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Part-A : Electromagnetic Theory
Electrostatics : Electric charge & charge densities, electric force between two charges.
General expression for Electric field in terms of volume charge density (divergence &
curl of Electric field), general expression for Electric potential in terms of volume
charge density and Gauss law (applications included). Study of electric dipole. Electric
fields in matter, polarisation, auxiliary field D (Electric displacement), electric
susceptibility and permittivity.
Magnetostatics : Electric current & current densities, magnetic force between two
current elements. General expression for Magnetic field in terms of volume current
density (divergence and curl of Magnetic field), General expression for Magnetic
potential in terms of volume current density and Ampere's circuital law {applications
included). Study of magnetic dipole (Gilbert & Ampere model). Magnetic fields in
matter, magnetisation, auxiliary field H, magnetic susceptibility and permeability.
Time Varying Electromagnetic Fields : Faraday's laws of electromagnetic induction
and Lenz's law. Displacement current, equation of continuity and Maxwell-Ampere's
circuital law. Self and mutual induction (applications included). Derivation and
physical significance of Maxwell's equations. Theory and working of moving coil
ballistic galvanometer (applications included).
Electromagnetic Waves : Electromagnetic energy density and Poynting vector. Plane
electromagnetic waves in linear infinite dielectrics, homogeneous & inhomogeneous
plane waves and dispersive & non-dispersive media. Reflection and refraction of
homogeneous plane electromagnetic waves, law of reflection, Snell's law, Fresnel's
formulae (only for normal incidence & optical frequencies) and Stoke's law.

Part-B : Physical Optics & Lasers
Interference : Conditions for interference and spatial & temporal coherence. Division
of Wavefront-Fresnel's Biprism and Lloyd's Mirror. Division of Amplitude-Parallel thin
film, wedge shaped film and Newton's Ring experiment. Interferometer-Michelson
and Fabry-Perot.
Diffraction : Distinction between interference and diffraction. Fresnel's and
Fraunhofer's class of diffraction. Fresnel's Half Period Zones and Zone plate.
Fraunhofer diffraction at a single slit, n slits and Diffracting Grating. Resolving Power
of Optical Instruments-Rayleigh's criterion and resolving power of telescope,
microscope & grating.
Polarisation : Polarisation by dichroic crystals, birefringence, Nicol prism, retardation
plates and Babinet's compensator. Analysis of polarised light. Optical Rotation-
Fresnel's explanation of optical rotation and Half Shade & Biquartz polarimeters.
Lasers : Characteristics and uses of Lasers. Quantitative analysis of Spatial and
Temporal coherence. Conditions for Laser action and Einstein's coefficients. Three and
four level laser systems {(qualitative discussion). Types of lasers and laser.



VIDYA °

UNIVERSITY PRESS

Registered Office
Vidya Lok, Baghpat Road, T.P. Nagar,
Meerut, Uttar Pradesh (NCR) 250 002
Phone : 0121-2513177, 2513277
www.vidyauniversitypress.com

® Publisher

Editing & Writing
Research and Development Cell

Printer
Vidya University Press

UNIT-I Electrostatics -3
UNIT-II Magnetostatics .31
UNIT-I1I Time Varying Electromagnetic Fields .49
UNIT-IV Electromagnetic Waves .68
UNIT-V Interference .87
UNIT-VI Diffraction ..115
UNIT-VIl  Polarisaticn .139
UNIT-VIIl  Lasers ..160

¢ Model Paper ..176



PART-A : ELECTROMAGNETIC THEORY

UNIT-I

Electrostatics
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Q.1. Write down the basic properties of electric charge.
Ans. There are following basic properties of electric charge :
1. Charge comes in two varities : positive and negative.

2. Charge is conserved.
3. Charge is quantised.

Q.2. Explain the meaning of the statement ‘electric charge of a body is

quantized’.
Ans. Itis found experimentally that all free charges are integral multiple of a basic unit of
charge known as charge of electron and denoted by ‘e’. Thus charge g on a body is always given
by

Q=ne (where n is an integer, positive or negative).

The fact that electric charge is always on integral multiple of e is termed as ‘Quantization of
charge’.
If there is a transfer of charge from one object to another, a full transfer of electron will take
place.

Q.3. Name the different types of charge densities.
Ans. There are three different types of charge densities found in electrostatics :

1. Linear charge density (A) = Total charge
Length
2. Surface charge density (c) = Total charge
Area
3. Volume charge density (p) = Totalcharge
Total volume

Q.4. State Coulomb’s law.

Ans. According to Coulombs law, “The force between two point charges is directly
proportional to the product of the charges, and inversely proportional to the square of the
distance between them”.

Let two point charges g, and g, are situated at points A and B respectively. The distance
between these two points is r, then the force F exerted by g, on g, is given by



P )
4 EKQQ!N Electromagnetic Theory & Modern Optics B.Sc.-ll (Sem-lll)
a )]

As— e B
T—r—>
- 1 ma

4hey p2
where gy is the permittivity of free space. £y =885 x10712 ¢2N-1m2.
This force will act along the line joining the two charges.
Q.5. Explain superposition principle.
Ans. If we have n point charges, they act independently in pairs. The force on any one of

them, let us say g is given by the vector sum

> - —> — —>
Fl =F12 +F13 +F14 SR Fln

The presence of other charges does not affect the force between any pair.
(Q.6. What are the differences between electrostatic force and gravitational
force?
Ans. There are two basic differences between electrostatic force and gravitational force :
1. Gravitational force is always attractive, while electrostatic force can be attractive or
repulsive both.
2. Gravitational force is weak force as compared to electrostatic force. It is approximately
10%? times stronger as compared to gravitational force.
Q.7. Define electric field.
Ans. The electric field due to a charge Qat a point in space may be defined as the force thata

unit positive charge would experienced if placed at that peint. The charge @, which is
producing the electric field is called a source charge and which test the effect of source charge
is known as test charge.

—3
E =

< | =)

Its unit is N/C or volt/meter.

Q.8. Write the expression for the electric field due to a point charge.
Ans. Let P be a point lying in vaccum at a distance r from a point charge g at point 0.

-
+q f - E
F—T—

Letatest chargeqg be placed at P.According to coulomb’s law. The force F acting ongg due tog
is

- A
F = 1 ﬂ r
dneq r2
The electric field at the point P is, by definition, given by the force per unit test charge

—)
E = =
Go “4meg r

F_1 g»
a;
2
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The direction of E.t is along the line joining O0and P.Pointing outward if q is positive and inward

if g is negative.

Q.9. Give the expression for the electric field in terms of volume charge
distribution.

Ans. Suppose charge is distributed in a given volume as shown in Fig. Let us take a small

volume elementdt’ at the position vectorr’.If the charge contained in this small volume isdg’,
the quantity

plr') = 1s called the volume charge density.
dt'

The charge in this element is dg’ =p(r’ ) dv’
The electric field at the position r due to this volume charge distribution is given by

r'J(r —r')dt’
E(r] _ J' p( ] ( )
Volume 4-11:80 | r _rf|3

Q.10.Define electric potential.
Ans, Let us consider an isolated point charge +q lying at 0. A and B are two points in its

electric field. Let W45 be the work done by an external agent in moving a unit positive charge
from A to B. The potential difference between two points in an electric field is the amount of
work done in moving a unit positive charge from one point to another against electric forces.
+q _#1
0 B A

Wap =Vp —Vy
If A is at infinity then V4 =0
W= WB

Therefore electric potential at a point is defined as the amount of work done in moving a unit
positive charge from infinity to that point, without acceleration, against electrical forces. This
is a scalar quantity.

Q.11.What do you understand from equipotential surface?
Ans. This is defined as the surface over which all the points have the same potential. If a test
charge g is moved between any two points on an equipotential surface through any path, the
work done is zero. This is because the potential difference between two points A and B is
defined by

Vg —V4 =Wyppy
If VA =VB = WAB =0
Hence the electric field vector must be everywhere normal te an equipotential surface.
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Q.12.Write the formula for electric potential in terms of volume charge density.
Ans. The electric potential at a distance r from a point charge ‘¢’ is given by
1 gq

V= =
dreqg r

If the charge distribution is continuous

Electric potential is given by

V= 1 J‘@
47580 r

For a volume charge it is given by
1 ¢plr) ;.
Vir)=—|——-d
") 4reg Ilr—r'| v
Q.13.Draw the variation of electric potential due to a uniformly charged
conducting sphere of total charge ¢ and radius R.

Ans. bt g

43.80['

pl
I

Q.14.Define electric flux and give its unit.
Ans. The flux of E through a surface S, is given by

dr =§S§-%=§E£§cose

HE

Bl

Normal

where 0 is the angle between area vector and electric field.

It is a measure of the number of field lines passing through S. This suggests that the flux
through any closed surface is a measure of total charge inside. The unit of electric flux is
Newton-meter? [coulomb.
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Q.15.State Gauss's law.

—
Ans. The total flux of the electric field E over any closed surface is equal to1 /e, times the
total net charge enclosed by the surface.
2> 2> Q
¢=§E-ds=ﬂ (1)
€0
eq. (1) is the integral form of Gauss law.
The differential form of Gauss law can be written as

e S
v.E=F «(2)
gp
where p is the volume charge density and V (delta) is a operator given by
v=27495,9}
ox oy 0Oz

Q.16.A charge Q is placed at the center of a cube. Calculate the electric flux
through any one of the face of the cube.
Ans. Since electric flux is a measure of total charge enclosed by the surface i.e.,

¢E - Qenc
€p B
for cube Q. =Q o _Q Q
€o

This is the total flux from all the faces of the cube. Since cube has six faces, therefore flux
through any one of the face of the cube will be 1/6th of the total flux.
Flux through one face is
ptE_ C
6 680

Q.17.What is an electric dipole?
Ans. Let us consider two charges —q at point A and +q at B, the distance e 2d s
between them being 2d. Such a charge configuration is called an electric 4+ &
dipole. = e
The magnitude of the dipole moment P is given by the product of any one of the charges and
the distance between them.

P=gx2d
The direction of P is from —q to +q.
The units of P is coulomb-metre.

Q.18.Write the formula for electric field due to a dipole at an axial point and on

the equatorial line.

Ans. The expression for electric field due to a dipole at an axial point is given by
1 2P
dneg r?

Eial = [P-Dipole moment]
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Electric field on an equatorial line due to dipole is

1 P
Bapi=—t i

dneg 3

(Q.19.What is the relation between electric field and electric potential. Calculate
the value of electric field, if potential is given by ¢ = 3x2 YZ.

Sol. The relation between electric field and electric potential is given by

E=-grad¢=-V¢ (1)
Thus the electric field at any point is the negative of the gradient of potential at that point. The
minus sign indicates that E points in the direction of decreasing ¢

¢ =3x? yz
using above relation (1}

E=-ve=_207 %) %}

ox oy oz
9 b _. 2 O

X =6xyz,— =3x z,—=3x2
e T tgy g L

E=-6xyzi —3xzzj—3x2yk
Q.20.Explain the term potential energy.
Ans. The electric potential energy of a system of fixed point charges is equal to the work that
must be done by an external agent to assemble the system bringing each charge in from an
infinite distance. The electric potential energy of system of two charges q; and q; placed ata
distance r is given hy

= 1 %1%

4ng 0 r

If we have n different charges in any arrangement in space. Then

n e B
gl 1)1 a4
2 4.'7580 I‘=1]¢1 rij

Q.21.What is a dielectric?

Ans. A dielectric (or insulator) is a material in which all the electrons are tightly bound to
the nuclei of the atoms. Thus, there are no free electrons to carry current. Hence the electrical
conductivity of a dielectricis very low. Glass, eborite, mica, rubber, oils etc. are the examples of
dielectric.

Q.22.Define dielectric constant.
Ans. The ratio of the capacitances of a given capacitor with the material filling the entire
space between its plates to the capacitance of the same capacitor in vaccum is called the
dielectric constant or relative permittivity of the material.
If C is the capacitance with dielectric material and € that in vaccum, then dielectric constant
of the material

K =C/Cy
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(Q.23.What are polar and non-polar molecules?

Ans. A polar molecule is one in which the centre of gravity of the positive charges is
separated from the centre of gravity of the negative charges by a finite distance. The polar
molecule is thus have an electric dipole and has an intrinsic permanent electric dipole
moment.

A non-polar molecule is one in which the centre of gravity of positive charges coincides with
the centre of gravity of the negative charges. Symmetrical molecules (e.g., H;,N;,0,} are
non-polar. A non-polar molecules has zero electric dipole moment.

Q.24.Write Gauss law in dielectrics.
Ans. The Gauss law in dielectrics can be written as

- >
frE-ds="1
Ep
where X is the dielectric constant.
Q.25.Define electric susceptibility.
Ans. When a dielectric material is placed in an electric field, it becomes electrically
polarised for isotopic dielectrics the polarisation vector P is proportional to the electric field
E. Thus,
- -
P =£g% E

where y (chi), the electric susceptibility, is a dimensionless quantity and is a characteristic of
the medium.

Q.26.Explain the terms dielectric polarization.
Ans. When a dielectric is placed in an external electric field, the electrically charged
particles with their displacement arrange in such order that dielectric acquires a certain
electric moment, this is called dielectric polarization.
Linear dielectrics shows a direct proportionality between the electric moment P (induced
moment) acquired by the particle during the process of polarisation and the intensity of the
electric field acting on the particle i.e., the local electric field E;,, inside the dielectric

P ocEm,
or P=a Ey,
o is known as polarizability of the given dipole.
Q.27.What are the limitations of Coulomb’s law?
Ans. The Coulomb’s law fails to explain the stability of the nucleus, since in a nucleus, there
are several protons all having the positive charge. Since they have the same charge they must
repel according to Coulomb’s law, but they do not push themselves because nucleus has the
stable identity. Hence, here the Coulomb’s law fails.

Q.28.What work will done in taking charge q from infinity up to mid point of an
electric dipole?
Ans. Work done is defined as change in potential energy
W=(Vg -V4)q
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Since at infinity potential is zero and at the mid point of dipole potential is also zero.
Therefore,

W =0 [as VB =VA =0]
Therefore no work will done m taking a charge from infinity to mid point of dipole.
Q.29.The electric potential at the centre of a spherical conductor of radius 10
cm is 50 V. Find its surface charge density.
Sol. Potential of a spherical conductor is given by

_ 12
4neg R
s0-—1 9
4reg R
= Q= (4TCSOR) 50
Surface charge density is given by
= Q
4nR?

- =(4ns0R] 50
4nR?
c = Eo 50
R
- =8.85x10_12 x50
10x1072

=4425x10710 =4.425x107° ¢/m?

Q.30.Write Laplace and Poisson’s equation.
Ans. Laplace equation

[R=10cm =10x10"2 m]

Vv =0
Poisson’s equation
vip=-F (for free space)
gq
and vZ = ot (o &

ox2 +6y2 +622
e o]\ B: X SHORT ANSWER TYPE Jo)F/335 (0]}

Q.1. Derive the expression for potential energy of a dipole in a uniform electric
field.

Ans. Let us consider a dipole of moment P =2gd, placed in a uniform electric field E. Let at

any instant dipole makes an angle 6 with the electric field. The charge +q experiences a force

gE in the direction of the field, while — g experiences a force —gE opposite to the direction of

electric field. Since hoth the forces are in opposite directions therefore net linear force is zero.
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As both the forces are not collinear, so they form a couple and there is a net clockwise torque,
which tend to set the dipole in the direction of the electric field. The magnitude of the torque is

T =qE (2d sin 0)

=PE sin 0 [-P=gx2d]
> 5 o
In vector form T =PxE

Let W be the work done by an external agent to turn the dipole from its reference orientation
8 to angle 6, then

_ 0 _ 0 . _ 6
W—I%TdB—IBDPEsdeG— [PE cos@]g

W =PE cos0y — PE cos0 =PE [cos0y —cos0]
If8y =90° then

- =
W =-PEcos® or W=—P . F
This work done is stored at potential energy in the dipole.

Q.2. Consider three charges q4,9»,q; each equal to q at the vertices of an
equilateral triangle of side ‘@’. What is the force on a charge @ (with the
same sign as q) placed at the centroid of the triangle.

Ans. In the given equilateral triangle ABC of sides of length ‘a’. If we draw a perpendicular

AD to the side BC

AD = AC cos30° =‘/2§a
and a0=24p=14
3. 43
By symmetry A0 =B0=C0
Thus, using Coulomb’s law
Force F; on Qdue to chargeqat A= 3 % along AQ
41'580 az
Force F, on Qdue to chargeqat B = 3 & along BO
411:80 az
Force F3 on Qdue to chargegatC = % along CO

4TE80 az

The resultant of forces F; and F3 /F, = \/ Fzz + F32 +2F, F3 cos120°
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Hence the total force on Q=F; —F, =0
Therefore, the force on charge Q will be zero.

along OA

Q.3. Establish the relation E=-VV.

Sol. Let us consider two neighbouring points A(x, y,z) and B (x +dx, y+dy, z +dz)
distance dl apart in the region.

Let the value of potential at A and B be V and V +dV respectively. Let dV be the change in

potential in going from A to B, then

dv —a—vdx+a—vdy+a—vdz
ox oy 0z

lg+}g+;(av {(idx + Jdy +kdz)
ox dy oZ

Here, (i dx + jdy + kdz) is the displacement vector di between A and B, thus
dV =(grad V)-di w(1)
The work done by the external agent in moving a test charge g from A to B alongdi is

- - -> 2
dW =F -dl=—qE -dl

or aw __F.a
q
But, by definition, dW/q is the potential difference dV between the points 4 and B, thus
- =
dV =-E .di «(2)

Comparing eq. (1) and (2)
E=-gradV=-VV
Thus, the electric field at any point is the negative of the gradient of potential at that point. The
minus sign indicates that E points in the direction of decreasing V.
Q.4. Prove the differential form of Gauss law from integral form.
Ans. The integral form of Gauss Law is given by

ﬁ .ds = Yenc (1)
£
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Now, suppose the charge is distributed over a volume. Let p be the charge density. Then total
charge within the closed surface enclosing the volume is given by

0=[pdr ()
v
from Gauss divergence theorem eq. (1) can be written as
- = - —
§E-d3=[(v-3)dr -(3)
v
Now eq. (1) can be written as
> >
[(v-E)de =I@ (4
v v &0
= =
or I[V-E-i}h =0
&g
The integral is zero only if integrand is zero. Therefore
- = p
V-E-"— =0
Eg
> >
or v =P
€p

This is the differential form of Gauss law.

Q.5. Derive Coulomb’s law from Gauss law.
Ans. Letusconsider a positive point chargeg placed at0 and another chargeqy ata distance 7’
from it.
Let us draw a Gaussian surface. (In this case a hallow spherical
shell) of radius 7’. The charge enclosed by this Gaussian surface is
'q.
Using Gauss law in integral form
&> 0
fE -ds = Zerc
€9
f Edscos =9
Eo
Since electric vector E and area vector dS are parallel therefore angle between them will be
zero (0 =0°)

j;Eds -4 [cos0°=1]
o
Again E is constant over the Gaussian surface, hence E will come out from integration
Efds=1
g
E-4m? =94 [§ds =4nr2]

£p
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E=—9 _ [Surface area of spherical shell]
4re 0r2

This is the electric field due to a point charge. Therefore the force on charge gg placed atr will
be

F =q0E
= F = 1 990 This is Coulomb’s law.
dngg 2

Q.6. Derive the expression I’)=eo E(k—l], where symbols have their usual
meaning.

_)
Ans. The polarisation vector ¥ can be expressed as
-

_)
P =gy E (1)

The constant y is called the electric susceptibility of the dielectric material. E is the electric
field within the dielectric. The electric displacement D is defined by the relation
_)

-> -
D=ggE+P -(2)
Substituting eq. (1) into eq. (2)
- -
=gg E +eqy E

go (L+¥) E .(3)

o Wl Wi
Il

_)
We have € E =ey4KE
Putting this value in eq. (3)

_)
eoKE =€9 (1+y) E

or K=1+y
1 =K-1
Substituting this value of ¥ in eq. (1), we get
_)
P=gy(K-1)E
Q.7. Show that the force between two charges separated by a distance is
reduced by a factor b due to the presence of a dielectric.
1+ P [fegE

Sol. Letus consider two charges g, and g, are separated by a distanced in free space. Then
force between them using Coulomb’s law is given by
p=_ 1 @19
dneg 42

When a dielectric of dielectric constant K is introduced between them, the force between two
charges is given by
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o1 @
dnegK 42
.

F e (1)
We have the relation P=gyE(K -1)
or K =1+P[eyE
Putting this value of K in eq. (1), we get

F
F =

1+L
EOE

The force is reduced in the presence of dielectric.

Q.8. Calculate the electric field at a distance r, due to a infinite line of charge,
carrying charge per unit length A, using Gauss law.

Sol. Letus consider a infinite line of positive charge carrying chargeper ___

unit length A (charge/length). L

We have to calculate electric field at point P. Let us draw a Gaussian surface

passing through P, which is by symmetry is a cylindrical surface. The

length of cylinder is I.

The direction of electric field due to this positive line charge is

perpendicular to line charge and away from the charge, first we calculate

the flux through this cylinderical surface.

As the cylinder has three surfaces, two caps and one curved surface.

Since area vector of two caps are perpendicular to electric field so the flux through these

surfaces will be zero.

The area vector of curved surface and electric field is parallel to each other so the curved

surface will contribute to flux through curved surface is

$=§E -dS=fEdScos0°={ Eds

Since E is constant over the surface so it will come out from the integral

.—
>
o
17
!
]

i
]
]

+l+ + ++ + + + 4+
N

A
1

&
(7]

¢ =E §ds
¢ =E -2zrl [ 3§ds =2nrl]
Now charge enclosed by the cylinder is
Qenc =M
Applying Gauss’s law
g A )
§ E -ds =~ene
€9
E-Z'n:rl=£ = E= A
Eq ZTIZEor

This is the required result. It is clear from the formula that E is inversely proportional to the
distance.
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Q.1. Explain the effect of electric field on dielectric.

Ans, Effect of Electric Field on Dielectric

Suppose a slab of dielectric material is placed in the uniform electric fleld E; set up between
the plates of a charged parallel plate capacitor (Fig. 1). The slab becomes electrically
polarised. The polarisation charges inside the body of dielectric cancel each other because the
negative side of one polarised molecule is adjacent to the positive side of its neighbour. Thus
the net charge in the interior of the slab remains zero. The charges at the ends of dielectric do
not cancel. These polarisation charges are called bound charges as these cannot be conducted
away by a conductor. The charges on the capacitor plates are called free charges. The
polarisation charges induced on the two faces of the slab produce their own electric field E’,
which opposes the external field, E. The induced electric field E’ is smaller than the applied
electric field E,;. Hence the resultant field E within the dielectric is smaller than E, ,but points
in the same direction as Eg. The field in the rest of the (free) space is still Ey. Hence we
conclude that when a dielectric is placed in an electric field, the field ‘within’ the dielectric is
weakened. Dielectric siab

LR
HOOO
DITISIS)

QOO
QOO
AR OA,

|+++++++++++|

4

T
'TH
E I

2
E

Fig. 1 Fig. 2

The weakening of electric field within the dielectric is illustrated in Fig. 2. The Fig. 2(a) shows
the original field and in Fig. 2 (b), some of the lines of force leaving the positive plate of the
capacitor penetrate the dielectric, others terminate on the charges induced on the dielectric.
The reduction in the magnitude of the electric field from E; to E causes a reduction in the
potential difference between the plates of the capacitor. Let ¥ and V be the potential
difference without dielectric and with dielectric completely filling the space between the
plates.

|++++++++|
|++++++++|

Yy

]

—
o
——

(b)

Then we have E_O =V_0
E vV
But V—o = ; =K, where K is dielectric constant of the slab.
0
Ey _g
E

Thus the electric field with in the dielectric reduced by a factor k.
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Q.2. Calculate the curl of electrostatic field.
Sol. Let us take the simplest possible configuration, a point charge g at the origing. The

electric field E at a distance r from the point charge is given by

A
where r is the unit vector.
If we calculate the line integral of this field from some point ‘e’ to some other point b’ as
shown in fig.

= — 4
| E-dl
a
In spherical co-ordinates b
— A A A rE,//
dl =drr+rdo0+rsinbdd ¢ P H
- > gl >y
E-di=—1 94 r
4‘1’580 rz /
b= —>
Therefore, I E.d=1 rbidr a Fi
a 4TCSO rﬂ rz &

24D
dmeg (g Tp

where r, is the distance of point @ and ry, is the distance of point b from origin. The integral
around the closed path is zero asr, =r.

§E-dl =0
applying Stoke’s theorem
- = - = - -
j(VxE)-ds=o [jA-dl=j(VxA)dS]
- =
or VxE =0

The curl of electrostatic field will be zero.

Q.3. Derive Gauss law in dielectrics.
Ans. Let us consider the parallel plate capacitor with plate area A and
having vacuum between its plates.

g

Yo
g

Let +q and —q be the charges on the plates and E the uniform electric field
between the plates. Let PQRS be a Gaussian surface.
By Gauss’s law

IR

—).—> =i
355 ds ‘,

7]
_é|||||||||||||
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Since E and dS are parallel and E; is constant over the surface
= -
§Eq -dS = EqdS =Ep A

EoA =i:> Eo =L (1)
£p Ag 0

Suppose a material of dielectric constantk is introduced in the space between the plates. The
dielectric slab gets polarised. A negative charge —¢' is induced on one surface and an equal
positive charge +¢' on the other side. The charges —q’ and +¢' are known as ‘induced charges’
or sometimes ‘bound charges’. These induced charges produced their own field which
opposes the external field E;. Let E be the resultant field within the dielectric. The net charge
within the Gaussion surface isq —¢'.

- = —a
.. By Gauss's law j:E ds =171 -(2) f:_———1Q gy
o + -i +| -
or =19 i b A
£p : i E : -
i + -1 -
=971 (3) ML M
SoA + _: [ R
E # (= +| -
Now 70=K‘ + -: +| -
E [+l p L
where K is the dielectric constant eq. (1) becomes 8
E=_1
KE()A
Inserting this in eq. (3)
q _q-9
KSDA SoA
49
or g ="
q-q K
Substituting this value of 4 —¢' in eq. (2)
- = q
jﬁE~dS=—
KSO
_)
or &K E-das=9
Eo

It is the Gauss law in the presence of dielectric.
Q.4. Calculate the electric field (using Gauss law) due to a uniformly charged at
sphere of total charge Q and radius R :
(i) an interior point
(ii) on the surface
(iii) at an exterior point.
Also show the variation of electric field with respect to distance.



Electrostatics 19

Sol. Letus consider a sphere of radius Rand total charge Q. The volume charge density (p)is
given by

p=4Q (1)
*nRr?
3
(i) To find electric field at an interior point at a distance r from the centre. Let us draw a
Gaussian surface passes through this point P (OP =r).
Since this is a sphere of radius r. The total charge contained in this sphere is

g =px—_ s [q¢' = volume x charge density]
__ @ x 4 ard
i11:R3 3
4 3
;¥
7= -(2)

The Gauss law is given by

§E ES- =Qem:
o

Since _E) and E.)S‘ are parallel to each other the angle between them will be zero.

- — Q
Therefore, § E.ds= j; E dS cos0° ==¢0¢
€0
fEﬁ=%ﬁ
o
Since E is constant over the surface so it will come out from the integration sign. Hence,
E §dS = Lenc
€0
jﬁdS —4nr? (total surface area of the sphere)
So, E -4qr? =Qei
€0
or’
In this case Qenc =9 =——
B3
3

30R3
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=@ -3
41:&:0R3

It can also be written as = Pr ..(4) [From (1) p= Q ]
ETE

(ii) At the surface r=R
QR
4meg R
Q

47g o R

using eq. (3) E =

(iii) At an exterior point.
Let us consider a point P’ at a distance r from the center of sphere.

————

Draw a Gaussian surface passing through this point P'.
Due to symmetry, the field at P’ and on every where on the Gaussian surface will be

perpendicular to Gaussian surface.
The flux through this surface is given by

= >
fE E.dS = j) EdS [angle between E and dS is zero]
E jgdS = Jenc (Gauss law)
€o
E-4nr? =denc
&p
Qenc =Q
E -4mr? =2
€o
E= Q
dmeqr
- Q & . .
or E = r [r is the unit vector along the radius]
4ne Orz

This is same as the electric field at a distance r from a point charge.
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The variation of electric field with respect to distance is as shown in the figure.

A

i B N

Q.5. Derive the expression for field and potential due to an electric dipole.
Ans. An electric dipole consists of two charges g and —g separated by a small distance 2d.1tis

_)
characterised by a dipole moment vector P whose magnitude isg x 2d have the direction from

—qto+q.
We shall calculate the potential due to a electric dipole.
r1 _______ ’ _f’ P
_____ Fars
dH-q. /,f’/
-~ /’
e
” rd
/, 4
>
2l To 7
,/
Fd
/’
Fa
#
s
v-q&

Let us consider a point P at a distancer from the centre of the dipole. The distance of this point
Pfrom +qisry and from —q isr; as shown in the figure. The potential at P due to this dipole is

given by
yp=_1 |:q _q} (1)
4ne 0lT ry
Now by Geometry
z_ 2 _
and ri =rp +d“ —2rd cos9 (2
rzz =r? +d? +2rd cos®
We take r much greater than d (r >>d) and retain terms only the first order in d/r
2
r12 =r2 [1 +d——E cosO
r2 r
=72 [1 - °°se] (3
r

1

Similarly, rzz r (1 + 24605 BJ ..(4)
r
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Using the Binomial theorem and retaining terms up to the first order in d/r, we obtain

-1/2
151(1—2‘10059) gl[l+dcosej .(5)
ror ¥ r r
-1/2
and L51(1+2dc°59] 51[1—1(:039} ..(6)
rpor r r r

Using eq. (1), (5) and (6) we get

V=L 1 1+£c059 —1 1—£c059
dreqg (r r r F

_q 2d cos6
4megr r

V= 2qd cos©
4ms ol 2
Since P =2gd, we have
Pcos0
V —_—
4ne 0r2

This formula is approximately true only for distance large compared to the size of dipole.
The important constracting features of electric potential of a dipole are :
(i) The potential due to a dipole depends not just on r but also on the angle between the
position vector and dipole moment vector.

(ii) The potential falls off, at large distance, as iz not as 1
r r
Q.6. Using Gauss’s law, obtain the electric field due to a uniform charged
infinite plane sheet of charge and hence find an expression for electric
field between the plates of a parallel plate capacitor.
Ans.

Fig. 1
Let us consider a thin, non conducting infinite plane sheet of charge as shown in Fig. 1. Let the
surface charge density is ‘o’ (charge/area). Let Pbe a point at a distance 7’ from the sheet. We
have to calculate electric field at P. The Gaussian surface is a pill box extended on both sides of
the sheet as shown in Fig. 1, from symmetry, E points at right angles to the end caps and away
from the plane sheet, its magnitude is same at P and P'.
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The flux through the two plane ends is
e T
¢ =§3E -ds+§E -dS
=fEdS+{EdS
=FEA+EA=2EA
- -

‘The flux through the curved surface is zero’ as E and dS are perpendicular to each other.
Hence total flux through the Gaussian cylinder is

or =2EA+0=2EA
The net charge enclosed by the Gaussian cylinder

q =cA
Applying Gauss's law
=2 2> 0
¢ =fE -ds="enc
g9
2EA = oA,
g
2t 0

This is the electric field due to a plane sheet of charge. It is clear from the above result that E is
independent of the distance from the sheet.
Fields due to two parallel sheets of charge (Parallel Plate Capacitor) : Let us consider two

parallel intinite sheet of charge with equal and opposite charge densities +o and -o.
o -0

g Ty my

e

Ny

Fig. 2
Let us consider a point P between the plates of parallel plate capacitor.
The electric field at P due tc plate 1
=¥ o]

Ei=— (away from plate 1)
1
2 0

The electric field at P due to plate 2
s]

E_'; = (toward the plate-2)
28 0
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Since electric field is in the same direction at P. Therefore electric field at P
= 2 o ] o] ;
E =Ey +E; =——+—= E=— toward right.
280 280 80
Q.7. Define electric flux. The volume charge density in sphere of radius R is

given by p=py (1 + %J forr<R

p=0 forr>R
Calculate flux linked with the sphere.
Ans. Electric Flux

Let us consider an infinitesimal surface element 45 of surface § as shown in Fig. 1.

Fig. 1
The flux of E through a surface § is a measure of number of lines passing through surface.
Mathematically electric flux is defined as
— A A
¢ =§ E-ndS [7=normal unit vector]

This is a measure of total charge enclosed by the surface. [ts unit is Newton metre? /coulomb.

Fig. 2
Let us consider a sphere of radius R whose charge density is given by

r
1-——| for r<R
pi= p°( RJ
0 for r>R

The electric flux is a measure of charge enclosed. So we have to calculate the charge enclosed
by the sphere.

Let us consider a spherical shell of radius r and thickness ‘dr’. The charge contained in this
spherical shell is

dq =p -4nridr
Total charge enclosed in the sphere is

Qenc =qu =IORP -4nrdr
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_R L
_J'O p0[1 R) 4nridr

R 3
=47pg ID |:r2 —%i| dr
3

rt ?
=4mpg | — ———
POl 3 Tar
. 0
R® R
=4mpo | - ———
Qenc o 3 4 :|
Qoo = 41tpuR3
enc 12
Hence the electric flux linked with the sphere is
d) = Qenc
€9
i 41‘Cp0R3
1280

Q.8. Calculate using Gauss law the electric field due to a uniform infinite
cylindrical charge and plot a variation of electric field with distance.

Sol. Let us consider a uniformly charged infinite cylinder of radius R and charge density p
(charge/volume). The task is to find electric field at any point distant r from the axis lying
(i) inside (ii) on the surface (iii) outside.

Case (i) : When the point lies inside the charge distribution : Let us consider a point P, ata
distancer (CR)from cylinder axis. Draw a co-axial cylinder of radiusr and length/ so that point
P, lies on the surface of this Gaussian surface.

-

Fig. 1
ﬁ
The electric field E is every where normal to the curved surface and has the same magnitude

at all points on it. The electric flux due to plane faces is zero. So the total electric flux is due to
the curved surface alone.
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The electric flux due to curved surface is :

= 2
b =j> E.dS
= § E ds cos0°
={Eds
=E j;a'S [E is constant]
=E -2nrl [ ds =2rri]
The net charge enclosed by the Gaussian surface
q =(nr21) p [-n:er =volume of cylinder]
. -
Applying Gauss law ¢ = § E -ds="*enc
g9
2
E-2nrl =™ 1P
€o
pr
E="— (1
e, &)

This is the electric field at the interior of cylinder.
Case (ii) : When the point lies on the surface of charge distribution (r =R).
From eq. (1) putr=R
PR
2¢g 0
Case (iii) : When the pointlies outside the surface charge distribution : Let us consider a
point B, at a distance r (> R) from the cylinder axis.
|

E =

PFF

&

Gaussian surface (Here cylinder of length [ )in such a way so that point P, lies on the surface.
As in the case (i) the flux is contributed by curved surface only. Therefore electric flux due to
curved surface is

> -
¢ = j'a E -dS=E-2nrl [ I =1ength of cylinder]
Total charge enclosed by the Gaussian surface
Qenc = [Ttkzll p

: 5 2 _Qem:
Applying Gauss law fE -dS ==
€9
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-
E-2nr =R P
£p
2
p=PY
2g ol
This is the electric field at a point lying outside the cylinder.
Put r=R
g-PR
2g 0

This is the electric field at the surface as obtained from case (i) result.

_)
The variation of E with r :
Ea

i
< |
|
|

0 = >

Q.9. Calculate the potential due to a uniformly charged conducting sphere.
Sol. Potential at a point due to a Uniformly charged Conducting Sphere : When a
conducting sphere is given a charge, the charge is distributed uniformly on the surface of the
sphere. Let R =radius of the sphere (Fig. 1) The sphere is given a charge +g.

=2 A

Fig. 1

Surface density of charge =c =q/(4nR?)

(i) Potential at an external Point : P is a point at a distance r from the centre of the sphere.
Draw two parallel planes AB and CED so as to form an annular ring.
CP=x, ZCOP =86, £C0A =d9,CE =Rsin 9, AC =Rd0

Area of the ring =(2nRsin 8) (Rd0) =2nR? sin 0 dO
Charge on the ring ABCD =0 [an:R2 sin 0 d0) =%q sin0 do

Each point on this narrow ring is at the same distance x from P.



28 ExqglﬁégyElectromagnetic Theory & Modern Optics B.Sc.-ll (Sem-ll)

.. Potential at P due to the charge on the ring

(;q sin® a’ej

av=_1 (1)
4ne( X

From ACOP, x2 =R? +r%2 —2Rr cos® -(2)

Here, both x and € variable. Differentiating,
2xdx =2 Rrsin 0 do
xdx

or sinfdé =—— «(3)
Rr
Substituting in Eq. (1), we get
_ 1 qdk
4neq 2Rr

The whole sphere is divided into such narrow rings.
.. Potential at P due to the whole sphere is given by
V=r+R 1 qu= 1 q +Rdx
r—R 4ng, 2Rr 4mney 2Rr R
p=_1 4 (4)
dreg 1
Hence the potential at any point outside a charged sphere is the same as if the whole charge on
the sphere is concentrated as its centre.
(ii) If P lies on the surface of the sphere,r =R
val 4 (5)
4‘1’580 R
(ii) Potential at an internal point : If Plies inside, then the limits of integration are R —r and
R4r.

_ 1 q R+rdx
4neq 2Rr R-r

1 4q .(6)
dneg R

Thus the potential at all points inside a unifoermly charged conducting sphere is the same.

The variation of potential inside and outside the sphere is shown in Fig. 2.
+
+ +

+ +
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Q.10.Calculate the potential and electric field due to a uniformly charged non-
conducting solid sphere.

Ans. Potential due to a uniformly charged non-conducting solid sphere : In a

conducting sphere, the entire charge resides on the surface of the sphere. But in a

non-conducting sphere, charge is distributed uniformly in its entire volume. Let R be the

radius of the non-conducting sphere. Let g be the total charge on the sphere.

Volume charge density =p=q/ [:RRE’J (1)

(i) Potential at an External Point : Let P be a point distant r from the centre 0 of the sphere
(Fig. 1). Divide the sphere into a large number of concentric spherical shells carrying charges

G1,92.,93,++.-

R p "
0
Fig. 1
Potential at P due to the shell of charge g, = RN
4‘11:80 r

The potential V due to the whole sphere is equal to the sum of the potentials due to all the
shells.

v=1 %, 1 @,
drgg r 4dmeg r

(g1 +92 +q3 +...)

4%801"
But (g; +q3 +43 +...)=q, the charge on the sphere.
; 1 q
V= £
dneg
-V __df 1 q1_ 1 q
dr dr\dmegr) 4meq p2

Thus the charged sphere behaves toward an external point as if its entire charge were
concentrated at its centre.

(ii) Potential at an Internal Point : Let the point P be inside the sphere at a distance r from
the centre 0 (Fig. 2). If we draw a concentric sphere through P, the point P is external for the
inner solid sphere of radius r, and internal for the outer spherical shell of internal radiusr and
external radius R.

The charge on the inner solid sphere is :nrsp.
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4_ 3
1 E‘J'Cr P ~ rzp [1)
4xe 0 r . 3 £q -
Let us now find the potential at P due to the outer spherical shell. Divide this shell into a
number of thin concentric shells. Consider one such shell of radius x and thickness dx.

Charge contained in this shell is 4mx? (dx)p.

Potential at P due to the inner solid sphere =V; =

1 4-1r.x2(dx]p _pxdx

Potential at P due to this shell =

dneg b gg
The potential at P due to the whole shell of internal radius r and external radius Ris
2
R ol
v, j px dx p(R r’) (2)
g9
The total potential at P is
r’p PR -r®) _p(R* -r?)
4 =V1 + Vz = + =
380 280 680
But p=q/ ( nRBJ
ro 34 BR -}
anR®  6gg
v 1 qQ@BR*-r?)
4me 2R3

wv__d[ 1 q@R-rA]_ 1 e
dr  dr|4msgg 2R3 4mey R3 ®
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Q.1. Define electric current. Also write its unit.

Ans. An electric current is a stream of charged particle, such as electrons or ions, moving
through an electrical conductor or space. The current in a wire is charge per unit time passing
a given point.

where dq is the charge flow in df time.
By definition, negative charge moving to the left count the same as positive ones to the right.
The unit of current is ampere.
Q.2. Name the different types of current densities.
Ans. There are three types of current densities :

1. Linear current density.

2. Surface current density.

3. Volume current density.
Q.3. Define volume current density.
Ans. Since current is defined as the flow of charges in unit time. If the charges are
distributed in a volume and if these charges starts moving in a systematic manner, there will
be a current in the volume. Such a current is called ‘volume current’. Volume current per unit
area is known as volume current density. It is given by the formula

— -

J=pv
— -
where J is the velume current density, p is the volume charge density and v is the velocity of

charges in the volume. It is a vector quantity and its unit is Amp/meterz.

Q.4. Define surface current density.

Ans. Ifthe charges distributed on a surface and if these charges moves systematically on the
surface, there is an electric current throughout the surface, such a current is called ‘surface
current’.

Surface current is described in terms of vector quantity called ‘surface current density’,
defined at each point of the surface. It is represented by symbol .

Surface current per unit length (taken perpendicular to the direction of current) is known as
surface current density (k).
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— -
K=0V

_)
where o is surface charge density and v is the velocity of charge.
A vector quantity and its units are Amp/meter.

Q.5. Write down the equation of continuity. What is the physical meaning of this
equation?
Ans. The equation of continuity is given by

v-]+2 =
T+ o

_)
Here, ] is the volume current density and p is the volume charge density.
This equation tells us about the conservation of charge.

Q.6. Write the formula for the magnetic force between two current carrying
elements.
Ans. The expression of force between two current carrying elements is given by

- > o
d_> _IJ'OIIIZ q‘.ﬂl Xdlz Xxr
4x r3

Q.7. Write down the formula for the magnetic force between two parallel straight
conductor.
Ans. The force between two parallel straight conductor at a distance x carrying current I,
and [; is given by
F=Po b
2 X

The force is attractive if current flows in same direction. The force is repulsive if current flows
in opposite direction.

(Q.8. Write the expression for the magnetic field due to a long straight conductor

atom carrying a steady current 1. y
Ans. Magnetic field due to a long straight conductor carrying a currentf,ata T
distance r is given by | X
p=to 2} o

2n r i
Q.9. What is the divergence and curl of a static magnetic field?
Ans. The divergence of magnetic field is

= 2>
V-B =0
The curl of static magnetic field is
> > -
VxB =y J

-3
where ] is the volume current density.
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Q.10.Write the general expression for the magnetic field in terms of volume
current density.

9
Ans. The general expression for magnetic field at a position r due to a current element I di
will be

—> uo Iltﬂxr

If the current is distributed in space W’lth a current density f. Then I dl =] dx.
Expression for magnetic field becomes

5 - -
Bt xry
4 3

(.11. What do you mean by magnetic vector potential?

Ans. Since divergence of magnetic field is always zero.
= >

V-B =0
- =
Therefore we can write B =V x A [V-Vx A=0]

_’
The vector A is called magnetic vector potential.

_)
Hence magnetic vector potential is defined as a vector function whose curl is equal to B.

Q.12. Write the general expression for magnetic potential in terms of volume
current density.

-
Ans. The expression for magnetic potential at a distance r due to volume current density |
is given by

5
j_&jﬂ

Q.13.Define Ampere’s circuital law.
Ans. Itstates thatline integral of the magnetic induction around a closed path is equal to the
total current enclosed by the path multiplied by permeability of free space

j;_B) E? =uol

Q.14.Define magnetisation.

Ans. The electrons in an atom have a magnetic dipole moment due to their orbital motion
around the nucleus as well as due to their spin. Due to this fact certain atoms and molecules
have a net magnetic dipole moment. So when a substance is magnetised all its magnetic

_)
dipoles oriented in the same direction. If the dipole moment of each atomic dipole is m and
number of dipoles per unit volume is n then

- =
Magnetic moment per unit volume M =mn
The magnetic moment per unit volume is known as magnetization or magnetic polarisation.
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Q.15.Write the relation between magnetic field (3), auxiliary field ?I and

_)
magnetization M.
Ans. The relation is given by

%
> B -

H M
Ho
— - =
or B=pyH+M

Q.16.Define magnetic susceptibility.
_)
Ans. The ratio of magnitude of magnetic dipole moment per unit volume M and the
_’
magnitude of the magnitising field H is known as magnetic susceptibility
-
1M
IM
—
|H]
Magnetic susceptibility of vaccum is zero.

Q.17.Explain the term permeability.
—»
Ans. The ratio of magnitude of magnetic induction field B inside the material and the
_)

magnitude of magnetising field H is known as magnetic permeability p

_)

2. €

_)

| Hi
Its unit is Tesla/A/m.

Q.18. Write the relation between relative permeability and susceptibility.
Ans. The relation between relative permeability and susceptibility is given by
= =+ y)
Ho
Q.19.Give the classification of magnetic materials on the basis of their
permeability and susceptibility.
Ans. 0<p<1:Diamagnetic material —1< ¥ 3 < 0 (negative)

p =1:Paramagnetic material 0<y y <1 (positive)
U (very large) : Ferromagnetic material i p-very large (positive).

Q.20. Calculate the magnetic field at a distance of 5 m from an infinite straight
conductor carrying current of 50 ampere.
Sol. Given : Current (I) =50 amp, Distance (r)=5m.

The magnetic field due to a finite long current carrying conductor is given by
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5=kl
Znr
p=Mo 2l
i r
—10~7 x 2x50

B =2x107° Tesla.

Q.21.Explain magnetic dipole moment.
Ans. When a magnetic dipole is placed in an external magnetic field, a torque acts on the
dipole, which tends to align the axis of dipole along the direction of magnetic field.

- m
The torque on magnetic dipole in magnetic field B
T =MBsin® &
_ T [ g
Bsin® 4

0 =90°,B=1Tesla then M =1.
Thus magnetic moment of magnetic dipole is numbrically equal to torque acting on it, when it is
placed perpendicular to a uniform magnetic field of strength 1 Tesla. Its unit B Amp/meterz.

Elde (o) 8:1 SHORT ANSWER TYPE J¢]V[35 5[]\ [

Q.1. State and prove ampere’s circuital law.
Ans. Ampere’s Circuital Law

= > >
This law states that line integral f B -di of the magnetic field B along the closed path is equal to
ug times the net current { passing through the closed path.
_)
f B -dl =i (1o : Permeability of free space)

Let us consider an infinitely long straight wire carrying a current i. The magnitude of the
magnetic field due to this wire at a distance r as shown in Fig. 1 using Biot-Savart law is
o _Mo i
B=""—
2nr

Fig. 1
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The magnetic field makes concentric circles around the wire.

- -
Let us take small elementdl on the circle and it is directed along B. Therefore the line-integral
of this magnetic field is

- =
B -dl =Bdlcos0° [6=0°]
=Bdl
-
i; B.dl = & Bdl=B §d1 [Since B is constant all around the circle]
_Mo i §d1
2n r
=B onr [f dl =2xr, total circumference]
2rr
> >
j? B -dl =pgi

which is Ampere’s circuital law.

Q.2. Define magnetic flux.
Ans. Magnetic Flux

The magnetic flux is defined as the total number of lines of magnetic f
induction passing through the surface. Q(i
) 4
N

P

- A
Let us consider an element of surface area dA of a surface A. Letnbe the
_)
unit vector normal to the area elementdA. The magnetic flux over area
_)
dA is given by
= = o A
dp =B -dA=DB-ndA
Total magnetic flux over the surface
- A dA
b=fo-{, B
¢ = J'A B cosb dA

[0 =angle between unit vector and magnetic field]
If B is uniform over the area A4, then
¢ =B cos0 L dA

¢ =BAcosO
This is magnetic flux, its unit is Tesla/metrez.

Q.3. Starting from integral form of Ampere’s law obtain the differential form of
Ampere's law.
Ans. We have, Ampere’s circuital law is

j3_3) E? =uol
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> > - >
or §EW=ML]ds
applying stokes law on left hand side
- = - =
IS(VxB)-ds =u0jsj -ds [jA-d1=js(VxA]dA]
- > > -
or IS(VxB—pO J)-ds =0

This is only true if integral is zero. Therefore
- - -
VxB —Ho ] =0
- — -
or VxB=yuyJ
This is the differential form of Ampere’s law.

Q.4. Prove the relation p, =(1 +y ,,)- Where p.,. is called relative permeability and
% m is magnetic susceptibility.
Ans. The magnetic susceptibility is defined as

- =

m=M-H (1)
- —

where M is the magnetization and H is the magnetising field
> =

We also have B =uHH (2)
—> = >

But B =py(H + M) -(3)

- - -
Substituting the values of B and M in terms of H, we get

—> - — —>
=uH =py(H +yp H)
-
=po A +xm)H
or H=po 1 +%m)
or L:[1+;Cm)
Ko
or Br=(1+%m)

Q.5. Two parallel straight wires are placed at 4 cm apart the current in them are
1A and 3A in same direction respectively. Find the position, where they will
produce zero magnetic field. : :

Ans. Letus consider two wires Aand B carrying current 1 Aand 3 A flowingin {45 3A

same direction as shown in fig. (1) respectively. P
Let at point P at a distance ‘x’ from wire A magnetic field is zero. X (ax
magnetic field at P due to wire 4 is A B
B, =Ho I Fig. 1
2n x

Magnetic field at P due to wire B is
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L =Ho fa
2n (4—-x)
Since at P magnetic field is zero, therefore
Bl _BZ =0 or Bl =Bz
Mo I1 _po I

Il X
3 4-x
1 x
3x=4-x

4x =4 = x=1cm
i.e., at a distance x =1 cm from wire A, magnetic field will be zero.
Q.6. Discuss for the force acting between two parallel current carrying wires.
Ans. Let X and Y be two very long parallel straight conductors carrying current I; and I,

respectively. The separation between them is R. The magnitude of the magnetic field induction
at any point on ¥ due to current I, in X is given by

p=Ho L (directed inward)
2n R

Thus wire Y is situated in magnetic fleld B perpendicular to its length. It A, I

therefore experience a magnetic force. The magnitude of the force acting on the 2
lengthl of Y is
F=LBl=1, | PoT1|;_[Fe iz )
2r R 2n R X Y
Force per unit length of Y is > Bty
2Zn R

The Fleming’s left hand rule shows that the direction of this force is towards X if I; and I, are
in the same direction and away from X if they are in opposite direction.

Q.7. Current of 10 Amp flows through each of the two parallel long wires which
are 2 cm apart. Calculate the force exerted per unit length of each wire.
Ans. The force per unit length between two parallel wires carrying current I; and [,

respectively given by
F_po 1l
I 2 R
Since, I; =1, =10 Amp and R=2cm =2x10"2 m
F _pg i* _2x1077 x10?

So,
2Zn R (2x107%)

:10_3 Netwon.
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Q.8. Calculate the magnetic field due to a long straight current carrying wire,
using Amper’s circuital law.

Ans. Let us consider a point P at a distance r from the long straight current

carrying conductor, carrying current I as shown in fig.

-3
Let us draw a circle of radiusr around the wire. The magnetic field B is tangential
to the circle every where.

From Ampere’s circuital law

> -
§B dl =pglope,
}BdlcosO" =pol

Since B is constant over the circle it will come out from integral. So,
B J'dl =gl
B -2nr =pgl (Idl:an]

p=bol
2nr
This is the required result.
Q.9. Define Biot-Sovart law. I
Ans. Let us consider a conductor carrying current / as shown in fig. The d dB

— —
magnitude dB of the magnetic induction at point @ at a distance r from the
current element di carrying a current [ is given by

dB ocM [0 is the angle between current element and
r
radius vector joing the point Q with current element]
or dB=kIdIsin9
2
k is the constant of proportionality. In S.I. units k is written as
k =z—° (1o-permeability of free space)
‘]
dg =Mo fdlsin®
dx rz

Vector from Biot-Savart law can be written as

-3 A
El)? _ko I{dIxr)
4n r3

” —
r is the unit vector along position vector r.
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Q.1. Using Biot-Savart law, derive expression for magnetic field at a point on the
axis of a current carrying coil.

Ans. Magnetic Field on the Axis of a Circular Current Loop

Let us consider a circular coil of radius a, carrying a currenti. Let Pbe a point on diagram of the

circular coil distant x from the centre at which the field is to be induced.

- -
Consider a current-element of length dI at the top of the coil. If r be the displacement vector
from the current-element to P, then from Biot-Savart law, magnetic field induction at P due to

_)
the current-element dl is given by :

N > -
dp =Po. idixr
4. 3
—_
The magnitude ofd B is :
dr dB coso ak

Ce—"

dl

Fig. 1
dB=u_0_ldIsm90 _Mo fdl (1)

- —
because angle betweend I and r is 90°.
= -
The direction of dB is perpendicular to the plane containingd I and r and is given by right

—3
hand screw rule. The vector d B can be resolved into two components; one of magnitude
dB sin ¢ along the axis of the coil and the other of magnitude dB cos ¢ perpendicular to the axis.
If we now consider another current-element of the same length di at the bottom of the coil, the

fieldd E’ due to this element will be equal in magnitude to dB but directed as shown in fig. 1. It
can also be resolved into two components along and perpendicular to the axis. If we consider
the magnetic induction produced by whole of the circular coil, then by symmetry, the
components of magnetic induction at right angles to the axis are equal and opposite, hence
they cancel each other. The components along the axis are in the same direction and they are

-
added. Thus, the resultant field B at axial point P is along the axis and is given by :
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B= IdB sin¢
Substituting the value of dB from eq. (1), we get

Mol -
B=—""_\|dlsin¢
4 r? I

A, has been taken out side the integral because r has the same value for all the current-
r
elements. Now from Fig. 1,

sing = &
r
p=totd j' dl.
4z r3
But Idl = (circumference of the coil) =2ra and r = (az +x2 ]1/2.
. 2
p=_ Hol@ weber/meter?

2 (a2 +x2 )3/2

If the coil contains N turns, then resultant magnetic field induction is given by
ng Nia?

2(a? +x2)%/*
The direction of B is along the axis of the coil.
Special Cases
(i) Magnetic field induction at the centre of the circular coil : Value of B at the centre of the
coil is obtained by putting x =01in eq. (2). Thus
_ Molia® _poNi

B = weber/meter2 «(2)

B (3
w2 ®
(ii) The Magnetic field due to a small circular coil : Ifthe coil is small, then x >> a,therefore
e poNia?
2x3
Variation of Magnetic Field : The variation of B
the field B along the axis of the coil is shown in T

Fig. 2. Bis greatest at the centre of the coil where
x =0 and decreases as we move away from the | |
centre, becoming zero at infinity. The rate of

change of field from point to point along the axis i i

is, however, not constant. The curve has nearly i i

straight line small portions on the both sides. | i i

This shows that on each side of the coil thereisa ™— —a —a O a a +
point on the axis where the field varies uniformly 2 2
with distance over a small region.
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2
Mathematically, dB/dx at that point is constant or dif =0. This point is called Point of
dx

inflexion’.

Differentiating eq. (2) with respect to x, we obtain the rate of variation of magnetic field B with
distance x and

d£=u0Nia d L 3/2
dx 2 dx
:uOI;m [—;] (az +x2 )_5/2 (2x)

=—2u0Niaz [(a2 +x2 )_slzx].

. - . . dB d’B
For uniform variation of B due to circular coil, d— must be constant and ~—5 must be zero.
X dx
Therefore, differentiating again

2
dB8__32 uoNiaz i[x[tz2 +x2 ]_5/2]
dx? 2 dx

—guoNiaz[(az +x2)752 +x(—g)(az +x2)712 (2x)]
—gpoNiaz[(az +x2]_5/2 —5x? (az +x2]_7/2]

——:p,oNiaz(az +x2) 7P (@? 4+ x%)-5x2]
2
Putting g4 =0, we get
dx?

(az +x2)—5x2 =0
4x?% =4?

=k

MR

Thus atadistancex == % from the centre of the coil, variation of magnetic field is constant,i.e.,

magnetic field due to coil varies uniformly along the axis. Therefore, on each side of the coil
there is a point on the axis where the field varies uniformly with distance over a small region.
This point is called ‘Point of inflexion’. This result is made use of in Helmholtz
galvanometer in which two identical flat circular coils are mounted on a common axis ata
distance equal to their common radius ‘@’. Near the point on the axis midway between them
the field B is very nearly constant over an appreciable region, and is given by :
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—a—»

where N is the numbeer of turns in one coil.
It has been shown in Fig. 3.

Q.2. Using Ampere’ law, obtain the expression for magnetic field at a point lying
inside of the axis of a current solenoid.

Ans. Letus consider asolenoid very long compared with its diameter and carrying a current

ip. Then by right hand rule magnetic field is parallel to the axis of solenoid. Thus the magnetic

field is uniform except near the edges.

Fig.
Let us consider a closed rectangular path abed, then we see that sideabis parallel to the axis of
the solenoid and sides bc and da are very long, so that the side cd is far from the solenoid.

Therefore field at side cd is negligibly small. The field is right angles to the side bc and da.
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Now applying Ampere’s law to the rectangular path abed

> >
jEB -dl =pgl (1)
i being the net current enclosed by the rectangle.
-3 - o ] > = d—= — -
From (1) §B.d1=LB.dt+ij.dl+jc B-d1+j:B.d1
c> 2> - >
at |, B-dl :J:B-dl =0

along be and daq, field and dlI are mutually perpendicular.
Inside the solenoid E is parallel to dI along ab

> = b
§B-dl = Bdlcos0°=[Bdl
Since magnetic field is constant inside the solenoid

§Bdi=B Lbdl i -(2)
where x is the length of side ab.
Ifnis the number of turns per unitlength of the solenoid then number of turns in length x is nx.
Since the current in each turn is ip, therefore net current enclosed by the rectangle is -
i =nxig

-> >
Substituting the value of § B-dl
- >
§B-dl =Bx+0+0+0=Bx

- =
From eq. (1) jB-dl =gl
Bx =p.0ﬂ)ﬂ.0 = B= ponio
Thus the field B inside a thin long solenoid is independent of the length and diameter of the
solenoid and is constant throughout the central region.

Q.3. What do you mean by magnetic vector potential? Find vector potential due to
a long straight current wire.
Ans. Application of Magnetic Vector Potential : Magnetic Field
For a Long Straight Current Wire

Consider a wire of length L, carrying a current I. Let P be a point at distance X from the wire.
For convenience, we consider the point P to be situated symmetrically. However the results
obtained would hold for any position of P.Let Obe the origin of coordinate system, with ¥ axis
along the current and X-axis towards the field point P. The magnetic vector potential at P due
to a small element dy at a distance y from Ois given by :

dA = Z—OI L4 directed along the current
T T

Mo, dy 4
An (x% +y%)
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A
J being unit vector along y axis.

The magnetic potential due to whole length of wire is :

_ A uol L2

A= dy

J 4x L2 f(xz + yz)
=}‘;—‘:[log 2 +x2]}I

|:Since from standard integral I

(x2 +a

45

.
Y
dyf._ «%\
\\ e
N
\\ -I’
y \\\e '!I'
________ S N ¥ ¢
2 X P >
L/Z IA
Lj2
Fig. 1

Lz —sin™ X or log {x +\,'(xz +a? )}:|
a

% 2 3 2
A=j”—°lr log £+ L—+x2 —log —£+ L—+x2
4 2 4 ) 2 4
; , 4 i L a2 1/2) |
L L2 = 1+[1+L}
I =il 2 g
A“ I 2 4 J I\u I L
=729 log< .= j=0° log
4 2 4 2\1/2
L E L 4x
& LARE. = 4=k 14
2 4 2 2

The wire is infinitely long, then L — oo,

So, %<< 1; hence using binomial theorem and neglecting higher order terms, therefore

1{

2
1+4x

212

}_

A.j.loI
A= lo
J A 8

2
-1+ 1+—4x
- ZLZ o
- -~
{2+2sz
:j”UI log L :ju_ﬂIlog
4n 252 4n
3
A 2
=j”—°Ilog 1+L—
4 L x2

145

LZ

2

LZ

J
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A 2 2
=j Mol log [LJ since £ >>1
4n X x2
A =”—°"10g[£] j (1)
2n X
This is the requires expression for magnetic potential due to a long straight current carrying
wire.

Q.4. Find the magnetic induction at the center of a square current loop of side ‘a’
units.

Ans. Let PQRSbe asquare current-loop of side a with Qas the centre of the loop at which the
field is required. Let A be the foot of perpendicular from O at the side PQ (Fig. 1.)

_)
Ifdl is a current-element in the side PQat a distancel from A and r the radius vector from the

element to O,then by Biot-Savartlaw, the magnitude of the fieldd _B) atOduetod T is given by

dp =Mo . idlisin® 3 |
dn  p2 *
But from Fig. 1. we get
sin (180° ~0) =sin 6 =2 /2
r
3
and r? =(a] +12
2
dB Ho idla S — - S—— >
4z 2 3/2 P “i
+ Fig. 1

The magnitude of the field at the whole length of arm PQ is, therefore given by :
. _Moia ri=+a/2 dl

g =-af2 42 3/2°
4

The integral, we putl =% a tan ¢ so that di =%a sec2¢ dé. Then

B _ pola /4 (a/Z]seczd)dd)
1 en .L:M y 3/2
a—seczcb
4

j.l.oi /4 Kol /4
= J‘_m osq)dq)——[smq)]_nm

=— Ho ! |:sm 4 +sin :| Mo! }101

2na 2na[f f} 2ra
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By symmetry the field at 0 due to the remaining three sides, will be of the magnitude and
direction. Therefore, the field B due to the entire loop will determine the field due to one side
only. Thus,

4[.101
B =4B; =
V2 na
B 2240
mTa

Q.5. Derive expression for magnetic field due to a magnetic dipole.
Ans. Magnetic Field at any Point due to Magnetic Dipole
Fig. 1. shows a magnetic dipole SN. P is any point in air

_)
at distancer from the centre Oof the dipole. Let p be the
magnetic moment of the dipole. Let 8 be the angle

between OP and the axis SN of the dipole. The dipole Il.)

is a vector quantity, hence we resolve it into two
components :
(i) The component along OP = cos@

(ii) The component perpendicular to OP =p sin 0. -m
With respect to p cos© the point P is on the axis. Since
the dipole is short, the magnitude of the magnetic

9
induction B4 at P due to this component is given by
_ Ko 2pcosB

(1)

B
. 47 r3

where p (=4n x10~7 Wb/Am) is the permeability of free spaces.
_)
The direction of B, is along PA. With respect to p sin 0, the point Pis on the equator. Since the

_)
dipole is short the magnitude of the magnitude of the magnetic induction B, at P due to this
component is given by

Mg 2usin®
By =—. (2
A= 3 (2)

_)
The direction of B, is opposite to that of u sin 8, i.e.,along PDwhich is perpendicular to OP. The

—>

magnitude and the direction of the resultant magnetic induction B at P is represented by the
- —

diagonal of the rectangle PACD in which PA represent B; and PD represents B,. The

_)
magnitude of B is given by
B? =p? + B2
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B =yB?+B2

=u—°-i\/4 cos® 6 +sin? @

4 3
Substituting sin? 0 =1 —cos? 0, we get
B =;‘—0 % y1+3cos?0 (3)
T r

The equation gives the magnitude of the resultants magnetic induction at P due to the
magnetic dipole.

- - -
The direction of B is along the diagonal PC.Let ¢ be the angle between B and B,. This angle is
given by
Mo usin®
3
= Sl T
By o 2pcos@
47 r 3
— S]ne =1tarl9 ..-(4)
2cos0 2

This equation gives the angle ¢ which the direction of the resultant magnetic induction at P
makes with the line joining the point and the centre of the dipole.

Particular Cases

(i) Magneticinduction at a point on the axis of the dipole: If the point Pis on the axis, 0 =0°
or 180° Then cos0°=1 and cos180°=-1. Therefore, from Eq. (3) the magnitude of the
magnetic induction is given by

Bk _Po K 4.3

4t 3
2
_Ho 2 w(5)

= r_3
The direction of magnetic induction is along the axis of the dipole.
(ii) Magnetic induction at a point on the equatorial line of the dipole : If the point Pis on

the equatorial line, 8 =90° or 270° Then cos 90° =cos 270° =0. Therefore from Eq. (3), the
magnitude of the magnetic induction is given by

=bo H
By misls (6)

The direction of the magnetic induction is perpendicular to the equatorial line and is opposite

—
to the direction p. ®
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Q.1. Write Faraday’'s law of electromagnetic induction in differential and
integral forms.
Ans. The integral form of Faraday’s law is

,ceE.aL_:tst.E&

The differential form of Faraday’s law is

e 6_)
VxE =——B
ot

- -
where E is electric field and B is magnetic flux density.

Q.2. Define Lenz’s law.

Ans. Whenever the magnetic flux through a conductor is changed, an emf induced in the
conductor. The magnitude of the induced emf is equal to the rate of change of magnetic flux
through the circuit.

Lenz tells about the direction of induced emf and gave the statement, “The direction of the
induced emf or current is such as to oppose the change that produced it”.

Q.3. Write Maxwell-Ampere’s circuital law in differential form.
Ans. The differential form of Maxwell-Ampere circuital law is
=
Vil = f A
ot
- - -

where H is magnetic field intensity, J is conduction current density and D is electric
displacement.

Q.4. What is a displacement current?

Ans. Maxwell introduced the new concept of displacement current. Faraday discovered that
a changing magnetic field produces an electric field, Maxwell suggested that a changing
electric field must produced magnetic field and develop the idea of displacement current.
Maxwell proposed that the changing electric field between the plates serves the purpose of
conduction current inside the gap. The displacement current in the gap found to be equal the
conduction current in lead wires.

Displacement current density f; defined as the time rate change of the electric displacement.
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-

]_;) = aa—f (displacement current)
>

Ig =A]_1>) =A(;f (where A is the area)

Q.5. Write down the equation of continuity.
Ans. The equation of continuity is

742
ot

—
where ] is the current density and p is the charge density.

Q.6. Define magnetic flux and give its units.
Ans. The magnetic flux through a plane of area A placed in a uniform magnetic field can be
written as

— =
¢p =B :-A=BAcos0
where 0 is the angle between B and A. The SI unit of magnetic flux is Whbm?.

Q.7. Write Maxwell’s equations in material media.
Ans. There are four Maxwell’s equation of electromagnetism, which may be written in
differential form as

= >
V:D=p (Gauss law)
= =
V-B =0 (No name)
VxE=- o (Faraday's law)
> 2> -
VxG =] +2—It) (Ampere’s law)

where, _D) =electric displacement, E = electric field intensity, B = magnetic induction
H =magnetic field intensity, p = charge density, / = current density.
Q.8. State Faraday’s law of electromagnetic induction.
Ans, Faraday’s law of electromagnetic inductions are stated below.
“The magnitude of the induced emfin a circuit is equal to the time rate of change of magnetic
flux through the circuit.”
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Mathematically, the induced emf is given by

__db =
Bi= it [¢ =flux]

The negative sign indicates the direction ¢ and direction of current in a closed loop.
If there are closely wound N turns, the total induced emf is given by
do
N2
dt
Q.9. Explain self inductance. Write its unit.
Ans. The magnetic flux ¢ produced in a coil is directly proportional to the current I flowing
in the coil i.e.,

£ =

¢ ocl
or ¢ =LI
The proportionality constant L is called the coefficient of self induction or self inductance of
the coil.
When the flux changes, the back emf induced in the coil is given by Faraday's law

do dl
£ =—7=—L7
dt dat
or Li==__%
dI /dt
If a _q le|=L
dt

Therefore self inductance of a coil is numerically equal to the induced emf when currentinitis
changing at unit rate.
The S.I. unit of self inductance is Henry (H) or Newton meter/Ampz.
Q.10.Explain mutual inductance between two coils.
Ans. Let us consider two coils P and S placed closed to each other. When a current I flows
through the coil P changes the magnetic flux through coil § also changes. So there is a induced
emf in the coil S. This is called mutual induction.

| €«&—M

F sTe Cﬂ)

The magnetic flux through the second coil § depends upon [/
¢ ocl
¢ =Ml

M is called mutual inductance of two coils.

The induced emf is given by

e =% Mard or M=—©
dt dl /dt
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di
When — =1, |lg|=M
% 1 |g]

The mutual inductance of two circuits is numerically equal to the emf in one circuit when the
rate of change of current in the other is unity.

S.I. unit of mutual inductance is Henry or Newton-meter/Ampz.

Q.11.Define coefficient of coupling between two coils, give its significance.
Ans, Theratio K =M/, L L, is known as coefficient of coupling between two coils, its value
lies between 0 and 1

ie., 0<K<1

If & =0, there is no coupling between the coils

If k =1, there is no leakage of fluxi.e., all the flux produced in one coil linked to another.

Q.12.Calculate the work done in increasing the current from 1 A to 2 A in a coil
of self inductance 5 mH.

Ans. The energy stored in a inductor of self inductance L is given by

E =%Li 2 {(where 7 is the current)

The work done when current changes from 1 Ato 2 A is given by change in energy stored in the
inductor.

1.2 1.7 1 2 <2
w=lrp2 1z 1102 _4
i~ =5 { )
=%x5x103 (4-1)
18408
2

W =75x107° Joule.

Q.13.Two identical coils having self inductance 20 mH are coupled, so the
mutual inductance between them is 10 mH. What is the coefficient of
coupling?

Ans. Self inductance of coils L; =L, =20 mH

Mutual inductance of the coils M =10 mH

Coefficient of coupling is given by

fie 0
vi1Ly
k= 10 10 .0

J20%20 20

Q.14.Explain the physical significance of ? . E =0.

Ans. This is one of the Maxwell’s equation in differential form. It says that divergence of
magnetic induction is zero. It also signifies that magnetic monopoles does not exists. The
magnetic poles always exists in pairs.
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Q.1. Starting from Maxwell's equations prove the continuity equation.
Ans. We have the Maxwell’s equation

T oD
VxH=]+— (1
J Bt (1)

Taking divergence on both sides of this equation
—
- =2 =3 = | =
vV.(V-H)=v7] +Zf

Since divergence curl of any vector is zero above equation reduces to

= | = D
ot
J
= 3 2 6_D)\
or V-J+V|—|=0
ot
/
o)
V-j+—(v-D)=0 wl 2
d 5 (D) (2

(Space and time operations are interchangable)
We have Gauss law is given by
V-D=p
Putting this value in eq. (2), we get

_V) 7 + % =0
ot
This is the required result.
Q.2. Derive the formula for self inductance of a long solenoid.

Ans. Letlbe thelength of long solenoid with an air core and have N number of turns. When i
current flows through it the magnetic field inside it is given by equation

B =pqni (Wheren= I;I)

If A be the area of each turn then magnetic flux through each turn
b5 =BA=pioniA
Total flux through the solenoid
dr =Nog =poNniA
When the current f varies, the flux changes giving rises to the induced emf

dér di
gE=——"=—pgN,A—
dt_ ™

=—1 i (from definition of L)

dt
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Therefore, L=pyN, A
2
or L= w

This is the self inductance of solenoid.

Q.3. How to compare the emfs of two cells with the help of Ballistic
Galvanometer?

Ans. The circuit to compare the emf’s of two cells is shown in the figure below :

A suitable condensor C is first charged with cell of emf &, and then discharge through the
Ballistic Galvanometer (BG) and observed the throw say it is 8. Similarly charged with
another cell of emfe, and find out the throw 92], then

g =C&q k(—)1 (1+2

and gy =Ce3 k03 (1+%J

Since the capacitor is charged with same charge therefore

a1 =42
CElkel (1+2j =C82kez [1+72LJ

€101 =230,
g _02
gz 04

Q.4. Explain the construction of a transformer.

Ans. The Transformer

It is a device for converting a low alternating voltage at high current into a high alternating
voltage at low current and vice-versa. It is an electrical device based on the principle of mutual
induction between the coils.

Construction _ _ . Laminated
A transformer consists of two coils, called the primary P and secondary S, Iron Core

which are insulated from each other and wound on a common soft-iron
laminated core (Fig.)

The alternating voltage to be transformed is connected to the primary while
the load is connected to the secondary. Transformers which convert low
voltages into higher voltages are called step-up transformers. Transformers
which convert high voltages into lower voltages are called step-down Fig.
transformers.
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In a step-up transformer, the primary coil consists of a few turns of thick insulated copper
wire of large current carrying capacity and secondary consists of a very large number of turns
of thin copper wire. In a step-down transformer, the primary consists of a large number of
turns of thin copper wire and the secondary of a few turns of thick copper wire.

Now when an ac is applied to the primary coil, it sets up an alternating magnetic flux in the
core which also gets linked with the secondary. This change in flux linked with the secondary
coil induces an alternating emf in the secondary coil. Thus the energy supplied to the primary
is transferred to the secondary through the changing magnetic flux in the core.

Q.5. If a constant current changes a capacitor, show that the displacement
current will be given by I; =C —.

dt
Sol. We have displacement current Jj, is given by
I; aD
=y e
t v ::1}1
oD
or Id =A—
ot
as D =¢E
0E
So, I;=Ag — (1
d 2 (1)
The electric field between the plates of a capacitor and voltage are related by
14
d
Ae oV
from eq. (1 Ij="—
q. (1) 4= o
ov g4
Iy =C asC=—"
a=C= [ a‘ ]

This is the required result.
Q.6. Justify the following statement : The addition of displacement current
results in to unification of electrical and magnetic phenomena.

Ans. The addition of displacement currenti.e., 66_? to Ampere’s law results in

_)
It means that displacement current relates the electric field vector E to magnetic field vector

?{). This in turn implies that in case of time dependent field it is not possible to deal with electric
and magnetic field separately but the two fields are interlinked and give rise to what are
known as electromagnetic fields.

Hence the addition of displacement current to Ampere’s law results in the unification of
electric and magnetic phenomena.
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Q.7. Explain Faraday's Law of electromagnetic induction.

Ans. In 1831 Michael Faraday reported on a series of experiments including three that can
be characterized as follows.

Experiment 1. He pulled a loop of wire to the right through a magnetic field. A current flowed

in the loop.
s ok

Experiment 2. He moved the magnet to the left, holding the loop still again a current flowed in

the loop.
o ] 3

Experiment 3. With both the loop and the magnet at rest, he changed the strength of the field,
once again the current flowed in the loop.
DK

Faraday summed up the above facts into two laws known as Faraday's laws of
electromagnetic induction.

Firstlaw : When the magnetic flux linked with a circuit changes, an emfis always induced in it.
Second law : The magnitude of induced emf is equal to the rate of change of flux linkage.

Q.8. Explain the motional (or dynamically) induced emf.

Changing<—B
magnetic field

Ans. Motional emf

When a conductor moves in a magnetic field, the emf generated is known as motional emf.
B
3 G

IR

Let us consider a rectangular loop moving with velocity v away from magnetic field. Let at any
instant length x is inside the magnetic field, h be the breadth of rectangular loop. The magnetic

field is B.
The flux through the loop
- =
¢=[B-da
¢ =Bhx [hx = area of loop inside magnetic field]
as the loop moves, the flux decreases
.9 e B
dt dt dt
Induced emf is the negative rate change of magnetic flux.
Hence, g =— Bhv

This is the formula for motional emf.
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Q.1. Write down Maxwell's equations in differential and integral forms and
explain their physical significance (meaning).

Ans. Differential form of Maxwell’s Equations

There are four fundamental equations of electromagnetism and corresponds to

generalisation of certain experimental observations regarding electricity and magnetism. The

differential form of Maxwell’s equations are :

(i) Gauss’s law for the electric field of charge yield
-2 >

V-D=p

-
where D is electric displacement in (:oulomb/m2 and p is volume charge density.

(ii) Gauss law for magnetic field yields
= >

V-B =0
—
where B is magnetic induction in web/mz.
(iii) Ampere’s law in circuital form for the magnetic field accompayning a current when
modified by Maxwell yields

> > > 5D
VxH=]+a—D
ot

—
where H is magnetic field intensity and ] is the current density.

(iv) Faraday's law in circuital form for the induced electromotive force produced by the
rate of change of magnetic flux linked with the path yields

- -
VxE=—"—
ot

-
where E is the electric field intensity in volts/m.

Physical Significance (or Integral Form)
By means of Gauss and strokes theorem we can write the Maxwell’s field equation in integral

form and hence obtain their physical significance.

= 2
1 ntegratmg axwell's first equatlon ] =p over an ar 1trary volume t, we get
M1 ing Maxwell’s fi ion V - D bi 1

V.D)di =[ pd
| o B iem | i
using Gauss divergence theorem on left hand side and keeping in mind

Fp dt =@

- -

j; D-ds =(@

“So Maxwell’s first equation signifies that the total electric displacement linked with a
closed surface is equal to the total charge enclosed by the closed surface.
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(iii)

(iv)
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> -
Integrating second Maxwell’s equation V - B =0 over the arbitrary volume 1, we get
= 2
[ (V-B)dt =0
using Gauss divergence theorem
- =
§B-ds =0

This equation signifies that the total flux of magnetic induction linked with a closed
surface is zero.

- 2> 2> 35p
Integrating Maxwell’s third equation Vx H = | +E over a surface S bounded by the
] y
oop C, we get . R
- = - AaD
V xH)-dS = +——|-dS
Jlvxmy-das=[| J+~
\ J

using stokes theorem, we g(et \

S
fi-di=[| T +2 2 as
\ /

= >
which signifies that magnetomotive force around a closed path [§H -dl] is equal to

conduction current plus displacement current linked with that path.

> -
Integrating Maxwell’s fourth equation V x E =— aaB over a surface S bounded by the
t
loop €, we get
-
- =5 — -
[(VxE)ds=-[25 .35
ot
using stokes theorem on L.H.S.

- _)—_i —>-—>
§E-dl_ 6th ds

This law signifies that the electromotive forcei.e., the line integral of electric intensity around
a closed path is equal to the negative rate of change of magnetic flux linked with the path.

Q.2.
Ans.

Write Maxwell’s equations of electromagnetism and derive them from
basic laws.

Maxwell’s equation of electromagnetism are
22 p
V-E=" (Gauss’s law)

£o

- .=
V B =0 (no name)
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VxE =- o (Faraday's law)

> > o O . .
VxB =y J +Kpc0 o (Ampere’s law with Maxwell’s correction)
Together with the force law

- -
F =q(E +V x B)
and continuity equation

3_]) +6—p =0
ot

Derivation of Maxwell's equation : Gauss law :
1. The electric field due to a volume charge density is given by

pir'
r-r
0 r p
- 1 ¢r ,
E(r)= — P (r)de (1)
41T80 r
Take the divergence
= > -
V- S [v- T lor)dv
47580 rz
= L [and®(r—r)p(ryav
41!80
[83 (r —r') =Dirac Delta function in three dimension]
v.g =P)

€p
which is Gauss law in differential form.

(ii) The Biot-savart law for general case of a volume current reads.
(xy.z)

(2)
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This formula gives the magnetic field ata point? =(x, y, z)in terms of an integral over
the current distribution J (x', ', 2').

B is a function of (x, y, z)

Jis a function of (x', ', 2')

- A A A
r=x-x)i+(y-y)j+(z-2')k
dt' =dx'dy dz'
The integration is over the primed coordinates. Applying the divergence of eq. (2)

A

- Ho ' r ¢
V-B="2V| J(r)x— |dt
%j Jir') 2

; ;: = 3> |- ;
Now, V- ](r’)x—z =—2-(Vx])—] Vx—2
r r r
> 9 2. 2 o> 2 - -
[using{V-(AxB)=B-(VxA)-A-(VxB)}]
- -
VxJ =0
because ] does not depend on the unprimed variables (x, y, z), where astL2 0.
=2 =
Hence V-B =0

The divergence of the magnetic field is zero.
Faraday’'s Law : According to Faraday’s law of electromagnetic induction, we know that the
induced emf is proportional to the rate of change of flux. i.e.,

__4d¢
o -2 (1)

-
Now if E be the electric intensity at a point, the work done in moving a unit charge through a
> -

small distanced! is E -dI. So the work done in moving the unit charge once round the circuit is
> 2

fE-dL

Emf is defined as the amount of work done in moving a unit charge once round the electric

circuit.

- =
£ =§ E.dl -(2)
Comparing eq. (1) and (2), we get
jﬁF. a1
dt

But ¢ =IB-ds
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> > > =
fE-dl =—iJ'B -ds
dt
using stokes theorem, line integral converts to surface integral

_’
I(_V)XE)-d.wJ':—iI _B)ZS' or I _V)x_E) +a—B -ds =0
dt *S ot

As the above integral is true for any arbitrary surface the integrand must vanish

- —
VxE =———
ot

Ampere’s Circuital Law : The work done in carrying unit magnetic pole once round a closed

arbitrary path linked with the current I is expressed by

ﬁ-?ﬁ =]
or §§-c_17 =[.-ds e (asl=ﬁ-53')

where S is the surface bounded by the closed path € using stokes theorem, we get
- = - = -
[H-dl=[VxH-ds
So eq. (1) becomes
2> 2. = - = = o -
[(VxH)-dS=[j-dS ie, VxH=]
we know that H =B/u,
So, above eq. becomes

- = -
VxB=ygJ (2)
Maxwell found it to be incomplete for changing electric fields and assumed that a quantity
OE
=E&n —
Jp =%0 ot

called displacement current must be included in it so that it must satisfy continuity equation.
So, eq. (2) becomes
X

=y
B =puy (J+Jp)
_)
B

<A <l

i 0E
x B =pp J +Nogg or

This is Amphere’s law.

Q.3. What is meant by coefficient of coupling? Obtain an expression for the
coefficient of coupling between two coils.

Ans. Coefficient of Coupling

The coefficient of coupling between two ceils gives an idea about that how much flux is linked

between the two coils. It is a measure of flux linked.
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Let us consider two coils having self inductance Ly and L, and have number I
of turns Ny and N, respectively. /; and I, are the current flowing through N
the two coils. L11
Let¢, and ¢, be the magnetic flux linked with each turn of coils 1 and 2 due 2
to their own currents I; and I, respectively.
The self inductance of the coils is given by

L _Nidy (1)
I

and 1, =Natb2 (2)
I

Let¢q5 be the flux per turn in the coil 1 due to current F; in coil 2. Similarly ¢, is flux per turn
linked with coil 2 due to current /; in coil 1. Then the mutual inductance between them is
given by

y =Nib1z _ Nata )
I Iy
The whole of the flux from one coil is linked with the other coil. Then
t12 =62
and b2z =1
From eq. (3) Nz Nty
L
m2 = Nila016p )
i1,
from eq. (1) and eq. (2}
L L, _NiNad1¢s .5)
il
Hence, M? =L,L,
or M=ylil, -(6)

In practice whole of the flux from one coil is not necessarily completely linked with the other.
The ratio M/,/L{ L, is known as the coefficient of coupling between the coils. It is denoted by

K. Thus
M

viqly
K is a number between 0 and 1, depending upon the geometry of the coils and their relative
positions.
If K =1, there is no leakage of flux i.e., all the flux from one coil linked to another coil.
If K =0 there is no coupling between the coils.
K lies between 0 and 1.

K=
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Q.4. Give the theory and working of moving coil Ballistic galvanometer.
Ans. The Moving Coil Ballistic Galvanometer
A ballistic galvanometer consists essentially of a rectangular coil

suspended in a magnetic field as shown in Fig. 1. Let the current i flow -‘-
through the coil. There is no resultant force along bc and which are 8

parallel to E?) There is equal to opposite force onabanddc.The torqueis Sl |ls
given by b .

T =iAB a i [ d
where A is area of coil Ib. Fig. 1
If the currenti acts for a short interval dt, then the moment of impulse is
iABdt and total moment of impulse,

T T
J‘O iAB dt =qAB, since g = jo idt

But moment of impulse =mass x velocity x distance from the axis of rotation
=moment x distance from the axis of rotation
=angular moment.
If I is moment of inertia of the coil about the suspension fibre and wis angular velocity then
angular momentum = Io

gAB =In (1)
2
The kinetic energy of the system is I(; and is used up in twisting the suspension fibre. If ¢ is

the restoring force per unit twist, the couple on twist 6 is c0 and work done for an additional
twist dO is, ¢ dB so that the whole work done in twisting the suspension fibre is,

{0 do = co?
0 2
therefore, 1r:(-)2 =11m2
2 P
242p2
or ot =£92 =1 A5 [from eq. (1)]
I 72
292 qusz
I 12
2
@£ =F 142
BZ4?% ¢

Now the period of vibration of a body of moment of inertia I, when ¢ is the restoring couple per
unit twists is given by,
T =2n !
c

1_T1%

¢ 4g>
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2 2
Therefore, z_ ¢ L 2
BZ4A? 4n?
c T
== "9 (2
1 BA 2n (2)
T
q=K EB .(3)
where K =F.
BA

This gives a relation between the charge flowing and the ballistic throw 0 of the galvanometer,
K is the galvanometer constant. The torque or couple on suspension fibre is ¢0. Therefore,

iAB =cO

c
i=—=9 w4
=i 4)

Current Sensitivity : Qualitatively the current sensitivity of a galvanometer is defined as the
deflection, as read from the per unit current. So, from equation (4),

current sensitivity = ARNEEton = a .54 (5)

current | ¢

As we know that mirror and scale arrangement is used for reading the deflection, if the
current / in amp., the scale deflection 0 in millimeters and scale distance L in metres, the
current sensitivity,
_0

Li
Ifi =1 amp, then Si is a large number for a given value of L. Consequently for convenience we
prefer microampere which gives microampere current sensitivity.
Micro-ampere sensitivity is the deflection in mm produced on a scale 1000 mm away
galvanometer mirror, when a current of one micro ampere (10_6 amp.) is passed in the
galvanometer.
Charge Sensitivity of Quantity Sensitivity : The charge sensitivity of the B.G. is defined as
the deflection per unit charge. So from equation (5),
deflection

charge
_0 _2n BA

g T ¢

S;

Charge sensitivity =

But from equation (5), EG is current sensitivity.
€
Hence, charge sensitivity =2?1t x current sensitivity. w(6)

Hence the charge sensitivity of a B.G. is ?n times the current sensitivity.

Voltage Sensitivity : The voltage sensitivity under any given conditions is the deflection per
unit voltage and is consequently current sensitivity divided by the resistance, i.e.,
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Current sensitivity

Resistance
The resistance is that of entire circuit and not that of the instrument alone. Voltage sensitivity
is large number, hence for convenience, we prefer micro-volt sensitivity.
Micro-volt Sensitivity : Micro-volt sensitivity is the deflection in millimeter on a scale 1
meter away from the galvanometer mirror, when a potential difference of one micro-volt
(10_6 volt) maintained across the galvanometer terminals.

Figure of merit of galvanometer : Figure of merit of galvanometer is the current which will
produce a deflection of one scale division, when we use lamp and scale arrangement, it is the
current which will produce a deflection of 1 mm on a metre scale cne metre away from the
galvanometer mirror.

It may be noted here that the current sensitivity or charge sensitivity is sometimes defined as
current or charge per unit deflection and then it is reciprocal of what have been defined
equation (5) and (6). We prefer to call it figure of merit of the galvanometer.

Figure of merit =9or!.

Voltage sensitivity =

Q.5. Write down differential equation of motion of a coil in a ballistic
galvanometer and derive the condition under which its motion is
oscillatory. What is logarithmic decrement?

Ans. When we derive the equationg = sze,we have assumed that whole of kinetic energy
T

of the coil is used up in twisting the fibre and neglected the retarding forces presents namely
(1) due to friction of air (2) viscosity of suspension fibre and (3) induced current in any
neighboring mass or metal. The first two of these factors constitute mechanical damping,
while the third factor accounts for electro-magnetic damping. The retarding couple due to
damping varies as the angular velocity =d0/dt may be taken as Pd0/dt, where P is the
coefficient of mechanical damping.

When the circuit is closed, we have in addition the induced current produced in the coil which
varies as the rate of change of displacement and inversely as the total resistance of the circuit,

hence the retarding couple is % ;'0’ where the constant m involves the magnetic flux due to
t

the magnet and the area of coil. Thus, the total retarding couple due to damping.

i
R )dt

2
Now the angular acceleration is d—z
dt
According to Newton’s second law, equation of motion is,
2

190 __ g ((p M40

dt? R,/dt

2
or 1Q+ E+P @+c9=0
dt2 R dt
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2
or ﬂ+1 E+P @+§=0
dtz I\ R dat I
2
aF @0 b9 12 =g (1)
dtz dt
where 2b =3 (M - P) (2]
I\ R
K=" (3)
. . : o . d8 o, 40 _ , 2 ai
Let the solution of this equation be 6 = 4e™ then T =Aoe™ and ——=Ao“e
dt

Putting these values in equation (1), a? +2bo +k?

a=-b+ b —K?
/ 2 J 2
This gives 6 = Ale(_bJr B+ Khe + Aze(_b_ B - Ky where, 4, and A, are constants.

The quantity p? - K2 may be positive, zero or negative depending upon whether
b>k,b=K orb<k
Case 1 : When b > K, we have two real values of a, then solution of equation (1) is,
8 =4,e® 1 4,e%%
The a1 and o ; are negative. The deflection 8 will go on decreasing with increasing time. The
motion non-oscillating or dead beat and the oscillation is said to be over-damped.

Case 2 : Critical damping : When b = K ; the two values of o are equal to —b and solution of (1)
becomes

0 =(A1 +A2)e_bt =A33_bt

That the coil after detection comes to rest in minimum possible time and the galvanometer is
said to be critically damped. However, the motion of the coil is just non-oscillatory.

Case 3: Whenb< K ,the quantity \/bz ~K%is imaginary so the values of o are complexi.e.,
a=-b ijg,whereg2 =K% _p?
Hence, solution of equation (1) becomes,
8 =A,ePTINE | 4, "IN gty p 0 4 g, i
—e bt [A; {cosgt + jsin gt} + A, {cosgt — jsin gt}]
=gt [(41 + Ay )cosgt + j (4, — Ap)sin gt]
Putting A{ +A; =Bsinp
and j(A41 —A;)=Bsinp
0 =Be % sin (gt +B)=Be " sin {(y K% —b? )t +P}
The motion is oscillatory or ballistic and period of oscillation,

T=2—ﬂ= 2n

g JK?-b?
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In order that the whole charge may pass through the ballistic galvanometer before it has from
its zero position, it is essential that its periodic time be large. Since we have,

T =2:r|:\ﬁ,
c

therefore, I should be large and ¢ should be small. As we have b< K

1{m ¢ 2x
—|=+p|c=<=
2I\ R I T

Hence to make b small, / should be large, R should be large.

m should be small and so the coil should be wound round a non-conducting frame, e.g., paper,
should be bamboo or plastic. p should be small, and so the air resistance should be small and
the fibre very fine.

We just see that the requirement of dead-beat galvanometer are just opposite to those for the
ballistic b > K. Hence the opposite conditions should prevail. The coil is made of thick copper
wire and has smaller number of turns so to have smaller resistance and is wound round a
metallic or conducting frame.

Damping : The oscillatory motion in B.G. is given by

0 =Be P sin (VK% —-b%t +B)

The effort is made in the B.G. to make ‘B’ as small as possible so that the motion is simple
harmonic, but in actual practice b can never be zero so the amplitude of oscillation decreases
with time.
The amplitude of motion is Be bt and
for t =0, we have amplitude 8y =B
bn

amplitude 6, = Be 2Vi - ¥

T T

fort=—=—_—
2% —p?
3bz

fort A amplitude 6, = Be 2K ¥

2Vk? —b?

_ 5bz
fort=5—T=577'amplitude93 =Be *? - ¥
2yk? —p?
bz
and e—1=9—2=9—3...=e i -7 et =d.
8; 03 84

We see that the successive amplitude84,0,,03 etc, are continuously decreasing and the ratio
of one value to the next is always a constant d. This constant ratio d is called decrement and
log, d =} is called the logarithmic decrement A. ®
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Q.1. State Poynting theorem.
Ans. This is the work-energy theorem of electrodynamics. It states that, “the work done on
the charges by the electromagnetic force is equal to the decrease in energy stored in the field,
less the energy stored in the field.”

2 s

L A =h E? +B— dt —i§(ExB]-Et)1
dt dt v 2 Ko 18] 5

The first integral on the right is the total energy stored in the fields. The second term

represents the rate at which energy is carried out of volume V.

Q.2. Define Poynting vector.

Ans, This gives the direction of energy propagation and is defined as

“The energy per unit time, per unit area, transported by the fields is called the poynting
vector”

- 1 = >
S =—(ExB)
Ho
From the above expression it is evident that energy will be transport in a direction

> > - =
perpendicular to both E & B the term S-da is the energy per unit time crossing the
infinitesimal surface da.

Q.3. What do you mean by plane electromagnetic wave?

Ans. Waves are means of transporting energy or information. A wave is a function of both
space and time. Typical example of EM waves included, radio waves, TV signals, radar beams
etc. Electromagnetic waves consists of time and space varying electric and magnetic field in
mutually perpendicular direction.

A uniform plane wave, in which both fields, E and B lie in the transverse plane i.e., the plane
whose normal is the direction of propagation.

Q.4. Write down the wave equation for electric and magnetic fields in free
space.
Ans. The wave equation for electric & magnetic field is
8%E

(1
) 22p (1)
VB =y € 2
ot
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In general we can write

7 2 2 2
V2f=i76f V2=6 +6 +a
v? ot? x?: ot oz®
where v is the speed of electromagnetic wave,
1

v_

vHo Eo.

Q.5. Write down the expression for electric and magnetic fields for a plane
wave.
Ans. Since the fields in a EM wave are uniform over every plane perpendicular to the
direction of propagation. We are interested in fields of the form
% (2,t) =, ¢! (@00

and B (z,t) =§0 gl tzat]

These are the electric and magnetic fields travelling in the z-direction. Here k is the
propagation constant and wis the angular frequency.
Eo and §0 are the complex amplitudes. The argument (kz —wt) is known as the phase of the

wave.

Q.6. Define propagation constant.
Ans. The propagation constant is defined as

k =9rad/m
¢
or k =2_1:
A

This is the measure of that how phase of a wave changes as it traverse a wavelength.

Q.7. Show thatthe refractive index of the medium is givenbyn= ﬂ, where
Ho o

symbols have their usual meaning.

Sol. We know that the speed of an EM wave in free space is given by

cz-_1 = c=_1

Ho €o VMo €0
The speed of an EM wave in medium is given by

z2_1 = =1

- HE VU E
The refractive index is defined as the ratio of speed of light in vacuum (or free space) to speed
of light in medium

v
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1

or n=

Q.8. What is dispersive and non-dispersive media.

Ans. If the refractive index of the medium changes with the wavelength (or frequency) of
incident wave, then we say that medium is dispersive otherwise it is a non-dispersive medium.
So in a dispersive medium the shape of wave changes because different frequencies travel at
different speeds.

Q.9. Write the formula for characteristic impedance of free space.
Ans. The characteristic impedance (or intrinsic impedance) is given by

no =" =3770
€p

Q.10.Show that in a plane electromagnetic wave
= =2 22 22
K-E=K-B=E-B=0

_)
where symbols have their usual meaning K is propagation vector.
Ans. Since in a plane electromagnetic wave, electric vector magnetic vector and

= 2
propagation vector are mutually perpendicular to each otheri.e., the angle between E , B and
-

K is 90°, \
€0s90°

¢0s90° =0 {cos90° =0}
E-B =EB cos90°

4

Q.11.Write down snell’s law.
Ans. In case of refraction the ratio of the ‘sin’ of the angle of refraction to the ‘sin’ of angle of
incidence is equal to the ratio of refractive indices of the two mediai.e.,

1 2
g AN
|

K

n, sin@; =n; sinO
wheren, istheindex of refraction of medium (1) andn, is the refractive index of medium (2).
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Q.1. The electric field in free space is given by
E- 50cos(10%¢ + kx )dy, v/m

where d,, is unit vector in y-direction.
(a) Find the direction of wave propagation.
(b) Calculate k.
(c¢) The direction of electric field.
Ans, (a) From the positive sign in (ot +kx), we infer that the wave is propagating along —x
direction.
(b) Compare the above equation with

_)
E =Ej cos(ot +kx)d,

we get @ =108
Since in free space, the speed of em wave is equal to the speed of lighti.e.,u=c
o™
c
_ 10°
3x10%
=03333rad/m

(c) The polarisation of electric field in y-direction.

Q.2. Calculate the value of the poynting vector at the surface of the sun, if the
power radiated by the sun is 3.8x10%® watts and its radius is 7x10% m.

Sol. The energy per unit time passing in through the surface of the sun is

g -
P =I S.da {S- Poynting vector}

_)
If we assume that S is constant over the surface of the sun then

P=5 I da {S and da are parallel to each other}
P =S-4xr?
P :
5= [r —radius of sun]
4nr?
_ 38x10%
4x314x(7x10%)?

S =6174x107 wa'ct/mz
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Q.3. Find the relation between electric field E') and magnetic field 3 in a
electromagnetic wave.

Sol. Let us consider a plane EM wave propagation in x direction.

Let the electric field vector is given by

_)
E =Ej cos(Bx —ot) {B-propagation vector}

[The polarization of electric field in y-direction]
using the Faraday’s law

" -
_>
V by & E =—a_B
ot
2> - n ~
VxE ==K E, sin (fx —wt) [K unit vector in z direction]
_)
0B ;
Therefore = =K E sin (Bx —ot)
B _pp B
B =K Eq = cos (px —ot)
®
- .
or B =K By cos(px —ot) -(1)
Where By - Fib
®
or By il -(2)
£

eq. (1) is the required result. It can be sun that electric field in y-direction, magnetic field
in z direction and wave is propagating in x-direction. We can also write

- =
g . foek
@
we are using B as propagation constant to avoid confusion in K and k.

Q.4. Calculate the reflectance and transmittance, when light travelling in air
falls normally on a glass surface (n=1.5).
Sol.  Heren; =1,n; =15

2 2
So, | P12 =(05J _1
n1 +n2 25 25
Transmittance T=1-R=1- i = &
25 25

Thus only 4% of the incident light energy gets reflected and 96% is transmitted. This is the
reason we can see through the window glass so clearly.
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Q.5. Write down the boundary conditions by electromagnetic fields at the
interface between two media of different permeabilities and
permittivities.

Ans. The boundary condition for electromagnetic field at the interface between two media

are as follows :

1. The normal component of the electric displacement is discontinues by an amount
equal to the free surface density of charge at the boundaryi.e.,

Dy, — Dy, =0
Dy, — electric displacement in medium 1
D;, —> electric displacement in medium 2
2. The normal component of the magnetic induction is continuous across a surface of
discontinuityi.e.,
By, —Bap =0
3. The tangential component of magnetic intensity is discontinuous by an amount equal
to the free surface current density J.i.e.,

Hy —Hyp =]
—
4. The tangential component of E is continuous across a surface of discontinuity i.e.,
Eqp —E =0

A9 e]'Fe LONG ANSWER TYPE I/ I55 .15

Q.1. Derive the electromagnetic wave equation from maxwell field equations
in free space.
Ans. We know that maxwell’s equations are

- )
V-D=p ... Gauss’sLaw
=
¥-B=0 ... No Name
N 63 > (1)
VxH =] +—.....Ampere’sLaw
t
VxE=- aa—t ...... Faraday’'s Law
along with constitutive relations
- -
D=ckE
e
B =pH
- —
and ohm’s law J =cE
In free space 3 =0 c=0
& =1 pe =1
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So Maxwell’s equations reduces to

- =
V-E=0 (@)
- —
YVH=0 (b)
%
VxH=€p5 — ... c
0 (c)
_)
VXE=—plp - . d
Ko ot (d) )
Now we take the curl of equation 2 (c], then
%
> o o5 -
V x(VxH)=eq Vx2E
ot
e 2 ]
or [V(V-H)-V%H]=¢, = (VXE)
e T B e T e
[using Ax(BxC)=B(A-C)-C (A-B)]
from eq. 2 (b) and 2 (d)
i & 2 oH
V-H =0and VxE =—pg5—
ot
So, eq. (3) reduces to
2
VZF'I)— 1 &8°H _
Moo o2
> 1 8%H [
or oty - ¢t HoEg __}
&% Bt 2
2
or V4 ?i’) - 1ad «(A)
il
Similarly taking the curl of eq. 2(d), then we get
2
P d =L EE .(B)
c? at®
eq. (A) and (B) are identical to the wave equation
1 8%y
vig=-9% (C)
v? ot?

- —
This is the equation of wave travelling with speed v so, we conclude that field vectors E and H
are propagated in free space as waves at a speed
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po 1 ( 4n )
vHoEp 4molg
=19%x10° x107

€ =3x10% m/s
i.e., the velocity of light.

Q.2. Obtain the poynting's theorem for the conservation of energy in an
electromagnetic field. Discuss significance of poynting's vector.
Ans. We know that Ampere’s law and Faraday's law in differential forms

_)
= > - ap
VxH=]+— w1
J ~ (1)
- -
Vek = 22 (2)

- 2> = = = — a_D)
E-VxH=E-] +E-—t .(3)
_)
- = — — AB
and —-H-VxE =H-—t w(4)
adding eq. (3) and (4) we get
b, S, B 5 L (5ap o oap
—-H-VxE+E-VxH=]-E+ E-a—f+H-a—l:
using the vector identity
3> = 3> = - —>
H-VxE -E-VxH=V-(ExH)
The above equation reduces to
> 3. 2> 2> [ 63 - aﬁ
-V (ExH)=fJ-E+| E-—+H-—— )
(ExH)=] a5 5 (5)
> oD S9F 1. 8,22, 10 22 1
Now E-——=€,€q E ——="€,€9 —(E-E)==_—(E-D)==
ot ot 2 ot 26t 2
—> —>
7 .08 oH D bt 146 2

and H-
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eq. (5) reduces to
- - -2 S>> 2

¥ E+%—[E D +H B1+V-(ExH)=0 .(6)

each term in the above equation can be given same physical meaning, if it is multiplied by an
element of volume dr and integrated over a volume t whose enclosing surface s. Thus the
result is

j] Ed1:+J' D+H )d1:+jv (ExH]d'r 0
But J'v-(ExH)dr=§(ExH)-da
So, j(] E)dr+j' (E’B+H B)dr+I(ExH] .da =0 7

Interpretation of I ( I E )dr
T

According to Lorentz force law, the work done on a charge g is
- = i A — =
F.dl =q(E+VxB)-Vdt=qE-Vdt

Now, g=pdrandpV =]. So the rate at which work is done on all the charges in volume
T.is

dw .
dt={(sondr

This represents the rate at which work is done by the field on the charges
eq. (7) can be written as

dw 1¢0 2722 22
- =——"|-“(E-D+H-B E H -d ..(8
dt Ztat( it I( e o

This is poynting’s theorem. It is the work-energy theorem of electrodynamics.
Poynting theorem states that, “the work done on the charges by the electromagnetic force is
equal to the decrease in energy stored in the field, less the energy that flowed out through the
surface.”
Poynting vector: The energy per unit time, per unit area transported by the field is called the
poynting vector;

- > -
S =ExH

> = -

Specifically S-da is the energy per unit time crossing the infinitesimal surface da-the energy
flux.
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we can write poynting theorem more compactly
dw __ dUep _ § S.da
dt dt

where U, is the energy density of the fields

1 2> 2
Uem =7, (E-D+B-H)

—LiepB? +-L B?)
2 Mo

Q.3. State maxwell’s equation for the electromagnetic field and obtain the

equation for E') and 3 in homogeneous isotropic dielectric medium,
Ans. Propagation of EM Waves in Isotropic Dielectrics
“A non conducting medium whose properties are same in all directions is called isotropic
Dielectric.”

The Maxwell’s field equations are

p
0

g (1)
749D

with
B=pH -(2)

In an isotropic dielectric
o =0, p=0
So, Maxwell’s equation reduce to

o g -(3)
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We take the curl of eq. 3(c) then

- = 5

Vx(VxH) =er(g—f)

= = 92 ad = =
V(V-H)-V H=ea(VxE] --(4)
from eq. 3(b) and 3(d), eq. (4) reduces to
> a%H
VviH-pe? "= .(5)
ot?
> 1 870
ie., viE-- %" -9 .(6)
v? ot
with TR =
2

Similarly we get the wave equation for electric field

22 1 BZ_E)
VOE-——-=0 -(7)
v? ot?
In general we can write eq. (6) and eq. (7) in the form
2
Yoy Bl VO .(8)
v? ol

eq. [8) is a standard wave equation representing an unattenuated wave travelling at a speed v.
The electric and magnetic field (E & H) propagates in isotropic dielectric as waves given by

E|_[Eo | —(ot-%7)
bR

1 1
Y= =
\/PTG VErUr Solo
c
=
vErir

The speed of EM wave in isotropic dielectrics is less than the speed of EM waves in free

space.
The refractive index is defined as

at a speed
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in a non magnetic medium p, =1

n=,(s) = n? =€, ..(10)
The form of field vectors is given by eq. (9). This eq.
Suggests that we can replace

—> a
VoiK and —— -ie
ot

So in terms of these operators Maxwell’s eq. reduces to

K-F =0
L (a)
RB=0 .. ® | -{11)
>
—KxH=wmeE
I (c)
KxE=ape ... (d)

From this form of Maxwell’s equation it is evident that in a plane electromagnetic wave
propagating through isotropic dielectric.

2> = -
(i) The vectors, E,H and K are orthogonal i.e., the electromagnetic wave is transverse in
nature and in it the electric and magnetic vectors are also mutually orthogonal.

- -
from 11 (a) dot product is zero, so K and E are perpendicular
— —
from 11 (b) K and H are mutually perpendicular
- = >
from 11 (c) E is perpendicular to both K & H
—> - -
from 11 (d) H is perpendicular to both K & E

— =
ii) The vectors E and H are in phase and their magnitudes are related to each other by the
P gn y
relation

ol |l
|
‘nu
[=]
|

o
=
~

S
a3
Il
N

where Z is called the impedance of medium and Z; is the impedance of free space

ZO = “‘70
\ €0
(iii) The direction of flow of energy is the direction in which the wave propagates and the

poynting vector is | times of the poynting vector if the same wave propagates
Hr

through free space.
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(iv) The electromagnetic energy density is equally distributed in electric field and
magnetic field. This is because electromagnetic energy is transmitted with the same
velocity with which the fields do.

1 .2

~eckE
Uif":ze =& ﬁ ~Ei7%y
Un 1,gz B H?) B

2

TR = H
u, =U,

Q.4. Assuming thatthe electric vector of an electromagnetic wave is given by
Be Epet(et ~k7)

and in crossing a boundary the tangential component of electric intensity
is continuous, prove that various laws of reflection and refraction.
Ans. Let us consider two medium have permittivity and permeability (€4, p4 )and (g5, 15 )
respectively separated by a plane at z =0 shown in fig (1),
If the plane wave with vector K ; in the x — z plane and frequency o, is incident from medium
-1
Kp and K; are the wave vector of reflected and transmitted wave respectively. The
frequencies of reflected and transmitted waves are wg and oy respectively.
4 Z

Fig.1
Applying the boundary condition for electric field
[Ef)e +[Eg])e =[ET]:
This yields  (Ey), +(Eg)x =(Er)x (1)

by using plane wave equation

. E_':, e—i(mt—?c’-?]
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eq. (1) reduces to
(B, ). e 1@ —KT) (g ) g0t —kaT) g ) o-llort—irT)
ID}Xe +[ Ro)xe _( To)xe

for all values of x, yand ¢.
The equation (2) can only be satisfied if the time and space varying components of the phases
are equal. So equating the time varying components of the phases in eq. (2), we get

il =opt =wp =t
ie., ®; =g =0 = (say) ..(3)
Above equation shows that the frequency of the wave remains unchanged by reflection
and refraction.

Now equating the space varying components we get
- = —> = - —>
(Ki-r)z—0 =(Kp'T)z=0=(K7-T)z-0 w(4)

The incident beam is in x —z plane, n y is zero. It then follows that y—terms in the other
expression of eq. (4) are also zero i.e., the reflected and transmitted waves are in the same
plane as the incident ray and the normal.

from eq. (4) we have

- —
K;-r =K; (xsin0; +Zcosb;) -(5)
- -
Kp-r =Kp (xsinBp —ZcosBp) ...(6)
=> -
Kr-r =Ky (25in0p +ZcosOy) -(7)

In the light of eq. (4), eq. (5) and (6) yield
KI sin91 =KR sinBR

but as oy =g and v; =vp
K; =Kjp

50 sinf; =sinBy

ie., 0; =04

In the light of eq. (3), eq. (5) and (7) yield
K[ sin(—]l =KT sinBT

o . ® . ®
—sin@; =—sinfyp k=—
vy vr v
£ & s

or ——sin@, =—sinOyp
Ll vr

ny sin@; =n, sinByp
This is snell’s Law.
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Q.5. A plane electromagnetic wave is incident on a dielectric surface. Find the
amplitudes of the reflected and refracted wave and discuss their phase
change [Fresnel formulae].

Ans. Fresnel Formulae

The formulae relating the amplitudes of the reflected and transmitted electromagnetic waves

with that of incident on when the boundary is between two dielectrics are called Fresnel

Formulae. These are contained in the boundary conditionsi.e.,

(D;)n +(Dg)p =(Dr )p -(1)
(Bi)n +(Br)n =(Br)n w(2)
(E;)e +(ER)e =(Er): -(3)
and (H;) +(Hg)e =(Hr ) .(4)

The conditions (1) and (2) when coupled with Snell’s law yield no information not included in
the conditions (3) and (4). So it necessary to consider only conditions (3) and (4).

Plane of
Incidence

Fig. 1
Now to derive the desired formulae we consider a plane EM.W. is x — z plane (plane of
incidence) incident on a plane boundary (here x — y plane) and consider it as a superposition
two waves one with the electric vector parallel to the plane of incidence and the other with
electric vector perpendicular to the plane of incidence. Therefore it is sufficient to consider
these two cases separately. The general result may be obtained from the appropriate linear
combination of the two cases.

Case I : E-parallel to the Plane of Incidence.
The situation is shown in fig.2. The electric and propagation vectors in two media are
indicated. The directions of H vector are chosen so as to give a positive flow of energy in the
direction of wave vectors. In this situation the magnetic vectors are all parallel to the
boundary surface.

(H;), =H; (E; )y =E; cos®;
and (HR)C =HR and (ER)C =—ERCOSBR

(Hr ), =H, (Er); =E7 cosOy
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Fig.2
So boundary conditions (3) and (4) reduce to
E; cos®; —Ep cosB g = Er cos6yp ..(5)
and HI' +HR =HT [6)
In equations (5) and (6) we have omitted the zero subcripts on E and H, it being understood
that the phases now cancel and equations are relations between amplitudes.

Now as 0; =0y and H =(E/Z)=(nfu, Zy) E {asZ=p'—’"Zo}
n
ie., H =(nfZ,)E (as p, =1 for dielectrics)
So equations (5) and (6) reduce to
E;cosO; —EpcosOp =Er cos 0, -(7)
and mE; +niEgp =nyEp ...(8)

The interest lies in the fraction of the incident amplitudes which are reflected and
transmitted.
So eliminating E, from equation (7) with the help of (8) we get
(E; —Eg)cos6; =M (E; +Eg)cosOrp
ny

n
“2 cos9; —cosOy

ie., [E_R) =M (A)
I

E; n
: ~2 cos0; +cosOy

ny
PN s.mG,- cos®; —cosOy
Ep sinBp ; ;
or o arae . (asnq sinB; =n, sin07)
NELL | SIRYE ) og0; +cosBy
sin@y
£ (ER ) _8inB; cosB; —sinOr cosBy sin20; —sin264
Y \Er ) 5in0; cosB; +sinO; cosOp sin20; +sin20;
(B _
ie., Ep | _tan(b; -67) (B)
\ E; /y tan(0; +07)
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Similarly eliminating E 5 from eq. (7) with the help of (8) we get
(

E; cos0; — n—ZET —E,-Jccse,- =Ep cosByp
\ 11
i.e., (i'_TJ = 7 ZCOSei ...(C)
P |2 cosp, +cosBTJ
\ 111
- (ET ) a Zcos 0;
E; J, (sine®,
L | 222 cosB; +cosOy
\ SinB¢
or (E_T\ _ 2cosQ; sinbp
\ E; A sin®; cosO; +sinOr cosOr
R .
- Er ) _ 2cos0; sinByp (D)
\E,' i sin (91 +9T)COS(9i —BT)

Case II : E-perpendicular to the Plane of Incidence.

The situation is shown in fig. 3. The magnetic field vector and the propagation vector are
indicated. The electric vectors all directed into the plane of the figure.

Hi
Fig. 3

Since the electric vector are all parallel to the boundary surface

(i) =E;

(Ep) =Ep

(Et)e =Er

(H;); =—H; cos §;

and (Hp) =HpcosOp

(Hr ), =—Hy cos Or

So boundary conditions (3) and (4) reduce to

E, +Ep =E, .(9)
And H; cosO; —HpcosBp =Hy cosOr «(10)
Now as 0; =0p and H=(EfZ)=(nE/Z,)
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So equation (10) reduces to
nyEp cos8; —nyEg cosO; =ny Ep cosOyp .(11)
Now eliminating Er from equation (11} with the help of (9) we get
(E; —Eg)nq cos8; =nycosOr (E; +ER)

n
cos8; ——2 cosOy

L, (ij‘] - :1 {E)
I/1  cos; +-%cosBy
L
PN LT S_mei cos By
Ep sinfy ) .
or E = 5 (asnq sin®; =n, sinB7)
\E1 /1 cos0; + 3271 cos By
sinQp
or (E_R\ _8inOy cosB; —cosOy sin O;
\ E; J; sinO7 cos9; +cosOp sin 0,
s (Eg) __sin(®; —6r) )
' \E; ), sin(8; +67)
Similarly eliminating E 5 from equation (11) with the help of (9) we get
nEqcos®; —n(Ep —E;)cos0; =nyEy cosOyp
£ )
ie., o) . Zoosh (6)
NUT/L cos®; +-2 cosOr
i
- (ET ) _ 2cos0;
\E1 /) cos9; +s.m9,- cos Oy
sin @
- (E_T\ _ 2¢0s9; sinOp
\E; ), cosO;sinBr +sin8; cosOp
ie (Ei\ _ 2cos8; sinByp (H)
’ \EI' J1 sin(e,- +9T]
Discussion :

Equation (A), (B), (C) and (D) are the desired results known as Fresnel formulae. These
equations are very general as these hold good for all angles of incidence and all types of
dielectric interfaces. The interesting coefficients (E /E;) and (E g /E; ) are plotted against
the angle of incidence for a dielectric-dielectric interface in fig.4
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+ nq<n, +1 n>n,
ng-nq | (Ery/Ei), ny-ny | (Er /By
Ng+ny nq{+ny

6p Oc
0 | 0B 0 i
Na-Ny ! ni-n i
n2+n1 (ET1IEI)1 : nq +n2 (ET1IE|)2 :
-1 : -1 :
0 B — i 90° 0 9"—}—> 90°
I

Il ] O

S Y
Fig.4
From the above curves it is clear that if E.M.W. incident on the boundary from a rare medium

(i.e.,ny <ny)
(i) For all angles of incidence there is a phase change of & on reflection for E.M.W. whose
vibrations are perpendicular to the plane ofincidence as(E  /E; ) | is always negative.

(ii) For all angles of incidence less than the angle § p * there is no change in phase of (Ez ),
as(Eg/E, ) ispositivetill®; <0 p : for angles of incidence greater than® g, (E,. /E; )¢ is
negative so there is a change of phase .

(iii) AtO; =0p.(Eg/E;)1 =0i.e.,(E ), =0.This in turn implies that if the angle of incidence
is equal to the angle 8 5 (called Brewster’s angle), the reflected light has only E |
component. i.e., it is plane polarised.

However if the E.M.W. are incident on the boundary from a denser medium (i.e.,nq; >n;}

(i) Forallanglesofincidencelessthan® g (Eg/E;); is negative while(E R E; )| is positive;
thus in turn implies that in reflection (Ey ), suffers a phase change of & w.rt. (E; );
while the (Ep ], in phase with the incident (E;) | .

(if) For anlges®p<0; <8, *(ERE;), and (ER/E;), both are positive so the (E;}, and
(Er)y components are in phase with the incident (E;), and (E;); components
respectively.

(iii) At angles 6; >0, the phase of both (Ep), and (Eg), are different from that of
respective incident components of E; and as(Eg); and (Eg), equals(E;); and(E; )|
respectively, the total incident light is reflected back into the same medium.



PART-B : PHYSICAL OPTICS & LASERS

UNIT-V
Interference
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Q.1. Is it possible to observe interference fringes with light emanating from
two independent sources? If not, why?
Ans. No, it is not possible to observe interference fringes with two independent sources,
because the two sources will not be coherent. Sources obtained from single source will give
the interference pattern.
Q.2. What are coherent sources of light?
Ans, Coherent sources of light are those which produces light waves having sharply defined
phase difference that remains constant with time.
Q.3. Name three methods of producing coherent sources.
Ans. Three methods of producing coherent sources are :
(i) Fresnel's Biprism
(ii) Lloyd's Mirror
(iii) Fresnel's Double Mirror
Q.4. What is the effect on the fringe width in the biprism experiment if the
distance between the slit and the eyepiece is increased?
Ans. The fringe width is given by
_Dh
2d
So w will increase if D is increased i.e., the distance between the slit and eyepiece.
Q.5. Write the formula for determining wavelength (1) in Newton’s Rings

experiment.
Ans. The formula for determining A in Newton’s Rings experiment is given by
_ D§+p - Dr%
~ 4PR
where Dy, p —Diameter of (n+ p]th ring

D, —Diameter of n™ ring

R —Radius of curvature of lens
P — Integer
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Q.6. What is the effect of increasing the distance between lens and plate?
Ans. As the distance between the lens and the plate is increased, the order of the ring at a
given point increases. The rings, therefore, come closer and closer, until they can no longer be
separately ohserved.

Q.7. Write the formula for the determination of refractive index of transparent
liquid by Newton's Rings.
Ans. The formula for the determination of refractive index of transparent liquid by
Newton'’s Rings is given by
_ (D3+p _Dr%)air
(D§+p - DJE )liquid

Q.8. Can colours of thin films be seen by a point source of light?
Ans. The colours of thin films can not be seen by a point source of light. An extended source
is necessary for colours in thin films.

Q.9. Two coherent monochromatic light beams of intensities I and 41 are
superposed. Calculate the maximum and minimum intensities in the
resulting beam.

Ans. The amplitudes corresponding to these intensities are

ay =1 ds —val =2V1
maximum intensity =(ay +a5)* =(vI +2vI)?
=(3V1)? =9I
minimum intensity =(a, ~ a, ) =(2VI =VIY?
=WIP =1

Q.10.Does energy remains conserved in interference?
Ans. Yes, energy remains conserved in interference only the redistribution of energy takes
place.

Q.11.Why are circular fringes (rings) obtained in Newton’s arrangements?
Ans. Each fringe is the locus of points of equal thickness of the air film, and these loci are
concentric circles with point of contact as centre.

Q.12.What is an interferometer?

Ans. A interferometer is an interference-based device used to measure wavelengths of
spectiral lines and wavelength-differences between fine-structure components of spectral
lines.

Q.13.What is the difference between interferometer and etalon?
Ans. Intheinterferometer, the distance between the two silvered plates is variable, while in
an etalon the plates are held rigidly fixed by invar spacers.
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Q.14.Write formula for determine the thickness of mica plate by michelson’s

interferometer.
Sol. The thickness of mica sheet in Michelson’s Interferometer is given by

X
t=

p-1
Q.15.Calculate the visibility of the fringes for a reflection of 80% in multiple
beam interferometry.
Sol. The visibility of fringes, V in terms of reflectivity R is given by
V= I'inax — Imin - 2R
Imax *Imin  1+R?

Here R =80%=0.8
v =2%08 4976
1+064

@TE1EY SHORT ANSWER TYPE LIV

Q.1. What do you mean by interference of light?

Ans. Interference of Light

When two waves of the same frequency travel in approximately the same direction and have a

phase difference that remains constant with time, the resultant intensity of light is not

distributed uniformly in space. “The non uniform distribution of the light due to the

superposition of two waves is called Interference” at some points intensity is maximum and

the interference is called the “Constructive Interference”, at some other point the intensity isa

minimum and the interference at these points is called “Destructive Interference”.

Q.2. What are coherent sources? Why the two sources must be coherent for
sustained interference fringes?

Ans. Coherent Sources

If two interfering sources emits wave so that they have the constant phase difference between

them, then the two sources are called coherent sources.

To obtained a sustained interference pattern the two sources must be coherent. It the phase

difference between two sources does not remains constant then the places of maxima and

minima shifts and sustained interference is not possible for phase difference to remain the

same, the two source must be derived from the same source,

Q.3. Two coherent sources of intensity ratio o interfere. Prove that in the
interference pattern.
Ipax —Imin — 2\/‘;
Lo ¥ dufin 1o
Ans. Letly and I, be intensities, and a; & a; the amplitudes of the disturbances from the
two coherent sources. Since intensity is proportional to the square of the amplitude, we can

write
L .
ay I
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The maximum and minimum intensities in the interference pattern are given by
Imax =(a1 +a2)*  and Iy, =(ay —a, )
Imax —Imin _ (21 +a )* —(ay —a3)*
Imax +Imin (ﬂl +a2]2 +(a1 —02)2
_ 2aqap; _ 2myfa,

a? +af 1+(a}/e})

I'max = Imin — 2\/&

= Proved.
Imax ¥ Imin 140

Q.4. Explain Temporal coherence.

Ans. Temporal Coherence

It is the criteria of coherence that depends upon time. Since an ideal source of light emits a
sinusoidal function of time. It has a constant amplitude of vibration at any point while its
phase varies linearly with time. But in practice no source is ideal. So we can not related the
phase at a point to another point in wave train. Therefore light from conventional sources is
characterized by two important parameters.

1. Coherence time : It is the average time during which the wave remains sinusoidal and the
phase of the wave packet can be predicted reliably.

2. Coherence Length : It is the length of wave packet over which it may be assumed to be
sinusoidal and has predictable phase.

The average time interval for which the field remains sinusoidal is called temporal coherence.

Q.5. Explain spatial coherence.
Ans. Spatial Coherence
If there is a definite phase relationship between the radiation field at
different points in space, then there will be high coherence between the
points, which is called “spatial coherence.”
Let us consider a source S emitting waves and two points Aand Bonaline
joining them with § as shown in fig. The phase relationship between
these points depends on temporal coherence and on the distance AB. If
AB is less then the coherence length Li.e.,

AB<< L
Then there exists a definite phase relationship between A and B. If we
now consider two equidistant point A and € from §, then the waves will A
reach 4 and C in exactly the same phase. Thus the points A and € have
perfect spatial coherence. Fig.

Q.6. Discuss the conditions for interference of light.
Ans. Conditions for Sustained Interference :
1. The two interfering waves should be coherenti.e., the phase difference between them
must remain constant.

2. The two waves should have same frequency or wavelength.
3. Iftheinterfering waves are polarised, they must be in the same state of polarisation.

8
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Conditions for Good Contrast :
. The separation between the light sources should be as small as possible.
. The amplitudes of interfering waves should be equal or at least very nearly equal.
. The distance of the screen from two sources should be large.
. The two source must be narrow.
Q.7. How can coherent sources be produced in practice.?
Ans. If the two sources are derived from a single source by some device, then any phase
change in one is simultaneously accompanied by the same phase change in the other. Thus, the
phase difference between the two sources remains constant.

Some devices for creating coherent sources of light are :
(i) Young’'s Double mirror

(ii) Llyod’s mirror
(iii) Fresnel’s Double mirror
(iv) Fresnel's Biprism
(v) Michelson’s Interferometer
(vi) The Biplates method.
Q.8. Describe Fresnel’s biprism.
Ans. Fresnel’s Biprism
The biprism is a device te obtain two coherent sources to produced sustained interference. It
is a combination of two prism (Biprism) of very small refracting angles, placed base to base.In

practice, the biprism is made from a single plate by grinding and polishing, so that itis a single
prism with one of its angles about 179° and the other two about 30’ (thirty minutes) each.

S FUR N Qe

Fig. : Formation of two virtual sources from one source

Q.9. What is the difference between Biprism and Lloyd mirror fringes?

Ans. Difference between Biprism and Lloyd’s Mirror Fringes

The following are the main points of difference between the Biprism and Lloyd’s mirror
fringes.

1. In Biprism the complete pattern of fringes is obtained while in Lloyd’s mirror only a
few fringes on one side of central fringe are visible. The central fringe itself being
invisible.

2. In Biprism the central fringe is bright, while in Lloyd’s mirror it is dark.

3. The central fringe in biprism is less sharp than that in Lloyd’s mirror.
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Q.10.A thin mica sheet(p =1.6)of 7 microns thickness introduced in the path of
one of the interfering beams in a biprism arrangement shifts the central
fringe to a position normally occupied by the 7th bright fringe from the
centre. Find the wavelength of light used.

Sol. The shift is given by

Xg =%(}L—1)t

Here w is fringe width, p-refractive index,
t —thickness of mica sheet, A —wavelength

So that A= -1t
Xo

Here Xg =7w,p=L16and t =7 microns = 7x10 %m
A =2 (16-1)x7x1076
7w

_06x7x1078
7

% =6x10~"m =6000A

Q.11.Explain, why different colours are exhibited by white light reflected from
thin film.

Ans. When a thin film of oil on water, or a soap bubble, exposed to an extended source of
white light, is observed under reflected light, brilliant colours are seen in the film or the
bubble. These colours arises due to the interference of light waves reflected from the top and
bottom surfaces of the film.

If the film is of uniform thickness everywhere and incident light is parallel, the path difference
at each point of the film will be the same and the entire film will have uniform colouration.

Q.12.Account for the perfect blackness of the central spot in Newton’s Ring
system.
Ans. Newton's rings in reflected light are formed by ) @ @) @

interference between the ray (1) reflected directly from the
upper surface of the air-film and the rays (2), (3) etc, which
are obtained after internal reflections. These rays are

shown in fig (1). Near about the point of contact, the
thickness of the air film is almost zero and hence no path
difference is introduced between the interfering rays. But
the ray (2) reflected from the lower surface of the film
suffers a phase change of «, while the ray (1) reflected from the upper does not suffer such
change. Thus, the two interfering waves at the center are opposite in phase and destroy each
other. Since the amplitude of (2) is less than ray (1) the destruction is not complete. But the
sum of amplitudes of (2), (3) and (4) etc. which are all in phase is exactly equal to the
amplitude of (1). Hence complete destructive interference is produced and the center of the
ring system is perfectly black.

Air Film

Fig.
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(Q.13.Write a short note on interference filter.
Ans. Interference Filter
An interference filter is an optical system that will transmit a very narrow range of
wavelengths and thus provides a monochromatic beam of light. So when a parallel beam of
white lightis incident normally on a pair of plane parallel plates silvered on the inner surfaces,
interference occurs for all the monochromatic components of such light. The transmitted
beam, when dispersed by an auxillary spectroscope, shows a series of bright fringes in the
spectrum, each formed by a wavelength some what different from the next. The maxima occur
at a wavelength given by

2d =nh  or A= L

n

whered is the separation between the plates and n is a whole number. On either side of these
maxima the intensity drops sharply. As d is reduced, the transmitted wavelength become
widely space.

< {[]]] / /// i

Fig. : Interference Filter

Q.15.What method is used in michelson interferometer to get coherent
sources? can you observe circular fringes with white light in michelson
interferometer?

Ans. Divison of amplitude method is used to coherent sources in michelson interfercmeter.

The superposition of these beams leads to interference and produces interference fringes.

If monochromatic light is replaced by white light and if the thickness of the film is small, a few

curved and coloured localised fringes are obtained. “Ne circular fringes are observed with

white light in michelson interferometer.

Q.16.Light of wavelength 6000 4 falls normally on a thin wedge shaped film of
refractive index 1.39, forming fringes that are 2Zmm apart. Find the angle
of wedge.

Sol. The spacing of fringes is gliven by

w=_"_
2u0
where A —wavelength, p—refractive index
0 —angle of wedge (0 is small)
A
SO, W =—
2u0

o__h __ 6000x10%
2uw  2x139x2x1073
0 =1079x10™° radian
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Q.17.In an experiment with michelson interferometer, the reading for
maximum intensity were found to be 0.6939 and 0.9884mm. If the mean
wavelength for the two components of D-lines be 58934. Deduce the
difference between the two wavelengths.

Sol. Ifxbethe distance moved by the movable mirror between two consecutive positions of
maximum indistinctness, we have

AL =M=£
2x 2x
where A is the average of A1 and A,
Here A =5893A=5893x10"m

x =09884 —0.6939 =02945 mm =2945x10"* m

-10-42
Ay =[5893x107 )" _c096,10710
2x2945x1074
Al =58964.

Q.18.Differentiate between fringes of michelson interferometer and fabry
perot interferometer.
Ans. The Fabry-Perot fringes differ from the michelson’s fringes in two respects.
1. The Fabry-Perot fringes formed by multiple beam interference are much sharper than
the michelson’s fringes.

2. When the light consists of two or more close wavelengths then in F.P. interferometer
each wavelength produced its own pattern, and the rings of one pattern are clearly
separated from the corresponding rings of the other pattern. Hence the instrument is
very suitable for the study of fine structure of spectral lines. In michelson's
interferometer, separate patterns are not produced. The presence of two close
wavelengths is judged by the alternate distinctness and indistinctness of the rings
when the optical path difference is increased.

Q.19.In Newton’s Rings experiment the diameter of 4th and 12th Rings are 0.4
cm and 0.7 cm respectively. Find the diameter of the 20th dark ring.

SO].. D12 =0.7 cm D4 =04 cm
2 2
we know that =M
4PR
If n+P=12 and n=4 then P=8
i o (07x1072)% —(04x107%)?
4x8xR

AR =1031x10 % m

dyg =VARAN =4x1031x1076 x20
dyg =0908x1072 m,
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EZS1 B LONG ANSWER TYPE LI/ T5i:1 5

Q.1. Explain the formation of interference fringes by means of a Fresnel’s
biprism when a monochromatic source of light is used and derive an
expression for the fringe-width. Describe biprism method for the
determination of the wavelength of monochromatic light.

Are Biprism fringes localised or non-localised?

Ans. Fresnel's Biprism
The biprism is a device to obtain two coherent sources to produce sustained interference. Itis
a combination of two prisms of very small refracting angles, placed base to base. In practice,
the biprism is made from a single plate by grinding and polishing, so that it is a single prism
with one of its angles about 179° and the other two about 30’ each.
Production of Fringes : The method of obtaining interference fringes is illustrated in Fig.1 §
is a narrow vertical slit illuminated by monochromatic light. The light from § is allowed to fall
symmetrically on the biprism P, placed at a small distance from § and having its refracting
edge parallel to the slit. The light beams emerging from the upper and lower halves of the
prism appear to start from two virtual images of §, namely S; and S,, which act as coherent
sources. The cones of light BS; E and AS,C, diverging from S; and S, are superposed and the
interference fringes are formed in the overlapping region BC. These fringes are non-localised
and may be obtained on a screen or seen through an eyepiece.

P
A
84
oo~ 3 B
2d 4‘«1’ //
| ST
2 ‘ 2.
- D » E
Fig1
Theory of Fringes : Let S; and S, (Fig. 2) be the X

two virtual sources produced by the biprism, and
XY the screen on which the fringes are obtained.
The point O on the screen is equidistant from Sy
and S,. Therefore the waves from S, and S, reachO
in the same phase and reinforce each other. Hence
the point 0 is the centre of a bright fringe.

The illumination at any other point P can be
obtained by calculating the path difference
S§;P—§,P. Let us join S;P and $;P and draw
perpendiculars S; M, and S; M, on the screen. Let Fig2 L4
51S2 =2d, SlMl =52M2 =D and OP =x. Then

H—x— ¥
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2 2 2
(52P)° =(52Mz)" +(PM;)

=D? +(x +d)? =D? |:1 gLl +d)’ ]
p?

Dz
1(x+d)?
2

1
] o
or S;P =D 1+M}

=D|1+=
2
JAx+d)?
2 D

2
Similarly, S;P=D +% (x ~d)

], as (x +d)<<D

=D

2 2
S,P-S,P =1(x+d] _1({x-d) =2xd.
2 D 2 D D

The resultant intensity at a point is maximum or minimum according as the path difference
between the waves is an integral multiple of wavelength or an odd multiple of half-

wavelength.
Thus, for P to be the centre of bright fringe, we must have
S,P-5,P =%=nh wheren=0,1,2...
D
or x =— (nA
v (n2)
For P to be the centre of a dark fringe, we must have
S,P-5,P =2‘:I=(2n +1)2, wheren=0,1,2,...
or X = Lol (2n+1) A
2d 2z

Let x, and x,,, 1 denote the distances of the nth and (n +1)th bright fringes. Then, the
distance between (n +1})th and nth bright fringes is given by

D
—A

2d

This is independent of n, so that the distance between any two consecutive bright fringes is
the same, DA/ 2d. The same result holds for dark fringes. The distance DA/2d is called the
‘fringe-width’ denoted by W. Thus

w="24
2d

or A =W[E]
D

D D
Xpi1 —Xn :ﬂ(n +1)A —E[nl)=
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It is clear from the expression that if W, D and 24 are measured, the wavelength of light A can
be obtained.
Experimental Arrangement and Adjustments : It consists of a good optical bench with
three stands. The first carries an adjustable slit, the second a biprism and the third a
micrometer eyepiece. Screws are provided to rotate the slit and the biprism in their own
planes, and also to move the biprism and the eyepiece at right angles to the length of the
optical bench. The slit is illuminated by monochromatic light (say, sodium light) whose
wavelength is to be determined.
For obtaining sharp fringes the following adjustments are made in the given order :

(i) The optical bench is levelled in the horizontal plane.

(i) The eyepiece is focussed on the cross-wires. One of the cross-wires is set vertical by
mean of a plum-line.

(iii) The slit, the biprism and the eyepiece are adjusted to the same height
(iv) The slit is made vertical by rotating it in its own plane.

{v) The biprism is moved at right angles to the optical bench until two equally-bright
virtual slitimages §; and S, are observed on looking through the biprism along the axis
of the bench. The biprism is now rotated in its own plane until, on moving the eye
across the bench one of the images crosses the edge of the biprism as a whole. This
makes the edge of the biprism approximately parallel to the slit.

(vi) The eyepiece is moved at right angles to the length of the bench until the overlapping
region comes in the field of view.

(vii) The slit is now made narrow. The fringes at once appear.

(viii) The biprism is slowly rotated in its own plane until the fringes are perfectly distinct.
The edge of the biprism is now accurately parallel to the slit.

(ix) Finally, theline joining the slit and the edge of the biprism is made parallel to the length
of the optical bench by removing the ‘lateral shift’. For this, the cross-wire is set on a
fringe in the centre and the eyepiece is moved along the bench away from the biprism.
If the line joining the slit to the edge is not parallel to the bench, the fringe-system shifts
laterally. The biprism is moved laterally until the cross-wire is again set on the same
fringe. Now the eyepiece is moved toward the biprism when the fringe-system again
shifts but in the opposite direction. Now the eyepiece is moved laterally until the
cross-wire is again set on the same fringe. The process is repeated until the lateral shift
completely disappears.

The following measurement are now made :

(i) Measurement of Fringe-width W : After obtaining the fringes, the vertical cross-wire
of the eyepiece is set on a bright fringe on one side of the interference pattern. The
reading of the micrometer screw is taken. Then the eyepiece is moved laterally so that
the vertical cross-wire coincides with successive bright fringes and the corresponding
readings are noted. From these readings the fringe-width W is found.

(ii) Measurement of D: To readings of the stands of the slit and the eyepiece on the scale
of the optical bench are taken. The difference of the two readings gives D, which is
corrected for the bench-error.
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(iii) Measurement of2d : The measure the distance 2d between S; and S,, a convexlens of
short focal length is mounted between the biprism P and the eyepiece E (Fig.3). By
moving the lens along the length of the bench, two positions L, and L, are obtained
such that the real images of §; and S, are obtained in the eyepiece. Let dy and d,
respectively be the separations between the real images in the positions L; and L,
respectively. Ifu and v respectively be the distances of the slits and the eyepiece from
the lens in the position Ly, then from the magnification formula, we have

—u bt v b
P Ly ALz

.v"

L u D v el

Fig.3
dl v
o TP e
2d (1)
As the two positions of the lens are conjugate, we have for the second position L,
dz 7]
e (2
2d B (2)
Multiplying eq. (1) and (2), we get
dydy _4
4d®
or 2d = dle

Several sets of the readings of d; and d; are taken by moving the eyepiece into different
positions and mean value of 2d is found.
Finally, the wavelength is determined by the formula

ol

Q.2. Calculate the displacement of the fringes when a thin transparent lamina
is introduced in the path of one of the interfering beams in biprism. Show
how this method is used for finding the thickness of a mica plate.

Ans, Displacement of Fringes by the

Introduction of a Thin Lamina

When a thin transparent plate, say of glass or mica, is introduced in the path of one of the two

interfering light beams, the entire fringe-pattern is displaced to a point towards the beam in

the path of which the plate is introduced. If the displacement be measured, the thickness of the
plate can be obtained provided the refractive index of the plate and wavelength of light be
known.

Let S, and S, (Fig.) be two coherent monochromatic sources giving light of wavelengthA. Leta

thin plate of thicknesst be introduced in the path of light from S; . Let p be the refractive index

of the plate for the monochromatic light employed.
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»
—
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—_x—

Y

Fig.
Now, light from §; travel partly in air and partly in the plate. For the light path from §, to P, the
distance travelled in air is (5; P —¢) and that in the plate is t. If vy and v be the velocities of
light in air and in the plate respectively, then the time taken for the journey from §; to P

S1P-t t
= +
Yo v
_SP-t pt wp=tooel B
Yo Yo vy V1 Yy
_SiP+(p-1)
Yo

It follows from this relation that the effective path in air from §; to Pis {§; P+ (u —1)t}, that is,
the air path §; Pis increased by an amount(u —1)t as aresult of the introduction of the plate.
Let O be the position of the central bright fringe in the absence of the plate, the optical paths
§10 and S$,0 being equal. On introducing the plate, the two optical paths become unequal.
Therefore, the central fringe is shifted to O, such that at ' the two optical paths become equal.
A similar argument applies to all the fringes.
Now, at any point P, the effective path difference is

S52P-[$1P+(n-1)t]=8,P -5 P—-(u-1)t
Let §; S, =2d, distance of screen from $;5; =D, and OP =x,,. Then

Sz P- Sl P= % Xn

-.effective path difference at Pi= Zg x, —(p-1)¢t

If the point P is to be the centre of the n th bright fringe, the effective path difference
should be equal to nA. This is

2d
Ex" —(u-1)t =ni

_D _
or X, = = [nA +(n-1)¢t] -(1)

In the absence of the plate (¢ =0}, the distance of the n th maximum from 0O is % n.

Therefore, the displacement of the nth bright fringe is given by
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D D
xg =—[nA +{n—-1)t]-—nk
by [nA +(n-1)¢] it

D
or Xp=—(pn-1)t (2
0=5g (w-1) (2)
This expression is independent of n, so that the displacement is the same for all the bright
fringes. Similarly, it can be shown that the displacement of any dark fringe is also % (n=1)¢.

Thus, the entire fringe-system is displaced through a distance 2?1 (p-1)t.

Determination of thickness of mica plate : The eq. (ii) shows that if the introduction of the
given mica plate in one of the interfering beams produces a shift xo, we have

D
Xg=—@m-1)t
0 2’01 )

_ ¥o(2d)
D(n-1)

Q.3. (a) Discuss the formation of fringes obtained by a Lloyd’s mirror. Give the
theory and experimental arrangement of Lloyd’s mirror to measure the
wavelength of monochromatic light.

(b) What are achromatic fringes? Discuss an experimental arrangement for
obtaining achromatic fringes. Draw necessary diagram.

Ans. (a) Lloyd’s Mirror
Itis an arrangement to cbtain two coherent sources of light to produce sustained interference.
It consists of a plane mirror MN (Fig.1] polished on the front surface and blackened at the back
(to avoid multiple reflections). S; is a narrow slit, illuminated by monochromatic light and
placed with its length parallel to the surface of the mirror. Light from §; falls on the mirror at
nearly grazing incidence, and the reflected beam appears to diverge from S, which is the
virtual image of 1. 5, and S, act as coherent sources. The direct cone of light AS; E and the
reflected cone of light BS;C are superposed and the interference fringes are obtained in the
over-lapping region BC on the screen.

so that

ol D T
“* >

Fig.1
The central (zero-order) fringe which is expected to lie at O (the perpendicular bisector of
51 S9) is not usually seen since only the directlight, and not the reflected light, reaches 0.1t can
be seen by introducing a thin sheet of mica in the path of light from S; when the entire
fringe-system is displaced in the upward direction.
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With white light the central fringe is expected to be white but actually it is found ‘dark’. This is
because light suffers a phase change of 1 when reflected from the mirror. Therefore, the path
difference between the interfering waves at the position of zero-order fringe becomes /2
(instead of zero) which is a condition for a minimum. Hence the fringe is dark.

Determination of Wavelength : Let 2d be the distance between the coherent sources §; and

S, and D the distance of the screen from the sources. The fringe-width is then given by
D

W=—J\
2d

Thus, knowing W, D and 2d, the wavelength A can be determined.
To perform the experiment, the Llycd’s mirror is mounted vertical on the upright of an optical
bench and placed along the length of the bench. On an another upright is mounted a narrow
vertical slit which is illuminated by the given light. The mirror is rotated about an axis parallel
to the length of the bench until a set of distinct fringes is obtained in a micrometer eyepiece.
The plane of the mirror is then exactly parallel to the length of the slit.
The fringe-width W is measured by means of micrometer eyepiece; the difference 2d by means
of a convex lens using displacement method; and the distance D directly by a meter scale and
corrected for the bench-error. A is then calculated from the above formula.

(b) Achromatic Fringes and their Production by Lloyd’s Mirror

A system of white and dark fringes, without any colours, obtained by white light are called
‘achromatic-fringes’.

Ordinarily, with white light we obtain a central white fringe having on either side of it a few
coloured fringes. This is because the fringe-width W =(DA/2d) is different for different
wavelengths (colours). If, however, the fringe-width is made the same for all wavelength, then
the maxima of each order for all wavelength coincide, resulting into achromatic fringes. That
is, for achromatic fringes, we must have

D—h = constant
2d

A
or — = constant.
2d
_— R E
White Light | 1 &
-, | Vi
> 'V» Lloyd's Mirror
| v V2 Lloyd
Grating Rg
Fig.2

We can easily realise condition with a Lloyd’s mirror by using a slit illuminated by a narrow
spectrum of white light, as shown in Fig.2. The narrow spectrum R, V; is produced by a prism,
or preferably, by a plane diffraction grating. The Lloyd’s mirror is placed with its surface close
to the violet end of the spectrum and such that R, V, is perpendicular to its plane. R; V; and its
virtual image R, V, formed by the mirror act as coherent sources. They are equivalent to a
number of pairs of sources of different colours. Thus, the pair Ry R, produces a set of red
fringes, and the pair V; V5 a set of violet fringes. The intermediate pairs produce the sets of
fringes of intermediate colours. The red and violet fringes will be of the same width if
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L constant
d
that is, Ay Ay
2d, 2d,
or Uy A i
Zdv 9\'1}
where 2d, is the distance R{ R;, and 2d,, the distance V; V;. Thus
RiRy _Ar
iva Ay

Therefore, if the distance of the violet end V; from the surface of the mirror is so adjusted by
displacing the mirror laterally that the above condition is satisfied, the red and the violet
fringes will have the same width and will exactly be superposed on each other. Since in a
grating spectrum the dispersion is accurately proportional to the wavelength, the condition
(A2d) = constant is simultaneously satisfied for all the wavelengths. Thus, when the above
adjustment is made, fringes of all colours are superposed on one another. Hence achromatic
fringes are observed in the eyepiece E placed in the over-lapping region.

Q.4. Discuss the formation of interference fringes due to a thin wedge-shaped
film seen by normally reflected sodium light. What will happen if white
light is substituted for the sodium light?

Ans. Wedge-Shaped Film

Let us consider a thin wedge-shaped film of refractive index p, bounded by two plane surfaces

AB and CD (Fig.) inclined at an angle 6. Let the film be illuminated by sodium light from a slit

held parallel to the edge of the wedge. Interference occurs between the rays reflected at the

upper and the lower surface of the film.

Fig.
When light is incident nearly normally at a point P on the film, the path difference between the
rays reflected at the upper and the lower surfaces is 2ut, where t is the thickness of the film at
P. An additional path difference of A/2 is introduced in the ray reflected from the upper

surface. Hence the effective path difference between the two rays is

A
=2ut ——
p =au 2
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The condition for maximum intensity (bright fringe) is

p=2ut —%: ni

or 2ut =(2n +1)%

and the condition for minimum intensity (dark fringe) is

A A
=2ut - =(2n-1)%
p=2u 2[ )2

or 2ut =nh

Shape and Location : It is clear that for a bright or a dark fringe of a particular order, t must
remain constant. Since in the case of wedge-shaped film, t remains constant along lines
parallel to the thin edge of the wedge, the bright and the dark fringes are straight lines parallel
to the thin edge of the wedge. These are called ‘fringes of constant thickness’, each fringe being
the locus of points for which the film thickness ¢ is a constant.

At the thin edge wheret =0, p=24/2, a condition of minimum intensity. Therefore the edge of
the film is dark.

When the light source is an extended one, then each point on the source gives rise to a pair of
coherent waves from the wedge. These coherent pairs leave the wedge in different directions
and their interference effects are same only at the wedge itself and then only if the wedge is
thin. Interference fringes formed by thin wedge from extended source are thus localised at the
wedge itself. These fringes can easily be seen by means of a low-power microscope focussed
on the wedge.

Spacing between two Consecutive Fringes : For the nth dark fringe, we have

2ut =nl
Let this fringe be obtained at a distance x,, (Fig.) from the thin edge. Then,
t=x, tan0 =x,0 (where O is small)
% 2ux,0 =nA «(1)
Similarly, if the (m +1]st dark fringe is obtained at a distance x,,,; from the thin edge, then
2ux,.10 =(n+1)A -(2)

Subtracting eq. (1) from (2), we get
2u0 (X541 —Xp) =2
Hence the spacing W is
A
W=x —Xai=
n+l n 2u0

where 0 is measured in radian.
Similarly, it can be shown that the spacing between two consecutive bright fringes (fringe-
witdiis. 2

2po
Fringes in White Light : When the film is seen in white light, each colour (wavelength)
produces its own interference fringes. The separation between consecutive fringes will be
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least for violet, and greatest for red. At the edge of the filmt =0and hence p =A/2. Hence each
wavelength gives minimum intensity at the direction of thickness increasing, we obtain a few
coloured bands of mixed colour. For still greater thickness, the overlapping increases so much
that uniform illumination is produced.

Q.5. (a) Describe and explain the formation of Newton’s rings in reflected
monochromatic light. Prove that in reflected light (i) diameters of bright
rings are proportional to the square-roots of odd numbers, and (ii)
diameters of dark rings are proportional to the square-roots of natural
numbers.

(b) Account for the perfect blackness of the cental spot in Newton’s

ring-system. Can you obtain a bright centre?

Ans. (a) Formation of Newton’s Rings

When a plano-convex lens of large radius of curvature is g 1

placed with its convex surface in contact with a plane glass

plate, an air-film is formed between the lower surface of the

lens and the upper surface of the plate. The thickness of the

film gradually increases from the point of contact outwards.

If monochromatic light is allowed to fall normally on this film

a system of alternate bright and dark concentric rings with

their centre dark is formed in the air-film. These are called =

Newton’s rings. They can be seen through a low-power g g 7 ok I

microscope focussed on the film. e

Newton's rings are formed as a result of interference Fig.1

between the light waves reflected from the upper and the

lower surfaces of the air-film. In fig. 1 theyray 1 and 2 are the interfering rays corresponding to

an incident ray AB. As the rings are observed in reflected light, the effective path difference

between the interfering rays is

AV
Air Film

p =2ut cosr +2,

where p is the refractive index of the film (air), ¢ the thickness of the film, at the point B and r
the inclination of the ray. The factor A/ 2 accounts for the phase change of 7t on reflection at the
lower surface of the film (plate}. Now p =1 (air-film) and r =0 (normal incidence).

A
=2t+—
s 2

At the point of contact of the lens and the plate, ¢t =0, hence p=A4/2. This is the condition
for minimum intensity. Hence the cental spot is dark.

The condition for maximum intensity (bright-fringe) is
p=ni

or 2t +&=nh
2

or 2t=(2n —1)% (Maxima) (1)
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The condition for minimum intensity {dark fringe) is

A
=(2n+1)—
p=( )2

or 2t +&=(2n +1)&
2 2

or 2t =nA. (Minima) «(2)
It is clear that bright or dark fringe of any particular E
order n will occur for a constant value of . since in the L= ~
air-film, t remains constant along a circle with its centre i N

at the point of contact, the fringes are in the form of " %
concentric circles. Since each fringe is a locus of constant ~ / \
film thickness, these are known as the ‘fringes of | :
constant thickness". E ol

Diameters of Bright Rings : Let LOL’ (Fig. 2) be the lens | !
placed on the glass plate AB, the point of contact being 0. ' R i
Let R be the radius of curvature of the curved surfaceof /
the lens. Let p, be the radius of a Newton's ring Ly 1 - L
corresponding to a point P, where the film thickness ist. \N i _ﬁ‘/"
Draw perpendicular PN. Then, from the property of a A| 0 o |B
circle, we have

PN? =ONx NE
or pZ =tx(2R-t)=2Rt —t*
Since t is small compared to R, we can neglect t2. Hence

pz
pl=2rRt or 2e=Fn (3)

The condition for a bright ring is {see eq. 1)
A
2t=(2n-1)—
( )2

But, from eq. (3), 2t =p,21 /R
2
Pn A
Pn —n-n*
R ( )2

or pZ =(2n —1)%‘?
If D, be the diameter of the n th bright ring, then D,, =2p,, orp, =D, /2.
Substituting in the last expression,
D? =2(2n-1)AR
or D, = V2R \/ﬁ
or D, ocm
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As n is an integer, (2n—1) is an odd number. Thus, the diameters of bright rings are
proportional to the square-roots of the odd natural numbers.
The diameters of the first few rings are in the ratio

1:4/3:45:47 .....

=1:1.732,2.236,2.646,......
The separations between successive rings are in the ratio
0.732, 0.504, 0.410, ......
that is, the separation decreases as the order increases.
Diameters of Dark Rings : The condition for a dark ring is (see eq. ii)

2t =nA
But 2t =pZ/R
i =nA
R
If D,, be the diameter of the nth dark ring, p,, =D,, /2
2
D_n =nl
4R

or D, =v4nRA
or D, =v4RA Vn
or D, oc/n

Thus, the diameters of dark rings are proportional to the square-roots of natural
numbers.

(b) Perfect Blackness of Central Spot
Newton’s rings in reflected light are formed by interference between (1) (2)(3) (4)(5)

the ray (1) reflected directly from the upper surface of the air-film,
and the rays, (2), (3}, etc. which are obtained after one, three, five, etc.
internal reflections. These rays are shown in Fig. 3. Near about the
point of contact, the thickness of the air-film is almost zero and hence

no path difference is introduced between the interfering rays. But the Air Film
ray (2) reflected from the lower surface of the film suffers a phase
change of &, while the ray (1) reflected from the upper does not suffer
such change. Thus, the two interfering waves at the centre are
opposite in phase and destroy each other. The destruction is however, not complete, since the
amplitude of (2} is less than that of (1). Butthe sum of the amplitudes of (2), (3), (4) etc., which
are all in phase, is exactly equal to the amplitude of (1), as shown by the Stokes’ treatment.
Hence complete destructive interference is produced and the centre of the ring-system is
‘perfectly’ black.

Bright Centre : If Newton’s rings are obtained by using a crown-glass lens placed on a
flint-glass plate with a small quantity of oil of sassafras between them, the centre of the
ring-system is ‘bright’. This is because the oil of sassafras is optically denser than the crown

Fig.3
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glass, but rarer than the flint glass. Therefore, the reflections at both the upper and the lower
surfaces of the film take place under similar conditions, that is, in going from a rarer to a
denser medium. Thus, there is a phase change of t at both reflections. Hence the relative phase
difference between the interfering rays at the point of contact is zero and the central spot
appears bright.

Q.6. Describe the construction and working of a Michelson’s interferometer
and explain the use of the compensating plate.
Describe how the interferometer may be used to obtain (i) circular
fringes, (ii) straight fringes, (iii) white-light fringes.
Ans. Michelson’s Interferometer
It is an excellent device to obtain interference fringes of various shapes which have a number
of application in optics.
Construction : Its main optical part are two plane
mirrors M; and M, (Figl) and two similar
optically-plane, parallel glass plates P;, B. The plane
mirrors M, and M, are silvered on their front surfaces
and are mounted vertically on two arms at right angle to
each other. Their planes can be slightly tilted about
vertical and herizontal axes by adjusting screws at their
backs. The mirror M, is mounted on a carriage provided
with a very accurate and fine screw and can be moved in
the direction of the arrows. The plates P, and P, are
mounted exactly parallel to each other and inclined at45°
to M4 and M,. The surface of P, towards P, is partially
silvered.
Working : Light from an extended monochromatic
source §, rendered nearly parallelbyalens L, fallson P; . A Fig.1
ray of light incident on the partially-silvered surface of P
is partly reflected and partly transmitted. The reflected ray 1 and the transmitted ray 2, travel
to M, and M, respectively. After reflection at M; and M,, the two rays re-combine at the
partially-silvered surface and enter a short-focus telescope T. Since the rays entering the
telescope are derived from the same incident ray, they are coherent and hence in a position to
interfere. The interference fringes can be seen in the telescope.
Function of the Plate P, : After partial reflection and transmission at 0, the ray 1 travels
through the glass plate P, twice, while ray 2 does not do so even once. Thus, in the absence of
B, the paths of rays 1 and 2 in glass are not equal. To equalise these paths a glass plate B,
which has the same thickness as Py, is placed parallel to P,. P, is called the ‘compensating
plate’,
Form of Fringes : The form of the fringes depends on the inclination of M; and M,.Let M,’be
the image of M, formed by reflection at the semi-silvered surface of P; so that OM;'=0M,.
The interference fringes may be regarded to be formed by light reflected from the surfaces of
M, and M,'. Thus, the arrangement is equivalent to an air-film enclosed between the
reflecting surfaces M, and M,'.
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Circular Fringes : When M, is exactly perpendicular to M,, the film M, M5’ is of uniform
thickness and we obtain circular fringes localised at infinity, as explained below :

In Fig.2., M; and M;' are the parallel reflecting surfaces. The actual source has been replaced
by its virtual image §' formed by reflection in the partially-silvered surface. §’ forms two
virtual images S1 and S, in M; and M,". Light from a point such as P on the extended source
appears to an eye E to come from the corresponding coherent point P, and P, and $; and S. If
d is the separation between M; and M, ', then 2d is the separation between §; and S,. The path
difference between the rays entering the eye is, clearly, 2d cosr.

If 2d cosr =nA P appears bright

and if 2d cosr =(2n +1)% P appears dark

The focus of points on the source which subtend the same angle r at the axis is a circle passing
through P with its centre on the axis. Thus, a series of bright and dark circular fringes is seen.
The order of the fringes decreases as r increases that is, as we move away from the centre.
Since the interfering rays are parallel, these fringes are formed at infinity.

Straight Fringes : When M, is not perpendicular to My, the air-film between M, and M,'is
wedge-shaped. Since light is incident on the film at different angles, curved fringes with
convexity towards the thin edge of the wedge are obtained (Fig.3). If the thickness of the film is
very small, the fringes are practically straight. The fringe corresponding to t =0 is perfectly
straight. These fringes are formed near the film and are visible upto path differences
comparatively much smaller than that in case of circular fringes.

-

M5

: M- .

Mf y Mz1 S =My

;éi ~~ M

M7 DI [0
(&) () ©

Fig.3
White-light Fringes : If, in the last case, monochromatic light is replaced by white light and if
the thickness of the film is small, a few curved and coloured localised fringes are obtained, the
fringe of zero thickness being again perfectly achromatic and straight. For large thickness of
the film, uniform illumination is obtained.

Adjustment of the Michelson’s Interferometer
(i) For Localised Fringes : The distances of the mirrors M; and M; from the silvered
surface of P are first made as nearly equal as possible by moving the movable mirror
M;. A pin-hole is placed between the lens and the plate P;.
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(ii)

(iif)

Q.7.

(b)
Ans.

5 TR

Fig.4

If M, is not perpendicular to M,, four images of the pin-hole are obtained, two by
reflection at the semi-silvered surface of P; and the other two by reflection at the other
surface of P; (Fig.4). The former pair is naturally much brighter than the latter. The
small screws at the back of the mirror M, are then adjusted until the two bright image
appear to coincide. The pin-hole is now removed. If the coincidence of the images was
apparent, the air-film between M; and M;' would be wedge-shaped and localised
fringes would appear.

For White-Light Localised Fringes : First, the localised fringes with monochromatic
light are obtained. The mirror M, is then moved until the fringes become straight.
Monochromatic light is replaced by white light. M; is further moved in the same
direction until the central achromatic fringe is obtained in the field of view.

For Circular Fringes : After localised fringes are obtained, the screws of M, are
adjusted so that the spacing between these fringes increases. This happens when the
angle of the wedge decreases. If this adjustment be continued, at one stage the angle of
the wedge will become zero and the film will be of constant thickness. At this stage
circular fringes will appear. Finer adjustment is made until on moving the eye
sideways or up and down, the fringes do not expand or contract.

(a) Explain the principle of Fabry-Perot interferometer. Obtain an
expression for the intensity distribution in the transmitted light and
discuss the sharpness of the fringes obtain.
Compare the fringes of Fabry-Perot interferometer with those of
Michelson's interferometer.

(a) Fabry-Perot Interferometer

Itis a high resolving power instrument which makes use of the ‘fringes of constant inclination’
produced by the transmitted light after multiple reflections in an air-film between two
parallel, highly-reflecting glass plates.

It consists of two optically-plane glass 4 and B (Fig.1) with their inner surfaces silvered, and
placed accurately parallel to each other. Screws are provided to secure parallelism if
disturbed. The plates themselves are slightly prismatic to avoid interference among the rays
reflected at the outer unsilvered surfaces.
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Fig.1
S, is a broad source of monochromatic light and L; a convex lens which makes the rays
parallel. An incident ray suffers a large number of internal reflections successively at the two
silvered surfaces, as shown. At each reflection a small fractional part of the light is transmitted
also. Thus, each incident ray produces a group of coherent and parallel transmitted rays with a
constant path difference between any two successive rays. A second convex lens L, brings
these rays together at a point P in its focal plane where they interfere. Hence the rays from all
points of the source produced in interference pattern on a screen S, placed in the focal plane
of Ly. The phenomenon is called ‘multiple-beam interference’.
Formation of the Fringes : Let d be the separation between the two silvered surfaces, and 8
the inclination of a particular ray with the normal to the plates. Then the path difference
between any two successive transmitted rays corresponding to the incident ray is 2d cos@. The
condition for these rays to produce maximum intensity is given by

2d cosB =n),
wherenis an integer, called the order of interference, and A the wavelength of light. The locus
of points in the source which give rays of a constant inclination 0 is a circle. Hence, with an
extended source, the interference pattern consists of a system of bright concentric rings on a
dark background, each ring corresponding to a particular value of 6.
Intensity Distribution : Let T and R be the fractions of the incident light intensity which are
respectively transmitted and reflected at each silvered surface.
Then, the fractional transmitted and reflected amplitudes will be VT and VR. The amplitudes
of the successive rays transmitted through the pair of plates will be

aT,aTRaTR*....

where a is the incident amplitude.

The phase difference 6 between any two rays reaching a point on the screen is given by
5=2:xpathdiff. =";‘ (2d cos6) (1)

Ifthe incident wave is represented by y = ae'™ , then the waves reaching a point on the screen

will be .
y1 =aTe™
¥, =aTRe'(®*~9
ya=aT R%e' (=23} and so on.
By the principle of superposition, the resultant amplitude is given by
A=aT+aTRe™® +aTR*e™® 1a TR0 4 .,



Interference 111

=a ’1"(1+Re_'.6 1l +...)

e 3

\1-Re™ )
The complex conjugate of A is therefore

r 3
Hence the resultant intensity I is given by

I1=AA= f’ZTZ :
(1-Re ®)(1-Re*®)
_ a’r? _ g Te
1+R* —R(€® +e™®) 1+R*-2Rcoss
a’T? p a’r?

(1-R)® +2R(1-cosd) (1 — gy +4Rsin2%

_ asz 1 2)
(1_R]2 1+isin2 §
a-Rr? 2

The intensity will be a maximum when sin® 2 =0, that is 8 =2nm, wheren=0,1,2,.... Thus

22
a“T
. = 3 -(3)
(1-R)
Similarly, the intensity will be a minimum when sin? g =1, that is, 8 =(2n +1) = where
n=0,1,2,... Thus,
a’r? 1 a’r?
Itin = 5 4R = 5 --(4)
1-R) 1, %% ([1+R)
(1 -Ry?
The expression (2) can now be written as
i
I= gk ..(5)
1+ A sin® g
a-r? 2

This is the intensity expression for the F.P. fringes.
Sharpness of the Fringes : If we plot ] againstd for different values of R ( the reflectivity of the
plates), a set of curves is obtained (Fig.2). They show that larger the value of R, the more rapid
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is the fall of intensity on either side of a maximum. Thatis higher the reflectivity of the plates,
sharper are the interference bright fringes.

R=0.05
R=0.25
R=0.5
R=0.95
Zng —»5 2(n+1)rn
Fig. 2
Further, from eq. (iii) and {iv), the visibility V of the fringes is given by
—"max ~ ‘min _ 2R

Imax +Imin 1+ R?
V reaches 0.8 when R =05 (50%) and approaches unity as R approaches 100%. Thus, higher
the reflectivity, greater is the contrast in the fringes.

Thus, in a Fabry-Perot interferometer, we obtain a system of sharp bright rings on a wide dark
background.

(b) Comparison with a Michelson Interferometer
The Fabry-Perot fringes differ from the Michelson’s fringes in two respects :
(i) The Fabry-Perot fringes formed by multiple-beam 4
interference are much sharper than the Michelson's
fringes.
A measurement of the sharpness of a fringe is the
“half-width” which is the width of the /-6 curve at

the place where / =%I max (Fig.3). Substituting this

condition in the intensity expression 1 Half-Width

1
= max , we get

or gLl sin? 8 =1 or §=2sin"? (ﬂJ
(1-r? 2 2VR
This represents the angular distance from the point of maximum intensity to the point where
the intensity has fallen to half its maximum value, twice of which is the angular half-width. It
approaches 0 as the reflectivity R approaches 1. For R =0.8, we have
§ =2sin"! 1-08 =2sin~} 1.2 =022 radian
2408 9 9
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In Michelson'’s interferometer, the fringes are formed by the interference of two beams,
and the intensity distribution is given by

28

I =1I,.4cCOS 2

=%, we have 5 =2cos ! (LJ =g =1.57 radians

max ‘\/5
which is about 7 tines the half width of F. P. fringes.

Q.8. Describe Newton’s rings method for measuring the wavelength of
monochromatic light and give the necessary theory. What will happen ifa
little water is introduced between the lens and the plate?

Ans. Experimental Arrangement for obtaining Newton's Rings

The experimental arrangement is shown in Fig.1l. A

plano-convex lens L of large radius of curvature is

placed on a plane glass plate P such that the curved

surface of the lens touches the glass plate. Light from a

monochromatic source (sodium lamp) is allowed to fall M

on a glass plate ¢ which is held inclined at an angle of

45° with the vertical. The light reflected from G falls

normally on the air-film enclosed between L and P.

Interference occurs between the rays reflected from <

the upper and the lower surfaces of this film. The “

interference rings are seen by a low-power microscope —

M focussed on the air-film where the rings are formed.

Theory : The effective path-difference between the YYY

For

From
Sodium Lamp

interfering rays is 2ut cos(r +9)+%, where p is the

A A A
refractive index of the film, r the angle of refraction into
the film, 0 the angle of film at any point and A the
wavelength of light used. —F

As the radius of curvature of the lens Lis large, the angle Fig-1

0 of the film at any point is negligible, and for normal

incidence of light,r =0. Hence cos (r +6) =1. Also yu =1 for the air-film. Hence the effective path

difference is simply 2t + %
The condition for the n th bright fringe is
2t +72L =ni or 2t=(2n—1]2 ..(1)

Let R be the radius of curvature of the curved surface of the lens. If p,, be the radius of n th
bright ring at which the film thickness is ¢, then if follows from the property of a circle that

2
2t =Pn

Substituting this value of 2t in equation (1), we get
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2 _(2n-1)AR
. 2
If D, is the diameter of the n th bright ring, p,, =D, /2
: DZ =2(2n-1)AR (2)
If D, , p is the diameter of (n + P)th bright ring, then
DZ,p =2[2(n+p)-1]AR w(3)

Subtracting equation (2} from (3), we get
D.p-Dj =2[2(n+p)-1]AR-2(2n-1)AR=4p AR
2 2
D+ P Dy,
= ~(4)
4pR
On measuring the diameters of the rings and the radius of curvature R, the wavelengthA can be

calculated with the help of the formula (4). IfA is known, then the radius of curvature R of the
lens may be determined.

Method : The apparatus is arranged to produce Newton's rings.

The eyepiece of the microscope is focussed on the crosswire and CI

then the microscope is focussed to see the rings. The microscope _, ! T

is adjusted such that the intersection of the cross-wires coincides e | 2+p- D?
with the centre of the ring-system and one of the cross-wires is I | I"
perpendicular to the direction of travel of the microscope. The B S T : R
microscope is then moved to about 24 th ring from centre. It is r|1 T

now moved back by slow motion screw and the cross-wire is set nFisz

at the edges of the bright rings (say after every 2 or 4 rings). The
reading of the microscope is taken each time. The observations are taken to about 4 th ring
and then the microscope is moved to the other side of the central spot and the readings upto
the same number of ring (24 th) are taken. The diameters of the different rings are then
calculated.

A graph is plotted between D? (diameter) 2 andn {(number of ring). This graph is a straightline
(Fig.2). The slope of this line gives

2 2
Dn+p _Dn

Next, the radius of curvature R of the curved surface of the lens touching the glass plate is
determined either by a spherometer or by Boys’ optical method.
2 2
Dpyp—Dp
p

When alittle water is introduced between the lens and the plate, the rings ‘ contract’ according
to the relation

Thus, knowing and R in equation (iv), A can be calculated.

diameter of a ring in water-film _ 1
diameter of same ring in air-film ‘,f(p)’
where u is the refractive index of water.
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Q.1. What is diffraction?
Ans. The bending of waves around the corners of small obstacles and apertures is called
diffraction. It is of two types :

1. Fresnel’s Diffraction

2. Fraunhofer Diffraction.
Q.2. Is Young’s double-slit experiment an interference experiment or a
diffraction experiment?
Ans. Itis both a diffraction and an interference experiment, each narrow slit produces its
diffraction pattern having a broad central maximum covering almost entire field of view. The
interference pattern is observed against a background of almost uniform intensity of the
broad central diffraction maxima of the two slits.

(Q.3. What is a zone plate?
Ans. Itis specially designed diffraction screen such that light is obstructed from alternate
half period zones.

Q.4. Write the formula for radii and focal length of zone plate.
Ans. The radii of circles are proportional to the square root of natural number

Y,

The focal length of zone plate is given by
2
Ja=

rﬂ
s
Q.5. Draw the intensity pattern from a single slit (Fraunhofer diffraction).
Ans. The intensity distribution pattern due to a single slit is as shown in fig. 1.

Al

Nl LN LN TN
—-3r -2 -—-=&m 0 14 2r  3=n

Fig. 1
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Q.6. What is a plane transmission diffraction grating? Write grating formula.
Ans. Itis an arrangement equivalent to a large number of parallel slits of equal widths and
separated from one another by equal opaque strips.
The grating formula is given by

(e +d)sin® =xnA
The £sign shows that there are two principle maxima for each order lying on either side of the
zero order maximum.
(e +d)is grating element.
n = order of spectrum, A = wavelength, 6 = diffraction angle.
Q.7. Define the limit of resolution of a telescope.
Ans. The limit of resolution is defined as the angle subtended at the objective by the two
point-objects which are just resolved when seen through the telescope. The smaller the value

of this angle, the higher is said to be the resolving power of the telescope.

Limit of resolution of a telescope is given by =122 %

Q.8. What do you mean by resolving power of a microscope?

Ans. The resolving power of a microscope represents its ability to form distinctly seperate
images of two objects lying close together.

“It is measured by the smallest distance between two point objects whose images are just
resolved by the objective of the microscope.”

The smaller is the distance the higher is said to be resolving power.
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Q.1. Differentiate between interference and diffraction.
Ans. Difference between Interference and Diffraction
The difference between interference and diffraction are as follows :

1. Interference occurs due to the interaction of light coming from two different wave
front originating from the same source, while diffraction is the result of interaction
between light coming from different parts of the same wavefront.

2. In an interference pattern regions of minimum intensity are perfectly black, while in
diffraction points of minimum intensity are not perfectly black.

3. The interference fringes are usually of the same width but the diffraction fringes are
never of the same width.

4. In interference all bright bands are of uniform intensity while in diffraction they are
not of same intensity.

5. The interference fringes are equally spaced (not always) while diffraction fringes are
never equally spaced.

Q.2. Distinguish between Fresnel and Fraunhofer classes of diffraction.
Ans, Difference between Fresnel and

Fraunhofer Classes of Diffraction
Diffraction Phenomenon are divided into two groups :
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1. Fresnel Diffraction : In this class of diffraction, the source of light on the screen on
which diffraction pattern is observed, or usually both are at finite distances from the
diffraction obstacle or aperture. In this case no lenses are used and the incident
wavefront is either spherical or cylindrical.

2. Fraunhofer Diffraction : In this type of diffraction, the source of light and the screen
are effectively at infinite distances from the diffracting obstacle or the aperture. This is
achieved by placing the source and screen in the focal planes of two lenses. The
incident wavefront is plane.

Q.3. Compare the working of a zone plate with that of convergence lens.
Ans. Comparison between the Action of Zone Plate and
Convex (Convergence) Lens
Resemblance : 1. Focal length of both depends upon wavelength, hence both show chromatic
aberration.
2. Therelation between the conjugate distances is similar for bothi.e., each one produces
real image of an object on the other side of the object.
Difference : 1. The zone plate have multiple focal lengths in comparison to convex lens and
forms a series of point images of decreasing intensity.
2. For a convex lens, all the rays reaching an image point have the same optical path, but
for the zone plate the path difference between the rays from two successive
transparent zones is A.

3. For a zone plate the focal length for red colour is less than that for violetl.e., f, < f,,
while in case of lens f,. > f, . Hence the order of colours in the chromatic effects are
opposite in two cases.

Q.4. Consider a zone plate with radii r, =01+n cm. For A=5x10"15 cm.

Calculate the positions of foci.
Sol. The foci of zone plate is given by

2 2 2
ffl =i'i’i“. etc
ni 3ni 5nl
s _(01+n)* (01+n)? (0.1\/5]2___
n m.  3nmh  5nm

_001n 001n 001n
nh | 3mh  5nA

_001 001 001
A3 s
0.01 001 0.01
= cm, cm, cm
5x1071%  3x5x1071®  5x5x1071%

=2x10*2 cm, 066x10'2 cm, 04 x10'2 cm
f1 =2x10'2 cm, £, =066x101% cm, f3 =04 x10'2 cm.
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Q.5. Differentiate between spectrum produced by prism and grating.

Ans. Difference between Prismatic and Grating Spectra
Prism Spectrum Grating Spectrum
1. | The prism spectrum is formed by dispersion, | The grating spectrum is formed by diffraction,
which is due to the different velocities of light of | the angle if diffraction for the maximum
different wavelengths through the prism. intensity being different for different

wavelengths.

2. | The prism forms only one spectrum. The grating forms a number of spectra of

different orders on each side of central image.

3. | The prism spectrum is bright, since all the | The grating spectra are much fainter because
incident light is distributed only in a single | most of the intensity goes to the zero order
spectrum. maximum and the rest is distributed among the

spectra of different orders.

4. | Starting from the position of the direct image of | Starting from the zero-order maximum, the
the slit, the spectral colours are in the order | spectral colours are in the order from violet to
from red to violet. red.

5. | The prism spectrum depends on the material of | The grating spectra are independent of the
the prism. material of the grating.

6. | The resolving power of a prism is small. Hence | The resclving power of the grating is large.

usually the prism spectrum does not show the

Hence grating spectrum shows the fine

fine structure of spectral lines. structure of spectral lines.

Q.6. Distinguish between dispersive and resolving power of a grating.
Ans. Dispersive Power of Grating : The dispersive power of a diffraction grating is defined
as the rate of change of the angle of diffraction with the wavelength of light. It is expressed as
do/dh.
The dispersive power is given by

do n

d. (e+d)cosO
Resolving Power of Grating : The resolving power of the grating expresses the degree of
closeness which the spectral lines can have and yet be distinguished as two. It is measured by
A /dA,where dA is the smallest wavelength difference that can be just resclved at wavelength

A.Its value is given by

L:Nn

dA

Where N is the total number of rulings on the grating. This greater is the width of the rules
surface, higher is the resolving power.

Q.7. Explain Rayleigh criterion for just resolution.

Ans. Rayleigh Criterion for just Resolution

Lort Rayleigh proposed the following criterion for resolution which has been universally
adopted :

“Two spectral lines of equal intensities are just resolved by an optical instrument when the
principal maxima of diffraction pattern due to one falls on the first minimum of the diffraction
pattern of the other.
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Fig. 1
Fig. 1 shows the intensity curves of two pag-terns such that the principal maxima of one
coincides with the first minimum of the other. The eye will see the combined effect of the two,
which is shown by the resultant dotted curve. The curve shows a dip in the middle indicating
the presence of two different spectral lines. The lines are said to be just resolved.
If an optical instrument just resolve two spectral lines of wavelengths A and A +dA, then) /dA
is taken as the measure of resolving power of the instrument.

Q.8. A plane transmission grating has 40,000 lines in all,with grating element
12.5x10™> cm. Calculate the maximum resolving power for which it can be

used in the range of wavelength 5000 A.
Sol. The maximum order that can be observed with a grating of element (e +d) for a

wavelength A is given by
Nyax :—e;:d [(e +d}sin 6 =n\]
Here, (e +d) =125%107> em and A =5000A =5x10"> cm
_125x107° cm
B o 5
5x107° cm

Hence, the second order is the highest which is observed with this grating. The maximum
resolving power with this grater
R =Nn=40000x2=80000
Q.9. A parallel beam of light is normally incident on a plane transmission
grating having 4250 lines per cm and a second order spectral line is
observed at an angle of 30°. Calculate the wavelength of light.
Sol. When light falls normally on a grating, the directions 6 of the maximum intensity in the
diffracted light are given by
(e +d)sin® =nh n=0,%x1,%£2,...
Where (e +d)is the grating element and n is the order of maximum
A= (e +d)sin®
n
There are 4250 lines per cm, therefore

(e+d) =

cm
4250
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0=30°andn=2
= 1 o303 enis i em
4250 2
A =58824A

9] Fel LONG ANSWER TYPE {51 1'5)

Q.1. What are Fresnel's half period zones? Prove that the area of a half-period
zone on a plane wavefront is independent of the order of the zone, and
that the amplitude due to a large wavefront at a point infront it is just half
that due to the first half-period zone acting alone.

Ans. Fresnel’'s Half-Period Zones

Light waves travelling in space set the hypothetical ether particles in vibration. The

continuous locus of the either particles in the same phase of vibration is called the ‘wavefront’.

According to Huygens’ principle, each point on wavefront sends out secondary wavelets.

Fresnel assumed that these wavelets interfere and produce a resultantintensity of light at any

point. In order to calculate the resultant intensity at a point due to a wavefront, Fresnel

divided the wavefrontinto a number of zones called 'Fresnel's half-period zones', asunder:

Construction of Half-period Zones : Let ABCD (Fig. 1) be a plane wavefront of

monochromatic light of wavelength A, travelling from left to right.

Fig. 1

Let P be an external point at which the effect ofgt;he entire wavefront s to be found. Let us draw
from the point P a perpendicular PO to the wavefront. Let PO = p. The pointOis called the ‘pole’
of the wavefront corresponding to P. Let us draw, with Pas centreand radiip +A /2,p +2A /2,
p+3A /2, etc, a series of spheres. The sections of these spheres by the plane wavefront are
concentric circles about the common centre 0. The area of the first (innermost) circle is called
the ‘first half-period zone’; the annular area between the first circle and the second circle is
called the ‘second half-period zone’, and so on. Thus, the annular area between (n —1)th circle
and the nth circle is the nth half-period zone.
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Area of a Zone : The area of the nth zone (see Fig. 1)
=11:OM3 —nOM,?_l
_ 2 2 2 2
=n[(PM,; —PO“}-(PM,_, —P0O°)]

{377 Hew1 ]

282 2
=n | pni +%—p[n 1A -(n-1) %]

2
e +7“T{nz —(n-1y }]

32
=m|pA +T (2n —1]] (1)

rTph.,
because p >>A, and so the A2 term can be ignored as compared to pA in above. That is, the area

of each zone (npA) is approximately the same, free from the order n of the zone. (Strictly, it
increases slightly with n).

The average distance of the nth zone from P (see Fig. 1)

ni A
{p +7} +{p +(n —1)5}

2
=p +(2n —1)2- )

Amplitude due to a Zone : The amplitude of the disturbance at P due to a zone is :
(i) directly proportional to the area of the zone (as the number of point-sources in a zone
are proportional to its area),
(i) inversely proportional to the average distance of the zone from P, and
(iif) directly proportional to the obliquity factor (1 +cos 6, ), where 0, is the angle between
the normal to the zone and the line joining the zone to P.
Therefore, using eq. (1) and (2), the amplitude due to the to the nth zone is

1‘2
n| pi +T (2n-1)

} (1+cosB,)

R, o«
+(2n-1)—

p+( )4

i (1 +cos9, ).

Now, as order n of the zone increases, 8,, increases and cos0, decreases. Therefore, the
amplitude of the wave at P due to a zone decreases as the order of the zone increases.
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Resultant Amplitude due to all the Zones (whole Wavefront ABCD) : LetR,,R,,R;3,... R,
be the amplitudes due to the first, second, third ...nth zones respectively. They are in
descending order of magnitude. Further, since the average distance of P from two consecutive
zones differ by A./2 , the waves from two consecutive zones reach P in the opposite phase.
Hence if the amplitude due to the first zone is positive, that due to second zone is negative, that
due to the third is positive, and so on. Hence the resultant amplitude at P due to the entire
wavefront is given by

R=R; —Ry +R; Ry +...(-1)" 1R, -(3)
Now, the successive terms Ry , Ry, R; ... gradually decrease in magnitude. Thus, R; is slightly
smaller than Ry but slightly greater than R;. Hence to a close approximation, we may put

Ry +R
R; =% ..(4)
Similarly, R, =w .(5)

and so on. The eq. (3) can be written as

R=R—1+ R—l—Rz +R—3 B R—3—R4 +R—5 s
2 2 2 2 2

Rn—l

the last term being Ig’ or[ -R, ] according as n is odd or even.

In view of the relations (4), (5)... etc. the value of each bracket in the above expression is zero.
Hence,
Rl Rn

R="—"+"1 (when n is odd)
2 2
R, _
and R= };1 it "Tl -R, (when n is even)
In practice, 1 is very large so that, on account of obliquity, we may wite
R,_1 =R, =0
B
2

Thus the amplitude due to the complete wavefront at a point infrant R it is just half that due to
the first half period zone acting alone.

Q.2. What is a zone plate? Give its theory. Show that a zone plate has multiple
foci. What is meant by ‘phase reversal zone plate’?

Ans. Zone Plate and its Construction

A zone plate is a special diffracting screen designed to obstruct the light from the alternate
half-period zones. It is constructed by drawing a series of concentric circles on a sheet of white
paper with radii proportional to the square-root of the natural numbers. The alternate zones
are painted black. A highly reduced photograph of this drawing is then taken on a plane glass
plate. The negative thus obtained is the zone plate (Fig.). This plate behaves like a convex lens.
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Fig. 1
Theory of the Zone Plate : Let O (Fig. 2) be a luminous point-object emitting spherical waves
of wavelength A. Let AB be an imaginary transparent plate perpendicular to the plane of the

paper. Let OPbe a perpendicular to AB and produced to /. Let us find the intensity oflight at the
point I on a screen.

Fig. 2
Let concentric circles be drawn on the plate with P as centre and radii equal to PM; =rq,
PM;, =r3,.... PM,, =r,,, such that

OM;1 —OFPI =%
oM,1 0P =2
2
OM, I —OP =% (1)

Then, for the point J, the area of the first circle is the first half-period zone, the area between
the second and the first circle is the second half-period zone, and so on, the area between the

nth and thc (n —1}th circle being the nth zone. (This is because the path of the waves reaching /
through two consecutive zones differ by 4./2).

Let us now calculate the radius ry, of n th circle. Let OP =u, P =v, then
oM, =[u2 +r,,2 ]1/2

1/2
2
=ul1+m

uZ
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2
T _—
=u [1 + "2 :| to a first approximation

2u
2
rﬂ
=u+- (2
o (2)
r2
Similarly, M,l=v+ ™ «(3)
2v
OM,,I —OPI =0OM,, + M, I —OPI
r.2 rZ
=u+2 +v+2L —(u+v)
2u 2v
2
=T [1 +1) -(4)
2\u v
Comparing eq. (1) and (4), we get
2
Tn [1 +1} _n (5)
2| u v 2
or r,.,2 LAY ..(6)
u+tv
or r, = uvi Jn
u+v
or 'y wc/n,

thatis, the radii of circles are proportional to the square-roots of natural numbers. Thus,
if the alternate zones be made opaque, the plate will serve as a zone plate.

Focal Length : The relation between u and v, the respective distances of the object and the
image, is given by eq. (5) which gives

1 1 n
. =_2
Vv u r;
. AN 1.1 1
Comparing it with the lens formula — + — =—, we get
vV u
2
f=2
ni

which gives the focal length of the zone plate. Since the wavelength A appears in this
expression, a zone plate has severe chromatic aberration.

Multiple Foci of Zone Plate : The zone plate has anumber of foci. The eq. (5) shows that for an
object at infinity (u =], the radius of the nth circle will be given by

r2 —vm,
so that the area of the nth zone is
'n:r,,z —rcrnz_l =mvah —znv (n-1)A

=TvA.
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2
In this case the image I will be formed at a distance v = I'n_ (equal to the focal length).

2

. , . g . \
Now, consider a point I3 at a distance v3 = BL}. from the zone plate. It we imagine the zone
n

plate to be divided into half-period elements, the area of each half-period element will be
one-third the area of each zone. Hence each zone on the zone on the plate will contain three
half-period elements corresponding to /3.
The resultant amplitude at I3 will be, therefore,

S=(Sl —S3 +S3)+(S7 —S8g +S9)+(513 —514 +315)+...

BETRCANCUEN WA WESEN I
2 2 2 2 2 2 2 2
=S1 +33 +S7 +Sg +Sl3 +S15 Fo

2 2 2
1
_E[Sl +S83 +87 +89 +513 + 515 +....],

where sq,53,53 etc, are roughly one-third of Ry ,R;, R; etc. Hence the point I3 receives
sufficient intensity, though less than that at I. Hence /3 is another image of 0. Similarly, it can be
N
Sn).” 7nh” 9nk
successively diminishing intensity. Hence a zone plate has multiple foci, the focal lengths

being

shown that points I, I, Iy etc,, distant from the zone plate are images 0, but of

2 2 2

T, T, T,

A Neas . ..etc
nh 3nk 5ni

Phase Reversal Zone Plate : Wood, in 1898, instead of blocking the alternate zones of the
zone plate, introduced an additional optical path of /2 between the wave from successive
zones. Then, the amplitudes from successive zones helped each other. Such plates are called
‘phase reversal plates.’ They are prepared in the following way :

A chemically cleaned glass plate is coated with a thin layer of gelatine solution and dried. Itis
then sensitised by immersing it in a weak solution of potassium dichromate for a few seconds.
It is now again dried in the dark, and after placing in contact with an ordinary zone plate, it is
exposed to sunlight. Light passing through transparent zones acts on gelatine and makes it
insoluble in water while the gelatine in contact with opaque zones remains soluble in water.
By immersing the glass plate in water the gelatine of the unexposed parts is dissolved to such a
depth that the optical paths from successive zones on the glass. Plate have an additional
optical path of /2. Such ‘Phase reversal zone plates’ produce four times more intense image
than an ordinary zone plate.

Q.3. Describe Fraunhofer’s diffraction due to a single slit and deduce the
positions of maxima and minima and find the relative intensities of
successive maxima. Plot the intensity distribution curve. What will
happen if the width of the slit is made equal to the wavelength of light?
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Ans. Fraunhofer’s Diffraction at a Single Slit

Let a parallel beam of monochromatic light of wavelength A be incident normally upon a
narrow slit of width AB =e (Fig. 1) placed perpendicular to the plane of paper. Let the
diffracted light be focussed by a convex lens L on a screen XY placed in the focal plane of the
lens. The diffraction pattern obtained on the screen consists of a central bright band, having
alternate dark and weak bright bands of decreasing intensity on both sides.

X
L P
A _, A
s i\
vV Bl ~ V
Y

Fig. 1

Explanation : In terms of wave theory, a plane wavefront is incident normally on the slit AB.
According to Huygens' principle, each point in AB sends out secondary wavelets in all
directions. The rays proceeding in the same direction as the incident rays are focussed at 0;
while those diffracted through an angle & are focussed at P. Let us find out the resultant
intensity at P.
Let AK be perpendicular to BK. As the optical paths from the plane AK of the point P are equal,
the path difference between the wavelets from A and B in the direction 6 is

BK =ABsin B =esinf
The corresponding phase difference is

2: x path difference =27:t (esin0)

Let the width AB of the slit be divided into n equal parts. The amplitude of vibration at P due to
the waves from each part will be the same, say equal to a. The phase difference between the

waves from any two consecutive parts is 1[Z?L—ﬂ:esin 9)=d (say). Hence the resultant
n

amplitude at P is given by

(ne sin 9]
a sin
R=asin(nd/2)= A

sin (d /2) sin(m sinGJ

ni

ne sin 0 —a.Then

Let us put
_asina _asina

sina/n a/n
_hasina

[+ o /nis small]

o
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As n— o,a —» 0 but the product na remains finite. Let na = A. Then

R= Asina
o
Therefore, the resultant intensity at P, being proportioal to the square of the amplitude, is
] 2
[=R?=4%% (1
[ o (1)

the constant of proportionality being taken as unity for simplicity.
Directions of Minima : Itis clear from eq. (1) that the intensity is a minimum (zero) when

sina _ 0
o

or sina =0, (buta = 0)
or o =tmm,
where m has an integral value 1, 2, 3 except zero.
Buta = nasing . Therefore, the last expression becomes

nesin0 _ i
or esin® =tmA -(2)

This equation gives the direction of the first, second, third ...... minima by puttingm =1, 2,3,...
Directions of Maxima : To find the directions of maximum intensity, let us differentiate eq.
(1) with respect to a and equate to zero, that is,

o
do
d g 2
or Ly | Sno =0
do o
or 42 [25ma)acosa—smoe=0
o o 2
o cosa —sing
or ————= 0
a
or o cosqg —sing =0
or o =tana.
This equation is solved graphically by plotting the curves.
y=a
and y=tana «(3)

The first of these is a straight line through origin making an angle of 45°, while the secondis a
discontinuous curve having a number of branches (Fig.2). The points of intersection of the two
give the values of a satisfying eq. (3). These values are approximately given out as
3z 5n Tn
a=0—,—,—,...
2 2 2
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or more exactly as

o =0,1430r,2462r,3471x...
Substituting the approximate values of in eq. (1), we get the intensities of various maxima.
Thus, the intensity of the central (principal} maximum is

—_—
= tana

2Fig.z
Ip = A? sin0) _ Al
0

Similarly, the intensity of the first subsidiary maximum is

52
sin — 2
Ile2< 2>z 4 AzzA,
3£ 9nr2 22
z2
that of the second subsidiary maximum is
'\2
sin —/— 2
Lea?l 20 5 * g2 4"
5n 2652 61
L 2
and so on. Thus, the intensities of the successive maxima are in the ratio
1: 4 4 4
on? 25r% 49rn?
1 1 1
or e b R
22 61 121

Clearly, most of the incident light is concentrated in the principal maximum which occurs in
the direction given by

a =0

or ne sin 0 —0
A

or 6 =0,

that is, in the same direction as the incident light.
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Thus, the diffraction pattern consists of a bright principal maximum in the direction of the
incident light, having alternately minima and weak subsidiary maxima of rapidly decreasing
intensity on either side of it. The minima lie ata =+=n,+2x, +3x .... The subsidiary maxima do
not fall exactly mid-way between two minima, but are displaced toward the centre of the
pattern by an amount which decreases with increasing order. The intensity distribution in the
pattern is shown in Fig.3.

Al

Nl LN Wi gt
-3r -2z -=x o P 2r  3=m

Fig.3
What happens if slit is made narrower : The first’ minimurn on either side of the central
maximum occurs in the direction 8 given by

esinf =+A
When the slitis narrowed (i.e, e is reduced, the angle 8 increases which means that the central
maximum becomes wider. When the slit-width is as small as wavelength (e =1) the first
minimum occurs at 8 =90° which means that the central maximum fills the whole space.

Q.4. Explain Fraunhofer’'s diffraction due to a double slit. How does its
intensity distribution curve differ from the curve obtained due to a single
slit? What is the effect of (a) increasing the slit-width, (b) increasing the
slit separation and (c) increasing the wavelength of light. What are
missing orders?

Ans. Fraunhofer’s Diffraction at a Double-Slit
Let a parallel beam of monochromatic light of wavelength A be incident normally upon two
parallel slits AB and CD (Fig.1.), each of width e, separated by opaque space of width d. The
distance between the corresponding points of the two slits is (e +d). Let the diffracted light be
focussed by a convex lens L on a screen XY placed in the focal plane of the lens. The pattern
obtained on the screen is the diffraction pattern due to a single slit on which a system of
interfernce fringes is superposed.

Fig. 1
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Explanation : By Huygens' principle, every point in the slits AB and €D sends out secondary

wavelets in all directions. From the theory of diffraction at a single slit, the resultant

amplitude due to wavelets diffracted from each slit in a direction 0 is
Asina

o

where A is a constant and o = ne s;:n J .

(1)

We can, therefore, consider the two slits as equivalent to two coherent sources placed at the
Asina
ina
o

direction 8. Consequently, the resultant amplitude at a point P on the screen will be the result
Asina

middle points §; and S; of the slits, and each sending a wavelet of amplitude

of interference between two waves of same amplitude ;and having a phase difference

S (say).
Let us drop S1 K perpendicular to S5 K. The path difference between the wavelets from §; and
Sy the direction 0 is

S,K =(e +d)sin 0
Hence the phase difference between them is

] =T x path difference =2;t (e +d)sin 6.
The resultant amplitude R at P can be determined by the vector amplitude diagram (Fig.),

which gives
0B% =0A% + AB? +2(0A)(AB) cos BAC

) 2 ) 2 , .
- 7 =(Asmaj _{Asma] +2(Asma][Asma]cosa
o (¢ o [0 4
Asin -
=( “J (2 +2cos8)
@ .2
=7}l il u4cosz§=4Az il % cos? B,
5 al 2 o
T 3
where =—=—({e+d)sin®.
B 5 l( )

Fig. 2

Therefore, the resultant intensity at P is

s 2
I=R%=4425" @ n?p (2)
(1.2
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Thus, the intensity in the resultant pattern depends on two factors : (1) sin? o/ a2 which
gives diffraction pattern due to each individual slit and (2) cos? B which gives interference
pattern due to diffracted light waves from the two slits.

sin2g

uz
(a) i N e, NP
-3n -2r - g= m 2 3=

Fig.3

s . sin g s s 3 : :
The diffraction term o gives a central maximum in the direction 8 =0, having alternately

o
minima and subsidiary maxima of decreasing intensity on either side (Fig.3a). The minima are
obtained in the directions given by

sina =0
or o =+tmn
mesind
or -  =4mn
A
or esin® =tma, (3)

where m =1, 2, 3,... (but not zero).

The interference term cos? B gives a set of equidistant dark and bright fringes, as in Young’
double-slit interference experiment (Fig.3b). The bright fringes (maxima) are obtained in the
directions given by

cos? B=1
or p=xnm
or %(e+d)sin6 =tnmn

or (e +d)sin@ =*na, -(4)
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where n=0, 1, 2,.. The various maxima corresponding ton=0, 1, 2...... are the zero-order,
first-order, second-order.....maxima.
The intensity distribution in the resultant diffraction pattern is shown in Fig.3c, which is a plot

of the product of the constant term 4-A2, diffraction term > % and the interference term

o
cos? B. The entire pattern may be considered as a consisting of interfernce fringes due to light

from both slits, the intensities of these fringes being governed by diffraction occurring at the
individual slits.

(a) Effect of increasing the slit-width : If we increase the slit-width /, the envelope of the
fringe-pattern changes so that its central peak is sharper. The fringe-spacing, which depends
on slit-separation, does not change. Hence less interference maxima now fall within the
central diffraction maximum.

(b) Effect of increasing the distance between slits : If the slit-width / is kept constant and
the separation d between them is increased, the fringes become closer together, the envelope
of the pattern remaining unchanged. Thus, more interference maxima fall within the central
envelope.

Absent Orders : For certain values of d, certain interference maxima become absent from the
pattern. Suppose for some value of, the following conditions are simultaneously satisfied :

{e +d)sin® =+nA (interference maxima) and
and esin@ =t mi. (diffraction minima)
According to the first condition, there should be an interference maximum in the direction 6,
but according to the second condition there is no diffracted light in this direction. Therefore,
the interference maximum will be absent in this direction.

From the above two eq. we get
e+d

n
—pe .(5)

e m

If d =e, then n=2m
=2,4,6,.... (sincem=1,2,3,...)

that is, the 2nd, 4th, 6th ........ order interference maxima will be absent, that is, they will

coincide with 1st, 2 nd, 3 rd... order diffraction minima. Thus, the central diffraction maximum

will have three interference (the zero-order and two first-order) maxima.

Ifd =2e, then n=3m [from eq. (5]]
=3,6,9,.... (sincem=1,2,3,...),

that is, the 3rd, 6th, 9th...order interference maxima will coincide with 1st, 2nd, 3rd,..order

diffraction minima. Thus, the central diffraction maximum will have five interference maxima.

Ifd =3e,thenn=4m=4,8,12,......

that is, 4th, 8th, 12th,...order interference maxima will coincide with 1st, 2Znd, 3rd..order

diffraction minima. Thus, the central diffraction maximum will have seven interference

maxima.

Ifd =4e, then the central diffraction maximum will contain nine interference maxima (Fig.4).
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\ " 1 d=4de

o 8,85 A?g\ /Mf\,\/\/\ﬂ/fi 9
Fig.4

Thus, as d increases to g, 2e, 3e, 4e,.. the number of interference maxima within the central
diffraction maximum increases.

(c) Effect of increasing wavelength : On increasing 3, the envelope becomes broader, and the
fringes move further apart.

Q.5. Give the construction and theory of a plane diffraction grating of the
transmission type, and explain the formation of spectra by it.

Ans. Plane Transmission Diffraction Grating

A diffraction grating is an arrangement equivalent to a large number of parallel slits of equal

widths and separated from one another by equal opaque spaces. It is made by ruling a large

number of fine, equidistant and parallel lines on an optically-plane glass plate with a diamond

point. The rulings scatter the light and are effectively opaque while the unruled parts transmit

light and act as slits.

Theory : Let AB (Fig.1.) be the section of a plane transmission grating, the lengths of the slits

being perpendicular to the plane of the paper. Let e be the width of each slit and d the width of

each opaque space between the slits. Then (e +d)is called the ‘grating element’. The points in

two consecutive slits separated by the distance (e + d)are called the “corresponding points”.

I » P

Fig.1.
Let a parallel beam of monochromatic light of wavelength A be incident normally on the
grating. By Huygens’ principle, all the peoints in each slit send out secondary wavelets in all
directions. By the theory of Fraunhofer diffraction at a single slit, the wavelets from all points

- starting

in a slit diffracted in a direction are equivalent to a single wave of amplitude AN

from the middle point of the slit, wherea. = % e sin 6.

Thus, if N be the total number of slits in the grating, the diffracted rays from all the slits are
equivalent to N parallel rays, one each from the middle points S, 53, S3,.... of the slits.
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Let §; K be perpendicular to S; K. Then the path difference between the rays from the slits §;
and S, is

S;K =815, 5in0 =(e +d)sin 6.
The corresponding phase difference is

T(e +d)sin® =28 (say)

Hence the resultant amplitude in the direction § is
R __Asina sin NB
o sinp

The resultant intensityis therefore given by
5 A% sin? o, sin? NB

o’ sin? B

I=R (1)

2 .. 2
The first factor As}# gives a diffraction pattern due to a single slit, while the second factor
o

sin® NB

sin“ B
due to the second factor.
Principal Maxima : When sin B =0, that is,

B=+tnm, wheren=0,1,2,3,....
sin NP _0

sin B

gives the interference pattern due to N slits. Let us consider the intensity distribution

we havesin N =0,and thus ,thatis, indeterminate. Let us find its value by the usual

method of differentiating the numerator and the denominator. Thus
Sl!fl NB =1imitﬁ_, . N cos Nf
sin cosp
_ NcosN (tnn)
cos (tnn)
The intensity is then [from eq. (1)]
2 3
I= A°sin“ g sz
a 2

which is a maximum. These maxima are most intense and are called ‘principal maxima’. They
are obtained in the directions given by

llmltB_) +nx

=z N.

p=1tnn
or %(e +d)sin® =txnmn
or {e +d)sin6 =xna, -(2)

wheren=0,1,2,... Forn =0,we get the ‘zero-order maximum’. Forn=+1,+2,+3,... we obtain
the first, second, third... order principal maxima respectively. The + sign show that there are
two principal maxima for each order lying on either side of the zero-order maximum.
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The positions of principal maxima given by eq. (2) are the same as given in a two-slit
diffraction pattern. Thus, in a diffraction grating the positions of principal maxima do notalter
whether the number of slits is 2 or N (N > 2}, provided the grating element is the same.
Minima : When sin Np =0, but sin = 0, then

sin N 0
sin B
and hence [from eq. (1]]
I1=0,

which is a minimum. These minima are obtained in the directions given by

sin Np =0
or NB=tmn
or N%(e+d)sin6 =tmx
or N{e+d)sin@ =tmh w[3)

where m takes all integral values except 0, N, 2N,....nN, because these values of m make
sin B =0, which gives principal maxima.

It is clear from above that m =0 gives a principal maximum, m=1, 2, 3,.... (N —1) give minima
and then m =N gives again a principal maximum. Thus, there are (N —1) minima between
two consecutive principal maxima.

Secondary Maxima : As there are (N —1) minima between two consecutive principal maxima,
there must be (N —2) other maxima between two principal maxima. These are called
‘secondary maxima.’ Their positions are obtained by differentiating eq. (1) with respect to p
and equating it to zero. Thus

dl _A%*sin’a 2[sin NB] N cos NBsin B —sin NBcosB _

dp o’ sin 3 sin? B
or N cos NP sin B —sin Npcosp=0
or tan NB=Ntanp w(4)
R
22 N tanp
Np
Fig.2.
sin? NP
To find the value of 5 under the condition (4), we make use of the triangle shown in
sin“
Fig.2. This gives
sin Np = N tanp

(1+N? tan? B)
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sin? NB N?tan?p B N?
sin? B QA+ N? tan? B) sin? B @ +N? tan? B) cos? B
N? N2

cos? [3+N2 sin? B 1 +(N2 —1)sin2 [3.
N2
14(N% —1)sin? B

whereas the intensity of principal maxima is proportional to N?. Therefore
intensity of secondary maxima _ 1

intensity of principal maxima {4 ( N2 -1) sin? B.

This shows that the intensity of the secondary maxima is proportional to

Hence, greater the value of N, the weaker are secondary maxima. In an actual grating N is very
large. Hence these secondary maxima are not visible in the grating spectrum.

The grating spectrum is graphically presented in Fig.3.

Formation of Multiple Spectra by Grating : When a beam of light of wavelength A falls
normally on a grating, the principal maxima are formed in the directions given by

e +d)sin® =xna; =012 3
d 0 =xni 0,1,2,3
sinZo
ol
sin2N|
sinZp
ZERO-ORDER
[-ORDER PRINCIPAL I-ORDER
PRINCIPAL MAXIMUM oo\ cIPAL
i’?{'UM /\MAXIMUM
Fig.3.

This equation shows that for a given order n, the angle of diffraction varies with the
wavelength. The longer the wavelength, the greater is the angle of diffraction. Hence, if the
incident light be white, then cach order will contain principal maxima of different
wavelengths in different directions. The principal maxima of all wavelengths corresponding
to n =1 will form the first-order spectra, and so on. The principal maxima of all wavelengths
corresponding to n =0 will, however, be along the same direction & =0. Hence the zero-order
maximum will be white; having on either side of it the first-order spectra, the second-order
spectra, and so on.
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Q.6. Explain and derive an expression for the resolving power of a microscope.
Ans. Resolving Power of a Microscope

The resolving power of a microscope represents its ability to form distinctly separate images
of two objects lying close together. It is measured by the smallest distance between two
point-objects whose images are just resolved by the objective of the microscope. The
smaller is the distance, the higher is said to be the resolving power.

LetOand O (Fig.1.) be two point-objects whose images are just resolved by the objective AB of
a microscope. Let i be the semi-vertex angle of the cone of rays received by the objective from
0.

Fig.1.
The boundary of the objective acts as a circul:' aperture. Hence the images of Oand 0 formed
by the objective are actually Fraunhofer diffraction patterns. Each pattern consists of a central
bright disc surrounded by a series of alternate dark and bright rings. The centres of the dises
lie at I and I, the geometrical images of 0 and O respectively.
According to Rayleigh’s criterion, 0and O’ will be justresolved when the centre / of the disc due
to Ofalls on the first dark ring due to @, and vice-versa. This means that for just resolution, the
waves from O, after diffraction by the objective, must form the first dark ring passing through
1. Airy has shown that this will happen when the path difference between the extreme rays,
O BI -0 Al is given by
O BI -0 Al =122).

Since the paths Al and BI are equal, the above condition becomes

OB-0 A=122) (1)
Now, let s be the distance between Oand O (Fig.2). As O and O’ are very close together, we can
take O’ A to be parallel to OA and O B parallel to OB. From the figure 2, we have
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OB—-0B=0M-=ssini
and OA-0 A=0N=ssini.
Adding these equations and remembering that OA =0B, we get
OB-0A=2ssini
Substituting this value of ' B -0 A in eq. (1), we get
2ssini =222
= 1224
2sini

or

Ifthe space between the objectand the objective is filled with an oil of refractive index p,then
122
s =

_Zp,sini

because the path difference 0’ B — O A is then multiplied by p.
The quantity usin i is called the numerical aperature (N. A) of the objective. Hence,
1222
s =
2N.A

This expression gives the linear distance between the two objects just resolved and is,
therefore, a measure of the resolving power of the microscope.

The above expression holds when the object-points O and O are self-luminous. When the
objects are not self-luminous, but are illuminated with external light of wavelength A, then the
light starting from the two objects becomes, atleast partially coherent. Abbe has shown that in
such a case the resolving power is obtained very approximately by omitting the factor 1.22.

That is

A
L ei—]
2N. A
To obtain better resolution with microscopes we often use ultraviolet light which has a
smaller A. The electron-beams which behave like waves under some circunstances, have

wavelengths 10° times shorter than visible light. This has led to the development of electron
microscopes which have extremely high resolving power.
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Q.1. What do you mean by polarisation of light?

Ans. Lightisan electromagnetic wave in which electric and magnetic field vectors vibrating
in mutually perpendicular directions. Since ordinary light has electric vector in all direction
and if by some means we confined the electric vector only in one direction, then we say that
light is polarised and this phenomena is called polarisation of light. This is the phenomenon
which prove that light is a transverse wave.

Q.2. Define plane polarised light.
Ans. The plane polarised light wave is a wave in which the electric vector is everywhere
confined to a single plane.
Q.3. Name the methods to produce linearly polarised light.
Ans. Linearly polarised light may be produced from unpolarised light using of the following
five optical phenomena :
1. Reflection.
Refraction.
Scattering.
Dichroism (selective absorption).
Double refraction (sirefringence).
Q.4. Define Brewster law.
Ans. In 1892, Brewster proved that the tangent of the angle at which polarisation is
obtained by reflection is numerically equal to the refractive index of the medium. If @, is the

angle and p is the refractive index of the medium (Fig.) then,

Unpolarised light

N
|

U1 W

I

Q
P Completely
|

Glow

| Partially
Polarised

Z2-———T-

Fig.
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p =tan 0 P
This is known as Brester law.

Q.5. Define optic axis.

Ans. A line passing through any one of the blunt corners and making equal angles with the
three faces which meet there is the direction of ‘optic axis’ of the crystal. Optic axis is a
direction and not a line. Hence, any line parallel to the one described above represents the
optic axis.

4l s, 109°
b

optﬁ:: axis
Q.6. What is Nicol’s prism?
Ans, Itis an optical device made from a calcite crystal for producing and analysing plane
polarised light.

Q.7. Motor car wind screens and head lights are fitted with polaroids. Why?
Ans. This is to prevent the car driver from the dazzling light of another car coming from the
opposite direction. When two cars approaches each other from opposite directions in the
night, the vibration planes of polaroids in one car becomes at right angles to those of the
polaroids in the other car. Hence light from the head lights of one car is completely cut off by
wind screen of other car.,

Q.8. Define specific rotation.
Ans. The angle through which the plane of polarisation is rotated depends upon :
1. thickness of the substance.
2. concentration of solution.
3. wavelength of light.
4. the temperature.
Specific rotation for a given wavelength of light at a given temperature is defined as the
rotation produced by one decimeter length of the solution containing 1 gm of optically active
material per cc of solution
_ 0
TIxC

6 =rotation in degrees, I =length in decimeters, € = concentration in gm/cc.
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Q.1. Explain principle of dichroism.

Ans. Principle of Dichroism

In 1815 biot discovered that certain mineral crystals absorb light selectively. When natural
light passes through a crystal such as ‘tourmaline’, it is split in to two components, which are
polarized in mutually perpendicular planes. The crystal strongly absorbs light that is
polarised in a direction parallel to a particular plane in the crystal but freely transmit the light
components polarized in a perpendicular direction. This difference in the absorption for the
rays is known as selective ahsorption or dictroism.

unpolarised

light Linearly polarised

111
1 Tight

L 4
Y

t

| Dichroic Crystal

Q.2. Explain birefringence (or double refraction).

Ans, Birefringence (Double Refraction)

If abeam of unpolarized light is allowed to pass through a calcite or quartz crystal, itis splitup
in to two refracted rays. One of the two ray obey simple law of refraction called the ordinary
ray (O-ray). The other ray behave in an extraordinary way and called the extraordinary ray
(E-ray).

The crystals which having this type of property are called a ‘doubly refracting crystal’ and they
exhibit the property ‘Birefringence’. The principle of Birefringence can be seen in Fig.

/1(]9°
\

k4

<>
S
A 2

E-ray

Wy

O-ray

Fig.
Both the rays (O and E) are plane polarised, but their plane of polarisation are right angle to
each other.

Q.3. What do you mean by retardation plates? Explain.

Ans. Retardation Plates

It is a plate cut from a doubly refracting uniaxial crystal with its optic axis parallel to the
refracting faces. It can introduce a given phase difference between 8 and E rays, which travel
through it.
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The phase difference introduced by the retardation plate is given by
2
8=""(no ~ug)t

where A is the wavelength of light, ¢ is the thickness of the plate, pg and p ¢ are the refractive
index of the material for the O-ray and E-ray respectively.
Two main types of retardation plates are :

1. Quarter wave plate and

2. Half wave plate.

Q.4. Write a short note on quarter wave plate.
Ans. Quarter Wave Plate

A doubly-refracting crystal plate having a thickness such as to produce a path difference of %

between the ordinary ((-ray) and extraordinary ray (E-ray) is called a quarter wave plate.
As light is incident normal to the optic axis, the E and O components travel in the same
direction but with different velocities.
In calcite (negative crystal) the velocity of E-ray is greater than the velocity of O-ray. Therefore
refractive index seen by O-ray is greater than refractive index for E-ray. If t’ is the thickness of
the crystal plate, then the path difference between two rays

8 =t (o —Wg)
If the plate is to act as a quarter wave plate (QWF), this path difference should be equal toA/4
ie.,

A
i =, t
4 (1o —1g)
or t =# for negative crystals (pg >ug)
4 (po —pg)
and t =# for positive crystals (pg >pq)
4 (Lg —Ho)

The QWPis used for producing circulary and elliptically polarised light. It is used for analysing
all kinds of polarised light.

Q.5. Write short note on half wave plate (HWP).

Ans. Half Wave Plate

There plates are made up of birefringente crystal of calcite or quartz with its refracting faces
cut parallel to the optic axis. The thickness ¢’ of this plate is 60 chosen that it introduces a
phase difference of & or path difference of L/2 between the O-ray and the E-ray when light is
incident normally on the face of the crystal. The thickness of the crystal is given by

. for negative crystal
2(uo —1g)

and =# for positive crystal
2(kg —Ho)

Here pg and g are refractive indices seen by ordinary and extraordinary ray.
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Q.6. IfaQuarter Wave Plate( QWP )and a half wave plate( HWP )be given to you,
how would you proceed to distinguish them from each other?
Ans. The QWP and HWP can be distinguish by analysing the emergent light by Nicol Prism,

when plane polarised light falls normally on both of them.
In case of QWP, the light emerging from the plate may be elliptically-polarized, circularly-
polarized or plane polarised depending upon the orientation of plate. Hence on examining
through the rotating Nicol we shall observe.
(i) Variation in intensity with non zero minimum, when the emergent light is elliptically
polarised.

(ii) No variation in intensity when the emergent light is circularly polarised.

(iii) Variation in intensity with zero minimum when the emergent light is plane polarized.
In case of HWP, the plate produces a phase difference of © between the two components, the
state of polarisation of the emergent light is the same as that of the incident light. Therefore,
the light emerging from the HWP will be plane polarised for all orientations of the plate. Hence
rotation of the Nicol prism will always give variation in intensity with zero minimum.

G TEIE TS LONG ANSWER TYPE I HIGID)

Q.1. Describe the construction of a Nicol’s prism. Explain how it can be used as
a polariser and as an analyser. Would a similar prism prepared from
quartz serve a similar purpose?

Ans, Nicol’s Prism

It is an optical device made from a calcite crystal for producing and analysing plane-polarised

light.

Construction : A calcite crystal ABCD (Fig.1.) about three times as long as it is wide is taken. Its

end faces AB and €D are ground such that the angles in the principal section become 68° and

112° instead of 71° and 109°. The crystal is then cut apart along the plane A' D perpendicular
to both the principal section and the end faces A’ B and CD'. The two cut surfaces are ground

and polished optically flat. They are then cemented together by canada balsam which is a

transparent liquid of refractive index 1.55 for sodium light. The crystal is then enclosed in a

tube blackened inside.

Xy

Fig.1.
Action : When aray SM of unpolarised light nearly parallel to BDY is incident on the face A’ B, it
is split up into two refracted rays, the O-ray and the E-ray. Both the rays are plane-polarised.
The O-ray has vibrations perpendicular to the principal section.
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Now, the refractive index of canada balsam (1.55) is less than the refractive index of calcite for
the O-ray (1.658), but greater than the refractive index of calcite for the E-ray (1.486).
Therefore, when the O-ray reaches the layer of the canada balsam, it is passing from an
optically denser to a rarer medium. Since the length of the crystal is large, the angle of
incidence of the O-ray at the calcite-balsam surface becomes greater than the critical angle
(69°) for the O-ray. Hence the O-ray is totally reflected at the calcite-balsam surface and is
absorbed by the tube containing the crystal. The E-ray, however, on reaching the
calcite-balsam surface passes from a rarer to a denser medium and is transmitted.

Since the E-ray is plane-polarised, the light emerging from the Nicol is plane-polarised with
vibrations parallel to the principal section. These vibrations are parallel to the shorter
diagonal of the end face of the crystal.

Limitation : The Nicol prism works only when the incident beam is slightly convergent or
slightly divergent. If the incident ray makes angle much smaller than SMB with the face A' B,
the O-ray will strike the calcite-balsam surface at an angle less than the critical angle (69°).
Therefore, the O-ray will also be transmitted and the light emerging from the Nicol will not be
plane-polarised.

If the incident ray makes an angle much greater than SMB, the E-ray will become more and
more parallel to the optic axis xx' so that its refractive index will increase and become greater
than that of the balsam. Then the E-ray will also be totally reflected from the calcite-balsam
surface and no light will emerge from the Nicol. Hence to obtain plane-polarised light, the
incidentbeam should notbe too wide. With the dimensions chosen; the semi-vertical angles of
the cone of incident light Sy MS,, So should not exceed 14°, It is in order to make the ray SM lie
within the range of 14° that the end faces are grounded to modify the angles.

Uses : The Nicol prism can be used both as a ‘polariser’ and as an ‘analyser’. When an
unpolarised ray of light is incident on a Nicol prism P (Fig.2a), the ray emerging from P is
plane-polarised with vibrations in the principal section of P. If this ray falls on a second prism
A, whose principal section is parallel to that to P, its vibrations will be in the principal section
of A. Hence the ray will behave as E-ray in the prism A and will be completely transmitted. The
intensity of the emergent light will be a maximum.

P A
(@ If'///\ /

gy gl B o
\/--*r

Fig.2.
Now if the Nicol A be rotated such thatits principal section becomes perpendicular to that of P
(Fig.2b), the vibrations in the plane-polarised ray incident on A will be perpendicular to the
principal section of A. Hence the ray will behave as O-ray inside 4 and will be lost by total
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reflection at the calcite-balsam surface. Therefore, no light will emerge from A. In this position
the two Nicols are said to be ‘crossed’.

If the Nicol A be further rotated to have its principal section again parallel to that of P (Fig.2c),
the intensity of emergent light will again be a maximum.

The prism P is called the ‘polariser’ and prism A is called the ‘analyser’.

These facts can be used for analysing plane-polarised light. If the given light on viewing
through a rotating Nicol shows variation in intensity with minimum intensity zero, the given
light is plane-polarised.

A similar prism prepared from quartz would not serve a similar purpose although it is
doubly-refracting. To use quartz for producting plane-polarised light, we have to use either a
Rochon or a Wollaston prism, which are known as ‘double-image prisms’.

Q.2. What is meant by optical rotation (or rotatory polarisation)? Give an
outline of Fresnel's theory of optical rotation. Discuss the dependence of
rotation on A and the experimental evidence in support of the theory.

Ans. Optical Rotation (Rotatory Polarisation)

When plane-polarised light passes through certain substances, the plane of polarisation of the

light is rotated about the direction of propagation of light through a certain angle. This

phenomenon is called ‘optical rotation’ or ‘rotatory polarisation’. The substances which rotate
the plane of polarisation are said to be “optically-active”, and the property is called "optical
activity”.

L N, - N, Ly

. JAY A
POLASE| \A/NALYS v ‘a/‘?

Fig.1.
If plane-polarised light emerging from a Nicol N; is examined through another Nicol Ny, it is
completely cut off when the principal section of N, is perpendicular to that of N;. But if a
quartz plate C (Fig.1.) cut with optic axis perpendicular to its face be placed between N, and
N, some light begins to pass through N,. The light is, however, again completely cut off if N,
is rotated through a certain angle. This shows that the light emerging from the quartz plate is
still plane-polarised, but its plane of polarisation has been rotated by the plate through a
certain angle. Thus, quartz is optically-active. Many liquids and organic substances in solution
(as cane-sugar) are found to be optically-active.
There are two types of optically-active substances. Those which rotate the plane of
polarisation clockwise (looking against the direction of light) are called ‘dextro-rotatory’ or
‘right-handed’, while those which rotate anti-colckwise are called ‘leavo-rotatory’ or
‘left-handed’. Quartz occurs in both forms. The rotation produced by a plate 1 mm thick is
called the ‘specific rotation’. For sodium light, the specific rotation of quartz is 21.7°.
Biot, in 1815, studied the phenomenon in detail and gave the following laws :

(i) The angle of rotation of the plane of polarisation, for a given wavelength, is directly

proportional to the length of the optically-active substance traversed.

(ii) For solutions and vapour, the angle of rotation for a given path-length is proportional
to the concentration of the solution or vapour.

~

m

R
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(iii) The rotation produced by a number of optically-active substances is equal to the
algebraic sum of individual rotations. The anti-colckwise and clockwise rotations are
taken with opposite signs.

(iv) The angle of rotation is approximately inversely proportional to the square of
wavelength. More accurately, for quartz we have

angle of rotation =A + %
A

Thus, if white plane-polarised light having vibration in the direction AA (Fig.2.) be incident
normally on a quartz plate, the different colours are rotated through different angles, as
shown. The field of view, therefore, appears coloured. This phenomenon is called ‘rotatory
dispersion.’

Fresnel’'s Theory of Optical Rotation : It is based on the principle of dynamics that a linear
vibration may be described as the resultant of two opposite circular motions of the same
frequency. Fresnel made the following assumptions :

(i) The incident plane-polarised light on entering a substance is broken up into 40
circularly-polarised waves, one clockwise and the other anti-clockwise.

(i) In an optically-inactive substance the two waves travel with the same velocity, but in
an optically-active substance they travel with different velocities. (in dextro-rotatory
substance the clockwise wave travels faster, while in leavo rotatory substance the
anti-clockwise wave travels faster). Hence a phase difference is developed between
them as they traverse the substance.

e —_ar” "ot
i ——

e

Fig.2.

(iii) On emergence, the two circular components recombine to form plane-polarised light
whose plane of polarisation is rotated with respect to that of the incident light by an
angle depending on the phase difference between them.

Suppose that plane-polarised light is incident normally on a quartz plate cut perpendicular to
the optic axis. Let the first face of the plate be in the x, y plane. Let the vibrations in the incident
light be represented by

X =gcosmt (1)
These vibrations, just on entering the crystal, are broken up into two equal and opposite
circular motions (Fig.3a) which are represented by

a .
L e 2 <UL clockwise

4 ; S
-9 o5t | Circular-motion

-(2)
b 41
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a .
X9 =—_sin ot . .
anti -clockwise
and 2 _ _ (3)
Vg = % coswt | circular-motion

Fig.3.
These circular components are propagated through the plate with different velocities.
Therefore, when they emerge from the plate, there is a phase difference (say) between them.
Suppose that the clockwise component advances infront of the other (Fig.3b). The emergent
circular component can then be represented by

X1 =gsin(o)t+8) x2=—gsinmt
2 and 2
n =%cos (0t +8) ¥z =%cosmt
The resultant displacements along the two axes are

X =X1 +X3 =%[sin (ot +6) —sin wt]

=g cos| et +§ sin i (1)
) 2
and y=y,+ys =%[cos (ot +8)+coswt]
=a cos| ot +§ cos§ ..(5)
2 2
Dividing eq. (4) by eq. (5), we have
X 8
et tan =5
y 2

This represents a straight line inclined at angle 3/2 to the y-axis (Fig.3b). Hence the light
emerging from the plate is plane-polarised, with vibrations inclined at angle §/2 to the y-axis,
that is, to the vibrations in the incident light. Thus, the quartz plate has rotated the plane of
vibration by 8/2.

If uy and p, are the refractive indices of quartz in the direction of the optic axis for
anti-clockwise and clockwise circularly-polarised light respectively and d is the thickness of
the crystal plate, then the phase difference 8 is given by



148 Exqglﬁéngledromagnetic Theory & Modern Optics B.Sc.-ll (Sem-llI)

2
8=TR[MA ~uc)d

Hence the rotation of the plane of vibration (or, of the plane of polarisation) is

Experimental Verification of Fresnel's Theory : To verify Fresnel's theory, a beam of
plane-polarised light is made to fall normally on a rectangular block ABFG (Fig.4). The block is
made of alternate prisms of right-handed and left-handed quartz, all having their optic axes
perpendicular to the end faces AB and FG. If the Fresnel's hypothesis is correct, this
plane-polarised light will break up into two opposite circularly-polarised waves (Left-handed
and Right-handed) which travel the first prism with different velocities but in the same
direction. Upon passing through the first oblique boundary BC, the R-wave which was faster in
the first prism (R-prism) becomes the slower in the second. The opposite is true for the
L-wave. Hence the second prism (L-prism) is a denser medium for the R-wave and rarer for the
L-wave. Hence, in the second prism the R-wave bends towards the base (downward), and the
L-wave away from the base (upward). At the second boundary €D, the velocities are again
interchanged so that the R-wave bends away from the base (downward) and the L-wave
towards the base (upward). The net result is that the angular separation increases at each
successive boundary. By using a number of prisms it is possible to produce a detectable
separation between the two circularly polarised waves.

A & E Gowl
—-.'_‘:L?;‘
=S
—L e
B ) =E0>R
Fig.4.

When the two waves are analysed by a z-plate and a Nicol prism, they are found to be

circularly-polarised in opposite directions, thus verificying Fresnel's hypothesis.

Q.3. Describe the construction and working of a laurent half shade
polarimeter. Explain how would you we it to determine the specific
rotation of sugar solution.

Ans. Laurent’s Half-Shade Polarimeter

It is an instrument used for finding the optical rotation of certain solutions. When used for

finding the optical rotation of sugar, it is called a saccharimeter. If the specific rotation of sugar

is known, the concentration of the sugar solution can be determined.

Construction : The optical parts of a polarimeter are shown in Fig.1. Monochromatic light

from a source, usually a sodium lamp, after passing through a narrow slit S is rendered into a

parallel beam by the lens L. This fight is rendered plane polarised by the Nicol P and after

passing through the half-shade device H, a glass tube T containing the solution is made to fall
on the analysing Nicol A. The light is viewed through a Galilean telescope E. The analysing

Nicol A can be rotated about the axis of the tube and its rotation can be measured with the help

of a vernier scale on the graduated circular scale € divided in degrees.
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A C AV

The position of the analyser is adjusted so that the field of view is completely dark. The tube T
is filled with the required solution and is placed in position. The field now becomes
illuminated. Darkness can again be achieved by rotating the analysing Nicol A through a
certain angle which gives the optical rotation for the solution. Itis found that when A isrotated
the total darkness of the field of view is attained rather gradually and hence it is difficult to
find the exact position correctly for which complete darkness is achieved. Laurent devised an
ingenious method to achieve this. The arrangement is known as Lauren’s half-shade device.
Laurent’s half-shade device : It consists of a semi-circular plate ADB of glass cemented to a
semi-circular plate ACB of quartz. The quartz plate is cut with its optic axis parallel to the line
of separation AOB. The thickness of the quartz plate is such that it introduces a phase
difference of © between the O and E-vibrations. In other words, it is half wave plate. The
thickness of the glass plate is such that it absorbs the same amount of light as is done by the
quartz half wave plate.

Suppose light after passing through the polariser P is incident normally on the half-shade
plate and has vibrations along OP. On passing through the glass half the vibrations will remain
along OP, but on passing through the quartz half these will be split up into E and O components
The vibrations of the O-component are along 0D and those of E-component along 04 (Fig.2).

Fig.2.

On passing through the quartz plate a phase difference of z is introduced between these two
vibrations. The O-vibrations will advance in phase by n and will occur along OC instead of OD
on emergence. The resultant vibration on emerging from the quartz plate will, there fore, be
along 0Q such that

ZPOA = /Q0A

If the analysing Nicol is fixed with its principal plane parallel to OP, the plane polarised light
through glass half will pass and hence it will appear brighter than the quartz half from which
light is partially obstructed.

If the principal plane of the Nicol is parallel to 0@ the quartz half will appear brighter than the
glass half due to the same reason.
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When the principal plane of the analysing Nicol is parallel AOB, the two halves will appear
equally bright. It is because the vibrations emerging out of the two halves are eually inclined
to its principal plane and hence two components will have equal intensity.

When the principal plane of the analyser is at right angle to AOB, again the components of OP
and 0Q are equal. The two halves are again equally illuminated, but as the intensity of the
components passing through is small as compared to that in the previous case, the two halves
are said to be equally dark.

The eye can easily detect a slight change when the two halves are equally dark. The readings
are, therefore, taken for this position.

To find the strength of sugar solution : Fill the polarimeter tube with water and find the
reading on the circular scale corresponding to equally dark position of the half shade device.
Now fill the tube completely with the given sugar solution and again find the reading on the
circular scale for equally dark positions of the half shade device. The diflerence between the
scale readings gives the optical rotation 0 produced by the given length / in decimetres of the
sugar solution. If § is the specific rotation of sugar for the same wavelength and at the same
temperature, then

Concentration C =i gm/cc (1)
IxS

If the strength of sugar solution is known in gm/cc, then specific rotation §' =% w(2)

Q.4. Explain the working of Biquartz Polarimeter.

Ans, Biquartz Polarimeter

It is a simple and accurate instrument, much more sensitive than the half shade one, for
finding the angle of rotation produced by an optically active substance. It consists of a
condensing lens, a polarizing Nicol, a biquartz plate, a tube to contain the active solution,
analysing Nicol and a telescope arranged in order in the same way as in half shade polarimeter
(Fig.1.) with the following two differences :

P
I
|
R R'
¢ 1
Glass Quartz
v \'s
Lefthanded |, Right handad
|
P!
Fig.1.

(1) Half shade device (Laurent’s plate) is replaced by a biquartz plate.
(2) Sodium light is replaced by white light.
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Action of the biquartz plate : It consists of two semi-circular plates PYP, one of left handed
quartz and the other of right handed quartz, both cut perpendicular to the optic axis and
joined together along the diameter PP’ so as to form a composite circular plate as shown in
Fig.1. The thickness of each plate is such that it rotates the plane of polarisation for yellow
light by 90°. This thickness is 3.75 mm for quartz.

When white light rendered plane polarised with a polariser travels through the biquartz
normally, it is travelling along the optic axis (since the plates have been cut perpendicular to
the optic axis) and therefore, the phenomenon of rotatory dispersion takes place. Different
colours suffer different rotations. For longer wavelengths the rotations is less, for shorter one
it is more. Hence if the principal plane of the polariser is parallel to PP’, the red and violet
regions will be rotated in the two halves through the angle 8 and ¢ respectively where ¢ > 6.
The intermediate wavelengths will be rotated through angles lying between ¢ and 0. For
yellow light the rotation is 90° and hence YY"’ is a straight line.

If the principal plane of the analyser is parallel to PP’ (Fig.2a), the yellow light will not be
transmitted through the analyser while the red and blue (greyish-violet) will be presentin the
same proportion in each half. Thus the two halves will appear equally grey-violet coloured.
This colour is called the sensitive tint or tint of passage.

If the analyser is now rotated through a very small angle in the clockwise direction (Fig.2b),
the longer wavelengths (predominantly red from the right-half will be transmitted through it
to a greater degree than the shorter ones predominantly violet and blue) and thus causing its
colour to change from grey to red (pink). Just reverse is the case for the left half where shorter
wavelengths are transmitted to a greater degree than the longer ones and thus cause its colour
to change from grey to blue. If on the other hand, the analyser is rotated in the anti-clockwise
direction (Fig.Zc), the colour of left half changes from grey to red while that of the right half
from grey to blue. Thus there is a marked change brought about in the appearance of the
biquartz plate on slight rotation of the analyser. Hence the position of sensitive tint is very
sensitive and is, therefore, employed for the accurate measurement of the angle of rotation.

F P
| |
A A
Blue Red Red \ Blue
A A

I I
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Fig.2.

Determinetation of specific rotation : For this purpose, the biquartz is kept in position
occupied by the half shade (Fig.). The tube is filled with solvent and the position of sensitive
tint is obtained by rotating the analyser. This reading of the analyser is noted. The process is
repeated with optically active solution in the tube. The difference between the two readings of
the analyser gives the optical rotation 8 (in degrees) produced by the solution.
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In actual experiment, value of @ is determined for different concentration of
the solution and a graph is then plotted between 0 and C which comes outto 9
be a straight line as shown in Fig.3. From graph, value 8/C is obtained and
then specific rotation is calculated by the formula

0

S=— —C

Ic Fig.3.
where [ is the length of the solution (tube) in decimeter and € is the

concentration in gm/cc.

Q.5. How would you analyze plane, circularly and elliptically polarised light by
a /4 plate?

Ans. Analysis of Polarized Light

In practice light may exhibit any one of the three types of polarization, or may be unpolarized
or a mixed type. The unaided eye cannot distinguish the different types of polarization.
However, using a polarizer and a quarter wave plate, the actual type of polarization of a light
beam can be ascertained. The following steps are used in the analysis of the type of
polarization.

1. The light of unknown polarization is allowed to fall normally on a polarizer. The
polarizer is slowly rotated through a full circle and the intensity of the transmitted light
is observed. If the intensity of the transmitted light is extinguished twice in one full
rotation of the polarizer, then the incident light is plane polarized.

Polarizer Result
Plane Polarized
Polarization ﬂ 4
Not Known Conclusion
Operation
Result

2. If the intensity of the transmitted light varies between a maximum and a minimum
value but does not become extinguished in any position of the polarizer, then the
incident light is either elliptically polarized or partially polarized.

Polarizer
Elliptically
Polanzed
Polarlzatlon
Partlally
Not Known Polarized
Operation Conclusion

Result

3. If the intensity of the transmitted light remains constant on rotation of the polarizer,
then the incident light is either circularly polarized or unpolarized.

To distinguish between elliptically polarized and partially polarized or between the
circularly pelarized and unpolarized light, we take the help of a quarter wave plate. The
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light is first made to be incident on the quarter wave plate and then it passes through
the polarizer.

Polarizer
Circularly
Polarization Polarized
¥ | or
Not Known Unpolarized
Operation

Result Conclusion

4. If the incident light is elliptically polarized, the quarter wave plate converts it into a
plane polarized beam. When this linearly polarized light passes through the polarizer,
it would be extinguished twice in one full rotation of the polarizer.

On the other hand, if the transmitted light intensity varies between a maximum and a
minimum without becoming zero, then the incident light is partially polarized.

Polarizer
I max

Partially
Polarized

Partially

Polanzed [ﬂﬂ
(\ - |mln
Eillptically U.U'U 'L

Polarized (d)
Operation  —"

Conclusion

5. Ifthe incident light is circularly polarized, the quarter wave plate converts it into plane
polarized light. When this linearly plane polarized light passes through the polarizer, it
would be completely extinguished twice in one full rotation of the polarizer.

Polarizer

Partially
Unpolarlzed [ﬂﬂ m Polarized
I miin Imin
Circularly W
Polarized Conclusion

Operatlon

Result

On the other hand, if the intensity of the transmitted light stays constant, then the
incident light is unpolarized.

Polarizer
Circularly
Unpolanzed Wﬂ m Polarized
Circularly
Polarized
Conclusion

Oparatlon
Result
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Analysis of polarized light. A polarizer and a quarter wave plate help in determines the
type of the polarization of light.

Polarizer
Unpolarlzed
Unpolanzed m’l
I
Circulary
Polarized .
Conclu5|on

Operatlon |

Q.6. What is a Babinet compensator? Explain is construction and working.
How will you analyse elliptically polarised light with the help of Babinel
comensator.

Ans. Babinet Compensator

A compensator is an optical device whose function are componsate a path difference. Itis used

in conjunction with a polariser and analyzer combination to investigate optically polarized

light. The compensator helps in comparising the axis of the ellipse and the ratio of their
bughts. Elliptically polarized light may be considered as a result of two coherent plane
polarized waves coming in mutually orthogonal directions and with an initial path difference

of A /4. When the elliptically polarized light passes through the device such that itintroduces a

further path difference of A/4, the total path difference between the perpendicular waves

become A/2 and the vibrations recombine after emerging from the device to produce plane
polarized light. From the analysis of this plane polarized light, the information regarding the
incident elliptically polarized light can be obtained.

Construction
The Babinet compensator is made of two wedge-shaped quartz sections, ABC andADC , having

equal acute angles. The wedges are placed against each other such that they form a small
rectangular block as shown in Fig.1 (a) One of the quartz wedges is fixed and the other can be
displaced along their plane of contact with the help of a micrometer screw arrangement. Thus,
the combination acts as a plate of variable thickness.
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The optic axis of the first section is parallel to its refracting edge AB and the optic axis of the
second section is in a direction perpendicular to the edge. The two optic axes are
perpendicular to each other and also perpendicular to the incident beam.

Production of Polarized Light
Let plane polarized light be incident normally on the face AB of the compensator. [t splits into
e-ray and o-ray parallel and perpendicular to AB respectively. The e-ray travels slower than
o-ray in the first section, since quartz is a positive uniaxial crystal. When these rays enter the
second section, the e-ray becomes o-ray since the optic axis in the second section is in a
direction normal to that in the first prism. Similarly, o-ray becomes e-ray. Thus, the two rays
exchange their velocities in passing from one section to the other section. The net effect is that
one section cancels the effect of the other.
Ifd, is the thickness of the first section and p . and p, are the refractive indices of quartz fore
and o-ray respectively, the path difference between thee- and o-rays in the first section will be
Aq =[“e _“o]dl
As the principal planes of the two sections are at right angles, the e- and o-rays change their
roles in going from the first section to the second section. The velocities of e-ray and o-ray
interchange and if the thickness of the second section is d, , then the path difference between
the rays in the second prism will be
Ay =[uy —n.ldz
As the compensator is thin, the separation of the rays is negligible. The net path difference
between the two rays after emerging from the crystal will be

A=Ay +A;
A=[pg—nolds +(1o —peld;
=(ue —Hg)(dy —d2) (1)
The net phase difference is & =2; (ne —po)({dy —dy) .(2)

For aray passing through the centre of the compensator whered, =d; the net path difference
and hence the phase difference is zero. It means that the effect of one wedge is exactly
cancelled by the other. This is true for all wavelengths and the incident wave is transmitted as
such. Plane polarized light incident on the compensator will emerge as plane polarized light
with its plane of vibration parallel to that of the incident light.

Any desired thickness difference (d; —d; )Jcan be achieved at the centre of the compensator by
moving the second section relative to the first section. Thus, any desired value of phase
difference can be obtained between the e and o-rays. Therefore, the light emerging will be
either plane or circular or elliptically polarized light, depending on the phase difference.
Thus, the compensator has the same effect as that of a wave plate of varying thickness. The
advantage of compensator is that it can be arranged to suit any wavelength where as a quarter
wave plate is designed to suit only one particular wavelength.

Analysis of Elliptically Polarized Light

Using the compensator, one can determine the characteristics of elliptically polarized light.
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Let the compensator be placed between crossed polarizer N; and analyser N, as shown in
Fig.2. Let the transmission axis of polarizer be oriented at 45° with respect to the optic axis of
wedge ABC of the compensator. At midpoint R the light emergent from the compensator is
plane polarized in the same plane as transmitted by N; and therefore it will be extinugished
by the analyser N,. Similarly, at distances from the midpoint for which the retradation is
1A, 2M, 34, ...., mi, and the emergent light is plane polarized in the same plane as transmitted
by N; and hence will be extinguished by the analyser. So the field of view is crossed by a series
of equidistant parallel dark bands.

ANALYSER

\oo, @@@\E\@@@ fhod

At positions between them, where the path difference corresponds to an odd multiple of A /2,
i.e, /2, 3072, 5012, ... (Zm+1)A/2, the transmitted light is plane polarized. The analyser
transmits the light completely and those regions will be bright. In all other cases, the emerging
light is elliptically polarized with varying parameters of the ellipse, as shown in Fig. 3. If white
light is used, the central band will be dark while others will be coloured.

By using white light source, the compensator is adjusted such that the central dark band is
under cross wire and the micrometer reading is noted. The micrometer screw is turned
through an angle such that the compensator introduces a phase difference of /2 at cross wire.
Then elliptically polarized light is made to be incident on the compensator. The central dark
band undergoes a shift with respect to the cross wire. The compensator is rotated through an
angle « in its own plane until the central dark band is on the cross wire. The axes of the
incident elliptically polarized light are parallel to the optic axes of the wedges of the
compensator.

Phase difference : The elliptical vibration can be regarded as made of two mutually
perpendicular linear vibrations, which are having a phase difference, 8.8 can be determined as
follows.

First the compensator is illuminated with white plane-polarised light and the micrometer is
adjusted to bring the central dark band on the cross-wires. The white light is then replaced by
elliptically polarised light. The central band shifts to a point where the original phase
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difference & between the two component vibrations of elliptical polarised light is exactly
balanced by the phase difference introduced by the compensator. This phase difference is
determined by rotating the screw until the central dark band is again on the cross-wires. [f this
rotation is §, then

b9 or 8=@ (1)

Zn o o
Position of axes : The position of the major and minor axes of the given elliptical vibration can
be found as follows. The compensator is illuminated with white polarised light and the
micrometer screw is adjusted to bring the central dark band on the cross-wires. The screw is
then turned through an angle o./4 so that the compensator introduces a phase diiference of
90°. The central dark band now is not on the cross wires. The elliptically polarised light is
made incident on the compensator. Then the compensator is rotated in its own plane until the
central dark band again comes on to the cross-wires. The axes of the incident light are parallel
to the optic axes of the wedges of the compensator.
Ratio of the axes : Referring to the Fig.4, 0A and OB represent the optic axes of the two wedges
of the compensator. OC is the direction of the principal section of the analyser. DD’ is the
direction of vibration of light emerging from the compensator at the cross-wires. The tangent
of the angle 6 that the principal section of the analyser makes with the optic axes of the wedge
gives the ratio of the axes. thus,

tan0 =a/b

0 is determined by rotating the analyser until the bands disappear and the field becomes
uniformly illuminated. The angle of rotation is 0.

Advantages : A quarter wave plate produces a fixed phase difference between o-ray and e-ray
and can be used only for monochromatic light of one particular wavelength. In case of a
compensator, the phase difference between the rays can be varied continuously and hence a
compensator, made of a combination of wedges, can be used for light of any given wavelength.

Q.7. What do you mean by dichroism? How will you achieve polarisation by
dichroic crystal?

Ans, Dichroism

Dichroism (two coloured) is the change in colour evident as the mineral is rotated under plane

polarized light. The primary cause of dichroism in minerals is due to absorption of particular

wavelengths of light. This selective absorption of certain wavelengths of light causes the

transmitted light to appear colored. This color is a function of the thickness and the particular
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chemical and crystallographic nature of the mineral. Dichroism is defined as the property of
certain materials, in which light in different polarization states travelling through it
experiences a different absorption coefficient. In other words, it is the property of some
crystals of absorbing one of the two components more strongly than the other due to having
different absorption coefficients. A number of crystalline materials absorb more light in one
incident plane than another, so that light progressing through the material become more and
more polarized artisotropy in absorption is called dichroism. There are several naturally
occurring dichroin materials, and many more are artificially manufactured Polaroid is the
trade name for the most commonly used dichroic material. It selectively absorbs light from
one plane, typically transmifting less than 1% through a sheet of Polaroid. It may transmit
more than 80% of light in the perpendicular plane. The word Polaroid usually refers to
H-sheet Polaroid, which is a sheet of iodine-impregnated polyvinyl alcohol, as discussed in
article 7.5.

Principle of Dichroism
Dichroism is a property of certain materials in which light in different polarization state

travelling through it experience a different absorption coefficients for two different
polarization States of the incident EM wave. This material shows a very high absorption
coefficient for the vibrations of electric field which are perpendicular to the plane of paper but
it shows a very less absorption coefficient to the electric field vibrations which are in the plane
of the paper. This means that the perpendicular vibrations will be strongly absorbed by this
material where as the vibrations which are in the plane of the paper will be easily transmitted
through it. This is how we obtain polarization in these dichroic materials.
Polarisation by Dichroic Crystal
The different methods are used to obtain polarized light. These are polarisation by reflection
and polarization by refraction. The third method we are going to use to obtain polarised light
is by absorption. The term that we will use over here is selective absorption.

Dichroilc crystal

R Gl Gl Gl Gl Vil il N B VoVl Ve o N N O N
AN A A A by
Unpolarised Linergly .
incident light polarised light

Fig. : Plane-polarised light transmitted by a dichroic crystal. (i} Horizontal component vibrations
completely absorbed (i) Vertical vibrations partially absorbed (1%)

We know that the EM wave consists of electric field as well as magnetic field but when we are
talking about polarization we always talk about only the electric field at any point in space and
atany instant of time can be divided into two orthogonal components. When such unpolarised
light falls of dichroic material, say tourmaline crystal, both components experience an
absorption coefficient, one absorption coefficient for vibrations in the plane of paper
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(relatively small attenuation) and another for absorption coefficient for vibrations in
perpendicular plane of paper (relatively strong attenuation). However, it should be noted that
there is a vast difference in these two absorption coefficients, Absorption coefficient for
vibrations in the plane of paper is relatively small that produces small attenuation, keeping
the magnitude almost same in the transmitted light. But the absorption coefficient for
vibrations in the perpendicular plane of paper is relatively strong that produces large
attenuation. The magnitude of this component continuously goes on decreasing and is almost
vanishes during its journey through the crystal (Fig.1). Thus, in the transmitted light,
vibrations in perpendicular plane of paper are almost absent and only vibrations in the plane
of paper are present. Thus, we get a polarized light.

Here we have obtained polarization by selective absorption. The word selective is used
because only magnitude of one orthogonal component (vibrations in the perpendicular plane
of paper) is (almost) completely attenuated while other is allowed to transmit without any
appreciable attenuation. Thus, we get a linearly polarized light by using the dichroic property
of the tourmaline crystal. Here we usually use two terms namely transmission axis and
absorption axis.

Transmission axis
Transmission axis is that axis along which the electric field component easily passes through
the crystal. In above example, magnitude of one of the two orthogonal components, having
Vibrations in the plane of paper almost remains the same {with negligible attenuation), while
passing through the crystal.
Absorption axis
Absorption axis is that axis along which the electric field component is completely absorbed
and gets completely attenuated while travelling through the crystal. In above example,
magnitude of one of the two orthogonal components, having vibrations in the perpendicular
plane of paper almost attenuated, while passing through the crystal.
The mineral tourmaline is the best known dichroic crystal of natural materials. Tourmaline
refers to a class of boron silicates. A tourmaline crystal has a unique optic axis and any electric
field vector which is perpendicular to that axis is strongly absorbed. In laboratory, an artificial
dichroic device can be constructed based on dichroic property and is known as Wire Grid
Polariser.

®
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Q.1. What do you mean by LASER?
Ans. The word ‘LASER’ is acronym of “Light amplification by stimulated emission of
radiation”. This laser light is different from the ordinary light LASER was developed by
Maiman in 1960, there was a standard statement about LASER that “LASER is a solution in
search of a problem.”
Q.2. What are the characteristics of a LASER beam?
Ans. The LASER Beam has the following characteristics :

1. Highly coherent and monochromatic

2. Highly directional

3. High intensity

4. Divergence.
Q.3. What do you mean by coherance?
Ans. The term coherence refers to the degree of co-relation between the phases at different
points and different times in a beam of light or radiation.
Coherence is of two types : 1. Spatial coherence, 2. Temporal coherence.

Q.4. Explain population inversion.

Ans. The transition probability for stimulated emission depends upon the number of atoms
in excited state and the energy density of the incident radiation.

To achieve laser action the higher energy states should have the large number of atoms as
compare to ground state and when this situation is created we called this population
inversion.
Q.5. Write down the relation between Einstein’s coefficients.
Ans. The relation between Einstein’s coefficients are

Ap1 _Brhv?

Bz (3
where, h =Planck’s constant, v=frequency, ¢ =speed of light.

This is the formula for the ratio between the spontaneous emission and induced emission
coefficients.

Q.6. What are the requirements for population inversion?
Ans. The requirements for population inversion and to produce laser action are :
1. An active medium

2. A pumping arrangement
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Active medium is a medium of atoms which have a metastable energy state. Such atoms
produce more stimulated emissions.
Pumping is a procedure adopted to achieve population inversion.
Q.7. What are metastable states?
Ans. When an atom achieves energy from external source and reaches to an excited state. It
will remain ¢ in excited state for only1 078 sec after that it will release energy and comes back
to ground state. The average time for which an atom remains in an excited state is known as its
“mean life”.
Energy states having mean life of more than 10~ sec are known as metastable states.
Q.8. Name the different types of LASERS.
Ans. Lasers are classified on the basis of the material used as active medium. They are
divided into four categories :

1. Solid state lasers

2. Gas lasers

3. Semiconductor lasers

4, Liquid lasers

Q.9. Write the wavelength emitted by Ruby laser and He-Ne laser.
Ans. The wavelength of light by :

Ruby Laser =6943 A
He-Ne laser =6328 A.

Q.10.Give few applications of LASER.
Ans. The applications of LASER are :

1. LASER in scientific research : Raman spectroscopy, measurement of length,
determination of velocity of light etc.

2. LASER in nuclear energy : [sotope separation, nuclear fusion, in nuclear fission etc.

3. LASER in medicine and surgery : Cosmetic surgery, eye surgery and refractive surgery,
soft tissue surgery etc.

4. To make halograms, in compact discs (CD), optical data storage etc.

Q.11.Write the threshold condition for LASER action.
Ans. The threshold condition for LASER action is given by

Yen =0 +i In 1
L 2L nra

where, L =length between mirrors,a. =loss per unitlength,r; andr; =reflectivity of mirrors.
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Q.1. Explain spontaneous and stimulated emission.
Ans. Spontaneous Emission
Let us consider two energy levels having energies E; and E, as shown in fig.(1). When an atom
inan excited state E, falls to a ground state E by spotaneously emitting a photon of frequency

Es —F ; G
v=%. The process is known as spontaneous emission.

Es
frv
E,
Fig.1.
Stimulated Emission
Ey —E4

When an incident photon of frequence v= is incident on the atom in excited state,

then it stimulates the atom to move in to ground state and emits a photon of same frequency as
incident photon. This process is known as stimulated emission.

Ez
4\9\"/\#
E4
Fig.2.
Q.2. Describe the construction ruby laser with necessary diagram.
Ans. Construction of Ruby Laser (A Pulsed Laser)

This is the first laser developed in 1960, and is a solid-state laser. It consists of a pink ruby
cylindrical rod whose ends are optically flat and parallel (Fig.1}. One end is fully silvered and
the other is only partially silvered. Upon the rod is wound a coiled flash lamp filled with xenon
gas.
This ruby laser makes use of the three level scheme of population inversion. It consists of the
following these main parts :
1. The Working Substance : The working substance is a ruby crystal. Ruby is a crystal of
aluminium oxide (Al;0;) doped with 0.05%. Chromium oxide (Cry03 ) Aluminium
atoms in the crystal are replace by Cr *** ions, These impurity (chromium) ions give a
pink color to ruby and give rise to laser action.

2. The Resonant Cavity : Ruby crystal is grown in special furnaces and then shaped into
rods of nearly 10 cm length and 0.8 cm in diameter. Flat end faces A and B of the rod are
made parallel, plane and polished so that one of its ends is completely silvered to
become fully reflecting while the other is only partially silvered (Fig.1). An intense
laser beam emerges cut from partially reflecting end B.
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Ruby rod is surrounded by a cylindrical glass envelope through which liquid nitrogen
or water is circulated to keep the rod cool.

Cooling
] Glass tube
Colled xenon flash lamp
Rliby rod
B g e Y

\_/ Laser beam
/ — U \J i Partiall;TsiIvered

Fully
silvered —— (Reflecting end face)
Reflecting ————————*® S
end face Stpply

Fig.

3. The optical Pumping System : Optical pumping system is in the form of helical xenon
flash tube, optical pumping is done by this flash tube. It is wound round the glass
envelope surrounding the ruby rod. The flash tube is provided with a suitable power
supply.

Q.3. Explain the workings of ruby laser.

Ans. Workings of Ruby Laser

Working : The ruby rod is a crystal of aluminium oxide (Al; 05 ) doped with 0.05% chromium
oxide (Cr,05) so that some of the AI" ™ ions are replaced by Cr*** ions. These “impurity”

chromium ions give pink colour to the ruby and give rise to the laser action.

In Fig.2 is shown a simplified version of the energy-level diagram of chromium ion. It consists
of an upper short-lived energy level (rather energy band) E5 above its ground-state energy
level Eq, the energy difference E5 — E; corresponding to a wavelength of about 5500 A.There

is an intermediate excited-state level E; which is metastable having a life-time of 3 x1073 sec
(about 10° times greater than the life-time of E5 which is =108 sec).

Esmmrmmﬁfimmmﬂmﬂmm Short-lived

1 , | Radiationless ~ B00A state
transition 2b
Es A4 14A Metastable
‘ 2a state
5500A

AN, £943A

1 B943A | MW,
MW,

Pumping MW,

transition 5 8943A
4

B . » Ground
: A Three- level laser state
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164 Exa\gl}f Electromagnetic Theory & Modern Optics B.Sc.-ll (Sem-lll)

Normally, most of the chromium ions are in the ground state E;. When a flash of light (which
lasts only for about a milli-second) falls upon the ruby rod, the 5500-A radiation photons are
absorbed by the chromium ions which are “pumped” (raised) to the excited state E3. The
transition 1 is the (optical) pumping transition. The excited ions given up, by collision, part of
their energy to the crystal lattice and decay to the “metastable” state E,. The corresponding
transition 2 is thus a radiationless transition. Since the state E; has a much longer life-time,
the number of ions is this state goes on increasing while, due to pumping, the number in the
ground state E| goes on decreasing. Thus, population inversion is established between the
metastable (excited state E;) and the ground state E.

When an (excited) ion passes spontaneously from the metastable state to the ground state
(transition 3), it emits a photon of wavelength 6943 4. This photon travels through the ruby
rod and, if it is moving parallel to the axis of the crystal, is reflected back and forth by the
silvered ends until it stimulates an excited ion and causes it to emit a fresh photon in phase
with the stimulating photon. This “stimulated” transition 4 is the laser transition. (The
photons emitted spontaneously which do not move axially escape through the sides of the
crystal). The process is repeated again and again because the photons repeatedly move along
the crystal, being reflected from its ends. The photons thus multiply. When the photon-beam
becomes sufficiently intense, part of it emerges throught the partially-silvered end of the
crystal.

There is a drawback in the three-level laser such as ruby. The laser requires high pumping
power because the laser transition terminates at the ground state and more than one-half of
the ground-state atoms must be pumped up to the higher state to achieve population
inversion. Moreover, ions which happen to be in their ground state absorbs the 6943-A

photons from the beam as it builds up.

The ruby laser is a “pulsed” laser. The active medium (Cr *** ions) is excited in pulses, and it

emits laser light in pulses. While the Xenon pulse is of several millisecond duration; the laser
pulse is much shorter, less than a millisecond duration. It means enhanced instantaneous

power.
GBS LONG ANSWER TYPE LTI

Q.1. What do you understand by spotaneous and induced emission? Calculate
Einstein’s 4 and B coefficients and discuss their physical significance.

Ans. The Einstein’s Coefficients

We consider two levels of an atomic system as shown in Fig. and let Ny and N, be the number
of atoms per unit volume present in the energy levels E; and E; respectively. The atomic
system can interact with electromagnetic radiation in three distinct ways :

(a) An atom in the lower energy level E; can absorb the incident radiation at a frequency
o=(E; —E;)/h and be excited to E,; this excitation process requires the presence of
radiation. The rate at which absorption takes place from level 1 to level 2 will be proportional
to the number of atoms present in level E; and also to the energy density of the radiation at
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the frequency w=(E; —E4)/h Thus if u{(w)de represents the radiation energy per unit
volume between w and ®w+dw, then we may write the number of atoms undergoing
absorptions per unit time per unit volume from level 1 to level 2 as:

I'13 =Bu(@)Ny (1)
where By, is a constant of proportionality which depends on the energy levels E; and E,.
Notice here that u(®) has the units of energy density per frequency interval.

E ANNN N,
L 000c0
E, "A’A AT A. ‘A‘A’A‘ N,

Fig. : Two states of an atom with energies E,; and E, with
corresponding population densities of N4 and N, respectively.

(b) For the reverse process : the deexcitation of the atom from E, to E; : Einstein postulated
that an atom can make a transition from E, to E, through two distinct processes, known as
stimulated emission and spontaneous emission. In the case of stimulated emission, the
radiation which is incident on the atom stimulates it to emit radiation and the rate of
transition to the lower energy level is proportional to the energy density of radiation at the
frequency®.Thus, the number of stimulated emissions per unit time per unit volume will be
[y =Byu(@)N; -(2)
where By, is the coefficient of proportionality and depends on the energy levels.
(c) An atom which is in the upper energy level E,, can also make a spontaneous emission; this
rate will be proportional to N, only, and thus we have for the number atoms making
spontaneous emissions per unit time per unit volume
Uz1 =41 N w(3)

At thermal equilibrium between the atomic system and the radiation field, the number of
upward transitions must be equal to the number of downward transitions. Hence, at thermal
equilibrium

Ny Biau(o) =Nz Ay1 + N3 Baju(w)
o ar{is]= v (4)

(N1/N3)Byz — By

Using Boltzmann'’s law, the ratio of the equilibrium populations of levels 1 and 2 at
temperature T is

& —e(Ez—E1)/kgl _ ,hefkgl (5)
Ny
where kg (=1.38x 10733 /K)is the Boltzmann’s constant. Hence
A
u(o) = 21 w(6)

ho/kgT
Bye™®/* _p,,
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Now, according to Planck’s law, the radiation energy density per unit frequency interval is
given by (see appendix D)
ha)3n3 1

u(w) = -(7)

72c3 gho/kel _q

where e is the velocity of light in free space and ny is the refractive index of the medium.
Comparing Eq. (6]} and (7), we obtain

By; =By ={;3 -(8)
3
ani Ay _hotng” (9)
By1  m%c3

Thus the stimulated emission rate per atom is the same as the absorption rate per atom and

the ratio of spontaneous to stimulated emission coefficients is given by Eg. (9). The

coefficients A and B are referred to as the Einstein 4 and B coefficients. At the thermal

equilibrium, the ratio of the number of spontaneous to stimulated emission is given by
R=_ula _ ho/kg 4 ..(10)

By Nyu(w)

Thus at thermal equilibrium at a temperature 7, for frequencies, @>> kg T/ A, the number of

spontaneous emissions far exceeds the number of stimulated emissions.

The ratio of Einsten’s coefficient tells us whether which process i.e., stimulated or

spontaneous will take place.

Q.2. Explain population inversionin 3 and 4 level laser system. Give comparison.
Ans. Population Inversion (3-and 4-Level Schemes)
The transition probability for induced emission depends upon

(i) The number of atoms in the excited state and

(i) The energy density of the incident radiation p(v).
The achieve a higher probability of stimulated emission we make use of the phenomenon of
population inversion.
When we have a collection of large number of atoms, say Ny, in thermal equilibrium, the
distribution of atoms in different energy states is given by Maxwell-Boltzmann statistics. If T K
is the temperature of collection, N; the number of atoms in the energy state E; and N, thatin
the energy state E;, then

N1 =N08_EllkT and NZ =N0€
or Ny =Nje B2 ~BOKT _ o ~AV/KT  here hv=(E, —E;) w(1)
AsE, > E{,N; < N1.Thus, in the normal distribution, the number of atom in the higher energy

state is less than the number of atoms in the lower energy state. In other words, the population
of atoms in higher energy levels is less than that in the lower energy levels.

(B2 —£1)

—E, /KT

When radiation of matching frequency v= isincident on such a collection, the atoms

are excited due to stimulated absorption. The excited atoms return to the normal state by any
of the two processes i.e., spontaneous emission or stimulated emission. In order to achieve
higher probability of stimulated emission, two conditions must be satisfied :
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(i} The higher energy state should have a longer mean life i.e., it should be a metastable
state.

(ii) The number of atoms in the higher energy state E, must be greater than that in E;.
The establishment of situation in which the number of atoms in the higher energy level is greater
than in the lower energy level is called population inversion.

It should be noted that population inversion is a non-equilibrium condition.

Requirements for population inversion and laser action : For the purpose of population
inversion and to produce laser action we require (i) an active medium and (ii) a pumping
arrangement.

(i) Active medium : An active medium {material) is a medium the atoms of which have a
metastable energy state. Such atoms produce more stimulated emission than
spontaneous emission and when excited soon reach the state of population inversion
leading to laser action.

(ii) Pumping : The procedure adopted to achieve population inversion is called pumping.
For achieving and maintaining the condition of population inversion, we have to raise
continuously the atoms from the lower energy level to the upper energy level. This
require energy to be supplied to the system.

There are a number of techniques used for producing population inversion e.g. optical
pumping, electrical discharge, direct conversion etc. However, optical pumping is very
important and convenient method.

Optical pumping : The procedure adopted to achieve population inversion is called pumping.
In optical pumping, the active material is illuminated with light of suitable frequency

E, -E

v= L, As aresult, an atom in the lower energy state E; absorbs the incident photon of

energy hvand is raised to the highest energy level E,. As the excited atoms lose their energy by
spontaneous emission and drop to the lower energy level in a very short time, the process fails
to produce necessary population inversion.

E..
v 4 Shortlived state
_5 Non-radiation transition
E2[&2 | {Lasing lsvel)
Exciting radiation | § — metastable state
AT L R
I 5 EE “4%  laserradiation
s B
E Eq
(7] {Lower)
Ey Y
< Ground state

Fig.1 : Three level scheme
In practice, therefore, a population inversion is brought about by (i) a three level scheme or
(ii} a four level scheme.
(i) Three level scheme : Consider an atom with energy levels E4, E; and E3 with increasing
values of energy. Eq is the ground state, E3 is a short lived state and E; is an intermediate
metastable state. Further, the transition from E5 to E is forbidden but transition from E5 to
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E5 is allowed. When these atoms are irradiated with an exciting radiation of the right

Ej

frequency vy =’_1E1, the atoms are excited to the E3 state by the process of stimulated

absorption.

Some excited atoms quickly drop to the intermediate level E; by spontaneous emission or by
a non-radiative process, thereby converting their excess energy into vibrational kinetic
energy of the atoms forming the substance (Fig.1}. As E, is a metastable state, the stoms
remain in this excited state for comparatively longer time of 1073 sec. as compared to 1078
sec. for the short lived state E3 and for this time, the population of the state, E; is more than
that of state E4 thus resulting in population inversion of the collection of atoms.

If an atom in the state E, decays by spontaneous emission or stimulated emission, it emits a

E;

radiation of frequency v=;E1. The photon may produce stimulated emission from

another atom, thereby giving two coherent photons, moving in the same direction. These two
photons produce two more photons and so on, producing an amplified beam of photons.

(ii) Four level scheme : In four level scheme there is an additional very shortlived energy state
E4' between the ground state (level) E, and metastable state E,. When exciting radiation of

right frequency vy = B3k is incident on the lasing medium the atoms in the ground state

E; are excited to the level E5 by the process of stimulated absorption. The atoms stay at the E5
level for a very short time of about1078 sec.and quickly drop down to the metastable state E,.

Spontaneous transition from the metastable state E, to the level E,’ is forbidden and,

therefore, cannot take place. As a result, the atoms accumulate at the level E; and the

population at this level rapidly increases. Again the level E{ ' is well above the ground level E;

so that (E;' — Eq )>>kT. Therefore, at normal temperature atoms cannot jump to the level £’

from the ground level E; because of thermal energy. As a result, the level E;’ is almost

virtually empty. The population inversion is thus maintained between the levels E; and E ".
Shortlived state

E3 A
£ \
S
Excting radiation g' (Lll\netas;cab_le s.ltatel) Es
er lasing leve
s |B Bg| TRTEETN
Ve B38| N T Amplified
= EE T~ laserradiation V
2 _ @ °y Veryshortiived state E!
= X 1
7] {Lowaer lasing laval)
Ey Y

Ground state
Fig.2
Further, when the atom in the state E; decays by spontaneous emission or stimulated

emission to the state E’, it emits a photon of frequency v =@. This photon further

produces stimulated emission from another atom and thus starts the laser action.
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The level E ' being a very short lived state, the atoms immediately relax further to the ground
state, ready for being pumped to the level E;.
Comparison of four level pumping scheme with three level pumping scheme :

1. In three level pumping scheme the atoms finally return to the ground state directly

from the metastable state. Therefore, in order to achieve population inversion
pumping has to go on until more than half of the ground state atoms reach the
metastable state E; which is the actual lasing level. As number of atoms in the ground
state is very large a very high pumping power is required for the purpose.
But in case of four level scheme the terminal level is almost virtually empty so that the
condition of population inversion is readily established even if a small number of
atoms arrive at the upper lasing (or metastable) level. Consequently only a small
pumping power is required to establish population inversion in four level scheme.

2. In three level pumping scheme, as soon as stimulated emissions starts, the population
inversion condition returns to normal population condition and lasing stops as soon as
the excited atoms drop to ground level. Again lasing beings only when the condition of
population inversion is re-established. The laser light given out is, therefore, in the
form of pulses of short duration. But in the case of four level scheme, the population
inversion continues without interruption and laser light is continuously obtained. The
laser, therefore, operates in continuous wave (c w) mode.

PN junction semiconductor laser is a two level laser, Ruby (41,05 crystal) laser is a
three level laser and NAYAG is a four level laser.

Q.3. Give the characteristics of laser light in detail.
Ans. Characteristics of Laser Light
Important properties of laser light are :
(i) Directionality
Laser emits radiation in the form of a highly directional collimated beam with only a very
small angle of divergence. It means that the energy carried by the laser beam can be collected
easily and focussed on to a small area. The directionality of a laser beam is expressed in terms
of beam divergence.
Divergence : Light from a laser diverges very little. Upto a certain distance, the beam shows
little spreading and remains essentially a bundle of parallel light rays. The distance from the
laser over which the light rays remain parallel is known as Rayleigh range. The laser beam
diverges beyond the Rayleigh range as shown in Fig.1. There are two parameters which cause
beam divergence. They are (i) the size of the beam waist and (ii) diffraction. The divergence
angle is measured from the centre of the beam to the edge of the beam, where the edge is
defined as the location in the beam where the intensity decreases to 1 /e of that at the centre.
Twice the angle of divergence is known as the full angle beam divergence. This angle tells us
how much the beam will spread as it travels through space. The full angle divergence is given
by

40

20 =" w1
d (1)
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— Rayleigh
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of central
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Fig.1 : Divergence of a laser beam
where dy =2W; is the diameter of the beam waist (Fig.2). It is seen from Eq. (1) that the

divergence is inversely proportional tod. Thus, divergence is large for a beam of small waist.

The beam divergence due to diffraction is determined from Rayleigh'’s criterion.

A
do =122~ (2
B (2

where D is the diameter of the laser’s aperture.

-—
N\I‘

(M

Fig.2 : Relationship between beam waist and divergence of a laser beam
In case of gas lasers, the diffraction divergence is about twice as large as the beam-waist

divergence. A typical value of divergence for a He-Ne laser is 1073 rad. It means that the
diameter of the laser beam increases by about 1 mm for every metre it travels. Beam
divergence of large lasers may be as small as a micro-dgree. As laser beam of 5 cm. diameter
(divergence =107° degree) when focussed from Earth will spread to a diameter of only about
10 m on reaching the surface of the moon. This extreme collimation of the beam makes lasers a
very useful tool for surveying.

(ii) Intensity

The power output of a laser may vary from a few milliwatts to few kilowatts. But this energy is
concentrated in a beam of very small cross-section. The intensity of a laser beam is
approximately given by

2
I =(1x_0) P W/m? .(3)
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where P is the power radiated by the laser. In case of 1 m W He-Ne laser,
A =6328x1071% m and

[o 100x107w
(6328x10710)% m?

To obtain light of same intensity from a tungsten bulb, it would have to be raised to a

temperature of4.6x 10°K. The normal operating temperature of a bulb is about 2000 K. Thus,

the intensity of laser beami.e., power emitted per unit area per unit solid angle is much higher
than that of light from other sources.

(iii) Monochromaticity

If light coming from a source has only one frequency of oscillation, are light is said to be
monochromatic and the source a monochromatic source. In practice it is pt possible to produce
light with only one frequency. Light coming out from any source consists of a band of
frequencies closely spaced found the central frequency, v4. The band of frequency Av is called
the line width or band width.

A laser beam is highly monochromatic. But the ectral content of the laser raditation extends
over range equivalent to the fluorescent line width of are laser medium. Although the line
width of an dividual cavity mode is extremely small, there may be many modes present in the
laser output.

=25x10'! w/m?

IO
f—24; —
Fig.3.
The light from conventional sources has large line widths of the order of10™ Hz or more. On
the other hand, light from lasers is more monochromatic, having linewidth of the order of 100
Hz. From the theory of interference, the linewidth of mirrored cavity is given by

_. 2 [1-R
AY_ZRL( \/EJ .(4)

where L is the length of the cavity and R is the reflectance of the output mirror.

010
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(iv) Coherence
Alaser beam is highly coherent. It is because one important property of stimulated emission is

that the wave or photon produced by stimulated emission is exactly in phase with the
stimulating wave or photon. As a result the spatial and temporal variation of the electric field
vector of the twoe waves are exactly similar. For a perfect laser the electric field varies with
time in an identical manner for every point on the cross-section of the beam.

Q.4. Describe a He-Ne LASER. How population inversion is achieved in type of
LASER? Explain with energy level diagram.

Ans. Helium Neon Laser

Many laser applications require a continuous wave. In 1961, a gas laser was discovered which

emits light continuously rather than in pulses. He-Ne gas laser device is one of the most
common continuous wave laser source with power ranging from 0.5 milliwatt to 60 milliwatt.
Construction : Itis a four-level laser in which the population inversion is achieved by electric
discharge. The experimental arrangement for He-Ne gas laser is shown in Fig. (1). In this laser,
the active medium is a mixture of helium and neon in the ratio 9 : 1 at the pressure of about 1
mm of Hg. The mixture is contained in quartz tube.

Atboth ends of the tube are fitted optically plane and parallel mirrors, one of them being only
partially silvered. The spacing of the mirrors is equal to an integral number of
half-wavelengths of the laser light. An electric discharge is produced in the gas-mixture by
electrodes connected to a high-frequency electric source.

& A

oorrr L

o HowNo ® .o “Laser
® o @ e ' beam
o Mg - & W,
¥ Fully silvered -L"\
mirror Pamally silvered

mirror
Fig.1

Working : The electrons from the discharge collide with and “pump” (excite) the He and Ne
atoms to metastale states 20.61 and 20.66eV respectively above their ground states (Fig.2).
Same of the excited. He atoms transfer their energy to ground-state Ne atoms by collisions,
with the 0.05 eV of additional energy being provided by the kinetic energy of atoms. Thus, He
atoms help in achieving a population inversion in the the Ne atoms.

When an excited Ne atom passes spontaneously from the metastable state at 20.66 eV to state
at 18.70 eV, it emits a 6328-4 photon. This photon travels through the gas-mixture, and if it is
moving parallel to the axis of the tube, is reflected back and forth by the mirror-ends until it
stimulates an excited Ne atom and causes it to emit a fresh 6328-4 photon in phase with the
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stimulating photon. This stimulated transition from 20.66-eV level to 18.70-eV level is the
laser transition. This process is continued and a beam of coherent radiation builds up in the
tube. When this beam becomes sufficiently intense, a portion of it escapes through the
partially-silvered end.

From the 18.70-eV level the Ne atom passes down spontaneously to a lower metastable state
emitting incoherent light, and finally to the ground state through collision with the tube walls.
The final transition is thus radiationless.

Obviously, the Ne atom in its ground state cannot absorb the 6328-A photons from the laser
beam, as happens in the three-level ruby laser. Also, because the electron impacts that excite
the He and Ne atoms occur all the time, unlike the pulsed excitation from the xenon flash lamp
in the ruby laser, the He-Ne laser operates continuously.

Further, since the laser transition does not terminate at the ground state, the power needed
for excitation is less than that in a three-level laser.

Collision
20616V mMemswble state
4+ Metastable 6%%6_ transition)
state .4 A aser transition
18.70 eV Eontanecus
v transition
Electron
impact
Radiationless
Transition
0——— Ground state 0 Y
He AFour- laser Ne
Fig.2
Q.5. Explain the construction and working of semi conductor laser.
Ans. Semi-Conductor Laser

In a semi-conducter laser, the conduction band population of electrons is increases by
injecting free electrons into the negative side of an ordinary junction diode. This ensures
population inversion required for stimulated emission to predominate over the spontaneous
emission. The recombination takes place in active junction region of the diode. A Ga As p-n
junction diode is generally used. It has an operating range of 8400-8500 A.

Construction : The basic structure of a p—njunction laser is shown in Fig.1. A pair of parallel
planes A and B are cleaved or polished perpendicular to the plane of the junction. A heavily
doped p-region is formed on the top of the Ga As material by diffusing zinc atoms into it. The
top and the bottom faces are metal covered and provided with metallic contacts to pass the
current through the diode. The two remaining sides of the diode are made rough to eliminate
laser action in a direction other than the main. The structure is called Fabry-Perot cavity.
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Working : The energy band diagram of a heavily doped p —njunction is shown in Fig.2 (a). Due
to heavy doping on the n-side the Fermi level E is pushed into the conduction band. The
electrons occupy the portion of the conduction band below the Fermi level between E and
E. Similarly on the heavily doped p-side, Fermi level E lies within the valence band. The
holes occupy the portion of the valence band above the Fermi level between E and E . At the
condition of thermal equilibrium, Fermi level is uniform across the junction as shown.
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When the junctions is forward biased electrons from the nregion and holes from the p-region
are injected into the junction region. This is how pumping action takes place in a p—njunction
semiconductor laser. For small values of forward bias the electron holes recombine and the
recombination brings about spontaneous, non-coherent emission of photons in all directions.
At this stage the junction acts a light emitting diode (LED). As the forward bias is increased the
intensity of light increases but when the forward bias reaches a threshold value the carrier
concentration in the junction region rises to a very high value. The junction region, therefore,
attains a very high concentration of electrons in the conduction band and at the same time a
very high concentration of holes in the valence band. As a result the upper energy level in the
narrow junction region has a high electron population whereas the lower energy levels in this
region are vacant, thereby giving rise to the condition of pepulation inversion in the region.
This narrow region in which population inversion takes place is known as “Inversion region”
or ‘Active region’.
When a chance recombination of electron-hole pair takes place between the conduction and
valence bands, itleads to spontaneous emission of photons. The spontaneous photons moving
in the junction plane stimulate the electrons in the conduction band to jump into the vacant
states of valence band [as holes means absence of electrons) and produce photons. The
induced photons further produce more photons by the process of stimulated emission and
thus produce coherent radiation giving rise to laser action. An highly directional beam of light
is then emitted from the junction.
Semi-Conductor lasers are very compact, efficient and the be spectral purity is low and
emission pattern brad. Their monochromatic and directional character are, therefore, not as
good as that of other type of .
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Electromagnetic Theory & Modern Optics
B.Sc.-II (SEM-IIT) [MM.:75

Note : Attempt all the sections as per instructions.
Section-A : Very Short Answer Type Questions

Instruction : Attempt all FIVE questions. Each question carries 3 Marks. Very Short Answer
is required, not exceeding 75 words. [Bx5=15

1. What is the relation between electric field and electric potential. Calculate the value of
electric field, if potential is given by ¢ = 3x? YZ.

Define Lenz's law.

Write down the wave equation for electric and magnetic fields in free space.

What do you mean by interference of light?

Motor car wind screens and head lights are fitted with polaroids. Why?

Section-B : Short Answer Type Questions

Instruction : Attempt all TWO questions out of the following 3 questions. Each question
carries 7.5 Marks. Short Answer is required not exceeding 200 words. [75x2=15
6. Derive the expression for potential energy of a dipole in a uniform electric field.
7. Prove the relation p, =(1 +y,, ). Where p, is called relative permeability and y ,, is
magnetic susceptibility.

1o

8. Explain principle of dichroism.
Section-C : Long Answer Type Questions
Instruction : Attempt all THREE questions out of the following 5 questions. Each question
carries 15 Marks. Answer is required in detail, between 500-800 words. [15x 3= 45]
9. Using Biot-Savart law, derive expression for magnetic field at a point on the axis of a
current carrying coil.

10. Write down differential equation of motion of a coil in a ballistic galvanometer and
derive the condition under which its motion is oscillatory. What is logarithmic
decrement?

11. Derive the electromagnetic wave equation from maxwell field equations in free space.

12. What are Fresnel’s half period zones? Prove that the area of a half-period zone on a
plane wavefront is independent of the order of the zone, and that the amplitude duetoa
large wavefront at a point infront it is just half that due to the first half-period zone
acting alone.

13. What do you understand by spotaneous and induced emission? Calculate Einstein’s A
and B coefficients and discuss their physical significance.
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