mscope. the
objective is of short focal length and aperture,
while the eye-lens is of short focal length but

wider aperture. .
Magnification, when final image is at infinity :

In the 'Normal sefting' (previous case), we
had the final image A,B, atD.
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Now we shall discuss the case, where the
final image is to be formed at «o. This is possible
if A B, is set at the first principal focus of the
eye-lens (i.e., EB, =f).

. Magnification, when final image is at «
= Mm
_ Tana'

Tan o
(++ & o’ bging small)

2 AB, /EB,

AB/EB

But

D R s e ;
= —2.— "with sign convention
u, f,

v, .|D
=7 "1}~ byeq.(138.11)
fo Jfe

..13.8.15

Coparing 13.8. (14:&15), we note that

. h(nn-mal Selling > Mcb 138'16
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13.9: Astronomical Telescope :

Telescope was first made in 1608. Galileo
made and used a telescope to view distant objects
like the satellites of Jupiter and the rings of
Saturn.

Telescopes are of two types : Refracting
type, using lenses, and reflecting type, using
curved mirrors.

A. Reflecting Type :
An astronomical telescope is of refracting

 type.

Parallel rays
from the tip

A Ofdistant A\ Objective
chjeet Eye-lens
I B, a' Bl

B |0 ~L
Top::-'. ,:-- """" Eye
point of
final imuge

hT>

Astronomical telescope : Normal setting

Fig. 13.12
AB =  objectat
O = objective lens =1t is a convex lens
~ of large focal length and aperture.
It collects parallel rays from the
distant object. The largeness of the
aperture increases the brightness of
the image.
E =  Eyepiece = A convex lens of short
focal length.
The functioning of the telescope can be
studied in two positions :
(a) Normal setting (vision)
(b) Final image at near point (or, least
distance of distinct vision).
(a) Normal position :

" Filz. 13.12 depicts this position. The non-
axial parallel rays are coming from the distant

‘objédet (AB). After refraction at the objective
lens, they form an image A B, (real, inverted,
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highly diminished) in the focal plane of the
objective.

Hence OB =f , where f = focal length

of the objective. The eye-lens is so adjusted that
A B, is positioned at the focal plane of the eye-

lens. Hence A B, which now acts as the object
for the eye-lens, will have its image formed at
infinity.

Thus, we have for the normal adjustment,
BlE =
[
where f; = focal length of the eye-lens.

The objective and the eye-lens are co-axial
and kept in a hallow metal tube, so that, in the
normal adjustment, we get :

Length of the tube = OB, + B E
=f +f
o €
By definition,
M = Angular magnification

_ Angle subtended by the image at the eye
~ Angle subtended by the object at the eye

R |R

(Even though « is the angle at the objective,
we consider this as at the eye, since the distance
OE can be neglected in comparison with the
object distance, which is «)

Tan o'
Tan o

or,M (- a& o’ are being small)

_AB,/BE
A,B, /OB,

=OB, /B,E
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=f,/f.

«+13.9:1

(b) Final image at Near péinr g

Parullel rays

from the tip

of distant
A object

Astronomical telescope : Near point
~ Fig. 13.13

Parallel rays from the tip of the distant
object form an image A B, (real, ipverted and
highly diminished) at the focal plane of the
objective, so that OB| = fo.

The eye-piece is so adjusted that A B,
(which now acts as the object for eye-piece) is
within the focal length of the eye-piece (i.e.,’
EB, <fe), which causes the formation of the
final image A_B, (virtual, inverted with respect
to the object AB and magnified) at the least
distance of distinct vision (i.e., EB, =D).

Now we shall find the angular
magnification.

M  =Magnifying power

s
T
_ Tan a'
Tan a
(- o &’ are being small)

_ AB,/BE
A,B, /OB,
. =OB, /B,E

=f,/B,E 13922
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For the eye-piece, object distance =EB, =-u_

image distance =EB,=-D

Substituting these values in the lens-equns.

r 1.1
v
L L
we have D u f
1 D+,
B uy, =D

or, u,=fD/D+f,

Since u_= EB,, we substitute this in eqn.
(13.9.2) and obtain

. fo(D+1,)
f.D

44
f. D
This eqn. shows that f; should be large and f_
small for large magnification.

M

- ..1393

Comparing eqn. 13.9 (1&3), we conclude

MNear point > MNurmuI vision

It should be noted that objectives of large
aperature should be used, as they will not only
make the magnified images brighter, they will
also have large resolving power, as a result of
which it will be possible to view the objects
with minute details.

13.9 B. Reflecting Telescope:

Many of the larger astronomical
telescopes use a parabolic-shaped concave
mirror in place of objective lens (as in refracting
type) as shown in Fig. 13.14 below. The light
entering the telescope from a distant source is
considered to be parallel.
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When the rays strike the large concave
mirror, they reflect in such a manner that they
converge at the principal focus 'f'. The rays are
intercepted before reaching 'f' by a smaller
convex mirror which redirects the rays through
a hole in the centre of the large concave miror
so that the rays now come to a focus at P. In
practice, a camera or some other recording
device such as a spectrograph is placed at this
point P.

A reflecting telescope has the
disadvantage that it is more liable to experience
the problem of astigmatism and coma than do
refracting telescospes. Because this problem is
less serious in small refracting telescopes,
reflecting telescopes are generally used in larger
astronomical telescopes.

Ex.13.1 : A short-sighted person can read a
book distinctly when it is held at 20 cm from
his eyes. Find the focal length and power of
lens, which he will use if he wishes to read a
book at a distance of 80 cm.

SOlll.
Object (Book) is placed at 80 cm.
~. u=- 80 cm (with sign convention)

The imagg of the book should be brought to 20
cm, so that it can be seen clearly.

- p=-20cm



Eye and Optical Instruments

By ) on
Hence the egn. e gives

=80
=T cm=-26.7cm

The -ve sign shows that the lens is concave.

1

o f(in met)

|

R
3x100

300
T 375D
Ex.13.2: A long-sighted person has a inimum
distance of distinct vision of 50 cm. What kind
of lens must be used in order to reduce the
distance to 25 cm ? Find the focal length and
power of the lens.

Soln.

As such, the person cannot see objects at
25 cm. Hence an object placed at 25 cm should
form an image at 50 cm, for seeing the object

u=-25cm
v =-50cm
S et .
ence 50 75 f
Jeood oo
B F %0 28

agea s
© T 50

f=+50cm

The lens to be used is a convex lens of focal
length 50cm.

P(inD)= =+2D

|

(50/100)
Ex. 13.3: A short-sighted person sees objects
most distinctly at a distance of 15 cm. If he
wears his spectacles at a distance of 1 cm from
his eyes, what focal length should they have so
as to enable him to see distinctly gt a distance of
29¢cm.

Soln.
Object Im age I,
: Eye
-
icm
: 15¢cm J
. 29cm :
u=29-1=28cm

v=15-1=14cm
with sign convention :

u=-28cm

v=-l4cm

so the u-v relation gives :

g g
e N e
f-14 " 28
gk
28
f=-28cm

Hence the lens to be used is concave with focal
length 28 cm.
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Ex.13.4: A person can focus objects only when
they lie between 50cm and 300 cm from his
eyes. What spectacles he should use to increase
his maximum distance of distinct vision to
infinity. Find the range of distinct vision.

Soln.

An object at infinity should form its image
at the far-point of 300cm to be seen clearly.

u= oo

v =-300 cm (with sign convention)

or, =-300cm

So the lens is concave of focal length 300 cm.
To find the lower limit of vision, corresponding
to the existing 50cm with the above concave
lens in use, we apply u-v relation :

f=-300cm
v=-50cm
AT e 1
300 -50 wu
Nt NS Tl |

% T300°50 u

or, ‘u=-60cm

Thus the range of distinct vision is now has the
range from 60cm to .

Ex.13.5: A magnifying glass is made up of a
combination of convex lens of power +20 D
and aconcave lens of power - 4 D. If the distance
of distinct vision of the eye is 25 cm, calculate
the magnifying power.

Soln.
P=P|-}-l:"2
=+20D-4D
=+16D

Bureau's Higher Secondary Physics

1
Power (in D) = m
f( t)-L
in met) = T
;10025
or, 6 a ™

Magnifying power of a magnifying glass

=l+2
Here D =25cm
and f=‘z-crn

(i.e, focal length of the combination of convex
and concave lenses)

Magnifying power = 1+ @58 =3
Ex. 13.6: Two convex lenses of focal lengths
of 1 cm and 6 cm respectively are arranged to
form a microscope. A small object is placed 1.2
cm from the objective. If the image appears to
be 25c¢m from the eye-piece, what is the
distance between the objective and the eye-
piece ?

Soln.
6cm
X . X X .
1.2ecm 25¢cm
Consider objective (Ll) $
u=-12cm
f,=+1cm
S0 T g |
. =
v 12 1
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or, " v=+6cm

LIAl =6cm

Consider eye-piece (Lz) -
v=-25cm

fz=+6cm

l —
or, = P
u

150 _
L2A1= 3l =4.84 cm

Distance between objective and eyepiece - -

=LL,

=LA, + All...!

=6+4.84

=1084cm .

Ex.13.7: In an astronomical refracting telescope,
the focal length of the objective and the eye-
piece are 80 cm and 4 cm respectively. Calculate
the following if the final image forms at infinity:
(i) magnifying power of the telescope (ii)
Distance between the objective lens and the eye-
piece.

Soln.

This is the adjustment for normal vision
of the telescope.

Hence Magnifying power

focal length of the objective

~ focal length of the eyepiece
fO

M=

fe
80

=— =2

2 0

Further in the normal vision position :

Distance between objective and eyepiece
=f +f
o e

=80+4
=84 cm

Ex.13.8: The focal lengths of objective and eye-
lens of an astronomical telescope are 200cm and
5 cm respectively. Calculate the magnifying
power, when the final image is formed at the
least distance of distinct vision.

Soln.

This is the "final image at Near-point”
arrangement of the telescope, for which: the
magnifying power is given by :

49
£t -D
Here f =focal length of objective = 200cm

fe = focal length of eyepiece =5 cm

D= least distance 6f distinct vision =25cm
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= 40[1 + "l"]
5

=48
SUMMARY
1. Human eye :

Cornea, aqueous humour crystalline lens
and vitreous humour form a series of refracting
surfaces. The crystalline lens acts like a convex
one, whose focal length changes with the help
of ciliary muscles, thus enabling objects at
different distances to be focused on the retina.

2. Defects of eye :

a)  Long-sight: A long-sighted person
cannot see near objects distinctly.
This is remedied by convex lens.

b)  Short-sight : A short-sighted person
cannot see distant objects clearly.
This is remedied by concave lens.

¢)  Presbyopia: This is due to old age
when there is loss of elasticity of
the ciliary muscles and eye-lens.
Bifocal lenses cure this defect.

d)  Astigmatism : Due to this defect, a
person cannot see clearly both the
horizontal and vertical sections of
the body. Cylindrical lenses can
rectify this defect.

3. Microscopes and telescopes are optical
instruments, which are used to see
respectively near and distant objects
distinctly.

Bureau's Higher Secondary Physics

(a) Mircoscopes are of two types : Simple
microscope and compound microscope.

In a simple microscope, one convex lens
is used. Its magnifying power (M) is given by

M=I[+ E
: f
where D = least distance of distinct vision.
f = focal length of the convex lens.

A compound microscope is a two-lens
system [i.e., objective (0) and eye-piece (e)] and
it produces greater magnification than a simple
microscope. Its magnifying power is given by

.M=(U—"-1J[l+2]
fo I

where ‘o' refers to objective

and ‘e’ refers to eye-piece

(b) Astronomical telescope is a refracting
telescope to see distant bodies.

Its magnifying power (M) is
f

A

M=

where fn = focal length of objective

and f = focal length of eye-piece

When the astronomical telescope is set for
normal vision :

the distance between the objective and
eye-piece =f +f,
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MODEL QUESTIONS

)

. @) convex lens

Multiple Choice Type Questions :

Loss of ability of eye to focus on near
and far object with advancing age is called

a) Presbyopia

b) Astigmatism
¢) Hypermetropia
d) Myopia

With a simple microscope, if the final
image is located at the least distance of
distinct vision, (i.e., D), from the eye
placed close to the lens, then the
magnifying power is

D
a) ‘t“ b)l""f—
s &) FxD
C D X

For distinct vision / normal vision, the eye
is focussed on an object at

a) infinite distance b) 25 cm away

c) 25mmaway  d) 25 meters away
A myopic patient uses

b) concave lens

¢) cylindrical lens d) bifocal lens

A presbyopic patient can see objects only
when they lie between 50 cm and 200 ¢cm
from the eye. Then the focal length of the
correcting lens required while reading is
a) concave lens of focal length S0 cm
b) convex lens of focal length 50 cm

¢) concave lens of focal length 300cm
d) convex lens of focal length 300cm

In question No. 5, the focal length of the
correcting lens for seeing distant objects is
a) concave lens of focal length 50 cm
b) convex lens of focal length 50 cm

¢) concave lens of focal length 200cm
d) None of the above

7.

10.

11.

The ratio of the focal length of the
objective to the focal length of the eye-
piece is greater than 1 fora

4) telescope

b) microscope

¢) both telescope and microscope
d) neither telescope nor microscope

The focal length of the lens in the human
eye is maximum when it is looking at an
object at

a) infinity

b) 25 ¢m from the eye

¢) 100 cm from the eye

d) avery small distance from the eye

With a simple microscope, if the final
image is located at infinity, then its

magnifying power is
a) D/f by 1+D/f
c) f/D dDxf

An observer looks at a tree of height 15
meters with a telescope of magnifying
power 10. To him the tree appears

a) 10 times taller
b) 15 times taller
¢) 10times nearer
d) 15 times nearer

An astronomical telescope has a
converging eyepiece of focal length 5cm

. and objective of focal length 80 cm. When

the final image is formed at the least

" distance of distinct vision (25 c¢cm), the

separation between the two lenses is
a) 75cm b) 80 cm
c) 84.2cm d) 85¢cm
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12.

13.

14.

15.

16.

17.

The focal length of the objective and eye-
lenses of a microscope are 1.6 and 2.5

~cm respectively. The distance between

the two lenses is 21.7 cm. If the final
image is formed at infinity the distance
between the object and objective lens is
a) 1.8cm b) 1.7cm

¢) 1.65cm d) 1.75cm

In question No. 12, the magnifying power
of the microscope is

a) 11 b) 121

c) LI d) 44

For an astronomical telescope used in
normal adjustment, objective and the
eyepiece are separated by a distance of 55
cm. If the magnifying power of the telescope
is 10, the power of the objective is

a) 5D b) 50D

c) 2D d) 05D

A certain far-sighted person cannot see
objects closer to the eye than 100 cm. The

power of the lens which will enable him
to read at a distance of 25 cm will be

b) I dioptre

d) 2 dioptre

In a compound microscope, the focal
lengths of objective and eye-lenses are
1.2 cm and 3 cm respectively. If the
object is put 1.25 cm away from the
objective lens and the final image is
formed at infinity, the magnifying power
of the microscope is

a) 150 b) 200
¢) 250 d) 400

In order to increase the magnifying power

aj 3 dioptre *
c) 4dioptre

-of a microscope
a) the focal powers of the objective and'

eye-piece should be large.

b) objective should have small focal
length and the eye-piece large.

18.

19.

20.

21.

c) 95/89

Bureau's Higher Secondary Physics

¢) both should have large focal lengths

d) the objective should have large focal
length and eye-piece should have
small focal length.

You are supplied with four convex lenses
of focal lengths 100 cm, 25 cm, 3 cm and
2 cm. For designing an astronomical
telescope, you will use lenses of focal

lengths

a) 100 cm and 25 cm

b) 100 cmand 3 cm

¢) 25cmand 2cm

d) 100cmand 2 cm

Astigmatism can be corrected by using

a) Bifocal lenses

b) concave spherical lenses

¢) plano-convex lenses

d) cylindrical lenses

The length of a simple astronomical

telescope is

a) the difference of the focal lengths
of two lenses.

b) half the sum of focal lengths

¢) the sum of the focal lengths |

d) porduct of the focal lenghts

A compound microscope has an objective
and eye-piece as thin lenses of focal
lengths | cm and 5 cm respectively. The
distance between the objective and eye-

. piece is 20 cm. The distance at which

the object must be placed in front of the
objective, if the final image is located
at 25 c¢cm from the eye-piece is

numerically _
a) 9576 b) 5

d) 25/6
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22.

23.

25.

26.

A hypermetropic person has to use a lens
of power + 5 D to normalise his vision.
The near point of the hypermetropic eye
is

a) Im b) 1.5m

¢) 0.5m d) 0.66 m

A person cannot see objects clearly

beyond 200 cm. The power of the lens to
correct the vision is

a) +0.5 dioptres
b) -0.5 dioptres
¢) +0.2dioptres
d) -0.2 dioptres

How should people wearing their
spectacles work with a microscope

a) They should keep on wearing their
spectacles
b) They should take off their spectacles

¢) They may either put on their spectacles
or they may take off their spectacles;
it makes no difference

d) They cannot use the microscope at all.

A telescope has an objective of focal
length 50 cm and an eyepiece of focal
length 5 cm. It is focussed for distinct
vision on a scale 200 cm away from the
objective. Then the optical length of the

. telescope is
a) 200/3cm b) 25/6cm
c) 425/6¢cm d) 375/6¢cm

In the human eye the focussing is done

by

a) To and fro movement of the eye
lens.

b) To and fro movement of the retina’
¢) change in the convexity of the lens

d) change in the refractive index of the
eye-fluid.

217.

28,

29,

30.

31

32.

33.
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The magnifying power of compound
microscope in terms of the magnification
m , due to objective and magnifying
power m_ by the eye-piece is given by
a) m /m, b) m xm,
c) m +m, d) m, /m,

An individual with one eye is likely to
a) have stereoscopic vision

b) have binocular vision

¢) misjudge distance

d) None of the above

The length of an astronomical telescope
for normal vision is

a) f xf b) f /1,

c) i"c!fo d) f + fc

Large apertures of telescope are used for
a) greater magnification

b) greater resolution

¢) reducing lens-aberration

d) ease of manufacture

The image of a distant object as seen
through an astronomical telescope is

a) erect’ . b) inverted

c¢) perverted d) none

The final image produced by a simple
MiCroscope is

a) “erect

b) inverted

c) real and erect

d) real and inverted

The magnification is more than unity

when object is placed at a distance d from

a convex lens, Its focal length is 20 cm.

Whatisd ?

a) Greater than 20 cm

b) Lessthan 20 cm

¢) 40cm

d) Greater than 20 ¢m but less than
~ 40cm.
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34,

35.

36.

37.

38.

B.

When the length of a microscope tube

increases, its magnifying power

a) decreases

b) increases

¢) does not change

d) may increase or decrease

The focal length of the objective of a

microscope is

a) greater than the focal length of the
eye-piece.

b) less than the focal length of the eye-
piece.

¢) equal to the focal length of the eye-
piece.

d) none of these

A man uses spectacles having concave

lens of focal length 50 cm. He can see

objects lying at 25 cm clearly by using

the spectacles. How far a book must be

kept from the eye-lens if he does not use

his spectacles ?

a) 33.3cm b) 50 cm

¢) 25cm d) 50/3 cm

A book looks red when seen through a

piece of red glass. Then the cover must

be of

a) red colour b) white

¢) green d) red or white

The length of a telescope is 100 cm and

magnification is 18. The focal lengths of
objective and eye lens are nearly

a) 90 cm and 10 cm
b) 85cmand 15 cm
¢) 80cmand20cm
d) 95cmand 5 cm

Answer as directed :

Is spectrum of moon light emission
spectra ? (Yes/No)

9,

10.
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Why red light is used for danger signal ?

An endoscope is a narrow telescope or a
simple microscope ?

A spectrum is formed by a prism whose
dispersive power is w. If the deviation of
the mean ray is 8, the angular dispersion
of the spectrumis .

The magnifying power of an astronomical
telescope is 8 and the distance between
the two lenses is 54 cm. What is the focal
length of eyelens and objective ?

To increase magnifying power of asimple
microscope what type of eye-piece you
will choose : Higher or smaller focal
length ?

For a telescope, in which case the
magnifying power is maximum : Normal
adjustment or Near point adjustment.

Why objective of large aperture is taken
in a telescope ?

Why eyepiece of small aperature is
taken ?

A star subtends an angle of 2° at eye.
When seen through telescope, it subtends
an angle of 40° at eye. The magnifying
power of the telescopeis ____.

Very Short Answer Type Questions :

What lens should be used forthe removal
of long-sightedness ?

What is the cause of short-sightedness ?

How magnifying power of a magnifier is
related to focal length ?

How magnification of a compound
microscope varies with the focal length
of the eye-piece ?

What is the distance between objective
and eye-piece of an astronomical
telescope for normal vision-setting ?
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6.

el
.

E.

Astronomers prefer to use telescope with
large objective diameters to observe
astronomical objects. Exaplain why ?

[CBSE Sample Paper]

Draw a ray diagram to show the image
formation in a refracting type
astronomical telescope in the near point
adjustment.  [CBSE AI 2008, 07, 04]
Draw a labeled ray diagram of a
compound microscope.[CBSE Al 2010]
Short Answer Type Questions :

What is the function of the objective lens
in an astronomical telescope 7 Why
should it have a long focal length and a
large aperture ?

In what way a compound microscope is
superior to a magnifying glass ?

What do you mean by normal setting of a .

compound microscope ? How its
magnifying power differs, when it is set
with the final image atinfinity ?

What is meant by the normal setting of
an astronomical telescope ? How its
magnifying power differs, when it is set
with the final image at near point 7

In what ways the size of the eye-ball is
responsible for various defects of the eye ?

How the focal length of the eye-lens
accounts for various defects of eye 7

Long Answer Type Questions :

What are short sighted and long-l

sightedness ? Describe their causes and
remedies ?

What is a microscope ? Describe a simple
microscope and derive an expression for
its magnifying power.,

Write notes on magnifying power of ;-
(a) amagnifier '
(b) acompound microscope

(c) anastronomical telescope

1
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With a neat ray diagram, describe the
Principle, working and use of a
compound microscope. What should be
done for achieving large magnifying
power ?

With a neat ray diagram, describe the .

Principle, working and use of an
astronomical telescope.

‘Numerical Problems :

A short-sighted man can read printed
matter distinctly when it is held 15cm from
his eye. Find the focal length of the glasses

~ which he must use if he wishes to read

with ease a book at a distance of 60cm.

A long-sighted person can see clearly at
any distance more than 100cm. What
kind of lens should he use in spectacles
to be able to read print placed at 25¢m
from his eye ? What is the power of this
lens ?

A person can focus objects only when
they lie between 0.5 m and 3m from his
eyes. What spectacles should he use to
increase his maximum distance of distinct
vision to infinity.

A simple microscope is made of a
combination of two lenses in contact of
powers +15 D and +5 D. Calculate the
magnifying power of the microscope if
the image 1s formed at the least distance
of distinct vision 0.25 meter.

The objective and eye-piece of a
microscope have focal lengths | em and
2cm respectively and separated by 12 cm.
A person, whose distance of distinct
vision is 25 cm uses the microscope to
see a small object, Where must the object
be placed ?

A telescope tube 80cm long provides a
magnification of 19. Calculate the focal
length of the objective and eye-piece.

A telescope has an objective of focal
length S0cm and an eye-piece of focal
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10.

length 5 cm. The least distance of distinct
vision is 25cm. The telescope is focussed
for distinct vision on a scale 200cm away
from the object. Calculate the separation
of the objective and the eye-piece.

In a compound microscope, an object is
placed at a distance of 1.5 cm from the
objective of focal length 1.25 cm. If the
eye piece has a focal length of 5 cm and
the final image is formed at the near point,
estimate the magnifying power of the
microscope. [CBSE 2010]

~ A compound microscope with an

objective of 1.0 cm focal length and an
eye-piece of 2.0 cm focal length has a tube
length of 20 cm. Calculate the magnifying
power of the microscope, if the final
image is formed at near point of the eye.

[CBSE 2004]

An astronomical telescope uses two
lenses of powers 10 D and 1 D. What is
magnifying powerin normal adjustment?

[CBSE Al 2010]

—_—
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Correct the following sentences :

The distance of distinét vision for a
normal eye is 30 cm.

A person suffering from long-sight can
see near objects clearly but not distant
objects.

One of the reasons for short-sight ina
person is flattening of the eye ball.

The objective of telescope has small
aperture.

For a simple microscope with image at
infinity the magnifying power M is given
as M = (1+ D)/f, where D is the distance
of distinct vision and f is the focal length
of the lens used in simple microscope.

A person suffering frbrn long sight uses
convex lens.
The distance between objective and eye-

piece of an astronomical telescope for
normal vision settingis (f, +f /2. ~
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ANSWERS

)

A.

Multiple Choice Type Questions :

1
9.

17.
25.
33.

@ 2 ® 3 ®B 4 0
(a) 10. (¢) 11. ) 12. (d)
(@ 18. (@ 19. d) 20. (c)
© 26. () 27. (1) 28. (©
(d) 3. (a) 35. (b) 36. (d)

5. (b)
13. (b)
21. (¢)
29. (d)
37. d)

6. (c)
14. (c)
22. (a)
30. (b)
38. (d)

7. (a)

15. (a)
23. (b)
31. (b)

8. (a)
16. (b)

24. (b)
32. (a)

1. No. 2.1t has high wavelength and scatters least 3. Narrow telescope 4. 8w 5. f, =6cm
f =48 cm 6. Smaller focal length 7. Near point adjustment 8. To collect suffi cient light
and form bri ght image of very distant objects 9. So that the whole light may enter the eye
10. 20.

Very Short Answer Type Questions :

1. Convex lens
Numerical Problems :
1. concave, 20 cm
2. convex,+ 3D
3. Concave,3m

6

1.11 cm from the objective

. 76cm,4cm

7. 70.83cm
8. -30,
9. -270
10. -10



Wave Optics and Interference

14.1: Theories of light :

Any theory of light, 10 be successful,
must take into account the following observed
and experimentally verified facts about light :

a. It is a form of energy

b. It is capable of moving - even
in vacuum.

C. Rectilinear Propogation-of light

d. Reflection

e Refraction

f. Simultaneous reflection,
refraction and absorption.

g. Dispersion

h. Interference

i Diffraction

j. Polarisation : Double refraction

k. It exerts pressure

L. Photo electric effect
m. Spectrum of light

n. Velocity of light is less in a
denser than in a rarer medium.
However it does not depend on
the colour of light or
temperature of the source.

There have been some important theories of
light :

(i) Corpuscular Theory (Newton) 1575:

It says that light source emits material
particles (corpuscles) of small size with little
mass - moving with the velocity of light.

(i1) Wave Theory (Huygens) 1678 :

Light moves in the form of waves
through a hypothetical medium, called ether.
The great success of this theory is that it can
explain satisfactorily interference, diffraction,
polarisation which could not be explained by
earlier theory.

(iii) Electromagnetic Theory (Maxwell) 1873 :

Light consists of electromagnetic waves
and can move in vacuum.

(iv) Quantum theory (Max Planck) 1901 :

Light consists of particles, called
photons. ‘

(v) Dual nature of light :

Since neither the particle theory nor the
wave theory can each independently explain all
the phenomena or facts associated with light,
now it is presumed that light sometimes behaves
as a wave and sometimes as a particle. This wave-
particle nature is called the dual nature of light.

14.2: Huygen's wave theory :

Huygen supposed that light energy is
transmitted by waves. But since it is essential to
have a medium (as in the case of sound waves)
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for wave-propagation, he conceived of a
hypothetical medium, called ether, which has
very small density and large elasticity. Ether is
continuous, pervading all space and matter. Thus
this ether concept can explain the transmission
of light from sun to earth through the vacuum
of the inter-stellar space, since vacuum, as per
Huygen's hypothesis, is also filled with ether.

Huygen's Principles of wave-
propagation are :

(i) (a) Wave-front :

Consider a source of light. Each point
of the source emits waves in all directions. These
waves in turn vibrate the ether-particles of the
medium. The continuous locus of the ether-
particles, vibrating in the same phase (i.e, the
same state of vibration) constitutes a wave-front.

Shape of wave-front :

The shape of the wave front is
determined by the shape of the source.

For a point-source, the wave front is
spherical, with the source as the center because
the points on the sphere, being equidistant from
the source are disturbed simultaneously and
~ hence are in the same phase. (Fig 14.1: Ois the
source, ABCD is the wave front - spherical)

In case, the source is in the form of a
straight line, the wave front is cylindrical, with
the source acting as the axis of the front. (Fig.
14.2 : 00" is the line-source; cylindrical wave
front envelopes it symmetrically)

D D A —a] A
¢ A
—

B ol B B
Spherical Cylindrical Plane
wave wive wave
front front front

Fig. 14.1,2 & <
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When the spherical / cylinderical wave front
moves a very large distance, their radius
increases. So their curvature decreases, i.¢., they
become more and more plane. Thus a plane
wave-front is generated out of a protion of
spherical or cylindrical wave-front with large
radius. '

(b) Secondary wave lets :

Each point on the wave front now

becomes a new or secondary center of

disturbance, so that fresh waves emanate out of
it. These waves are called secondary wavelets,
which travel in all directions with the velocity

of light.
3 _
%, -
1 ' <
; 2
3

Secondary wavelets

Fig. 14.4

S = (Point) source of light
(1,1),(2,2), (3,3) = (Spherical)

wave fronts from S
P = A point on wavefront (3,3)

A,B,C = New waves (called lseca:mc.‘.ary
wavelets) start moving with their center at P. Thus
the behaviour of point P is similar to that of S.

(ii) Construction of new wave front :

Now we shall consider how a wave
front advances. For example, let us consider
about what happens to the wave front (3,3) in
Fig. 14.4 after a time interval t.
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Fig. 14.5

All the points (say a, b, ¢, d...) in the wave
front (3,3) will generate secondary spherical
wavelets (A, A)), (B, B)), (C,C)), (D, D,)).. of
radius ct, where ¢ is the velocity of light,

As seen in the Fig. 14.5, the points A, .

B, C, D are in the same phase. Hence by
continously joining these points (i.e, the loci),
we get an envelope (ABCD) of these wavelets.
It may be noted that A, B, C,, D, are also
having a common phase and their loci will be
giving another envelope A B C D . However
out of these two envelopes ABCD and
A B,C D, we accept the first one (ABCD),
butreject A\ B, C, D, , because the first one is in
the forward direction (of light) whereas the
second one is in the backward direction.

Huygen's theory says that the envelope
of the secondary wavelets in the forward
direction gives the position of the new wavefront
at a subsequent time.

14.3 : Wave front and ray :

Ray is the direction, in which light
energy is transmitted. In a homogenous,
isotropic medium, ray is perpendicular to the
wave front.

L

C

Fig. 14.6 (a) Wave front and Ray

Bureau's Higher Secondary Physics

S = point source of light
1,2,3 = spherical wave front
a,b,c, = Rays

L 2eR

2 3
Plane wave fronts (1,2,3) and rays (a,b,c)
Fig. 14.6 (b)

Rays are perpendicular to wave fronts -
14.4 : Success of wave theory :

An important success of wave theory
over corpuscular theory is that it satisfies
experimental verification.

For example, as per corpuscular theory,
_ velocity of light in water _ v,
- velocity of light in air i _U-:
But as per wave theory

velocity of light in air _Y,

g velocity of light in water v,

It is experimentally found that the
formula, as derived in wave theory, is correct-
showing that velocity of tight in air is higher
than that in water. (i.e., Velocity . = >
Velocity, ... medivm

14.5: Application of wave theory :

arw

(a) Dispersion :

¢ Red

Red Blu

Blue
Fig. 14.7 (Wave theory : Dispertion)
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AC = Plane wave front of white light .

Let the time taken by light to move from
the point C to D = t. During this time (1), the
distance travelled by Blue and red light are AB
and AR respectively. (These distances are un-
equal, since the velocity of blue light < vel of
red light in glass-medium, as per the findings of
the wave-theory of light).

Now BD = wave front of blue light

and AB, DB1 = Blue rays.
Similarly, DR = wave front of red light
and AR, DR = Red rays.

Thus the white light is dispersed,
separating into component colours (Blue ... Red)
by the process of refraction.

The process of dispersion has, thus, been
explained by wave theory.

(b) Refraction through prism at minimum
deviation position :

Fig.14.8
Wave theory : prismatD_- position

XBC =Principal section of a prism

A = Angle of the prism

BH  =Incident wave front

EC = Emergent wave front

HXE = Path of the ray through air

BC = Path of another ray through. ..
material of the prism (say, glass) -

By wave theory of light
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_Distance travelled in air
Distance travelled in glass

_ (HX+XE)
~on R
_2HX 14.5.1
_ BC Bew -. .
(Minimum Deviation position,
being symmetric)

We have

ZHXB +A + ZCXE+D,, =180°

180° —(A+D,,)

ZHXB =
2

or, ..1452

(~ ZHXB=£ZCXE, HB
being equal to CE)

cosﬂ-IXB=P—D(—-
XB

XH = (XB)cos ZHXB

180—(A+Dm))
2
by eq. 14.5.2

A+D,
2

But

so that

= (XB)cos[

= (XB)sin
..14.5.3

In the triangle XBM, SinA /2= BY";-

sothat + BC =2BM~
=2(XB) SinA/2 ..1454
Substituting eqns. 14.5 (3 & 4) ineqn. 14.5.1:
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2(xB) Sin 2t P
He = T XB) SnA /2
Sin A+D,
e e 1455
SinA/2
14.6: Interference :

Interference of light is based on the

Principle of superposition of waves,

If two light-waves having the same
frequency and amplitude with their vibration in
phase (i.e. they start from cohorent sources)
superimpose on each other, then their resultant
intensity in the region of superposition is
different from the sum of their individual
intensities. This modification in the intensity-
distribution is called the interference of light.

* If the resultant intensity is greater than the
sum of the component i.e. individual intensities,
then the interference in constructive. However
if the resultant or combined intensity is less than
the sum of the individual intensities, then there
is destructive interference.

14.7: Coherent Sources : -

The idea of cohorent sources is extremely
important for the phenomenon of interference.
Suppose we consider a tuning fork as a source
of sound. If it is struck, then the entire tuning
fork vibrates as a whole (i.e, as one unit - or,
bulk phenomenon). Similarly in case of a flute,
producing a note, all the air-particles oscillate
in the same phase. But this is not so, in case of
light-source.

For example, let us consider sodium-
vapour lamp. When we supply heat-energy to

it, the sodium-vapour inside the lamp gains in -

energy. Hence the innumerable sodium atoms

(about 10" atoms in one cubic-mm-volume) are -

subjected to energy-gain. These atoms are in

excited state - which is unstable and temporary. -
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They come to the ground or normal state-
emitting light-waves in a very small time-span
of nearly 10°® second. Since the light-waves are
emitted at random by the atoms - independent
of each other - (i.¢, not in a bulk, as in the case
of sound-source), there is no co-ordination
between the waves, emitted by them. Such type
of waves are said to be incoherent and they
cannot produce interference-pattem.

Hence care should be taken for obtaining
coherent sources such as : (i) light-source and
its image or (ii) two images (real or virtual) of
the same source etc.

14.8 : Young's Double slit experiment :

It was performed by the physicist Young
in the year 1800 to demonstrate the
phenomenon of interference using sunlight.

X
D
Sun fight S, g
- Wk Toay ol ] B
— S, D
: B
D
¥
Fig. 14.9
S = Pin-hole
$,8,= Two pin-holes, placed at an
appreciable distance from S
XY = Screen, placed at a good distance

frqm S, Sz‘ .

The space between the stand containing
S,S, and the screen XY is the region of
superposition of light-waves, emanating from
the pin-holes S, S, (i.e. two coherent sources)

B = Bright coloured band

D = Dark Band
B and D"are produced due to interference of

white light coming out of the two coherent
sources.
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Now-a-days, to improve the experimental
set-up, the pin-holes are replaced by two parallel
narrow slits (S, S,) and sun-light is replaced
by a monochromatic source of light (S), so that
the wave fronts are cylindrical.

Theory :

Interference can be analytically explained
by the wave-theory of light.

Fig. 14.10

Two very close, parallel slits
which are equidistant from
the source S. (They act like
two coherent sources).
Screen, placed parallel to S,
| and S,

Let us find out the effect of interference
at a point P on the screen XY.

The equation for the light wave starting
from S, is given by :

t S,P
= n2 P MG~
y) =a;sin n[ A )

y, = Displacement at P due to the
wave starting from S, at time t
S,P=path of the light from S, toP

Similarly the eqn. of light wave starting
from S, is given by :

=8 s'inZn(l—.—sﬁ)
Y2=2; T A

Y, = Displacement at P due to the
wave from S, at time t
S,P =path of the light from S, to P

..14.8.1

where

..14.8.2

where

423

We may note that the values of T and
3. have not been changed in eqns. 14.8.(1 & 2),
since the two waves are derieved from two such
slits, which originate from the same source. S
and hence coherent.

At the point P, the above two waves are
superposed. Hence by the princple of
superposition, the resultant displacement (y) at
Pis obtained by :

y=Yrt¥;
= a,Sin 2_“[1__%]
+ SR A
]
+a sz—n[l—szp]
WS X
...14.8.3
Putti 2—ﬂ—w
ng T
-2n
— (S P)=o
y (SP)=qa,
and ..14.8.4

-2n
= S P =0,
x (S,P)=a,
we have from eqn. (14.8.3)
Y= a|Sin(Wl +(1| ) +azSin(“rl + az)
= a,Sin wt Cosa, +a,Cos wt Sin o) +
a,Sin wt Cosa, +a,Cos wt Sin o,

= Sin wt (a,Cosa; +a,Cos o,)+

Cos wt(a, Sina, +a, Sina,)
..14.8.5

Put  a,Cosa, +a,Cos a,= R CosO
and a, Sina, + o, Sina, =R Sin® ...14.8.6
so that eqn. 14.8.5 gives:
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¥y =R Sin wt Cos0 + R Cos wt Sinf
= R Sin(wt+86) .. 14.8.7

Eqn. (14.8.7) is the resultant wave equation,
which is of Periodic nature with amplitude R.
This can be analysed as below :

Resultant Amplitude =R
= ’RZ

= JR*(Cos20 +Sin’6)

= J(a,Cosa, +a,Cosa,)’ +
(a,Sina, +a,Sina,)’
by eqn. 14.8.6
Hence the resultant intensity = I = R?

= (a,Cosa, +a,Cos,)* +
(a,Sine, +a,Sina, )

= a,z +al.2 +2a,a, (Coso,Cosa, +
Sina Sina, )

=a,% +a,° +2a,a, Cos(a, —a,)
..14.8.8

But d'l =0, = E’?‘(SEP—SIP) by €q. 14.84

o .
= TR (Path difference)

= Phase difference (by definition)
= § (say) ..14.8.9
Substituting this in eqn. 14.8.8,

I=a,+a,” +2aa, Coss ..14.8.10

Intensity (1) is maximum, when Cosd=+1"
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i.e,6 =02n4n,...2nnt wheren=0,1,2....

Using eqn. 14.8.9 above,
-2% (Path difference) =0, 2n,4m,....2nn

or, Pathdifference =0, A.2A,....nA
...14.8.11

Thus the condition for maxime (i.e.,maximum

intensity or bright fringe) is that the path

difference should be an even multiple of A./2.

The value of maximum intensity can be
calculated as :

= =af-¢-a§+2a‘,a2 (v cosd=1)

= I, +1,+2a,a, ..14.8.12

where I, =Intersity of the 1st wave [, =Intersity
of the 2nd wave

. > Sum of the individual
intensities (I ;1) of the two
interfering waves.

where Im

Iis minimum, when cosd = -1

ie, d==n3n5m,..2n+=n

wheren=0, 1, 2, ....
or, E;‘l (Path difference)= m,3%n,57,...(2n+ I)n

3

A S5A A
: i . B KoL SRS UG Vi
-, Path difference "2 "% (2n+ )2

..14.8.13

Thus the condition for minima (i.e.,
minimum intensity or dark fringe) is that the Path
difference should be an odd multiple of /2.

The value of minimum intensity can be
calculated as follows :

.
e "
Il‘l'lil'l = al +az “2a|ﬂz

= Il + Iz == 2a|az ses 14.8. 14
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Daik fringes (Minima) :

By eq. (14.8.13), condition for the dark
fringeis:

Path difference = SzP - S'P

A
=(2n+1)—
( )2

Equating this with eq. 14.9.3, we get :
2x,d

A
=(2n+DHZ
n )2

where n = position of the n" dark fringe

X, =(2n+ l)%
Similarly x,,, =(2n+ 3)%
Thus Xnst — X = %(2]
= PZ% «14.9.7

Fromeqns. 14.9 (6 & 7), we find that the fringe-
width (both for the dark and bright fringes) is
the same and they are all equispaced.

14.10: Conditions for interference :

Conditions for interference may be
covered in three categories :

(a) conditions for sustained

interference

(b) conditions for observation of
fringes

(c) conditions for good contrast
between maxima and minima

(a) Conditions for sustained interference : '

They are mainly related to source.
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(i) The sources should be coherent,
i.e., they should either vibrate in the
same phase or there should be a
constant phase difference between -
them, i.e., d ineqn. 14.8.10 should
be constant with respect to time.

(i) The sources should emit light of the
same frequency.

(iii) If the interfering waves are
polarised, they should be in the
same state of polarisation.

(b) Conditions for observation of fringes :

(i) The separation between the two
sources (2d) should be small (Refer
fringe-width eqn. 14.9.6

rD : ;
w= o ). so that the fringe-width

will be large.

(i)  Forthe above reason, D (= Distance
between source and screen) should be large.

(i) The background should be dark.
(c) Condition for good contrast :

(i)  The amplitude of the interfering
waves should be equal or nearly equal, so that
the minima will have almost zero light, because

Loin = (8 “az)z_
=0(il’aI =a,)

(i)  Sources must be narrow; otherwise
the maxima and minima will overlap and there
will be general illumination in place of a fringe-
pattern.

(i) If sources are white or
polychromatic, then path difference should be
small; otherwise there will be intermixing of
colours at any given point in the region of

superposition.
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SUMMARY

1. Maxwell introduced the idea of
dispalcement curent and hence
generalised Ampere's law to include time-
varying electry field.

There are two possible sources of
magnetic field: the conduction current(l)
and the displacement current [ .

)

The existence of electromagnetic wave
was proposed by maxwell and was later
realised by Hertz.

3. E.M. waves transverse in nature, with
electric and magnetic fields oscillating in
mutually perpendicular directions and
both being perpendicular to the direction
of propagation.

4. These waves do not require a medium for
their propagation.

5.  Invaccume.m. waves travel with a speed
'C' where " =3x10"ms™

6.  Inany other medium, speed of e.m. wave
1

T

7.  Average electric and magnetic energy
densities are equal to each other.

is 9=

1 .
(U,,)=.(U_)=Ze,, E§=17:—Bg

1
8.  Intensity of radiation / = 7% E;C

Ex.1: The magnitude of electric field vector
(E,) in an electromagnetic wave is 45;;- volt/
m. Find B, and maximum energy density.

(Given thal =

C=3x108 ms™ .\ =42 %107 henry/m)
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Soln.
E_¢
B,
EO0 457 X
? Ix10° T'=157%x10-8 tebla

or B, =47.1x107°T.

Maximum energy density

- 82
Ve L g2 (157x10°)

= -3
2" 2xdaxil?

Ex.2: The frequency range of visible light is

from 4x10" Hz 10 7x10" Hz .-What is the
corresponding wavelength range ?

Solll.

=
We know that 4= = (v — _frequency).

¢  3x10°

LAy =—= 7.5x107m
T T e
C KIO' ..';
=——7m=4.3x10
4 v, 7x10' Rier

Ex.3: In an electromagnetic wave, the amplitude
of electric field is E, =150NC™" . Determine

amplitude of magnetic field (B,), and
wavelength 1. [v=50mHz ).

Soln.
ﬁ-_-c'
B,
E, 45x
B=22. BT _152x10*
"= T 3x10° 0 Tebla
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or B, =47.1x107°T.

Maximum energy  density
~852
Um:L.,sz(!s’rXIo 3, a
2, 2x4xx10

U, =8.83x10™ Jur

Ex.4: The frequency range of visible light is
from 4x10"Hz to 7x10'*Hz. What is the
corresponding wavelength range ?

Soln.

G
‘We know that 4= +, (0> frequency)

11 =;=Wﬂl ='7.5x10"m.
8
= 2 m=43x107m
U, x

Ex.5:In an elcctromagnétic wave, the
amplitude of electric field is £, =150NC™'.
Determine ampliltude of magnetic field(B,), and
wavelength 1. [v=50MH:].

Soln.
Bl 5 150 3
=—2= =5x%107T
3
_E_-————3"106=6.0
v 50x10

Ex.6:In a plane electromagnetic wave, the

amplitude of the magnetic fieldis 5 0x10°7.

Find the total average energy density.
(€,=8.854x107""C’N"'m™)
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Soln.
1
Total average energy density V = 3 €, E;

Now E, =B, =(5.0x10")yx(3x10*)vm™'

or £, =1.5x10'vm™".

V= -;-(s.ss x107°)(1.5%10")’ =9.96x 10~ Jm ™

Ex.7: Light with an energy flux of 20 wall/cm?
falls on a non-reflecting surface at normal
incidence. Find total momentum delivered to the
surface in half an hour if the surface area is
20cm”.

Soln.Total energy falling on the surface is

walt
.—.-_.T x
Cm~

¥ =(20 (20Cm’ ) (30 % 605)

V=72x 10°%J

v 72x10°
TSR P s Lo )
o C - axior s

or P=24x10" kgms™

Ex.7: The electric field in an e.m. wave is given

by E = (20NC™")sin ot —%),

'Find the intensity of the wave.

(€,=8.85x107C*N'm™)
i
Soln.

I=53.1x10"Wm™
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Multiple Choice Questions

D

The amplitudes of electric and magnetic
fields are related to each other by the
relation:

a) E,=B,C, b)B,=EC,

¢) E,;B;=C* d) E,B,=C.

The direction of propagation of
electromagnetic wave is:

b) 3

The phase difference between £ and g
in an electromagnetic wave is:

a) E» ¢) ExB d) EB

n
2)0, br )y d)

N

The maximum electric field intensity in an
electromagnetic wave 18

E0O= [.SXIO_‘Vm'I . What is the
maximum magnetic flux density B,?

The electric field amplitude of an
electromagnetic wave is E0. The energy
density is:

1
835 o, B)2EE,

E 1k
¢) —2353 d S EE;

10.

11..

When a place eelctromagnetic wave
enters from one medium to another,
which at the following remains
unchanged ?

a) wavelength, b) frequency
d) None of these

Which of the following has the longest
wave length ?

c) velocity

a) X-rays b) infrarred
¢) radio waqves d) ultraviolet waves

Which of the following e.m. waves are
used in telecommunications ?

a) Infrared

¢) microwaves d) ultraviolet

b) x-rays,

The speed of electromagnetic wave in
valucum is

{5 il E.
VTE N R ST
Which of the following length frequency ?
a) microwaves, b)ultraviolet
d) visible light.

C) X-rays

What is the dimensions of | £,.
a) L°T? b) L°T?
¢) L°T d)L°T>

Answer: 1.(a), 2(c), 3.(a), 4.(a), 5(d), 6(b), 7(c), 8(c), 9.(b), 10(a), 11(c)
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14.11 Diffraction:

The phenomenon of bending of light
round the corner of an obstacle when light wave
is incident on it, is called the diffraction.

Fig. 14.12

We can explain this phenomenon using
Huyegens' Principle. When a wavefron is
partially obstructed, only the secondary wavelets
from the exposed parts superpose and the
resulting wavefrom has a different shape. This
allows for the bending round the edges. In case
of light waves, beautiful fringe patterns
comprising maximum and minimum intensity
are formed due to diffraction.

Fig. 14.12 shows the basic arrangements
for observing diffraction effects in light waves.
It consists of a source 'S’ an opening (/obstacle)
* 'G' and a screen YY" The secondary wavelets
originating from points of the obstructed part
interfere on the screen YY' and produce the
diffraction pattern of varying intensity.

Diffraction is of two types:

(i) Fraunhofer type:- When both the source
and screen are far away from the diffracting
element G, the corresponding diffraction pattern
is called Fraunhofer diffraction. Fraunhofer
diffraction can be observed in Jaboratory by
placing converging lenses before and after G

and keeping the source and screen in their focal

plances as shown below in fig.14.13.
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The sources and the screen are effectively at
infinite from the diffracting element.

(i) Fresnel type:- When the source or the
screen are at finite distance from the diffracting
element G, the corresponding diffraction pattemn
is called Fresnel diffraction.

However for sake of simplicity we shall
limit our discussion to Fraunhofer diffraction and
at the end we shall give a short remark on the
Fresnel diffraction as it is more involved and
beyond the scope of this book.

14.11(A) Fraunhofer diffraction by a single slit:-

3 )

Suppose a parallel beam of light is
incident normally on a slit of width 'b". As per
Huygens' pbstulate each and every point of the
slit acts as a source of secondary wavelets
spreading in all directions. This light fallsona
convergent lens which focuses it on a screen
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YY' placed in the focal plane of the lens. All
these secondary waves start paralle! to each
other from different points of the slit and interfere
at P to give the resultant intensity.

Now consider the intensity pattern points
. of the screen. At the point P, which is at the
perpendicular bisector of the slit (see fig. 14.14)
all the waves reach after travelling equal optical
path and hence are in phase. The waves thus
interfere constructively with each other and

maximum intensity is observed at £,. As we

move away from [, the waves arrive with

different phases and thus the intensity is
changed.

Let us consider a point P where the rays
leaving the slit making an angle ¢ (as shownin
fig.14.14) meet. The perpendicular from the
edge A to the parallel rays represents the
wavefront of the parallel beam diffracted from
the slit at an angle §. Hence the optical path
from any point on the wavefront AN to the point
pis same. Therefore the optical path difference
'A ' between the wave leaving edge A and the
wave leaving the midpoint 'M'of the slit is

b .
Esmé’ (see fig. 14.14(b)). Then the phase
difference between these two waves shall be

2r 2z b . - ;
=E N ED =
) Ko (251119) (14.11.1)

5. .
If the angle ¢ is such that o 6 =A/2; then

the phase difference
§="22 14.11.2
A 2 “—‘(. . . )

Hence these two wavess shall interfere

destructively and the intensity shall be
when

minimum(zero) here. Thus

b .
-2—51n6‘=»1!'2; implying hsin@ =4, we get
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the first minimum. Similar considerations imply
that whenever Asin@ =24,31 or psin@ =ni
(dark fringe) ~---(14.11.3)

Dark fringers (minima) shall be obtained. On
the other hand whenever for a point on the

b .
screen 551119=m’~ , so that phase differece,

. 2
o= T'M =2nx | there shall be constructive

interference and there shall be maximum. But -
the intensities shall be different, These points
lie midway between the minima. Points
equidistant from the center will also satisfy the
above conditions. A detailed mathematical
analysis shows that the amplitude E’, of the
electric cmponent of the e.m. wave representing
the light, at a general point P is given as

) p S
E; = E, £

I —t—(l4.l 1.4)

T 3
Where /= —j—b sinf and E, is the amplitude
at the point £} ; which corresponds to g = ().

As the intensity is proportional to the
square of the amplitude so the intensity at any

pointPisgiven by intensity function

sin’ #
ﬂ!

So the maximum or minimum is given by

1, =1, —(14.11.5)

d, g

dp
This gives: sinf=0 or f=tanf. Taking
second derivative one finds if sin £ =0, I will
be minimum and if #'=tan'g then'7, will be

~_maximum; This can be seen from the graphs
* given below. ' .
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Fig.14.15(a)

pram— T
o g= oo

First
Fig. 14.15(b)

Actual Calculation shows that for

B=0, I, =1,=central maximum intensity
p=1430r, I,=0.0496 I, =4.96% of central
maximum intensity .
[=24597, 1,=00168 [, =168% of
central maximum intensity

‘Width of Central maximum:

“The fig. 11:16 gwes a picture a'f central .

maxlmum ¢ Tt
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In order to get an idea about the width of
central maximum we need to obtain the half
width (the separation between the points of half
intensity maximum) which gives

=sinf= iJ_

——(14.11.6)

Equation 14.11.6 is a transcendal equation and
is solved graphically as shown above. Fig.11.17
shows that for 3 = +0.443x the intensity is half
of the maximum. hence half width
Hw=0.886 7 .The above solution shows that the
half-width depends on the slit width since

i rhsing, 04437
: A
= sinf, = 0.4433

So if b, the width of the slit increases then 6
decreases which implies the intensity decreases
to half its maximum value at a smaller value of
B. Thus when the slit width increases the

intensity curve becomes sharper. The angular
width of central maximum is defined by

siné,, = i%

A

For bh>>A: angular width A8= 3; :

Fig.14.18 and 19 clearly illustrate this feature.
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Ex.14.5: A parallel beam of green light of
wavelength 546 nm passes through a slit of
width 0.40mm, The transmitted light is collected
on a screen at a distance of 40 cm. Find the
separation between the two first order minima.

Soln. Given
wavelength of light = 3 =546x107m
slit width = b=0.40mm=4x 10" m
Distance of the screen =D=40cm=0.4m
For minimum to occur we have psinf =ni

For first order minima, n=1, giving $in @ = :t;

As the fringes are obtained at a large distance
D >> b, sothe linear distance x from the central
maximum is given as

i:tanBssinﬁ_
D

x=Dsinf = D(i——) +%

Hence the separation between the two 1* order
S 228D
mimmais —, .
b '
Now itiscalculated to be -

This gives

EAD 2%x546%107 mx0.4m
b 4x107m

Ex.14.6: Plane microwaves are incident on a
long slit having a width of 5.0cm. Calculate the
wavelength of the microwaves if the first

diffraction minimum is formed at g = 30°.
Solution:

Givenslit width = p = 5.0em =5x10"m

For 1* minimum to occur we have
bsin@=A4

Since #=30° so

=1.1x10"m

5x102 xsin30° = A=2.5x10"m

e A1=25cm
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14.12 Resolving Power:-

Resolving Power is the ability of an
imaging device to separate (i.e. 10 see¢ as
distinct) points of an object that are located at

~a small angular distance or it is the power of

an optical instrument to separate far away
objects, that are close together, into individual
images. The term resolution or minimum
resolvable distance is the minimum distance
between distinguishable objects in an image,
although the term is loosely used by many users
of microscope and telescopes to describe
resolving power.

The imaging system's resolution can be
limited either by aberration or by diffraction
causing blurring of the image. These two
phenomenon have different origins and are
unrelated. Aberrations can be explained by
geometrical optics and can in principle be
reduced by increasing the optical quality. On
the other hand, diffraction comes from the
wave nature of light and is determined by
the finite aperture of the optical elements.

The interplay between diffraction and
aberration can be characterised by the point
spread function (PSF). The narrorwer the
aperture of a lens the more likely the PSF is

‘dominated by diffraction. In that case, the

angular resolution of an optical systém can be
estimated by the Rayleigh criterion.

A. Rayleigh Criterion:-

Rayleigh proposed thar "two point
sources are regarded as just resolved when
the principal diffraction maximum (central
maximum) of one image coincides with the
first minimum of the other and vice-versa'',

This criterion canbe convemently applied
to calculate the resolving)power of a
:mcrosoope telescope, pnsmg:ﬁmg, etc.
B. . Resolving power of Microscope

In this case the effects due 1o d_lffmcuon
can be accounted for by considering a plane
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wave incident on a circular aperture. The
analysis of diffraction due to a circular aperture
shows that the resulting diffraction pattern
consists of a central bright region surrounded
by concentric dark and bright rings. A detailed
analysis* as given below may be seen for sake
of complete knowledge. In case of microscope
the object is very near the objective of the
microscope and the objects subtend very large
angle at the objective. The limit of resolution of
a microscope is determined by. the the least
permissible linear distance between the two
objects so that the two images are just resolved.

Fig. 14.20

In the aobve figure MN is the aperture of
the objective of a microscope and A and B are
two object points at a distance 'd' apart. A’ is
the position of the central maximum of A and
B is the central minimum, of B. A"and B’ are
surrounded by alternate dark and bright
diffraction rings. '

'The path difference between extreme rays
from the point B and reaching A’ is given by

A =(BN +NA")- (BM + MA")
But since NA"= MA', so A=(BN - BM)

™
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In fig.14.21 AD is perpendicular to DM and

AC is perpendicular to BN.
Therefore,
A= BN - BM =(BC +CN)~(DM — DB)
—(14.12.2)
But CN = AN = AM = DM; therefore,
A=BC+DB ——(14.12.3)
From triangles ACB and ADB

BC = ABsina = ssine and
DB = ABsina = ssina
This gives ----(14.12.4)
If this path difference A=2¢sin@=1.224
then A corresponds to the first minimum of
image B" and two images are just resolved.
Therefore,

2ssina=1.224 |
s=12221/(2sinf) ——(14.12.5)

where 's' is the resolvable separation between
objects points A and B and ' ¢ ' is half the angle
subtended at the axial point object A by the rim
of the microscope objective, and ' 1" is the
wavelength of light in vaccum. Itis to be noted
that the entire path difference A = BN — BM is
in the medium between the object and objective.
The product of the index of refraction of
medium in which the object is situated and sine
of half angle of the cone of rays admitted by the
objective i.e. usina was called by Abbe the
numerrical aperture of the objective (NA) and |
eqn. 14.12.5 reduces to
s=(1.222)/Qusin@) --«(14.12.6)
For air upper limit of NA of the microscope
objective is about 0.9. Therefore with white light
of effective wavelength 5600 x 10-*cm the least

A=2ssinax

. resolvablg distance in air is

s 122x5600%10°

_ . =3.6x10"em
w_ 2%0.95
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But if the space between object and dbjecti veis
filled by oil, then NA is increased to 1.6. Hence
the least resolvable distance becomes.

ot 1.22%5600x10™
IS T Y

Thus the resolving power of an oil immersion

type objective is approximately twice that of the

ordinary objective. -

C. Resolving power of Astronomical

Telescope:

The astronomical telescope is employed
to view distant objects and therefore the amount
of detail which it reveals depends on the angle
the two point objects subtend at the objective
rather than on the linear separation between
them. Thus “Resolving power of an
astronomical telescope is therefore defined as
the inverse of the least angle subtended at the
- objective by the two distant point objects which
can be just distinguished as separate in its focal
plane”.

=2.14%x10"em

I Fig.14.22

Let 'a' be the diameter of the objective of the
telescope considering the incident ray of light
from two neighbouring points of a distant object.
The image of each point object is a Fraunhofer
diffraction pattern. Let P and P’ be the position
of the central maximum of two images. These
two images are resolved if the position of the
central maximum of second image coincides
with the first minimum of the first image and
vice-versa. The path difference between the
secondarywaves travelling in the direction AP
and BP is low and hence they reinforce with
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one another at P. The seéondary waves
travelling in the direction AP’ and BP' will meet

at P' on the screen. Let the angle £P'AP be

- dé - The path difference ( A )between the

secondary waves travelling in the directions BP'
and AP’ is equal to BC. Therefore,

A=BC = ABsindf@ = AB df =a df

If the path difference A=a df = A, then the
position P correspondents to the first minimum
of the first image. But P is also the position of
the central maximum of the second image. Thus
Rayleigh's criterion of resolution is satisfied if
adf=1224 or df=122A/a
—--(14.12.8)

The reciprocal of 4g i.e. 1/d@ is a measure of

the resolving power of the telescope (R.P.
Telescope). Thus

R. P. Telescope = 1/d@=a/[1.22)]
-——-(14.12.9)
14.13 Polarisation:
From our knowledge of electromagnetic
(e.m.) wave, suggested by Maxwell, the eletric

field vector 7 ad magnetic field vector 7z are
perpendicular to each other and perpendicular
to the direction of propagation of
electromagnetic wave. The electric field vector
F represents the light characteristics. So for an
e.m. wave travelling in'Z - direction, the electric
field vector 7 and magnetic field vector g can
be represented as Ttk M

E.=E,cos(kz—at), E, =0, E. =0 (14.13.1)
B, =0, B, = B,cos(kz—wt); B. =0 (14.13.2)

where, k =a/v = o\fue.v =1/Jue (14133)

As we know, light is emitted by atoms.
the pulse by one atom in a single event has a
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fixed direction of electric field. However light
emitted by different atoms, in general have
electric field in different directions. The
coherence time is ~ j0*y. so while the
individual wave train oscillates in some constant
mode and direction, the modes and directions
of oscillations vary from wave train to wave
train. Hence the resultant electric field ¢ ata
point keeps on changing its direction rapidly and
randomly. Such a light is called unpolarized.
The light emitted by an ordinary souce such as
electric lamp, a mercury tube; a candle, the sun
etc., are unpolarized.

Suppose an unpolarized light wave travels
along the Z-axis. The electric field at any instant
isin the X-Y plane. We can break the field into
its components E_and E , along the X-axis and
the Y-axis respectively. The fact that the resultant
electric field chages its direction randomly may
be mathematically expressed by saying that £
and E_have a phase difference § that changes
randomly with time, Thus,

E, = E, sin[or—kz+5(t)] —(14.13.4)

E =Esinfot—kz] ——(14.13.5)

The resultant electic field makes an angle ... with
the X-axis where

E—z_sin[w! ~ kz]
E, sin[er— k= + (1))

o
WEEE

¥

Sicne &(t)changes rapidly with time, So @

‘changes rapidly and thus light is unpolarized. -

Now we consider three possible cases as given
* below:

() If tw@né=E /E =constant and the

‘électric field is always parallel to a fixed
- direction. Then we say that the light is linearly

-{14.13.6)
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and parallel to a fixed direction.

(i) If §=xn, tan@=—FE,/E and again the

electric field is always parallel to a fixed
diréction. Then again we say that the light is
lineary polarized.

(i) If§=x/2 and E =E,,
then
wnp=—raLadinlor—b] __ 0 4
E. E sinjot—kz+x/2)
=S f=0t—k —(14.13.7)

This eqn.14.13.7 shows that at any point z, the
angle @ increases at a unform rate @. The
electric field, therefore, rotates at a uniform
angular speed @ . Also

E =E} +E = E cos’(wr - kz)+ E] sin* (w1 - ks) = E}

i.e. the magnitude of the electric field ramains
constant. The tip of the electric field, thus goes
in a circle at a uniform angular speed @ . Such
alight is called a circularly polarized light.

(iv) If §=7/2 and E = E,,, then the tip of

the electric field traces out an ellipse. such alight
wave is called an elliptically polarized light.

Production of Polarized light:

A. " Using Polareid: An instrument used to
produce polarized light is called a polarizer. Thin
plastic like plane sheets in the shape of circular
discs called polariods, are commercially
available which transmit light with electric field
vector parallel to a special direction in the sheet.
These polaroids have long chain of
hydrocarbons whieh become conducting at
optical: frequencies. When light falls

_perpendicularly on the sheet the electric vector

.. compaonent parallel to the chains is absorbed in
. setting up electric currents in the chains. But

- ipolarized ariplane polarized; because now the
- eledtric field vector is confined to XY plane
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the electric field component perpendicular to the
chains get transmitted. The direction
perpendicular to the chain is called the
transmission axis or pass axis of the polaroid.

- When light passes through the Polaroid, the

transmited light becomes linearly polarized
with electric field vector parallel to the
transmission axis. But the intensity is reduced
by half (of unpolarized light).

If the linearly polarized light is incident
on a Polaroid with electric field vector parallel
to the transmission axis,the light is ransmitted

with constant intensity. But if the linearly -

polarised light is incident on a Polaroid with
electric field vector perpendicular to transmission
axis then light is completely stopped. If the
linearly polarized light is incident on a Polariod

~with electric field vector making an angle @ with

the transmission axis, then the light is partially

transmitted. The intensity of the transmitted light

is given as
I=1,cos’ @ ~--4(14.13.8)

W here 1, is the intensity of the polarized light

before passing through the second polaroid. This

is known as Malus' law (or law of Mgﬂus),

The above discussion shows that the
intensity coming out of a single Polaroid is half
the incident intensity. By putting second
Polaroid, the intensity can be further reduced
(even to zero of the incident intensity). Polaroids
are used in sunglasses, windowpanes, etc.

B. Polarisation by reflection:
A Y c

n
Fig.14.23
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Consider a light beam from air incident of a
transparent medium of refractive index Ji. As
per laws of reflection the incident ray, the reflected
ray and the refracted ray lie on one plane, the
plane of incidence. In the above figure (14.23)
the plane of incidence is chosen to be X-Y plane.
Let the incident light go along AB. The electric
field vector  (representing the light must be
perpendicular to AB. If the incident light is
unpolarized, then E will randomly change its
direction, remaining at all times in a plane
perpendicular to AB. We can resolve the field E

into two components, one in the X-Y plane and
the other along the Z-direction. In fig.14.23.1 the
component in the X-Y plane is shown by doble-
arrow perpendicular to AB and the component
along the Z-direction by the solid dot.

Light with g along Z-direction is more
strongly reflected as compared to light in the
X-Y plane. This is indicated by reduced size of
the double-arrow. The reflected light has a larger
component in the X-Y plane, indicated by
reduced size solid dot.

If the light is incident on the surface at an
angleafincidence I satisfying

tani, = u ——e(14.13.9)

then the reflected light is completely polarized
along the Z-direction as shown in fig. 14.24. This
implies that the angle between incident ray and
reflected ray is /2.

The refracted light is never completely
polarized. The angle i, satisfying eqn.14.13.9

. ", /'
& D
Fig.14.24
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is called Brewster's angle and eqn. 14.13.9 is
called Brewster's law.

14.14. Electromagnetic Waves & Spectrum :

Electrostatics and magnetostatics deal with
electric and magnctic phenomena, independent
of each other. But if the field quantities depend
upon time (i.e. if they change with time), their
independence vanishes. A time varying
magnetic field gives rise to an electric field and
vice versa. These two fields which are
interdependent can then be called
electromagnetic field. -

The behaviour of time dependent
electromagnetic fields is described by a set of
four equations called maxwell's equations. We
will study these equations in our higher classes
because of the mathematics involved in it.

The most important application of
maxwell's equations is the development of the
theory of electromagnetic wave, which
propagates due to the combined effect of
mutually perpendicular electric and magnetic
field*. This theory received wide acceptance
only when Hertz,experimentally demonstrated
the existence of electromagnetic wave by
oscillating electric and magnetic fields. Hertz
also demostrated that the electromagnetic wave
like light could be refracted, diffracted and
polarised. Since polarisation is the exclusive
properties of transverse waves, it was established
that electromagnetic wave is transverse.in
nature. The electric and magnetic fields are
perpendicular to each other and both are
perpendicular to the direction of propagation.

[[{] The frequency of oscillation of

electric and magnetic fields is same as the
frequency of the wave. These oscillating fields
generate each other and wave is propagated
oscillating fields generate each other and wave
is propagated in the medium*.]

In fact no material medium is required for
its propagation. The e.m. wave can travel
through vaccum.
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Let us consider an electromagnetic wave
propagating along X-direction. The electric field

£ and magnetic field j are along Y and Z-

directions respectively. This is shown in the
figure below.:

We can represent the electric and
magnetic field as:

E= E,sina(r— £)}' ,
y?

and B = B, sina(t . eeeen(2)
¢

where E, and B are the amplitudes of
electric field F and magnetic field g
respectively.

The magnitudes of £ and j are related
by

............... 3)

where 'C' is the speed of elecromagnetic
wave in vaccum.

It can also be proved that 'C' is related
to permittivity EO and permability 4 in empty
space by

using the values of
4o (=47 %107 NS*C™)
1,(=8.854x107C*N"'m™) we can see that

C=299%10%ms™".
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This is same as the speed of light in
vaccum as measured experimentally, Thus light
is an electromagnetic wave.

For any other medium the speed of
electromagnetic wave is

1
Jue:

Energy density and intensity of radiation :

C=

Electromagnetic waves carry energy and
momemtum. the electric and magnetic energy
densities are given by

U;- "Eeu Ez ................. (6&)
U =—p?
and Y, TP (6b)
Using the expression for E and b
(equations (1) and (2))

Uyp= Q EZsin’ o(r1—>)
2 ¢

and U, =—]-B§ sin® o(r—>)
2 ¢

Taking time average of these energy

densities.
1 o sin2w(1 - %)dr
U Yo =t _
( l.) 5 S0 o I;df
ale g lj"sinZZa)(!—ijdr
R c
1 2
(U;)—zeo e A esmsnod (7a)
similarly (Un) = 7= B3 .o (7b)

* Igsin‘Za)(l--i—)dr=l—cos§(r—§)dr=—2-
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I:COS 20(1 - %)df being zero.

Total energy density (/) = (U, )+(U,,)

1 1 -3
or (U) =ZEnE§ +EBE  m— )

Now using euation (3):

B

C
and using equation (40

1

Ny STT N -
0

Then from eqn. (7b)

Thus time averaged electric and magnetic
energy densities are equal to each other. Then
from equaiton(8)

(V)= Ei+e B

1 i |
or (U>='£Eu Ey =5;B§_

Intensity of radiation is the energy
crossing per unit area in unit time.

Figure...

Let us consider a cylinder of cross

sectional area 'A' held perpendicular to the

directionof propagation. The energy contained
in the cylinder is

U = energy density xvolume

r
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or U =(u)x(cAn)A.

This is same as the energy crossing the
area 'A' in time As. Then as per definition,
intensity of energy is

u)cAtA
= U =( ) =(u)c_'
ANt AAt

1 3
Using eqn. (10) /==& C £ ...(11)

Use linear momentum carried by the
electromagnetic wave is '

.Where U is the total energy falling on
surface. ’

Electromagnetic spectrum :

Maxwells equations are applicable to e.m.
waves of all frequencies. We are all familiar with
visible light which is recognised as an
electromagnetic wave having wavelength range
4 x 10'm to 7.8 x 10"m. This forms a small
part of a wide spectrum comprising of x-rays,
Y -rays, radiowaves, microwaves etc; of
different wavelength ranges. We can arrange
all such e.m. waves in ascending or descending
orders of wavelengths or frequencies. This
arangement forms; what we call
electromagnetic spectrum.
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C
We know that frequency V= 1 So if

we arrange the waves in the ascending orderof
wavelength, the frequency decreases as we go
along the spectrum and vice versa. It may be
noted that the boundary lines between different
regions of the spectrum are not very sharp and
well defined.

Different e.m. waves are listed below
along with their wavelength range, method of
production and characteristic properties.

Electromagnetic waves transfer energy in
different forms (such as heat, light etc.) from
one place to another. They all move with the
velocity of light. However their frequencies and
wavelengths are different and are regulated by
the equation

T =C

where C = velocity of light
¥ = Frequency
% = wavelength

The range of their wavelength is very
large. We can arrange them in the order of
magnitude of their respective wavelengths and
call it (the ordering) as electromagnetic
specturm. It may be noted that the boundary
lines between different regions are not very sharp
and well-defined, as the electromagnetic
spectrum is continuous, but not discrete.

Complete electromagnetic spectrum :

Nameofthe  Wavelength ~ Method of production Properties
rays range
13 Y -rays 10%m to Emited in disinte- Phospherescene, Fluorescence,
. 10"m gration of nuclei polarisation, diffraction, neutral,
of atoms: highly peretrating, Affect photo-
- eraphic plate
2. X-rays' 10 m 1o . produced by striking Chemical reaction on photographic
105 m high speed electrons - . plates, fluorescence, phosphere-

on heavy targets

scence, ionisation etc. but less

penetrating than ¥ -rays.
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3. Ulraviolet 10% m 1o Sun, hot vacuum All properties of ¥ -rays, but
rachation 107 m spark arc, spark less penetrating, produce photo-
L and ionised gases electric effect.
4, Visible 4 x10" m 10 Radiated from ionised Reflection, refraction, interference,
radiation 7.8x 10°m gases and incandescent diffraction, polarisation, photo-
bodies electric effect, photographic
; action and sensation of sight
5.  Infrared 7.8x 10°m From hot bodies Heating effect on thermopiles and
radiation to 10°m bolometer, reflection, refraction,
; ! : diffraction. photographic action.
6.  Herzian 107 m to Produced by spark They are reflected, refracted and
and short Im discharge diffracted, produce spark in the ¥
radiowaves gaps of receiving circuits, waves of
(contains wavelength from 10”°m to 3 x 10”°m
microwaves) are also called "micro waves''.
7. Long radio Imto 10 m From spark gap dis- They are reflected, refracted and
(or, wireless charges and oscillating diffracted
waves) electric circuits.

In the above table, the radiation which
directly concerns us is the visible spectrum
(wavelength =4 x 107 to 7.8 x 107m) as they
are somewhat responsible in creating the
sensation of different colours, depending on
their wavelength. This can be summerised as
below : g

Visible Spectrum :

Colour Wavelength range in meter
Violet 4x107 —44x 107

Blue 44x107 —4.8x 107
Green 48x107 —-56x 107
Yellow 56x 107 —59x 107
Orange 59x 107 — 6.3 x 107
Red 6.3 x 107 - 7.8 x 107

It is found that out of these different colours,
the human eye is most sensitive to green-yellow
light (5.6 x 10”7 m).

Ex. 14.1: Refractive index of wateris 1.33. The
velocity of light in vacuum is 3 x 10° km per
second. Find the velocity of light in water.

Soln.

Velocity of light vacuum

Ry =—
"™ 7 Velocity of light in watér

- 3x10°
Velocity of light in water

3x10°
1.33

Velocity of light in water =

=226x10"km /sec
Ex. 14.2 : In Young's Double slit experiment,
the separation of four bright fringes is 2.5 mm

when the wavelength usedis 6.2 x 10~ m . The
distance from the slits to the screen is 0.80m.
Calculate the separation of the two slits.

Soln.

2D
We use the relation : w= H

Given

25
w = Fringe width = —=x10 :
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=0.625x 10 ' cm

A=62x10"m=62x10"cm
D = Distance between slits and the screen
=0.80m=80cm

: rD
. 2d = Separation between the two slits = =

_ 62x107° x80

625%107"
Ex. 14.3 : Two coherent sources 1mm apart
produce interference fringes 0.2 mm apart on a

screen 40 cm away. Calculate the wavelength
of light used in Angstrom.

Soln_.

=0.08 cm

i wi2d)
We use the relation A = >
Given

2d = Separation between two

coherent sources
= 0.lcm
fringe width
= 0.02cm

Distance between the sources
and screen

= 40cm

0.02 x0.l
40

2x107% 107"
4 x10'

s5x107*
= (5000 x107*) x 10~*cm

= 5000x10 % cm
= 5000 A°
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Ex. 14.4 : In Young's double slit experiment,
when using a source of light of wavelength
5000 A, the fringe-width observed is 0.60 cm.
If the distance between the screen and the slit is
reduced to half, what should be the wavelength
of light source to get fringes 0.40 cm wide ?

Soln.
We use the relation :

2d
Wave length = fringe width [E] (1)

Given A =5000A° = 5000%10 %cm

w = fringe width = 0.6 cm

2d_ 1
D w
_ 5000107

6 ~(2)

D
Now the distance between screen and slit = e

and the corresponding fringe width =0.4 cm
Substituting these values in the fringe-width

equn (1)

Nt [i)
D/2

=.4X2(—2-£]
D

-8 F
= .4x2xM (by eq. 2)
= 2 3 xlO'“

= 6666.7x 10" cm
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SUMMARY
Wave front : The surface joining points
having the same phase of vibration in a
wave motion is called a wave front.

The shape of a wave-front is determined
from the shape of the light-source, from
which the wave-front is derived.

Ray : A line joining the point source and
any point on the wave-front shows the
direction'in which the energy propagates.
This straight line is perpendicular to the
wave-front and is called a ray.

Huygen's wave theory : Each point in a
source of light sends out waves in all
directions in a hypothetical medium, called
ether. '

As per Huygen's principle, each point on
a wave-front acts as a center of new
disturbance and emits its own set of
spherical waves known as secondary
wavelets. The secondary wavelets travel
in all directions with the velocity of light.
The locus (orenvelope) of these wavelets
vibrating in the same phase and in the
forward direction gives the position of the
new wavefront at a later time.

Interference : Superimposition of waves
from coherent sources, having same or
slightly different amplitude but differing
by a constant phase difference produces
interference.

Conditions for interference of light :
a)  Coherent sources
b) Waves of same wavelength and

time-period.

c) Small separation between two
coherent sources :

d) Large distance between coherent
sources and screen

e) Equal amplitude interfering waves
f)  Narrow sources

10.

11.
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Methods of producing coherent sources :

a) Division of wave front : Ex. :
Young's Double slit experiment,
Fresnel's Biprism, Llyod's mirror

b)  Division of amplitude : Newton's
rings, Michelson's interferometer.

Young's double slit experiment :

2 2
I=R?=aj +a3+2a,a,cosd

1 = Resultant intensity as a result of
interference
a,, a, = Amplitude of the two interfering

waves

& = phase difference between the two
waves.

Path difference and phase difference :

2
Phuse dilfcrence= {5 (Path difference)

Condition for maximum intensity :
Lnax = (@, + alz)z

if phase difference = 6 = 2nn

or, Path difference = 0,1.,2A,--,nA
wheren=0, 1, 2, ......

Condition for minimum intensity :
Lin = (@) =2,)’

if phase difference = 8 =(2n+)n

M| >

3A
or, Path difference = ?

A
e (2n+1)—
(n+)2

wheren=0, 1, 2, ......
b o D)
Fring width=w = >d

where D = distance between sources and
screen

2d = separation between two
coherent sources

% = wavelength of light.
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MODEL QUESTIONS 5

Multiple Choice Type Questions :

Two slits separated by a distance of 1 mm
are illuminated with red light of
wavelength 6.5 x 107 m. The interference
fringes are observed on a screen placed
Im from the slits. The distance between
the third dark fringe and the fifth bright
fringe is equal to

a) 0.65 mm b) 1.63 mm

¢) 3.25mm d) 4.88 mm

A monochromatic visible light consists of
a) asingle ray of light

b) light of a single wavelength

c) light of a single wavelength with all
the colours of the spectrum of white

light.
d) light consisting of many wavelengths
with a single colour.

Speed of light in vacuum is
a) 2.3 x 10 m/sec

b) 3 x 10" m/sec

¢) 3.1 x 10™* m/sec

d) 3 x 10° m/sec

Light energy has

a) particle like properties
b) wave like properties

¢) sometimes wave like properties and
sometimes particle like properties.

d) neither wave nor particle nature

In a certain double slit experimental
arrangement, interference fringés of width
1.0 mm each are observed when light of
wavelength 5000 A’is used. Keeping the
set-up unaltered, if the soyrce is replaced

by another of wavelength 6000 A°, the
fringe width will be

b) 1.0 mm
d) 1.5mm

When light travels from an optically rarer
medium to an optically denser medium,
the velocity decreases because of change
in

a) 0.5mm

c) 1_.2 mm

a) wavelength b) frequency

~¢) amplitude d) phase

Monochromatic light (3 = 500 mm)
illuminates a pair of slits | mm apart. On
a screen 2 m away, the fringe width is

a) 0.25 mm b) 0.1 mm
é) 1.0 mm d) 10 mm

When light wave suffers reflection at the
interface from air to glass, the change in
phase of the reflected wave is equal to

a0 b) n/2
c) d) 2=

Four different independent waves are
represented by

i) y] = a| Sl]l(ﬁt

i) y, =a,sin2mt

i) y; =a; cosot

iv) y, =a sin(ot+m/3)

With which of the two waves interference
is possible

a) In (i) and (iii)
b) In (1) and (iv)

¢) In (i) and (iv)

“d) not possible with any combination
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10.

11

12.

i3

14.

15.

If the speed of light in vacuum is c m/sec,
then velocity of light in a medium of
refractive index 1.51s

a) l.5c

b) c

c)c/lS5

d) can have any velocity

The fringe width in a Young's double slit
experiment can be increased if we
decrease

a) separation of the slits

b) width of the slits

c¢) distance between slit and screen

d) wavelength of the source of light .

In the interference pattern, energy is

a) created at the positions of maxima

b) destroyed at the positions of
minima.

c) conserved but is redistributed

d) none of the above

Which of the following does not support
the wave nature of light

a) Interference
b) Diffraction
c) Polarisation
d) Photoelectric effect

In Young's double slit experiment the
separation between the slits is halved and
the distance between the slits and the
screen is doubled. The fringe width is

a) unchangéd b) halved

c¢) doubled d) quadrupled

Young's experiment establishes that
a) Light consists of waves '
b) Light consists of particles

¢) Lightis neither particle nor wave
d) Light is both particle and wave -

16.

17.

18.

19.

20.
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The wave theory of light in its original
form was first postulated by

a) Issac Newton

b) Christian Huygens
¢) Thomas Young
d) Albert Einstein

In Young's double slit arrangement, the
central fringe is

a) always dark
b) always bright

¢) may be dark or bright depending
on the distance between source and
screen.

d) neither dark nor bright

If the intensity of the two interfering
beams in Young's double slit experiment
be I, andI, then the contrast between the
maximum and minimum intensity is good
when

a) 1, is much greater than [,
b) 1, is much smaller than I,
o)l =1,

d) Either I, =0, or I, =0

In Young's interference experiment with
one source and two slits, one slit is
covered with a cellophone sheet so that
half the intensity is absorbed. Then

a) no fringe is obtained _

b) bright fringes will be brighter and
dark fringes will be darker.

c) all fringes will be darker

d) bright fringes will be less bright and
. dark fringes will be less dark.

If Young's interference experiment is
performed using two separate identical
sources of light instead of using two slits
and one bulb
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22.

23.

24,

a) the interference fringes will be brighter

b) the interference fringes will be
coloured.

¢) the interference fringes will be darker
d) no fringes will be obtained

Pick up the longest wavelength from the
following types of radiations

a) blue light b) gamma rays

d) red light
For constructive interference to take place
between two monochromatic light waves

of wavelength ) , the path difference
should be

¢) X-rays

A
a) (2n—1)% b) (211—1)5

A
¢) nh d) (2““)5

The intensity ratio I, /1, of two interfering

sources in Young's experiment is 4. The

ratiol /1 . is

a) 4:1 b)2:1

e) 321 d)9:1

Newton postulated his corpuscular theory

on the basis of

a) Newton's rings

b) rectilinear propagation of light

¢) colours of thin films

d) dispersion of white light into colours

Two sources of waves are called coherent,

if

a) both have the same amplitude of
vibration

b) both produce waves of the same wave
length. ' '

¢) both produce waves of the same
wavélength having constant phase
difference. ,

26.

27

28.

29.

30.

.a) Interference
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d) both produce waves having the same
velocity.

A wave front is an imaginary surface
where

a) phase is always same for all the points

b) phase charges at constant rate in all
directions.

¢) constant phase difference is maintained

d) phase changes at a rate which changes
per unit length.

Which of the following phenomenon is
not common to sound and light waves

b) Diffraction
¢) Polarisation d) Reflection
If the speed of red light is denoted by V|

and the speed of violet light by V. then
for vacuum

a) Vr > VV

b))V =V,

¢) V.<V,

d) none of the above

Huygen's conception of secondary waves

a) allows us to find the focal length of a
thick lens.

b) is a geometrical method to find a wave
front.

c) is used to determine the velocity of

light.

. d) is used to explain polarisation

The idea of the quantum nature of light
has emerged in an attempt to explain

a) Interference
b) Diffraction
¢) Radiation spectrum of a black body

~d) Polarisation



Wave Optics and Interference

Ahswer as directed :

Two waves having same wavelength and
amplitude but having constant phase
difference with time are known as
waves.

A plane wave front is produccd if the
source isat ___

According to Hgygen. the medium
pervading the entire universe is

In a Young's double slit experiment
performed with a source of white light,
only black and white fringes are observed.
(True/False)

In an interference pattern, using two
identical slits, the intensity of a central
maximumis I . One of the two slits is now
covered with black paper. What is the
intensity at the same point now ?

Two coherent monochromatic light
beams of intensities I and 41 are super-
posed. What are the maximum and
minimum possible intensities in the
resulting beam ?

In Young's double slit experiment, we get
60 fringes in the field of view of
monochromatic light of wavelength 4000
A". If we use monochromatic light of
wavelength 6000 A" then what is the
number of fringes obtained in the same
field of view ?

What is the frequency of llght having a
wavelength 3000 A% ?

Very Short Answer Type Questions :
Does the velocity of light change from
medium to medium ? If no, give the
necessary equation. .

In Young's double slit experiment, what

will be the central I’nngc 1f white light is
used ?

Does the fringe width for dark fringe
differ from that for bright fringe ?
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If C is the velocity of light in vacuum,
find the velocity of light in glass of
refractive index 1.5.

Is the bright fringe in interference-pattern
obtained by violating the Principle of
conservation of energy ?

How would the angular separation of
interference fringes in Young's double slit
experiment change when the distance of
separation between the slits and the screen
is doubled ? [CBSE Sample Paper]

Why is the interference pattern not
detected, when two coherent sources are
far apart ? [CBSE 1998]

No inferference_: pattern is detected when
two coherent sources are infinitely close
to each other. Why ? [CBSE 1998]

Short Answer Type Questions :

What are the reasons to believe that light
is a wave motion 7

Explain and illustrate what you mean by

plane wavefront.

How is the refractive index of a medium
related to the velocity of light according
to Huygen's Principle ? What is the
importance of this relation ?

When light waves from two coherent
sources interfere, they produce darkness
at some points. What becomes of the
energy ?

Two tuning forks can produce
interference; but two independent sources
of light (like two candles) cannot produce
interference - Explain.

If a broad sources of light is used in place
of the very narrow slit in the Young's
experiment, how will the interference
pattern be affected ? Explain.

What type of interference pattern will be
observed, if a white hght source in place
of monochromatic source of light is used
in Young's experiment ?
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F.

-When we try to clean spectacle lenses

with water, the glass becomes more non-
reflecting as the water evaporates.
Explain.

[Hints: Interference reduces reflection]
What will happen to interference pattern

if Young's apparatus is placed under
water ?.

[Hint; Fringe width decreases]

State the reason, why two independent
sources of light cannot be considered as
coherent sources. [CBSE 2008]

Long Answer Type Questions :
Explain clearly Huygen's Principle of the
propagation of Tight wave.

Describe the basic conditions for
observing interference fringes on the
screen.

What do you mean by interference of
light ? Explain the formation of ‘maxima
and minima’ by applying the Principle of
superpositon.

What is interference ? Describe Young's
experiment for demonstrating the

phenomena of interference of light and

explain it by wave theory. Derive the
formula used,

Explain with necessary theory how you
can determine the wavelength of sodium
light using Young's double slit
experiment.

Numerical Problems :

How long will light take in travelling a
distance of 300 metres in glass.

o = 1.5 and velocity of light in
vcuum = 3 x10® m/sec, ‘

Light takes 8 minutes 20 seconds to reach
the earth from the sun. If the space

light used.
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between the sun and earth be filled with
water, what time will light take to reach

the earth. Given p.., = 1.33.

Two slits are separated by a distance of
0.03 ¢m. An interference pattern is
produced at a screen 1.5 m away. The
fourth bright fringe is at a distance of lom
from the central maximum. Determine the
wavelength of light used.

Twao straight narrow slits 0.30 mm apart
are illuminated by a monochromatic

source of wavelength 5.9 x 107 m.
‘Fringes are obtained at a distance of

0.30m from the slit. Find the width of the
fringes.

White light is used to produce Young's
fringes with double slits having a slit
aperture of 0.04¢m, The distance between
the slit and the screen on which fringes
are formed is 140 cm and the distance
between successive dark places in the
fringe pattemnis 1.7 mm. Find the average
wavelengh of white light,

The distance between two slits in Young's
interference experiment is 0.03 cm. The
fourth bright fringe is obtained at a
distance of 1 cm from the central fringe
on a screen placed at a distance of 1.5 m
from slits. Calculate the wavelength of
[CBSE 2005, 1995]

In Young's experiment, the width of
fringes obtained with light of wavelength
6000 A° is 2.0 mm. What will be the
fringe width if the entire apparatus is
immersed in a liquid of refractive index
1:33 7 [CBSE 1991]

In Young's double slit experiment, using
light of wavelength 400 nm, interference
fringes of width X' are obtained. The
wavelength oflight is increased to 600 nm
and the separation between the slits is

" halved. If one wants the observed fringe



width on the screen to be same in the two
cases, find the ratio of the distance
between the screen and the plane of
interfering sources with the two
arrangements. [CBSE 2004]

Find the ratio of intensities at two points
on a screen in Young's double slit
experiment when waves from the two slits
have a path difference of (i) O (ii) 1/4.

[CBSE AI 2000, 2003]
Correct the following sentences :

Wave theory of light explains
photoelectric effect but not interference.
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In young's double slit experiment the
fringe width depends on the order of
fringe.

In Young's double slit experiment the
fringe width decreases if the distance

© between the source and screen increases.

Speed of light in vacuum is 3 x 10°cm.

Fringe width for dark fringe differs from
fringe width for bright fringe, in Young's
double slit experiment.

! - = i 4 - .4
N AR aaing
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ANSWERS

- A.  Multiple Choice Type Questions : :
Loy - 20 &% .0 4 A =5 @6 @ T ) 8 &
9 @ 10 (¢ M, @ - i) 130d . 14 (D) . 15:10) - 16:(b)
17. ®) 18 () 19. (d) 20. (d) 21.(d 22. (c) 23 (@) 24.(b)
25. () 26.) 2% ) 28, () 29 (b) 30._ (c)

B. 1.Coherent 2.Infinity 3.Ether 4.False 5.1/4 6.91and1 7.40 8. 10" CPS

C. Very Short Answer Type Questions : :

v
L. aleg=—

Vg

White fringe; as the path difference is zero.

No
& o
3
5. No

F. Nevmerical Problems :
1 150 x 10°® Sec, or 1500 ns
2. 666.7 Sec

3. 5000 A°

4. . 0.59mm

5. 4857 A°

6. 5x107"m,

7 1.5 mm,

8. D.D, =143,

% 1/L=21.



Relativity

Once in emperor Akbar's Durbar, an
interesting event happened. Akbardrew a line and
asked to the members present, whether they would
make the line shorter without rubbing it off.

None could find out a way except, of
course, the wise Birbal. Birbal drew a bigger line,
near to the line previously drawn by Akbar and
declared that Akbar’s line has now become shorter.

In fact, Birbal is completely correct, as
Akbar's line has appeared shorter, relative to that
of Birbal's. This incident illustrates the 'relative’
principle in space. Several facts (like the time
in India is not indentical with the time in USA
or Canada etc.) can prove that time is also
relative.

Indeed there is nothing like absolute
space or absolute time. They are relative and
regulated by Relativity Principle.

According to Newton, time and mass
are independent of each other and their
measurements do not change, even if the
observers are taking measurements, while in rest-
position or in movement. But strictly speaking,
. these considerations are not correct and they
have been suitably modified by Einstein's
special theory of Relativity.

15.1: Some important terms and definitions:

It is desired to learn about some
important terms and definitions before taking
up the theory of relativity:

Event ;

Any occurrence taking place in space
at a particular time is an event. Examples of
event are : Sun-rise, Dropping of a bomb.
Example of a "series of events" are ticking-
sound of a clock.

Observer :

An observer may be a person or an
equipment. The work of any observer is that it
sees or observes an event and takes its
measurements. From these observations and

" measurements, inferences can be drawn.

Frame of reference :

The description of a natural phenomenon
or event requires a proper frame of reference.
The measurements of space and time will not
be correct and complete unless the frame of
reference is mentioned, with reference to which
the observations have been taken. An observer
must be stationed in the frame of reference so
that he will have a feeling that he is at rest.

Thus an event to be fully described,
requires not only an observer but a suitable
frame of reference also.

Inertial frame of reference :

It s that frame of reference, in which
Newton's first law (i.e. the law of inertia) holds
good. In this frame a body moves uniformly and
in rectilinear motion. An observer in such a
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system is called an intertial observer. If a frame
of reference moves with constant velocity
relative to an inertial frame, then this also
becomes an intertial frame.

15.2: Classical Principle of relativity :
Gallilian-Newtonian Transformation Equation:

Any event can be described by the
space-time co-ordinates of a particular inertial
frame. It can also be described in another intertial
frame by using the Galilean transformation
equations. '

Fig. 15.1
(Galilean transformation)
Let S = Aninertial frame
S'=  Another inertial frame moving

with a velocity v along the x-axis. (we assume
that there is no velocity-component along y or
Z axis).
At t=0

O and O' had coincided when an évent
at P takes place.

After time =t, O has moved to O',

sothat O0'= Vit

After time t, let the event P be described by (x,
y, z,t) ininertial frame S and by (x', y', Z\, t') in

the inertial frame S', which has moved a distance
Vit (- OO' = vt) during this time interval.

Then we can write the transformation
eqns. as !
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X'=X-vt
y=y
=7 sk
t'=t

These equations are called the Galilean
transformation equations. We have written
t=1', by assuming that time flows at the same
rate in all inertial frames. This assumption is
valid, when we consider the velocity v as very
small.

Eq. (15.2.1) have been written when S'
is moving with a velocity v w.r.t. S along the
+ve x-direction. However, if S' is stationary and
S is moving with a velocity v w.r.t S' along the
-ve x-direction, eq. (15.2.1) can be written by
putting (-v) in place of v, as follows :

x=x"+vt'
- ]

y=¥

z2=Z

t=t

A5 22

Eq. (15.2.2) are known as the inverse
transformation equations.

15.3: Consequences of Galilean relativity :
Transformation of length : ;
Let arod be placed in the frame S, parallel

to the x-axis. Its length ( () can be measured by
the difference between the x-co-ordinates of its
two ends.

Heénce ( =X, -X, 1531

Inframe S', x! =x, - vt
and x}=x, -Vt
(' =x{—x3
L =X =)= (x, - V1)
=M%

= ( byeqgn. 15.3.1
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Thus the length is invariant i.e., does n't change
in Galilean transformation.

Transformation of velocity :
Fromeq. 15.2.1, we have
X'=x-vt

Differentiating this w.r.t. time :

dx’  dx
—_———
dt”  dt
or, u=u,-v w1332

where u, = x-component of velocity u'

in frame S'.

u, = x-component of velocity uin
frame S.

Eq. 15.3.2 is known as the classical law
of velocity transformation. The velocity is not

invariant (because u), #u, ) and depends on
different inertial frames and their corresponding
relative velocities.

Transformation of acceleration :

Differentiating eq. 15.3.2 w.r.L. time, we

get
dul du,
do dt
a, =a, w1333

where a/ = x- component of acceleration a'in
frame S'

a, = x-component of acceleration a in
frame S

Eq. 15.3.3 shows that acceleration is
invariant and hence an absolute quantity in
Galilean transformation, even though-it is not
so in the case of velocity of a particle.
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Transformation of the fundamental law of
dynamics (Newton's law) :.

According to Newton's law,
force = mass x acceleration

But mass is regarded as an absolute quantity
and is independent of the inertial frames.

Hence force, being the product of mass
and acceleration, is invariant, in inertial frames,
since both the quantities (mass and acceleration)
and invariant. Thus Newton's laws are the same
in inertial frames. This means that all inertial
frames are absolutely equivalent and none of
them can be preferred to others. This is called
the classical (or, Galilean) Principle of relativity.

In nature, we have several types of forces
like, position-dependent forces (Gravitational;
electrostatic, elastic forces etc.) Since forces in
general are invariant in Galilean transformations,
all these forces can be considered as invariant.
Therefore the fundamental law of mechanics is
also invariant under Galilean transformation.

However, problems arise, when we apply
Galilean transformation to the Maxwell's
equations in electrodynamics; because they no
more remain invariant; but change their shape
or form in different inertial frames. This has led
to rethinking about the application of Galilean
transformations to-all cases and their limitations.

15.4: Michelson-Morley experiment (1881):

We know that the earth is moving. We
are interested to find out its absolute velocity.
For this, we need something which is at rest, so
that the absolute velocity can be measured with
respect to this. Ether fulfils this requirement, as
itis an all-prevading medium, which is at rest.

On this basis, an experiment was
performed by Michelson and Morley to detect
the motion of the earth.

The.experimental set up has been shown

_in the fig no. 15.2 which is basically an
. interferometer, with its two arms (say M P and

M,P) being L toeach other.
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N\ 7~

1 s

Vi) — A
0y

P'! B e MI

Michelson Morley Experiment

@ Telescope

Fig. 15.2

Two plane mirrors, of excellent
optical quality, being silvered
properly to avoid multiple, internal
reflections

Two plane glass plates, of equal
thickness and same material, out of
which P is semi-silvered and Q is
called compensating plate.
Monochromatic extended source

i

Ml*M_2=

S =
T = . Telescope

The glass-plates P and Q are mounted
vertically, but having an inclination of 45%to
the interferometer-arms.

Consider a beam of light starting from S.
On reaching P, it is partly reflected and partly
transmitted. The reflected part is deviated by
90° and reaches M, from where it is reflected
back. Similarly, the transmitted part moves
along PA and is reflected back by M.

These two rays, thus returned to P,
superimpose on each other and undergo
interference, the fringe-pattern of which can be
observed by the telescope T. '

In this experimental set-up, we have
introduced a glass-plate Q, because whereas the
reflected part crosses twice the glass-plate P
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(once while moving towards M, and then again
on return from M,) before finally reaching P,
the transmitted ray will not cross any such glass-
plate during its journey from P to A and back to
P. Thus the reflected part travels more optical
path than the transmitted counter part. Hence to
equalise the optical path of both the reflected
and transmitted parts, a glass, called
Compensating plate, Q is introduced in the path
of the transmitted part.

Had the earth been at rest, the optical path
of the reflected and transmitted rays will be the
same, as per the above arrangement. But as the
earth is moving, the apperatus is also moving
wiht it. Hence the positions of the reflections at
M, and M, will correspondingly change, as
shown by the dotted lines in the figure, from B
to B' (for reflected part) and A to A' (for
transmitted part). Thus the time taken by these
rays to reach P will no more be same.

We will now calculate the time
difference.

Let C = velocity of light

v = velocity of earth (apparatus)

PA=PB=(
Total path travelled by reflected ray
=PBP
=PB'+ BP'
= 2PB' (--PB'=B'P")

Further in right angled Afe PB'O,
PB” = PO? + OB”? .15.4.1

Let us say that by the time (say, t) B moves
to B', the light-ray travels from P to B'.

Thus BB' = vt
PB'=ct
so that eq. 15.4.1 gives

(ct)? = (vt)* + (2 (-- PO=PB)
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or, t(c-v)=(?

ik
(@ —v)E

Let =

B'toP..
Then 4= 2t

t1=21

by applying Binomial theorm and
considering that v<<c
1542

For the transmitted ray, the time taken for the
onward journey (PA)

¢ - v = Relative velocity of

the apparatus (Earth) w.r.t.

velocity of light (¢ & v,

being in the same direction)
£

T c-v

and the time taken for the backward journey
(A'P") :

: AP’

+

[z}
<

¢ + v = Relative velocity of
the appartus (c & v, being in
opposite directions)

where

Time taken to travel fromPtoB' & -
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= ! (since AP'=AP= ()
c+v

Thus the total time of travel for the transmitted
ray =t, (say)

D

20 V2
=% 1+-c-,=; 1543

- -, The time difference = At (say)

Now path difference |

= (velocity of light) (Time difference)

=c (At)

Since for the shift of one fringe, path
difference required is A , we obtain :-
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Shift inthe number of fringes = ST

Wave length
© 1544
s

In case we rotate the apperatus by 90°,
then an equal number of fringe-shift (as in eq.
15.4.4) will be added, so that we obtain :

The total shift (in terms of the number of fringes)

_ 20v°
e

..154.5

This can be numerically calculated as follows:
by using the experimental data of Michelson
and Morley :

Given f-= 11 met

vV =3% 104. met /sec

¢ =3 x 10° met/sec
1=59x 107 met

Then the total shift (in terms of the number

2x11x(3x10%)°
(3x10%)* x59%107

of fringes) =

=0.37

As per the above data, we should obtain
a fringe-shift 0.37. But even though the
experiment was conducted by several scientists
at different times of the year (so that variations
in the earth's orbital velocity v may give some
positive result), no fringe-shift was observed.
In this context, it may be mentioned that the
above equipment is accurate and it is capable
of detecting a fringe-shift, as small as, of the
order of 0.01. Hence it can be concluded that
the null ornegative result cannot be dismissed
as inaccurate and suffers from experimental
erTor. '

We are forced to conclude that the
velocity of earth relative to ether cannot be
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determined. This has a highly significant
consequence, i.e., the space or the medium, in
which light propagates. does not move relative
to earth. Hence there is no necessity to believe
in the existence of a stationary medium carrying
light (or, for that matter, absolute space). Thus
it can be said that ether does not exist and the
motion through ether is a meaningless concept.

15.5: Einstein's special theory of Relativity
(1905) :

Albert Einstein (1879-1955) published a
paper "On the electrodynamics of moving
bodies", which laid the foundation of the special
theory of relativity. It has two postulates.

(i) Principle of relativity :
The fundamental laws of physics and the

_equations describing them are invariant. This

means that they have the same form for all
intertial systems (i.e, for reference systems at
rest, or moving- with constant linear velocity
relative to one another).

(it) The universal speed of light :

The velocity of light in vacuum is
independent of the relative motion of the source
and the observer. Thus the velocity of light holds
a unique position. It is an invariant, whereas all
other speeds change on transition from one
reference frame to another. This clearly
contradicts Galilean law of addition of
velocities, thus questioning the Galilean
transformation equations.

Further these postulates present a new
physical theory of space and time. Since we can
not distinguish one inertial frame from another,
whatever the experiment we perform, we have
to reject the idea of absoute space and absolute
motion. This has been confirmed by Michelson
Morley experiment.

Keeping in view the above postulates of
Einstein, we have to frame transformation
equations, which satisfy :

1.  Thespeedof light C must have the
same value in all inertial frames.
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2. The transformations must be linear,
They should approach the Galilean
transformations for low speeds (i.e., v << C).

3.  Space and time are not absolute.
They are inseparable and depend on the state
of motion.

~ 15.6: Lorentz transformation equations :

These are a set of equations, which satisfy
Einstein's postulates of special theory of
relativity. They connect the space-time
coordinates of an event measured in two inertial
frames which are in relative motion.

Ref. Fig.15.1: Let us start with t =0 and t =0,

when the two inertial frames of reference S and
S' coincide in all respects, so that their origins
O and O also become one and the same.

Let a spherical wave front start from the
coincident origins. When this wave reaches P,
its coordinates are P(x,y,z,t) in inertial frame S
and (x', ¥', 2, ') in the inertial frame S’ which is
moving with a uniform velocity v along the x-
axis w.r.t. the frame S and there is no component
of velocity along the y or z-axis.

Hence we can wrile :

x*+y +7° =c’t 15:6.1

and xZ+y*+z? =t ..15.62

Deducting (15.6.2) from (15.6.1) and
substituting y' = y and z' = z, we obtain :

=t = x? —ci”? ..15.63

In Galilean transformation, eqn. (15.2.1),
we had obtained a linear relation ;
X'=x-v1

In this case, let us try a very simple
mathematical treatment. Let us write the linear
equation in the following way :

X'=Kk(x=-v1)

and t"'=k(t-bx)

1564
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Where k and b are unknown quantities
but are independent of x. In eqn. (15.6.4) we
have taken due care to maintain the linearity of
space and time co-ordinates Substituting these
values in the R.H.S. of eqn. (15.6.3), we have :

x*=c’t? =[k(x-vO)F =c [k(t=bx)J

- kz(x2 +v717 = 2vix)
—c K7 (1 + b7x* = 2thx)]

= (k* —=c"k*b7)x* +
(2vtk™ +2¢7k " th)x
+(k*v* =’k

*Equating the co-efficient of x°, t* in the
L.H.S. and R.H.S. separately, we get :

1=k?-ck*p? ..15.6.5
and &7 = kK32 =%k ' .. 15.6.6

Eqn. (15.6.6) gives : —¢* = —k*(c* —=v*)

- 1

k=
or W «.15.6.7
Sustituting (15.6.7) in (15.6.5), we obtain :
1=k*(1-¢’b?)
2 g2

= CT——\T'{“ —-Clb:)

V:
so that b*=—
& add gyt e

...15.6.8
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Substituting (5.6.7) and (5.6.8) in (5.6.4), we
have : -

and V- ..15.6.9

For the y and z axis, we have : y' =y, z' =z,

The inverse Lorentz transformations can
be obtained by mutual interchange of primed
and unprimed coordinates and replacing v by -
v (as has been done in eqn. (15.2.2) ;

x"+vt’
v
i S

=Y

i ..15.6.10
cI
The Lorentz transformation equations
have the following important characteristics :

(1) When the velocity (v)issmall, v/c — 0.
Hence the eqn. (15.6.9) reduce to eqn.
(15.2.1). Thus Lorentz equations reduce
1o Galilean equations in the limit of low-
velocity. This shows that Lorentz
equations represent the general case and
Galilean equations are special cases of
Lorentz equations. i

(2) The equation involving time-
transformation of Lorentz contains the
spatial coordinate. This suggests that
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space and time are inter-related. Thus the
unified space-time considerations should
be taken up, in various situations.

(3) If wesubstitute v >c in Lorentz equations
above, x' and t' will become impossible.
Hence the speed of a body with velocity
greater than that of light is not acceptable.

15.7: Simultaneity :

Suppose two events occur at the same
time in one inertial frame. Then they may not
occur at the same time to another inertial frame.

“Thus the concept of simultaneity (i.e., events

occuring at the same time, or, simultaneously)
is not absolute.

Let, in a frame S, event | occuratx,y,,
z attimet

and event2occuratx,,y.,
z,attimet,

Now consider another frame S', moving with a

uniform vel u, w.r.t. frame S along the x - x'

direction.

Then, by Lorentz transformation
equations, we can write :

x:= X, — Vi,
1-vi/c!

T oAl=viIe?
Y&

t = A=
1= El 1
I-v- /¢
VX,
L——%
and t‘2=_—-—°—‘
l=v-/c

From the above, we can write :

I [(xz—xl)-—v(tz'—l,)]

X =X
i J1-vi/e?

51592
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-.18.7.2

(t) —t})in eqn. (15.7.2) gives the time-
interval as measured in the frame S' between
the two events 1 and 2 for which the time-
interval is (1, —t,) inS.

If we consider that the two events were
simultaneous in S, thent, =1,. Substituting this
in eq. (15.7.2) we have :

we19:7.3

th—1} =0

Thus even if the two events are
simultaneous in S, they are not so in S'. (of
course, they will be simultaneous if the two
events oceur at the same place in S, i.e, X, =
x,). Hence this leads to the conclusion that
simultaneity is a relative concept.

In classical physics, the upper limit of
velocity of light can be as large as oo. This,
when substituted in eq. (15.7.2), gives

| |

Thus, in this situation, simultaneity
becomes an absolute concept.

15.8: Lorentz (Fitzgerald) contraction :

The measured length of an object is
decreased, if the object and the observer are in
relative motion with respect to each other. That
a moving body appears to be contracted in the
direction of its motion is known as Lorentz
contraction and is a consequence of the non-
simultaneity.

Let us consider the frames S and S'.
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Let the rod, having end coordinates as x|
and x}. be kept in the frame S' and is moving

_alongwith S' with a velocity v along x - X" axis, .

with respect to the frame S.
s'| % S|V.
) Xy X,

1
X X
' Rod gL i
’0 t.l "il

Fig. 15.3
Lorentz contraction
The length of the rod in frame S' =
xh —x; = [, (say)
(, is also called the proper length.

By Lorentz transformation, we have :

X, = Vi,

7=
O 7|
l-v-/c

X, — Vi,

e —
Y | B N

i [ (xluxl)

R vy
=V{C

and

(

e
or, (=(1=v'/c

V:
S R

Eq. (15.8.1) shows that ( < f_ . Thus the length
is contracted and the amount of contraction is
given by i

..15.8.1

(=)=

v
2¢?
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We find that when the velocity of the
body becomes small, the amount of contraction
correspondingly tends to zero and hence can
be neglected.

Hlustration :

In particle physics, we come across
fundamental particles known as muons which
are unstable and decay into electron and
neutrino. Their mean life-time in a frame in
which they are at restis 2us . They are created
in the upper atmosphere at a height of 5~ 6 km
from the sea-level on interaction of cosmic rays
with the atmosphere.

The problem is : Even though the muons
are having a short mean life-time, how they are
abundantly found at sea-level, crossing such a
large distance of 5~6 km ?

This can be explained by length
contraction. It is found that the velocity of muons
is as high as 0.998 C. In the frame of muons,

. the distance between the birth-place of muons
‘in atmosphere and sea-level =

(=( 1=V /¢

998¢ )3
[

= (6x10°m) 1—(
=379 meter
-, The time required to travel this distance by

muon =

Distance
Velocity of muon

"~379
N 0.998 x (3% 10%)

= 1.26 ps
Since this time of 1.26 ps is less than the proper

L tina!

life-time of muons (2 y1s ), it is quite possible for

the muons to reuch the sea-level. ool
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15.9: Time-dilation :

Dilation means "enlargement beyond
normal size". In case of time-dilation, we mean
that time-interval (between two events) is
lengthened. This happens, because time depends
on the state of motion of the observer. as per
the principles of relativity.

N, S

1

3 t o)

Xy X,

o

. 1 I L >

Fig. 154
Transformation of time-interval
Remarks :

In §', the two events take place at the same
position (x'), at different times (t', and t',).
~In S, the two events are observed at
different positions, which show different times
(t, and t,) for the two events respectively.

Consider the frame S', which is moving
with a velocity v along the +ve x - x' axis with
respect to the frame S.

Let: v =

, = Time of occurrence of event

lat point X,

Time of occurrence of event
2 at point x'; (i.e. the same
point as forevent 1)

t, =

The time interval between the two events
in, . S'=.4=t

a1

= A" (Say); proper time interval

s



Relativity

This time-interval, measured by a single
clock, at the point of occurrence of events, is
called the proper time interval. (Normally

symbolised by At ).
Now consider frame S :

Time of occurrence of event | ata
pointin S,

Time of occurrence of event 2 at
another point in S.

The time-interval in S = t, —t,

= At (say)

= Improper or

_ non-proper time

The improper time is recorded at different

points, other than the point of occurrence of the

events. In this case, it will be convenient to use

the inverse Lorentz - transformation to link the
times in S and S' frames.

At

Af o e
o Ji-v' /¢’

= m{nq‘;)
2¢°

This eqn. (15.9.1) shows that At> At’. Thus
the time has dilated. This proves that the
improper time is greater than the proper time.

elotil
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In fact, the time-interval ( At" ) is least in
the reference frame (here S'), in which the events
take place at the same point as registered in the
clock there.

The variation of Atwith velocity v is
shown in the fig. below :

At/ At
1
0 vV
Fig. 15.5
Time dilation

lustration :(Refer the problems under length contraction)

The life-time of muons is their proper-life,
measured in their own frame.

In the laboratory frame, their life-time =
At (say)
At

- Ji-vi /¢l

2us
J1-(998)°

=31.7 x 10° sec.

In this time, the distance that can be covered by
muon = (31.7 x 107°)(0.998¢)

=9.5 km.

Since-the distance between the birth place of
muon in atmosphere and sea-level is 5~6 km
(i.e., much less than 9.5 km), it is quite possible
for them to reach sea-level.

15.10: Variation of mass and momentum
with velocity :

In Newton's physics mass bf a body has
been regarded as a constant and independent of
its velocity. But in relativity this concept is no
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more valid. Relativistic considerations show that
. when abody is at res, its mass should be named
as 'rest mass' and when it moves, its mass is to
be called as its effective mass (or, moving mass).
These two massess are being related by the
following equation, which shows dcpendence
of m on its velocity :

m=_—.m°—.
1=/

Where

..15.10.1

v = vel. of a body
m, = Rest mass of the body

m = Effective(moving) mass
of the body

When the body is at rest, v=0, so that m = m,

Further when the body is having a velocity c,
its mass becomes .

Thus we find that the mass of a body goes
on increasing with its velocity.

|

|

|

1

________ : Classical
e

|

0 _ V—

Fig. 15.6
Variation of mass with velocity

Fromeq(15.10.1), itis simple to write an
expression for momentum as :

P=Momentum =mass x velocity

N m,v
vi-vi/¢?
+.15.10.2

and variation of momentum with respect to
velocity can be graphically depicted as :
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m(V)V/1 _ Classical

’ mv

A\

i\
\

LY
b e e

=
@]
<

Fig, 15.7
Variation of momentum with velocity
15.11: Expression for force :

By Newton's law, we know that force can
be expressed as the rate of change of.
momentum.

F=

el

Hence

In this case, we express P relativistically and
proceed as : ;

d[ m_v ]
Vi=-v?/¢?

dt

~15.11.1

Lo sl

using eq. 15.10.2

If we take F and y in the same direction, eq.
(15.11.1)leads to:

d[v(l —v2 fc'z)‘é]

dt




‘l
-

r-

AR

Relativity

5 N=7
. VY7 dv
=zm il l—— —
e | oEsleaeeah

i Y2
=my|l-—| a o I )
G it
dv .
where P (Acceleration of the body) = a (say)

Whereas in classical physics, force is a product
of mass and acceleration, this is not so, in case
of relativistic consideration, as seen from eq.
(15.11.2).

15.12: Mass-energy Relation :

From the principle of conservation of
energy, we know that the work done by a force
acting on a body appears as an increase in
kinetic energy.

Increase in kinetic energy = work done
T dT=Fds

T = des

y=0

L ]vd(mv)
0

vl
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w2 V2

v l_ 3 + 3
o G
V|—————|dv

=-m >
0 (l—vzr'cz)":.

o

v dy

m, R LAl
o(l—v:-fc.:)%

v

_mc’I Loy

= Nty S PSSy
oc” (L=v"/e7)?
215.12.1

But we know

.
d[l‘i?] e inv A
¢ c(b=v-/c7)?

wil5:32.2
Sustituting (15.12.2) in (15.12.1), we have

' ‘ v 47
T=I‘l‘loc2 (l—‘-..—]
c

QS s

o

- a
l-v*/c* g

=i m-my) .,

15123

s 1524

Eq. 15.12.3is the relativistic equation for kinetic
energy, which can be rewritten as :




Kinetic energy = (Increase in mass) (C*

_ 15425
From eq. 15.12.4, we have :
T = mc” - mc? 215125
i.e., Kineticenergy =

Total energy - Rest energy
or, Total energy =
Kinetic energy + Rest energy
Which is symbolically, E=T +E; ...15.12.6
Substituting (15.12.5) in (15.12.6) and
putting the value of E :
E=(mc’ —=mc’)+m,c’
=mc? sl AT

Eq. (15.12.7) is the well-known Einstein mass-
energy relation which gives the universal
equivalence between mass and energy.

Let us analyse eq.(15.12.3) in more detail :

T=mc¢’ —-I—-l]

(, 1vd 3y
=m,." [l 2 +...]-I}
i 2t " 8¢
(by ustﬁgBmomml theorm) ~ ..15.12.8

thn v << ¢ (as in case of classicl physws),
we hatve iom (15.12.8)

—

where moying mass and rest mhss
become the same v being equa) to zero. -
The Principleof mass-energy equivalence has
been confirmed several timesin nuclear physics.

15129
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Examples are : Pair-production, nuclear binding
energy elc.

15.13: Momentum of a photon :

Momentum of a particle = P=mV
..15.13.1

; E
But energy = E=mc”, sothat m =—
e

15332
Substituting thiseqn. in 15.13.1:

Momentum of a particle =P
E
=73V
C
But photon is a particle of light and hence its
velocity is the velocity of light c.
E

P=—,C
o’

E

C

wel9:43:3

Further quantum mechanically, E=hY

where y = frequency of the photon(or,

light wave)
Thus eq. (15.13.3) gives :
p=lL
S
=h/h  ..15134(" yrA=c)

This is the well-known de Broglie egn.

Ex.15.1: An event occurs at x = 50m, y = 20m,

= 10mandt=5 x 10" sec. in frame S. What
are the space-time coordinates of the event as
measured by an observer stationed in frame S',
which is moving relative to S with velocity 0.6¢
along the common x-x' axis.

Soln.
From Lorentz transformation :

o A=W




466

Soln. ]
Fromeq. (15.7.2) we obtain :

[ =t)- 2=

Ji-v?/c?

=t =

For the two events to occur simultaneously in
frame S', we should have t', - t', =0

(-1 Xm0 =0
o, (4-8)x10” - 5(48-24) =0

or, —4x10"-?i(3]=0

cl\e
6fv
—|=]=-10"
s c(cJ
A [
—_ c
c 6
=8
= l: % (3x10%)

(rc=3x10°m/sec)
or, v=-0.5met/sec :

Ex.15.5: A clock keeps correct time. With what
- speed should it be moved relative to an observer,

so that it may seem to lose 4 minutes in 24
hours ? :

Soln.
We use the time-di la'tifon fbrmula -
At
Vi e \’2 ;02

We take the clock at rest in a frame S.

At' =

~ Hencethe time A_t,=" 24 hours -4 minutes
1! - =23 hours 56 minutes
=23 .93 hours

Bureau's Higher Secondary Physics

The observer, relative to whom the frame S is
moving with speed v, measures the time as 24
hours.

At' =24 hours
2393

vi=-v*/¢®

'1—i=(23'93)

c? 24

Substituting, 24 =

v 2393Y
« 52

c 24
_(47.93 007
24 \ 24
iy P V47.93x0.07 183
= s 24 24

1.83

= —x(3x10*
or, v 4 ( ) met/sec

=2.3 x 107 met/sec.

Ex.15.6 : Find the velocity of a particle at which
the mass of the particle is double its rest mass.

Soln.

We use the equation :

m= M,

_Jl—v’ /c?

Givenm = 2"‘0

2= 2 2
- Al=vile
Vil
I——=—
T c 4
vz_i
ot b
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2
4

=0.86¢c

or, v=

Ex. 15.7: Calculate the energy equivalent to 1

atomic mass unit in million electron-volt. Given
Avogadro's Number = 6 x 10* / g. mol and
¢ =3 x 10® m/sec.

Soln.

g 1
I amu. = 6% 105 gram '

I
= ox10™ <8

From Einstein's equn. :
E = m¢*

= (6—510—26](3 x10%)°

9x10"°
= m _}oulc

= 1.5 x 10"° joule
_ L5x10™
= 16x10" ©
=0.937 x 10%ev

=937 x 10%ev
=937 Mev

Ex. 15.8 : How much mass is lost when 1 kg of
water at 0°C turns to ice at 0°C ? Given latent
heat of ice = 80 cal/gm.

Soln.
Amount of heat lost by water =
Mass x Latent heat of ice
(1 kg) (80 K.cal / kg)
- 80 K. cal
80 x 4.2 x 10" joule

1]
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E
Equivalent loss in mass = e
. 80x42x10°
(3x10%)°
=373 x 10 “ kg
SUMMARY

1.  Galilean-Newtonian Transformation
equations :

If S and S' are two frames of references,
such that S'is moving along x-axis with
constant velocity v, relative to S, then the
coordinates of an event in S (x, y, z, t)
can be related with those in S' (x, ¥', 2/,
t') by the following relations: -

X'=x-wvt
y'=y
z'=7
L=

Provided the origins of the two frames
coincide initially.

2. Michelson-Morley experiment :

This experiment proved that the motion
of ether can not be established. Earth's
motion through ether cannot be detected.

3 Eistein's Novel idea :

Motion through ether is meaningless; only
motion relative to a frame of reference has
physical significance. This led to the
theory of relativity in two parts :
a.  Special theory of Relativity :

It deals with inertidl frames of

reference. (Here the body is not
accelerated, if no force is applied).

b.  General theory of Relativity :

It deals with non-inertial frames of
reference. (Here the body is
accelerated even without the
application of force).



Postulates of special theory of Relativity:

a.  Laws of physics have the same
form in all inertial reference frames
moving with a constant velocity
with respect to one another.

b.  The speed of light has the same
value for all observers in different
inertial ﬁ:ames of reference.

Lorentz-transformation equations :

Xx—=wvi

L

PS5 Srmmm— '
Al=-v /¢
y'=y
t—-vx/c’

L= vi=vi/¢?

All conditions remaining same, these
equations reduce to Galilean-Newtonian
transformation equations, if v~0 (i.e.,
small velogities)

The inverse Lorentz-transformation
equations are :

X'+ vt'
=
Jl—v‘fc‘
y=y
=
t'+vx'/c

M P I

These equations show that the
measurement of position and time
depends on the frame of reference.

Velocity factor (or, Lorentz factor) =
1

Jll—vzx't:3

It 1 a measure of departure from
Newtonian Relativity.

7.

10.
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Lorenmtz-Firzerald contraction :

A body moving with a velocity v relative
to an observer appears to be contracted

in length by a factor ./j _y?/.* in the

* direction of motion of the object.

Mathematically, { =(, vJI-v?/c?,

where [ = proper length,

Time-dilation :

A clock moving with a velocity v with
respect Lo an observer appears to him to
have slowed down by a factor

Ji-vi/ct .

At’
Mathematically, At = i e

where Ay’ = proper time-interval
Relativistic addition of velocities :

Let there be two inertial frames of
reference S and S', out of which S' is
moving with a velocity v with respect to
S.Ifuand u' are the velocities of an object
w.rt. the frames S and S' respectively,
then :

= u—-v
e T R I

I-(uv/c®)
This formula shows that any velocity,

added to the velocity of light, gives the
velocity of light itself.

For example : if u=c, then we getu'=¢
by using this formula.

Thus the velocity of light is independent
of the velocity of the frame of reference,
or source or observer.

Relativity of mass :

Mass of a moving body (m) is dependent
on its velocity (v) and is given by
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- 14.
m=
1—-v-f¢~
where m, = Rest mass of the body
11. . Relativistic momenitum.;

12.

13.

Momentum of a body e

P=mv

m,v
i
Rest mass of photon :

Momentum of a photon =

P=
-
: P=—
But X
: RN h
Hence _——_r—#_l'—vl s
e Ly _ b ] ¥
which gives m, =a— ik~ o

But for photon ¥ = ¢, so that m; =0
Einstein's niass-energy relation :

Kinetic energy of a body =T = (m- m,)c’

'E = Total energy of a body =

Kinetic energy + Rest energy
N

T+m,c

me?

Relativistic relation between

energy and linear momentum :

‘Total energy =E = n ¢’

2
m ¢

T 1=viie?

Linear momentum = P =mv,

P
sothat v= —
m

Hence B copmant e
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kinetic
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MODEL QUESTIONS )

Multiple Choice Type Questions :

The descriptions of motion of a particle
is determined by the

a) observer

b) frame of reference

¢) nature of motion

d) velocity of the particle

From a source at rest, light travels out with
a velocity equal to 3 x 10° m/sec in
vacuum. If the source of light moves
towards the observer with a velocity of

1.5 x 10®m/sec, then the relative velocity
of light w.r.t. the observer is

a) 4.5 x 10° m/s
b) 1.5 x 10% m/s
c) 3x 10° m/s

d) 4.5 x 10" m/s

In case of the relativistic mass of a
particle, which is true

a) Increase in mass is due to increase
inits P.E.

b) Increase in mass is equal to increase
in K.E. divided by c*

¢) There is no increase in mass
d) Mass increases only when v=0

According to the theory of relativity, the
length of a rod in motion

a) is the same as the rest length
b) is more than its rest length
¢) is less than its rest length

d) may be more or less than or equal
to rest length depending on the
speed of the rod.

5.

In which of the velocity ranges, the
velocity of the particle is inversely
proportional to the time elapsed

a) Newtonian
b) Relativistic
¢) Ultra relativistic

d) None of the above
A space-ship in space will have

a) clocks running slower than a
stationary clock by a factor

Ji-vi/¢®

b) its length shrunk in the direction of
the relative motion by factor of

vi-viic?

c) its mass is increased by a factor

Y e
1-vi/¢?
d) All of the above

If the speed of light were 2/3 of iis present
value, the energy released in a given atlomic
explosion will be decreased by a factor of

a) 2/3 b) 4/9

c) 519 d) v¥5/9

Einstein's mass-energy relation shows

that '

a) Mass disappears to reappear as
energy.

b) Energy disappears (o reappear as
mass.

¢) Mass and energy are two different
forms of the same entity.

d) All the above statements are correct.
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9.

10.

11

12.

13.

14.

The proper length of a space vehicle is
(. According to an observer on earth,

the length of the space-ship is 25% of its

proper length. The speed of the space-ship
according to the observer on earth is

e n
S ~C
a) > C b) >
c) 0.968 C d) 0.87C

A proton at rest is accelerated through a
high p.d. Speed acquired by proton is 2.5
x 10® m/s. Rest mass of proton is 1.67 x

10?7 kg.' The accelerating p.d. is

a) 7.74 x 10°V b) 74.7 x 10° V

Q) T4Tx 10°V  d) 0.747x 106V

"All inertial frames are equivalent”. This
statement is called the principle of

a) Equivalence

b) Correspondence
¢) Relative motion
d) Inertia

In which of the following frames of
reference, the acceleration of the particles
is zero in the absence of applied force

a) Intertial b) non-inertial

c) cartesian d) non-cartesian

Two photons recede from each other.
Their relative velocity will be

a) C b) 2C
c)C/2

When a material particle of rest mass m
attains speed C, its mass becomes

b) 0
d)4m

d) zero

a) o

c)2m

15.

16.

17.

18.

19.

20.
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At what velocity the kinetic energy of a
particle is equal to the rest mass energy

a) C/2
b) V3C/2

¢) J5¢/2
d) None of the above

On the annihilation of a particle and its
antiparticle, the energy released is E.
What is the mass of each particle

a) E/C? b) E/2C?
c)E/C d) E/2C

Which of the following is not invariant
under Galilean transformation

a) space interval
b) time interval
C) mass

d) momentum

A metallic cube of density d moves with
aspeed 0.8 C. Its density

a) decreases
b) increases
¢) remains unchanged

d) sometimes decreases and sometimes
increases.

Which of the following can help an
observer to know whether his own frame
of reference is at rest or in uniform motion

a) determination of speed of light
b) measurement of mass

¢) measurement of time

d) None of the above

A cube has side , when at rest. If the

cube moves with velocity v parallel to its
one edge, then its yolume becomes
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21,

B.

The special theory of relativity shows that
the Newtonian Mechanics is valid at

a) all velocities
b) velocities nearer to that of light

¢) velocities much smaller than that of
light.
d) velocities in the ultra-relativistic range

A clock keeps correct time on earth. It is
put in a space ship travelling with velocity
C /2. How many hours does it appear to
lose in one day '

a) 12./3 hours

b) (24—124/3) hours

¢) 6 hours ’

d) 18 hours

Short Answer Type Questions :

At what speed should a particle move, so
that its mass is doubled ? Given : velocity
of light = 3 x 10® m/sec.

Under what condition Lorentz
transformation and Galilean
transformation equations are identical ?

Which experiment confirmed that light
does not require a medium for
propagation ?

10.
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What shape a sphere will appear to have,
when it is carried by a very fast-moving
person ?

What types of frames of reference are dealt
with by the special theory of relativity ?
Why a reference frame attached to the
earth is an inertial frame by definition ?

Give basic postulates of the special theory
of relativity.

An electron is chased by a photon. The
speed of the electron is 0.9 ¢. Show that
their relative velocity is c.

A young fat girl dances with hig velocity.
Explain why she will appear less fat to
her stationary friends.

What is meant by the total energy of a
body in special theory of relativity ?

Numerical Problems :

A rocket is 100m long on the ground. If
its length decreases by 1m to an observer
on the ground during its flight, calculate
its speed.

How much youngeran astronaut will appear
to earth if he returns after one year having
moved with velocity equal t00.5C?

Two electrons are moving in opposite
directions with velocity 0.6 C as measured
by a laboratory observer. What is the
velocity of one electron with respect to
the other ?

The half-life of a @ -meson atrestis 1.8 x
107 sec. What will be its half-life when it
will travel with a speed C/27?

How much energy will be released from
annihilation of 1kg of matter ?

A space ship is launched from earth’s
surface with a velocity 0.3C. It fires a
rogket with velocity 0.6C relative to space
away from earth. What is the velocity of
rocket observed from earth's surface ? In
the above case, calculate the velocity as
observed from rocket surface.



Relativity

7.

A 10m long rod is at rest in x-y plane of

S frame and makes an angle tan ' % with
x-axis. Find the length of the rod as seen
in §' frame, which moves with a velocity

0.6C w.r.t. S frame along x-axis.

Find the relativistic length of an object of
rest length 1m moving with velocity 0.6C
in the direction of motion as well as
perpendicular to it.

Long Answer Type Questions :

Describe an experiment, which confirmed
that light does not require a medium for
propagation. Give necessary theory.

What are the postulates of special theory.
of relativity ? Write Lorentz
Transformation equation and using them
explain length contraction.

Explain, using Lorentz equations,
simultaneity, time-dilation and
relativistic velocity addition.

Explain, with mathematical formula,

variation of mass with velocity and mass-
energy relation.

State and explain Galilean transformation
equations. What are the consequences of
these equations ?

Explain the following terms associated
with relativity :

Event, Observer, Frame of reference,
Inertial and non-inertial frame of
reference.

Under Galilean
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Answer as directed :

Mass and energy of the universe are
separately conserved according to the
theory of relativity. (True/False)

Two beams of light recede away from
each other. What is the relative speed ?
(Given, velocity of light is C).

If the speed of light were 2/3 of its present
value, the energy released in a given
atomic explosion will decrease by a factor
of .

The kinetic energy of a particle is double
of its rest mass energy. Then what is the
dynamic mass of the particle in terms of
rest mass m_?

A photon of frequency 10'® HZ, has a
mass of kg. (Given h=6.63x10*
Joule sec, C =3 x 10° met/sec)

Correct the following sentences.

The description of motion of a particle is
determined by the observer.

Relativistic mass variation is given by m
=m/(1-v3/c).

In relativity the relation between total
energy (E), rest mass (m,), linear
momentum (P) and speed of light (c) is
E* =m C* + P*C.

A rod of proper length (1), moving with
speed (v) appears to have length ¢ given
as ¢ = ¢ (1-v/c)l

transformation
momentum is invariant,
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C e ANSWERS )
A. Multiple Choice ‘_l‘ype Questions :

. ) - 2 @) -3 0 A ) 8 ey 6 g T, )y 8 @)
| SRR (g ITRel || R0 1. (c) 12. (@ 13. (@) 14. (@ 15. (b) 16. (D)
17.@ 18 . ®) 199 (@ 20. @) 21 (@)  22. (b

" B. Short Answer Type Questions : ;
1. 2.60x10%m/sec 2 uveeie
3.  Michelson Morley experiment ' 4.  Ellipsoid

5.  Inertial frames

C. Numerical Problems :

1. 014C : 2. 49 days

3. 088C : 4. 2.08x10%sec

5. 9x 10" Joule _ 6. 0.76C,037C

7. 877m ] 8. 08m1m
Ei=k l;’al'se 2000€ .

3. 49 4. 3m

‘5. 0.73x 10™ kg
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16.1: Atomic Models :

Atomic models are proposals regarding
the structure of an atom. After the discovery of
electron by J.J. Thomson towards the end of
the nineteenth century, all the atomic models
had to be designed, such that :

1) Atomis neutral, i.e., the positive charge is
equal to she negative charge inside an atom.

2) All atoms must contain electrons.
Basing on these facts, Thomson suggested
an atomic model, which says that :

1)  Atomis like a sphere of radius of about
10" meters

2) The positive charges are distributed
inside the sphere uniformly.

3) The negatively charged electrons are
arranged within the sphere in such a
way (much like plums in a pudding) that
their mutual repu.sions are exactly
balanced by the force of attraction
towards the centre of the sphere.

Fig. 16.1 -
[Thomson's Atomic model : Electrons inside
the atom look like black seeds in a waterlemon. This
is known as the plum-pudding model].

On the basis of this model, the hydrogen
atom should emit a spectral line of 1400 A”.
But experimentally it is found that hydrogen
emits four spectral lines in the visible range
(4000-8000 A"). This illustrates the failure of
Thomson model.

16.2: Alpha Particles Scattering Experient :

In order to investigate the structure of
the atom, Geiger and Marsden in 1911, at the
suggestion of Rutherford, Carried out an
experiment scattering of - particles from thin
gold foil. (An a-particle is a helium nucleus
having d charge +2e¢ and is 8000 times heavier
than electron).

A sample that emits q-particles) was
placed in a lead cavity, behind a lead plate
having a narrow slit. The narrow pencil of
- particles thus obtained was directed at a thin
(6 x 10-7m) gold foil. The scattered a- particles
were detected by the flash in zinc sulphide screen
fitted to a movable microscope(M). The whole
apparatus was arranged inside a vaccum
chamber to avoid scattering of a- particles from
air molecules.

E. L ndc«ﬂ.a

Comkod i -L

-’Jcraclnl ; Thi
- ::l:ﬂe ‘aﬁl
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Observations:
1) Most of the a- particles passed through

the gold foid without any appreciable deviation.

2) A small fraction of a- particles was
deviated through large angles and some were
even scattered by 180°.

The experimental findings regarding
angular distribution of scattered ¢ -rays can be
graphically illustrated as :

No of
scattered
oL~ particles
(N)
150
30° Scattering Angle (0)

Fig. 16.3 : Scattering of o -particles

[Graph shows relation between scattering angle () )
and No. of ¢ -particles]

This obeys the mathematical law :

1
a —_—ee
sin'(8/2)
where N = No. of scattered ¢ -particles,
located at the angle of scattering (0 ). Thus N
decreases, as @ increases.

The path of the scattered ¢ -particles can
be shown as :

/

[£5]
T Y
&;

M
4 : 0 3 : N
135 90" 50" '35d 20
Fig. 164
Paths of the scattered particles
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Fig. 16.4 shows that the « -particles
close to the nucleus are deflected through a large
angle.

The trajectory traced by an «- particles
denpends on the impact parameter b’ which is
the distance of the initial direction of «- particle
and the centre of the nucleus.

Rutherford analytically derived an
equation relating impact parameter (b) and
scattering angle(g ) as:

B ze"cot[ 9,2 )

B dne, E

Smaller the impact parameter larger is
the scattering angle. In case of head-on collision,
impact parameter (b) is zero and hence
a.-particle rebounds back.

Rutherford's findings can be

summarised as follows:

1) All the positive charges and almost
all the mass of the atom is
concentred in a small portion at the
centre instead of being spread
throughout the volume of the atom.
Rutherford called this as nucleus.
the electrons can be assumed to be
extra nuclear. This nucleus must
have detected or even reversed the
direction of energetic ¢ -particles.

2) The space around the nucleus is
practically empty for which most of
the o -particles passed through the
gold foil with minor or no
deflection.

(c) When the o -particle is at a greater
distance from the nucleus, the force
between them will be weak as per
the inverse square law. Hence the

_effect of the nucleus will not be
~ appreciable.
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(d) A few o -particles will retrace their
path, i.e., the angle of scattering will
be 180°. This happens, when the
striking o -particle approaches the
nucleus straight. However due to
the strong repulsive interaction, it
travels back being deflected by

180°. This happens when the a-

particle is at certain distance from
the nucleus while approaching it,
denoted by d (Distance of
minimum approach) in Fig. 16.5.

3

Impact
parameter

— o ————

]
Dt
5 i E I
I
/ Dl
[ : 5
* i d ! * [ndicate
O - rays
Fig. 16.5
o -ray scattering: Impact Parameter;
Distance of minimum-approach

Because the distance of minimum approach is
of the order of 10"'* m, we conclude that the
radius of the nucleus should be less than this. In
fact it is of the order of 10"°m.

16.3: Rutherford's model of the atom :

(1) Each atom has a central core of radius of
about 107" m (one Fermi), containing the
entire positive charge of the atom. It is
called the nucleus. Since the radius of an
atom is about 107'% m, it can be stated that
the size of the nucleus is 10”th part of
the atom. Thus the nucleus occupies a
very small space in the atom. -
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(2) Atom is neutral. Thus the total positive
charge at the nucleus is equal to the total
negative charge, carmed by electrons,
which move round the nucleus in orbits -
as in the case of planetary systems. The
centripetal force arising out of the circular
motion i$ balanced by the electrostatic
coulomb force of attraction between the
electrons and the nucleus - thus
maintaining dynamic equilibrium.

N= Nucleus
€= Revolving electron

Fig. 16.5 (A)
Rutherford's model of the Atom

16.4: Limitations of Rutherford's Atomic
model :

1. Stability of Atom :

In electromagnetic theory we know that
any accelerated charge (in this case, electron)
must radiate energy continuously. This will
result in steady loss of energy of the revolving
electrons. Thus the electrong, instead of moving
in stationary orbits, will take a spiral path,
moving closer and closer to the nucleus and
finally falling into it. Thus the stability of the
atom is not possible.

2. Discrete spectral lines :

Itis experimentally found that elements
emit radiations of definite and discrete
wavelength and frequency. However such type
of spectral lines are not possible, when the
electrons will be revolving in orbits of gradually
decreasing radius resulting in radiations of
continuously increasing frequencies. This
drawback is due to the fact thal Rutherford's
model is using the laws of classical physics}.
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3. Similarity between atoms of an element :

We know that atoms of an element are
identical in all respects. But, as per the
Rutherford's model, there is complete freedom
for electrons to move in any orbit of their choice.
Hence there is no guarantee that the orbits,
occupied by the electrons in one atom, will be
the same for the electrons of another atom-even
if they belong to the same element. This would
mean that all the atoms of an element would
not be identical.

16.5: Bohr's model of atom (1913) :

Niels Bohr accepted the planetary model
of Rutherford; but he not only used the classical
laws of physics: but also some quantum
principles.

He adopted the following postulates :

(1)  Theelectrons of an atom revolve around
acentrally located nucleus in certain previleged/

permitted circular orbits. The clectrostatic

coulomb force between the nucleus and the
electron provides the necessary centripetal force,
so that dynamic equilibrium is maintained. The
electrons do not radiate energy while in their
permitied orbits.

2. Bohr's quantisation condition :

The electrons revolve only in those orbits
for which the angular momentum is some

: h
integral multiple of "

Where h is Planck's Censtant and n is an
integer.

Eq. (16.5.1) also shows thateven though
classically all the orbits are possible for an
electron, the electron will choose and revolve
in those orbits, for which the quantum condition,
specified in this eqn. is satisfied. This means
that out of all orbits, only a few are chosen for
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electron-motion, emphasizing thereby that these
orbits are privileged.

3. When an electron jumps from a higher orbit
to a lower orbit, radiation of energy takes place.

Mathematically,
Energy emitted =E=E - E,

where E and E represent the energies
of the two orbits such that E > E .

But by Planck's law, E=hy

hv=E, -E, 1655

1 Ei_Ei
h

ar,. Vv .. 16.5.6

16.6: Bohr's Theory of hydrogen atom :

Bohr chose hydrogen-atom, which is the
simplest of atoms, containing one proton in its
nucleus and one outer electron.

1. Radius of electronic orbit

Consider an electron of mass m and charge
'e' revolving round a nucleus of charge (+ve) with
a velocity (V) in nth orbit having radius r .

The required centripetal force is obtained
from the electrostatic attraction between electron
and nucleus.

But from basic postulate,
(quantisation condition)

rnV,rh=n-l—l-
2 ..(eq:16.5.1)
nh
o
Ciey— ..16.6.2
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Using equation (ii) in eq. (i)

nh L 1 e!

m. =
( 2nmr, © 4me, 1,

n’h? ¢
= =2
dmmr, &,
ek
or) p=20 1663
ame”

This eqn. gives the radius of the nth orbit of the
hydrogen atom. This indicates that

r,an’ ..16.6.4
i.e. as n increases, the radius also increases.
2. Velocity of Electrons: '
Fromeq. (16.5.1), we have
= nh
2nmr,

n

Substituting the value of r_ from eq

(16.6.3) above, we obtain
L 6.6
n 2e,nh ...16.6.5
. 1
ie. LV, a— ...16.6.6
n

Hence when the number of orbit increases, the
velocity of the electron revolving in the orbit
decreases.

3. Total energy of the electron:

By using the above equations, it is
possible to calculate the energy of any electron,
revolving in an orbit. We write :

Total energy of an electron in the n* orbit
= (B )jiie * (Ba) enit  +16.6.7

1
But  (En)ypee = 2 mo;

479
1 e’ :
- =TT
2 2e nh
by using eq.(16.6.5)
4
me
E S
12y e S ..166.8
Further
(Eq)penis = Wrok done in bringing the
electron from oo toapoint x in
the orbit.
= j(Force) (distance)
r 2
e
= o dx
: i[ dne, x> ]( !
e
dne | x ],
R sl ]
4dng, T,
_ ¢ [mme®
Lo = 4ne, | e n’h’
by eq.(16.6.3)
et
= "W ...16.6.9

Putting eqns. (16.6.8 and 9) in eqn. (16.6.7),
we get

me* me*

—'Ssﬁnzhz = 48(2,13211_2

g me,s..

="W _ . 16.6.10
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The -ve sign in egs. (16.610 & 11)
indicate that the orbiting electrons are not free;
but are bound to the nucleus, due to force of
attraction between them. Further as n increases,
i.e., as the separation between the nucleus and
the electron increases, the attractive force goes
on decreasing and, theoretically, it becomes zero,
when n—» o, i.e., the electron becomes free
from the atom (Also known as continuum).

Ground state of the atom refers to the
lowest permitted energy level; i.e., for which
n=1.

Thus ..16.6.11

The energy required to bring an electron
from its ground state to the continuum is defined
as the ionisation energy of the atom.

The states higher than ground state (i.e.,
n > 1) are known as excited states.
Ex. 16.6.1: Find out the radius of the Ist
Bohr orbit. '
Soln.

From eq. (16.6.3), we have :

L8 g,n’h’
7 me’
b Sohz 2
= | n me? _
B
Given (in MKS units)
4ne,_ = C? /Nm*
° 9x10°
h = 6.62x10*Js
m = 9.11x10* kg
g3 1_.6x 10 c '
g N T

P (4“50) 2 2
nme’/ | 4n”me
rTal =i -
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_[ ) (b,taaxm"“)2
9x10” )4’ (911 x107")(L6 <107}

_[ | 1 I Yee2xi0)
36n «10° Lor1 =107 A 16«10

1

| 1 )
414107
(355,::0"1911310'-“ )( )

2
G C) e
355%9.11

_And
32341
=53x10"m

r, =(53x107"")n? in meter
Putting n=1, .
r=53x10"" meter

=053 A°

Ex.16.6.2: Calculate the velocity of the electron
in first Bohr orbit.

Using the eq. (16.6.5),
el )1

v, = =

2e,h /n

e _(1.6x10‘19)2(47: x9x10")

2¢,h 2(662x107)

(16 % 1.6)107*(4 x 314 x 9)10°
. 2x662x107

—

L (Lﬁxl.6><4x3.l4x9)ld;
i 2x662
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28938

= x10°
1324

v, =(219 x 10’)-:;

or, v,=(219x10°) metsec  (n=1)
Ex.16.6.3: Calculate the energy of the electron
in the first Bohr orbit.
Soln.

We have from eq. (16.6.10) :

go.(me |1
= szﬁhz ‘n*

: 4
me? 9.ux|0"-“x(1.6x10*"’)

—

8e2h’ ~

8x(662x10™)’

X (41t x9x109)2

911x(16)* x (4 x 314 x9)’ x107®
" 8x6.62x662x10™%

S [9.1 1%7.23x 127_78._) orga2!
3506

_ 841627 ooy
350.6
= 2170 x 10

=2.17 x 108 Joule

217 x107"®
T 16x107"

(«+ 1Joule= o ev)

- e
1610
= 13.56 ev |

13.56
n nz

inev

or, EI =-13.56ev
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16.7: Origin of spectral lines :
From eq. (16.5.6), we have
v = Frequency of radiation

_E-E

! 4
Bl B e [nL)
o

' me’ (1
Nuc e 8eh? (n}
n, and n, represent the initial and
final quantum  numbers
respectively, showing the jump of
the electron between the initial and
final orbits. (n, > n, which means
- more excited to less gxcited state)
Substituting (16.7.1) in (16.5.6), we get :

T L i
h| ge2h*(n} n}

el oL
~ 8e2nt{n? n}

..16.7.1

where

R {7

This equation gives the frequency of the photon
(i.e., quantum of light energy), released by
electron-jump, when it transits from the final to
the initial state.

Since ¢ = velocity of light

=

w h u=£. -4

e have x
_met 11
. 8e2h’(nf nf)

I mett(1y L)}

or, T= =] L16:7.3
A 88§ch3[n¥ nf}




