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Electric Charges and Fields 1

Introduction

Study of static charges is called electrostatics and this complete electrostatic will be discussed in two chapters. In
this chapter we begin with a discussion of electric charge, some properties of charged bodies, and fundamental
electric force between two charged bodies.

What is Electric Charge?

Electric Charge is a fundamental property of a matter which is responsible for electric forces between the bodies.
Two electrons placed at small separation are found to repeal each other, this repulsive force (Electric force) is only
because of electric charge on electrons.

When a glass rod is rubbed with silk, the rod acquires one kind of charge, and the silk acquires the second kind of
charge. This is true for any pair of objects that are rubbed to be electrified. Now if the electrified glass rod is brought
in contact with silk, with which it was rubbed, they no longer attract each other.

Types of Electric Charge:

There are two types of charge exist in our nature.
e  Positive Charge

e  Negative Charge

If any object loses their electrons then they get positive charge. It is denoted by (+q) sign. If any object gain
electrons from another object, then they get negative charge. It is denoted by (-q) sign. The charges were named
as positive and negative by the American scientist Benjamin Franklin. If an object possesses an electric charge, it
is said to be electrified or charged. When it has no charge it is said to be neutral.

Basic Properties of Electric Charge:
The important properties and characteristic of electric charge are given below.
Attraction and Repulsion: Like charges repel each other while unlike charges attract each other.

Charge is Quantized: An object that is electrically charged has an excess or deficiency of some whole number of
electrons. Since, electrons cannot be divided into fraction of electrons, it means that the charge of an object is a
whole-number multiple of the charge of an electron. For example, it cannot have a charge equal to the charge of
0.5 or 1000.5 electrons.

Mathematically q = + ne,heren=1, 2,3 and e = 1.6 x 10-1% coulomb.

Electric Charge is Conserved: According to this property, "An electric charge neither can be created nor can be
destroyed" i.e., total net charge of an isolated system is always conserved. Thus, when a glass rod rubbed with silk
cloth, both glass rod and silk cloth acquire opposite charge in same quantity. Thus, total amount of charge remains
same before rubbing as well as after rubbing.

Conductors and Insulators:

Some substances easily allow passage of electricity through them while others do not. Substances which allow
electricity to pass through them easily are called ‘conductors. They have electrons that are free to move inside the
material. Metals, human and animal bodies, earth etc. are example of conductors. Non-metals e.g., glass, plastic,
wood are ‘insulators’ because they do not easily allow passage of electricity through them.
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Most substances are either conductors or insulators. There is a third category called ‘semiconductors’ which are

intermediate between conductors and insulators because they partially allow movement of charges through them.

Charging by Induction:

Now as we know that two oppositely charged bodies attract
each other. But it also has been our observation that a charged
body attracts a neutral body as well. This is explained on the
basis of charging by induction. In induction process two bodies
(atleast one body must be charged) are brought very close, but
they never touch each other.

Let us examine how a charged body attracts an uncharged
body. Imagine a conducting or partially conducting body
(sphere here) is kept on an insulating stand and a charged rod
(positive, for example) is brought very close to it. It will attract
electrons to its side and the farther end of the sphere will
become positively charged as it is deficient of electrons.

@

Charging by Conduction

A neutral body has an equal number of electrons and protons, while a charged body contains an unequal
number of positive and negative charges. When a charged body is brought in contact with an uncharged
conductor, the charges are transferred from the charged body into the conductor. This method of
charging is known as charging by conduction.

Charging by Friction

When two objects are rubbed against each other, the electrons from one object get transferred from one
object to another. The rubbing of two surfaces involves friction. Thus, the transfer of electrons between
two objects takes place due to friction. The object that loses electrons gains a positive charge, becoming
positively charged.

Point Charge

An electric charge regarded as concentrated in a mathematical point, without spatial extent is called Point Charge.

Coulomb’s Law:

e In 1785 Charles Coulomb (1736-1806) experimentally established the fundamental law of electric force
between two stationary charged particles. He observed that An electric force between two charge particles
has the following properties:

e Itisdirected alongalinejoining the two particles and is inversely proportional to the square of the separation
distance r, between them.

e Itis proportional to the product of the magnitudes of the charges, |q1| and |qz|, of the two particles.
e Itisattractive if the charges are of opposite sign and repulsive if the charges have the same sign.

From these observations, Coulomb proposed the following mathematical form for the electric force between two
charges. The magnitude of the electric force F between charges q1 and q2 separated by a distance r is given by

|1 1lqql

F=k—p

where k is a constant called the Coulomb constant. The proportionality constant k in Coulomb’s law is similar to G
in Newton’s law of gravitation. Instead of being a very small number like G (6.67 x 10-11), the electrical
proportionality constant k is a very large number. It is approximately.

k =8.9875 x 10° N-m?C-2

k = Coulomb’s constant or electrostatic force constant
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The constant k is often written in terms of another constant, €0, called the permittivity of free space. It is related
to k by

K= 1
" 4me,
F= 1 lallq,l
h 4me,  r?
1 8.5 10712¢c2
=—=28.85 X
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Coulomb’'s Laws of Electrostatics
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Columb’s Law in Vector Form

let there be two charges Q, and Q,, such that r, and r, represent the position

vectors of the two charges, respectively. The two charges will exert electrostatic R Fion2
forces on each other. Let E be the force exerted by the charge Q, on Q,, and a Fa on 1 @
be the force exerted by the charge Q, on Q,. Suppose the corresponding vector Q /
J— 1
from Q, to Q,is given by r,; .
g % 4
Thus, using triangle law, F 2, s

L =L-n0

The direction of position vector from r; to r, and r, tor, , can be given as:
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Therefore, the force acting on the charge Q, due to Q,, in vector form can be given as:
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Or in general,
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The above equation is the vector form of Coulomb’s Law.
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Here the polarities of both charges are the same. Thus, the two charges will repel each other. This means that E

is the repulsive force exerted by the charge Q, and Q, and ﬁ is the repulsive force exerted by the charge Q, on Q,.

From above, the position vector from Q, to Q, s,

L =L -1
The position vector from Q, to Q, is,
L, =0 -5
Thus,
1 =T
Thus,
—— 1 1
F, = 'QlQ; 21 = e Ty (1)
dng, | dng, [P
° [l ° [n
— 1
E, = = -%rm .(2)
0 I
From equations (1) and (2)
B, =F,

The force on the first charge due to the second charge and the force on the second charge due to the first charge
are in opposite directions and equal in magnitude. Thus, Coulomb’s Law upholds Newton'’s third law of motion,
stating that every action has an equal and opposite reaction.

Electric Field:

A charge produces something called an electric field in the space around it and this electric field exerts a force on
any charge (except the source charge itself) placed in it. The electric field has its own existence and is present even
if there is no additional charge to experience the force.

Intensity of Electric Field:

Intensity of electric field due to a charge configuration at a point is defined as the force acting on a unit positive
charge at this point. Hence if a charge q experiences an electric force F at a point then intensity of electric field at
this point is given as

1
Il
Q|

Intensity of electric field is vector quantity.

It has S.I. units of newtons per coulomb (N/C).

Electric Field due to a Point Charge:

To determine the direction of an electric field, consider a point charge q as a E
source charge. This charge creates an electric field at all points in space

surrounding it. A test charge q0 is placed at point P, a distance r from the AP

source charge. According to Coulomb’s law, the force exerted by q on the test o
charge is. F

1 q
F= p = 30
4me, r?
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This force is directed away from the source charge q, since the electric field at P, the position of the test charge, is
defined by

we find that at P, the electric field created by q is

__ 1 a
" 4me,yr?

Principles of Super Position

“The principle of superposition states that every charge in space creates an electric field at point independent of
the presence of other charges in that medium. The resultant electric field is a vector sum of the electric field due
to individual charges.”

Electric Field Lines:

Electric field lines are a way of pictorially mapping the electric field around a configuration of charges. An electric
field line is, in general, a curve drawn in such a way that the tangent to it at each point is in the direction of the net
field at that point.

The field lines follow some important general properties:

o The tangent to electric field lines at any point gives the direction of electric field at that point.

e Infree space, they are continuous curves which emerge from positive charge and terminate at negative charge

e  They do not intersect each other. If they do so, then it would mean two directions of electric field at the point
of intersection, which is not possible.

o  Electrostatic field lines do not form any closed loops. This follows from the conservative nature of electric
field.

AN
TN

Electric Flux

Electric flux is a way of describing the strength of an electric field at any point in the space. It is defined as the
amount of electric flux passing through a unit area perpendicular to the direction of the flux. Electric flux is the
measure of the total number of electric lines of force emanating from a charged body. The unit of electric flux is
coulomb meter square. Electric flux is a scalar quantity

¢=E-S
=EScos 9

where, ¢ represents electric flux and 0 is the angle between electric field & normal to the plane.

S represents area element
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Charge Density

Linear Charge Density

Linear charge density refers to the distribution of electric charge along a one-dimensional line or a linear object,
such as a wire or a rod. It represents the amount of electric charge per unit length along that line. Linear charge
density is denoted by the symbol A (lambda) and is measured in coulombs per meter (C/m).

Mathematically, linear charge density (A) is defined as:
A=Q/L
Where:
e A (lambda) is the linear charge density in coulombs per meter (C/m).
e Qis the total charge along the line.

e Listhe length of the line in meters (m).

Surface Charge Density

Surface Charge Density (o or sigma): This represents the amount of electric charge per unit area on a surface.
Mathematically, it is expressed as:

c=Q/A
Where:
e o (sigma) is the surface charge density in coulombs per square meter (C/m?).
e (Qis the total charge on the surface.

e Aisthe area of the surface in square meters (m?).

Volume Charge Density

Volume charge density, often denoted as p (rho), refers to the distribution of electric charge within a three-
dimensional volume or region of space. It quantifies the amount of electric charge per unit volume. In mathematical
terms, volume charge density is expressed as:

pP=Q/V
Where:
e p (rho) is the volume charge density in coulombs per cubic meter (C/m?3).
e (Qis the total electric charge within the specified volume.

e Vis the volume of the region in cubic meters (m?).

Gauss’s Law:

o  The flux of electric field through any closed surface S is 1/¢_0 times the
e  Total charge enclosed by S.

e  Electric field outside the charged shell is as though the total charge is concentrated at the center. The same

result is true for a solid sphere of uniform volume charge density.

e  The electric field is zero at all points inside a charged shell.

Deduction of Coulomb’s law from Gauss' Law: E

Consider a charge +q in place at origin in a vacuum. We want to calculate the s
electric field due to this charge at a distance r from the charge. Imagine that the
charge is surrounded by an imaginary sphere of radius r as shown in the figure

below. This sphere is called the Gaussian sphere.

Consider a small area element dS on the Gaussian sphere. We can calculate the

flux through this area element due to charge as follows:
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Using this in Gauss theorem we get

4meg r?
We know that
F - qu

_ 1 aw
4me, r?

This is the required Coulomb’s law obtained from Gauss theorem.

Gauss Law Applications
Electric field due to long straight wire carrying uniform linear charge density

Consider an infinitely long straight wire carrying a uniformly distributed positive charge. Its linear charge density,
A, is the charge per unit length of the wire, i.e., A = q/1, where q is the total charge on the conductor distributed over
length | of the wire. The wire considered has an axis of symmetry. In order to calculate the electric field strength
due to the wire, let us consider a Gaussian cylinder of radius r and length 1 around the wire.

b= in ¢ = EQ2nrl)
T & EQ@mrl) =L
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Uniformly charged

Electric field due to infinite plain metal sheet BfSeRE s

A
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Cylindrical Gausslan
surface

Electric Field Intensity due to a Uniformly Charged Infinite Plane
Sheet.

-

n [
In the case of a uniformly charged infinite plane sheet, we consider ¢ A't !
the surface charge density of the plane sheet.

* * * #

+ + B eF o+ 4

\

The surface charge density is used for two dimensional geometries
and is defined as the total charge present per unit area of the plane sheet. It is denoted by o.

o=1
A
q=0A (D)

Thus, the total charge present on the plane sheet is cA.

In order to calculate the electric field intensity at a distance r from the plane sheet, we assume a cylindrical
Gaussian surface with cross-sectional area A, length 2r and its axis perpendicular to the plane sheet.
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Let S, and S, be the area of the two circular faces of the cylindrical Gaussian surface and S; and S, be the area of

the two curved faces of the cylindrical Gaussian surface.

Total electric flux passing through the cylindrical Gaussian surface can be given as,
¢ =PE-dS
O :.[Slﬁ'ﬁJrJ.szE'ﬁﬂngf-cﬁJrI“E.ﬁ
No electric flux is contributed by the two curved faces S; and S, as the angle between E and dS is 90°. Hence,
[ s3E-dS = 54 -dS = [ EdS cos 90=0

The electric flux is contributed only by the two circular surfaces S; and S, as the angle between E and dS is 0°.

Hence,
o :J-Slf'-cﬁ+jszﬁ'-cﬁ+0+0
o =I51Ed5 cos O+JSZEdS cos0 =ISlEdS+j52EdS
by =E[ 51 dS+E[ 5, dS
Since the area of both the circular faces is same i.e. S, =S,
¢g =2E [dS =2EA (2)

Using Gauss’ law,

__ total charge enclosed by the Gaussian surface

e =
From equation (1) and (2) we have,
2EA= oA
€9
Therefore,
ST
2¢,,

Thus, the electric field intensity due to a uniformly charged infinite plane sheet is independent of the distance from
the plane sheet.

Electric field due to uniformly charged sphere

In the case of a uniformly charged spherical shell, we consider the surface charge density of the spherical shell.
The surface charge density is defined as the total charge present per unit surface area of the spherical shell. It is
denoted by o. Here, we assume a positive charge q to be distributed on the surface of a spherical shell of radius R.

o Total charge distribution over the spherical shell g

Surface area of the spherical shell A

Therefore,

q=0A=0x%x4nR?
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Case 1: If we wish to calculate the electric field intensity due

to a uniformly charged spherical shell at a point outside the
shelli.e.r > R. Let point P be situated outside the spherical shell
at a distance r from the center of the shell. Thus, r > R.

In order to calculate the electric field intensity at a distance r
from the spherical shell, we assume a spherical Gaussian
surface with radius r and concentric with the spherical shell.

Hence, the total electric flux over the spherical Gaussian
surface of radius r will be,

O :gS]??-ﬁch)EdS cos©

Due to the spherical geometry of the Gaussian surface, E and dS will be parallel to each other at each and every
point on the Gaussian surface. Hence, the angle between them will be 0°.

ds = PEdS cos 0= PEdS = Efds

quS is the total surface area of the spherical Gaussian surface of radius r which is equal to 4mr2.

GE = E x 4mr? 1)
But according to Gauss’ law,
= = 1
=P E-dS=—x
g Cﬁs = q

where, q is the total charge enclosed by the spherical Gaussian surface.

1
=—X 2
g = q (2)
From equations (1) and (2) we get,
ExA4nr® = e xq
So
E=—1
4nr g,
On substituting q = 6 x 4nR 2 we get,
2
F_5% 4an
dnr® €,
2
g=2F
ree,

Thus, the electric field intensity due to a uniformly charged spherical shell at a distance r from its center is inversely
proportional to the square of distance from it. The electric charge distribution over the surface of a spherical shell
behaves as if the whole charge were situated at the center of the spherical shell.

Case 2: If we wish to calculate the electric field intensity due to a uniformly charged spherical shell at its surface
i.e.r = R.In this case, the point P lies on the surface of the spherical shell. Hence, we substitute r = R in the equation
above.

Case 3: If we wish to calculate the electric field intensity due to a uniformly charged spherical shell at a point
inside the shell i.e. r < R. Let point P be situated inside the spherical shell at a distance r from the center of the
shell. Thus, r < R.
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Electric Dipole:

A configuration of two charges of same magnitude g, but of gE
opposite sign, separated by a small distance (say 2a) is called

an electric dipole.

Dipole moment for an electric dipole is a vector quantity E a'ﬁ{\ﬁ e q
directed from the negative charge to the positive charge and its |-: == l"\‘\’ﬁf::

magnitude is p = q x 2a (charge x separation). The SI unit of - '

dipole moment is C™ (coulombmeter). :

Electric Field Due to Dipole —qE

Electric Field on the Axis of the Dipole:

1. Consider a point P on the axis of the dipole at a distance r from the midpoint of the dipole.

2. Define a coordinate system with its origin at the midpoint of the dipole and the dipole moment (p = qd)
pointing along the positive z-axis.

3. The position vector from the negative charge (-q) to point P is r,and the position vector from the positive
charge (+q) to point Pis re.

4. The electric field E at point P due to each charge is given by Coulomb's law:

P -1 g
4ne, ‘;_‘2

= 1 q -
L?Jf_ll-rce()ﬁnr

Where:

e 7 and r, are unit vectors in the directions of r and r, , respectively.

5. The electric field E-points radially outward from the negative charge and E- points radially outward from
the positive charge.

6. The total electric field at point P is the vector sum of E_and E.:
E=E-+E.

7. Using the positions of the charges and the definition of the dipole moment p = qd, you can find E as follows:

_ 1 q qa | _=»
R v

8.  Now, simplify this expression and express it in terms of p and r = rel:

—= 1 p .. .
E= (@ -r
4ne, r (r.-r)
Electric Field in the Equatorial Plane:

In the equatorial plane, which is a plane perpendicular to the dipole axis and containing the midpoint of the dipole:

1. By symmetry, the magnitudes of the electric fields produced by the two charges are the same, but they have
opposite directions.

2. Therefore, the electric fields produced by the charges cancel each other out in the equatorial plane, resulting
in a net electric field of zero.

@ www.stepupacademy.ind.in Q @stepupacademyindia ) @stepupacademyindia r@ @stepupacademy_



@Step Up Academy | 11

So, in the equatorial plane of the dipole, the electric field is zero due to the cancellation of the contributions

from the positive and negative charges.

The above derivations provide the electric field due to an electric dipole in both scenarios, on the axis of the
dipole and in the equatorial plane.

Dipole Placed in Uniform External Field:

Since the impact of an external electric field on charges is

already known to us; a dipole too will experience some

| B §
I
N
m

form of force when introduced to an external field. It is
interesting to learn that, a dipole placed in an external

Y
t

electric field acquires a rotating effect. This rotating effect
is termed as ‘torque’ felt by the dipole. Excitingly, the net

torque can be calculated on the opposite charges present

in a dipole for estimating the overall rotation.

Y

Torque on dipole:

Consider a dipole located in the same position ‘E’ to calculate the torque received by the dipole when positioned
outside. The compulsory charge will be placed below the ‘qE’ magnitude as you go up, while the negative charge
will be placed below the ‘QE’ magnitude as you go down.

Since the absolute power is zero, it can be seen that the dipole is in the equation at the moment. But what is the
rotation rate? In this case, the dipole may remain stable but rotates at a certain angular velocity. This fact has been
demonstrated by experimentation, and it shows that both electrostatic forces (qE) act as clock-related torque.

As aresult, when a dipole is inserted into the same external electrical circuit, it rotates. Torque always works with
external force applied which will be in pairs. Moreover, its size is a result of its strength and arm. The arm can be
thought of as the distance between the point of force applied and the point at which rotation occurs at the dipole.

Torque
Torque (t) = Force x distance separating forces

Torque is a vector whose direction is determined by the force acting on the axis. The magnitude of the torque
vector is determined as follows:

T=Frsin@
Which means,
F - force acting on the axis
r - temporary arm length
0 - angle between force vector and temporary arm

T - is the vector of torque

Derivation of Torque

Consider a dipole with the angles of + q and q forming a dipole because they are separated by a distance of d.
Positioned in the same electric field of power E, the dipole axis forms an 6 angle with an electric field.

Charging power, F =+ qE
Elements of power perpendicular to dipole, F = + q E sin6

Since ‘qd’ is the magnitude of the dipole moment (p), and the direction of the dipole moment ranges from positive
to negative; torque is the product of a dipole moment cross and an electric field. When the direction of the electric
field is positive, the torque is in the clock (therefore negative) in the image above.

So,
T =-pE sin0

An incorrect sign indicates that the torque is in the clockwise direction.
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Potential energy of dipole:

Consider a dipole with charges q1 = +q and q2 = -q placed in a
uniform electric field as shown in the figure above. The charges
are separated by a distance d and the magnitude of an electric
field is E. The force experienced by the charges is given as —-qE and
+qE, as can be seen in the figure.

As we know that, when a dipole is placed in a uniform electric

field, both the charges as a whole do not experience any force, but F=-qE -
it experiences a torque equal to T which can be given as,

T=pxE
Consider a dipole with charges q1 = +q and qz2 = -q placed in a
uniform electric field as shown in the figure above. The charges are separated by a distance d and the magnitude

of an electric field is E. The force experienced by the charges is given as -qE and +qE, as can be seen in the figure.

As we know that, when a dipole is placed in a uniform electric field, both the charges as a whole do not experience
any force, but it experiences a torque equal to T which can be given as,

= pE(cosBo - cos01)
As we know that the work done in bringing a system of charges from infinity to the given configuration is defined
as the potential energy of the system, hence the potential energy U(6) can be associated with the inclination © of
the dipole using the above relation.

U(0) = pE(cos0o - cos01
From the above equation, we can see that the potential energy of dipole placed in an external field is zero when
the angle O is equal to 90° or when the dipole makes an angle of 90°.

Considering the initial angle to be the angle at which the potential energy is zero, the potential energy of the system
can be given as,

U(0) = pE(cos= g - cos 0) = -pE cos0=-p.E

Work done by dipole:

A pair of force which is equal in magnitude, with opposite direction, and displaced by perpendicular distance or
moment is known as the couple.

When a couple acts on a dipole
7= PFEsin®
Work done to rotate a dipole is given by

dw = 7d©®

PFEsin®dO
Total work done is given by
W = [dw = [ PEsin©d©

When the dipole is rotated from 0 to 6

degrees, work done is given by
W = PEint{sin®d0

W = PE[-c0s©]°

W = PE[—cos© + cos0]

Sincecos 0=1
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Hence, the work done to rotate a dipole in an external electric uniform field is

W = PE[1 — cos®]

Work done if dipole rotated from 90 degree
© =90°
W =PE[1- %]

Sincecos 90 =0

W = PE

Work done if dipole rotated from 180 degree

When
© =180°
W =PE|[1- <&]
W = PE[1+1]
W =2PE

The dipole is said to be stable when the dipole is aligned in the direction of the electric field.

Stable and unstable equilibrium:
Stable equilibrium

“A body is said to be in stable equilibrium if after a slight tilt it returns to its previous position.”stable equilibrium
state

Consider a book lying on the table. Tilt the book slightly about its one edge by lifting it from the opposite side. It
returns to its previous position when sets free. Such a state of the body is called a stable equilibrium.

When a body is in stable equilibrium, its center of gravity is at the lowest position. When it is tilted, its center of
gravity rises. It returns to its stable equilibrium as long as the center of gravity acts through the base of the body.
Examples of stable equilibrium:

e  Chairlying on the floor

e  The heavy base of the vehicle

e  Table lying on the ground

e  Cone lying on its base by lowering its center of gravity

e  Bottle lying on its base

Unstable equilibrium:
“If a body does not return to its previous position when sets free after the slightest tilt is said to be in unstable
equilibrium.” unstable equilibrium state

Take a pencil and try to keep it in the vertical position on its tip. Whenever you leave it, the pencil topples over
about its tip and falls down. This is called an unstable equilibrium. In an unstable equilibrium, a body may be made

to stay only for a moment. Thus a body is an unstable equilibrium.

The center of gravity of the body is at its highest position in the state of unstable equilibrium. As the body topples
over about its base (tip), its center of gravity moves towards its lower position and does not return to its previous

position.

Example of unstable equilibrium:

. When the ice cream cone is made to rest on its apex on a book, the movement of the book will disturb the

position of the ice cream cone. This is an example of unstable equilibrium.
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e  When the weather changes from freezing to hot to freezing rapidly and without reason, this is an example of

a time when it is unstable. When a person has a bad temper that can explode or flare up with no provocation

at all, this is an example of a person who would be described as unstable. Not firmly placed; unsteady.

Electric Field on axial and equatorial line

Axial line: Axial line is the line which is passing through the positive and negative charges and the point lies on

that line is called the axial point.

Electric field on axial line of dipole is given by:

E, = 2p ~forr>>a
4re,r

Equatorial line: Equatorial line is the perpendicular line to r
the line passing through the positive and negative charges o [ a A ~N
and the point lies on that line is known as the equatorial of Al V4 A N p

B
point. -q 5 +q—<E;----—-héE
Electric field on equatorial line of dipole is given by: l\ ,Y, -’f

E, = 2p ~forr>>a o
4dng,r

=E, = —ZEeq

Relation between electric field at axial and equatorial line
Electric field due to an electric dipole at points situated at a distancer r

along its axial line is given as,

- Ml (i)

equ. —
" 4n =N r3

Electric field due to an electric dipole at points situated at a distance r

along its equatorial plane is given as,

__ b
U Aneyr®
..(ii)
From (i) and (ii)

E

axial _ 2

E

equ.

Therefore, ratiois 2: 1

Relation between E and V:

The electric field exists if and only if there is a electric potential difference. If the charge is uniform at all points,
however high the electric potential is, there will not be any electric field. Thus, the relation between electric field
and electric potential can be generally expressed as - “Electric field is the negative space derivative of electric
potential.”

Electric Field and Electric Potential

The relation between Electric field and electric potential is mathematically given by-

_ _ dav
E__d:c
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Where,

E is the Electric field.

V is the electric potential.

dx is the path length.

- Sign is the electric gradient

Direction of Electric Field

If the field is directed from lower potential to higher then the direction is taken to be positive.

If the field is directed from higher potential to lower potential then the direction is taken as negative.

Test charge Formula ‘ Electric gradient
Positive b Higher as you go closer towards
Y [PEdl =V, -V, SO
qQ test charge.
Negative b - Higher as you go move away from
g w_ _[ Edl =V, -V, g you g y
q 0 test charge.

Equipotential surface

W (b
%_Lﬂm 0

Electric potential is perpendicular
to Electric field lines.

Electric Field and Electric Potential Relation Derivation:

W( % j = _Lbl:“.df = qOI:E.dT

a—b
Where,
e  Fisthe force applied
e dlisthe short element of the path while moving it from a to b.

The force can be written as charge times electric field.
= qo f; E.dl
Dividing both sides by test charge qo
2 = ["E.d
Work done by the test charge is the potential Va- Vi
[PE.dl=V, -V,

For equipotential surface, Va= Vy thus,
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Class : 12th Physics

Chapter- 1: Electric Charges and Fields

_\‘
|
/’/

' AII obsemble charges
must be integral multiple :

Conservation of charge

Quantization of charge

ofe.i.e.
Q=ne
: where n = integers

.
Yesssussgusunas®

® Two kinds of charges + ve and - ve
* S.1 unit is coulomb (C)
1 C = charge flowing through
® awirein 1sec if current in itis 1A
le = 1.602 x 10*C

-----u--u-u-uuuuu----cu.

i Ap = EAS, A5 = area vector &

E = electricfield
P¢= [Eds
SZecccuesctennscnnescunncenncen -

'u-uuuu-uuu TEsssTEREsAREsEsasssEEEATIEASERRTEeRan

: » Force between two charged particle

F= _31..‘11_ E.l_‘h. force is attractive when g,

© and q, are of opposite sign,
otherwise repulsive

-k

k= — ~9x10°Nm’C*
4mg,

: * Force between multiple charges

e S T S
Fu+AFu+Fu+Fu+ -~ gr,’, ty,

¢ where ry is the unit vector along

charge particle under consideration

f,, = distance between I and " particle

“The electric force with which two

charges attracts or repel one another are not

affected by the presence of other charges”.
It is known as Superposxuon Pnnuple

PR

Electric
Charges and
Fields
....... —.-u...--.—. PEPTTTTTITLr IS E"-Elech'icﬁeld.duet& E. Fi ldduetohnearch
Eds = q,/& = : : : arge
: e : i uniformlycharged: @ distribution
iwhere, q;, = net charge enclosed : i sphereatan : : E =M2neg,
.7 flu through a losed surace ie Outsidepoint i i A= linearchargedensity i
3 :  ie Field due to a plane sheet :
G i E=Qmar i ofcharge
: i Internalpoint i E=gpe
Electric field Electric field due E = QrdneR® ! i o = charge per unit area
ks [ fapeint g } le Onthesurface i e Field duetoa charged
i E=QlngR? i i conducting plate
.................. . : E=d/g
N e R PR R e D g R G, c=charge T unit area
: - Always normal to E=F =k QNO ¢ e Electric field due to dipole Field insidepaeoonductor =10
: conducting surface * : 3 atadal position Electric field due to a thin
* - Lines originating from : -+ unit = N/C & = » +
Fiaa chargs P unit A - = 1 [li_’_]r i spherical shell at a point ;
* - Terminating at -ve i Due to dlsc;re(c distribution of charges : dneg\ r :: Outside the shell, E = Q/WE
: charge E=)FE S 3o Electric field due to divol :: Inside the shell, E=0 3
: - Never i h : i > 3 !  to dipole 3
Otheevrer nersect ea i Due to continuous distribution of charges: = at equatorial position E : On the surface E = Q/4ng,R*
: - Never from closed E=k Id_?.? i P : +® Electric field due to uniformly
 loop fdQ : SHiB[= 4,;:.,(_J it charged share atan :
* - Are imaginary lines. El=k [S= : 3 ¥ . X :
F il ) I ] f P “*Torque on an electric dipole placed: ¢ e pou 3
.................................................................. ;manelectncheld (E) :E B=Q/4Wz
E t=pxe = pEsind ¥ Internal point
Serssssessrssnansassesre et E=Qr/4neoR’ >
i On the surface
i E=QAnR’ :
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Important Questions

Multiple Choice Questions

1.

The surface considered for Gauss’s law is called
(a) Closed surface

(b) Spherical surface

(c) Gaussian surface

(d) Plane surface

The total flux through the faces of the cube with
side of length a if a charge q is placed at corner A
of the cube is

a
@ g

9
(b) 4e,

q
© 5

R

€9
Which of the following statements is not true
about Gauss’s law?

(a) Gauss’s law is true for any closed surface.

(b) The term q on the right side of Gauss’s law
includes the sum of all charges enclosed by
the surface.

(c) Gauss’s law is not much useful in calculating
electrostatic field when the system has some
symmetry.

(d) Gauss’s law is based on the inverse square
dependence on distance contained in the
coulomb’s law

A charge Q is placed at the center of the line
joining two point charges +q and +q as shown in
the figure. The ratio of charges Q and q is

+q ] +q

10.

(a) 4

(b) 1/4

(c)-4

(d)-1/4

The force per unit charge is known as
(a) electric flux

(b) electric field

(c) electric potential

(d) electric current

Electric field lines provide information about
(a) field strength

(b) direction

(c) nature of charge

(d) all of these

Which of the following figures represent the
electric field lines due to a single negative charge?

(a) «—(- B) —»{—

— —_—
-— ——e
(0) «—C— (@) —o—
-« —_

The SI unit of electric flux is

(a) N C1m-2

(b)NCm?

(c) N C2m?

(d) N C'm?

The unit of electric dipole moment is
(a) newton

(b) coulomb

(c) farad

(d) Debye

Consider a region inside which, there are various

types of charges but the total charge is zero. At

points outside the region
(a) the electric field is necessarily zero.

(b) theelectric field is due to the dipole moment
of the charge distribution only.
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(c) the dominant electric field is inversely pro-
portional to r3, for large r (distance from
ori-gin).

(d) the work done to move a charged particle
along a closed path, away from the region
will not be zero.

Very Short:

1.

10.

What is the value of the angle between the
vectors P and E for which the potential energy of
an electric dipole of dipole moment P, keptin an
external electric field E, has maximum value.
Define electric field intensity at a point.

Two equal point charges separated by 1 m
distance experience force of 8 N. What will be the
force experienced by them, if they are held in
water, at the same distance? (Given: Kwater = 80)
A charge ‘q’ is placed at the centre of a cube of
side 1. What is the electric flux passing through
each face of the cube?

Why do the electric field lines not form closed
loops?

Two equal balls having equal positive charge ‘q’
coulomb are suspended by two insulating strings
of equal length. What would be the effect on the
force when a plastic sheet is inserted between the
two?

What is the electric flux through a cube of side |
cm which encloses an electric dipole?

Why are electric field lines perpendicular at a
point on an equipotential surface of a conductor?
What is the amount of work done in moving a
point charge Q. around a circular arc of radius r’
at the centre of which another point charge ‘q’ is
located?

How does the electric flux due to a point charge
enclosed by a spherical Gaussian surface get
affected when its radius is increased?

Short Questions:

1.

(a) Electric field inside a conductor is zero.
Explain.
(b) The electric field due to a point charge at any
point near it is given as:
E= limE
a—0 q

what is the physical significance of this
limit?

Define the electric line of force and give its two

important properties.

Draw electric field lines due to (i) two similar
charges, (ii) two opposite charges, separated by a

small distance.

An electric dipole is free to move in a uniform
electric field. Explain what is the force and torque

acting on it when it is placed
(i) parallel to the field
(ii) perpendicular to the field

A small metal sphere carrying charge +Q. is
located at the centre of a spherical cavity in a
large uncharged metallic spherical shell. Write
the charges on the inner and outer surfaces of the
shell. Write the expression for the electric field at

the point P1

Two-point charges q and -2q are kept ‘d’ distance
apart. Find the location of the point relative to
charge ‘q’ at which potential due to this system of

charges is zero.

Two small identical electrical dipoles AB and CD,
each of dipole moment ‘p’ are kept at an angle of
120° as shown in the figure. What is the resultant
dipole moment of this combination? If this
system is subjected to the electric field (E )
directed along +X direction, what will be the
magnitude and direction of the torque acting on
this?

A metallic spherical shell has an inner radius R1
and outer radius Rz. A charge Q is placed at the
centre of the spherical cavity. What will be
surface charge density on (i) the inner surface,

and (ii) the outer surface?

Long Questions:

1.

(a) State Gauss theorem in electrostatics. Using
it, prove that the electric field at a point due
to a uniformly charged infinite plane sheetis
independent of the distance from it.

(b) How is the field directed if (i) the sheet is
positively charged, (ii) negatively charged?

Use Gauss’s law to derive the expression for the

electric field [E ) due to a straight uniformly

charged infinite line of charge A Cm-1.
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Assertion and Reason Questions-

1. For two statements are given-one labelled
Assertion (A) and the other labelled Reason (R).
Select the correct answer to these questions from
the codes (a), (b), (c) and (d) as given below.

a) Both A and R are true, and R is the correct
explanation of A.

b) Both A and R are true, but R is not the
correct explanation of A.

c) Aistrue butRis false.

d) Aisfalse and R is also false.

Assertion (A): The electric flux emanating out

and entering a closed surface are 8 x 103 and 2 x

103Vm respectively. The charge enclosed by the

surface is 0.053pC.

Reason (R): Gauss's theorem in electrostatics

may be applied to verify.

2. For two statements are given-one labelled
Assertion (A) and the other labelled Reason (R).
Select the correct answer to these questions from
the codes (a), (b), (c) and (d) as given below.

a) Both A and R are true, and R is the correct
explanation of A.

b) Both A and R are true, but R is not the
correct explanation of A.

c) Aistrue butRis false.
d) Ais false and R is also false.
Assertion (A): Charge is quantized.

Reason (R): Charge which is less than I C is not
possible.

Case Study Questions-

1. Electric field strength is proportional to the
density of lines of force i.e., electric field strength
at a point is proportional to the number of lines
of force cutting a unit area element placed normal
to the field at that point. As illustrated in the given
figure, the electric field at P is stronger that at Q.

() Electric lines of force about a positive point
charge are:

a) Radially outwards.
b) Circular clockwise.
c¢) Radially inwards.
d) Parallel straight lines.
(ii) Which of the following is false for electric

lines of force?

a) They always start from positive
charges and terminate on negative
charges.

b) They are always perpendicular to the
surface of a charged conductor.

c¢) They always form closed loops.

d) They are parallel and equally spaced in
aregion of uniform electric field.
(iii) Which one of the following pattern of
electric line of force in not possible in filed
due to stationary charges?

a) P>
>

P—

b)

2
V' V' N

VYY

Region of weak field d)
LY > >
\Region of strong field
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(iv) Electric lines of force are curved: (i) Electric flux passing through surface S is:
a) In the field of a single positive or a) -24Nm2(Ct
negative charge. b) 24Nm2C?!
b) In the field of two equal and opposite ¢) 32NmzCt
charges. d) -32Nm2ct
¢) Inthe field of twolike charges. (i) Electric flux passing through surface S is:
d) Both (b) and (c). a) -24Nm2Ct
(v) The figure below shows the electric field b) 24Nm?C1
lines due to two positive charges. The
) ) ¢) 32Nmz(Ct
magnitudes Ea Egpand Ecof the electric
- 2C-1
fields at points A, Band C respectively are d) -32Nm?C
related as: (iif) The surfaces that have zero flux are:
oB a) SiandSs
Ae b) Ssand Se
oC ¢) Szand S4
d) SiandS$S:
(iv) The total net electric flux through all faces of
the cube is:
a) Ea>Ep>Ec a) 8Nm2(Ct
b) Es>Ea>Ec b) -8NmzC?
c) Ea=Ep>Ec c) 24Nm2(C1?
d) Ea>Ep=Ec d) Zero.

2. Net electric flux through a cube is the sum of (v) The dimensional formula of surface
fluxes through its six faces. Consider a cube as integral §E. dS of an electric field is:
shown in figure, having sides of length L = a) [ML2T2A1]
10.0cm. The electric field is uniform, has a b) [ML3T3A1]

. _ — :
magnitude E = 4.00 x 103N C-1and is parallel to 0 [ML1T? A9
the xy plane at an angle of 372 measured from the
. . d) [ML3T3A1]
+ X - axis towards the + y - axis.
z
N
S, (Top) g
pd / 6
% (Back)
S
// 3
S—» v &7 (Right side)
(Left side)
/7‘ A
(Front) (Bottom)
@ www.stepupacademy.ind.in o @stepupacademyindia €) @stepupacademyindia (@) @stepupacademy_



@ Step Up Academy

| 21

Answer Key

Multiple Choice Answers-

© ©® N o 1o W N e

10.

Answer: c
Answer: a
Answer: c
Answer:
Answer:
Answer:
Answer:

Answer:

Q o T a T o

Answer:

Answer: c

Very Short Answers:

1.

10.

Answer:

P.E.=-pEcos 6

P.E. is maximum when cos 6 =- 1, i.e.

6 =180°

Answer: Electric field intensity at a point is
defined as the force experienced by a unit test
charge placed at that point. Mathematically

we have

E= Limi
8q—0 Sq

Answer: The force in water is given by
F, 8

W= % “80" 0.1N
Answer: ® = q/6¢o
Answer: It is due to the conservative nature of
the electric field.

Answer: It decreases because force o = % and k >
1.

Answer: Zero

Answer: So that no net force acts on the charge
at the equipotential surface, and it remains

stationary.
Answer: Zero.

Answer: No change, as flux does not depend

upon the size of the Gaussian surface.

Short Questions Answers:

1.

Answer:

(a) By Gauss theorem ¢F -dS =9 Since there
€

is no charge inside a conductor therefore in

accordance with the above equation the
electric field inside the conductor is zero.

(b) It indicates that the test charge should be
infinitesimally small so that it may not
disturb the electric field of the source
charge.

Answer:

It is a line straight or curved, a tangent to which
at any point gives the direction of the electric
field at that point.

(a) No two field lines can cross, because at the
point of intersection two tangents can be
drawn giving two directions of the electric
field which is not possible.

(b) The field lines are always perpendicular to
the surface of a charged conductor.

Answer:

(a) The diagram is as shown.

(b) The diagram is as shown.

+q
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Answer:

(i) When an electric dipole is placed parallel to
a uniform electric field, net force, as well as
net torque acting on the dipole, is zero and,

thus, the dipole remains in equilibrium.

(ii) When the dipole is placed perpendicular to
the field, two forces acting on the dipole
form a couple, and hence a torque acts on it
which aligns its dipole along the direction of
the electric field.

Answer:

Charge on inner surface -Q.

Charge on outer surface +Q.

Q
I 12

Electric field at point P=F =k

Answer:

Let the potential be zero at point P at a distance x

from charge q as shown

Now potential at point P is

y kK2
X d+x

Solving for x we have
x=d
Answer:

The resultant dipole moment of the combination

is

P, :\/p2 +p® +2p* cos120° =p
since cos 120°=-1/2

This will make an angle of 30° with the X-axis,

therefore torque acting on it is

1=PE sin 30° = pE/2 (Along Z-direction)

Answer: The induction of charges is as shown.

+Q

X

Therefore, surface charge density on the inner
and the outer shell is on the outer surface is
Q.

4nR?

+Q
4mR;

inner —

outer —

Long Questions Answers:

1.

Answer:

It states, "The net electric flux through any

: . 1
Gaussain surface is equal to — times the net
€

electric charge enclosed by the surface.”

Mathematically, ® = ¢E -dA = Zﬂ

0
Consider an infinite plane sheet of charge. Let a
be the uniform surface charge density, ie. the
charge per unit surface area. From symmetry, we
find that the electric field must be perpendicular
to the plane of the sheet and that the direction of
E on one side of the plane must be opposite to its
direction on the other side as shown in the figure
below. In such a case let us choose a Gaussian
surface in the form of a cylinder with its axis
perpendicular to the sheet of charge, with ends of
area A.
The charged sheet passes through the middle of
the cylinder’s length so that the cylinder’s ends
are equidistant from the sheet. The electric field
has a normal component at each end of the
cylinder and no normal component along the
curved surface of the cylinder. As a result, the
electric flux is linked with only the ends and not
the curved surface.

Gaussian
surface
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Therefore, by the definition of electric flux, the or
flux Linked with the Gaussian surface is given by Al 1 2
- E-2nrl=—=E= —
(I)zc'{)AE-AA € 2me, r
b=E,+E,=2E, (1) This is the expression for the electric field due to

, an infinitely long thin wire.
But by Gauss's Law
The graph is as shown.

cA
d):i:—[','q:GA] ....(2) T
€ &
From equations (1) and (2), we have E
28, -4 (3)
&g
c
E=— (4 X
2 4) -
(b) (i) directed outwards Assertion and Reason Answers-
(ii) directed inwards. 1. (a) Both A and R are true, and R is the correct
2. Answer: explanation of A.
Explanation:
According to Gauss's theorem in electrostatics,
q
¢ =—
%
& o
]
; ¢=-L =8.85x1072[8x10° ~2x10° |
| €9
1
: =53.10x10"° € =0.053uC.
L
| 2. (c) Aistrue but R is false.
:I Explanation:
]
' The charge q on a body is given as q = ne where n
+ is any integer positive or negative. The charge on
P the electron is q = 1.6 x 10-1°C which is less than
1C.
Case Study Answers-
Consider an infinitely Long, thin wire charged 1. Answer:
positively and having uniform Linear charge (i) (a) Radially outwards

density A. The symmetry of the charge

distribution shows that must be perpendicular to (ii) (c) They always form closed loops.

the tine charge and directed outwards. As a result Explanation:

of this symmetry, we consider a Gaussian surface Electric lines of force do not form any closed
in the form of a cylinder with arbitrary radius r loops.

and arbitrary Length L. with its ends (iii) (c)

perpendicular to the wire as shown in the figure.
Applying Gauss’s theorem to curved surface AA1

AL

and circular surface AA:.

OEAAT cos 0°+ EAA2 cos 90° = L = M YY AA

€& &
4 >
for=d) >
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Explanation:
Electric field tines can't be closed.
(iv) (d) Both (b) and (c).
(v) (@) Ea>Es>Ec
2. Answer:
(i) (d)-32Nm?C™
Explanation:

Electric flux, ¢=FE-A=EAcos 6.

Where A=An

For electric flux passing through
56,;156 =—i (Black)
“. s, ==(4x10° NC)(0.1m)’ cos 37°

-32m*C™
(i) -24Nm*C™
Explanation:

For electric flux passing through
S5, =] (Left)
~.05, ==(4x10° NC)(0.1m)’ cos(90°~37°)

-24m?C?

(i) (c)S;and S,

(iv)

v)

~.¢5, =—(4x10° NC)(0.1m)’ cos 90°=0
A =+] (Right)

fig, =—k (Bottom)

~.95, ==(4x10° NC)(0.1m)” cos 90°=0
And, g, =—{ (Front)

~.¢5, ==(4x10° NC1)(0.1m)’ cos 37°

-32Nm’°C™!

S, and S, surface have zero flux.
(d) Zero

Explanation:

As the field is uniform, the total flux through
the cube must be zero, i.e., any flux entering

the cube must leave it.

() [ML*T3A™Y]

Explanation:

Surface integral (J.)E'-dg“ is the net electric
flux over a closed surface S.

~[os]=MLPT AT

Explanation:
Here, f)sz =+k (Top) o%0 oo
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Electrostatic Potential
and Capacitance

Introduction

In the previous chapter, we have learnt about "Electric Charges and Fields". In this chapter, we shall focus
Electrostatic Potential and Capacitance. The energy point of view can be used in electricity, and it is especially
useful. Energy is also a tool in solving Problems more easily in many cases then by using forces and electric fields.

Electric energy can be stored in a common device called a capacitor, which is found in nearly all electronic circuits.
A capacitor is used as a storehouse for energy. Capacitors store the energy in common photo flash units.

Electrostatic Potential:
The electrostatic potential (V) at any point in a region with electrostatic field is the work done in bringing a unit
positive charge (without acceleration) from infinity to that point. If 'W' is the work done in moving a charge ‘q’

from infinity to a point, then the potential at that pointis V = F

Electric Potential Difference:
Similar to electric potential, the electric potential difference is the work done by external force in bringing a unit
positive charge from point R to point P. i.e,,
Up — Ug
q
Here Vp and Vr are the electrostatic potentials at P and R, respectively and Up and Ur are the potential energies of

Vp— Vg =

a charge q when it is at P and at R respectively.

Note: As before, that it is not the actual value of potential but the potential difference that is physically significant.
If, as before, we choose the potential to be zero at infinity, the above equation implies. Electric potential is a scalar
quantity.

Unit for Electric Potential:

The unit of measurement for electric potential is the volt, so electric potential is often called voltage. A potential of
1 volt (V) equals 1 joule (J) of energy per 1 coulomb (C) of charge.

1V=11
o

Conservative Forces:

When one form of energy gets converted to another completely on application or removal of external force, the

forces are said to be conservative. Examples of
E = mgh
Work done by

conservative
gravitational force is
same for different paths
followed by a particle to
reach from one point to
another.

conservative forces are sum of kinetic and potential
energies working on a body, spring and ExamFear.com
gravitational force, coulomb force between two
stationary charges, etc.

Work done in moving an object from one point to
another depends only on the initial and final

positions and is independent of the path taken.
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Potential due to a Point Charge:

Consider a point charge q placed at point O. Consider any point P in the field
of the above charge. Let us calculate the potential at point P due to the charge

q kept a point O. Since work done is independent of path, we choose a f—-"‘* E
convenient path, along the radial direction. f:___..*"'—‘ +1C
Let the distance OP =r. q _*,,--"#
The electric force at P, due to q will be directed along OP, given by 5
1 9%
4me,  r?

If the work done by moving this positive charge to dr distance is dW then,
dW =F (-dr)

dez —fF.dr
de= —J-F.dr

Hence, the total work done in bringing this charge from (o) to 'r' will be,

r
1
sz Mo ar
o dmey T

r
1
W=—- i —zdr
4meg Joo T
1 r
W= — q9o [_ _]
4meg Ll rly
__1
4me, 12
Hence, from V = qﬂelectric potential is,
0
__1 a
S 4mey T

This equation is true for any sign of charge q. For q < 0, V < 0, i.e.,, work done by the external force per unit positive
test charge to bring it form infinity to the point is negative. Also, this equation is consistent with the choice that
potential at infinity be zero.

Potential Energy & Electrostatic Potential Relation

Potential energy and electrostatic potential are related concepts in the context of electrostatics. Let's break down
this relationship:

1. Potential Energy (U): Potential energy is a measure of the stored energy an object possesses due to its
position or configuration. In the context of electrostatics, we often consider the potential energy associated
with electric charges.

2. Electrostatic Potential (Electric Potential) (V): Electrostatic potential, often referred to as electric
potential, is a measure of the electric potential energy per unit charge at a point in an electric field. It's also
known as voltage. Electric potential is a scalar field that describes the electric potential energy experienced
by a charged particle at a specific location within an electric field.

The relationship between potential energy (U) and electrostatic potential (V) is described by the following
formula:

U=qxV
Where:
e  Uisthe potential energy of a charge (measured in joules, J).

e  qisthe charge (measured in coulombs, C) experiencing the potential energy.
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e  Visthe electric potential at the location of the charge (measured in volts, V).

Electric Potential Due to System of Charges

A single-point charge is rarely encountered in real life. Most of the systems found in real-life comprise multiple
charges. For a system of point charges, the total potential at a point is given by the algebraic sum of the potential
for individual charges at that point. The figure given below represents a system of point charges.

For example, in a system containing charges q;, q,, q; at a distance of r;;, a1
I,p, and ry, from a point. Then, the potential at this point by individual
charges will be given by, Mp
v L a
dmer, r2p
P _r“- q2
W U
dner,
1 &
y- L&
4me 1
q3

The net potential due to these point charges is given by,

V:L i+q_2+&
dne\rnp Lp Iy

In general,
For a system of point charges containing charges q,, q,, 95,9, ... at a distance of ryp, r,p and rp.... from a point.

V:L(q—l+&+&+ ..... ]

dnelrp Lp Ip

Electric Potential Energy Due to System of Charges

An

Equipotential Surfaces:
An equipotential surface is a surface with a constant value of potential at all points on the surface. For a single
charge q, the potential is given by
1 q
- 4me, r

This shows that V is a constant if r is constant. Thus, equipotential surfaces of a single point charge are concentric
spherical surfaces centered at the charge.

Equipotential surface

Ve

Field lines

Equipotential| —»
surface

-
P
"
>
.
»
.
r\

Field lines

R

Example:
e  Surface of a charged conductor.

e  All points equidistant from a point charge.
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Note:

e  An equipotential surface is that at which, every point is at the same potential. As the work done is given by
(Va - VB)qo.

e  Work done by electric field while a charge moves on an equipotential surface is zero as Va = V.

Electrostatics of Conductors:

Conductors contain mobile charge carriers. In metallic conductors, these charge carriers are electrons. In a metal,
the outer (valence) electrons part away from their atoms and are free to move. These electrons are free within the
metal but not free to leave the metal.

Whenever a conductor is placed in an external electric field, the free electrons in it experience a force due to it and
start moving opposite to the field. This movement makes one side of conductor positively charged and the other
as negatively charged. This creates an electric field in the conductor in a direction opposite to external electric field
(called induced field).

Important Points about Electrostatics of Conductors:

o Inside a conductor, electrostatic field is zero: In the previous chapter, we have already discussed that
“when there is no electric current inside or on the surface of a conductor, the electric field inside the
conductor is everywhere zero”.

e  Atthe surface of a charged conductor, electrostatic field must be normal to the surface at every point:
If the field E is not normal to the surface, it will have a nonzero component along the surface. Hence the free
charge on the surface will move due to electrostatic force on it. But free charge on the surface in electrostatics
remains at rest. So, the electrostatic field at the surface of a charged conductor must be normal to the surface.

o  Electrostatic Shielding: In an electrostatic situation, if a conductor contains a cavity and if no charge is
present inside the cavity, then there can be no net charge anywhere on the surface of the cavity. This means
that if you are inside a charged conducting box, you can safely touch any point on the inside walls of the box
without being electrocuted. This is known as electrostatic shielding.

Dielectrics and Polarization:

Dielectrics are non-conducting substances. In contrast to conductors,

they have no (or negligible number of) charge carriers. When a
conductor is placed in an external electric field, the free charge w EED @ m
carriers move and charge distribution in the conductor adjusts itself .
in such a way that the electric field due to induced charges opposes
the external field within the conductor. This happens until, in the

static situation, the two fields cancel each other and the net in @ @ w
electrostatic field in the conductor is zero.
 GRIGISISE

When a dielectric material is keptin an electric field, the external field P ag

induces dipole moment by stretching or reorienting molecules of the w @ @ w

dielectric. This results in development of net charges on the surface

of the dielectric which produce a field that opposes the external field. w @ @ m
In general, the dielectric can be classified into Polar and Non-polar w @ @ w

dielectrics. In a non-polar molecule, the centers of positive and

negative charges coincide. The molecule thus has no permanent w @ @ w

dipole moment. Examples of non-polar molecules are oxygen (02)

and hydrogen (Hz) molecules which, because of their symmetry, have
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no dipole moment. On the other hand, a polar E=0 E£0

molecule is one in which the centers of positive and

negative charges are separated (even when there is @ @ E:'D E:'B

no external field). Such molecules have a permanent @ @

molecule of water (H20) are examples of polar

molecules. @ @ @ @ @ @

Behavior of a non-polar dielectric: In an external @ E:-D
electric field, the positive and negative charges of a

dipole moment. An ionic molecule such as HCI or a

nonpolar molecule are displaced in opposite (a) Non-polar molecules

directions. The displacement stops when the E=0 E%0

external force on the constituent charges of the
molecule is balanced by the restoring force. The ﬁ @
non-polar molecule thus develops an induced dipole @
moment. The dielectric is said to be polarized by the

external field. GF = %
Behavior of a polar dielectric: A dielectric with @ @
polar molecules also develops a net dipole moment

@@%
P <»
@@

in an external field, but for a different reason. In the (b) Polar molecules

absence of any external field, the different

permanent dipoles are oriented randomly due to thermal agitation; so, the total dipole moment is zero. When an
external field is applied, the individual dipole moments tend to align with the field.

Capacitors and Capacitance:

A capacitor is a system of two conductors separated by an insulator. If two conductors have a potential difference
between them then, as any potential difference is able to accelerate charges, the system effectively stores energy.
Such a device that can maintain a potential difference, storing energy by storing charge is called capacitor. When
charges +Q and -Q are given to two plates, a potential difference is developed between the plates. The capacitance
of the arrangement is defined as.

0@
\Y%
Definition of Capacitance: Capacitance is defined as the amount of charge required to raise the potential of a
conductor by one volt.

Capacity of an isolated spherical conductor:

Consider a sphere with center O and radius r, which is supplied with a charge = +q. This charge is distributed
uniformly over the outer surface of the sphere. Thus, the potential at every point on the surface is same and is

given by.
_ 9
4megr
Q
AsC=—
tTY
C = 4meyr

The Parallel Plate Capacitor:

The arrangement consists of two thin conducting plates, each of area A and separated by a small distance d. When
charge q is given to first plate, a charge -q is induced on the inner face of other plate and positive on the outer face
of plate. As this face is connected to earth, a net negative charge is left on this plate. Thus, the arrangement is
equivalent to two thin sheets of charge. As d is much smaller than the linear dimension of the plates (d2? << A), we
can use the result of electric field by an infinite sheet of charge. The electric field between the plates is.
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+q
+
+
Area A |+
—+
+
+
+
E= o n o
T 28, 2g
o
E=—...(D)
€

For uniform field potential difference between the plates.

Effect of Dielectric on Capacitance:

V= Ed=

od
... Fromeq (1)

When a dielectric slab of dielectric constant K is inserted between the plates filling the entire space between the
plates. The plates of the capacitor are given charge +Q and -Q and hence induced charges -QP and +QP appear on
the surfaces of the slab. So, capacitance is increased to K times when the space between the plates is filled with a

dielectric of dielectric constant K.

Combination of Capacitors:

Series Grouping:

The arrangements shown in figure are examples of series grouping. When capacitors can be arranged in a row, so
that there is no connection from in between two capacitors to any third capacitor, it is called a series combination.
Or, when same charge flows through each capacitor connected.

g -9 @9
+ -+
+ -+
+ - o+
+ -+
+ -+
+ -+
+ -+
+ -+
C, c,

-Q

Q -9 Q -9

+ + + +
|

+ + + +
|

1

+ + + +
I

+ + + +
I

G G
1 1 1

=t —+—
C C  C Cs

Parallel Grouping: The arrangements shown in figure are examples of parallel combination. When two or more
capacitors are connected between two given points, they are said to be in parallel. Or, when capacitor bears same

potential difference across it.
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Gy (il
C=C1+C2+C3

Van de Graaff Generator:

Van de Graaff generator is a machine that can built up voltages in order of a few million volts. The resultant electric
fields are used to accelerate charged particles (proton, electrons, ions) to high energies required for experiments
to examine small scale structure of matter.

high-voltage terminal

pressure tank

positive ion source

charge remover points

charge conveyor belt ———— |
/ acceleration tube

ground plane

spray points

controllable spray voltage é

[+ + + + + +][+ + ==
\

| driving motor

W

U

target
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4ne, <, to a point charge

Class : 12th Physics

Chapter- 2 : Electrostatic Potential and Capacitance

e
Free naney

sessssssssasasannnss
H = -
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v=_L pCosh
T
Where p = qd :q Ao
0= ZAON

= =L£ i
At0 =0,V = - faial positon]
At,0 = 90°, V = 0 [equitorial position]

4ne, 1

|e—a —|

¢ Capaci of a parallel plate cap ;
: C=KgA/d, K= dielectricconstant &

e L)

gl"arallel grouping of capad!ors'g
IC=C+C+C+----+C,2
*for two, C=C. +G :

®esssssssssannsenansesnnany

+Energy stored in a capacitor;

iu=lev-&
u=tov=2

"

Work done per unit test charge by
an external agent in moving

charge from reference point to the
desired point S.I. unit J/C
V, = Work done/charge

the test
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Electrostatic
Potential and
Capacitance
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For isolated sphere
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Insulators
Such a material
in which electrons
are tightly bound,
& when exposed in
an electric field,
Electrons does not
move ie. having no
free electrons

to the field.

* Electric field inside a conductor is zero

 Electric field is always perpendicular to
the charged surface

« In static state, there will be no additional
charge in a conductor

o F= 49 g dielectric constant of
4nKe,r* medium
« Adielectric is an electrical insulator that

can be polarized by an applied electric field.

§ « Potential is same at all the § It is negative of work done by the electric y
i points of the surface : force as the configuration of the : ?fliv: Esmeg%. ¢ dipck
i « Component of electric field system changes. o vers when sheipert
¢ parallel to an equipotential : TR SR - L A fro O |
i surface is zero. Vi = HR W 4ng, \n, 1, =t then )
é E&« § If the separation between charges is ‘r’ Uy = Ug- = I”PB sareds
g potentisl.; =45 9% = BxE
§ o Surface 5 thenU = lm:r- Uy =-pEcosO= pxE
Fesstusacassnsrsnanssrensesasncansnsarase If it is rotated through angle 6

Potential Difference, against the torque

Uy -U
Vi V= 2B MA
B A q
U, - U, = change in Potential Energy
q = test charge
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Important Questions

Multiple Choice Questions-

1.

Which of the following statement is true?

(a) Electrostatic force is a conservative force.

(b) Potential ata point is the work done per unit
charge in bringing a charge from any point
to infinity.

(c) Electrostatic force is non-conservative

(d) Potential is the product of charge and work.

1 volt is equivalent to

newton
(a)

second
(b) newton

coulomb
© joule

second
d) joule

second

The work done in bringing a unit positive charge
from infinite distance to a point at distance x from
a positive charge Q is W. Then the potential at

that point is:
@ W
X
DR
o Y
X
@ WQ

Consider a uniform electric field in the z-
direction. The potential is a constant

(a) for any x for a given z

(b) for any y for a given z

(c) on the x-y plane for a given z
(d) all of these

Equipotential surfaces

(a) are closer in regions of large electric fields
compared to regions of lower electric fields.

(b) will be more crowded near sharp edges of a
conductor.

(c) will always be equally spaced.
(d) both (a) and (b) are correct.

6.

10.

In a region of constant potential

(a) the electric field is uniform.

(b) the electric field is zero.

(c) there can be no charge inside the region.
(d) both (b) and (c) are correct.

A test charge is moved from lower potential point
to a higher potential point. The potential energy
of test charge will

(a) remain the same
(b) increase

(c) decrease

(d) become zero

An electric dipole of moment P is placed in a

uniform electric field E. Then
(i) the torque on the dipole is PxE

(ii) the potential energy of the system is P.E

(iii) the resultant force on the dipole is zero.
Choose the correct option.

(a) (i), (ii) and (iii) are correct

(b) (i) and (iii) are correct and (ii) is wrong

(c) only (i) is correct

(d) (i) and (ii) are correct and (iii) is wrong

If a conductor has a potential V # 0 and there are
no charges anywhere else outside, then

(a) there must be charges on the surface or
inside itself.

(b) there cannotbe any charge in the body of the
conductor.

(c) there must be charges only on the surface.

(d) both (a) and (b) are correct.

Which of the following statements is false for a

perfect conductor?

(a) The
equipotential surface.

surface of the conductor is an

(b) The electric field just outside the surface of
a conductor is perpendicular to the surface.

(c) The charge carried by a conductor is always
uniformly distributed over the surface of the
conductor.

(d) None of these.
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Very Short:

1. Express dielectric constant in terms of the
capacitance of a capacitor.

2. Onwhat factors does the capacitance of a parallel
plate capacitor depend?

3.  Whatis the ratio of electric field intensities at any
two points between the plates of a capacitor?

4. Write a relation between electric displacement
vector D and electric field E.

5. Write the relation between dielectric constant
(K) and electric susceptibility xe.

6. A hollow metal sphere c radius 5 cm is charged
such that the potential on its surface is 10 V. What
is the potential at the center of the sphere?

7.  What is the geometrical shape of equipotential
surfaces due to a single isolated charge?

8. Draw the equipotential surfaces due to an
isolated point charge.

9. ‘For any charge configuration, equipotential
surface through a point is normal to the electric
field'. Justify.

10. The given graph shows the variation of charge ‘q’
versus potential difference ‘V for two capacitors
C1and Cz. Both the capacitors have the same plate
separation but the plate area of Cz is greater than
that of Cy Which line (A or B) corresponds to C:
and why?

Short Questions:

1. Draw a plot showing the variation of (i) electric
field (E) and (ii) electric potential (V) with
distance r due to a point charge Q.

2. Two identical capacitors of 10 pF each are
connected in turn (i) in series and (ii) in parallel
across a 20 V battery. Calculate the potential
difference across each capacitor in the first case
and the charge acquired by each capacitor in the
second case.

3. A point charge ‘q’ is placed at O as shown in the

The graph shows the variation of voltage V across
the plates of two capacitors A and B versus
charge Q stored on them. Which of the two
capacitors has higher capacitance? Give a reason
for your answer.

A

—'-{

—FQ

A test charge ‘q’ is moved without acceleration
from A to C along the path from A to B and then
from B to C in electric field E as shown in the

figure,
>
(2, 3)
B E
‘\ >
>
(2,00 2% (6,0)
C A

(i) Calculate the potential difference between A
and C

(i) At which point (of the two) is the electric
potential more and why?

A slab of material of dielectric constant K has the
same area as that of the plates of a parallel plate
capacitor but has the thickness d/2, where d is
the separation between the plates. Find out the
expression for its capacitance when the slab is
inserted between the plates of the capacitor.

Two-point charges q and -2q are kept ‘d’ distance
apart. Find the location of the point relative to
charge ‘q’ at which potential due to this system of
charges is zero.

Four-point charges Q, q, Q,, and q are placed at the
corners of a square of side ‘a’ as shown in the

figure. Is Va - Vs positive, negative, or zero, if ‘q’ is figure.
an (i) positive, (ii) negative charge?
0 A B
L m———mmmmmm—— ==y
g
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(q) Q)
a

Find the potential energy of this system.

Long Questions:

1.

Two-point charges 2 uC and -2 pC are placed at
points A and B 6 cm apart.

(@) Draw the equipotential surfaces of the
system.

(b) Why do the equipotential surfaces get closer
to each other near the point charges?

(a) Obtain the expressions for the resultant
capacitance when the three capacitors Cy, Cz,
and C3 are connected (i) in parallel and then
(ii) in series.

(b) Inthe circuit shown in the figure, the charge
on the capacitor of 4 pF is 16 pC. Calculate
the energy stored in the capacitor of 12 uF
capacitance.

Assertion and Reason Questions-

1. For two statements are given-one labelled Assertion

(A) and the other labelled Reason (R). Select the

correct answer to these questions from the codes

(a), (b), (c) and (d) as given below.

a) Both A and R are true, and R is the correct
explanation of A.

b) Both A and R are true, but R is not the
correct explanation of A.

c) Aistrue, butRis false.

d) Aisfalse, and Ris also false.

Assertion (A): An electric field is preferred in

comparison to magnetic field for detecting the

electron beam in a television picture tube.

Reason (R): Electric field requires low voltage.

Fortwo statements are given-one labelled

Assertion (A) and the other labelled Reason (R).

Select the correct answer to these questions from
the codes (a), (b), (c) and (d) as given below.

a) Both A and R are true, and R is the correct
explanation of A.

b) Both A and R are true, but R is not the

correct explanation of A.
c¢) Aistrue, but Ris false.
d) Aisfalse, and R is also false.

Assertion (A): An applied electric field will
polarize the polar dielectric material.

Reason (R): In polar dielectrics, each molecule
has a permanent dipole moment but these are
randomly oriented in the absence of an externally

applied electric field.

Case Study Questions-

1.

When an insulator is placed in an external field,
the dipoles become aligned. Induced surface
charges on the insulator establish a polarization
field Ei in its interior. The net field Ein the
insulator is the vector sum of Eo and Ei as shown

in the figure.

- . I
Eq £y £y
5

e
ROIEOYINELINY oo + + 7+ + +

(a) (&) (©)

D
DX

[EDEDE D
D

I

1

.],I

1

I

I

DX

On the application of external electric field, the
effect of aligning the electric dipoles in the
insulator is called polarisation, and the field is
known as the polarisation field.

The dipole moment per unit volume of the
dielectric is known as polarisation P. For linear
isotropic dielectrics, P.= X E, where x = electrical
susceptibility of the dielectric medium.sss

(i) Which among the following is an example of

polar molecule?

a) O2
b) H:
) N2
d) HC

(ii) When air is replaced by a dielectric medium
of constant K, the maximum force of
attraction between two charges separated

by a distance:

a) Increases K times.
b) Remains unchanged.
c¢) Decreases K times.

d) Increases 2K times.
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(iii) Which of the following is a dielectric? © ke?
C —_——
a) Copper. 2
b) Glass. (d) Zero
¢) Antimony (Sb). (ii) Four equal charges q each are placed at four
d) None of these corners of a square of side a each. Work
' done in carrying a charge -q from its centre
(iv) For a polar molecule, which of the following to infinity is:
statements is true?
(a) Zero
a) The centre of gravity of electrons and
o NGYe
protons coincide. (b) ——
TG
b) The centre of gravity of electrons and
protons do not coincide. © \/zq
c) The charge distribution is always TEyd
symmetrical. qz
4 The di : (d)
) e dipole moment is always zero. TEyd
(v) When a comb rubbed with dry hair attracts (i) Two points A and B are located in
pieces of paper. This is because the? diametrically opposite directions of a point
a) Comb polarizes the piece of paper. charge of +2uC at distances 2m and 1m
b) Comb induces a net dipole moment respectively from it. The potential
opposite to the direction of field. difference between A and Bis:
3
c) Electric field due to the comb is (a) 3x10°V
uniform. (b) 6x10*V
d) Comb induces a net dipole moment (c) -9x10%V
perpendicular to the direction of field. (d) -3x 10°V
2. This energy possessed by a system of charges by (iv) Two point charges A = +3nC and B = +1nC

virtue of their positions. When two like charges
lie infinite distance apart, their potential energy
is zero because no work has to be done in moving

one charge at infinite distance from the other.

In carrying a charge q from point A to point B,
work done W = q(Va - V). This work may appear

as change in % of the charge. The potential
energy of two charges q1 and gz at a distance r in

%9,
1ne,r

air is

It is measuredin joule. It may be positive,
negative or zero depending on the signs of q: and
qe.

(i) Calculate work done in separating two
electrons form a distance of 1m to 2m air,
where is electric charge and kis electrostatic
force constant.

(a) ke?

eZ
®) =

v)

are placed 5cm apart in air. The work done
to move charge B towards A by 1cm is:

(a) 2.0x107]
(b) 1.35x107]
(©) 2.7x107]
(d) 12.1x107]

A charge Q is placed at the origin. The
electric potential due to this charge at a
given point in space is V. The work done by
an external force in bringing another charge
q from infinity up to the point is:

@ <
q

(b) Vq
(c) V+q
(d) v
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Answer Key

Multiple Choice Answers-

© 0 N Uk W N

Answer: a
Answer:
Answer:
Answer:

Answer:

Q o a T o

Answer:

Answer:

o o

Answer:

Answer: c

10. Answer:d

Very Short Answers:

1.

® N o

Answer: It is given by the expression K = Ciwhere
0

C is the capacitance of the capacitor with
dielectric and Co is the capacitance without the
dielectric.

Answer:
e  Area of plates,
o  The separation between the plates and

° Nature of dielectric medium between the
plates.

Answer: The ratio is one, as the electric field is

the same at all points between the plates of a

capacitor.
Answer:
D=cE+P
Answer: K=1 +xe
Answer: 10V

Answer: Concentric circles.
Answer: These areas are shown.

Equipotential lines

Field Lines

10.

Answer: This is because work done in moving a
charge on an equipotential surface is zero. This is
possible only if the equipotential surface is
perpendicular to the electric field.

Answer: Since C = €0 A/d, since the area for Cz is
more, therefore capacitance of Cz is more. From
the graph greater the slope greater is than the
capacitance, therefore, graph A belongs to
capacitor Co.
capacitance Cy.

While graph B belongs to

Short Questions Answers:

1.

Answer: The plot is as shown.

4.5

£

3.5

<=8 m
g
ad

—
W = opron

(=]

Answer:

(i) Since the two capacitors have the same
capacitance, therefore, the potential will be
divided amongst them. Hence V =10 V each

(ii) Since the capacitors are connected in
parallel, therefore, potential difference = 20
\

Hence charge Q =CV =10 x 20 =200 pC

Answer:
q (1 _1
4ne,\OA OB

~ If q is positive then Va - Vg is positive and

If V, —V, =

AsOA<OB

if q is negative Va - Vg is also negative.
Answer:

Capacitor A has higher capacitance. We know
that capacitance C=Q/V.

For capacitor A
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c -9 Long Questions Answers:
=
Va Answer:
For capacitor B (@) The diagram is as shown.
)
Vg
AsVg>Va
~Cp<Ca
Thus, capacitance of A is higher.
5. Answer:
(b) We know thatE =-dV/dr
(i) dV=-Edr=-E(6-2)=-4E
Therefore, dr = - dV/E
(ii) Electric potential is more at pointCas dV = - i o i
] ] . . Since near the charge, electric field E is large, dr
Edr, i.e. the electric potential decreases in .
will be less.
the direction of the electric field.
Answer:
6. Answer:
(i) Parallel combination of three capacitors.
Givent=d/2,C=7?
' _ _ _ Let three capacitors of capacitances Ci, Cz,
We know that when a dielectric of thickness ‘t’ is and Cs be connected in parallel, and
inserted between the plates of a capacitor, its potential difference V be applied across A
capacitance is given by and B. If q be total charge flowing in the
_gA circuit and q1 g2 and g3 be charged flowing
B d—t+4 across.
Hence we have C1, C2, and C3 respectively, then
= P +
Ced eKeyA gapins” = 1 _
d—%+§ d(1+K) orq=_C1V+C2V + C3V ...(i)
G
7. Answer: + -
Let the potential be zero at point P at a distance x % C\
from charge q as shown 32 4
5 L
d
X e > G, =
P +q -2q
Now potential at point P is
kq k(-2
V=;q+%= If CP is the capacitance of the arrangement
in parallel, then
Solving for x we have
q=_CpV
x=d . .
So equation (i) becomes
8. Answer:

The potential energy of the system
po (42, @, &
dmey\ a  aq 2 ax/_

1
U=—14
4nsoa[ 0

+£+Q_2j
2

CpV =C1V + C2V + C3V
Or
Cp=C1+C2+C3

(ii) Series combination of three capacitors Let
three capacitors C1, Cz, and C3 be connected
in series. Let q charge be flowing through
the circuit.

@ www.stepupacademy.ind.in

Q @stepupacademyindia ) @stepupacademyindia

(@) @stepupacademy_



@ Step Up Academy

| 39

If V1, V2, and V3 be potential differences
across the plates of the capacitor and V be
the potential difference across the series
combination, then

A
C, C, G

—V —pe— NV —pfe—V,—»

- Vi |
V=Vi+V2+V3
Or
y=2,9,49 (i)
Cl CZ C3
If Cs is the capacitance of series

combination, then V = Ci.

S

So the equation (i) becomes

4_.49.9,49
CS Cl CZ C3
or
11,11
CS Cl CZ C3

Charge q across 4 pF Capacitor is 10 pc
Potential difference across the capacitor of
capacitance 4 pF will be

yoa_16uC _ 16x10°C _
C 4uF  4x10°F

-~ Potential across 12 pF Capacitors
=12V -4V =8V
stored in the

Energy capacitors of

capacitance C =12 pF

U=%cv2 =%><12><10’6><82 joule

=384x107° J=384 )

Assertion and Reason Answers-

1.

(d) Ais false, and R is also false.
Explanation:

If electric field is used for detecting the electron
beam, then very high voltage will have to be
applied and very long tube will have to be taken.

(b) Both A and R are true, but R is not the correct
explanation of A.

Explanation:

If a material contain polar molecules, they will
generally be in random orientations when no
electric field is applied. An applied electric field
will polarize the material by orienting the dipole
moment of polar molecules.

Case Study Answers-

1.

Answer :

(i) (d)HCI

Explanation:

In polar molecule the centres of positive and
negative charges are separated even when there
is no external field. Such molecule have a

permanent dipole moment. lonic molecule like
HCI is an example of polar molecule.

(ii) (c) Decreases K times.

Explanation:
F
AsFp = ;"

~ The maximum force decreases by Klimes.

(iii) (b) Glass.

(iv) (b) The centre of gravity of electrons and
protons do not coincide.

Explanation:

A polar molecule is one in which the centre of
gravity for positive and negative charges are
separated.

(v) (a) Comb polarizes the piece of paper.

Answer :

. ke?

i c) ———

O © 5
Explanation:

W= (P'E-)ﬁnal - (P'E-)initial

ket ke
2 1 2
, 2q°
(i) ) L
TEYa
Explanation:

Potential at the centre of the square due to
four equal charges q at four corners,

@ www.stepupacademy.ind.in

(© @stepupacademyindia

€) @stepupacademyindia r@ @stepupacademy_



Step Up Academy @

40|
yo_ 4 2
47t80(ax/§) e
2

VVOeoo = _VI/;)% =—(—q)V

2g’

me,a
(i) (c) -9 x 103V

Explanation:

Here,q=2pC =2 x 10‘6C, r,=2m,rz=1m.

.-.VA—VB=LF—1}

4me,

Ty Tp

(iv) (b) 1.35x107]

Explanation:

Required work done = Change in potential
energy of the system,

W=U,-U, :k%‘b _kqlq
re r

1 1
=kq,q, L— —7}
o

S W=(9%x10°)(3x107° x1x10™)

_[ 11 }
4x10% 5x107

9210 x9x10° F_l} =27x107x(0.05)=1.35x 1077 ].
21 (b) Vq
V=-9x10°V. RS
@ www.stepupacademy.ind.in Q @stepupacademyindia ) @stepupacademyindia @ @stepupacademy_



@Step Up Academy | 41

Current Electricity ‘ 3

Introduction

We considered all charges whether free or bound to be at rest in previous two chapters. Charges in motion
constitute an electric current. Lightening is one of the natural phenomena in which charges flow from clouds to
earth through the atmosphere.

In this chapter we will study some basic laws concerning steady electric current and their applications.

Electric Current:

The rate of flow of electric charge through any cross-section of a conductor is known as electric current. If AQ
amount of charge flows through any cross-section of conductor in the interval t to (t + At), then it is defined as
. AQ

T
Direction of current is taken as direction of motion of positively charged particles and opposite to the direction of
negatively charged particles. SI unit of current is ampere (A). It is a scalar quantity.

, Al
V)
The SI unit of current density is A/m?2.
Drift Speed:
Drift Velocity is defined as the average velocity with which the free A B
electrons move towards the positive end of a conductor under the
influence of an external electric field applied. It is denoted by vd. : V
eE > d
Vg = —

X E

Relation between Current Density and Drift Speed:
y P — VAt —>

Let, cross sectional area of any conductor be A, number of electrons
per unit area be n, drift velocity be vq4, then number of total moving electrons in t second will be.

N = (nAvgt)
So, moving charge in t second Q = (nAvadt).e
Hence, electric current in t second = %
_ nAvgte
T
i = neAvy
We know | = %
Putting i = neAvd in above equation
] = nevy
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Ohm’s Law:

According to this law, "At constant temperature, the potential difference V across the ends of a given metallic wire
(conductor) in an circuit (electric) is directly proportional to the current flowing through it". i.e.,

Vi
V=iR

where, R = resistance of conductor

Mobility:
Mobility is defined as the magnitude of the drift velocity per unit electric field. It is denoted by ,
T

Its SI unit is m2V-1s-1,

Resistance:

Resistance is the ratio of potential difference applied across the ends of conductor to the current flowing through
it.

The SI unit of R is ohm (Q).

Resistivity:
Resistivity is defined as the ratio of electric field applied at conductor to current density of conductor. It is denoted
by p

If the length of conductor be 'I', cross sectional area be 'A’, potential difference at the end of conductor be 'V' and

electric current be 'i', then E and j given by.

-V

The constant of proportionality p depends on the material of the conductor but not on its dimensions. p is known
as resistivity or specific resistance.

Conductivity:
Conductivity is defined as the reciprocal of resistivity of a conductor. It is expressed as,
1
o=-
p

SI unit is mho per meter (21 m1).
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CURRENT ELECTRICITY

Flow of electric charge constitutes electric current. For a given conductor, if

'0Q' charge flows through a cross-section of area A in time '0t', then the — —
average electric current through the conductor is given as

[ = — and its instantaneous value is —Q V\ Cross-
dt section

MECHANISM OF CURRENT FLOW IN METALLIC CONDUCTOR

When an external potential difference is applied across a metallic conductor then an electric field is set up within
the conductor.

Applied electric field — Force on electrons — drift of electrons

Due to the externally applied electric field electrons drift with an average velocity

Vd
called drift velocity. This causes an electric current |

Total charge crossing a cross-section in one second is equal to

I = neAvd. Here Avq is the volume of a cylinder of cross-section A length va and ne is
charge density of charge carriers (e.g. electrons).

The current density is defined by ] =1/A

Examplel : A steady current passes through a cylindrical conductor. Is there an electric field inside the
conductor ?

Solution : Yes; No doubt under steady state conditions in electrostatics when a conductor is charged, electric
field inside it is zero as metal is an equipotential surface. However when a potential difference is
applied across a conductor and a steady current flows though it, the condition no longer remains
static and there exists an electric field inside the conductor.

OHM’S LAW

It states that "the potential difference across a conductor is directly proportional to the current flowing through it
at a given temperature".

\Y
= At constant temperature ) constant(R)

the constant 'R’ is called resistance of the conductor.

Resistivity (p) and conductivity (c):

The resistance R of a given conductor is directly proptinal to length (/) and inversitional proptional cross-sectional

l
area (A) such that R = p K, where p = resistivity of the material of the given conductor. Its S.I. unit is Q m.

Reciprocal of resistivity is called the electrical conductivity (o) of the material, thus

1
6 = — = —— whereas reciprocal of resistance is called conductance of the given conductor. S.I. unit of conductivity

p RA

6 is (Q - m)! and is usually written as mho/m.

Temperature Dependence of Resistivity:

The conductivity of a metal decreases as its temperature is increased. Thus resistivity p increases with the rise in
temperature. If pr and po represent the resistivities at temperatures T and To respectively, then for small
temperature variations,

o pr=po[l+ T - To)
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Where o is called the temperature coefficient of resistivity. The resistivity varies over a very wide range. For

metals (good conductor) p ~ 108 Q-m and for insulators p = 1017 Q-m

Semiconductors (silicon, germanium ) have intermediate value much smaller than insulator but much larger than
metals. Temperature coefficient of resistivity is negative for semiconductors and positive for the metals. For
superconductors resistivity is zero.

Thermistor:

A thermistor is a semiconductor electronic device in which the resistance decreases as its temperature increases.
This is used as a thermometer.

The temperature coefficient of resistivity is negative for semiconductors, hence thermistors are usually prepared
from oxides of various metals such as nickel, iron, cobalt and copper etc. A thermistor is used to detect small
changes in temperature of the order of even 10-3 °C.

Colour code for carbon Resistors:

The four bands indicate digit -1, digit-2, multiplier and tolerance tolerance
respectively and the values of different colours are given in the r

following table. \
'
/

digit 11
digit 2 «— —> multiplier

Resistance code (in Q)

Colour Digit Multiplier Tolerance
Black 0 1
Brown 1 10
Red 2 102
Orange 3 103
Yellow 4 104
Green 5 105
Blue 6 106
Violet 7 107
Gray 8 108
White 9 10°
Gold 0.1 5%
Silver 0.01 10%

Sometimes the carbon resistor indicates only three bands and the tolerance is missing from the colour code. This
means tolerance has to be taken as 20%.

Example2: Find the resistance of a carbon resistor if the colour code from left to right indicates brown,
yellow, green and gold.
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Solution:  Use diagram
VR A {
1 4 x105 5%

R = (14 x 105+ 5%) Q
= (1.4 x 106 + 0.07 x 105) Q
=(14£0.07)MQ

KIRCHHOFF’'S LAWS

Junction Rule

It is based on the law of conservation of charge. At a junction in a circuit the sum of incoming currents is always
equal to the sum of outgoing currents. In other words the algebraic sum of the currents at a junction is zero.
Loop rule

The algebraic sum of the changes in potential around any closed path is zero. It is based on the law of conservation
of energy.

e In case of a resistor of resistance 'R' potential will decrease in the direction of current. Hence, for the shown

conductor
Va-Vb=IR
e For an emf source, the potential changes will be a | b
obtained as illustrated below,
R
Emf = ¢, internal resistance =r Emf = ¢, internal resistance =r

a )

1
T

Va-Vp=g+ir Va-Vp=—€+ir
Students can use any sign convention which they find easy.

Electrical Energy:

When electric current is moved in any electric circuit, then energy of work done by taking a charge from one point
to another point is called electric energy.

If a charge q at potential difference V is moved from one point to another point, then doing work will be.

w=v.q L. (D
Putting q = i.t in equation (1), we get

W = Vit
Putting V = i.R in equation (1), we get

W =iZ2Rt
Putting i =V/R in equation (1), we get

VZ
W= Ft

Power: Electric power is the rate of doing work by electric charge. It is measured in watt and represented by P.

\'\
P = T [+ 1HP = 746 watt]

VZ
Hence, P=Vi=i2R = X
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Resistor Color Codes:

Colour ‘ Number Multiplier Tolerance (%)
Black 0 1

Brown 1 10!

Red 2 102

Orange 3 103

Yellow 4 10*

Green 5 10°

Blue 6 108

Violet 7 107

Gray 8 108

White 9 10°

Gold 10! 5
Silver 1072 10
No Colour 20

A carbon resistor has a set of coaxial colored rings in them, whose significance are listed in above table. First two
bands formed: First two significant figures of the resistance in ohm. Third band; Decimal multiplier as shown in
table. Last band; Tolerance or possible variation in percentage as per the indicated value. For Gold * 5%, for silver

+10% and No color + 20%.
\ ‘ \—_
| /
/ . y

Red Red Red Silver

Combination of Resistors:

(a) Series Combination F{1 =3 .
(i) Same current passes through each resistance. ’“:‘J""" ’“:‘J""‘ ’“"‘J"
(ii) Voltage across each resistance is directly proportional to it's 1 : ’
value. T
Vq=IRqy,Vy = IRy RV

(iii) Sum of the voltages across resistances is equal to the voltage applied across the circuit i.e.

V=V{+Vy+Vg+....

V=IR1+IR2+IR3+ ..............

%:R1+R2+R3+ ..................

=R Where, R = equivalent resistance.

Note : If n resistance (each R) are connected in series there resultant will be nR
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(iv) For aseries combination of two resistances

(A) equivalentresistance R=Rq +Ry
(B) I=V/([R1+Rp)

R,V
R; +R,

(C)  Vq (voltage acrossRq) =1Rq =

R,V
R; +R,

(D)  Vy (voltage across Ry) = 1Ry =

(b) PARALLEL COMBINATION :

(i) There is same drop of potential across each resistance.

(ii) Current in each resistance is inversely proportional to the value

: ..V vV .V
of resistanceie. i, =—, i, =—, iy =— etc.
Ry R, Ry

(iii) Current flowing in the circuit is sum of the currents in individual

resistances i.e.
i= il + iz + i3,

v . Vv .V
’]2:—’ ]3:—

Ry R,

L, =

el

3

1 1 1 1
=ttt
R R, R, R,

=

i
v

7

LY Mt i =

A

E 9

_2 - Mot = B

= T LT [

+ vveene where R = equivalent resistance.

Note: (a) Youare asked to find R and not % in the question, so be careful.

(b) The equivalent resistance of parallel combination
is lower than the value of lowest resistance in the
combination.

(c) For aparallel combination of two resistances .......

V(R; +R;)

i) i=iq+ip=
() 1 2 RlRZ

eATLe

Note : (i) If n resistances (each R) are connected in parallel,
their resultant will be R/n

(ii) Ifnresistance are connected in series and parallel respectively the ratio of their resultant will be

nR:R/n= n2.

Cells, EMF, Internal Resistance:

Cells: An electrolytic cell consisting of two electrodes, called positive (P) and negative (N) immersed in an

electrolytic solution as shown in figure.

Electrodes exchange charges with the electrolyte. Positive electrode P
has a potential difference V+ between itself and electrolyte solution A
immediately adjacent to it. Negative electrode N has a potential
difference (V-) relative to electrolyte B adjacent to it.

e=V, -V

EMF: It is the difference of chemical potentials of electrodes used. It is

)

also defined as the difference of potential across the electrodes of cell, Electrolyte
when the electrodes are in open loop.
e=V, —-V_
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Internal Resistance: It is the opposition offered by the electrolyte of the cell to the flow of current through itself.
It is represented by r and given by.

Kirchhoff’'s Laws:

Kirchhoff’s two rules are used for analyzing electric circuits consisting of a number of resistors and cells
interconnected in a complicated way.

Kirchhoff’s first rule: Junction rule

At any junction, the sum of the currents entering the junction is equal to
the sum of currents leaving the junction.

Xi=0

Kirchhoff’s second rule: Loop rule

The algebraic sum of changes in potential around any closed loop
involving resistors and cells in the loop is zero.

Y iR=ZE

Wheatstone Bridge:

It is an application of Kirchhoff’s rules. The bridge is consisting of four
resistances Ri, Rz, Rz and Rs as four sides of a square ABCD as shown in
figure.

Across the diagonally opposite points between A and C, battery E is
connected. This is called battery arm. To remaining two diagonally
opposite points B and D, a galvanometer G is connected to detect
current. This line is known as galvanometer arm.

Currents through all resistances and galvanometer are as shown in
figure. In balanced Wheatstone bridge we consider the special case Ig =
0. Applying junction rule to junction B and D, we have

Lh=handli =13
Applying loop rule to loop ABDA

I2R2+0-11R1=0

I _R
LR )]

Applying loop rule to loop BCDB ‘ I |
[4R4-I3R3+0=0 |
I:R4- I1R3 = 0 (Using I+ = Iz and Is = I1) &
I _ Ry
LR (ii)
The equation (iii) relating the four resistor is called the balance condition for the galvanometer to give zero or null
deflection.

CELLS

(a) Electro Motive Force (EMF) : The potential difference across the terminals of a cell when it is not giving any
current is called EMF of the cell.

or

The energy given by the cell in the flow of unit charge in the whole circuit (including the cell) is called the
EMF of the cell.

=WV
Q
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(b) Terminal voltage :

(i) The resistance offered by the electrolyte of the cell to the flow of current through it is called internal
resistance of the cell.

(ii) When current is drawn through the cell or current is supplied to cell then, the potential difference across
its terminals is called terminal voltage.
(iii) When i currentis drawn from cell, then terminal voltage is less than it's emf E.
V=E-ir
E r

" | Y

Where V = terminal voltage, r = internal resistance of battery
(iv) When current is supplied to the cell, the terminal voltage is greater than the emfEie. V=E +ir

(v) Units of both emf and terminal voltage are volt.

Combinations of cells :

(a) Series Combination:
(i) EquivalentemfE=Eq +Ej + Eg .......
Note : Direction of emf is taken into consideration.
(if) Equivalent internal resistance ris givenbyr=rq + rp + r3 ...

(iii) Current, i= _ L = &
r+R Zri +R
Imp :
(iv) For maximum current, R= Zr
i.e. The load resistance must be equal to the equivalent internal resistance.

nE
R+nr

(v) Ifall emfare equal (E), then for series combinations of n such cells, 1=

Cases: (a) ifnr>> R, 1= E
r

(b) If nr << R,I:n—E
r
(c) Cells are employed in series only when internal resistance is less than the load resistance.

(b) Parallel Combination :

(i) Equivalent internal resistance,

E
i E I. 1 ""'E:\;:;rJ
E __'_NJ_'ry
E_- _.._,\,-\,n_r_-
R
LA
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E1+&+% ...... ZE‘
I B __ 5
1 1 1 1
R S =
n L 5 L

E
iii) Current, i=——
(iii) R

+r
E r
il A
b
R

(iv) When all 'n' cells with emf E and internal resistance r each, are connected in parallel, then equivalent

. : . r
emf = E, equivalent internal resistance = —

n
(v) Inthis (5) casel = E = nE
R+ L nR+r
n
Cases:

(a) Ifr<<nR,I= E

R
(b) Ifr>>nR,1= nk

r

(c) This combination is used only when load resistance is lower than internal resistance.
(c) Mixed combination :

mnE

i= , For maximum current

mR+nr

Internal resistance = External resistance

. nr
ie.R= —
m

E
|—-"‘?“’”“—~||—N~M-—f

PSP

— - — = — ' ——

R
AN

Ex.43 A battery of emf 2 volts and internal resistance 0.1W is being charged with a current of 5A. The potential
difference between terminal of the battery is?

(A) 1.5V (B) 2.5V (C) 3.5V (D) 4.5V

58 2V 01
Sol (B) —»—|

Potential drop across internal resistance = 0.1 x 5 = 0.5V

Hence, potential difference across terminals will be 2 + 0.5 = 2.5V
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'\ Chapter- 3 : Current Electricity /

asssassasa
: = : Semf=E= IVALOEIIIE o s e
= =B i i CEniEy Ry
: As cosO : :Itlsequalto o ot T .
i As =areaof i the potential + L2 Repetto Rate of flow of charge :
: : ;L diff : through an area 1
i cosssecon i poeenthe : o :
fg= angle between Area : terminals when the ; G- EB+E _ Ep f i Q :
i vector & current flow : : terminals are not : i REGitp) RiAR, t ;
o= conductivity : connected externally. : E,=E, +E ) o ;
e : i AR S RO RS P = IJ.ds :

/ r = internal resistance

/ : of the cell e ". :

............. *\ 1 [ series
. EMF [ Pnrallel grouping
L \ grouping
t'\ Internal e IR=Ry[1+a(T-Ty]
N Resistance p=1[1+a(T-Ty)
* : R = resistance at
- : temperature T
it is a device which :': m’“"{f‘“
maintains a potential { temperature
I et s <] Grouping o= coefﬁden of
f Cell resistivity
owo terminals °

i V, et :
= 4= .
5” E m :
i T = average collision time
T PP
{ Unknown resistance
_ R(100-)

G % !

] =cE: = balancing length
: or : iR=lmowntesistanoe
V=R

o
R R

Ry Ry
X
i ::'i::a
.
*V.=Vp

Parallel

mupln! :ﬁ:?““ -‘.n.-uun.‘.‘.

§,
s‘

e
ip= EQ“‘ s
............... .ii"'iz',:i{,'i}i,'i'---+x s E VN, potental difference
*For two resistors 1 length of wire
Erided T E |
I " feiiieny p gen R IR SR CompMsonofemf, Eas
ig=JE: : E, L
Tecssnsnes - : 1
i Ry Internal Resistance (r) = R(il--l]
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Important Questions

Multiple Choice Questions

1.

An electric heater is connected to the voltage
supply. After few seconds, current gets its steady
value then its initial current will be

(a) equal to its steady current

(b) slightly higher than its steady current
(c) slightly less than its steady current
(d) zero

In the series combination of two or more than
two resistances

(a) the current through each resistance is same.
(b) the voltage through each resistance is same.

(c) neither current nor voltage through each
resistance is same.

(d) both current and voltage through each
resistance are same.

Combine three resistors 5 Q, 4.5 Q and 3 Q in such

a way that the total resistance of this combination

is maximum

(a)12.5Q

(b)13.5Q

(c)145Q

(d)16.5Q

A cell having an emf E and internal resistance r is

connected across a variable external resistance R.

As the resistance R is increased, the plot of

potential difference V across R is given by

In parallel combination of n cells, we obtain
(a) more voltage

(b) more current

(c) less voltage

(d) less current

If n cells each of emf e and internal resistance r
are connected in parallel, then the total emf and
internal resistance will be

(@ e
n

(b) g,nr
(c) ne, r
n

(d) ne, nr

In a Wheatstone bridge if the battery and
galvanometer are interchanged then the
deflection in galvanometer will

(a) change in previous direction
(b) not change

(c) change in opposite direction
(d) none of these.

When a metal conductor connected to left gap of
a meter bridge is heated, the balancing point

(a) shifts towards right
(b) shifts towards left
(c) remains unchanged
(d) remains at zero

In a potentiometer of 10 wires, the balance point
is obtained on the 7t wire. To shift the balance
point to 9th wire, we should

(a) decrease resistance in the main circuit.
(b) increase resistance in the main circuit.

(c) decrease resistance in series with the cell
whose emfis to be measured.

(d) increase resistance in series with the cell
whose emf'is to be determined.

AB is a wire of potentiometer with the increase in
the value of resistance R, the shift in the balance
point ] will be

B S LY
.
—|—@—T

(a) towards B
(b) towards A

(c) remains constant

(d) first towards B then back towards A.
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Very Short:

1.

10.

A wire or resistivity p is stretched to double its
length. What will be its new resistivity?

What is the effect of temperature on the
relaxation time of electrons in a metal?

Which physical quantity does the voltage versus
current graph for a metallic conductor depict?
Give its SI unit.

Define drift velocity of electrons.

A resistance R is connected across a cell of emf €
and internal resistance r. A potentiometer now
measures the potential difference between the
terminals, of the cell as V., Write the expression
for r’ in terms of £, V and R.

How is the drift velocity in a conductor affected
by the rise in temperature?

Two students A and B were asked to pick a
resistor of 15 kQ from a collection of carbon
resistors. A picked a resistor with bands of
colours brown, green, orange, while B chose a
resistor with bands of black, green, red. Who
picked the correct resistor?

Define the term ‘Mobility’ of charge carriers in a
conductor. Write its S.I. unit.

How does the mobility of electrons in a conductor
change, if the potential difference applied across
the conductor is doubled, keeping the length and
temperature of the conductor constant?

Graph showing the variation of current versus
voltage for a material GaAs is shown in the figure.
Identify the region of

(1) negative resistance (ii) where Ohm'’s
F 3

Current | —»

k 4

Voltage V —»

Short Questions:

1.

Find the potential energy of this system.

The figure shows the V -1 graph for a parallel and
series combination of two resistors A and B.
Which line represents the parallel combination?

v A

|

V -1 graph for a given metallic wire at two
temperatures is shown. Which of these is at a
higher temperature?

! 0

T,

—»V "
In an experiment on a metre bridge, if the
balancing length ACis x’, what would be its value,
when the radius of the metre bridge wire AB is
doubled? Justify your answer.

hg— x— B
The emf of a cell is always greater than its
terminal voltage. Why? Give reason.

Draw a graph showing the variation of resistivity
with temperature for nichrome. Which property
of nichrome is used to make standard resistance
coils?

Define the term ‘mobility’ for a charge carrier and
state its SI unit.

Name the mobile charge carriers in

(i) an electrolyte,

(ii) a semiconductor and

(iii) an ionised gas.
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8. Define the term current density of a metallic
conductor. Deduce the relation connecting
current density (J) and the conductivity (a) of the
conductor, when an electric field E is applied to it.

Long Questions:

1. Explain the term ‘drift velocity’ of electrons in a
conductor. Hence obtain the expression for the
current through a conductor in terms of ‘drift
velocity’.

2. Draw a plot showing the variation of resistivity of
an (i) conductor and (ii) semiconductor, with the
increase in temperature.

How does one explain this behaviour in terms of

the number density of charge carriers and the
relaxation time? (CBSE Delhi 2014C)

Assertion and Reason Questions-

1. For two statements are given-one labelled
Assertion (A) and the other labelled Reason (R).
Select the correct answer to these questions from
the codes (a), (b), (c) and (d) as given below.

a) Both A and R are true, and R is the correct
explanation of A.

b) Both A and R are true, but R is not the
correct explanation of A.

c) Aistrue, but Ris false.

d) Aisfalse, and Ris also false.

Assertion: The current in a wire is due to flow of
free electrons in a definite direction.

Reason: A current carrying wire should have
non-zero charge.

2. For two statements are given-one labelled
Assertion (A) and the other labelled Reason (R).
Select the correct answer to these questions from
the codes (a), (b), (c) and (d) as given below.

a) Both A and R are true, and R is the correct
explanation of A.

b) Both A and R are true, but R is not the
correct explanation of A.

c) Aistrue, but Ris false.
d) Aisfalse, and Ris also false.

Assertion: Though the same current flows
through the live wires and the filament of the
bulb but heat produced in the filament is much
higher than that in live wires.

Reason: The filament of bulbs is made of a
material of high resistance and high melting
point.

Case Study Questions-

1.

Whenever an electric current is passed through a
conductor, it becomes hot after some time. The
phenomenon of the production of heat in a
resistor by the flow of an electric current through
it is called heating effect of current or Joule
heating. Thus, the electrical energy supplied by
the source of emfis converted into heat. In purely
resistive circuit, the energy expended by the
source entirely appears as heat. But if the circuit
has an active element like a motor, then a part of
the energy supplied by the source goes to do
useful work and the rest appears as heat. Joule's
law of heating form the basis of various electrical
appliances such as electric bulb, electric furnace,

electric press etc.

Z N
D Yy
I A R B

I
L
(i) Which of the following is a correct

statement?

a) Heat produced in a conductor is

independent of the current flowing.

b) Heat produced in a conductor varies

inversely as the current flowing.

c¢) Heat produced in a conductor varies
directly as the square of the current
flowing.

d) Heat produced in a conductor varies
inversely as the square of the current
flowing.

(ii) If the coil of a heater is cut to half, what
would happen to heat produced?

a) Doubled.

b) Halved.

c) Remains same.

d) Becomes four times.
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(iii) A 25W and 100W are joined in series and
connected to the mains. Which bulbs will

glow brighter?
a) 100w.
b) 25W.

c) Both bulbs will glow brighter.
d) None will glow brighter.

(iv) A rigid container with thermally insulated
wall contains a coil of
resistance 100Q), carrying  current  1A.

Change in its internal energy after 5 min will

be:

a) O0KkJ
b) 10K]
c) 20K]
d) 30K]

(v) The heat emitted by a bulb of 100W in 1 min
is:

a) 100]
b) 1000]
¢ 600]
d) 6000]

Potentiometer is an apparatus used for
measuring the emf of a cell or potential difference
between two points in an electrical circuit
accurately. It is also used to determine the
internal resistance of a primary cell. The
potentiometer is based on the principle that, if V
is the potential difference across any portion of
the wire of length 1 and resistance R, then Vo< 1 or
V = kl where k is the potential gradient. Thus,
potential difference across any portion
of potentiometer wire is directly proportional to
length of the wire of that portion. The
potentiometer wire must be uniform. The

resistance of potentiometer wire should be high.

€ r Rh(O_Rl)
—— —WWW—O)—WW—

Primary circuit
g e O —— >
Secondary circuit wire
. g <g
|| ;
g G

(i) Which one of the following is true about
potentiometer?

a) Its sensitivity is low.

b) It measures the emf of a cell very
accurately.

c) ltis based on deflection method.
d) None of the above.

(ii) A current of 1.0mA is flowing through a
potentiometer wire of length 4cm and of
resistance 4() The potential gradient of the
potentiometer wire is:

a) 103Vmt

b) 10-°Vm=

c) 2x103Vm1

d) 4x103Vm1?

(iii) Sensitivity of a potentiometer can be

increased by:

a) Decreasing potential gradient along
the wire.

b) Increasing potential gradient along the
wire.

c) Decreasing current through the wire.

d) Increasing current through the wire.

(iv) A potentiometer is an accurate and versatile

device to make electrical measurements of

EMF because the method involves:

a) Potential gradients.

b) A condition of no current flow through
the galvanometer.

¢) A combination of cells, galvanometer
and resistances.

d) Cells.

(v) In a potentiometer experiment, the
balancing length is 8rn, when the two cells
E1 and Ez are joined in series. When the two
cells are connected in opposition the
balancing length is 4m. The ratio of thee. m.

f. of two cells( % )is:
2

a) 1:2
b) 2:1
c) 1:3
d 3:1
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Answer Key

Multiple Choice Answers-

O © N 1ok W

=
e

Answer: b

Answer:

o8]

Answer:

Answer:

o o o

Answer:

Answer:

o

Answer:

Answer: a

o

Answer:

Answer: a

Very Short Answers:

1.

0.

10.

Answer: The resistivity remains the same as it
does not depend upon the length of the wire.

Answer: The relaxation time of electrons
decreases with the rise in temperature of the
metal.

Answer: It represents resistance. It is measured
in ohm.

Answer: The mean velocity acquired by
electrons in a conductor when an external
electric field is applied to it.

Answer:
The required relation is r = (5 - 1)R

Answer: It decreases.
Answer: A

Answer: Mobility of charge carriers in a
conductor is defined as the magnitude of their
drift velocity per unit applied electric field. Its SI
unit is m? V-1 s-1,

Answer: No change.

Answer: (i) DE (ii) AB

Short Questions Answers:

1.

Answer: The potentiometer is based on the null
method, or it does not draw any (net) current
from the cell and measures emf However, the
voltmeter draws some current from the cell when
connected across it, hence measures terminal
voltage.

Answer: For the same potential, the current is
less in series combination than parallel
combination. Therefore, from the graph, it is
apparent that the same potential currentisless in
A. Therefore, B represents the parallel

combination.
As, R= %

The slope of B > Slope of A

Answer: At higher temperature resistance of a
metallic wire is more or its conductance is low.
Hence, graph (2) is at a higher temperature, i.e.,
T2 >Ti.

Answer: In a metre bridge, at the balance point

we have
& X
R, 100-x

As Ri1 and Rz remain the same, x will also remain
the same. It does not depend upon the diameter
of the wire.

Answer: When current passes through a cell,
there is a drop in potential across it due to its
internal resistance. This is called the lost volt.
Thus, terminal voltage is less than the emf of the
cell.

Answer: The graph is as shown.

-

I

]
T

Resistivity p (£2 cm)
5
T

1 1 I 1
200 400 600 80O
Temperature T (K)—m»

1.00

The property has a low-temperature coefficient
of resistance.

Answer: Mobility is defined as the ratio of the
drift velocity of the charge to the applied electric
field.

(i) Anions and cations.
(ii) Electrons and holes

(iii) Free electrons.
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8.

Answer: Current density is defined as the
current flowing per unit area of the conductor.

Mathematically current density is given by the

expression | —i
A

But [ = V/R and R:p—l :L. substituting in the
A oA

above relation, we have

=LXGA=%XG=EG

I
J=2aL

Long Questions Answers:

1.

Answer:

Drift velocity (Va) is defined as the average
velocity with which the free electrons get drifted
inside a conductor under the effect of the electric
field, opposite to the direction of the field.

Let n be the electrons per unit volume in the
conductor. Here n is called the number density of
electrons. Assume that all electrons move with
the same drift velocity Va. In a time, interval dt,
each electron moves a distance vdt. Now the
volume of the cylinder covered by the electrons
in time dt is

V = A vadt (1)
and the number of electrons in this volume is
N =nV = nA vqdt -(2)

If e is the charge on the electron, then charge
flowing through the conductor in small time dt is

dQ = e(nA vadt) -(3)
Hence the current through the conductor is
I= 40 _ ndev,
dt

Answer: The plots are as shown.

o
n
1

Resistivity p (10" Q cm)
o
(%)
T

1 1

1
0 50 100 150
Temperature T (K} —»

T

With a rise in temperature the average relaxation
time for a conductor decreases and resistivity
increases, while for a semiconductor the number
density of charge carriers increases, hence the
resistivity decreases.

Assertion and Reason Answers-

1.

(c) Ais true, but R is false.

Explanation:

The current in a wire is due to flow of free
electrons in a definite direction. But the number
of protons in the wire at any instant is equal to
number of electrons and charge on electrons is
equal and opposite to that of proton. Hence, net
charge on the wire is zero.

(b) Both A and R are true, but R is not the correct
explanation of A.

Explanation:

As filament of bulb and live wire are in series,

hence current through both is same. Now,
iR . .

because H = %and resistance of the filament of

the bulb is much higher than that of live wires,
hence heat produced in the filament is much
higher than that in line wires.

Case Study Answers-

1.

Answer :

(i) (c) Heat produced in a conductor varies
directly as the square of the current flowing.

Explanation:

According to Joule's law of heating, Heat
produced in a conductor, H = I2Rt where, [ =
Current flowing through the conductor R =
Resistance of the conductort = Time for
which current flows through the conductor.

S HocI?
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(i)

(iii)

(iv)

™)

(a) Doubled.
Explanation:

If the coil is cut into half, its resistance is also
halved.

As H= VTft
S H'=2

(b) 25W.
Explanation:

2 2
P:V— or R:V—
R P

The bulbs are joined in series. Current in
both the bulbs will same.

~. The heat produced in them is given by H=
I2Rt

or HocR:>Hoc%

Therefore the bulb with low wattage or high
resistance will glow brighter or we can say
the 25W bulb will glow brighter than the
100W bulb.

(d) 30k]

Explanation:

R=1000;1=1A4;t =5min.=5x60=300s
Change in internal energy= heat generated
in coil

=I2Rt=((1)2x 100 x 300)]

=30000] = 30k].

(d) 6000]

Explanation:

Here, P = 100W, t = 1 min= 60s

Heat developed in time t

H=P xt=(100W)(60s) = 6000].

2. Answer:

)

(i)

(iii)

(iv)

v)

(b) It measures the emf of a cell very

accurately.

(a) 10-5Vm2

Explanation:

Given,] =1.0mA = 10-3A;
R=40Q;L=4m

Potential drop across potentiometer
wire,

V=IR=10-3 x 4V

-3
Potential gradient, k= % = 4x 10

=103Vm!
(a) Decreasing potential gradient along
the wire.

(b) A condition of no current flow
through the galvanometer.

Explanation:

A potentiometer is an accurate and
versatile device to make electrical
measurements of EMF because the
method involves a condition of no
through the
It can be used to

current flow
galvanometer.
measure potential difference, internal
resistance of a cell and compare EMF's

of two sources.
(d)3:1
Explanation:

B _L+h _8+4
E, -, 8-4

_12_3
4 1
0:00:0
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Moving Charges and
Magnetism 4

Magnetic Field

1.

3.1

OERSTED EXPERIMENT (1820)

(a) Oersted found that a magnetic field is established around a current carrying conductor.
(b) Magnetic field exists as long as there is current in the wire.

() Itis concluded that moving charges produce magnetic field in the surrounding space.

(d) A moving charge produces magnetic as well as electric field, unlike a stationary charge which only
produces electric field.

(e) The direction of magnetic field was found to be changed when direction of current was reversed.

MAGNETIC FIELD OR MAGNETIC INDUCTION OR INTENSITY OF MAGNETIC FIELD (B)

(a) The field produced by flow of current or charge in a conductor is called magnetic field.
(b) This is a vector quantity.

(c) Unit: CGS - Gauss or Maxwell / cm?

MKS - Tesla or Weber / m?
or N/Amp-meter

1 Tesla = 1 weber / m? =104 Gauss
= 10% Maxwell / cm?

(d) Magnetic field is shown by magnetic lines of force.

MAGNETIC LINES OF FORCE

(@) These are the imaginary closed curves drawn in magnetic field, which represent the direction of the
magnetic field.

(b) The tangent drawn at any point on a line of force shown the direction of magnetic field at that point.

Properties:

i e magnetic lines of force always starts from the north pole and following a curved path enter the sout
i) Th icli ff 1 f h h pole and followi d path h h
pole and reach back the north pole inside the magnet. Thus, these are closed curve.

Fig (a) - Magnetic lines of force due to current carrying solenoid.
Note : Electric lines of force are not closed curves.
(ii) Two lines of force never intersect each other.
(iii) Larger the number of lines of force at a given point, stronger is the magnetic field at the point.

Note : At poles there are maximum number of lines of force.

Biot-Savart Law:

Consider an infinitesimal element dl of the conductor. The magnetic field dB due to this element is to be determined
at a point P which is at a distance r from it. Let 68 be the angle between dl and the position vector r. The direction
of dl is same as the direction of current.
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According to Biot-Savart law, the magnitude of the magnetic field dB is Current element
proportional to the current I, the element length dl is inversely proportional
to the square of the distance r. Its direction is perpendicular to the plane

containing dl and r. Thus in vector notation,

_,Idisin®
dB «

2
5
u, Idisin@

dB = —
4 r?

Where, :—1‘1 is a constant of proportionality. The above expression holds when

the medium is vacuum. The proportionality constant in SI unit has value,

:—:[ =10""T — %. We call u_0 the permeability of free space.

Direction of magnetic field
The direction of magnetic field is determined with the help of the following simple laws :
(i) Maxwell’s cork screw rule :

According to this law if a right-handed cork screw is rotated in such a way that it moves
forward in the direction of current in the conductor, then the direction of the rotation of
the screw will show the direction of lines of force. [Fig. (a)]

(ii) Right hand palm rule:
According to this rule if a current carrying conductor is held in the right hand such that
the thumb of the hand represents the direction of current flow, then the direction of
folding fingers will represent the direction of magnetic lines of force. [Fig. (b)]

(iii) Right hand palm rule of circular currents :

According to this rule if the direction of current in circular conducting coil is in the
direction of folding fingers of right hand, then the direction of magnetic field will be in
the direction of stretched thumb. [Fig. (c)]

—_—

MAGNETIC FIELD

(a) The space around a magnet in which a torque acts on a magnetic needle is known as magnetic field.

(b) The space around a magnet in which a net force acts on a magnetic test pole is known as magnetic field.
(c) The space around a magnet in which its effect is experienced is known as magnetic field.
(d) There are four types of magnetic field :

(i) Uniform magnetic field:

(@) The magnetic field, in which the intensity of magnetic field is same at all points, is known as uniform
magnetic field.

(b) In such a magnetic field the magnetic lines of force are parallel and equidistant. e.g. the magnetic
dines of force of earth's magnetic field.

(ii) Non-uniform magnetic field:

(a) The magnetic field, in which the intensity of magnetic field at different points is different, is known
as non-uniform magnetic field.

(b) Itisrepresented by non-parallel lines of force.
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(iii) Varying magnetic field:

(@) The magnetic field, which keeps on changing with respect to time is known as a variable magnetic
field.

(b) Example:-B=Bosinot or B=Bocosot

(iv) Non-varying magnetic field:
(a) The magnetic field which does not change with time is known as a constant magnetic field.
(b) The direction of magnetic field is that in which a force acts on a unit test pole.

(c) Itcan be produced by moving charges, current carrying loops, and variations in electric currents.

=
N > s
B B
MAGNETIC FIELD DUE TO A WIRE OF FINITE LENGTH
Lo i(cos a+cosB3)
B=—"——"—""-®
47 r O : B
_ M, i(sin B, +sin6,) ® I i

4r r

Magnetic field due to a semi infinite wire in the formula above,

Ong,IL%:OorG1 =0,0, =g
= B= Z—‘T]c % ®

Ex.3 A current 1.0 ampere is flowing in the sides of an equilateral triangle of side 4.5 x 10~2 m. Find the magnetic
field at the centroid of the triangle. (Permeability constant pg = 47 x 10-7 V-s/A-m).

Sol. The magnitude of the magnetic field at the centroid O of the triangle due to a side PQ (say) is

Ho l(sin ¢; +sin¢,)
4mr

Where R is the perpendicular distance of PQ from O, and ¢,, ¢, the angles as shown. The field is perpendicular

to the plane of paper and is directed downward. Since the magnetic field due to each of the three sides is the

same in magnitude and direction, the magnitude of the resultant field at O is
Mo 1. .
B=3— —(sin ¢, +sin
P2 < (sing, +sing,)
Here i=1ampere, ¢1= ¢ =60°
1
and R= E cot 60°

L L
2 3

= X
and /¢ is the side of the triangle

(=4.5x 10-2 meter).
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g 3x107x10 j( ®, (3)]

(1x4.5x102jx(1 2 2
2 5
-7
= LXZZXB =4.0x10"° weber/m2.
4.5x10"
Ex.4. A currenti flows in a square loop of side 'a'. At the centre of the loop, value of B is-
i 242p,i 2421,
(A) zero (B) Hol ©) _@ (D) M
2na 2ma ma

Sol. (D) Perpendicular distance 'd' of the centre from each side=d=a/ 2.

B dueto (1) = Hol (cos 45 + cos 45) Q
4nd

_ “012 i@_ “01 ®

_4nd.a \/E B \/Ena

By a careful observation, we can see that B due to (2), (3) and (4)
is same in the same direction

[}

[y
L)
-
)
[

. PNTR <
= Biowa =4 Hol ®:M® P R
\/Ena Ta

Note: Ifthe problem was slightly different as shown, then answer would have been zero.
(check this out)

MAGNETIC FIELD DUE TO A WIRE OF INFINTE LENGTH

As we know B Mo 1(5in0; +sin0,)
T r

[for a wire of finite length]
If64 =90° and 07 = 90° it will be the wire of infinite length
_Ho i(l+1) :(u_oi]

nfinte g4 p 2nr
Ex.5  The magnetic field at a point 50 mm from a long straight line carrying a current of 3A will be-
(A)0.12G (B)1.2G (€126 (D)o0.012G
Sol. (A)We know magnetic field due to a long straight wire
_ Mol _ 47x107 %3
2nr  2nx50x1073
(Note pg = 41 x 1077)

=1.20x 10~ Tesla = 0.12 G.
[1 Gauss = 10~4 Tesla]

Ex.6 Two long straight parallel wires carry currents I1 and Iy respectively, in the same direction. The distance

between the wires is R. The magnetic field at the centre of the two wires will be-

(A) M down wards (If 11 > I5) (b) M upwards (if (I > 11)
nR R

(©) &R_IZ) upward (D) None of the above.
T

@ www.stepupacademy.ind.in Q @stepupacademyindia ) @stepupacademyindia r@ @stepupacademy_



@Step Up Academy | 63

sol. (AB)

The arrangement is shown in fig. The magnetic field at a point P in between the two wires is B= ]§1 +]§»2 . The

field B1 (due to current I1) points down ward while B (due to current I5) points upwards. Thus field at point

Pis-
= ;—:c {1;1 —%} down wards. I, I,
At x=R/2,
<X—> <Y->
B :M downwards,
R ---eP ---® A
(ifll > 12) or < R 3
B :M upwards (if I > 11)
R
Note:
(i) In the above fig. the magnetic field at point A will be- — —
B= o [I—l +I—2} down wards.
2n|R+y y
(ii) IfI{ =Ip andx=R/2 then B = 0.
MAGNETIC FIELD DUE TO A CIRCULAR CURRENT CARRYING COIL
If; a = Radius of coil C dr D
x = Distance of point P from the centre of dB ??5‘1 d8
coil 51 r o ?
5[ Mo (2ra?®)i : o a~NFP
an )\ @2+ 2" | E‘ X .- |\ 2B sina
' P o
If number of turns in coil is 'n', then B ¢ n i Wi 4B :)0301 C?B

N B[ Mo (2ma®) ni f Cdr D
Ar (a2+X2)3/2

Where is the unit vector along x-axis which is the axis of coil in this case.

Special case:

(a) x =0, i.e. P is centre of coil
g_Ho 2na’ i :M—ii
4 2>  2r
(b) X==*a,

U, (2ma?)in
B=—"——-—
47'[: (232 )3/2

_ Mo 2ma’ i
4n 22 a°

— “Oni N Bcentre(x:O] _ 2\/5
4"\/53 B(x:ra)
(9] x=+0.766 R

BO
B=—, Bo=B

center
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Note:
This is the maximum magnetic field, due to coil.
- Honi
ie. B, =——
2r

Ampere’s Circuital Law:

Ampere’s circuital law states that line integral of steady magnetic field over a closed loop is equal to pu0 times the
total current (Ie) passing through the surface bounded by the loop i.e.,

fB.dl = IJ'OIB

where I is enclosed current

The Solenoid

We shall discuss a long solenoid. By long solenoid we mean that the solenoid’s length is large compared to its
radius. It consists of a long wirewound in the form of a helix where the neighbouring turns are closelyspaced. So
each turn can be regarded as a circular loop. The net magneticfield is the vector sum of the fields due to all the turns.
Enamelled wiresare used for winding so that turns are insulated from each other.

Q

y
g

:
//‘

Y
/.z

(b)

FIGURE 4.15 (a) The magnetic field due to a section of the solenoid which has beenstretched out for clarity.
Only the exterior semi-circular part is shown. Notice how the circular loops between neighbouring turns tend
to cancel. (b) The magnetic field of a finite solenoid.

Figure 4.15 displays the magnetic field lines for a finite solenoid. Weshow a section of this solenoid in an enlarged
manner in Fig. 4.15(a). Figure 4.15(b) shows the entire finite solenoid with its magnetic field. InFig. 4.15(a), itis clear
from the circular loops that the field between twoneighbouring turns vanishes. In Fig. 4.15(b), we see that the field
at theinterior mid-point P is uniform, strong and along the axis of the solenoid. The field at the exterior mid-point
Qis weak and moreover is along theaxis of the solenoid with no perpendicular or normal component. As the solenoid
is made longer it appears like a long cylindrical metal sheet. Figure 4.16 represents this idealised picture. The field
outside the solenoid approaches zero. We shall assume that the field outside is zero. The field inside becomes
everywhere parallel to the axis.

y/4 : 1
[ i

INTN TN TN TN TN TINTNTN TN TN TN TNTNTNTNTNTNTNTNTN

FIGURE 4.16 The magnetic field of a very long solenoid. We consider arectangular Amperian loop abcd to
determine the field.
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Consider a rectangular Amperian loop abcd. Along cd the field is zero as argued above. Along transverse sections
bc and ad, the field componentis zero. Thus, these two sections make no contribution. Let the field along ab be B.
Thus, the relevant length of the Amperian loop s, L = h.

Let n be the number of turns per unit length, then the total numberof turns is nh. The enclosed currentis, I, =1(n
h), where I is the currentin the solenoid. From Ampere’s circuital law [Eq. 4.17 (b)]

BL=pul, Bh=pnl(nh)

Oe 0

MOTION IN A MAGNETIC FIELD

We will now consider, in greater detail, the motion of a charge moving ina B
magnetic field. We have learnt in Mechanics (see Class XI book, Chapter6)

that a force on a particle does work if the force has a component along(or o T
opposed to) the direction of motion of the particle. In the case of motion ofa Q. // I \
charge in a magnetic field, the magnetic force is perpendicular to the P, oo
velocity of the particle. So no work is done and no change in the magnitude of v 'If
the velocity is produced (though the direction of momentum may be . . .
changed). [Notice that this is unlike the force due to an electric field, q E, \ j
which can have a component parallel (or antiparallel) to motion and thus . \ e % % w g
can transfer energy in addition to momentum.] \

We shall consider motion of a charged particle in a uniform magnetic field. = -~ Ll =
First consider the case of v perpendicular to B. The perpendicular force, q )
v x B, acts as a centripetal force and produces a circular motion
perpendicular to the magnetic field.The particle will describe a circle ifv. ~ FIGURE 4.5 Circular motion
and B are perpendicularto each other (Fig. 4.5).

If velocity has a component along B, this component remains y
unchanged as the motion along the magnetic field will not be
affected by the magnetic field. The motion in a plane
perpendicular to B is as before a circular one, thereby it
producinga helical motion (Fig. 4.6).

You have already learnt in earlier classes (See Class XI,
Chapter 4) that if r is the radius of the circular path of a particle,
then a force of m v2 / r, acts perpendicular to the path towards —
the centre of the circle, and is called the centripetal force. If @
the velocity v is perpendicular to the magnetic field B, the o

magneticforce is perpendicular to both vand Band actslikea z
centripetal force. It has a magnitude g v B. Equating the two
expressions for centripetalforce,

pitch
mvZ2/r=qv B, which gives radius

r=mv/qB (4.5) FIGURE 4.6 Helical motion
for the radius of the circle described by the charged particle. The larger the momentum, the larger is the radius and
bigger the circle described. If @ is the angular frequency, then v
=m r.So,

®=2nv=qB/m [4.6(a)]

which is independent of the velocity or energy. Here v is the frequency of rotation. The independence of v from
energy has important application in the design of a cyclotron (see Section 4.4.2).
The time taken for one revolution is T= 2n/w = 1/v. If there is a component of the velocity parallel to the
magnetic field (denoted by v|), it will make the particle move along the field and the path of the particle would be a

helical one(Fig. 4.6). The distance moved along the magnetic field in one rotation is called pitch p. Using Eq. [4.6
(a)], we have
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p= v, T =2nmv, /qB [4.6(b)]

The radius of the circular component of motion is called the radius ofthe helix.

FORCE ON A CURRENT CARRYING CONDUCTOR IN A MAGNETIC FIELD

(a) Consideran electron inside the conductor with velocity V4 ( Vd xB is antiparallel to the direction of current).
Force on this electron
=¢( Vd xB) magnitude of force
=eVyB sin (n — 0) = eVyB sin6.
If length of the conductor is ' /' number of electron per unit volume ='n’
Area of cross section ="A'
Total number of electrons =n(A /()
Total force =n(A () eVyB sin0
= (ne VgA) (B sin0
=1(Bsin0 (i =ne VgA)
(b)  Vectorically, F
F=i(/xB)
Where direction of / is taken along the direction of flow of

current. Direction of force F is perpendicular to the plane formed

i by Band. This is given by Fleming's left hand rule. i.e. If the
forefinger, the middle finger and thumb of the left hand are
stretched mutually at right angles to one another such that

i7"

direction of magnetic field B— along the fore finger, direction of current i — along middle finger. The force
F will be in the direction of thumb.

(c) |F|=1i (Bsinb
i.e.if 8 = 0, 180° or wire is kept parallel or antiparallel to the direction of
magnetic then force on the conductor is zero.

(d) Fwill be maximum when 6 = 90°
Fmax=1 (B.
Ex.24 A current of 2.0 amp. is flowing through a wire of length 50 cm. If this wire be placed at an angle of 60° with

the direction of a uniform magnetic field of 5.0 x 1074 N/A.m. the force on the wire will be-

(A) 433 x 104N (B) 2.50 x 1074 N (C)5.0x 1074 N (D) 233 x 104N
Sol. (A)
The magnetic force on a current carrying wire of length L, placed in a magnetic field B at an angleq with the
field is given by
F=i({Bsin®.

Here B=5.0 x 10~4 N/AM.i=2.0 A,
1=50cm =0.50m,

q=60°

F=2.0x0.50 x (5.0 x 10~%) x sin 60°
=433x10"4N

According to the flemings left - hand rule, this force will act perpendicular to both the wire and the magnetic
field.
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Ex.25 A rectangular coil is placed in magnetic field in such a way that its side PQ is parallel to the field. The
moments of the couples acting on the four sides of coil for current of 2.0 A in the coil and B = 200 G will be-

(A)1x 1072 N.m. (B) 4.0 x 10-3 N.m. (C) 3 x 1073 N.m. (D) 2 x 1072 N.m.
Sol. (2)

We know, force on a current carrying conductor is given by F =i ( B sin 6.

Here two sides PQ and RS of the coil are parallel to the field i.e. 6 = 0 (sin 6 = 0).

Hence, the force on these two sides will be zero. The other two sides PS and QR make an angle of 902 with
the field. Hence the force on each of these sides will be givenby F =i ( B

Given i=2.0A,L=25cm=.25mand
B=2.0x10"2W/m?2.
F=2.0x0.25%x(2.0x1072)=1.0x10"2N.

According to the Fleming's left-hand rule, these forces acting on the sides PS and QR are equal, parallel and
opposite. Hence they constitute a couple whose moment = force F x perpendicular PS.

= (1.0 x 1072 N) (0.40 m) = 4.0 x 10~3 N.m.

FORCE BETWEEN TWO PARALLEL CURRENTS

We have learnt that there exists a magnetic field due to a conductor
carrying a current which obeys the Biot-Savart law. Further, we have
learnt that an external magnetic field will exert a force on a current-
carrying conductor. This follows from the Lorentz force formula. Thus,
it is logical to expect that two current-carrying conductors placed near
each other will exert (magnetic) forces on each other. In the period
1820-25, Ampere studied the nature of this magnetic force and its
dependence on the magnitude of the current, on the shape and size of
the conductors, as well as, the distances between the conductors. In this
section, we shall take the simple example of two parallel current-
carrying conductors, which will perhaps help us to appreciate Ampere’s
painstaking work.

v

Figure 4.17 shows two long parallel conductors a and b separated by a
distance d and carrying (parallel) currents I, and Iy, respectively.

The conductor ‘a’ produces, the same magnetic field B, at all points

along the conductor ‘b’. The right-hand rule tells us that the direction of this field is downwards (when the
conductors are placed horizontally). Its magnitude is given by Eq. [4.19(a)] or from Ampere’s circuital law,

Holo

" 2nd
The conductor ‘b’ carrying a current I, will experience a sideways force due to the field B,. The direction of this
force is towards the conductor ‘a’ (Verify this). We label this force as F,,, the force on a segment L of ‘b’ due to ‘@’.
The magnitude of this force is given by Eq. (4.4),
F.,=1, LB,
1,1
_Folaly L (4.23)
2nd

It is of course possible to compute the force on ‘a’ due to ‘b’. From considerations similar to above we can find the
force F,, on a segment of length L of a’ due to the current in ‘b’. It is equal in magnitude to Fy,, and directed

towards ‘b’. Thus,

F,,=-F, (4.24)

@ www.stepupacademy.ind.in o @stepupacademyindia ) @stepupacademyindia () @stepupacademy_



68| Step Up Academy @

Note that this is consistent with Newton’s third Law. Thus, at least for parallel conductors and steady currents, we
have shown that the Biot-Savart law and the Lorentz force yield results in accordance with Newton’s third Law.

We have seen from above that currents flowing in the same direction attract each other. One can show that
oppositely directed currents repel each other. Thus,

Parallel currents attract, and antiparallel currents repel.

This rule is the opposite of what we find in electrostatics. Like (same sign) charges repel each other, but like
(parallel) currents attract each other.

Let frepresent the magnitude of the force F per unit length. Then, from Eq. (4.23),
HOIaIb
=42 4.25
fba 2nd ( )
The above expression is used to define the ampere (A), which is one of the seven SI base units.

The ampere is the value of that steady current which, when maintained in each of the two very long, straight,
parallel conductors of negligible cross-section, and placed one metre apart in vacuum, would produce on each of
these conductors a force equal to 2 x 10-7 newtons per metre of length.

This definition of the ampere was adopted in 1946. It is a theoretical definition. In practice, one must eliminate the
effect of the earth’s magnetic field and substitute very long wires by multiturn coils of appropriate geometries. An
instrument called the current balance is used to measure this mechanical force.

The SI unit of charge, namely, the coulomb, can now be defined in terms of the ampere.

When a steady current of 1A is set up in a conductor, the quantity of charge that flows through its cross-section in
1s is one coulomb (1C).

CURRENT CARRYING COIL IN AN EXTERNAL MAGNETIC FIELD
(a) As stated earlier, net force on a closed coil in a magnetic field is zero always but there acts a torque on it.
(b) torque on the coil is given by-

T=MxB

where M = Magnetic moment

B = Magnetic field
M = niA
() t=Ni(AxB)=BiNAsin6.
Here A is an area vector whose direction is taken perpendicular to the plane.

The angle q is angle between Aand B (Note that it is not the angle between plane and E)
(d) Work done to rotate a coil from an angle 61 to 0,

0,
wzjrde

el
0
= f BiNA sin0
6,
= BiNA (cos 01 - cos 07)

Definition of B :

Force on a moving charge is given by

|F| = qvB sin®
if 0=90° q=1 coulomb,v=1m/s,
then |F|=B
ie. B is the force experienced by a unit charge moving with a unit velocity unit of

B =N/coulomb - m/sec
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Ex.31

Sol.

Ex.32

Sol.

Ex.33

Sol.

Ex.34

Sol.

_ N-sec
~ coulomb—m
=N/amp - m.
A5 cm x 12 cm coil with number of turns 600 is placed in a magnetic field of strength 0.10. Tesla. The

maximum magnetic torque acting on it when a current of 107> Ais passed through it, will be
(A) 3.6 x 1070 N-m
(B) 3.6 x 1076 dyne-cm
(C) 3.6 x 109 N-m
(D) 3.6 x 100 dyne-m
Tpax = MB=ni AB=ni ({xb)B
T = 600x 1075 x5x 1072 x 12 x 1072 x 0.10
=3.6x10"® N-m

Hence the correct answer will be (A)

The effective radius of a coil of 100 turns is 0.05 m and a current of 0.1 amp is flowing in it. The work
required to turn this coil in an external magnetic field of 1.5 Tesla through 180° will be, if initially the
plane of the coil is normal to the magnetic field.

(A) 0.236 Joule (B) 0.236 Erg (C) 236 Joule (D) 236 erg.
W =2MB
W = 27i Na2B

or W=3.14x2x0.1x100 x (0.05)2 x 1.5
=0.236 Joule
Hence the correct answer will be (A)
A conducting wire of length 1 is turned in the form of a circular coil and a current i is passed through it.
For torque due to magnetic field produced at its centre, to be maximum, the number of turns in the coil
will be -
(A)1 (B) 2 (C) any value (D) more than
T = MB

max

or T..= niraZB

Let number of turns in length ¢ isn

(=n(2mna)
{
or a=——
27n
. ninB> _ /*iB
max 41‘[21’12 4Tcnmin
1
R
nmin
rlmin = 1

A circular coil of 20 turns and radius 10cm is placed in uniform magnetic field of 0.10 T normal to the
plane of the coil. If the current in the coil is 54, then the torque acting on the coil will be -

(A) 31.4N-m (B) 3.14 N-m (C) 0.314 N-m (D) zero
Torque acting on coil

t=NBIAsin6

Here ©6=0°, so1=0

Hence the correct answer will be (4).
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Magnetic Force:

Itis observed that when charge is at rest it experiences almost no force. However, if the charge q is given a velocity
v in the direction of current, it is deflected towards the wire. Hence, we conclude that magnetic field exerts a force
on a moving charge particle. The combination of electric and magnetic force on a point charge is known as Lorentz
Force.

Consider a point charge q moving with velocity v located at position vector r at a given time t. [f an electric field E
and a magnetic field B exist at that point, then force on the electric charge q is given by
F=q[E+ v x B]

This force was first given by H. A. Lorentz; hence it is called Lorentz force.

Fleming's left-hand rule:

If we stretch the thumb and first two fingers of our left hand in mutually perpendicular directions such that
forefinger points along B and middle finger points along v, then the thumb points along F.

Cyclone Frequency:

A charge c completes a circular orbit on a plane normal to B which is the uniform magnetic field. The uniform
circular motion frequency is known as cyclone frequency. This frequency is unaffected by the radius and speed of
the particle. It can be determined with the help of a machine known as cyclotron which is used to accelerate the
particles which are charged.

Current Loop as a Magnetic Dipole:
A current carrying loop behaves like a magnetic dipole. It has two poles viz north and south like that of a bar
magnet. Following figures show magnetic field lines due to a bar magnet and a current carrying loop.
The magnetic dipole moment vector for a current loop is given by
M = NiA,

where, N =number of loops or turns

i = current through each turn

A = area of each turn
Current sensitivity: It is defined as the deflection produced
per unit current passed through the galvanometer. _
Voltage sensitivity: It is defined as the deflection produced
per unit voltage applied across the galvanometer.

Galvanometer as Ammeter:

The galvanometer cannot as such be used as an ammeter to
measure the value of the current in a given circuit. This is for
two reasons.

e  Galvanometer is a very sensitive device. It gives a full-
scale deflection for a current of the order of pA.

. For measuring currents, the galvanometer has to be connected in series, RG

and as it has a large resistance, this will change the value of the current -—@—/\/\/\/\——-

in the circuit.
To overcome these difficulties, one attaches a small resistance rs called shunt
resistance, in parallel with the galvanometer coil, so that most of the current
passes through the shunt. The resistance of this arrangement is.
RGrs

=r,

1

1

—_— — 1

RG + Ig = i

We define the current sensitivity of the galvanometer as the deflection per i
:
1
1

unit current. Thus
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Galvanometer as Voltmeter:

To use galvanometer to find the potential difference between a section R,

of a circuit, it must be connected in parallel to that section of the o—@—’\/\/\/\—-
circuit. Further, it must draw very small current, otherwise the voltage

measurement will disturb the original setup by an amount which is

very large. Usually, we like to keep the disturbance due to the

measuring device below one percent. To ensure this, a large resistance el |
Ris connected in series with the galvanometer. | R, =
! 1
We define voltage sensitivity as the deflection per unit voltage. I (G> —
L _______ 1
) NAB) i
—=(—] = Voltmeter
\% ( K ) v
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Class : 12th Physics
Chapter- 4 : Moving Charges and Magnetism

F=quxB
= qvB sin®
. Foreso,l-’=0alongﬂ1emgneﬁcﬂeld
 For 0 = 90°, i.e. if charge’s velocity is
perpendicular to field direction, Force is

perpendicular to both field & velocity

F-qu- ﬁ

--nnn-nnnq,

Sansssssen
UJ

NF
a
w

earnennn

: uox a’
§ z(a 4t d2)312

-

Sessrsnne

r= -:%’ = radius of the circle in which
charge rotates

5 2am
Timepemd(l)- -‘-l-é—

Field at a point far
away from the
Field at the centre comers
il B
v(fmquency) = ? —CEL

27m
1£0 + 0, 180°, 90°
Then, F = qvB sinf
And the charge particle will follow helix
pathwhose
2zm

and pitch =V, x T =V, XF

Field at an axial
point

r=

qB

It is aregion around a magnet or current

carrying conductor or a moving charge in
which its magnetic effect can be felt

o Sl unit is Tesla(T) = weber/m*
* 1 Gauss = 10~ Tesla

Moving

where y, =
= 4 X 107 TmA™

_1  and the point of observation.
G

© ®

IeeeATsEsNssasEIsEEssIIENSENSEeEeLEsEAtERenanay,

e =
B 4ﬂd(t:ose, cos6,)

gwhere 6, and 6, are the angle corresponding
: to the lower and upper e;‘\:ds respectively i
B, -

Forceona
current

carrying
conductor

Solenoid

Torque
experienced

by aloop in
uniform

Charges and . e§,=0
Magnetism Magnetic field due Fieldduetoalong.  igp —gp :
to straight wire straightwire ——»: ° ;
current current /1 B Myl
foeenn2nd
Force
. Gal. to Gal. to
Ampere's Law feldducen between Definition of ammeter voltmeter
parallel Ampere
Toroid
currents |

magnetic field iR= X-Gf
TSR 3 Ig
If two parallel wire kept 1 m apart, ;
1fF 2 % 107, then current = 1A in each. ! :
‘OMagncncﬁledal aP""""“S‘de PTTTTTTTO Sy
due to along solenoid B = uni = MB sin® n = Mt B
S 3 And a: mint o end B - Eﬂ E ----------------------- . I" Apf", 1820' Hans Chl‘lstlan
: e Sy e L umlz : Oersted discovered that flow of
¢ length along the Ienglhl:)ef solenoid. : ghicuxantina wirs could defisc 8
o =il e e b e : nearby magnetic comp di
P L L LI LTI T - - e !
: (ﬁB.dl = Pl
i where i = total current crossing
: the area bounded by closed curve.:
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Important Questions

Multiple Choice Questions-

1.

A charged particle is moving in a cyclotron, what
effect on the radius of path of this charged
particle will occur when the frequency of the
ratio frequency field is doubled?

(a) It will also be doubled.

(b) It will be halved.

(c) It will be increased by four times.

(d) It will remain unchanged.

Which of the following is not correct about

cyclotron?

(@) It is a machine to accelerate charged
particles or ions to high energies.

(b) Cyclotron uses both electric and magnetic
fields in combination to increase the energy
of charged particles.

(c) The operation of the cyclotron is based on
the fact that the time for one revolution of an
ion is independent of its speed or radius of
its orbit.

(d) The charged particles and ions in cyclotron
can move on any arbitrary path.

If an electron is moving with velocity ¥ produces

a magnetic field §, then

(a) the direction of field B will be same as the
direction of velocity .

(b) the direction of field B will be opposite to
the direction of velocity v.

(c) thedirection of field B will be perpendicular
to the direction of velocity .

(d) the direction of field B does not depend
upon the direction of velocity ¥.

Current flows through uniform, square frames as
shown in the figure. In which case is the magnetic
field at the center of the frame not zero?

(a) (b)

— -
(c) l (d)

v

Ampere’s circuital law is given by
(@) $H-di =yl

(b) pB-di=pl,,

(c) $B-di=p,]

(d) pH-di=p,J

Two identical current carrying coaxial loops,
carry current I in opposite sense. A simple
amperian loop passes through both of them once.
Calling the loop as C, then which statement is
correct?

() $B-dl =+2u,]
G
(b) the value of 4)? -dl is independent of sense of C.
c

(c) there may be a point on C where B and dl are
parallel.
(d) none of these

The correct plot of the magnitude of magnetic
field B” vs distance r from centre of the wire is, if
the radius of wire is R

B
Y /\

s r
(d)

0 R d

The nature of parallel and anti-parallel currents
are

(a) parallel currents repel and antiparallel
currents attract.

(b) parallel currents attract and antiparallel
currents repel.

(c) both currents attract.
(d) both currents repel.

The magnetic moment of a current [ carrying
circular coil of radius r and number of turns N
varies as

(a)-
(b) -

Qr
(d) r2
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10.

A short bar magnet has a magnetic moment of 0.
65 ] T-1, then the magnitude and direction of the
magnetic field produced by the magnet at a
distance 8 cm from the center of magnet on the
axis is

(a) 2.5 x 10* T, along NS direction

(b) 2.5 x 104 T along SN direction

(c) 4.5 x 104 T, along NS direction

(d) 4.5 x 10-* T, along SN direction

Very Short:

1.

10.

Under what condition is the force acting on a
charge moving through a uniform magnetic field
minimum?

What Is the nature of the magnetic field in a
moving coil galvanometer?

State two properties of the material of the wire
used for suspension of the coil in a moving coil
galvanometer.

Write one condition under which an electric
charge does not experience a force in a magnetic
field.

Mention the two characteristic properties of the
material suitable for making the core of a
transformer.

Write the expression, in a vector form, for the
Lorentz magnetic force due to a charge moving
with velocity Vina magnetic field B. What is the
direction of the magnetic force?

Write the condition under which an electron will
move undeflected in the presence of crossed
electric and magnetic fields.

What can be the cause of the helical motion of a
charged particle?

Write the underlying principle of a moving coil
galvanometer.

A proton and an electron traveling along parallel
paths enter a region of the uniform magnetic
field, acting perpendicular to their paths. Which
of them will move in a circular path with a higher
frequency?

Short Questions:

1.

A charged particle having a charge q is moving
with a speed of v along the X-axis. It enters a

region of space where the electric field is E (EN

and a magnetic field B are both present. The

particle, on emerging from the region, is
observed to be moving, along the X-axis only.
Obtain an expression for the magnitude of B in

terms of v and E. Give the direction of B.

A stream of electrons traveling with speed v m s-
1 at right angles to a uniform magnetic field ‘B’ is
reflected in a circular path of radius r'.

e v
Prove that — =—

m rB

Which one of the two, an ammeter or a
milliammeter, has a higher resistance and why?

A straight wire of length L carrying a current 1
stay suspended horizontally in mid-air in aregion
where there is a uniform magnetic field B. The
linear mass density of the wire is 1. Obtain the
magnitude and direction of the magnetic field.

In the figure below, the straight wire AB Is fixed
while the loop Is free to move under the influence
of the electric currents flowing in them. In which
direction does the loop begin to move? Give a
reason for your

A

A coil of ‘N’ turns, and radius ‘R’ carries a current
T’. It is unwound and rewound to make a square
coil of side ‘a’ having the same number of turns
(N). Keeping the current ‘I’ same, find the ratio of
the magnetic moments of the square coil and the
circular coil.

Write the expression for Lorentz magnetic force
on a particle of charge ‘q" moving with velocity v
in a magnetic field B. Show that no work is done
by this force on the charged particle.

(a) State Biot-Savart law in vector form
expressing the magnetic field due to an element

di carrying current | at a distance 7 from the
element.
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Long Questions:
1.
(a) A particle of charge ‘q’ and mass ‘m’, moving
with velocity ¥ is subjected to a uniform

magnetic field B perpendicular to its
velocity. Show that the particle describes a
circular path. Obtain an expression for the
radius of the circular path of the particle.

(b) Explain, how its path will be affected if the
velocity ¥ makes an angle (0 # 90°) with the
direction of the magnetic field.

(a) Obtain the conditions under which an
electron does not suffer any deflection while
passing through a magnetic field.

(b) Two protons P and Q moving with the same

speed pass through the magnetic fields Bl
and E’Z respectively, at right angles to the
field directions. If |§2|>|B’1|, which of the

two protons will describe the circular path
of smaller radius? Explain.

Assertion and Reason Questions-

1. Two statements are given-one labelled Assertion
(A) and the other labelled Reason (R). Select the
correct answer to these questions from the codes
(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is NOT the
correct explanation of A.

c) Aistrue butRis false.

d) Aisfalse and R is also false.

Assertion (A): A charge, whether stationary or in

motion produces a magnetic field around it.

Reason (R): Moving charges produce only

electric field in the surrounding space.

2. Two statements are given-one labelled Assertion
(A) and the other labelled Reason (R). Select the
correct answer to these questions from the codes
(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is NOT the
correct explanation of A.

c) Aistrue butRis false.

d) Ais false and R is also false.

Assertion (A): A charged particle moving in a
uniform magnetic field penetrates a layer of lead
and there by loses half of its kinetic energy. The
radius of curvature of its path is now reduced to
half of its initial value.

Reason (R):Kinetic energy 1is inversely
proportional to radius of curvature.

Case Study Questions-

1.

A charged particle moving in a magnetic field
experiences a force that is proportional to the
strength of the magnetic field, the component of
the velocity that is perpendicular to the magnetic
field and the charge of the particle.

This force is given by F =q (v x B) where q is the
electric charge of the particle, v is the

instantaneous velocity of the particle, and Bis the
magnetic field (in tesla).

The direction of force is determined by the rules
of cross product of two vectors.

Force is perpendicular to both velocity and
magnetic field. Its direction is same as Vx B if q
is positive and opposite of V x B if q is negative.

The force is always perpendicular to both the
velocity of the particle and the magnetic field that
created it. Because the magnetic force is always
perpendicular to the motion, the magnetic field
can do no work on an isolated charge. It can only
do work indirectly, via the electric field generated
by a changing magnetic field.

(i) When a magnetic field is applied on a
stationary electron, it:

a) Remains stationary.
b) Spins about its own axis.
c) Moves in the direction of the field.

d) Moves perpendicular to the direction
of the field.
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(i) A proton is projected with a uniform ° S @ AAA—> °
velocity v along the axis of a current carrying I RS
solenoid, then, g
i < 14 >
a) The proton will be accelerated along
the axis. Series resistor(R,) increases range of voltmeter
b) The proton path will be circular about and the effective resistance of galvanometer. It
the axis. also protects the galvanometer from damage due
to 1 t. Voltmeter i high ist
c) The proton moves along helical path. 0 ‘arge current. Volmeter Is a high resistance
instrument and it is always connected in parallel
d) The proton will continue to move with . o . .
loci | he axi with the circuit element across which potential
t t .
veloclty v atong Hhe axis difference is to be measured. An ideal voltmeter
(iif) A charged particle experiences magnetic has infinite resistance. In order to increase the
force in the presence of magnetic field. range of voltmeter n times the value of resistance
Which of the following statement is correct? . . . .
to be connected in series with galvanometer is
a) The particle is stationary and magnetic Rs=(n - 1)G.
field is perpendicular.
{eld1s perpendicu (i) 10mA current can pass through a
b) The particle is moving and magnetic galvanometer of resistance 25Q What
field is perpendicular to the velocity. resistance in series should be connected
¢)  The particle is stationary and magnetic through it, so that it is converted into a
field is parallel. voltmeter of 100V?
d) The particle is moving and magnetic a) 0.9750
field is parallel to velocity.
b) 99.75Q
(iv) A charge q moves with a velocity 2m s-
o . ™ c) 975Q
Lalong x-axis in a uniform magnetic field
I d) 9975Q
F:(i +2j +3k) T, charge will experience a )
(ii) There are 3 voltmeter A, B, C having the
force. . .
same range but their resistance
a)  Inz-yplane. are 150000,100000
b)  Along -y axis. and 5000Qrespectively. 'Tile best voltmeter
c) Along +z axis. amongst them is the one whose resistance is
d) Along -z axis. a) 5000050000
(v) Moving charge will produce. b) 100000210000
a) Electric field only. c) 1500002150000
b) Magnetic field only. d) allare equally good.
¢) Both electric and magnetic field. (iii) A milliammeter of range 0to 25mA and
d) None of these. resistance of 10Q is to be converted into a
2. A galvanometer can be converted into voltmeter voltmeter with a range of 0to 25V. "Tile

of given range by connecting a suitable resistance
R, in series with the galvanometer, whose value is

given by,
R, = K -G
g

where Vis the voltage to be measured, lg is the
current for full scale deflection of galvanometer
and G is the resistance of galvanometer.

resistance that should be connected in

series will be:

a) 9300
b) 9600
) 9900
d) 10100
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(iv) To convert a moving coil galvanometer
(MCQG) into a voltmeter:
a) A high resistance R is connected in

parallel with MCG.

b) A low resistance R is connected in
parallel with MCG.

c) A low resistance R is connected in
series with MCG.

d) A high resistance R is connected in
series with MCG.

(v) To increase the current sensitivity of a

moving coil galvanometer, we should
decrease:
a) Zero.
b) Low.
c) High.

d) Infinity.

Answer Key

Multiple Choice Answers-

© © N o 1ok w N

Answer: d
Answer: d

Answer:

(g}

Answer:
Answer:
Answer:
Answer:

Answer:

Q o o T T O

Answer:

10. Answer:b

Very Short Answers:

1.

Answer: When the charge moves parallel to the
direction of the magnetic field.

Answer: Radial magnetic field.

Answer:

e  High tensile strength.

e  Small value of torque per unit twist.

Answer: When it moves parallel to the direction
of the magnetic field.

Answer:

e  Low retentivity

e  High permeability

Answer: The expression is F= qU7 x §). The

force is perpendicular to both the velocity and the
magnetic field vector.

Answer: An electron moves perpendicular to
both fields.

10.

Answer: The charge enters the magnetic field at
any angle except 0°, 180°, and 90°.

Answer: A current-carrying loop placed in a
magnetic field experiences a torque.
Answer:
The frequency of revolution is given by
B

y="4d = Vo 1

2mm m
As for me < mp

therefore ve > vp

Short Questions Answers:

1.

Answer: Since the particle continues to move
along the X-axis, therefore, the magnetic force
acting on it should be completely balanced by the
electric force. Since the electric force acts along
the Y-axis, therefore, the magnetic force must be
along the Z-axis.
Thus, is equilibrium qE=Bqvorv=E/B
Answer: Let a stream of electrons be traveling
with speed v at right angles to a uniform magnetic
field B then force due to magnetic field provides
the required centripetal force which deflects the
electron beam along a circular path of radius 1’
such that

g e v

mv
Bev=— or —=—
r m rB

where e = electronic charge and m = mass of the
electron.

Answer:

The shunt resistance connected to convert a
galvanometer into a ammeter or a milliammeter
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IgG
where S is

is given by the expression S =
g

shunt resistance, G galvanometer resistance, [

total current through G and S, and Ig

galvanometer current. In the case of

milliammeter, I is small.

Therefore, Smilliammeter > Sammeter. Hence the
resistance of a milliammeter is greater than that
of an ammeter.

Answer: The magnetic force acting on the
straight wire balances the weight of the wire.

Therefore, in equilibrium we have Mg = BIL, here
M = L], therefore we have L1g=BlLorB=1/1g

This field acts vertically upwards.

Answer: The loop moves towards the straight
wire AB. In the loop in the side nearer to the wire
AB current Iz is in the same direction as 11 and
hence attractive force acts. However, on the side
farther away from the wire AB current Iz is in the
opposite direction and the force is repulsive. But
as the magnitude of attractive force is greater
than the repulsive force, the net force is attractive
in nature and hence, the loop moves towards the
wire AB.

Answer:

The magnetic moment of a current loop is give by
the relation M = nlA

For the circular loop M, = NInR? (1)

Now when the coil is unwound and rewound to

make a square coil, then 2nR=4aora=nR /2
Hence magnetic moment of the square coil is
M, =NI(nR / 2)* = NI*R? / 4 (2)
From (1) and (2) we have

M, NIZ°R*/4 =

M.  NImR* 4

Answer:

The expression is F =q(Vx B). This force always

acts perpendicular to the direction of motion of
the charged particle. Therefore the angle

between F and F is 90°. Hence work done is W =
F r=FR cos 90° = 0.
Answer:

(a) It states that for a small current element dl
the magnetic field at a distance r is given by

di=to I(dLxr)
4 r?
(b) The magnetic field at the centre of a circular
loop is given by

B Mo

2r

The field lines are as shown.

Long Questions Answers:

Answer:

(a) Leta charged particle of charge q and mass
m be moving with velocity ¥ right angle to
the field (i.e., in the plane of the paper), then

magnetic force F acting on the charge q will
be

F=q(vxB)
or

F=qvB sin 90°

or
F=qvB (1)
X X X X X X
X o oX
Fe
X X
x x
X X x X

X X X X X X

As this forces fact at a right angle to the
velocity V of the charged particle, the slot is
unable to change the velocity but can make
the charged particle move In a circular path.
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2.

If r is the radius of the circle, then the
centripetal force required by the charged
particle will be
pom?

r
This centripetal force Is provided by the
magnetic force acting on the charged

particle.
Le. F.=F
2
or m_ qvB
r
mv
or r=—o
qB

(b) If (6 £ 90°), the velocity v of the moving
charge can be resolved into two components
v cos 6, in the direction of the magnetic field
and make it v sin 6, in the direction
perpendicular to the magnetic field. The
charged particle under the combined effect
of the two components of velocities wilt
cover linear as well as a circular path, i.e.,
helical path whose axis is parallel to the
magnetic field.

Answer:

(@) No deflection suffered by the electron if it
moves parallel or anti-parallel to the
magnetic field.

(b) The radius of the circular path travelled by a
charged particle in a magnetic field is given

by
_mv
Bq
B
Therefore, h 5%
r, B
As |B,| >|B,| therefore, r, <r,

Assertion and Reason Answers-

1.

(d) Ais false and R is also false.
Explanation:

A charge, whether stationary or in motion,
produces an electric field around it. If it is in
motion, then in addition to the electric field, it
also produces a magnetic field, because moving
charges produce magnetic field in the
surrounding space.

(b) Both A and Rare true but R is NOT the correct
explanation of A.

Explanation:

The radius of curvature of a charged particle in a

magnetic re rs giveny,

qB qB

mv M ie. rcK.E.

When kinetic energy is halved, the radius is

1
reduced to (— times its initial value.

2

Case Study Answers-

Answer :
(i) (a) Remains stationary.
Explanation:
For stationary electron, V=0
.. Force on the electron is,
F =—e(VxB)=0
(ii) (d) The proton will continue to move with
velocity v along the axis.

Explanation:

Force on the proton, F, =—e(VxB)

Since, V is parallel to B
" Fy=0
Hence proton will continue to move with
velocity v along the axis of solenoid.
(iii) (b) The particle is moving and magnetic field
is perpendicular to the velocity.
Explanation:

Magnetic force on the charged particle q is,
F =q(VxB)orF, =qvBsin0

where 0 is the angle between V and B.

Out of the given cases, only in case (b) it will
experience the force while in other cases it

will experience no force.
(iv) (a) In z-y plane.
Explanation:

F=q(VxB)

:q[zf x(f+2j'+3i<')] =(4q)k—(6q)j
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(v) (c) Both electric and magnetic field. Explanation:
Explanation: Resistance of voltmeter
When an electric charge is moving both 25 10000
electric and magnetic fields are produced, C25x10°3
whereas a static charge produces only X =1000—10=9900
electric field, (iv) (d) A hight resistance R is connected in
2. Answer: series with MCG.
(d) 997502 Explanation:
Explanation: To convert a moving coil galvanometer into

A galvanometer can be converted into a
voltmeter of given range by connecting
suitable high resistance R is series of

galvanometer, which is given by,

K—GzLO3—25=10000—25=9975§2
I 10x10™

(i) (c) 150000

v)

a voltmeter, it is connected with a high
resistance in series.

The voltmeter is connected in parallel to
measure the potential difference.

As the resistance is high, the voltmeter itself
does not consume current.

(d) Infinity

Explanation:

Explanation: The resistance of an ideal voltmeter is
An ideal voltmeter should have a very high infinity.
resistance.
(iii) (c) 990Q XX
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Magnetism and Matter

Bar Magnet

When iron filings are sprinkled on a sheet of glass placed
over a short bar magnet, a particular pattern is formed
and following conclusions are drawn

e  The bar magnet has poles similar to the positive and
negative charge of an electric dipole.

e  One pole is designated as north pole and other as
south pole.

e When suspended freely, these poles point
approximately towards the geographic north and

south poles.
e  Like poles repel each other and unlike poles attract each other.

e  The poles of a magnet can never be separated.

Magnetic Field Lines:

e  Magnetic field line is an imaginary curve, the tangent to which at any
point gives direction of magnetic field B at that point.

o  The magnetic field lines of a magnet form close-continuous loop.

e  Qutside the body of magnet, the direction of magnetic field lines are
from north pole to south pole.

e  No two magnetic field lines can intersect each other. This is because
at the point of intersection, we can draw two tangents. This would
mean two directions of magnetic field at the same point, which is not
possible.

e  Larger the number of field lines crossing per unit area, the stronger is

the magnitude of the magnetic field B.

Coulomb’s Law of Magnetism:

(0 Qi)

L L T T T T

& r o
< Ld

Let pole strength of a monopole be qm, then magnetic force between two isolated poles kept at separation r is.
4m (1) X qm (2)
M —
2
_ Mo am() X am (2)
4m r?

F
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This force will be attractive if one pole is North and other is South and force will be repulsive if both poles are of

same type (i.e., North-North or South-South).

Magnetic Field due to a Monopole:

Magnetic field due to monopole at a point is equal to magnetic force experienced by a unit pole strength if kept at
that point.

Ho M
B=——
4m r?
It is away from pole if it is N-pole and it is towards pole if it is S-pole.
Magnetic Dipole Moment of a Bar Magnet:
It is equal to the product of any one pole strength and separation between two poles.
M =m x 21

It is directed from South-pole to north-pole.

Gauss’s Law in Magnetism:

This law states that “the surface integral of a magnetic field over a closed
surface is zero i.e., the net magnetic flux through any closed surface is
always zero”.

$B.ds=0

Earth’s Magnetism:

1. The earth’s magnetism was assumed to arise from a very large bar magnet placed deep inside earth along its
rotational axis but main argument against theory is that the interior of earth is too hot to maintain any
magnetism.

2. The pattern of earth’s magnetic field varies
with position as well as time. This is most
affected by solar wind.

3. The magnetic field lines of earth appear same
as amagnetic dipole located at the center of the Magnetic Equator

earth.

4, The pole near the geographic north pole is Geographic Equator

called the north magnetic pole and the pole
near the geographic south pole is called the
south magnetic pole.

5. Geographic meridian: It is a vertical plane

passing through the geographic north-south
direction. It contains the longitude circle and axis of rotation of the earth.

6. Magnetic meridian: It is a vertical plane passing through N-S line of freely suspended magnet.

Magnetic Declination:

Itis angle between the true geographic north-south direction and the north south line shown by a compass needle
at a place. Its value is more at higher latitude and smaller near equator. The declination in India is small.

Magnetic Inclination or Dip:

It is angle between axis of needle, (in magnetic meridian) which is free to move about a horizontal axis and
horizontal. Thus, dip is an angle that total magnetic field of earth Be makes with the surface of the earth. Angle of
dip is maximum & = 902 at poles. It is zero at magnetic equator.
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Classification of Magnetic Materials:

Magnetic materials are broadly classified as:

Diamagnetic: Diamagnetism is a fundamental property of all matter, although it is usually very weak. It is due to
the non-cooperative behavior of orbiting electrons when exposed to an applied magnetic field.

Paramagnetic: This class of materials, some of the atoms or ions in the material have a net magnetic moment due
to unpaired electrons in partially filled orbitals.

Ferromagnetic: When you think of magnetic materials, you probably think of iron, nickel, or magnetite. Unlike
paramagnetic materials, the atomic moments in these materials exhibit very strong interactions.

Curie’s Law:

Magnetic susceptibility of paramagnetic substance is inversely proportional to absolute temperature T.

The constant C is called Curie’s constant.

Curie-Weiss law:

At temperature above the Curie temperature, a ferromagnetic substance becomes an ordinary paramagnetic
substance whose magnetic susceptibility obeys the Curie-Weiss law according to which

Hard and Soft Magnets:
Hard Magnets:

The ferromagnetic material which retains magnetization for a long period of time are called hard magnetic
material or hard ferromagnets. Some hard magnetic materials are Alnico (an alloy of iron, aluminium, nickel, cobalt
and copper) and naturally occurring lodestone.

Soft Magnets:

The ferromagnetic material which retains magnetization as long as the external field persists are called soft
magnetic materials or soft ferromagnets. Soft ferromagnets is soft iron. Such material is used for making
electromagnets.

Permanent Magnets and Electromagnets:

Permanent Magnets: The substances which at room temperature retain their magnetization for long period of
time are called Permanent magnets. Permanent magnets should have.

e  High retentivity

e  High coercivity.

As the material in this case is never put to cyclic changes of magnetization, hence hysteresis is immaterial. From
the viewpoint of these facts, steel is more suitable for the construction of permanent magnets than soft iron. The
fact that the retentivity of iron is little greater than that of steel is outweighed by the much smaller value of its
coercivity.

Electromagnets: An electromagnet is a temporary strong magnet and is just a solenoid with its winding on a soft
iron core which has high permeability and low retentivity.

Hysteresis:

e  When intensity of magnetization (I) of ferromagnetic substances is plotted against magnetic intensity for a
complete cycle of magnetization and demagnetization the resulting loop is called hysteresis loop.

e  When intensity of magnetizing field (H) is increased, the intensity of magnetization increases, because more
and more domains are aligned in the direction of applied field.
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e  When all domains are aligned, material is magnetically

—

saturated. Beyond this if intensity of magnetizing field
(H) is increased, intensity of magnetization (I) does not
increase.

e  The value of intensity of magnetization (I) left in the

(@)
o\m s
T

material at H = 0, is called retentivity or remanence.

e Now if magnetizing field is applied in reverse direction
and its intensity H is increased, material starts de- D
magnetizing. The value of magnetizing field needed to

reduce magnetization to zero is called coercivity (0C).

e As reverse magnetizing field is increased further, the material again becomes saturated. Now, if the
magnetizing field is reduced after attaining the reverse saturation, the cycle repeats itself.

e  Thearea enclosed by the loop represents loss of energy during a cycle of magnetization and demagnetization.

Relation Between Horizontal and Vertical Component:
Squaring and adding equation (1) and (2), we get

B’ +B; =B (cos2 8 +sin’ 8)

B, :,/BIZ,+B§

Dividing equation (2) by (1)
B

=V —tan$
BH

Relative Permeability (pn,):

It is the ratio of permeability of a medium to that of permeability of free space.
u

My = —
i Ho
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Important Questions

Multiple Choice Questions-

1.

The earth behaves as a magnet with magnetic
field pointing approximately from the geographic
(a) North to South

(b) South to North

(c) East to West

(d) West to East

The strength of the earth’s magnetic field is

(a) constant everywhere.

(b)
(c) having very high value.
(d)

zero everywhere.

vary from place to place on the earth’s
surface.

Which of the following is responsible for the
earth’s magnetic field?

(a) Convective currents in earth’s core
(b) Diversive current in earth’s core.
(c) Rotational motion of earth.

(d) Translational motion of earth.

Which of the following independent quantities is
not used to specify the earth’s magnetic field?

(a) Magnetic declination (8).

(b) Magnetic dip ().

(c) Horizontal component of earth’s field (BH).
(d) Vertical component of earth’s field (BV).

Let the magnetic field on earth be modelled by
that of a point magnetic dipole at the centre of
earth. The angle of dip at a point on the
geographical equator is

(a) always zero

(b) positive, negative or zero
(c) unbounded

(d) always negative

The angle of dip at a certain place where the
horizontal and vertical components of the earth’s
magnetic field are equal is

(a) 30°
(b) 75°
(c) 60°
(d) 45°

10.

The vertical component of earth’s magnetic field.
at a place is V3 times the horizontal component

the value of angle of dip at this place is

(a) 30°

(b) 45°

(c) 60°

(d) 90°

At a given place on earth’s surface the horizontal
component of earth’s magnetic field is 2 x 103-5

T and resultant magnetic field is 4 x 103-5 T. The
angle of dip at this place is

(a) 30°

(b) 60°

(c) 90°

(d) 45°

Which of the following property shows the
property of ferromagnetic substances?

(a) The ferromagnetic property depends on

tem-perature. ‘

(b) The ferromagnetic property does not

depend on temperature.

(c) At high enough temperature ferromagnet

becomes a diamagnet.

(d)

At low temperature ferromagnet becomes a

paramagnet.
The primary origin of magnetism lies in
(a) atomic current and intrinsic spin of electrons.
(b) polar and non-polar nature of molecules.
(c) pauli exclusion principle.
(d) electronegative nature of materials.

The magnetic moment of a current I carrying
circular coil of radius r and number of turns N

varies as
(@)

2
(b) -

(c)r
(d)r?
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10.

A short bar magnet has a magnetic moment of 0.
65 ] T-1, then the magnitude and direction of the
magnetic field produced by the magnet at a
distance 8 cm from the center of magnet on the
axis is

(a) 2.5 x 10-* T, along NS direction

(b) 2.5 x 104 T along SN direction

(c) 4.5 x104T, along NS direction

(d) 4.5 x 104 T, along SN direction

Very Short:

1.

10.

A small magnetic needle pivoted at the center is
free to rotate In a magnetic meridian. At what
place will the needle be vertical?

What is the angle of dip at a place where the
horizontal and vertical components of the earth’s
magnetic field are equal?

How does the intensity of a paramagnetic sample
vary with temperature?

What should be the orientation of a magnetic
dipole in a uniform magnetic field so that its
potential energy is maximum?

What is the value of angle of dip at a place on the
surface of the earth where the ratio of the vertical
component to the horizontal component of the

1
, . .
earth’s magnetic field is NeL

Where on the surface of the earth is the angle of
dip 90°?

Where on the surface of the earth is the angle dip
zero?

What are permanent magnets? Give one example.
At a place, the horizontal component of the
earth’s magnetic field is B, and the angle of dip is
60°. What is the value of the horizontal
component of the earth’s magnetic field at the
equator?

[s the steady electric current the only source of
the magnetic field? Justify your answer.

Short Questions:

1.

(a) Define the term magnetic susceptibility and
write its relation in terms of relative
magnetic permeability.

(b) Two magnetic materials A and B have
relative magnetic permeabilities of 0. 96 and
500. Identify the magnetic materials A and
B.

A magnetic needle free to rotate in a vertical
position orient itself with its axis vertical at a
certain place on the earth. What are the values of?

(a) the angle of dip and

(b) the horizontal component of the earth’s
magnetic field at this place? Where will this
place be on the earth?

Out of the two magnetic materials ‘A’ has relative
permeability slightly greater than unity while ‘B’
has less than unity. Identify the nature of the
material’s ‘A’ and ‘B’. Will their susceptibilities be
positive or negative?

A magnetic needle free to rotate in a vertical
plane parallel to the magnetic meridian has its
northern tip down at 60° with the horizontal. The
horizontal component of the earth’s magnetic
field at the place is known to be 0.4 G. Determine
the magnitude of the earth’s magnetic field at the
place.

The susceptibility of a magnetic material is -
0.085. Identify the type of magnetic material. A
specimen of this material is kept in a non-uniform
magnetic field. Draw the modified field pattern.

A uniform magnetic field gets modified as shown
below when two specimens X and Y are placed in
it.

A:L‘“ﬂ
v

(a) Identify the two specimens X and Y.

A

- —

(b) State the reason for the behavior of the field
linesin X and Y.

Three identical specimens of magnetic materials
nickel, antimony, and aluminum are kept in a
non-uniform  magnetic field. Draw the
modification in the field lines in each case. Justify

your answer.

Define neutral point. Draw lines of force when
two identical magnets are placed at a finite
distance apart with their N-poles facing each
other. Locate the neutral points.

Long Questions:

Write the expression for the magnetic dipole
moment for a closed current loop. Give its SI unit.
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Derive an expression for the torque experienced
by a magnetic dipole in a uniform magnetic field.

(a) State Gauss’s law for magnetism. Explain Its
significance.

(b) Write the four Important properties of the
magnetic field lines due to a bar magnet.

Assertion and Reason Questions-

1.

Two statements are given-one labelled
Assertion(A) and the other labelled Reason (R).
Select the correct answer to these questions from
the codes(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is NOT the
correct explanation of A.

c) Aistrue butRis false.

d) Aisfalse and R is also false.

Assertion (A): There is only one neutral points

on a horizontal board when a magnet is held
vertically on the board.

Reason (R): At the neutral point the net
magnetic field due to the magnetic and magnetic
field of the earth is zero.

Two statements are given-one labelled
Assertion(A) and the other labelled Reason (R).
Select the correct answer to these questions from
the codes(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is NOT the
correct explanation of A.

c) Aistrue butRis false.
d) Ais false and R is also false.

Assertion (A): The true geographic north
direction is found by using a compass needle.

Reason (R): The magnetic meridian of the earth
is along the axis of rotation of the earth.

Case Study Questions-

1.

The field of a hollow wire with constant current
is homageneous.

Curves in the graph shown give, as functions of
radius distance r, the magnitude B of the
magnetic field inside and outside four long wires
a, b, cand d, carrying currents that are uniformly

distributed across the cross sections of the wires.
Overlapping portions of the plots are indicated by
double labels.

B

a, b
’ d b,
%\

(i) Which wire has the greatest magnitude of

the magnetic field on the surface?

a) a
b) b
c c
d) d

(ii) The current density in a wire a is:
a) Greater than in wire c.
b) Less than in wire c.
c) Equal to that in wire c.

d) Notcomparable to that of in wire c due
to lack of information.

(iii) Which wire has the greatest radius?

a) a
b) b
c) c
d d

(iv) A direct current I flows along the length of
an infinitely long straight thin walled pipe,
then the magnetic field is:

a) Uniform throughout the pipe but not
Zero.

b) Zero only along the axis of the pipe.
c) Zero at any point inside the pipe.

d) Maximum at the centre and minimum
at the edges.

(v) In a coaxial, straight cable, the central
conductor and the outer conductor carry
equal currents in opposite direction. The
magnetic field is zero.

a) Outside the cable.
b) Inside the inner conductor.
c) Inside the outer conductor.

d) Inbetween the two conductor.
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2.

The magnetic field lines of the earth resemble
that of a hypothetical magnetic dipole located at
the centre of the earth. The axis of the dipole is
presently tilted by approximately 11.3° with
respect to the axis of rotation of the earth.

N7

N

Magnetic equator
11.3°

N\

Geographical equator

“~

Sg'\

The pole near the geographic North pole of the
earth is called the North magnetic pole and the
pole near the geographic South pole is called
South magnetic pole.

(i) Magnetization of a sample is:

a) 105T
b) 10T
¢) 105T
d) 10T

(ii) A bar magnet is placed North-South with its
North-pole due North. The points of zero
magnetic field will be in which direction
from centre of magnet?

a) North-South

b) East- West
c¢) North-East and South-West
d) None of these.

(iii) The value of angle of dip is zero at the
magnetic equator because on it:

a) Vand Hare equal.

b) The values of V and H zero.
c¢) The value of V is zero.

d) The value of His zero.

(iv) The angle of dip at a certain place, where the
horizontal and vertical components of the
earth's magnetic field are equal, is:

a) 300
b) 90°
0 600
d) 450

(v) At a place, angle of dip is 300. If horizontal
component of earth's magnetic field is H,
then the total intensity of magnetic field will

be.
H
a - .
) 2
b) 28]

Answer Key

Multiple Choice Answers-

Very Short Answers:

1. Answer:b 1. Answer: At the potes
2. Answer:d 2. Answer: 450
3. Answer:a 3. Answer: it decreases with the increase in
4, Answer:d temperature.
5. Answer:b 4. Answer: It should be anti-parallel to the applied
6. Answer: d magnetic field.
7.  Answer: c 5. Answer:
. . B, 1

8. Answer:b Using the expression tan 8= 3 5
9. Answer:a H
10. Answer: a Therefore, § = 30°
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6. Answer: Poles.
7. Answer: Magnetic equator

8. Answer: It is an arrangement that has a
permanent dipole moment, e.g. bar magnet.

9. Answer: Zero.

10. Answer: No, the magnetic field is also produced
by alternating current.

Short Questions Answers:
1. Answer:

(a) Itrefers to the ease with which a substance
can be magnetized. It is defined as the ratio
of the intensity of magnetization to the
magnetizing field. The required relation is pr
=1+ Xm

(b) A:Paramagnetic,

B: Ferromagnetic

2. Answer: The angle of dip is 90° and the
horizontal component of the earth’s magnetic
field is zero. This place is the magnetic pole of the
earth.

3. Answer:
e ‘A’is paramagnetic and ‘B’ is diamagnetic.
e ‘A’ will have positive susceptibility while
e ‘B’ will have negative susceptibility.

4. Answer:
Given6=30°,BH=04G,B=?
Using the expression
BH = Bcos 6 we have

B, 04 _ 04 08

B= = = =22
cosd cos30° J§/2 NR)

5. Answer: The material is a diamagnetic material
as diamagnetic materials have negative
susceptibility. The modified field pattern is as
shown below.

(b) This is because the permeability of a
diamagnetic substance is less than one and
that of a paramagnetic substance is greater
than one.

Answer: Nickel is ferromagnetic, antimony is
diamagnetic, and aluminium is paramagnetic.
Therefore, they will show the behaviour as
shown in the following figures.

Diamagnetics

—f——— - —

—»— B=B, ——

—_—— e
Paramagnetics

—p—-_________,__,-r-l'"—

2, UBE ——
-+-'.‘_r___’-"—_'_BL-

—>—Ferromagnetic——s—

Answer: It is a point near a magnet where the

magnetic field of the earth is completely balanced
by the magnetic field of the magnet. The figure is
as shown below.

o
N\

The cross indicates the neutral point.

Long Questions Answers:

1. Answer:
6. Answer: . L
The required expression is m = nlA.
(@) X is a diamagnetic substance and Y is a i ) .
. It is measured in A m*.
paramagnetic substance.
Consider a uniform magnetic field of strength B.
Letamagnetic dipole be suspended in it such that
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its axis makes an angle 6 with the field as shown
in the figure below. If ‘m’ is the strength of each
pole, the two poles experience two equal and
opposite force ‘B’ each. These forces constitute a
couple that tends to rotate the dipole. Suppose
the couple exerts a torque of magnitude t.

Then
T = either force x arm of the couple
=mBxAN=mBx2Lsin®

or

Since m x 2L is the magnetic dipole moment of
the magnet.

Therefore T = MB sin 0 in vector form

we have F =M xB
Answer:

(a) Gauss’s Law for magnetism states that “The
total flux of the magnetic field, through any
closed surface, is always

Zero, I.e. 4)[?-@:0

This law implies that magnetic monopoles
do not exist” or magnetic field lines form
closed loops.

(b) Four properties of magnetic field lines are as
follows:

e  Magnetic field lines always form

continuous closed loops.

e  Thetangent to the magnetic field line at
a given point represents the direction
of the net magnetic field at that point.

e  The larger the number of field lines
crossing per unit area, the stronger is
the magnitude of the magnetic field.

e  Magnetic field lines do not intersect.

Assertion and Reason Answers-

(b) Both A and Rare true but R is NOT the correct
explanation of A.

Explanation:

There will be only one neutral point on the
horizontal board. This is because field of earth
magnetic field is from south to north; and the
field of pole on the board is radially outwards. At
any point towards south of magnetic pole, field of
earth and field of pole will cancel out to give a
neutral point.

(d) Ais false and R is also false.
Explanation:

From the compass we are able to know the poles.
The north of compass points towards the
magnetic south pole.

Geographic
Magnetic\ | — axis

axis

If we know the magnetic declination at that
(which is between
geographic meridian and magnetic meridian) we

particular place angle
can easily find out the true geographic north-
south direction. Imaginary lines drawn along the
earth's surface in the direction of the horizontal
component of the magnetic field of the earth at all
points passing through the north and south
magnetic poles. This is similar to the longitudes
of the earth, which pass through the geographic
north and south poles.

Case Study Answers-

1.

Answer :
@H (@a
Explanation:

It can be seen that slop of curve for wire a is
greater th an wire c.

(ii) (b) Less than in wire c.
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Explanation:

Inside the wire

B(r):ﬁir : d_B:&:Lr
21 R dr dr R?

I .
i.e. slope o — oc Current density
T

(i) (o) c
Explanation:

Wire c has the greatest radius.

(iv) (c) Zero at any point inside the pipe.

(v) (a) Outside the cable.
2. Answer:

(1) (c)105T

(i) (b) East- West

(iii) (c) The value of V is zero.

Explanation:

At equator vertical component of magnetic
fields is zero.

(iv) (d)45°
Explanation:

Given,V=H

.'.tanSZK:10r6:45°
H

2H
\4 b) —
v (b) N
Explanation:

Given, Biot-Savart law can be expressed
alternatively as Ampere circuital law.
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Electromagnetics Induction

Electromagnetic Induction

Whenever the magnetic flux linked with an electric circuit change, an emf is induced in the circuit. This
phenomenon is called electromagnetic induction.

Faraday’s Laws of Electromagnetic Induction:

e  Whenever the magnetic flux linked with a circuit changes, an induced emfis produced in it.

e The induced emflasts so long as the change in magnetic flux continues.

e  The magnitude of induced emf is directly proportional to the rate of change in magnetic flux, i.e.,
do do

Ex—=E=——
dt dt

where constant of proportionality is one and negative sign indicates Lenz’s law.
Here, flux = NBA cos6, SI unit of ¢ = weber,
CGS unit of ¢ = maxwell, 1 weber = 108 maxwell,
Dimensional formula of magnetic flux
[] = [ML™2T~2A7%]

Lenz's Law:
e Theinduced emf/ induced current direction is determined by this law.

e  The direction of induced emf or current in a circuit, according to this law, is such that it opposes the source
that generates it. The law of conservation of energy underpins this rule.

e  When the N-pole of a bar magnet advances towards the coil, the flux associated with the loop increases,
causing an emf. Induced current flows through the loop circuit since it is closed.

e  Because the approaching north pole is the cause of this induced current, the induced current in the loop is
directed in such a way that the front face of the loop behaves like the north pole. Therefore, induced current
as seen by the observer O is an anticlockwise direction.

e  The cause of generated emf in the coil can also be referred to as
relative motion if the loop is free to move. As a result, the
relative motion between the two objects works against the
cause.

e  The loop and the incoming magnet should be in opposition. As
a result, the loop will begin to move in the direction of the
magnet is moving.

e Itiscritical to keep in mind that whenever the reason of induced
the new motion is always in the direction of the emf.

Eddy Current:

When a changing magnetic flux is given to a large piece of conducting
material, it induces circling currents known as eddy currents. Eddy
currents have huge magnitudes and heat up the conductor because
the bulk conductor's resistance is usually low.

. These are circulating currents, similar to water eddies.
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e  The "Foucault current” is named after Focault's experimental hypothesis.

e Inametallic block, the generation of eddy currents results in the loss of electric energy in the form of heat.

e  As a result of the lamination and slotting processes, the resistance channel for eddy current circulation
increases, weakening and lowering them and also reducing losses caused by them.

Eddy Current Applications:
Although eddy currents are generally unwelcome, they do have some helpful applications, as listed below.

o Dead-Beat Galvanometer: When a current is delivered via its coil, a deadbeat galvanometer's pointer comes
to rest in the final equilibrium position instantaneously, with no oscillation around the equilibrium position.
This is accomplished by winding the coil around a metallic frame, which induces significant eddy currents
that give electromagnetic damping.

o When the train is running, the wheel moves in the air: When the train is stopped by electric brakes, the
wheel is made to move in an electromagnet created field. Eddy currents created in the wheels as a result of
the changing flux work against the cause and bring the train to a halt.

e Induction Furnace: The heat of Joule causes a metal item to melt when it is placed in a rapidly changing
magnetic field.

e Speedometer: In an automobile's speedometer, a magnet is geared to the vehicle's main shaft and rotates in
accordance with the vehicle's speed. Hair springs are used to secure the magnet in an aluminium cylinder.
When the magnet rotates, it produces eddy currents in the drum and drags it through an angle, which
indicates the speed of the vehicle on a calibrated scale.

e  Energy Meter: The armature coil of an energy meter has a metallic aluminium disc that rotates between the
poles of a pair of permanent horseshoe magnets. The current induced in the disc as the armature spins tend
to oppose the motion of the armature coil. Deflection is proportional to the energy consumed due to this
braking effect.

Induced Charge Flow:

When a current is induced in the circuit due to the flux change, charge flows through the circuit and the net amount
of charge which flows along the circuit is given as:

—fidt—]l @|dt—ljd® —%and —N%forNtums
= TR TR)PIT R =R

The Experiments of Faraday and Henry:

The discovery and understanding of electromagnetic induction are based on a long series of experiments carried
out by Faraday and Henry. We shall now describe some of these experiments.

Experiment 6.1
Figure 6.1 shows a coil Cq connected to a galvanometer G. When the North-pole of a bar magnet is pushed towards

the coil, the pointer in the galvanometer deflects, indicating the presence of electric current in the coil. The
deflection lasts as long as the bar magnet is in motion. The
galvanometer does not show any deflection when the magnet is
held stationary. When the magnet is pulled away from the coil, the
galvanometer shows deflection in the opposite direction, which
indicates reversal of the current’s direction. Moreover, when the
South-pole of the bar magnet is moved towards or away from the
coil, the deflections in the galvanometer are opposite to that
observed with the North-pole for similar movements. Further, the
deflection (and hence current) is found to be larger when the
magnet is pushed towards or pulled away from the coil faster.
Instead, when the bar magnet is held fixed and the coil Cq is moved

towards or away from the magnet, the same effects are observed. /

It shows that it is the relative motion between the magnet and the  FIGURE : When the bar magnet is pushed
coil that is responsible for generation (induction) of electric current towards the coil, the pointer in the

in the coil. galvanometer G deflects.
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Experiment 6.2

In Fig. 6.2 the bar magnet is replaced by a second coil C» connected to
a battery. The steady current in the coil Cy produces a steady magnetic N\
field. As coil Cy is moved towards the coil C1, the galvanometer shows \
a deflection. This indicates that electric current is induced in coil Cq.
When C5 is moved away, the galvanometer shows a deflection again,

but this time in the opposite direction. The deflection lasts as long as
coil Cy is in motion. When the coil C is held fixed and Cq is moved, the

same effects are observed. Again, it is the relative motion between the
coils that induces the electric current.

Experiment 6.3

The above two experiments involved relative motion between a
magnet and a coil and between two coils, respectively. Through another
experiment, Faraday showed that this relative motion is not an
absolute requirement. Figure 6.3 shows two coils C; and Cy held

FIGURE : Current isinduced in coil
C1 due to motion of the current

carrying coil Cy.
stationary. Coil Cq is connected to galvanometer G while the second coil

C5 is connected to a battery through a tapping key K.

(1

FIGURE : Experimental set-up for Experiment 6.3.

Itis observed that the galvanometer shows a momentary deflection when the tapping key K is pressed. The pointer
in the galvanometer returns to zero immediately. If the key is held pressed continuously, there is no deflection in
the galvanometer. When the key is released, a momentary deflection is observed again, but in the opposite
direction. It is also observed that the deflection increases dramatically when an iron rod is inserted into the coils
along their axis.

Magnetic Flux:

Like electric flux, magnetic flux is proportional to the number of magnetic field lines passing through a surface. It
is denoted by ®B. It is a scalar quantity.

Mathematically, @B = BA = BAcos®

SI unit of magnetic flux is weber (Wb) (1Wb =1 tesla-m?2). C.G.S. unit of magnetic flux is maxwell. The dimensional
formula of magnetic flux is [ML2T-2A-1].

Faraday’s Law of Electro Magnetic Induction

According to Faraday’s Law, whenever the magnetic flux through a circuit changes, an emfis induced in the circuit.
The magnitude of the induced emf is equal to the rate at which flux changes with time.

d¢

Magnitude of the induced emf = r
t
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If ¢ represents the flux through a single turn, and the loop has N turns, then

Induced emf=N @
dt
This induced emf creates an induced current in the circuit whose magnitude is given as
. induced emf 1 ]do
. net resistance of circuit ) E E

LENZ’S LAW
According to Lenz’s law, induced emf in a circuit opposes the cause due to which it was induced.
Consider the following examples.

(a) Suppose that the north-pole of a bar magnet is moved towards a

conducting wire loop as shown in the figure. Due to a change in the [ |—» N
magnetic flux associated with the loop, a current is induced. Due to induced
current, a magnetic field is induced and this magnetic field opposes the
motion of bar magnet. The direction of the induced current can be deduced Y
by the following argument: the north pole is moving towards the loop; — VW
therefore to oppose the motion of the bar magnet only a north pole will be
induced on that face of the loop which faces the magnet.
(b) A rectangular loop ABCD is being pulled out of the magnetic field whichis [y x x x x xoR x
directed into the plane of the paper. Perpendicular to the plane of the X % % % X iAi f B
paper. As the loop is dragged out of the field, the flux associated with the [x x x x x x Ix x |\ —
loop decreases. The induced current flows in the loop in a sense so as to z i i z : );D z % c
oppose the decrease in this flux. For this to happen the magnetic field due
to the induced current in the loop must be directed into the plane of the
paper. Thus the current in the loop must flow be clockwise.
Illustration 1: Magnetic field is increasing into the page with time when a conducting , > *_*
loop of definite radius is placed on the plane of the paper. The find the BT
direction of current in the loop. x x
X X X X X
Solution: As the flux is increasing inside then the current in the loop will be such that it will be opposing the

increase in magnetic field, i.e., the induced current in the loop will create such a magnetic field
which is directed out ward.

Thus, the direction of current will be anticlockwise.

Hlustration 2: A square loop ACDE of area 20cm? and resistance 5Q2is rotatedina g{} XB
magnetic field B =2T through 180° A c
(a) in 0.01 s and §
X X X
(b) in0.02s ;
Find the magnitude of e, i and Aq in both the cases. . D
X X X
Solution: Let us take the area vector S perpendicular to plane of loop inwards. So initially, S ™ B and when

itis rotated by 180°, STUB Hence, initial flux passing through the loop,
¢0i=BScos0°=(2) (20 x 104) (1) =4.0 x 103 Wb

Flux passing through the loop when it is rotated by 180°,

¢or=BS cos 180°=(2) (20 x 104) (-1) =- 4.0 x 103 Wb
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Therefore, change in flux,
Adp = dr- dpi=-8.0x103Wb
(a) GivenAt=0.01s, R=5Q
- Adg| 8.0x10°°
At| o001

= 0.8 volt

i:H:%:OiGA
R 5

and Aq=1iAt=0.16 x0.01=1.6 x 103 C

(b) At=0.02s
A 8.0x107°
el =|- bo| 8OO 4 oy

At| 002

e 0.4

=S _""_008A
R 5
and  Aq = iAt= (0.08) (0.02)
= 1.6x103C

Note:  Time interval At in part (b) is two limes the time interval in part (a), so e and i are half
while Aq is same.

Hllustration 3: A conducting circular loop with variable radius r is placed in a uniform magnetic field
B=0.020T with plane perpendicular to the field. While the radius of the loop is contracting at
a constant rate of 1.0 mm/s; find the induced emf in the loop when the radius is 2 mm.

Solution: Radius (variable) =r
B=0.02T
Induced emfE = E(BA) = Bd—A = anng
dt dt dt
dr

—=1.0x10"mt r=2x103 mt
dt

E=0.02xmx2x2x103x1x103
=6x108x7w=18.85x%x108V.

Illustration 4: A rectangular loop of N turns of area A and resistance R rotates at a uniform angular velocity
@ about Y-axis. The loop lies in a uniform magnetic field B in the direction of X-axis. Assuming
that at t = 0, the plane of the loop is normal to the lines of force, find an expression for the
peak value of the emf and current Induced in the loop. What is the magnitude of torque
required on the loop to keep it moving with constant @?

Solution: As ¢ is maximum att =0,
¢ (t) =BA cos ot

Magnitude of induced emf = N |d(|)/ dt|
= BAoN|Sin of|

BAwN

Magnitude of induced current = R

|Sin c0t|
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(a) = peakvalue of emf=BA®N

peak value of induced current = BAoN/R

(b) Power input = heat dissipation per sec
2
= w=I'R

BA%w°N?
S o= BAON G o

MOTIONAL ELECTROMOTIVE FORCE

Let us consider a straight conductor moving in a _ _ P
uniform and time- independent magnetic field. Figure 5
6.10 shows a rectangular conductor PQRS in which the : : : 7 : : P M
conductor PQ is free to move. The rod PQ is moved _
towards the left with a constant velocity v as shown in ;
the figure. Assume that there is no loss of energy due
to friction. PQRS forms a closed circuit enclosing an l
area that changes as PQ moves. Itis placed in a uniform '
magnetic field B which is perpendicular to the plane of \ _ . . U
this system. If the length RQ = xand RS =/, the magnetic * * >
flux @ enclosed by the loop PQRS will be FIGURE : The arm PQ is moved to the left side, thus
®p= Blx decreasing the area of the rectangular loop. This

Since x is changing with time, the rate of change of flux movement induces a current [ as shown.

@g will induce an emf given by:

dp, d
= = —— B
=" - /™

=—B/%=B/V (6.5)

where we have used dx/dt = -v which is the speed of the conductor PQ. The induced emf Blv is called motional emf.
Thus, we are able to produce induced emf by moving a conductor instead of varying the magnetic field, that is, by
changing the magnetic flux enclosed by the circuit.

It is also possible to explain the motional emf expression in Eq. (6.5) by invoking the Lorentz force acting on the
free charge carriers of conductor PQ. Consider any arbitrary charge q in the conductor PQ. When the rod moves
with speed v, the charge will also be moving with speed v in the magnetic field B. The Lorentz force on this charge
is qvB in magnitude, and its direction is towards Q. All charges experience the same force, in magnitude and
direction, irrespective of their position in the rod PQ. The work done in moving the charge from P to Q is,

W =qvBI

Since emf is the work done per unit charge,
€= w =B/v
q

This equation gives emf induced across the rod PQ and is identical to Eq. (6.5). We stress that our presentation is
not wholly rigorous. But it does help us to understand the basis of Faraday’s law when the conductor is moving in
a uniform and time-independent magnetic field.

On the other hand, it is not obvious how an emf is induced when a conductor is stationary and the magnetic field
is changing - a fact which Faraday verified by numerous experiments. In the case of a stationary conductor, the
force on its charges is given by

F=q(E+vxB)=qgE (6.6)
since v = 0. Thus, any force on the charge must arise from the electric field term E alone. Therefore, to explain the
existence of induced emf or induced current, we must assume that a time-varying magnetic field generates an
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electric field. However, we hasten to add that electric fields produced by static electric charges have properties
different from those produced by time-varying magnetic fields. In Chapter 4, we learnt that charges in motion
(current) can exert force/torque on a stationary magnet. Conversely, a bar magnet in motion (or more generally,
a changing magnetic field) can exert a force on the stationary charge. This is the fundamental significance of the
Faraday’s discovery. Electricity and magnetism are related.

INDUCTANCE

An electric current can be induced in a coil by flux change produced by another coil in its vicinity or flux change
produced by the same coil. These two situations are described separately in the next two sub-sections. However,
in both the cases, the flux through a coil is proportional to the current. That is, ®s o I.

Further, if the geometry of the coil does not vary with time then,
do, dl
—_0oC —

dt dt
For a closely wound coil of N turns, the same magnetic flux is linked with all the turns. When the flux ®gthrough
the coil changes, each turn contributes to the induced emf. Therefore, a term called flux linkage is used which is
equal to Nds for a closely wound coil and in such a case

NOg oc 1

The constant of proportionality, in this relation, is called inductance. We shall see that inductance depends only on
the geometry of the coil and intrinsic material properties. This aspect is akin to capacitance which for a parallel
plate capacitor depends on the plate area and plate separation (geometry) and the dielectric constant K of the
intervening medium (intrinsic material property).

Inductance is a scalar quantity. It has the dimensions of [M L2 T -2 A-2] given by the dimensions of flux divided by
the dimensions of current. The SI unit of inductance is henry and is denoted by H. It is named in honour of Joseph
Henry who discovered electromagnetic induction in USA, independently of Faraday in England.

Mutual inductance

Consider Fig. 6.11 which shows two long co-axial solenoids each of

length /
Ty

I. We denote the radius of the inner solenoid S by rq and the number
of turns per unit length by nq. The corresponding quantities for the
outer solenoid Sy are ry and ny, respectively. Let N1 and N be the

total number of turns of coils §1 and Sy, respectively.

When a current I is set up through Sy, it in turn sets up a magnetic

flux through S4. Let us denote it by ®1. The corresponding flux linkage

with solenoid Sl is N, turns

N1 ®1=M1212 (6.7)

N, turns

Mq7 is called the mutual inductance of solenoid $1 with respect to ~ FIGURE: Two long co-axial solenoids

solenoid Sy. It is also referred to as the coefficient of mutual induction. of same length

For these simple co-axial solenoids it is possible to calculate M1 5. The magnetic field due to the current I in Sz is

po nz Iz . The resulting flux linkage with coil S; is,
N, @, =(n, )(mry) (on,1,)
=y 0,77 /1, (6.8)
where n1lis the total number of turns in solenoid Sq. Thus, from Eq. (6.9) and Eq. (6.10),
M, = Honyn,my / (6.9)

Note that we neglected the edge effects and considered the magnetic field po nz Iz to be uniform throughout the
length and width of the solenoid S5. This is a good approximation keeping
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in mind that the solenoid is long, implying I >> r».

We now consider the reverse case. A current /4 is passed through the solenoid S1 and the flux linkage with coil 53
is,

N, @, = (1, /) (7)) (1ony1;)
where njl is the total number of turns of S». From Eq. (6.12),

Mz1=pon1nzmnrs?l (6.11)
Using Eq. (6.11) and Eq. (6.12), we get

M1 =M3z1=M (say) (6.12)
We have demonstrated this equality for long co-axial solenoids. However, the relation is far more general. Note
that if the inner solenoid was much shorter than (and placed well inside) the outer solenoid, then we could still

have calculated the flux linkage N:®: because the inner solenoid is effectively immersed in a uniform magnetic
field due to the

outer solenoid. In this case, the calculation of M1, would be easy. However, it would be extremely difficult to
calculate the flux linkage with the outer

solenoid as the magnetic field due to the inner solenoid would vary across the length as well as cross section of the
outer solenoid. Therefore, the calculation of M31 would also be extremely difficult in this case. The equality M1z

= Mz; is very useful in such situations.
We explained the above example with air as the medium within the solenoids. Instead, if a medium of relative
permeability p had been present, the mutual inductance would be
M = pr po n1 nz pri2/
Itis also important to know that the mutual inductance of a pair of coils, solenoids, etc., depends on their separation
as well as their relative orientation.
Now, let us recollect Experiment 6.3 in Section 6.2. In that experiment, emf is induced in coil €1 wherever there
was any change in current through coil Cz. Let ®@: be the flux through coil C: (say of N1 turns) when current in coil
CyisIy.
Then, from Eq. (6.7), we have
N: @1 =MI
For currents varying with time,
d(N,®,) _ d(Ml,)
de de
Since induced emf in coil C1 is given by
;40
de
We get,

81=—M(31—I;

It shows that varying current in a coil can induce emf in a neighbouring coil. The magnitude of the induced emf
depends upon the rate of change of current and mutual inductance of the two coils.

Self-inductance

In the previous sub-section, we considered the flux in one solenoid due to the current in the other. It is also possible
that emf is induced in a single isolated coil due to change of flux through the coil by means of varying the current
through the same coil. This phenomenon is called self-induction. In this case, flux linkage through a coil of N turns
is proportional to the current through the coil and is expressed as

NO, ocl
N®g=LI (6.13)
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__d(NDg)
dt
dl
__ 4 6.14
e=-L (6.14)

Thus, the self-induced emf always opposes any change (increase or decrease) of current in the coil.

It is possible to calculate the self-inductance for circuits with simple geometries. Let us calculate the self-
inductance of a long solenoid of cross- sectional area 4 and length /, having n turns per unit length. The magnetic
field due to a current I flowing in the solenoid is B = po nl (neglecting edge effects, as before). The total flux linked
with the solenoid is

Ny =(nl) (g n1) (A)

=un2A/l
Where nl is the total number of turns. Thus, the self-inductance is,
[ - N®s
1
= o n? Al (6.15)

If we fill the inside of the solenoid with a material of relative permeability pr (for example soft iron, which has a
high value of relative permeability), then,

L = pr ko nz Al (6.16)
The self-inductance of the coil depends on its geometry and on the permeability of the medium.
The self-induced emfis also called the back emf as it opposes any change in the current in a circuit. Physically, the
self-inductance plays the role of inertia. It is the electromagnetic analogue of mass in mechanics. So, work needs to
be done against the back emf (g) in establishing the current. This work done is stored as magnetic potential energy.
For the current I at an instant in a circuit, the rate of work done is

dw

de
If we ignore the resistive losses and consider only inductive effect, then using Eq. (6.16),
w_

det de

Total amount of work done in establishing the current / is
i

W =[dw=[Lldl
0

Thus, the energy required to build up the current [ is,
W:%L g (6.17)

This expression reminds us of mv 2/2 for the (mechanical) kinetic energy of a particle of mass m, and shows that L
is analogous to m (i.e., L is electrical inertia and opposes growth and decay of current in the circuit).

Consider the general case of currents flowing simultaneously in two nearby coils. The flux linked with one coil will
be the sum of two fluxes which exist independently. Equation (6.7) would be modified into

Ny ®1=Mi1l1+M12 I2
where Mq 1 represents inductance due to the same coil.

Therefore, using Faraday’s law,

dl dl
g =-M,—L=M,—=%
1 17, 127
Mu1 is the self-inductance and is written as Li. Therefore,
dl dl,
&, =— _—= M ——
1= dt 127
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AC GENERATOR

The phenomenon of electromagnetic induction has been

technologically exploited in many ways. An exceptionally ‘ q e

important application is the generation of alternating currents
(ac). The modern ac generator with a typical output capacity of
100 MW is a highly evolved machine. In this section, we shall
describe the basic principles behind this machine. The Yugoslav

inventor Nicola Tesla is credited with the development of the
machine. As was pointed out in Section 6.3, one method to induce

an emf or current in a loop is through a change in the loop’s Stip
orientation or a change in its effective area. As the coil rotates in a "'”'u‘( ‘ Alternaiing emf

magnetic field B, the effective area of the loop (the face - —0
perpendicular to the field) is A4 cos 6, where 0 is the angle between

A and B. This method of producing a flux change is the principle of Carbon

operation of a simple ac generator. An ac generator converts FIGURE : AC Generator

mechanical energy into electrical energy.

The basic elements of an ac generator are shown in Fig. 6.13. It consists of a coil mounted on a rotor shaft. The axis
of rotation of the coil is perpendicular to the direction of the magnetic field. The coil (called armature) is
mechanically rotated in the uniform magnetic field by some external means. The rotation of the coil causes the
magnetic flux through it to change, so an emf is induced in the coil. The ends of the coil are connected to an
external circuit by means of slip rings and brushes.

When the coil is rotated with a constant angular speed o, the angle 6

between the magnetic field vector B and the area vector A of the coil at any instant t is 6 = ot (assuming 6 = 0° at t
= 0). As a result, the effective area of the coil exposed to the magnetic field lines changes with time, and from Eq.
(6.1), the flux at any time tis

@y = BA cos 0= BA cos ot

From Faraday’s law, the induced emf for the rotating coil of N turns is then,

= —N& = —NBAi(cos t)
dt dt

Thus, the instantaneous value of the emf is

€ = NBAw sin ot (6.19)
where NBA® is the maximum value of the emf, which occurs when sin ot = +1. If we denote NBAw as ¢, then
e=¢ sin ot (6.20)

Since the value of the sine fuction varies between +1 and -1, the sign, or polarity of the emf changes with time.
Note from Fig. 6.14 that the emf has its extremum value when 6 = 90° or 6 = 270°, as the change of flux is greatest
at these points.

The direction of the current changes periodically and therefore the current is called alternating current (ac). Since
o = 27nv, Eq (6.20) can be written as

g=gsin2nvt (6.21)
where v is the frequency of revolution of the generator’s coil.

Note that Eq. (6.20) and (6.21) give the instantaneous value of the emf and ¢ varies between +g0 and -€0
periodically. We shall learn how to determine the time-averaged value for the alternating voltage and current in
the next chapter.

In commercial generators, the mechanical energy required for rotation of the armature is provided by water falling
from a height, for example, from dams. These are called hydro-electric generators. Alternatively, water is heated to
produce steam using coal or other sources. The steam at high pressure produces the rotation of the armature.
These are called thermal generators. Instead of coal, if a nuclear fuel is used, we get nuclear power generators.
Modern day generators produce electric power as high as 500 MW, i.e., one can light up 5 million 100 W bulbs! In
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most generators, the coils are held stationary and it is the electromagnets which are rotated. The frequency of

rotationis 50 Hz in India. In certain countries such as USA, it is 60 Hz.

Stagel Stage2 Stage3d
The plane of  When the armature  armature
the armaiture is  rolaies through 90 after a Stageb
perpendicular the plane of the rotation of Staged Armaiture aflter
to the magnetic armature is parallel to 180 Armature after rotating through
field magnetic field a rotation of 360°
R
R
N Direction of
——— Magnetic
i i I field
I | I I
| | | | |
| | | | |
I | | | |
Induced | I I I I
r-mrl I I I I
ol 90° | 1807 | 270° | 36071 tme —>
I | | | |
| | | [ |
| | | | |
| | | | |
I | | I |
0

FIGURE 6.14 An alternating emf is generated by a loop of wire rotating in a magnetic field.

Motional Emf:

If a rod of length 1 moves perpendicular to a magnetic field B, with a velocity v

v, then induced emf produced in it given by. 7 v
E=Bxvxl=Bvl //; :

If a metallic rod of length 1 rotates about one of its ends in a plane // ' i v B

perpendicular to the magnetic field, then the induced emf produced across its / ;:” v

. . M
ends is given by. 4 “¥—p A
1 ‘ %, v

E= Ebmr2 = BAf prié v

where, o = angular velocity of rotation, f = frequency of rotation and A = nir?2 = ,/

area of disc.

The direction of induced current in any conductor can be obtained from
Fleming’s right hand rule.

A rectangular coil moves linearly in a field when coil moves with constant
velocity in a uniform magnetic field, flux and induced emf will be zero.

A rod moves at an angle 8 with the direction of magnetic field, velocity E = -
Blv sin 6.

An emf is induced:

e  When a magnet is moved with respect to a coil.

e  When a conductor falls freely in East-West direction.
e  When an Aeroplan flies horizontally.

e  When strength of current flowing in a coil is increased or decreased, induced current is developed in the coil
in same or opposite direction.

e  When a train moves horizontally in any direction.
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Induced Electric Field:

An electric field is induced in any region of space in which a magnetic field is changing with time. Induced electric
field and magnetic field are at right angles to each other.

Consider a particle of charge q0 moving around the ring in a circular path. The work done by the induced electric
field in one revolution is W = qOg, where ¢ is the induced emf.

Also work done

By Faraday's law

Lenz’s Law and Conservation of Energy:

Lenz's law is in accordance with law of conservation of energy. As the induced current opposes the change in flux,
work has to be done against the opposition offered by induced current in changing the flux. The work done appears
as electrical energy in the loop.

AC Generator:

An ac generator converts mechanical energy into electrical p
energy. 1 m
It consists of a coil mounted on a rotor shaft. The axis of — 2 | A » —
rotation of the coil is perpendicular to the direction of the

magnetic field. The coil (called armature) is mechanically

rotated in the uniform magnetic field by some external

means. The rotation of the coil causes the magnetic flux

through it to change, so an emf is induced in the coil. The N
ends of the coil are connected to an external circuit by
means of slip rings and brushes.

Axle

When the coil is rotated with a constant angular speed w, n,ngs\

the angle 6 between the magnetic field vector B and the area

vector A of the coil at any instant t is 6 = wt. As a result, the

effective area of the coil exposed to the magnetic field lines \\

changes with time, and the flux at any time to is. C‘mbon
¢p = BAcosO brushes

¢ = BAcosB
From Faraday’s law, the induced emf for the rotating coil of N turns is, then,
_ydés
dt

slip _— {§ 00000 ——m——9
’ Alternating emf

—9

&=

d
= —NBA—
3 N It (cos wt)

Thus, the instantaneous value of the emfis,
€ = NBAw sin wt
If we denote NBAw as ¢o,
€= gy sinwt
The direction of the current changes periodically and therefore the current is called alternating current (ac).
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1/ Class : 12th Physics \
\ Chapter- 6 : Electromagnetic Induction /
jL= pon’nfx’t:lm e {  Whenever flux of magnetic field |
n=10.0; peruni ¢ i through the area bounded by a
6 = flux = (ygni) 1 i i closed conducting loop changes, .lfasolenondothums,theﬂuxthrough
r = radius of each loop of solenoid an emf is produced in theloop : : each each turn = ¢ = _[Bds
*  Growth of current in LR Circuit ; meemﬁs?feﬂbyﬂ=-d¢’dt §emfmducedbetween the ends
. E ) where ¢ = | Bds : N2
im = (-6 =y (1-e*) is the flux of the magnetic fild § § of coill =E=-N IBdS
o Doyt through the area. : .
i= ,“e-m 5 ooMi r: o n«.
. Enugly stored in an Inductor e A \‘\\\‘\\“& i In1831, Michael Faraday
u=lip P o) =
L 2 i My = pominy i LTI %  Srissmaie |J"“"| Iy ;
£ Ma = panuns : i describedit.  :

§ Emfinduced.in an AG generator, E. = NBAn sin ot ;
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Induced current

Induction

The direction of the induced
current is such that it opposes *
thechamutl'mhulnducadlt.

Electromagnetic

!

*eesssannss!

;' it is induced when 3
- magnetic flux linked -
* with the conductor
changes

X x
x A X% B

- .
emfinduced: S\faonetic force on the loop- i Thermal power developed
E= vBI iF=BRoR : =mtheloopis
i -DTB’ : : = force required to move :
S S -1 the lOOp with constant 5
velocxty (v) g
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Important Questions

Multiple Choice Questions

1.

The north pole of a long bar magnet was pushed
slowly into a short solenoid connected to a short
galvanometer. The magnet was held stationary
for a few seconds with the north pole in the
middle of the solenoid and then withdrawn
of the
galvanometer was observed when the magnet

rapidly. The maximum deflection

was
(a) moving towards the solenoid
(b) moving into the solenoid

(c) at rest inside the solenoid
(d) moving out of the solenoid

The magnetic flux linked with a coil of N turns of
area of cross section A held with its plane parallel
to the field B is

NAB
@2
(b) NAB
NAB
@7
(d) zero

Faraday’s laws are consequence of the

conservation of

(a) charge

(b) energy

(c) magnetic field

(d) both (b) and (c)

Two identical coaxial coils P and Q carrying equal

amount of current in the same direction are
brought nearer. The current in

(a) P increases while in Q decreases
(b) Q increases while in P decreases
(c) both P and Q increases
(d) both P and Q decreases

Direction of current induced in a wire moving in
a magnetic field is found using

(a) Fleming’s left-hand rule
(b) Fleming’s right-hand rule
(c) Ampere’s rule

(d) Right hand clasp rule

10.

Lenz’s law is a consequence of the law of
conservation of

(a) charge

(b) energy

(c) induced emf

(d) induced current

A solenoid is connected to a battery so that a
steady current flows through it. If an iron core is
inserted into the solenoid, the current will

(a) increase

(b) decrease

(c) remain same

(d) first increase then decrease

Which of the following statements is not correct?

(@) Whenever the amount of magnetic flux
linked with a circuit change, an emf is
induced in circuit.

(b) The induced emf lasts so long as the change
in magnetic flux continues.

(c) The direction of induced emf is given by
Lenz’s law.

(d) Lenz’s law is a consequence of the law of
conservation of momentum.

There is a uniform magnetic field directed
perpendicular and into the plane of the paper. An
irregular shaped conducting loop is slowly
changing into a circular loop in the plane of the
paper. Then

(a) current is induced in the loop in the anti-
clockwise direction.

(b) current is induced in the loop in the
clockwise direction.

(c) acisinduced in the loop.
(d) no currentis induced in the loop.

In the given figure current from A to B in the
straight wire is decreasing. The direction of
induced current in the loop is A

(a) clockwise

(b) anticlockwise

(c) changing

(d) nothing can be said
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Very Short:

1. Whatis the function of a step-up transformer?

2. State Lenz’s law.

3. How can the self-inductance of a given coil having
‘N’ number of turns, area of cross-section of ‘A’
and length T be increased?

4. How does the mutual inductance of a pair of coils
change when
(a) the distance between the coils is increased

and
(b) the number of turns in the coils is increased.

5. The motion of the copper plate is damped when
itis allowed to oscillate between the two poles of
a magnet. What is the cause of this damping?

6. Why is the core of a transformer laminated?

7. A metallic piece gets hot when surrounded by a
coil carrying a high frequency alternating
current. Why?

8. Name any two applications where eddy currents
are used to advantage.

9. A long straight current-carrying wire passes
normally through the centre of the circular loop.
If the current through the wire increases, will
there be an induced emf in the loop? Justify.

10. Predict the polarity of the capacitor in the

situation described below.

E N
—

5 N F

-—

Short Questions:

1.

An induced current has no direction of its own,
comment.

How are eddy currents produced? Mention two
applications of eddy currents?

Name and define the unit used for measuring the
coefficient of mutual inductance. State the
relation of this unit with the units of magnetic

flux and electric current.

What are eddy currents? Write any two
applications of eddy currents.

(a) Obtain the expression for the magnetic
energy stored in a solenoid in terms of the
magnetic field B, area A and length | of the
solenoid.

(b) How s this magnetic energy per unit volume
compared with the electrostatic energy per
unit volume stored in a parallel plate
capacitor?

State Lenz’s Law.

A metallic rod held horizontally along the east-
west direction is allowed to fall under gravity.
Will there be an emf induced at its ends? Justify
your answer.

Starting from the expression for the energy W =
1/2LI12, stored in a solenoid of self-inductance L to
build up the current 1, obtain the expression for
the magnetic energy in terms of the magnetic
field B, area A and length | of the solenoid having
n number of turns per unit length. Hence show
that the energy density is given by 8z/2m0.

(i) The magnetic energy is
(i) The magnetic energy per unit volume is

Define mutual inductance. A pair of adjacent coils
has a mutual inductance of 1.5 H. If the current in
one coil changes from 0 to 20 A in 0.5 s, what is
the change of flux linkage with the other coil?

Long Questions:

1.

11 kW of electric power can be transmitted to a
distant station at (i) 220 V or (ii) 22,000 V. Which
of the two modes of transmission should be
preferred and why? Support your answer with
possible calculations.

A coil A is connected to a voltmeter V and the
other coil B to an alternating current source D. If
a large copper sheet C is placed between the two
coils, how does the induced emf in coil A change
due to current in coil B. Justify your answer.

A Dv

F———7 7 7 AcC

Sk

Assertion and Reason Questions-

1.

Two statements are given-one labelled Assertion
(A) and the other labelled Reason (R). Select the
correct answer to these questions from the codes
(@), (b), (c) and (d) as given below.
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a) Both A and R are true and R is the correct
explanation of A.

b) Both A and Rare true but R is NOT the
correct explanation of A.

c) Aistrue butRis false.
d) Ais false and R is also false.

Assertion (A): An aircraft flies along the
meridian, the potential develops at the ends of its
wings.

Reason (R): Whenever there is change in the
magnetic flux e.m.f. induces.

Two statements are given-one labelled Assertion

(A) and the other labelled Reason (R). Select the

correct answer to these questions from the codes

(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and Rare true but R is NOT the
correct explanation of A.

c) Aistrue butRis false.
d) Aisfalse and R is also false.

Assertion (A): An artificial satellite with a metal
surface is moving above the earth in a circular
orbit. A current will be induced in satellite if the
plane of the orbit is inclined to the plane of the
equator.

Reason (R): The current will be induced only
when the speed of satellite is more than 8km/
sec.

Case Study Questions-

1.

In year 1820 Oersted discovered the magnetic
effect of current. Faraday gave the thought that
reverse of this phenomenon is also possible i.e.,
current can also be produced by magnetic field.
Faraday showed that when we move a magnet
towards the coil which is connected by a sensitive
galvanometer.  The  galvanometer  gives
instantaneous deflection showing that there is an

electric current in the loop.

Whenever relative motion between coil and
magnet takes place an emf induced in coil. If coil
is in closed circuit then current is also induced in

)

(i)

(iii)

(iv)

The north pole of a long bar magnet was
pushed slowly into a short solenoid
connected to a galvanometer. The magnet
was held stationary for a few seconds with
the north pole in the middle of the solenoid
and then withdrawn rapidly. The maximum
deflection of the
observed when the magnet was:

galvanometer was

a) Moving towards the solenoid.
b) Moving into the solenoid.

c) Atrestinside the solenoid.

d) Moving out of the solenoid.

Two similar circular loops carry equal
currents in the same direction. On moving
the coils further apart, the electric current
will.

a) Remain unaltered.

b) Increases in one and decreases in the
second.

c¢) Increase in both.

d) Decrease in both.

A closed iron ring is held horizontally and a

bar magnet is dropped through the ring with

its length along the axis of the ring. The

acceleration of the falling magnet is.

a) Equaltog.

b) Lessthang.

c) Morethang.

d) Depends on the diameter of the ring
and length of magnet.

Whenever there is a relative motion
between a coil and a magnet, the magnitude
of induced emf set up in the coil does not
depend upon the:

a) Relative speed between the coil and
magnet.

the circuit. This phenomenon is called
electromagnetic induction.
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b) Magnetic moment of the coil.
c) Resistance of the coil.
d) Number of turns in the coil.

(v) A coil of metal wire is kept stationary in a
non-uniform magnetic field:
a) A n emf and current both are induced
in the coil.

b) A current but no emf is induced in the
coil.

c) Anemfbutno currentis induced in the
coil.

d) Neither emf nor current is induced in
the coil.

Currents can be induced not only in conducting
coils, but also in conducting sheets or blocks.
Current is induced in solid metallic masses when
the magnetic flux threading through them
changes. Such currents flow in the from of
irregularly shaped loops throughout the body of
the metal. These currents look like eddies or
whirlpools in water so they are known as eddy
currents. Eddy currents have both undesirable
effects and practically useful applications. For
example it causes unnecessary heating and
wastage of power in electric motors, dynamos
and in the cores of transformers.

(i) The working of speedometers of trains is

based on:

a) Wattless currents.
b) Eddy currents.

c) alternating currents.

d) pulsating currents.
(ii) Identify the wrong statement.

a) Eddy currents are produced in a steady
magnetic field.

b) Induction furnace uses eddy currents
to produce heat.

c¢) Eddy currents can be used to produce
braking force in moving trains.

d) Power meters work on the principle of
eddy currents.

(iii) Which of the following is the best method to
reduce eddy currents?

a) Laminating core.
b) Using thick wires.
c¢) Byreducing hysteresis loss.
d) None of these.
(iv) The direction of eddy currents is given by:
a) Fleming's left hand rule.
b) Biot-Savartlaw.
c¢) Lenz'slaw
d) Ampere-circuital law.

(v) Eddy currents can be used to heat localised
tissues of the human body. This branch of
medical therapy is called:

a) Hyperthermia.
b) Diathermy.

c) Inductothermy.
d) None of these.

Answer Key

Multiple Choice Answers-

O 0 N W

—_
o

Answer: d
Answer:
Answer:
Answer:
Answer:
Answer:
Answer:
Answer:

Qo T T T a T

Answer:

Answer: b

Very Short Answers:

1.

Answer: The function of a step-up transformer is
to step-up the alternating voltage.

Answer: It states that the direction of induced
emf is such that it opposes the cause of its
production.

Answer: By inserting a core of high permeability
inside the coil.

Answer:
(a) decreases

(b) increases.

@ www.stepupacademy.ind.in

(© @stepupacademyindia

€) @stepupacademyindia

[E) @stepupacademy_



110 | Step Up Academy @
5. Answer: Production of eddy current. Answer:
6. Answer: To reduce the effects of eddy currents. Eddy currents are the currents induced in the
7. Answer: Due to the production of eddy current body of a thick conductor when the magnetic flux
which generates heat. linked with a bulk piece of conductor changes.
8. Answer: . Dead Beat Galvanometer, and
e  Electromagnetic damping e Induction furnace.
e Induction furnace. Answer:
9. Answer: Yes, as there will be a change in The magnetic field stored in a solenoid is given by
. : , | ‘
magnetic flux. the expression U = - 3 LI2.
10. Answer: The upper plate will be positive with But for a solenoid B = ponl

respect to the lower plate in the capacitor.

Short Questions Answers:

1.

Answer: Yes, it is perfectly correct to say that an
induced current has no fixed direction of its own.
The direction of induced current depends upon
the change in magnetic flux because in
accordance with Lenz’s law the induced current

always opposes the change in magnetic flux.

Answer: Eddy currents are the currents induced
in the body of a thick conductor when the
magnetic flux linked with the conductor changes.
When a thick conductor is moved in a magnetic
field, magnetic flux linked with it changes. In
situations like these, we can have induced
currents that circulate throughout the volume of
a material.

Because their flow patterns resemble swirling
eddies in a river, therefore they are called eddy
currents.

e  Electromagnetic braking, and
e  Induction furnace.
Answer:

In SI the unit of mutual inductance is henry (H).
Now from the expression

dt dt
dl

we have M =¢g|—.
dt

Lete=1voltand dl/dt = 1 As-1, then

M =1 volt/1 As-1 =1 henry.

The mutual inductance of a coil is said to be 1
henry if a rate of change of current of 1 ampere

per sec in the neighbouring coil induces in at an
emf of 1 volt.

or
1=B/pon

Substituting in the above expression we have

U= 1 X (MOnZAI) [ij as L=y, n*Al
2 Loh
_1B%Al

U=
2 o

We know that the energy stored per unit volume
in a parallel plate capacitor is

1
U, = ESOEZ
Itis clear that in both cases the energy stored per
unit volume is proportional to the square of the

field intensity.

Answer: Lenz’s law states that the polarity of the
induced emf is such that it tends to oppose the
cause of its production.

Yes, as it will cut the horizontal component of the
earth’s magnetic field.

Answer:
1., 1(BY

(i) U==LI* ==L — | since B =p,nl
2 2 \ pon

Now L=p,n’ Al, therefore we have

2
U, :%(HOnZAI)[ij _ L pa

Hon 21,
Ug U z
(ii) U, :_BZ_B:B_
Vv Al 2,

Answer: Mutual inductance is numerically equal
to the magnetic flux linked with a coil when the
unit current passes through the neighbouring
coil.

GivenM=1.5H,dl=20-0=20A4,
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dt=0.5s & =?
o=-mdL

dt
or

CD=—1.5><2:—60Wb
0.5

Long Questions Answers:
1. Answer:

1. Consider that 11000 watt of energy has to
be transmitted. First at 220 V and then at
22000 V. When the power is transmitted at
220 V then the current flowing through the
wires is 11000/220 =50 A

2. When power is transmitted at 22000 V then
the current through the wires is 11000 /
22000 = 0.5 A. If R is the resistance of the
line wire then the energy dissipated in the
two cases is 2500R joule per sec and 0.25R.
joule per sec.

This shows that if energy is transmitted at
low voltages there is more loss in energy
than when it is transmitted at high voltages.
Furthermore, if power is to be transmitted
atlow voltage, then the resistance of the line
wire should be low, as such thick wires will
be required. To support these thick wires
strong poles situated close to each other will
be needed. This will increase the cost of
transmission. But at high voltages, even thin
wires will do.

2. Answer:
In the absence of sheet C, an induced emfis set up
in coil due to mutual induction phenomenon

when an alternating current is passed through
coil B.

Induced
emf

—»m

0

However, when induced copper sheet C is placed,
eddy currents are set up in the sheet due to a
change in flux.

Thus, now coil A has a positive effect due to coil B
and a negative effect due to eddy currents in C.
Consequently, the flux of coil A and hence the
induced emfin coil A is decreased, i.e. the reading
of voltmeter V is reduced.

Assertion and Reason Answers-

1.

(a) Both A and R are true and R is the correct
explanation of A.

Explanation:

As the aircraft flies, magnetic flux changes
through its wings due to the vertical component
of the earth's magnetic field. Due to this, induced
emf is produced across the wings of the aircraft.
(c) Both A and R are true and R is the correct
explanation of A.

Explanation:

When the satellite move in inclined plane with
equatorial plane the value of magnetic field will
change both in magnitude and direction. Due to
this, the magnetic flux through the satellite will
change and hence induced currents will be
produced in the metal of the satellite. But no
current will induce if satellite orbits in the
equatorial plane because the magnetic flux does
not change through the metal of the satellite in
this plane.

Case Study Answers-

1.

Answer :

(i) (d) Moving out of the solenoid.
Explanation:
More rapid is the movement of bar magnet,
more is the deflection observed in the
galvanometer.

(i) (c) Increase in both.
Explanation:
Two circular loops carrying current in the
same direction will attract each other. If
they are now separated, induced currents
will try to keep status quo, by increasing the
current in both the coils.

(iii) (b) Less than g.
Explanation:
Acceleration of the magnet will not be equal
tog. It will be less than g. This is because, as
the magnet falls, amount of magnetic flux
linked with the ring changes.
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An induced emf is developed in the ring 2. Answer:
which opposes the downward motion of the (i) (b) Eddy currents.
magnet. Explanation:
(iv) (c) Resistance of the coil. The working of speedometers is based on
Explanation: eddy currents.
The magnitude of induced emf set up in the (ii) (a) Eddy currents are produced in a steady
coil does not depend upon the resistance of magnetic field.
the coil whereas induced current set up in (iii) (a) Laminating core.
the coil depend upon the resistance of the Explanation:
coil. To reduce the eddy currents in the metal
(v) (d) Neither emfnor currentis induced in the armature of motors, wire is wrapped
coil around a number of thin metal sheets called
' lamination.
Explanation: (iv) (c) Increase.
As long as a coil of metal is kept stationary Explanation:
in a magnetic field, even if it is non-uniform, Eddy currents also oppose the change in
unless it is changing with respect to time, magnetic flux, so their direction is given by
there will be no induced emfor current in Lenz's law.
the coil. (v) (c) Henry.
0:0 0:0
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Alternating Current

Alternating Current

Alternating current is an electric current which periodically reverses direction and changes its magnitude

continuously with time, in contrast to direct current, which flows only in one direction.

AC Voltage Applied to a Resistor

Figure 7.1 shows a resistor connected to a source ¢ of ac voltage.

The symbol for an ac source in a circuit diagram is (9. We consider
a source which produces sinusoidally varying potential
difference across its terminals. Let this potential difference, also
called ac voltage, be given by

V=V sin ot (7.1)

where v, is the amplitude of the oscillating potential difference

and o is its angular frequency.
To find the value of current through the resistor, we apply
Kirchhoff’s loop rule 3 &(t) = 0 (refer to Section 3.13), to the
circuit shown in Fig. 7.1 to get

vmsinot=iR
. Vo
or i=-"sin ot
R

Since R is a constant, we can write this equation as

where the current amplitude i, is given by

Equation (7.3) is Ohm’s law, which for resistors, works equally well for
both ac and dc voltages. The voltage across a pure resistor and the current
through it, given by Eqgs. (7.1) and (7.2) are plotted as a function of time in
Fig. 7.2. Note, in particular that both v and i reach zero, minimum and
maximum values at the same time. Clearly, the voltage and current are in
phase with each other.

We see that, like the applied voltage, the current varies sinusoidally and
has corresponding positive and negative values during each cycle. Thus,
the sum of the instantaneous current values over one complete cycle is
zero, and the average current is zero. The fact that the average current is
zero, however, does not mean that the average power consumed is zero
and that there is no dissipation of electrical energy. As you know, Joule
heating is given by i2R and depends on i2 (which is always positive whether

FIGURE 7.1 AC voltage applied to a

resistor.

(7.2)

(7.3)

0 T or Wi

FIGURE 7.2 In a pure resistor, the
voltage and current are in phase. The
minima, zero and maxima occur at

the same respective times.

iis positive or negative) and not on i. Thus, there is Joule heating and dissipation of electrical energy when an

ac current passes through a resistor.
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The instantaneous power dissipated in the resistor is

p=i’R=i% Rsin® wt (7.4)
The average value of p over a cycle is

p=<i’*R>=i% Rsin® ot > [7.5(a)]
where the bar over a letter (here, p) denotes its average value and <......... > denotes taking average of the quantity
inside the bracket. Since ii and R are constants,

p=i2 R<sin® ot > [7.5(b)]

Using the trigonometric identity, sin? ot =1/2 (1- cos 2wt ), we have < sin? ot > = (1/2) (1- < cos 2ot >) and
since < cos2mt > = 0, we have,

. 2 1
<sin“ ot >=—
2

Thus,
- 1.
P=5inR [7.5(c)]
To express ac power in the same form as dc power (P =I?R), a special value of 4
current is defined and used.lIt is called, root mean square (rms) or effective il
current(Fig. 7.3) and is denoted by I;,s or . I VA VA

It is defined by \ / \

— 1 i 0 T or wl
I: .2 = —.2 :l
J7 /zlm -

=0.707 i (7.6)

7[1]\ [
In terms of ], the average power, denoted by P is

1 FIGURE 7.3 The rms current [ is

P=P =Ei51 R=I’R (7.7) related to the peak currenti,, by
Similarly, we define the rms voltage or effective voltage by I=i, /‘/E =0.7071,,.
Y
V=-L=0.707v, 7.8
NG (7.8)

From Eq. (7.3), we have

Vp=I,R
or, —n=_"R
2 2
or, V=IR (7.9)

Equation (7.9) gives the relation between ac current and ac voltage and is similar to that in the dc case. This shows
the advantage of introducing the concept of rms values. In terms of rms values, the equation for power [Eq. (7.7)]
and relation between current and voltage in ac circuits are essentially the same as those for the dc case.

It is customary to measure and specify rms values for ac quantities. For example, the household line voltage of 220
V is an rms value with a peak voltage of
v, = 22v= (1.414)(220V)=311V
In fact, the I or rms current is the equivalent dc current that wouldproduce the same average power loss as the
alternating current. Equation(7.7) can also be written as
P=V2/R=1V(since V=1IR)

Capacitor in an AC Circuit

If a capacitor of capacitance C is connected across the alternating source, the instantaneous charge on the
capacitor,
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q =CVc=CVosin ot

and the instantaneous current i passing through it, is given by:

V =V, sinot
dg /R
_/

i=— =CV,mcosot
dt
V. -
= sin(ot+/2) e
1/ oC a b
1
or i =10 sin (ot + 1/2)

1
This relation shows that the quantity —C is the effective ac resistance or the capacitive reactance of the capacitor
®

and is represented as Xc. It has unit as ohm. Thus,
x-L
oC
It is clear that the current leads the voltage by 90° or the potential drop across the
capacitor lags the current passing it by 90°.

Figure shows V and i as functions of time t.

Inductor in an AC Circuit

Consider a pure inductor of self-inductance L and zero resistance connected to an
alternation source. Again, we assume that an instantaneous current i = io sin ot flows through the inductor.
Although there is no resistance, there is a potential difference V1. between the inductor terminals a and b because
the current varies with time, giving rise to self-induced emf.

VL = Vab = - (induced emg) = —(—L ZD

di . L
Or V.= L-d— = Li,mcos ot
t ——N——

a b
n >
Or Vi=Vosin | ot + — )]
2
Here  Vo=1io(wL) (ii)
\Y
Or o= —=
oL
Vo
i = —2sin(wt) (iii)
oL

Equation (iii) shows that effective ac resistance, i.e., inductive reactance of inductor is,

XL = oL
And the maximum current,

i Vo

= — .' VL

°T XL |

The unit of Xy is also ohm. Vo N,
io

From Equations. (i) and (iii) we see that the voltage across the inductor leads the : //\ .
current passing through it by 90°. N/ /
Figure shows V1 and i as functions of time. v
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VOLTAGE APPLIED TO A SERIES LCR CIRCUIT

Figure 7.4 shows a series LCR circuit connected to an ac R
source &. Asusual, we take the voltage of the source to be v = '

Vp sin ot.

If q is the charge on the capacitor and i the current, at time A
t, we have, from Kirchhoff’s loop rule: & )
d .. q
L—+iR+—=v (7.20
dt ¢=v 720 B
We want to determine the instantaneous current i and its FIGURE 7.4 A series LCR circuit connected to
phase relationship to the applied alternating voltage v. We an ac source.
shall solve this problem by two methods. First, we use the
technique of phasors and in the second method, we solve Eq. (7.20) analytically to obtain the time- dependence
of i.

Phasor-diagram solution

From the circuit shown in Fig. 7.10, we see that the resistor, inductor and capacitor are in series. Therefore, the ac
current in each element is the same at any time, having the same amplitude and phase. Let it be

i=1, sin(ot+¢) (7.21)
where ¢ is the phase difference between the voltage across the source and the current in the circuit. On the basis
of what we have learnt in the previous sections, we shall construct a phasor diagram for the present case.

Let I be the phasor representing the current in the circuit as given by Eq. (7.21). Further, let V[, VR, V¢, and V
represent the voltage across the inductor, resistor, capacitor and the source, respectively. From previous section,
we know that VR is parallel to I, V¢ is /2 behind I and V is ©/2 ahead of I. V[, VR, V¢ and I are shown in Fig. 7.5(a)
with appropriate phase-relations.

The length of these phasors or the amplitude of VR, V¢ and Vy, are:

VRm=ImRvem =imXc Vim =Im XL, (7.22)
The voltage Equation (7.20) for the circuit can be written as
VL, +VR*tVC =V (7.23)
The phasor relation whose vertical component gives the above equation is
VL + VR + VC =V [724)
I
VR
VL wt+d

(a) (b)
FIGURE 7.5 (a) Relation between the phasors Vi, VR, V(, and /,
(b) Relation between the phasors Vi, VR, and (Vy, + V) for the circuit in Fig. 7.10.
This relation is represented in Fig. 7.11(b). Since V¢ and Vj, are always along the same line and in opposite
directions, they can be combined into a single phasor (V¢ + V) which has a magnitude |VCm —vLm| . Since V is

represented as the hypotenuse of a right-triangle whose sides are Vg and (V + V), the pythagorean theorem gives:

2 2 —
Vi =Vrm t (va - VLm)
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Substituting the values of vg,y,, v, and v, from Eq. (7.22) into the above equation, we have

vi =i, RY +(i, X, —i X, )
=i,2n[R2 +(X, —XL)ZJ

or, i, —Ym [7.25(a)]

,/RZ +(X, - X, Y
By analogy to the resistance in a circuit, we introduce the impedance Z

in an ac circuit:

i =Vm [7.25(b)]

where Z=~/R2 +(X, - X, ) (7.26)

Since phasor I is always parallel to phasor V, the phase angle ¢ is the angle between VR and V and can be

determined from Fig. 7.12: _

V.. -V,

tand) —_Cm Lm
Rm

Using Eq. (7.22), we have gy :

X —-X
tang=——"L (7.27) 4
Equations (7.26) and (7.27) are graphically shown in Fig. (7.6). This is called ,L R {
Impedance diagram which is a right-triangle with Z as its hypotenuse. FIGURE 7.6 Impedance
Equation 7.25(a) gives the amplitude of the current and Eq. (7.27) gives the phase diagram.

angle. With these, Eq. (7.21) is completely specified.

IfX.>X,, ¢ is positive and the circuit is predominantly capacitive.

Consequently, the current in the circuit leads the source voltage. If X, < X, ¢ is negative and the circuit is
predominantly inductive.

Consequently, the current in the circuit lags the source voltage.

Figure 7.7 shows the phasor diagram and variation

of v and i with o t for the case X, > X,. Tloq v
_ _ v 77N /
Thus, we have obtained the amplitude and phase of ba /_[T f\ /
current for an LCR series circuit using the technique I ‘,_‘i’ !
of phasors. But this method of analysing ac circuits wt, | N
O wi i 21 i’

suffers from certain disadvantages. First, the phasor
diagram say nothing about the initial condition. One
can take any arbitrary value of t (say, t1, as done

throughout this chapter) and draw different
phasors which show the

relative angle between different phasors. The FIGURE 7.7 (a) Phasor diagram of V and I. (b) Graphs of v
solution so obtained is called the steady-state and i versus o t for a series LCR circuit where X¢ > X].
solution. This is not a general solution. Additionally,

we do have a transient solution which exists even for v = 0. The general solution is the sum of the transient
solution and the steady-state solution. After a sufficiently long time, the effects of the transient solution die out
and the behaviour of the circuit is described by the steady-state solution.

(a) (b)

Resonance

An interesting characteristic of the series RLC circuit is the phenomenon of resonance. The phenomenon of
resonance is common among systems that have a tendency to oscillate at a particular frequency. This frequency is
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called the system'’s natural frequency. If such a system is driven by an energy source at a frequency that is near the
natural frequency, the amplitude of oscillation is found to be large. A familiar example of this phenomenon is a
child on a swing. The swing has a natural frequency for swinging back and forth like a pendulum. If the child pulls
on the rope at regular intervals and the frequency of the pulls is almost the same as the frequency of swinging, the
amplitude of the swinging will be large (Chapter 13, Class XI).

For an RLC circuit driven with voltage of amplitude v, and frequency o, we found that the current amplitude is
given by
|74 |74

jo=mo_om
z \/RZ +(X, _XL)Z

with X, = 1/wC and X, = o,. So if ® is varied, then at a particular frequency o, X, = X,, and the impedance is

minimum (Z:\/R2 +0? :R). This frequency is called the resonant frequency.

X=X, ori:mOL
,C

1
or Wy =—— (7.28)

Jic

Atresonant frequency, the current amplitude is maximum; i, = v,,/R.

Figure 7.16 shows the variation of i, with & 1.0
in a RLC series circuit with L = 1.00 mH, C = f \
nF for two values of R: (i) R = 100 Q and (ii) R =200
Q. For the source applied v,, = 100 V. o, for this case is T ] \
1 ] < 051 / \ _t D
—=1.00x10" rad/s. - -
JLC / l( (ii)
We see that the current amplitude is maximum at the e
resonant frequency. Since i, = v;;; / R at resonance, the 1 © ““|"~
current amplitude for 0.0 0.5 1.0 1.5 2.0

w, Mrad/s —»

R ircuits h . ¢ Xwe f FIGURE 7.8 Variation of i with o for two cases:
esonant circuits have a variety of applications, for (i) R=100Q, (i) R = 200 Q, L = 1.00 mH.

example, in the tuning mechanism of a radio or a TV set.

The antenna of a radio accepts signals from many broadcasting stations. The signals picked up in the antenna acts
as a source in the tuning circuit of the radio, so the circuit can be driven at many frequencies. But to hear one
particular radio station, we tune the radio. In tuning, we vary the capacitance of a capacitor in the tuning circuit
such that the resonant frequency of the circuit becomes nearly equal to the frequency of the radio signal received.
When this happens, the amplitude of the current with the frequency of the signal of the particular radio station in
the circuit is maximum.

case (i) is twice to that for case (ii).

It is important to note that resonance phenomenon is exhibited by a circuit only if both L and C are present in the
circuit. Only then do the voltages across L and C cancel each other (both being out of phase) and the current amplitude
is vy, /R, the total source voltage appearing across R. This means that we cannot have resonance in a RL or RC circuit.

POWER IN AC CIRCUIT: THE POWER FACTOR

We have seen that a voltage v = v, sin ot applied to a series RLC circuit
drives a current in the circuit given by i = i, sin(ot + ¢) where

v X.-X
i,=-2and ¢=tan '| L
Z R

Therefore, the instantaneous power p supplied by the source is

p=vi=(v,, sinot)x[i,, sin(ot+¢)]
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Z%[COS o—cos(2wt +¢)] (7.29)

The average power over a cycle is given by the average of the two terms in
R.H.S. of Eq. (7.37). It is only the second term which is time-dependent. Its average is zero (the positive half of the
cosine cancels the negative half). Therefore,

p=-2n cosd)z—';ﬂzcoscb
=V /cos ¢ [7.30(a)]
This can also be written as,
P=I*Zcosd [7.30(b)]

So, the average power dissipated depends not only on the voltage and current but also on the cosine of the phase
angle @ between them. The quantity cos@ is called the power factor. Let us discuss the following cases:

Case (i) Resistive circuit: If the circuit contains only pure R, it is called
resistive. In that case ¢ = 0, cos ¢ = 1. There is maximum power dissipation.
Case (ii) Purely inductive or capacitive circuit: If the circuit contains only an inductor or capacitor, we know that

the phase difference between voltage and current is /2. Therefore, cos ¢ = 0, and no power is dissipated even
though a current is flowing in the circuit. This current is sometimes referred to as wattless current.

Case (iii) LCR series circuit: In an LCR series circuit, power dissipated is given by Eq. (7.30) where ¢ = tan-! (X, -
X,)/ R. So, ¢ may be non-zero in a RL or RC or RCL circuit. Even in such cases, power is dissipated only in the
resistor.

Case (iv) Power dissipated at resonance in LCR circuit: At resonance X, - X, = 0 and ¢ =0. Therefore, cos® = 1 and

P =127Z=12R. Thatis, maximum power is dissipated in a circuit (through R) at resonance.

TRANSFORMERS
For many purposes, it is necessary to change (or transform) an alternating voltage from one to another of greater
or smaller value. This is done with a device called transformer using the principle of mutual induction.
A transformer consists of two sets of coils, insulated from each other. They are wound on a soft-iron core, either
one on top of the other as in Fig. 7.9(a) or on separate limbs of the core as in Fig. 7.9(b). One of the coils called the
primary coil has Np turns. The other coil is called the secondary coil; it has N turns. Often the primary coil is the
input coil and the secondary coil is the output coil of the transformer.

Soft iron-core

° __——®
>
B c &
. (.‘_'_.-‘--—a-_'______: Q ._""“---—--..,___D ) s
= > Q g q > 2
z L—F g 2 9| 1+ 3
= CEE =S = P —F 2
2 = > B 3 4 ‘ b &
N -______"‘:‘.v 2 < [~ 41 5
fq_________' »] 1P <
L . =R I - v h —®
(a) (b)

FIGURE 7.9 Two arrangements for winding of primary and secondary coil in a transformer: two coils on top of
each other, (b) two coils on separate limbs of the core.

When an alternating voltage is applied to the primary, the resulting current produces an alternating magnetic flux
which links the secondary and induces an emf in it. The value of this emf depends on the number of turns in the
secondary. We consider an ideal transformer in which the primary has negligible resistance and all the flux in the
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core links both primary and secondary windings. Let ¢ be the flux in each turn in the core at time ¢ due to current

in the primary when a voltage Vp is applied to it.

Then the induced emf or voltage ¢, in the secondary with N turns is
do
€ :_NSE (7.31)

The alternating flux @ also induces an emf, called back emf in the primary. This is

d
€, :—NP—¢ (7.32)
dt
But B, = v, If this were not so, the primary current would be infinite since the primary has zero resistance (as
assumed). If the secondary is an open circuit or the current taken from it is small, then to a good Approximation
€, =V,

where v is the voltage across the secondary. Therefore, Egs. (7.31) and (7.32) can be written as

do
__N % 7.31
2 o [7.31(a)]
d¢
v, :—Np% [7.32(a)]
From Eqgs. [7.31(a) and [7.32(a)], we have
vs _ N, (7.33)
VP NP

Note that the above relation has been obtained using three assumptions: (i) the primary resistance and current
are small; (ii) the same flux links both the primary and the secondary as very little flux escapes from the core, and
(iii) the secondary current is small.
If the transformer is assumed to be 100% efficient (no energy losses), the power input is equal to the power output,
and sincep =iv,

I,v, =1V, (7.34)
Although some energy is always lost, this is a good approximation, since a well designed transformer may have an
efficiency of more than 95%. Combining Egs. (7.33) and (7.34), we have

i N
2 Y (7.35)
i v, Np

Since i and v both oscillate with the same frequency as the ac source, Eq. (7.35) also gives the ratio of the amplitudes
or rms values of corresponding quantities.

Now, we can see how a transformer affects the voltage and current.

We have:
N N
v, :(—SJV and [ :(—pjl (7.36)
Np p Ns p

That is, if the secondary coil has a greater number of turns than the primary (N > Np), the voltage is stepped up
(Vg > Vp). This type of arrangement is called a step-up transformer. However, in this arrangement, there is less
current in the secondary than in the primary (Np/NS <land I < Ip). For example, if the primary coil of a
transformer has 100 turns and the secondary has 200 turns, NS/Np =2 and Np/NS=1/2. Thus, a 220V input at 10A
will step-up to 440 V output at 5.0 A.

If the secondary coil has less turns than the primary (Ng < Np), we have a step-down transformer. In this case,
Vi< Vp and I > Ip. That is, the voltage is stepped down, or reduced, and the currentis increased.

The equations obtained above apply to ideal transformers (without any energy losses). But in actual transformers,
small energy losses do occur due to the following reasons:
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Flux Leakage: There is always some flux leakage; that is, not all of the flux due to primary passes through the
secondary due to poor design of the core or the air gaps in the core. It can be reduced by winding the primary and
secondary coils one over the other.

(i) Resistance of the windings: The wire used for the windings has some resistance and so, energy is lost due to
heat produced in the wire (I 2R). In high current, low voltage windings, these are minimised by using thick
wire.

(i) Eddy currents: The alternating magnetic flux induces eddy currents in the iron core and causes heating. The
effect is reduced by using a laminated core.

(iii) Hysteresis: The magnetisation of the core is repeatedly reversed by the alternating magnetic field. The
resulting expenditure of energy in the core appears as heat and is kept to a minimum by using a magnetic
material which has a low hysteresis loss.

The large scale transmission and distribution of electrical energy over long distances is done with the use of
transformers. The voltage output of the generator is stepped-up (so that current is reduced and consequently, the
I 2R loss is cut down). It is then transmitted over long distances to an area sub-station near the consumers. There
the voltage is stepped down. It is further stepped down at distributing sub-stations and utility poles before a power
supply of 240 V reaches our homes.

Direct current (DC):

Direct current (DC) is electrical current which flows consistently in one 4
direction. The current that flows in a flashlight or another appliance running
on batteries is direct current. =
a
Mean value for half cycle of AC: §
Mean value of AC is the total charge that flows through a circuit element in a
given time interval divided by the time interval. emf.
-~ @ Time -
mean — T
For half cycle
T
L JZ1dt
mean — T
2
T

2 (2. .
Imean = ¥j I, sin wdt
0

T
2l [—cos oot]i

Imean = T o .
21, 21
Imean = o [-cosmt—cos0]..(~w= T)
21,
Imean = —

Note: For complete cycle, mean value = 0

Phasor Diagram:

In the a.c. circuit containing R only, current and voltage are in the same phase. Therefore, in figure, both phasors

1_0) and E, are in the same direction making an angle (wt) with OX. This is so for all times. It means that the phase
angle between alternating voltage and current through R is Zero.

[ =1I;sinwtand E = E; sin wt
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Visinfet+4) A W

___+ _______

0 | -/ V> sin (o)
Vo= 30V

Parts of a Single-phase Transformer Laminated core

The major parts of a single-phase transformer consist
of;

Core

indi ; .:/ Secondar
The core acts as a support to the winding in the — =————j h 5 winding Y

transformer. It also provides a low reluctance path to
the flow of magnetic flux. The winding is wound on

the core as shown in the picture. It is made up of a

laminated soft iron core in order to reduce the losses
in a transformer. The factors such as operating
voltage, current, power etc decide core composition.
The core diameter is directly proportional to copper
losses and inversely proportional to iron losses.

Windings
Windings are the set of copper wires wound over the transformer core. Copper wires are used due to:

e  The high conductivity of copper minimizes the loss in a transformer because when the conductivity increases,
resistance to current flow decreases.

e  The high ductility of copper is the property of metals that allows it to be made into very thin wires.
There are mainly two types of windings. Primary windings and secondary windings.

e  Primary winding: The set of turns of windings to which supply current is fed.

e Secondary winding: The set of turns of winding from which output is taken.

The primary and secondary windings are insulated from each other using insulation coating agents.

Insulation Agents

Insulation is necessary for transformers to separate windings from each other and to avoid short circuit. This
facilitates mutual induction. Insulation agents have an influence on the durability and the stability of a transformer.

Following are used as an insulation medium in a transformer:

. Insulating oil

. Insulating tape

. Insulating paper

. Wood-based lamination

Capacitive Reactance (XC):
The opposing nature of capacitor to the flow of alternating current is called capacitive reactance.
1 1
e =0 ™ Znte

Where, C = capacitance
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Choke Coil:

A choke coil is an inductor having a small resistance. It is a device used in ac circuits to control current without
wasting too much power. As it has low resistance, its power factor cos ¢is low.

Wattless Current:

The current in an AC circuit when average power consumption in AC circuit is zero, is referred as wattless current
or idle current.

A.C. Generator or A.C. Dynamo:

An a.c. generator/ dynamo is a machine that produces alternating current energy from mechanical energy. It is
one of the most important applications of the phenomenon of electromagnetic induction. The generator was
designed originally by a Yugoslav scientist, Nikola Tesla. The word generator is a misnomer because nothing is
generated by the machine. In fact, it is an alternator converting one form of energy into another.

Transformer:

A transformer which increases the a.c. voltage is called a step-up transformer. A transformer which decreases the
a.c. voltages are called a step-down transformer.

Step Up Transformer

If the secondary coil has more numbers of turns than the primary, the voltage is seen to step up, that is how the
name is given for this type of transformer. If the secondary coil has less number of coils, it is referred to as a step-
down type of transformer.

Transformer Types

Transformers are used in various fields like power generation grid, distribution sector, transmission and electric
energy consumption. There are various types of transformers which are classified based on the following factors;

e  Working voltage range.
e  The medium used in the core.
e  Winding arrangement.

. Installation location.

Transformer

As per phase As per core As per cooling system

Single phase Three phase Core type Shell type Self-cooled  Aircooled  Qil cooled

Based on Voltage Levels
Commonly used transformer type, depending upon voltage they are classified as:

Step-up Transformer: They are used between the power generator and the power grid. The secondary output
voltage is higher than the input voltage.

Step down Transformer: These transformers are used to convert high voltage primary supply to low voltage
secondary output.

Based on the Medium of Core Used

In a transformer, we will find different types of cores that are used.
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Air core Transformer: The flux linkage between primary and secondary winding is through the air. The coil or

windings wound on the non-magnetic strip.

Iron core Transformer: Windings are wound on multiple iron plates stacked together, which provides a perfect
linkage path to generate flux.

Based on the Winding Arrangement

Autotransformer: It will have only one winding wound over a laminated core. The primary and secondary share
the same coil. Auto also means “self” in language Greek.

Based on Install Location

Power Transformer: It is used at power generation TRANSFORMER WORKING

stations as they are suitable for high voltage
application Laminated core

Distribution Transformer: Mostly used at
distribution lanes for domestic purposes. They are
designed for carrying low voltages. It is very easy to
install and characterized by low magnetic losses.

Measurement Transformers: These are further
classified. They are mainly used for measuring
voltage, current, power.

Protection Transformers: They are used for ’
component protection purposes. In circuits, some

components must be protected from voltage fluctuation etc. Protection transformers ensure component
protection.

Secondary

Primary
o000

The transformer works on the principle of Faraday’s law of Current
electromagnetic induction and mutual induction. carrying
There are usually two coils primary coil and secondary coil wire
on the transformer core. The core laminations are joined in
the form of strips. The two coils have high mutual
inductance. When an alternating current pass through the

primary coil it creates a varying magnetic flux. As per

Flux lines

faraday’s law of electromagnetic induction, this change in
magnetic flux induces an emf (electromotive force) in the
secondary coil which is linked to the core having a primary
coil. This is mutual induction.

Overall, a transformer carries the below operations:
o  Transfer of electrical energy from circuit to another
o Transfer of electrical power through electromagnetic induction

e  Electric power transfer without any change in frequency

° Two circuits are linked with mutual induction

The figure shows the formation of magnetic flux lines around a current-carrying

wire. The normal of the plane containing the flux lines are parallel to normal of a Il

cross-section of a wire.

The figure shows the formation of varying magnetic flux lines around a wire-wound.
The interesting part is that reverse is also true, when a magnetic flux line fluctuates
around a piece of wire, a current will be induced in it. This was what Michael faraday A
found in 1831 which is the fundamental working principle of electric generators as

well as transformers.

Charging and Discharging of a Capacitor:

The instantaneous charge on a capacitor on charging at any instant of time t is given by
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q=qo(1

where RC =T, is called time constant of a R - C circuit.

—e - —

3
Rc

The instantaneous charge on a capacitor in discharging at any instant of time t is given by

t

q=qoe — =

Rc

Time constant of a R - C circuit is the time in which charge in the capacitor grows to 63.8% or decay to 36.8% of

the maximum charge on capacitor.

Transient Current: An electric current which very for a small finite time, while growing from zero to maximum
or decaying from maximum to zero, is called a transient current.

Differences between Alternating Current and Direct Current:

Alternating Current

Direct Current

AC is safe to transfer longer distance even between
two cities and maintain the electric power.

DC cannot travel for a very long distance. It loses
electric power.

The rotating magnets cause the change in direction of
electric flow.

The steady magnetism makes DC flow in a single
direction.

The frequency of AC is dependent upon the country.
But generally, the frequency is 50 Hz or 60 Hz.

DC has no frequency of zero frequency.

In AC the flow of current changes its direction
backwards periodically.

It flows in a single direction steadily.

Electrons in AC keep changing its directions -
backward and forward

Electrons only move in one direction - that is forward.

Use of Transformers in Transmission:

o In electric power transmission, transformers allow transmission of electric power at high voltages, which

reduces the loss due to heating of the wires.

e In many electronic devices, a transformer is used to convert voltage from the distribution wiring to

convenient values for the circuit requirements.

e Signal and audio transformers are used to couple stages of amplifiers and to match devices such as
microphones and record players to the input of amplifiers.

e Audio transformers allowed telephone circuits to carry on a two-way conversation over a single pair of

wires.

e Resonant transformers are used for coupling between stages of radio receivers, or in high-voltage Tesla

coils.
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Chapter- 7 : Alternating Current
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Important Questions

Multiple Choice Questions- (C} vl
1. Alternating voltage (V) is represented by the Vodeo
equation I:-‘ J‘/I ———
(@) V(t) = Vm eot \ / \\
. 0 '\ T ,.r'i 21 \l. > wf
(b) V(t) = Vi sin wt AN / \
N
(c) V(t) = Vi cot wt e
(d) V(t) = Vm tan wt
2. The rms value of potential difference V shown in
the figure is
v
> wf
Vg J—— '
0 ¥ T > | 4. Inthe case of an inductor
v, (a) voltage lags the current by g
(@ —=
3 r
(b) voltage leads the current by —
(b) V, 2
(©) 123 (c) voltage leads the current by il
\/E 3
/A (d) voltage leads the current by r
(d) > 4

5.  Which of the following graphs represents the

3. The phase relationship between current and i . . .
correct variation of inductive reactance Xi. with

voltage in a pure resistive circuit is best
frequency u?

represented by

() %4 (B) %
/ [ —
ri . 5 -:..
- : (c) *4 (d) *
® v v .
v
v 6. In a pure capacitive circuit if the frequency of ac
L1 Z N\ source is doubled, then its capacitive reactance
N .
fo N " will be
0 » 0t (a) remains same

(b) doubled
(c) halved
(d) zero
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7.  Which of the following graphs represents the 2. Theinstantaneous emf of an ac source is given by
correct variation of capacitive reactance Xc with E =300 sin 314 t. What is the rms value of emf?
frequency v u? 3. Give the phase difference between the applied ac
(@) %c by % voltage and the current in an LCR circuit at
resonance.

4.  Whatis the phase difference between the voltage
across the inductor and the capacitor in an LCR
circuit?

i ° 5.  What is the power factor of an LCR series circuit
?
@ Xe @ X at resonance?
6. In India, the domestic power supply is at 220 V,
) 50 Hz, while in the USA itis 110V, 50 Hz. Give one
advantage and one disadvantage of 220 V supply
over 110 V supply.
> v v 7.  Define the term ‘wattles current’.
8. In an alternating current circuit consisting of 8. In a series LCR circuit, V. = V¢ # Vk. What is the
elements in series, the current increases on value of the power factor?
increasing the frequency of supply. Which of the 9. Define capacitor reactance. Write its SI units.
following elements are likely to constitute the ) ) ) ) o )
. 10. Define quality factor in series LCR circuit. What is
circuit? . .
its SI unit?
(a) Only resistor
(b) Resistor and inductor Short Questions:
(c) Resistor and capacitor 1. State the phase relationship between the current
(d) Only inductor flowing and the voltage applied in an ac circuit for
(i) a pure resistor (ii) a pure inductor.
9. In which of the following circuits the maximum
o 2. A light bulb is in turn connected in a series (a)
power dissipation is observed?
o o across an LR circuit, (b) across an RC circuit, with
(a) Pure capacitive circuit : .
an ac source. Explain, giving the necessary
(b) Pure inductive circuit mathematical formula, the effect on the
(c) Pure resistive circuit brightness of the bulb in case (a) and (b), when
(d) None of these the frequency of the ac source is increased. (CBSE
10. In series LCR circuit, the phase angle between 2019€)
supply voltage and current is 3. Anair-core solenoid is connected to an ac source
Y _x and a bulb. If an iron core is inserted in the
(a) tan(|)=% solenoid, how does the brightness of the bulb
change? Give reasons for your answer.
(b) tan¢ = R 4.  Abulb and a capacitor are connected in series to
X=X an ac source of variable frequency. How will the
R brightness of the bulb change on increasing the
(c) tangp= .
X, +X, frequency of the ac source? Give reason.
X X 5.  Anideal inductor is in turn put across 220 V, 50
(d) tang= L R L Hz, and 220 V, 100 Hz supplies. Will the current
flowing through it in the two cases be the same or
Very Short: different?
1. The instantaneous current flowing from an ac 6. State the condition under which the phenomenon

source is | = 5 sin 314 t. What is the rms value of
current?

of resonance occurs in a series LCR circuit, plot a
graph showing the variation of current with a
frequency of ac source in a series LCR circuit.
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7.  Give two advantages and two disadvantages of ac
over dc.

8. Ina series, LCR circuit connected to an ac source
of variable frequency and voltage v = vm sin wt,
draw a plot showing the variation of current (1)
with angular frequency (w) for two different
values of resistance R1 and R2 (R1 > R2). Write the
condition under which the phenomenon of
resonance occurs. For which value of the
resistance out of the two curves, a sharper
resonance is produced? Define the Q-factor of the
circuit and give its significance. (CBSE Delhi
2013Q)

Long Questions:

1. Prove mathematically that the average power
over a complete cycle of alternating current
through an Ideal inductor is zero.

2. Draw the phasor diagram of a series LCR
connected across an ac source V= V, sin wt.
Hence, derive the expression for the impedance
of the circuit. Obtain the conditions for the phase
angle under which the current is

(1) maximum and

(i) minimum.
Assertion and Reason Question:

1. For two statements are given-one labelled
Assertion (A) and the other labelled Reason (R).
Select the correct answer to these questions from
the codes (a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both AandR are true but R is not the correct
explanation of A.

c) Aistrue butRis false.

d) Aisfalse and R is also false.

Assertion: A bulb connected in series with a
solenoid is connected to A.C. source. If a soft iron
core is introduced in the solenoid, the bulb will
glow brighter.
Reason: On introducing soft iron core in the
solenoid, the inductance decreases.

2. For two statements are given-one labelled
Assertion (A) and the other labelled Reason (R).

Select the correct answer to these questions from
the codes (a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is not the correct
explanation of A.

c¢) Aistrue butRis false.

d) Ais false and R s also false.

Assertion: An  alternating current shows
magnetic effect.

Reason: Magnitude of alternating current varies
with time.

Case Study Questions:

1.

Step-down transformers are used to decrease or
step-down voltages. These are used when
voltages need to be lowered for use in homes and
factories. A small town with a demand of 800kW
of electric power at 220V is situated 15km away
from an electric plant generating power at 440V.
The resistance of the two wire line carrying
power is 0.5Q per km. The town gets power from
the line through a 4000 - 220V step-down
transformer at a sub-station in the town.

Core

y

Ny

Primary Secondary

C_ ]
. N,

|\
\V

(i) The value of total resistance of the wires is:

a) 25Q
b) 30Q
c) 35Q
d) 150
(ii) The line power loss in the form of heat is:
a) 550kw
b) 650kW
c) 600kw
d) 700kw

(iii) How much power must the plant supply,
assuming there is negligible power loss due
to leakage?

a) 600kw
b) 1600kW
c) 500W

d) 1400kW
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(iv) The voltage drop in the power line is:

a) 1700V
b) 3000V
c) 2000V
d) 2800V
(v) The total value of voltage transmitted from

the plant is:
a) 500V

b) 4000V
c) 3000V
d) 7000V

2.  When the frequency of ac supply is such that the
inductive reactance and capacitive reactance
become equal, the impedance of the series LCR
circuit is equal to the ohmic resistance in the
circuit. Such a series LCR circuit is known as
resonant series LCR circuit and the frequency of
the ac supply is known as resonant frequency.
Resonance phenomenon is exhibited by a circuit
only if both Land Care present in the circuit. We
cannot have resonance in a RL or RC circuit.

A series LCR circuit with L = 0.12H, C =
480nF, R=23Q0is connected to a 230V variable
frequency supply.

— 0000 —— —VvWWA—
0.12H 480nF 23Q

()
Z/
230V

(i) Find the value of source frequency for which
current amplitude is maximum.

a) 222.32Hz
b) 550.52Hz
c) 663.48Hz
d) 770Hz
(ii) The value of maximum current is:
a) 14.14A
b) 22.52A
c) 50.25A
d) 47.41A
(iii) The value of maximum power is:
a) 2200w
b) 2299.3W
c) 5500w
d) 4700W
(iv) What is the Q-factor of the given circuit?
a) 25
b) 4221
c) 3542
d) 2174

(v) Atresonance which of the following physical
quantity is maximum?
a) Impedance
b) Current
c¢) Both (a) and (b)
d) Neither (a) nor (b)

Answer Key

Multiple Choice Answers-
Answer: b
Answer: c
Answer: b
Answer: b
Answer: b
Answer: c

Answer: c

©® N o 1A W NoRe

Answer: c

Answer: c

10. Answer: a

Very Short Answers:

Answer:

The rms value of current is

S
N7

Answer:

The rms value of current is @

N
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3.

10.

Answer:

The applied ac voltage and the current in an LCR
circuit at resonance are in phase.

Hence phase difference = 0.

Answer: The phase difference is 180°.
Answer: The power factor is one.
Answer:

Advantage: less power loses
Disadvantage: more fatal.

Answer: It is the current at which no power is
consumed.

Answer: One.

Answer: It is the opposition offered to the flow of
current by a capacitor. It is measured in ohm.

Answer: The quality factor is defined as the ratio
of the voltage developed across the capacitor or
inductor to the applied voltage. It does not have
any unit.

Short Questions Answers:

1.

Answer:

(i) Electric current and voltage applied in a
pure resistor are in same phase, i.e. ® = 0°

(ii) Applied voltage leads electric current
flowing through pure-inductor in an ac
circuit by phase angle of /2.

Answer:

a) The currentin LR circuit is given by
A

VR + oI

When the frequency of ac source w

I:

increases, | decreases, and hence brightness
decreases.

(b) The current in RC circuit is given by

I= 4
1

2
R+ o2

When the frequency of ac source
increases, 1 increases, and hence brightness
increases.
Answer: Insertion of an iron core in the solenoid
increases its inductance. This in turn increases
the value of inductive reactance. This decreases

the current and hence the brightness of the bulb.

Answer:

When the frequency of the ac is increased, it will

decrease the impedance of the circuit as

Z:4,R2+(1/2nfC)2. As a result, the current

and hence the brightness of the bulb will

increase.
Answer:

The current through the inductor is given by

X, 2nfl

proportional to the frequency of applied ac.

current is inversely

Answer: The phenomenon occurs when the
inductive reactance becomes equal to the

capacitive reactance., i.e., XL - Xc

= oL=—
oC

F' 3
= Very small R
= .
a3 Medium R
i
E Very large R
0 I, Fraquene}r_?
Answer:

Advantages of ac:

(a) The generation and transmission of ac are

more economical than dc.

(b) The alternating voltage may be easily
stepped up or down as per need by using

suitable transformers.
Disadvantages of ac:
(a) Itis more fatal than dc.
(b) It cannot be used for electrolysis.

Answer:

The plot is as shown.
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A=
’ I/ IR
/ 1\

"'T"'#f Oy I
o W —

Resonance occurs in an LCR circuit when

XL = Xec.

The smaller the value of R sharper is the
resonance. Therefore, the curve will be sharper
for Rz. It determines the sharpness of the

resonance. The larger the value of Q sharper is
the resonance.

Long Questions Answers:

1.

Answer:

Let the instantaneous value of voltage and
current in the ac circuit containing a pure
inductor are

V =V sin wtand

1 =In sin (wt - /2) = - Im cos wt

where m/2 is the phase angle by which voltage
Leads currently when ac flows through an
inductor. Suppose the voltage and current remain
constant for a small-time dt. Therefore, the
electrical energy consumed in the small-time dt is

dW=Vl1dt

The total electrical energy consumed in one time
period of ac is given by

T T
W=IVIdt=—IVmsinmt-Imcosoatdt
0 0
T
:—lemjsin ot cos wt dt
0

Lv =
or W:—%IZSinmtcosmtdt
0

T
or W= —Mjsin 20t dt
2 %

T
W 1.V, | cos(2mt) 0
2 20

or
0

Therefore, the total electrical energy consumed
in an ac circuit by a pure inductor is W =0

Now average power is defined as the ratio of the
total electrical energy consumed over the entire
cycle to the time period of the cycle, therefore

Hence, the average power consumed in an ac
circuit by a pure inductor is Pav = 0

Thus, a pure inductor does not consume any
power when ac flows through it. Whatever
energy is used in building up current is returned
during the decay of current.

Answer:

The voltages across the various elements are
drawn as shown in the figure below.

)
Vi
LT TEsEms === :
V-V, Vm |
o |
Ve Ve L
i

From the diagram, we observe that the vector
sum of the voltage amplitudes Vg, Vi, and V¢
equals a phasor whose length is the maximum
applied voltage Vm, where the phasor Vm makes
an angle ¢ with the current phasor Im. Since the
voltage phasors, V. and Vc are in opposite
direction, therefore, a difference phasor (Vi - Vc)
is drawn which is perpendicular to the phasor Vr.
Adding vectorially we have

Vo =V +(V, - V)

= JU,RY +U, %, ~1,X.

2
or Vm:Im‘/R2+(XL—XC)

where X1 = w Land Xc=1 / w C, therefore, we can

express the maximum current as

v,
I,= i

\/RZ +(X, _XC)Z

The impedance Z of the circuit is defined as

Z=R+(X, +X.)
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For maximum [,,, Z should be minimum (Z = R) or
XC=XL =0and q):O

For (1,,)min®—90°(|X; —X,|>>R) Z >

Assertion and Reason Answers:

1.

(d) Ais false and R is also false.
Explanation:

On introducing soft iron core, the bulb will glow
dimmer. This is because on introducing soft iron
core in the solenoid, its inductance L increases,
the inductive reactance, X.= WLy increases and
hence the current through the bulb decreases.

(b) Both A and R are true but R is not the correct
explanation of A.

Explanation:

Like direct current, an alternating current also
produces magnetic field. But the magnitude and
direction of the field goes on changing
continuously with lime.

Case Study Answers:

1.

Answer :
(i) (d)15a
Explanation:

Resistance of the two wire lines carrying
Q

power = 0.5 e

Total resistance = (15 + 15)0.5 =150

(i) (c) 600kW

Explanation:

Line power loss = I2R

RMS current in the coil,

_ P _800x10°
v, 4000

=2004

~ Power loss = (200)% x 15 = 600kW
(iii) (d) 1400kW
Explanation:

Assuming that the power loss is negligible
due to the leakage of the current.

The total power supplied by the plant,
= 800KkW + 600kW = 1400kW
(iv) (b) 3000V

Explanation:

Voltage drop in the power line = IR
=200 x15=3000V
(v) (d) 7000V
Explanation:
Total voltage transmitted from the plant,

=3000V + 4000V =7000V

Answer :
() (c)663.48 Hz
Explanation:

Here, L= 0.12H, e = 480nF = 480 x 10 F
R =23Q,v =230V
V, =2x230=325.22V

I, %
1V
R +((oL—j
oC
1
At resonance, ®L——=0
oC

=4166.67 rad s *

1 1
mw= =
VL€ Jo.12x480x10°

Up = el =663.48H,
2x3.14
(i) (a)14.14A
Explanation:
V .
Current, [j=—2>= 32522 14.14 A
R 23
(iii) (b) 2299.3 W
Explanation:
. 1, \2
Maximum power, P, =E(IO) R

%414.14)2 x23=2299.3W

(iv) (d)21.74

Explanation:
X, olL
uality factor, Q=% =
Quality Q - R
_ 4166.67 x0.12 9174
23

(v) (b) Current
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Electromagnetic Waves 8

1. BASICEQUATIONS OF ELECTRICITY AND MAGNETISM

The whole concept of electricity and magnetism can be explained by the four basic equations we have deal so
far.

(D gsE.ds = Q (Gauss law for electrostatic)
o

(2) (j.)B.dS =0 (Gauss law for magnetism)
(3) qSB.dI =L, (Ampere’s law for Magnetism)
(4) qSE .dl =0 (Ampere’s law for electrostatics)
The above stated equation are true for non-time varying fields

2. FARADAYS LAW FOR TIME VARYING MAGNETIC FIELD

To understand the concept of faradays law we consider a
circular conducting loop placed in a region where time
dependent magnetic field is present

Conducting
loop

Time dependent magnetic

From the earlier concept we know that an induced emf will be - depe
E) field is switched onatt=0

produced in the conducting loop due to which current will flow

in the loop.

For current to flow a force must act on the electron which will

move then from static state. This force cannot be due to magnetic field (since magnetic force does not act on
stationary charge). Hence this force must be due to an electric field which has been generated due to changing
Magnetic field.

Note : This electric field is non conservative in nature.

Faraday stated this fact in his equation
PE.di = —(%J
dt

3. CONCEPT OF DISPLACEMENT CURRENT (MODIFIED AMPERE'’S LAW)

Maxwell tried to generalis the concept of faradays law that if changing Magnetic > Magnetic Needle
magnetic field can produce changing electric field then the reverse Needle@ @B @
should also be true i.e, changing electric field must produce magnetic () Parallel plate

fied. capacitor

e ——
To understand the concept of displacement current let us try to t=0 Vv

understand this experiment when the switch was closed at t = 0 both the needles deflected.

Deflection of needle (1) is under stood as M.F. is produced due to current flowing in the wire.

But why did needle 2 deflect? It is lying in between the two plates of capacitor where there is no current. This
magnetic field between the plates is due to the changing electric field between the plates (During charging of
capacitor). Hence maxwell conducted that changing electric field produces a magnetic field
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For Needle (1) Amper’s law
$Bdi=pei, L (1)
For needle (2) Amper’s law

d
$Bdl=p, <, % ..... 2)

Hence there are two methods of producing M.F.
(a) Due to flow of electron which is known as conduction current
(b) Due to changing electric field combining eq. (1) and eq. (2)

§B-di= u{l +(80 j:ﬂ

E is known as displacement current)

Modifield ampere’s law

¢

Note : 80

FINAL FORM OF MAXWELL’S EQUATION

(a) gSEak:é

() $B-ds=0
dog

(©) gSE.dI:—%

do
B-dl=p,|I+g,—L
<j‘> Mo[ € dt }

The above equation is known as maxwell’s equation for time varying form.

However, for free space there are no charges and no conduction current the equations that are significant.

(j}E.dlz_%
dt
@B-d1=u080 d(j)E

Solving these two differential equations the equation of electric field and magnetic field that satisfies these
differential equations are obtained

Ey = Eq sinw(t - x/c)
B, =Bgsinw(t-x/c)

E
9 —Cand 1

B_O VMoo

Here =C

Input

Production of Electromagnetic Waves

(D

(i)

(iii)

(iv)

As oscillating charge is accelerated continuously, it will radiate electromagnetic

According to Maxwell, an accelerated charge sets up a magnetic field in its

neighbourhood. The magnetic field, in turn, produces an electric field in that

region. Both these fields vary with time and act as sources for each other.

waves continuously. \ /

In 1988, Hertz demonstrated the production of electromagnetic apparatus is '"dg;?‘m '\

shown schematically in fig.
An induction coil is connected to two spherical electrodes with a narrow gap \9 @/ransmmer

between them. It acts as a transmitter. The coil provides short voltage surges to .

ecelver
the spheres making one positive and the other negative. A spark is generated @
between the spheres when the voltage between them reaches the breakdown
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v)

(vi)

(vii)

(viii)

voltage for air. As the air in the gap is ionised, it conducts more rapidly and the discharge between the
spheres becomes oscillatory.

The above experiment arrangement is equivalent to an LC circuit, where the inductance is that of the loop
and the capacitance is due to the spherical electrodes.

Electromagnetic waves are radiated at very high frequency (~100 MHz) as a result of oscillation of free
charges in the loop.

Hertz was able to detect these waves using a single loop of wire with its own spark gap (the receiver).

Sparks were induced across the gap of the receiving electrodes when the frequency of the receiver was
adjusted to match that of the transmitter.

History of Electromagnetic Waves

(D

(i)
(iii)

(iv)

v)

(vi)

In year 1865, Maxwell predicted the electromagnetic waves theoretically. According to him, an accelerated
charge sets up a magnetic field in its neighborhood.

In 1887, Hertz produced and detected electromagnetic waves experimentally at wavelength of about 6m.
Seven year later, ].C. Bose became successful in producing electromagnetic waves of wavelength in the range
5 mm to 25 mm.

In 1896, Marconi discovered that if one of the spark gap terminals is connected to an antenna and the other
terminal is earthed, the electromagnetic waves radiated could go upto several kilometers.

The antenna and the earth wires form the two plates of a capacitor which radiates radio frequency waves.
These waves could be received at a large distance by making use of an antenna earth system as detector.
Using these arrangments; in 1899 Marconi first established wireless communication across the English
channel i.e.across a distance of about 50 km.

Properties of Electromagnetic Waves

(D

(i)

(iii)

(iv)

v)

(vi)

The electric and magnetic fields satisfy the following wave equations, which can be obtained from Maxwell's
third and fourth equations.

= o°E

ac “Ho0 e
Electromagnetic waves travel through vacuum with the speed of light ¢, where,

1

sz

The electric and magnetic fields of an electromagnetic wave are perpendicular to each other and also
perpendicular to the direction of wave propagation. Hence, these are transverse waves.

= 3x10° m/s

The instantaneous magnitude of E and B in an electromagnetic wave are related by the expression
- = C
B
Electromagnetic waves carry energy. The rate of flow of energy crossing a unit area is described by the
Poynting vector Swhere,
~ 1. -
S=—ExB
Ho
Electromagnetic waves carry momentum and hence can exert pressure (P) on surfaces, which is called

radiation vector S, incident on a perfectly absorbing surface
S
P=—
Cc
e ) 2S
and if incident on a perfectly reflecting surface P = —

@ www.stepupacademy.ind.in Q @stepupacademyindia ) @stepupacademyindia r@ @stepupacademy_



@Step Up Academy | 137

(vii) The electric and magnetic fields of a sinusoidal plane electromagnetic wave propagating in the positive x-

direction can also be written as
E = Ensin (kx - ot)
B = Bmsin (kx - ot)

where (0 is the angular frequency of the wave and k is wave number which are given by
2n
MW =2Wfandk= 7

(viii) The intensity of a sinusoidal plane electro-magnetic wave is defined as the average value of Poynting vector
taken over one cycle.

2
Sav = EmBm = Em = ¢ =B
2u, 2u,C 2y,

(ix) The fundamental sources of electromagnetic waves are accelerating electric charges. For example radio

2
m

waves emitted by an antenna arise from the continuous oscillations (and hence acceleration) of charges
within the antenna structure.

(x)  Electromagnetic waves obey the principle of superposition.

(xi) The electric vector of an electromagnetic field is responsible for all optical effects. For this reason electric
vector is called a light vector.

Illustration 1: In an electromagnetic wave, the amplitude of electric field is 1V/m. The frequency of wave is 5
x 10-* Hz. The wave is propagating along z-axis. The average energy density of electric field,
in Joule/m3, will be:

(A) 1.1 x10-11 (B) 2.2 x10-12 (C) 3.3 x10-13 (D)4.4 x10-14

Solustion: (B) Average energy density is given by

1

2
1 E 1
up= g E° =gy | % | =g FE>
2 0 2 0( [2j 4 0—0

- 411 x0.85x 107 x (1)’

=2.2x 10-12 ] /m3

Illustration 2: To establish an instantaneous displacement current of 2A in the space between two parallel
plates of 1uF capacitor, the potential difference across the capacitor plates will have to be
changed at the rate of:

(A) 4 x104V/s (B)4 x105V/s (C)2 x10*V/s (D)2 x10°V/s

dé d d(v
Solution: D)lp=¢g, —E=¢ —(EA)=¢ A—| —
(PYIo=2 " Odt( )=5 dt(d)
AV AV dV
D= 7:(:7
d dt dt
dv |

2
=P = T =2x10°V/s
dt C 10
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Chapter- 8 : Electromagnetic Waves J
prsevesssasansnesannnaasiasansnnenanenns
i  Radio wave A > 10°nm
¢ Use:radio, TV signal :
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: #Eds—ﬂe‘:- 5 * If there exists an electric current i e Infrared 10° > A > 700 nm : i = energy perunitvolume
: E as well as a changing electric field,: : Use : night vision 8 4 U 15ne bt
; Ganse's Law (magnetam) ; ; results magnetic field & EN e ST B e i olng ’
: ‘f’Bds : §cause displacement current il Uls 'te gbse 1d nmss = —805,:'1-
EF " . —d¢ : se : to observe worl 3 :
s 2§ e PioUVraysdoo>a>10nm | | - Log jmc=B/E & =l ]
tﬁian__ﬁ 3 SwsmssvemsnsumesveTAeeTTaaTInansseauad £ Use:destroymg bacteria : 2 3
s : ® Xerays 10 > 2 >0.01 nm P 18
E Ammsuw S E Use:detedmnebmak E E.-.....z..ll-‘ ----------------------------- -
4,341 uo,+m"d‘\! i » yrays 0.0lnm > A
ST rovesvese e aTeveiys ot Use : to treat cancer :
Maxwell's Equation Displacement Current Eisctiomagnstic Energy density
{ihe cirrent due {0 low i 38 Wi s becom
: of charge is often called : i thefirst person to transmit
i de : and received controlled radio : :
LR et 3
et i
Electromagnetic
Waves
Combination of mutually
perpendicular electric &
magnetic fields is referred to
as an electromagnetic wave
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Important Questions

Multiple Choice Questions-

1.

Maxwell in his famous equations of

electromagnetism introduced the concept of
(a) ac current

(b) displacement current

(c) impedance

(d) reactance

The conduction current is same as displacement
current when source is

(a) ac only

(b) dc only

(c) either ac or dc
(d) neither dc nor ac

If a variable frequency ac source is connected to
a capacitor, then with decrease in frequency the
displacement current will

(a) increase

(b) decrease

(c) remains constant

(d) first decrease then increase

An electromagnetic wave can be produced, when
charge is

(a) moving with a constant velocity

(b) moving in a circular orbit

(c) falling in an electric field

(d) both (b) and (c)

Which of the following statement is false for the

properties of electromagnetic waves?

(a) Both electric and magnetic field vectors
attain the maxima and minima at the same
place and same time.

(b) The energy in electromagnetic waves is
divided
magnetic field vectors.

equally between electric and

(c) Both electric and magnetic field vectors are
parallel to each other and perpendicular to
the direction of propagation of wave.

(d) These waves do not require any material
medium for propagation.

Which of the following has/have zero average
value in a plane electromagnetic wave?

7.

10.

1.

(a) Both magnetic and electric fields
(b) Electric field only

(c) Magnetic field only

(d) None of these

A charged particle oscillates about its mean
equilibrium position with a frequency of 109 Hz.
The
produced by the oscillator is

(a) 106 Hz
(b) 107 Hz
(c) 108 Hz
(d) 10° Hz
If E and B denote electric and magnetic fields
which of the

frequency of electromagnetic waves

respectively, following s

dimensionless?

E
(@) /Moty B

E
b Wy —
(b) K, U

2
(©) 1oy (g]

E
) Ho
o, B

The ultra-high frequency band of radio waves in
electromagnetic wave is used as in

(a) television waves

(b) cellular phone communication

(c) commercial FM radio

(d) both (a) and (c)

The waves used by artificial satellites for
communication is

(a) microwaves
(b) infrared waves
(c) radio waves

(d) X-rays

Very Short:

Name the part of the electromagnetic spectrum
which has the longest wavelength and write its
one use.
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2. The small ozone layer on the top of the (c) 1is similar to the radiations emitted during
stratosphere is crucial for human survival. Why? the decay of a radioactive nucleus.
3. Name the part of the electromagnetic spectrum (d) is absorbed from sunlight by the ozone
which is used in the “greenhouse” to keep plants layer.
warm. (e) produces an intense heating effect.
4. How are radio waves produced? (f) has its wavelength range between 390 nm
5.  How are X-rays produced? and 770 nm.
6. How are microwaves produced? 6. Name the radiations of the electromagnetic
7. A plane electromagnetic wave travels in a spectrum which are used in
vacuum along the z-direction. What can you say (a) warfare to look through the haze.
about the direction of electric and magnetic field (b) radar and geostationary satellites
vectors? (c) studying the structure and properties of
8.  What is the frequency of electromagnetic waves atoms and molecules.
p:oduced by the oscillating charge of frequency Why are microwaves used in RADAR?
v Electromagnetic waves with wavelength
9. What are the directions of electric and magnetic
field vectors relative to each other and relative to (@) A1 are used to treat muscular strain.
the direction of propagation of electromagnetic (b) A2 are used by an FM radio station for
waves? broadcasting.
10. Welders wear special goggles or face masks with (c) Asareused to detect fractures in bones.

glass windows to protect their eyes from
electromagnetic radiation. Name the radiations
and write the range of their frequency.

Short Questions:

1.

Radio waves and gamma rays both are transverse
in nature and electromagnetic in character and
have the same speed in a vacuum. In what respect
are they different?

Show that the average energy density of the
electric field equals the average density of the
magnetic field.

State four properties of electromagnetic waves.
Electromagnetic radiations with wavelength

(a) A1 are used to kill germs in water purifiers.
(b) Azareusedin TV communication systems.

(c) Asplaysanimportantrole in maintaining the
earth’s warmth.

Name the part of the electromagnetic spectrum
to which these radiations belong. Arrange these
wavelengths in decreasing order of their
magnitude.

Name the constituent radiation of the
electromagnetic spectrum which

(a) isused in satellite communication.

(b) is used for studying crystal structure.

(d) A4 are absorbed by the ozone layer of the
atmosphere.

Identify and name the part of the electromagnetic
spectrum to which these radiations belong.
Arrange these wavelengths in decreasing order
of magnitude.

Long Questions:

Answer the following:

(a) Name the em waves which are used for the
treatment of certain forms of cancer. Write
their frequency

(b) Thin ozone layer on top of the stratosphere
is crucial for human survival. Why?

(c) An em wave exerts pressure on the surface
on which it is incident. Justify.

Answer the following questions:

(a) Why is the thin ozone layer at the top of the
stratosphere crucial for human survival?
Identify to which part of the electromagnetic
spectrum does this radiation belongs and
write one important application of the
radiation.

(b) Why are infrared waves referred to as heat
rays? How are they produced? What role do
they play in maintaining the earth’s warmth
through the greenhouse effect?
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Assertion and Reason Questions-

1.

Two statements are given-one labelled Assertion
(A) and the other labelled Reason (R). Select the
correct answer to these questions from the codes
(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is not the correct
explanation of A.

c) Aistrue butRis false.
d) Aisfalse and R is also false.

Assertion: Electromagnetic waves exert
pressure called radiation pressure.

Reason: Electromagnetic waves carries energy.

Two statements are given-one labelled Assertion
(A) and the other labelled Reason (R). Select the
correct answer to these questions from the codes
(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both AandR are true but R is not the correct
explanation of A.

c) Aistrue butRis false.
d) Ais false and R is also false.

Assertion: When a charged particle moves in a
circular path. It produces electromagnetic wave.

Reason: Charged particle has acceleration.

Case study Questions-

1.

Radio waves are produced by the accelerated
motion of charges in conducting wires.
Microwaves are produced by special vacuum
tubes. Infrared waves are produced by hot bodies
and molecules also known as heat waves. UV rays
are produced by special lamps and very hot
bodies like Sun.

(i) Solar radiation is:
a) Transverse electromagnetic wave.
b) Longitudinal electromagnetic waves.

c) Both longitudinal and transverse
electromagnetic waves.

d) None of these.
(ii) Whatis the cause of greenhouse effect?
a) Infrared rays.

b) Ultraviolet rays

c) X-rays.
d) Radiowaves.
(iii) Biological importance of ozone layer is:
a) Itstops ultraviolet rays.
b) Itlayer reduces greenhouse effect.
c) [Itreflects radiowaves.
d) None of these.
(iv) Ozone is found in.
a) Stratosphere.
b) Ionosphere.
c¢) Mesosphere.
d) Troposphere.
(v) Earth's atmosphere is richest in.
a) Ultraviolet.
b) Infrared.
c) X-rays.
d) Microwave.

Electrons oscillating in a circuit give rise to
radiowaves. A transmitting antenna radiates
most effectively the radiowaves of wavelength
equal to the size of the antenna. The infrared
waves incident on a substance set into oscillation
all its electrons, atoms and molecules. This
increases the internal energy and hence the
temperature of the substance.

(i) Ifvg vxand vm are the speeds of gamma rays,
X-rays and microwaves respectively in
vacuum, the

a) Vg>Vx>Vm
b) vg<vx<vVm
C) Vg>Vx>Vm
d) Vvg=vVx=Vm
(ii) Which of the following wi II deflect in
electric field?

a) X-rays.
b) y-rays.
c) Cathode rays.
d) Ultraviolet rays.
(iii) y-rays are detected by:
a) Point contact diodes.
b) Thennopiles.
c¢) lonization chamber.

d) Photocells.
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(iv) The frequency of electromagnetic wave,
which best suited to observe a particle
ofradius 3 x 10-4cm is the order of,

a) 10%15Hz
b) 10 Hz
c) 1013Hz
d) 1012Hz

(v) We consider the radiation emitted by the
human body. Which one of the following
statements is true?

a) Theradiation emitted is in the infrared
region.

b) The radiation is emitted only during
the day.

c¢) The radiation is emitted during the
summers and absorbed during the
winters.

d) The radiation emitted lies in the
ultraviolet region and hence it is not
visible.

Answer Key

Multiple Choice Answers-

© © N o ke w N

10.

Answer: b
Answer: c
Answer: b
Answer: d
Answer: c
Answer: a
Answer: d
Answer: a
Answer: b

Answer: a

Very Short Answers:

1.

Answer:

e In the electromagnetic spectrum, long radio
waves have the longest wavelength.

° Radio waves are used in communication
systems.

Answer: The ozone layer absorbs the ultraviolet
rays, emitted by the sun, which are harmful to the
living tissues of human beings.

Answer: Infrared rays.

Answer: They are produced by rapid
acceleration and decelerations of electrons in

aerials.

Answer: By the transition of inner-shell

electrons.
Answer: By using a magnetron.

Answer: The electric and magnetic field vectors
will be along the x and y directions.

10.

Answer: The frequency of electromagnetic
waves produced by the oscillating charge of

frequency v is also v.

Answer: The three are mutually perpendicular to
one other.

Answer: UV radiations, 1015 to 1017 Hz.

Short Questions Answers:

1.

Answer: The radio waves have an atomic origin,
while gamma rays have a nuclear origin. Further
owing to their very small wavelength, gamma
rays are highly penetrating in comparison to
radio waves.

Answer: The average density of the electric field
is given by

U,= %SOEZ and the average energy density of the

BZ

magnetic field is given by Uy = T
Ho

But B:E and C= 1 , hence the above
¢ VMoo
B> E?
equation becomes Uy, =—= >
21y 2p4c
E? 1
Up=o— =—g,E%. Hence the result.
2y x—— 2
Ho®o
Answer:

(a) Theydo notrequire any material medium to
travel.
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(b) They are transverse in nature, i.e. electric
and magnetic fields are perpendicular to
each other and also to the direction of the
propagation of the wave.

(c) The energy of the wave is divided equally
amongst the electric and the magnetic field.

(d) They travel, in free space, with a velocity of
3x108ms.

Answer:

(a) A1 - Ultraviolet radiations.
(b) Az - Microwaves

() A3 - Infrared rays
Their order is A1 < A3 < Az
Answer:

(a) Microwaves.

(b) X-rays

(c) Gamma rays

(d) UV rays

(e) Infrared rays

(f) Visible light.

Answer:

(a) Infrared rays

(b) Microwaves.

(c) Gamma rays.

Answer: Microwaves are electromagnetic waves

of very short wavelength. Such waves are used in

RADAR due to the reason that they can travel in a

particular direction in the form of a beam without

being deflected.

Answer:

(@) Infrared radiations are used to treat
muscular strain.

(b) Radio and microwave radiations are used
for FM transmission.

(c) X-raysare used to detect fractures in bones.

(d) Ultraviolet radiation is absorbed by the
ozone layer of the atmosphere.

The decreasing order of their wavelength is

A2>A1> A > A3,

Long Questions Answers:

Answer:
(a) Gamma rays.

Frequency range > 3 x 1020 Hz

(b) The thin ozone layer on top of the
stratosphere is crucial for human survival
because it absorbs most of the ultraviolet
rays coming from the sun. If the ozone layer
had not been there, then ultraviolet rays
would have entered the earth and caused
danger to the survival of the human race.

() An em wave carries a linear momentum

with it. The linear momentum carried by a
portion of a wave having energy U is given
byp="U/c.
Thus, if the wave incident on a material
surface is completely absorbed, it delivers
energy U and momentum p = U/c to the
surface. If the wave is totally reflected, the
momentum delivered is p = 2U/c because
the momentum of the wave changes from p
to - p. Therefore, it follows that an em wave
incident on a surface exerts a force and
hence a pressure on the surface.

Answer:

(@) The thin ozone layer on top of the
stratosphere is crucial for human survival
because it absorbs most of the ultraviolet
rays coming from the sun. If the ozone layer
had not been there, then ultraviolet rays
would have entered the earth and caused
danger to the survival of the human race.
This radiation is UV radiation. It is used in
sterilization.

(b) Infrared radiations heat up the material on
which they fall, hence they are also called
heat rays. They are produced by the
vibration of atoms and molecules. After
falling on the earth, they are reflected back
into the earth’s atmosphere. The earth’s
atmosphere does not allow these radiations
to pass through as such they heat up the
earth’s atmosphere.

Assertion and Reason Answers-

(b) Both A and R are true but R is not the correct
explanation of A.

Explanation:

Electromagnetic waves transport linear
momentum as well as energy. When
electromagnetic waves strike a surface, a
pressure is exerted on the surface. If the
intensity of wave is I, the radiation pressure P
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(force per

unit area) exerted on the

perfectly absorbing surface is p = %

2. (a)Both A and R are true and R is the correct
explanation of A.

Explanation:

Accelerated

charges radiate electro-

magnetic waves.

Case Study Answers-

1. Answer:

@
(i)

(iii)

(iv)

™)

(a) Transverse electromagnetic wave.

(a) Infrared rays.

Explanation:

Greenhouse effect is due to infrared rays.
(a) It stops ultraviolet rays.
Explanation:

Ozone layer absorbs the harmful ultraviolet
radiations coming from the sun.

(a) Stratosphere.

Explanation:

Ozone layer lies in stratosphere.
(b) Infrared.

Explanation:

Heatmosphere of earth is richest in infrared
radiation.

2. Answer:

o

(i)

(iii)

(iv)

v)

() vg=vx=vm
Explanation:

All electromagnetic waves travel in vacuum
with the same speed.

(c) Cathode rays.
Explanation:

Cathode
deflected in an electric field.

rays (beamofelectrons) get

(c) lonization chamber.
Explanation:

y-rays are detected by ionization chamber.

(b) 101*Hz
Explanation:
Size of particle =i = <
1%

1 -1

v= £ PA00ems 5 gt
A 3x10* cm

(a) The radiation emitted is in the infrared
region.
Explanation:

Every body at a temperature T > 0 K emits
radiation in the infrared region.

>
>

L X X4

D)
D)
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Ray Optics and
Optical Instruments

Ray Optics or Geometrical Optics

In this optics, the light is considered as a ray which travels in a straight line. It states that for each and every object,
there is an image.

Reflection of Light:

The phenomenon in which a light ray is sent back into Normal

the same medium from which it is coming, on |, .:qent rav i Reflected ray
interaction with a boundary, is called reflection. The

boundary can be a rigid surface or just an interface \“A
between two media. .

Law of reflection: ; g \\/

The angle of reflection equals the angle of incidence £i 4 /
= LT. /

The incident ray reflected ray and the normal to the
reflecting surface at the point of incidence lie in the same plane.

Formation of Image by the Plane Mirror:

The formation of image of a point object O by a plane mirror is represented
in figure.

The image formed I has the following characteristics:
o The size of image is equal to the size of object.

o  The object distance = Image distance i.e.,, OM = MI.

e  Theimage is virtual and erect.

e  When a mirror is rotated through a certain angle, the reflected ray is
rotated through twice this angle.

Spherical Mirrors:

A spherical mirror is a part of sphere. If one of the surfaces is silvered, the other surface acts as the reflecting
surface. When convex face is silvered, and the reflecting surface is concave, the mirror is called a concave mirror.
When its concave face is silvered and convex face is the reflecting face, the mirror is called a convex mirror.

...........

Silvered

Rellecting face Reflecting face

Concave mirmor Conves mirrar
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e  Centre of curvature: Centre of curvature is the center of sphere of which, the mirror is a part.

o Radius of curvature: Radius of curvature is the radius of sphere of which, the mirror is a part.
e Pole of mirror: Pole is the geometric center of the mirror.
e  Principal axis: Principal axis is the line passing through the pole and center of curvature.

e  Normal: Any line joining the mirror to its center of curvature is normal.

Reflection of Light from Spherical Mirror:
1. A spherical mirror is a part cut from a hollow sphere.
2. They are generally constructed from glass.

3. The reflection at spherical mirror also takes place in accordance with the laws of reflection.

Refraction of light:

Refraction is the bending of a wave when it passes from one medium to another. The bending is caused due to the
differences in density between the two substances.

“Refraction is the change in the direction of a wave passing from one medium to another.”

Laws of Refraction:
Two laws of refraction are given as below:

e  The incident ray, refracted ray and the normal to the refracting surface at the point of incidence lie in the
same plane.

e  Theratio of the sine of the angle of incidence to the sine of the angle of refraction is constant for the two-given
media. This constant is denoted by n and is called the relative refractive index.

sini ,
n=——snell’s law)
sinr

where, n is refractive index of the second medium when first medium is air.

Sign Convention:
Following sign conventions are the new cartesian sign convention:

e  All distances are measured from the pole of the mirror & the distances measured in the direction of the
incident light is taken as positive. In other words, the distances measured toward the right of the origin are
positive.

e  The distance measured against the direction of the incident light are taken as negative. In other words, the
distances measured towards the left of origin are taken as negative.

e  The distance measured in the upward direction, perpendicular to the principal axis of the mirror, are taken
as positive & the distances measured in the downward direction are taken as negative.

Object on left Mirror
Incident light
Heights ndident Ug
upwards
positive

» X-axis

Distances against
incident light

negative
Heights >
downwards Distances along
negative incident light

positive
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Focal Length of Spherical Mirrors:

When a parallel beam of light is incident on a concave mirror, and a convex mirror. The rays are incident at points
close to the pole P of the mirror and make small angles with the principal axis. The reflected rays converge at a
point F on the principal axis of a concave mirror. For a convex mirror, the reflected rays appear to diverge from a
point F on its principal axis.

- A .
A ; e

| (_

|
WV

‘\'\\\

F \\\/ P >

~_7 - X
S .

The point F is called the principal focus of the mirror. The distance between the focus F and the pole P of the mirror
is called the focal length of the mirror, denoted by f.

_rj.;.‘.;
)

4

A\ 4

If, R be the radius of curvature of the mirror then relation between R and f is given by

f = E
Principal Axis of the Mirror:

The straight line joining the pole and the centre of curvature of spherical mirror extended on both sides is called
principal axis of the mirror.

Mirror Formula:
1 1 1

f u v
Where u = distance of the object from the pole of mirror

v = distance of the image from the pole of mirror

f = focal length of the mirror
f= %Where R is the radius of curvature of the mirror.

Lens:

Lens is a transparent medium bounded by two surfaces of which one or both surfaces are spherical.

Lens Formula:

Lens formula relates the distance of object from the lens with distance of image from the lens. It is given by.
1 1 1

f v u
Where, u = object distance

v = image distance

f = focal length

Lens Maker’s Formula:

Lens Maker’s formula gives the focal length ofalens
in terms of the nature of the surfaces by which the

lens is bounded and the nature of material of the x

lens.
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Let us consider the situation shown in figure. C1 and Cz are the centers of curvature of two spherical surfaces of

the thin lens. O is the object and I' is the image due to first refraction. Let radii of curvature be R1 and Ro.

For the first refraction at image distance is vi. From the formula for refraction at a curved surface, we get
N Ny Np—Iy

21 ()

Vi u R;

Final image position is I, which is also the image due to second refraction. Let this image distance be v. For the

second refraction, vi becomes the object distance. Hence we get,
n; n; n;—n

2= . (i)

vV R,

Adding (i) and (ii), we get

This is called the “Lens Maker’s formula”.

Power of Lens:

The ability of a lens to converge or diverge the rays of light incident on it is called the power of the lens.
1

’3 f(in m)

SI unit of power lens = dioptre (D) = m-!

Prism:

prism, in optics, piece of glass or other transparent material
cut with precise angles and plane faces, useful for analyzing
and reflecting light. An ordinary triangular prism can
separate white light into its constituent colors, called a
spectrum. Each color, or wavelength, making up the white
light is bent, or refracted, a different amount; the shorter
wavelengths (those toward the violet end of the spectrum)
are bent the most, and the longer wavelengths (those toward = White ligh
the red end of the spectrum) are bent the least. Prisms of this Deagt
kind are used in certain spectroscopes, instruments for Glass Prism
analyzing light and for determining the identity and

structure of materials that emit or absorb light.

Dispersion: When white light is incident on a prism, different colors having different wavelengths suffer different
deviations. The phenomenon of splitting of light into its component colors is known as dispersion. The pattern of
color components of light (VIBGYOR) is called the spectrum of light. The deviation produced by a thin prism
depends on the refractive index.

Angular Dispersion: Angular dispersion produced by a prism for white light is the difference in the angles of
deviation for two extreme colors i.e., violet and red. It is given by.

0 =06y — 08
0 = (ny —ng)A
Dispersive Power: Dispersive power of a prism is defined as the ratio of angular dispersion to the mean deviation
produced by the prism.
8y — 8r

w = 8Y
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Optical Instruments:

Optical instruments are the devices which help human
eye in observing highly magnified images of tiny objects,
for detailed examination and in observing very far
objects whether terrestrial or astronomical.

The Eye: Light enters the eye through cornea a curved
front surface. It passes through the pupil which is the
central hole in the iris. The size of pupil can change under
control of muscles. The light is further focused by the eye
lens on the retina. The retina is a film of nerve fibers
covering the curved black surface of the eye. The retina
contains rods and cones which sense light intensity and

Aqueous
humour

color respectively and transmit electrical signals via the optic nerve to the brain.

Ciliary muscles

Retina

Optic nerve

Vitreous humour

The shape (curvature) and therefore the focal length of the lens can be modified somewhat by ciliary muscles. So,

images are formed at the retina for objects at all distances. This property of the eye is called accommodation.

The closest distance for which the eye lens can focus light on the retina is called the least distance of distinct vision

or the near point. The standard value for normal vision is taken as 25cm (Symbol D). If the object is too close to

eye; the lens cannot curve enough to focus the image on the retina, and the image is blurred.

The microscope: A simple magnifier or microscope is a
converging lens of small focal length. The lens nearest
the object, called the objective, forms a real, inverted,
magnified image of the object. This serves as the object
for the second lens, the eyepiece, which functions
essentially like a simple microscope or magnifier,
producing an enlarged virtual final image.

The first inverted image is thus near (at or within) the
focal point of the eyepiece, at a distance appropriate for
final image formation at infinity, or a little closer for
image formation at the near point. Clearly, the final
image is inverted with respect to the original object.

Magnification power is given by

m=

A
|

fe—u—riefov fe—p— |
A £ &0
h :H‘_Nri';h . B |I : |  Eycpicce ﬁ“;g.
BT B Q& |n || _— r*
W I'._I-'I ""-:H [ | ___,-"'J_..___-""-
Objective X . Il*-u. P_.'I-"#__,r'"'f
i
el
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vo[D D
Vo2 .2

uglv £,

Telescope: This device is used to observe objects which are far away. However, a telescope has an objective lens

of large aperture and considerable focal length and eye lens that with a small aperture and focal length.

_____{}11_1:::1:\': -E._fﬂ_q Eyepiece
-_\__\ h_.r.r_-_-i
) > LT 5 q | " B Ea: X E-h-\;*
- \\-\_‘ih z"" - N f'F
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Magnifying power is given by

1 1
m=fo[z+]]

Reflecting Telescope (Cassegrain telescope):

In such telescope, one objective lens is replaced by a concave

parabolic mirror of large aperture, which is free from Objective

chromatic and spherical aberrations. Sceondary o ke

milrror s TI'I"

In normal adjustment, magnifying power

¢ R
m=2=2
fe fe
Advantages of taking mirror objectives are: Schematic diagram of a reflecting

. . L . telescope [Casscgrain).
° There is no chromatic aberration in a mirrors.

e Ifaparabolic reflecting surface is chosen, spherical aberration is also removed.

e  Mechanical supportis much less of a problem since a mirror weighs much less than a lens of equivalent optical
quality and can be supported over.

e  Entire back surface not just over rim unlike lens.
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‘\ Chapter- 9 : Ray Optics and Optical Instruments /
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Lens Maker's Formula
Ray Optics and
Optical
Instruments
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P11 -1 1
P ou 4 \R, R,
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—=l_l (lens formula)
5 f v u 2+
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Important Questions

Multiple Choice Questions-

1.

For a total internal reflection, which of the
following is correct?

(a) Light travels from rarer to denser medium.
(b) Light travels from denser to rarer medium.
(c) Light travels in air only.

(d) Light travels in water only.

Critical angle of glass is 02 and that of water is 02.
The critical angle for water and glass surface
would be (pg=3/2, uw = 4/3).

(a) less than 62

(b) between 61 and 62

(c) greater than 6

(d) less than 61

Mirage is a phenomenon due to

(a) refraction of light

(b) reflection of light

(c) total internal reflection of light

(d) diffraction of light.

A convex lens is dipped in a liquid whose
refractive index is equal to the refractive index of
the lens. Then its focal length will

(a) become zero

(b) become infinite

(c) become small, but non-zero
(d) remain unchanged

Which of the following forms a virtual and erect
image for all positions of the object?

(a) Concave lens

(b) Concave mirror

(d) Convex mirror

(d) Both (a) and (c)

Two lenses of focal lengths 20 cm and - 40 cm are

held in contact. The image of an object at infinity
will be formed by the combination at

(a) 10 cm
(b) 20 cm
(c) 40 cm
(d) infinity

7. Two beams of red and violet color are made to
pass separately through a prism (angle of the
prism is 60°). In the position of minimum
deviation, the angle of refraction will be
(a) 30° for both the colors
(b) greater for the violet color
(c) greater for the red color
(d) equal but not 30° for both the colors

8.  Which of the following colours of white light
deviated most when passes through a prism?

(a) Red light

(b) Violet light

(c) Yellow light

(d) Both (a) and (b)

9. Anunder-water swimmer cannot see very clearly
even in absolutely clear water because of
() absorption of light in water
(b) scattering of light in water
(c) reduction of speed of light in water
(d) change in the focal length of eye lens

10. An astronomical refractive telescope has an
objective of focal length 20 m and an eyepiece of
focal length 2 cm. Then
(a) the magnification is 1000
(b) the length of the telescope tube is 20.02 m
(c) the image formed of inverted
(d) all of these

Very Short:

1.  When light undergoes refraction at the surface of
separation of two media, what happens to its
frequency/wavelength?

2. Define the refractive index.

3.  What is the distance between the objective and
eyepiece of an astronomical telescope in its
normal adjustment?

4. Name the phenomenon responsible for the
reddish appearance of the sun at sunrise and
sunset.

5. What are the two main considerations that have

to be kept in mind while designing the ‘objective’
of an astronomical telescope?
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6.

10.

Under what condition does a biconvex lens of
glass having a certain refractive index act as a
plane glass sheet when immersed in a liquid?

Write the relationship between the angle of
incidence 1’, angle of prism ‘A’ and angle of
minimum deviation for a triangular prism.

Why can’t we see clearly through the fog? Name
the phenomenon responsible for it.

How does the angle of minimum deviation of a
glass prism vary if the incident violet light is
replaced by red light? Give reason.

The objective lenses of two telescopes have the
same apertures but their focal lengths are in the
ratio 1: 2. Compare the resolving powers of the
two telescopes.

Short Questions:

1.

The aperture of the objective lens of an
astronomical telescope is doubled. How does it
affect

(i) theresolving power of the telescope and
(ii) the intensity of the image?

How does the resolving power of a compound
microscope change on (a) decreasing the

wavelength of light used, and (b) decreasing the
diameter of the objective lens?

The layered lens shown in the figure is made of
two kinds of glass. How many and what kinds of
images will be produced by this lens with a point
source placed on the optic axis? Neglect the
reflection of light at the boundaries between the
layers.

Monochromatic light is refracted from air into a
glass of refractive index n. Find the ratio of
wavelengths of the incident and refracted light.

Draw a labelled ray diagram to show the image
formation in a compound microscope.

A ray of light while travelling from a denser to a
rarer medium undergoes total internal reflection.
Derive the expression for the critical angle in
terms of the speed of light in the two media.

Draw a labelled diagram for a refracting type
astronomical telescope. How will its magnifying
power be affected by increasing for its eyepiece
(a) the focal length and (,b) the aperture? Justify
your answer. Write two drawbacks of refracting
type telescopes.

8.

Draw a labelled ray diagram of a Newtonian type
reflecting telescope. Write any one advantage
over refracting type telescope.

Long Questions:

1.

Draw a labelled ray diagram to show the image
formation in a refracting type of astronomical
telescope. Obtain an expression for the angular
magnifying power and the length of the tube of an
astronomical telescope in its ‘normal adjustment’
position. Why should the diameter of the
objective of a telescope be large?

Draw a ray diagram to show the formation of an
erect image of an object kept in front of a concave
mirror. Hence deduce the mirror formula.

Assertion and Reason Questions:

1.

Two statements are given-one labelled Assertion
(A) and the other labelled Reason (R). Select the
correct answer to these questions from the codes
(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct

explanation of A.

b) Both AandR are true but R is not the correct
explanation of A.

c) Aistrue butRis false.
d) Ais false and Ris also false.

Assertion: If optical density ofa substance is
more than that of water, then the mass density of
substance can be less than water.

Reason: Optical density and mass density are not
related.

Two statements are given-one labelled Assertion

(A) and the other labelled Reason (R). Select the

correct answer to these questions from the codes

(a), (b), (c) and (d) as given below.

a. Both A and R are true and R is the correct
explanation of A.

b. Both A andR are true but R is not the correct
explanation of A.

c. Aistrue butRis false.

d. Ais false and Ris also false.

Assertion: A single lens produces a coloured

image of an object illuminated by white light.

Reason: The refractive index of the material of
lens is different for different wavelengths of light.
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Case Study Questions:

1.

An optical fibre is a thin tube of transparent
material that allows light to pass through,
without being refracted into the air or another
external medium. It make use of total internal
reflection. These fibres are fabricated in such a
way that light reflected at one side of the inner
surface strikes the other at an angle larger than
critical angle. Even, if fibre is bent, light can easily
travel along the length.

Core

Light ray Cladding

(i) Which of the following is based on the
phenomenon of total internal reflection of
light?

a. Sparkling of diamond.

b.  Optical fibre communication.

c. Instrument used by doctors for
endoscopy.

d. All of these.

(i) A ray of light will undergo total internal

reflection inside the optical fibre, if it.

a. Goes from rarer medium to denser
medium.

b. Is incident at an angle less than the
critical angle.

c.  Strikes the interface normally.

d. Isincident at an angle greater than the

critical angle.

(iii) If in core, angle of incidence is equal to
critical angle, then angle of refraction will
be.

a. 0°
b. 45°
c. 90°
d. 180°

(iv) In an optical fibre (shown), correct relation
for refractive indices of core and cladding is:

Cladding
ni=n2
b. ni>n:
C. ni<nz
d ni+nz=2

(v) If the value of critical angle is 300 for total
internal reflection from given optical fibre,
then speed of light in that fibre is:

a. 3x10%8ms?
b. 1.5x10%ms!
c. 6x10%8ms?
d. 4.5x108ms1

An astronomical telescope is an optical
instrument which is used for observing distinct
images of heavenly bodies libe stars, planets etc.
[t consists of two lenses. In normal adjustment of
telescope, the final image is formed at infinity.
Magnifying power of an astronomical telescope
in normal adjustment is defined as the ratio of the
angle subtended at the eye by the angle
subtended at the eye by the final image to the
angle subtended at the eye, by the object directly,
when the final image and the object both lie at
infinite distance from the eye. It is given by,m =

f . e
f—O.To increase magnifying power of an
g

astronomical telescope in normal adjustment,
focal length of objective lens should be large and
focal length of eye lens should be small.

(i) An astronomical telescope of magnifying
power 7 consists of the two thin lenses 40cm
apart, in normal adjustment. The focal
lengths of the lenses are

a) 5cm,35cm

b) 7cm, 35cm
c) 17cm,35cm
d) 5cm,30cm

(ii) An astronomical telescope has a magnifying
power of 10. In normal adjustment, distance
between the objective and eye piece is
22cm. The focal length of objective lens is:
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a) 25cm
b) 10cm
c) 15cm
d) 20cm

(iii) In astronomical telescope compare to eye
piece, objective lens has:

a) Negative focal length.
b) Zero focal length.

c) Small focal length.

d) Large focal length.

(iv) To see stars, use:

a) Simple microscope.

b) Compound microscope.
c¢) Endoscope.

d) Astronomical telescope.

(v) Forlarge magnifying power of astronomical

telescope.

a) fo<<fe
b) fo<<fe
c) fo<<fe

d) None of these.

Answer Key

Multiple Choice Answers-

© 0 N o 1w

=
e

Answer: b

Answer:

(g}

Answer:

Answer:

Q o o

Answer:
Answer: c
Answer:
Answer:

Answer:

Q a o

Answer:

Very Short Answers:

1.

Answer: There is no change in its frequency, but
its wavelength changes.

Answer: The Refractive index of a medium is
defined as the ratio of the speed of light in a
vacuum to the speed of light in the given medium.

Answer: Distance between objective and
eyepiece of telescope = fo + fe

Answer: Atmospheric refraction.

Answer: Two main considerations are

e Large light gathering power

e  Higher resolution (or resolving power)

Answer: When the refractive index of the liquid
is equal to the refractive index of a glass of which
the lens is made.

Answer: 2i = A + 6m

8.

10.

Answer: Because it scatters light. Scattering of
light.

1
Answer: It decreases as 6m « B

Answer: Same as resolving power does not
depend upon the focal length of lenses.

Short Questions Answers:

1.

Answer:
The resolving power of a telescope is given by the

. D
expression ——.
p 1.221

(i) When the aperture of the objective lens is
increased, the resolving power of the
telescope increases in the same ratio.

(ii) The intensity of the image is given by the
expression 3 « Dz, thus when the aperture is
doubled, the intensity of the image becomes
four times.

Answer:

The resolving power of a microscope is given by
2nsin®

the expression RP =

(a) If the wavelength of the incident tight is
decreased, the resolving power of the
microscope increases.

(b) There is no effect of the decrease in the
diameter of the objective on the resolving
power of the microscope.

Answer: Two images will be formed as the lens
may be thought of, as two separate lenses of
different focal lengths. The images will be
surrounded by bright halos.
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4. Answer: Using the relation A1n1 = A2nz we have

5. Answer: The labelled diagram is as shown.

I .
Au*'__ll‘
6. Answer:

Snell’s law can be used to find the critical angle.
Now Snell’s law, when the ray moves from denser
medium ‘b’ to rarer medium ‘a’, is given by
sini
bna = Co
sin 90

(1)

But

Therefore, the above equation can be written as

1 . (2)
M sin90

1
n, = (3
P sini, (3)

Now we know thatn = %, substituting in the above

relation we have

c 1 .. v
-= - orsm1c=;

v sinic
7. Answer: The labelled diagram of the telescope is

as shown in the figure.

~ - ___ Objectivelt—— fo—¥

Eyepiece

(@) The magnifying power of a telescope is

given by M = 1’:—” If the focal length of the

eyepiece is increased, it will decrease the
magnifying power of the telescope.

(b) Magnifying power does not depend upon
the aperture of the eyepiece. Therefore,
there is no change in the magnifying power
if the aperture of the eyepiece is increased.

Drawbacks:

e Large-sized lenses are heavy and
difficult to support.

e Large-sized lenses suffer from
chromatic and spherical aberration.

Answer: The labelled diagram is shown below.

OBJECTIVE EYEPIECE

Due to the large aperture of the mirror as
compared to a lens the image formed is much
brighter than that formed by a refracting type of
telescope.

Long Questions Answers:

Answer:

A labelled diagram of the telescope is shown in
the figure.

- Objectivelt—— fo—"

Eyepiece

The object subtends an angle at the objective and
would subtend essentially the same angle at the
unaided eye. Also, since the observers’ eye is
placed just to the right of the focal point f2, the
angle subtended at the eye by the final image is
very nearly equal to the angle (3.

m=B_ @b
o tana

Therefore,

From right triangles ABC and ABC” as shown
figure, we have
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AB _—h AB -h
tana=—=— and tanf=—=—
fo CA f,
substituting the above two equations in equation
(1), we have

wB_H S
a f, -h f,

The length of the telescope is the distance

between the two lenses which is L = fo + fe The

diameter of the objective of a telescope should be

large so that it can collect more light and image of

distant objects is formed clear.

Answer:

An object AB is placed between P and F. The
course of rays for obtaining erect image A1B1 of
object AB is shown in the figure.

A_!
B,
Draw DG L on the principal axis.
Triangles DGF and A1B1C are similar
DG _ GF
AB, FB
or AB _ GF [-- DG = AB] (i)
AB, FB|
Again triangles ABC and A;B;C are similar
AB _CB (i)
AB, (B
From Egs. (i) and (ii), we have
GF_CB
FB, (B,
Since Point G is close to P, so GF = PF
PF_CB
FB, (B,
Using sign conventions, we get
PF PC-PB
PF+PB, PC+PB,
or -f _ -2f+u
—-f+v =2f+v
Multiplying and dividing both sides by uvf, we get
1 11
—_ =t
f v u

1.(a)

Assertion and Reason Answers:

Both A and R are true and R is the correct
explanation of A.

Explanation:

Optical density and mass density are not
related to each other. Mass density is mass
per unit volume. It is possible that mass
density of an optically denser medium be
less than that of an optically rarer medium
(optical density is the ratio of the speed of
light in two media). e.g, turpentine and
water. Mass density of turpentine is less
than that of water but its optical density is
higher.

Both A and R are true and R is the correct
explanation of A.

Explanation:

Due to the variation of the refractive index
of the material of the lens, the focal length
also varies accordingly. Now as white tight
is composed of different colours of light,
each colour will produce its own image
based on the focal length for that colour.
This particular phenomenon for a single
lens is known as chromatic aberration.

Case Study Answers:

1. Answer:

0

(i)

(d) All of these.

Explanation:

Total internal reflection is the basis for

following phenomenon:

a. Sparkling of diamond.

b.  Optical fibre communication.

c. Instrument used by doctors for
endoscopy.

(d) Is incident at an angle greater than the

critical angle.

Explanation:

Total reflection (TIR) is the
phenomenon that involves the reflection of
all the incident light off the boundary. TIR
only takes place when both of the following

internal

two conditions are met: The light is in the
more denser medium and approaching the
less denser medium.

The angle of incidence is greater than the
critical angle.
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1ii C 9 in normal adjustment, distance between the
902 1 adj d b h
Explanation: lenses,
If incidence of angle, i = critical angle C, then fo+f., =40
angle of refraction, r = 902 40
(iv) (b)ni>n: 7f0+fe=4-O:>fe=§=5cm
Explanation:
xplanation f,=7f,=7x5=35cm
In optical fibres, core is surrounded by
cladding, where the refractive index of the (ii) (d) 20 cm
material of the core is higher than that of Explanation:
cladding to bound the light rays inside the m=-10; L =22 cm
core.
—f i
(v) (b) L5 x 108ms! As, m=T° = —10=—7°
Explanation: ’ ’
, fy =10,
From Snell's law, sinC= ,n, =%
12 V2 AS, L :fb "rf;
Where, C = critical angle = 302 and viand 22=10f, + f, =11f,
vz are speed of light in medium and vacuum,
respectively. We know that, vz = 3 x 108ms1 or f,=—=2cm
sin30°= 3><vi08 f, =10f, =20cm
1 (iii) (d) Large focal length.
_ 8. 1
= vy =3x1px 2 Explanation:
— v, —1.5%108 ms* Objective lens has larger focal length than
2 Answer: eye-piece.
. 0 (@5 . 35 (iv) (d) Astronomical telescope
i) (a) 5 cm, 35 cm
Explanation: Explanation:
f Astronomial telescope is used to see stars, sun
m= 70 =7 etc.
e W (©) fy<<f.
fo=7f
0:0 0:0
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Wave Optics

Wave Nature of Light
Huygens’ Wave Theory

(i) Each point on a wavefront acts as a source of new disturbance and emits its own set of spherical waves called
secondary wavelets. The secondary wavelets travel in all directions with the velocity of light so long as they
move in the same medium.

(ii) The envelope or the locus of these wavelets in the forward direction gives the position of new wavefront at
any subsequent time.
A surface on which the wave disturbance is in the same phase at all points is called a wavefront.

Wave optics involves effects that depend on the wave nature of light. In fact, it is the results of interference and
diffraction that prove that light behaves as a wave rather than a stream of particles (as Newton believed).

Like other waves, light waves are also associated with a disturbance, which one consists of oscillating electric and
magnetic field. The electric field associated with a plane wave propagating along the x-direction can be expressed
in the form:

E = E o[sin(ot - kx + ¢o)]

where o, kand ¢o bearing their usual meanings.

Points to remember regarding Interference

»  When two waves with amplitude A1 and Az superimpose at a point, the amplitude of resultant wave is given
by

A= A2+ A2+ 24,4, cos0

Where ¢ is the phase difference between the two waves at that point.

» Intensity (I) = ﬁEé C =speed oflight, Eo = electric field amplitude
0

> Intensity (I) =T1 + 2+ 2,/ I, cos¢.

Hence for [ to be constant, ¢ must be constant.
»  When ¢ changes randomly with time, the intensity = 11 + L2.

»  When ¢ does not change with time, we get an intensity pattern and the sources are said to be coherent.
Coherent sources have a constant phase relationship i.e. one that does not change with time.

» The intensity at a point becomes a maximum when ¢ = 2nt (n = 0, 1, 2, ..) and there is constructive
interference.

» If¢=(2n-1)m, thereis destructive interference. (Here n is a non-negative integer)

Determination of Phase Difference
The phase difference between two waves at a point will depend upon:
(a) the difference in path lengths of the two waves from their respective sources.

(b) the refractive index of the medium
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(c) initial phase difference, between the source, if any.

(d) Reflections, if any, in the path followed by waves.
» In case of light waves, the phase difference on account of path difference

_ [Optlcal pat)}: dlfference} <o = {u (Geometrical fath dlfference)}21T

where A is the wavelength in free space.
» Incase of reflection, the reflected disturbance differs in phase by & with respect to the incident one if the wave
is incident on a denser medium from a rarer medium. No such change of phase occurs when the wave is
reflected in going from a denser medium to a rarer medium.

REFRACTION AND REFLECTION OF PLANE WAVES USING HUYGENS PRINCIPLE
Refraction of a plane wave

We will now use Huygens principle to derive the laws of refraction. Let PP¢ represent the surface separating
medium 1 and medium 2, as shown in Fig. 10.4. Let v1 and vz represent the speed of light in medium 1 and medium
2, respectively. We assume a plane wavefront AB propagating in the direction A’A incident on the interface at an
angle i as shown in the figure. Let t be the time taken by the wavefront to travel the distance BC.

Thus, BC=v;t

Incident wavefront

A’\/"]K

l\
Medium 2

Refracted
E wavefront

Vo<

FIGURE : A plane wave AB is incident at an angle i on the surface PP’ separating medium 1 and medium 2.

The plane wave undergoes refraction and CE represents the refracted wavefront. The figure corresponds
to vz < vi1 so that the refracted waves bends towards the normal.

In order to determine the shape of the refracted wavefront, we draw a sphere of radius vzt from the point A in the
second medium (the speed of the wave in the second medium is vz). Let CE represent a tangent plane drawn from
the point C on to the sphere. Then, AE = vzt and CE would represent the refracted wavefront. If we now consider
the triangles ABC and AEC, we readily obtain

sini=5¢ 1" (10.1)
AC AC
and
sinr:ﬁ:m (10.2)
AC AC

where i and r are the angles of incidence and refraction, respectively. Thus, we obtain
sinf_vy (10.3)
sinr v,

From the above equation, we get the important result that if r < i (i.e, if the ray bends toward the normal), the

speed of the light wave in the second medium (v2) will be less then the speed of the light wave in the first medium

(v1). This prediction is opposite to the prediction from the corpuscular model of light and as later experiments

showed, the prediction of the wave theory is correct. Now, if c represents the speed of light in vacuum, then,
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n, =— (10.4)
Vl
and
n,=— (10.5)
\%2

are known as the refractive indices of medium 1 and medium 2, respectively. In terms of the refractive indices, Eq.
(10.3) can be written as

nisini=nzsinr (10.6)
This is the Snell’s law of refraction. Further, if A1 and A2 denote the wavelengths of light in medium 1 and medium
2, respectively and if the distance BC is equal to A1 then the distance AE will be equal to Az (because if the crest
from B has reached C in time T, then the crest from A should have also reached E in time t); thus,

M_BC_ v
A, AE v,

or n_ % (10.7)
Ao Xy

The above equation implies that when a wave gets refracted into a denser medium (v1 > v2) the wavelength and
the speed of propagation decrease but the frequency n (= v/A) remains the same.

10.3.3 Reflection of a plane wave by a plane surface

We next consider a plane wave AB incident at an angle i on a reflecting surface MN. If v represents the speed of the
wave in the medium and if t represents the time taken by the wavefront to advance from the point B to C then the
distance

BC=vt
In order to construct the reflected wavefront we draw a sphere of radius vt from the point A as shown in Fig. 10.6.
Let CE represent the tangent plane drawn from the point C to this sphere. Obviously

AE=BC=vt

Incident
wavelront

Refllected
wavelront

FIGURE : Reflection of a plane wave AB by the reflecting surface MN.
AB and CE represent incident and reflected wavefronts.

If we now consider the triangles EAC and BAC we will find that they are congruent and therefore, the angles i and
r (as shown in Fig. 10.6) would be equal. This is the law of reflection.

Once we have the laws of reflection and refraction, the behaviour of prisms, lenses, and mirrors can be understood.
These phenomena were discussed in detail in Chapter 9 on the basis of rectilinear propagation of light. Here we
just describe the behaviour of the wavefronts as they undergo reflection or refraction. In Fig. 10.7(a) we consider
a plane wave passing through a thin prism. Clearly, since the speed of light waves is less in glass, the lower portion
of the incoming wavefront (which travels through the greatest thickness of glass) will get delayed resulting in a
tilt in the emerging wavefront as shown in the figure. In Fig. 10.7(b) we consider a plane wave incident on a thin
convex lens; the central part of the incident plane wave traverses the thickest portion of the lens and is delayed
the most. The emerging wavefront has a depression at the centre and therefore the wavefront becomes spherical
and converges to the point F which is known as the focus. In Fig. 10.7(c) a plane wave is incident on a concave
mirror and on reflection we have a spherical wave converging to the focal point F. In a similar manner, we can
understand refraction and reflection by concave lenses and convex mirrors.
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From the above discussion it follows that the total time taken from a point on the object to the corresponding point
on the image is the same measured along any ray. For example, when a convex lens focusses light to form a real
image, although the ray going through the centre traverses a shorter path, but because of the slower speed in glass,
the time taken is the same as for rays travelling near the edge of the lens.

4 = < Concave mirror
. of radius R
"’,I.A
I, W
— pr— —
Incident Incident
’\ Inckdent
Planewave plancwave F
P planewave
T b =,
\
et — \\/'
N
-~
A~
Sphertcal wavelronl Spherical wavefront
ol radius [ of radius R/2

{a) ()
v
FIGURE : Refraction of a plane wave by (a) a thin prism, (b) a convex lens. (c) Reflection of a plane wave
by a concave mirror.

10.4 COHERENT AND INCOHERENT ADDITION OF WAVES

In this section we will discuss the interference pattern produced by the superposition of two waves. You may recall
that we had discussed the superposition principle in Chapter 14 of your Class XI textbook. Indeed the entire field
of interference is based on the superposition principle according to which at a particular point in the medium, the
resultant displacement produced by a number of waves is the vector sum of the displacements produced by each of
the waves.

Consider two needles S1 and Sz moving periodically up and down in an identical fashion in a trough of water [Fig.
10.8(a)]. They produce two water waves, and at a particular point, the phase difference between the displacements
produced by each of the waves does not change with time; when this happens the two sources are said to be
coherent. Figure 10.8(b) shows the position of crests (solid circles) and troughs (dashed circles) at a given instant
of time. Consider a point P for which

S1P=S;P

(a) (b)

FIGURE 10.8 (a) Two needles oscillating in phase in water represent two coherent sources. (b) The pattern of
displacement of water molecules at an instant on the surface of water showing nodal N (no displacement) and
antinodal A (maximum displacement) lines.

Super Position of Waves

When two or more than two waves superimpose over each other at a common particle of the medium then the
resultant displacement (y) of the particle is equal to the vector sum of the displacements (y1 and y2) produced by

individual waves. ie. y = y; + v,
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Resultant

-~

AT TN
/1
, \

Resultant

(A) (B)

Important Terms

(1) Phase : The argument of sine or cosine in the expression for displacement of a wave is defined as the phase.
For displacement y = a sin wt; term @t = phase or instantaneous phase.

(2) Phase difference (¢) : The difference between the phases of two waves at a point is called phase difference
ie if y; =a;sinwt and y, =a, sin(wt + ¢) so phase difference = ¢

(3) Path difference (A) : The difference in path length’s of two waves meeting at a point is called path difference

between the waves at that point. Also A = 2i x @
T

(4) Time difference (T.D.) : Time difference between the waves meeting at a pointis T.D.= ZL x @
T

Resultant Amplitude and Intensity

Let us consider two waves that have the same frequency but have a certain fixed (constant) phase difference
between them. Their super position shown below

Resultant

ot —>

Let the two waves are
y; =a; sinwt and y, =a, sin(wt + @)
where a,,a, = Individual amplitudes,

¢ = Phase difference between the waves at an instant when they are meeting a point.

(1) Resultant amplitude : The resultant wave can be written as y = A sin (ot + 6)

where 4 = resultant amplitude = aZ + a2 + 2a,a, cos ¢

(2) Resultant intensity : As we know intensity oc (Amplitude)?

= I, =ka?,I, =ka3 and I =kA? (kis a proportionality constant). Resultant intensity I=1I, + I, +2/I,I, cos¢
For two identical source I) =1, =Iy= 1 =1y + 1y + 2,/II, cos ¢

=4I, coszg [1+ cosé =2coszg]

Coherence

The phase relationship between two light waves can very from time to time and from point to point in space. The

property of definite phase relationship is called coherence.

(1) Temporal coherence : In a light source a light wave (photon) is produced when an excited atom goes to the
ground state and emits light.

(i) The duration of this transition is about 10-° to 10-19 sec. Thus the emitted wave remains sinusoidal for this
much time. This time is known as coherence time (7).
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(ii) Definite phase relationship is maintained for a length L =cr, called coherence length. For neon A = 6328 4,
7~ 10109secand L = 0.03 m.

For cadmium 1 = 6438 4, .= 109secand L = 0.3 m

For Laser .= 105secand L = 3 km

2 2

(iii) The spectral lines width A1 is related to coherence length L and coherence time 7. AZ= Z or Al= /%

cz,

(2) Spatial coherence : Two points in space are said to be spatially coherence if the waves reaching there
maintains a constant phase difference

Monochromatic\N /\
source of light //]\\

Points P and Q are at the same distance from S, they will always be having the same phase. Points P and P' will be
spatially coherent if the distance between P and P' is much less than the coherence length i.e. PP'<<cz,

(3) Methods of obtaining coherent sources : Two coherent sources are produced from a single source of light
by two methods (i) By division of wavefront and (ii) By division of amplitude

(i) Division of wave front : The wave front emitted by a narrow source is divided in two parts by reflection,
refraction or diffraction.

The coherent sources so obtained are imaginary. There produced in Fresnel's biprism, Llyod's mirror Youngs' double

slit etc.

(ii) Division of amplitude : In this arrangement light wave is partly reflected (50%) and partly transmitted
(50%) to produced two light rays.

The amplitude of wave emitted by an extend source of light is divided in two parts by partial reflection and partial
refraction.

The coherent sources obtained are real and are obtained in Newton's rings, Michelson's interferrometer, colours
in thin films.

—— M, Reflection
coating

\|./ /\ " |

"

Two waves
superimpose

w0
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Super position Principle

When two or more waves travelling in the same region of space superpose one on the other, the total
displacement at any point is equal to the vector sum of their individual displacements.

When two coherent waves of amplitudes A1, Az and intensities I1, [ meet at a point and superimpose the
resultant amplitude ‘A’ and resultant intensity I are given by

a) A=AZ+Al+2AA,c050
b) IfA:;=Az=athen A=2acos%
c) I=hi+Iz2+2{LL cosd
d) Ifli=1Iz2+Iothen =4l coszg
Where ¢ is the phase difference between them
Doppler Effect in Light
e  When there is a relative motion between source and observer, the frequency or wave length measured
by the source varies. This is known as Doppler Effect
e  When source moves away from the observer wave length increases. This is called Red Shift.
e  When source moves towards the observer wave length decreases. This is called Blue Shift.
Av 'V
e  Doppler Shift, v :E -V - speed of source
\%
Interference

The variation in intensity occurs due to the redistribution of the total energy of the interfering waves is
called interference.

Interference of light is a wave phenomenon.

The source of light emitting wave of same frequency and travelling with either same phase or constant
phase difference are called Coherent Sources.

Two virtual sources derived from a single source can be used as Coherent Sources.

The source producing the light wave travelling with rapid and random phase changes are called
Incoherent Sources.

Ex: 1. Light emitted by two candles.
2. Light emitted by two lamps.

Constructive Interference

a) If the phase difference is ¢ = (2n)m (even multiples of m). Where n =0, 1,2, 3,......

i.e. when ¢ =0, 2m, 4m........... 2nT

b) If the path difference x = Zn(%J (even multiples of half wavelength).

iewhenx=0,4,24..... nA
The amplitude and intensity are maximum.
Amax = (Al + AZ)

o =(VE 41 ) =(A, +A,)

Note: I[f A1 = A2 = a then Amax = 2a
Ifll = IZ . IO then Imax = 410
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Destructive Interference

e a) Ifthe phase difference ¢ = (2n-1)m (odd multiples of ). Wheren =0, 1,2, 3,......

i.e. when ¢ =m, 3m, 5m..........(2n-1)m

e D) If the path difference x= (2n —1)%/2 (odd multiples of A/2).

i.e when
2n-1)A
x:(Zn—l)X:&,%,& ......... ( )
2 22 2
The amplitude and Intensity are minimum.
Amin = (Al - AZ)

Loin :(\/E_\/E)z =(A, -4, )2

Note: If A1 = A2 = athen Amin =0
Ifli=I2=Iothen Inin=0

Inﬂ:(\/i+\/g)2 =(A1+A2)2
Lo (\/E_Jg)z (A, -A,)

Path Difference

e  The difference in the paths traversed by two light waves emitted by two coherent sources is called path
difference.

e Ifthe path difference is zero or nA, where n is an integer, they produce constructive interference.

° If the path difference is (Zn—l)% , where n is an integer, they produce destructive interference.
A
Note: (2n+1)§ also used.

Phase Difference

e  The difference in angles expressed in radians between the waves at the time of arrival at a point is called
phase difference.

e  For constructive interference, the phase difference must be 2nm (where n is an integer)
e  For destructive interference, the phase difference must be (2n-1)m [ where n is any integer]

Note: (2n-1)m also used.
The relation between path difference and phase difference:
, 2n .
e  phase difference = N (path difference).

° ¢=2—;X

e  The phase difference between any two points on a wave front is always zero.

Conditions for Steady Interference
e  The two sources must be coherent.
e  Two sources must be narrow.
e  Two sources must be close together.

NOTE: The two sources must be mono chromatic, otherwise the fringes of different colours overlap and
hence interference cannot be observed.

@& www.stepupacademy.ind.in ) @stepupacademyindia €) @stepupacademyindia [E) @stepupacademy_



@Step Up Academy | 167

Young’s Double Slit Experiment

S
Screer

Double slit D

A train of plane light waves is incident on a barrier containing two narrow slits separated by a distance 'd". The
widths of the slits are small compared with wavelength of the light used, so that interference occurs in the region
where the light from S1 overlaps that from Sz. A series of alternately bright and dark bands can be observed on a

\fﬁ \J

a bright frinige, fringe width a dark fringe.

screen placed in this region of overlap.

D

The variation in light intensity along the screen near the centre O shown in the figure.
Now consider a point P on the screen. The phase difference between the waves at P is ¢, where

27
=—_AP
§="TAP,

(where AP, is optical path difference, AP, = pAPg ; APg being the geometrical path difference.)
2
:%[SZP—SlF’] (here p=1in air) As

As,D>>d,
S,P—S,P~dsin6

sinf=tan6(=y/D).

[for very small 0]

Thus, ¢ = %(%)

For constructive interference,
é=2nm(n=0,1,2.)

Z—N(d—yJ=2nn = y:nE
A\LD d

Similarly for destructive interference,

AD
y :(Zn—l)% (N=1,2,m)

Fringe Width W
It is the separation of two consecutive maxima or two consecutive minima.
Near the centre O [where 0 is very small]

W = yu+1 - yn [yn gives the position of nth maxima on screen]
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Intensity Variation on Screen.

Intensity Two coherent
sources

Jwo Incoherent
sources

K, 4l

/\

One s urce :
% A, / ""2' ..'ZIIIZIZ'..ZIZIIZIIZII.I’IIIZI".ZIIZZIZIIZIﬁIIIII
U / x
-5n 4 5r _ +p  +2g +3; +4p  +bp

If A and Io represent amplitude of each wave and the associated intensity on screen, then, the resultant intensity
at a point on the screen corresponding to the angular position 6 as in above figure, is given by

Illustration 1: A beam of light consisting of two wavelengths 65004 and 5200A is used to obtain interference
fringes in YDE. The distance between the slits is 2.0 mm and the distance between the plane of
the slits and the screen is 120 cm.

(a) Find the distance of the third bright fringe on the screen from the central maxima for the
wavelength 6500A.

(b) What is the least distance from the central maxima where the bright fringes due to both the
wavelengths coincide?

-10
Solution: (@) yo=n-2_ 3X1'2mX659? 107 m _ 6. 12em
d 2x107m

Let nth maxima of light with wavelength 6500 A coincides with that of mt maxima of 5200A.

(i) mx6500AxD  nx52004xD _ m_5200_4
d > d n 6500 5

4D(65004) _ 4x6500x10"° x
d 2x10°m

Least distance = y4 = =0.16cm

Ilustration 2: The intensity of the light coming from one of the slits in a Young's double slit experiment is double
the intensity from the other slit. Find the ratio of the maximum intensity to the minimum intensity
in the interference fringe pattern observed.

) )

Ashi=2 > =—"—"——=34

Imm (-5 L (2-1)

Displacement of Fringes

Solution:

When a film of thickness 't' and refractive index 'y’ is introduced in the path of
one of the sources, then fringe shift occurs as the optical path difference changes.

g ¢
Optical path difference at '
P=SP - [S1P+put-t] =S:P-S1P-(u-Dt=y.d/D-(n-1)

D(p—-1)t C
= n' fringe is shifted by Ay :M :ﬂ(u—l)t S,

d A

Hlustration 3: Monochromatic light of wavelength of 600 nm is used in a YDSE. One of the slits is covered by a
transparent sheet of thickness 1.8 x 10-5 m made of a material of refractive index 1.6. How many
fringes will shift due to the introduction of the sheet?
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Solution: As derived earlier, the total fringe shift = %(u— 1)t.

As each fringe width = w,

total fringe shift

The number of fringes that will shift = - .
shift width

Win-1

S (1)t (16-1)x18x10°m
w A 600x10°m

Illustration 4: In the YDSE conducted with white light (40004-7000A), consider two points P1 and P2 on the

screen at y1=0.2mm and y2=1.6mm, respectively. Determine the wavelengths which form maxima

at these points.

I "
S v, = 1.6mm
dlcml I Py y1 =0.2mm
S
Solution: The optical path difference at P1 is

P, _dy, :(ﬂj(o.z) =5x10"*mm =5000A
D 4000

In the visible range 4000 - 7000A

n, = 3000 4 1.25 and n, _ 0007 0.714
4000 7000
The only integer between 0.714 and 1.25is 1
The wavelength which forms maxima at P is A = 50004
For the point P2 D, e (10 (1.6)=4x10"°mm = 400004
D 4000
Here n, _ 40000 _ 10 and n, _ 40000 =5.71
4000 7000

The integers between 5.71 and 10 are 6, 7, 8, 9 and 10
The wavelength which forms maxima at P are

A1 =4000A for  n=10

A2 = 44444 for ' n=9

A3=5000A  for n=8

Aa=5714A for n=7

As = 66664 for  n=6

Illustration 5: A transparent paper (p = 1.45) of thickness 0.02 mm is pasted on one of the slits of a Young’s
double slit experiment which uses monochromatic light of wavelength 620 nm. How many fringes
will cross through the centre if the paper is removed?

Solution: Due to pasting the fringes shift which will restore its position after removal.
Path difference will be

= for a bright fringe
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AX = nk
t(u-1) +yd/D=nh

D
y=(r-tl-1))
Again after removing

D D
'=nA— —y=t(u-1)=
yl=mo = y-y=t(u-1)
No of fringes shifted will be
YV _y(ue)2 /AP
e TAr T
~0.02x107°(0.45)

=145
620x107°

DIFFRACTION

5. Diffraction is the bending or spreading of waves that encounter an object /
(a barrier or an opening) in their path. . } /

6. In Fresnel class of diffraction, the source and/or screen are at a finite
distance from the aperture.

7. In Fraunhoffer class of diffraction, the source and screen are at infinite distance from the diffracting aperture.
Fraunhoffer is a special case of Fresnel diffraction.

Single Slit Fraunhoffer Diffraction

In order to find the intensity at point P on the screen as shown in the figure the slit of width 'a' is divided into N
parallel strips of width Ax. Each strip then acts as a radiator of Huygen's wavelets and produces a characteristic
wave disturbance at P, whose position on the screen for a particular arrangement of apparatus can be described
by the angle 6.

§f—>

The amplitudes AE, of the wave disturbances at P from the various strips may be taken as equal if 0 is not too large.
The intensity is proportional to the square of the amplitude. If Im represents the intensity at O, its value at P is

sina :
a

where o :Q _ masin®
2 A

A minimum occurs when,sina=0anda#0,soax=nm, n=1,2,3..

masin©
A

= =nn =asin®=nA

f\.//\/ f‘ \J/ﬁ\\

-3ia -2h/a -Aa 0 Ma  2ia  3)p/a
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Angular width of central maxima of diffraction pattern = 201 = 2 sin-1(A/a) [01 gives the angular position of first

minima]

The concept of diffraction is also useful in deciding the resolving power of optical instruments.

Illustration 7:

Solution:

Illustration 8:

Solution:

INlustration 9:

Solution:

Light of wavelength 6 x 10->cm falls on a screen at a distance of 100 cm from a narrow slit. Find
the width of the slit if the first minima lies 1mm on either side of the central maximum.

Heren=1,A=6 x 10-5 cm.
Distance of screen from slit = 100 cm.

Distance of first minimum from central maxima = 0.1 cm.

_ Distance of 1" minima from the central maxima

sind Distance of the screen from the slit
0.1 1
7100 1000
We know that asin6 =n\
a= & =0.06 cm.

1

In YDSE if the source consists of two wavelengths A1 = 40004 and A2 = 4002A. Find the distance
from the centre where the fringes disappear, if d=1cm ; D=1 m.

The fringes disappear when the maxima of A1 fall over the minima of A2. That is

P _P_ 1 Where p is the optical path difference at that point.
Ao, 2
A
or p=———-—
2(h, —2,)
Here A1 = 40004, A2 =40024
p=0.04 cm.
In YDSE, p =dy/D
D (1000)
=—p=-——>(0.4)=40mm
PegP="1p (04)

A beam of light consisting of two wavelengths 65004 and 52004 is used to obtain interference
fringes in a Young’s double slit experiment

(i) Find the distance of the third fringe on the screen from the central maximum for the
wavelength 6500A.

(ii) What is the least distance from the central maximum where the bright fringes due to both
wavelength coincide?

(iii) The distance between the slits is 2Zmm and the distance between the plane of the slits and
screen is 120cm. What is the fringe width for A = 650042

D
(i) The width of the fringe %

Then distance of the third fringe

_3DA _3x120x6500x10°
d 0.2

=0.117 cm

(ii) Let mt and nth bright fringe of the wavelength coincide. Now position mth bright fringe is

3w

D
m=NA1—
y 1d

T
A, 6500 5

D A
andyn=nkz— = m _>200_4
n
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Now

(iii) Fringe width w = 2D = M
d 2x1073
=3900 x 107 m = 0.039 cm
Illustration 10: In YDSE light of two wavelengths of 700 nm and 500 nm. If D/d = 103 find the minimum distance
from central maxima where the maxima of two wavelength coincide again.
Solution: niA1 = N2z

. 7

n
n, 5
DA,

d
y = 7x103x500x10-
=35x10*

y =3.5 mm
BREWSTER LAW

According to this law when unpolarised light is incident at
polarising angle (i) on an interface separating a rarer medium

y=n,

Rarer Medium

from a denser medium, of refractive index @ as shown in Fig,
below such that

p=tani Denser medium

"‘?p of refractive index p

|
|
|
then light reflected in the rarer medium is completely polarised. I
Reflected and refractive rays are perpendicular to each other. :

POLARISATION

Consider holding a long string that is held horizontally, the other end of which is assumed to be fixed. If we move
the end of the string up and down in a periodic manner, we will generate a wave propagating in the +x direction
(Fig. 10.21). Such a wave could be described by the following equation

t=0
f=At

- /Y
NN NN NI 7
FN N NN NN

—_— y (ki)

f MNAANARAAAAAAAAAANAAAADD,
VVVVVVVVVVVVVVUVVYVVVVVTY

FIGURE 10.21 (a) The curves represent the displacement of a string at t = 0 and at t = At, respectively
when a sinusoidal wave is propagating in the +x-direction. (b) The curve represents the time variation of
the displacement at x = 0 when a sinusoidal wave is propagating in the +x-direction. At x = Ax, the time
variation of the displacement will be slightly displaced to the right.
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y (x,t) = asin (kx - wt) ...(10.32)

where a and w (= 2mv) represent the amplitude and the angular frequency of the wave, respectively; further,

_on
k

represents the wavelength associated with the wave. We had discussed propagation of such waves in Chapter 15

A ...(10.33)

of Class XI textbook. Since the displacement (which is along the y direction) is at right angles to the direction of
propagation of the wave, we have what is known as a transverse wave. Also, since the displacement is in the y
direction, it is often referred to as a y-polarised wave. Since each point on the string moves on a straight line, the
wave is also referred to as a linearly polarized wave. Further, the string always remains confined to the x-y plane
and therefore it is also referred to as a plane polarised wave.

In a similar manner we can consider the vibration of the string in the x-z plane generating a z-polarised wave
whose displacement will be given by

z (x,t) = a sin (kx - wt) ....(10.34)

It should be mentioned that the linearly polarised waves [described by Eqgs. (10.33) and (10.34)] are all transverse
waves; i.e., the displacement of each point of the string is always at right angles to the direction of propagation of
the wave. Finally, if the plane of vibration of the string is changed randomly in very short intervals of time, then
we have what is known as an unpolarised wave. Thus, for an unpolarized wave the displacement will be randomly
changing with time though it will always be perpendicular to the direction of propagation.

Light waves are transverse in nature; i.e., the electric field associated with a propagating light wave is always at
right angles to the direction of propagation of the wave. This can be easily demonstrated using a simple polaroid.
You must have seen thin plastic like sheets, which are called polaroids. A polaroid consists of long chain molecules
aligned in a particular direction. The electric vectors (associated with the propagating light wave) along the
direction of the aligned molecules get absorbed. Thus, if an unpolarised light wave is incident on such a polaroid
then the light wave will get linearly polarised with the electric vector oscillating along a direction perpendicular
to the aligned molecules; this direction is known as the pass-axis of the polaroid.

Thus, if the light from an ordinary source (like a sodium lamp) passes through a polaroid sheet Py, it is observed
that its intensity is reduced by half. Rotating P1 has no effect on the transmitted beam and transmitted intensity
remains constant. Now, let an identical piece of polaroid P2z be placed before P1. As expected, the light from the
lamp is reduced in intensity on passing through P2 alone. But now rotating P1 has a dramatic effect on the light
coming from P2. In one position, the intensity transmitted by P2 followed by P1 is nearly zero. When turned by 90°
from this position, P1 transmits nearly the full intensity emerging from P2 (Fig. 10.22).

L AN

P, P,

(b)

FIGURE 10.22 (a) Passage of light through two polaroids Pz and Pi1. The transmitted fraction falls from 1
to 0 as the angle between them varies from 0° to 90°. Notice that the light seen through a single polaroid
P1 does not vary with angle. (b) Behaviour of the electric vector when light passes through two polaroids.
The transmitted polarisation is the component parallel to the polaroid axis. The double arrows show the
oscillations of the electric vector.
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The above experiment can be easily understood by assuming that light passing through the polaroid P: gets

polarised along the pass-axis of P2. If the pass-axis of P2 makes an angle 6 with the pass-axis of P1, then when the
polarised beam passes through the polaroid P2, the component E cos 6 (along the pass-axis of Pz) will pass through
P2. Thus, as we rotate the polaroid P1 (or P2), the intensity will vary as:

I =10 cos20 ...(10.32)

where Io is the intensity of the polarized light after passing through Pi1. This is known as Malus’ law. The above
discussion shows that the intensity coming out of a single polaroid is half of the incident intensity. By putting a
second polaroid, the intensity can be further controlled from 50% to zero of the incident intensity by adjusting the
angle between the pass-axes of two polaroids.

Polaroids can be used to control the intensity, in sunglasses, windowpanes, etc. Polaroids are also used in
photographic cameras and 3D movie cameras.

@& www.stepupacademy.ind.in ) @stepupacademyindia €) @stepupacademyindia [E) @stepupacademy_



. Step Up Academy

| 175

P

A

Class : 12th Physics

Chapter- 10 : Wave Optics
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Wave Optics
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Important Questions

Multiple Choice Questions-

1.

for the.
propagation of a wave was first given by

The idea of secondary wavelets

(a) Newton

(b) Huygens

(c) Maxwell

(d) Fresnel

Light propagates rectilinearly, due to
(a) wave nature

(b) wavelengths

(c) velocity

(d) frequency

Which of the following is correct for light
diverging from a point source?

(@) The intensity decreases in proportion with
the distance squared.

(b) The wavefront is parabolic.

(c) The intensity at the wavelength does not
depend on the distance.

(d) None of these.

The refractive index of glass is 1.5 for light waves
of X = 6000 A in vacuum. Its wavelength in glass
is

(a) 2000 A

(b) 4000 A

(c) 1000 A

(d) 3000 A

The phenomena which is not explained by
Huygen'’s construction of wavefront

(a) reflection

(b) diffraction

(c) refraction

(d) origin of spectra

A laser beam is used for locating distant objects
because

(a) it is monochromatic
(b) it is not chromatic
(c) itis not observed

(d) it has small angular spread.

7. Two slits in Young’s double slit experiment have
widths in the ratio 81 :1. The ratio of the
amplitudes of light waves is
(a)3:1
(b)3:2
(9:1
(d) 6:1
8. When interference of light takes place
(a) energy is created in the region of maximum
intensity

(b) energy is destroyed in the region of
maximum intensity

(c) conservation of energy holds good and
energy is redistributed

(d) conservation of energy does not hold good
9. In a double slit interference pattern, the first
maxima for infrared light would be
(a) at the same place as the first maxima for
green light

(b) closer to the center than the first maxima for
green light

(c) farther from the center than the first
maxima for green light

(d) infrared light does not produce an
interference pattern

10. To observe diffraction, the size of the obstacle
(a) should be X/2, where X is the wavelength.

(b) should be of the order of wavelength.
(c) has no relation to wavelength.
(d) should be much larger than the wavelength.

Very Short:

1. Sketch the refracted wavefront emerging from
convex tens, If a plane wavefront is an incident
normally on it.

2. How would you explain the propagation of light
on the basis of Huygen’s wave theory?

3. Draw the shape of the reflected wavefront when
a plane wavefront is an incident on a concave
mirror.

4. Draw the shape of the refracted wavefront when

a plane wavefrontis an incident on a prism.
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5.

10.

Draw the type of wavefront that corresponds to a
beam of light diverging from a point source.

Draw the type of wavefront that corresponds to a
beam of light coming from a very far off source.
Name two phenomena that establish the wave
nature of light.

State the conditions which must be satisfied for
two light sources to be coherent.

Draw an intensity distribution graph for

diffraction due to a single slit.

Name one device for producing plane polarised
light. Draw the graph showing the variation of
intensity of polarised light transmitted by an
analyser.

Short Questions:

1.

How can one distinguish between an unpolarised
and linearly polarised light beam using polaroid?
What is meant by plane polarised light? What
type
polarisation? Describe a method of producing a

of waves shows the property of

beam of plane polarised light?

Write the Important characteristic features by
which the Interference can be distinguished from
the observed diffraction pattern.

State Brewster’s law. The value of Brewster’s
angle for the transparent medium is different for
the light of different colours. Give reason.
Discuss the intensity of transmitted light when a
polaroid sheet is rotated between two crossed
polaroid’s.

Is energy conserved in interference? Explain.

An incident beam of light of intensity lo is made
to fall on a polaroid A. Another polaroid B is so
oriented with respect to A that there is no light
emerging out of B. A third polaroid C is now
introduced midway between A and B and is so
oriented that its axis bisects the angle between
the axis of A and B. What is the intensity of light
now between (i) A and C (ii) C and B? Give
reasons for your answers.

One of the slits of Young’s double-slit experiment
is covered with a semi-transparent paper so that
it transmits lesser light. What will be the effect on
the interference pattern?

Long Questions:

1.

Define the term wavefront. Using Huygen’s wave
theory, verify the law of reflection.

Or

Define the term, “refractive index” of a medium.
Verify Snell’s law of refraction when a plane
wavefront is propagating from a denser to a rarer
medium.

(a) Sketch the refracted wavefront for the
incident plane wavefront of the light from a
distant object passing through a convex lens.

(b) Using Huygens's principle, verify the laws of
refraction when light from a denser medium
is incident on a rarer medium.

(c) For yellow light of wavelength 590 nm
incident on a glass slab, the refractive index
of glass Is 1.5. Estimate the speed and
wavelength of yellow light Inside the glass
slab.

Assertion and Reason Questions-

1.

For question two statements are given-one

labelled Assertion (A) and the other labelled

Reason (R). Select the correct answer to these

questions from the codes (a), (b), (c) and (d) as

given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is NOT the
correct explanation of A.

c) Aistrue butRis false.

d) Aisfalse and Ris also false.

Assertion (A): When tiny circular obstacle is

placed in the path of light from some distance, a

bright spot is seen at the centre of the shadow of
the obstacle.

Reason (R): Destructive interference occurs at

the centre of the shadow.

For question two statements are given-one
labelled Assertion (A) and the other labelled
Reason (R). Select the correct answer to these
questions from the codes (a), (b), (c) and (d) as
given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is NOT the
correct explanation of A.

c) Aistrue butRis false.

d) Aisfalse and Ris also false.
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Assertion (A):One of the condition for
interference is that the two source should be very
narrow.

Reason (R): One broad source is equal to large
number of narrow sources.

Case Study Questions-

1.

The phenomenon of bending of light around the
sharp corners and the spreading of light within
the geometrical shadow of the opaque obstacles
is called diffraction of light. The light thus
deviates from its linear path. The deviation
becomes much more pronounced, when the
dimensions of the aperture or the obstacle are
comparable to the wavelength of light.

Incident Diffracted
wave wave

> o)

IS}

—>|Ale—

Screen

(i) Light seems to propagate in rectilinear path
because.

a) Itsspread is very large.
b) Its wavelength is very small.

c) Reflected from the upper surface of
atmosphere.

d) Itisnotabsorbed by atmosphere.

(i) In diffraction from a single slit the angular
width of the central maxima does not
depends on:

a) Aoflight used.

b) Width of slit.

c) Distance of slits from the screen.
d) Ratio of A and slit width.

(iii) For a diffraction from a single slit, the
intensity of the central point is:

a) Infinite.

b) Finite and same magnitude as the
surrounding maxima.

c) Finite but much larger than the
surrounding maxima.

d) Finite and substantially smaller than

the surrounding maxima.

(iv) Resolving power of telescope increases

when:

a) Wavelength of light decreases.

b) Wavelength of light increases.

c) Focal length of eye-piece increases.
d) Focal length of eye-piece decreases.

(v) In asingle diffraction pattern observed on a
screen placed at D metre di stance from the
slit of width d metre, the ratio of the width
of the central maxima to the width of other

secondary maxima is:

a) 2:1
b) 1:2
c 1:1
d 3:1

Huygen's principle is the basis of wave theory of
light. Each point on a wavefront acts as a fresh
source of new disturbance, called secondary
waves or wavelets. The secondary wavelets
spread out in all directions with the speed light in

the given medium.

An initially parallel cylindrical beam travels in a

medium of refractive index p(l)=p,+p,l,
where L, and p, are positive constants and I is

the intensity of the light beam. The intensity of

the beam is decreasing with increasing radius.
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(i)

The initial shape of the wavefront of the
beam is:

a) Planar.

b) Convex.

c) Concave.

d) Convex near the axis and concave near
the periphery.

According to Huygens Principle, the surface

of constant phase is:

a) Called an optical ray.

b) Called a wave.

c) Called a wavefront.

d) Always linear in shape.

(iii) As the beam enters the medium, it will:

(iv)

a) Travel asa cylindrical beam.
b) Diverge.
c) Converge.

d) Diverge near the axis and converge
near the periphery.

Two plane wavefronts of light, one incident
on a thin convex lens and another on the

refracting face of a thin prism. After
refraction at them, the emerging wavefronts
respectively become.

a) Plane wavefront and plane wavefront.

b) Plane wavefront and spherical
wavefront.

c¢) Spherical wavefront and plane
wavefront.

d) Spherical wavefront and spherical
wavefront.

(v) Which of the following phenomena support
the wave theory of light?

1.  Scattering.

2. Interference.
3. Diffraction.
4

Velocity of light in a denser medium is
less than the velocity of light in the
rarer medium.

a) 1,23
b) 1,24
) 234
d 1,34

Answer Key

Multiple Choice Answers-

© © N o s W N

—_
e

Answer: b
Answer: a
Answer: a
Answer: b
Answer: d
Answer: d
Answer: c
Answer: c
Answer: c

Answer: b

Very Short Answers:

1.

Answer: The figure is as shown.

Incident
plane wave

Spherical wavefront
of radius f

2. Answer: To explain the propagation of light we
have to draw a wavefront at a later instant when
a wavefront at an earlier instant is known. This
can be drawn by the use of Huygen’s principle.

3. Answer: The reflected wavefront is as shown.
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Concave mirror 7. Answer: Interference and diffraction of light.

Answer:
(a) Two sources must emit light of the same
— wavelength (or frequency).
(b) The two light sources must be either in-
phase or have a constant phase difference.
9. Answer:
—

The intensity distribution for a single-slit
Spherical wavefront

or radius R/2

diffraction pattern is as shown.

4. Answer: The shape of the wavefront is as shown.

Incident
plane wave

=

——— Path difference
5. Answer: The wavefront formed by the light

coming from a very far off source is a plane and 10. Answer: Nicol prism can be used to produce
for a beam of light diverging from a point, a plane polarised light. The graph is as shown.

wavefront is a number of concentric circles.

R
ays fT

I T
0 45° 90°  135°  180°

Source Short Questions Answers:

Wavefronts 1. Answer: The two lights will be allowed to pass

through a polariser. When the polarizer is rotated

6. Answer: The wavefront is as shown. in the path of these two light beams, the intensity
of light remains the same in all the orientations of

Rays the polariser, then the light is unpolarised. But if

- the intensity of light varies from maximum to

minimum then the light beam is a polarised light
beam.

2. Answer:

e The light that has its vibrations restricted in

e 3 only one plane is called plane polarised light.

e  Transverse waves show the phenomenon of
Wavefronts polarization.
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Light is allowed to pass through a polaroid. The
polaroid absorbs those vibrations which are not
parallel to its axis and allows only those
vibrations to pass which are parallel to its axis.

Answer:

(a) Inthe interference pattern the bright fringes
are of the same width, whereas in the
diffraction pattern they are not of the same
width.

(b) Ininterference all bright fringes are equally
bright while in diffraction they are not
equally bright.

Answer:

When the reflected ray and the refracted ray are
perpendicular then p = tani, where i, is the
polarising angle or Brewster angle.

Brewster’s angle depends upon the refractive
index of the two media in contact. The refractive
index in turn depends upon the wavelength of
light used (different colours) hence Brewster’s
angle is different for different colours.

Answer:

Let I, be the intensity of polarised light after
passing through the first polarizer Pi. Then the
intensity of light after passing through the second
polarizer P2 will be | = locos 26, where 0 is the
angle between pass axes of P1and P2. Since P1 and
P3 are crossed the angle between the pass axes of
P2 and Ps will be (/2 - 8). Hence the intensity of
light emerging from P3 will be

1=1o cos® 0 cos? (90° - 6) =1, cos? 8 sin? 8 = (I, /4)
sin? 20

Therefore, the transmitted intensity will be
maximum when 6 = /4

Answer:

Yes, energy is conserved in interference. Energy
from the dark fringes is accumulated in the bright
fringes. If we take

¢

1=4d* coszz,then intensity at bright points is

I_.. =4a*and intensity at the minimal I =0.

Hence average intensity in the pattern of the
fringes produced due to interference is given by:
+1,  4a®+0
2 2
But if there is no interference then total intensity
at every point on the screen will be | = a% + a* =

2a?, which is the same as the average intensity in
the interference pattern.

T:Imax

24

Answer: Polaroids A and B are oriented at an
angle of 90°, so no light is emerging out of B. On
placing polaroid C between A and B such that its
axis bisects the angle between axes of A and B,
then the angle between axes of polaroids A and B
is 45° and that of C and B also 45°.

(a) Intensity of light on passing through

Polaroid A or between Aand Cis |1 = 150

(b) On passing through polaroid C, intensity of
light between C and B becomes

1 1
12=l1c0526=;°xc05245°=20

Answer: There will be an interference pattern
whose fringe width is the same as that of the
original. But there will be a decrease in the
contrast between the maxima and the minima,
i.e., the maxima will become less bright, and the
minima will become brighter.

Long Questions Answers:

1.

Answer:

The wavefront is a locus of points that oscillate in
the same phase.

Consider a plane wavefront AB incident obliquely
on a plane reflecting surface MM-. Let us consider
the situation when one end A of was front strikes
the mirror at an angle i but the other end B has
still to cover distance BC. The time required for
this will be t = BC/c.

According to Huygen’s principle, point A starts
emitting secondary wavelets and in time t, these
will cover a distance ¢ t = BC and spread. Hence,
with point A as centre and BC as radius, draw a
circular arc. Draw tangent CD on this arc from
point C. Obviously, the CD is the reflected
wavefront inclined at an angle ‘r’. As incident
wavefront and reflected wavefront, both are in
the plane of the paper, the 1st law of reflection is
proved.
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To prove the second law of reflection, consider
AABC and AADC. BC = AD (by construction),

2ABC = 2ADC =90° and AC is common.

Therefore, the two triangles are congruent and,
hence, ZBAC = £DCA or 4i = 41, i.e. The angle of
reflection is equal to the angle of incidence, which
is the second law of reflection.

Or

The refractive index of medium 2, w.r.t. medium

1 equals the ratio of the sine of the angle of ) BC AD
in e : ; s l.e. t=—=—
incidence (in medium 1) to the sine of the angle v, v,
of refraction (in medium 2), The diagram is as
BC v, .
shown. or — = (D)
AD v,
Incident wavefront In right angle AABC
Medium 1 BC . .
— =sini
AC
vt or BC=ACsin i .oo(i)
AD=ACsinr ()]
From (if) and (iii)
Refracted wavefront BC sini
Vy >V AD sinr
From (i) and (ii), we have
From the diagram sini v, 1u
. . BC v inr v, ‘2
Sm':E:ALg sinr v,
(c) GivenA =590 nm, u=1.5
and sinr :ﬁ Wt Velocity of light inside glass slab.
AC AC 8
i v i y=4-319 5108 ms
in i
Therefore, ——=-L=n,, H
smr. v, Wavelength of yellow light inside the glass
2. Answer: slab.
(a) Refracted wavefront Ay = A _290 _ 393.33nm
w 15
Incident
E Assertion and Reason Answers-
Spherical , .
1. (c) Aistrue butRis false.
Wavefront wavefront ()
Explanation:

(b) Refraction from denser to the rarer medium: The waves diffracted from the edges of circular
Let XY be plane refracting surface separating obstacle, placed in the path of light, interfere
two media of refractive index p1 and p2 (p1 > constructively at the centre of the shadow
Hz) resulting in the formation of a bright spot.

Let a plane wavefront AB incident at an angle 2. (a) Both A and R are true and R is the correct
i. According to Huygen'’s principle, each point explanation of A.

on the wavefront becomes a source of Explanation:

secondary wavelets and As abroad source is equivalent to a large number
Time is taken by wavelets from B to C = Time of narrow sources lying side by side. Each set of
taken by wavelets from A to D these sources will produce an interference
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pattern of its own which will overlap on another
to such an extent that all traces of a fringe system
is lost and results in general illumination.
Because of this reason, for interference a narrow
slit should be used.

Case Study Answers-
1. Answer:
() (b) Its wavelength is very small.
Explanation:

The wavelength of visible light is very small,
that is hardly shows diffraction, so it seems
to propagate in rectilinear path,

(i) (c) Distance of slits from the screen.

Explanation:
. . 2\
Angular width of central maxima, 20 =—.
e

Thus, 8 does not depend on screen
i.e.,, distance between the slit and the screen.

(iii) (c) Finite but much larger than the
surrounding maxima.
Explanation:
Diffraction pattern is shown in the figure.
From the graph it is clear that the
intensity of the central point is finite but
much larger than the surrounding maxima.

v)

~ It increases when wavelength of light
decreases and/or objective lens of greater
diameter is used.

(@2:1
Explanation:
Width of central maxima :n—D
e
; . AD
Width of other secondary maxima =—
e

~ Width of central maxima: width of other
secondary maxima

=2:1

2. Answer:

)

(i)

(iii)
(iv)

(a) Planar.
Explanation:

As the beam is initially parallel, the shape of
wavefront is planar.

(c) Called a wavefront.
Explanation:

According to Huygens Principle, the surface
of constant phase is called a wavefront.

(c) Converge.

(c) Spherical  wavefront and  plane
wavefront.

Explanation:

IntenSIty After refraction, the emerging wavefronts
respectively become spherical wavefront
and plane wavefront as shown in figures (a)
and (b).
N\ Incident plane Spherical Incident plane  Plane
O e wavefront ~ wavefront wavefront  wavefront
(iv) (a) Wavelength of light decreases. \
Explanation:
(@) (b)
Resolving power of telescope -9
&P Pe =T (v) ()2,3,4
0:0 0:0
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Dual Nature of
Radiation and Matter 1 1

Electron Emission

e  The metals have free electrons and these normally cannot escape out of the metal surface.

o  The free electron is held inside the metal surface by the attractive forces of the ions.
A certain minimum amount of energy is required to be given to an electron to pull it out from the surface of
the metal and this energy is known as “Work Function”. (¢. ) =5.65 eV, highest

e  (for platinum) ¢.=1.88 eV, lowest (for ceasium)

e  This minimum energy required for the electron emission can be supplied by any one of the following
processes.

(@) Thermionic emission : “Sufficient thermal energy can be imported to free electrons” by suitably
heating
(b)  Field emission: “By applying a very strong electric field (x 108 V/m )”.

(c) Photo electric emission: “By irradiating the metal surface with suitable E.M radiation”.

Hertz's observations :

The phenomenon of photoelectric emission was discovered in 1887 by Heinrich Hertz (1857-1894), during his
electromagnetic wave experiments. In his experimental investigation on the production of electromagnetic waves
by means of a spark discharge, Hertz observed that high voltage sparks across the detector loop were enhanced
when the emitter plate was illuminated by ultraviolet light from an arc lamp.

Light shining on the metal surface somehow facilitated the escape of free, charged particles which we now know
as electrons. When light falls on a metal surface, some electrons near the surface absorb enough energy from the
incident radiation to overcome the attraction of the positive ions in the material of the surface. After gaining
sufficient energy from the incident light, the electrons escape from the surface of the metal into the surrounding
space.

Hallwachs’ and Lenard’s observations :

Wilhelm Hallwachs and Philipp Lenard investigated the phenomenon of photoelectric emission in detail during
1886-1902.

TABLE 11.1 WORK FUNCTIONS OF SOME METALS

S Work function o Work function
Do (eV) ®o (eV)

Cs 2.14 Al 4.28

K 2.30 Hg 4.49

Na 2.75 Cu 4.65

Ca 3.20 Ag 4.70
Mo 4.17 Ni 5.15

Pb 4.25 Pt 5.65
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Lenard (1862-1947) observed that when ultraviolet radiations were allowed to fall on the emitter plate of an

evacuated glass tube enclosing two electrodes (metal plates), current flows in the circuit (Fig.). As soon as the
ultraviolet radiations were stopped, the current flow also stopped. These observations indicate that when
ultraviolet radiations fall on the emitter plate C, electrons are ejected from it which are attracted towards the
positive, collector plate A by the electric field. The electrons flow through the evacuated glass tube, resulting in the
current flow. Thus, light falling on the surface of the emitter causes current in the external circuit. Hallwachs and
Lenard studied how this photo current varied with collector plate potential, and with frequency and intensity of
incident light.

Hallwachs, in 1888, undertook the study further and connected a negatively charged zinc plate to an electroscope.
He observed that the zinc plate lost its charge when it was illuminated by ultraviolet light. Further, the uncharged
zinc plate became positively charged when it was irradiated by ultraviolet light. Positive charge on a positively
charged zinc plate was found to be further enhanced when it was illuminated by ultraviolet light. From these
observations he concluded that negatively charged particles were emitted from the zinc plate under the action of

ultraviolet light.

After the discovery of the electron in 1897, it became evident that the incident light causes electrons to be emitted
from the emitter plate. Due to negative charge, the emitted electrons are pushed towards the collector plate by the
electric field. Hallwachs and Lenard also observed that when ultraviolet light fell on the emitter plate, no electrons
were emitted at all when the frequency of the incident light was smaller than a certain minimum value, called the
threshold frequency. This minimum frequency depends on the nature of the material of the emitter plate.

It was found that certain metals like zinc, cadmium, magnesium, etc., responded only to ultraviolet light, having
short wavelength, to cause electron emission from the surface. However, some alkali metals such as lithium,
sodium, potassium, caesium and rubidium were sensitive even to visible light. All these photosensitive substances
emit electrons when they are illuminated by light. After the discovery of electrons, these electrons were termed as
photoelectrons. The phenomenon is called photoelectric effect.

Experimental Setup for Photoelectric Effect

(1) Two conducting electrodes, the anode (Q) and cathode (P) are enclosed in an evacuated glass tube as

shown
0
\?@0\
N
72 7 — N
[ €
UV 2 — e Py
©
| AMAA ] @

(2) The battery or other source of potential difference creates an electric field in the direction from anode
to cathode.

(3) Lightof certain wavelength or frequency falling on the surface of cathode causes a current in the external
circuit called photoelectric current.

(4) As potential difference increases, photo electric current also increases till saturation is reached.

(5) When polarity of battery is reversed (i.e. plate Q is at negative potential w.r.t. plate P) electrons start
moving back towards the cathode.

(6) Ataparticular negative potential of plate Q no electron will reach the plate Q and the current will become
zero, this negative potential is called stopping potential denoted by V0. Maximum kinetic energy of
photo electrons in terms of stopping potential will therefore be Kmax = (|Vo]) eV
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Effect of Intensity and Frequency of Light

(1) Effect of intensity : If the intensity of light is increased (while it's frequency is kept the same) the current
levels off at a higher value, showing that more electrons are being emitted per unit time. But the stopping
potential VO doesn't change i.e.

Intensity « no. of incident photon « no. of emitted photoelectron per time « photo current
i]
v= constant L~ =

- V() O V—)

(2) Effect of frequency : If frequency of incident light increases, (keeping intensity is constant) stopping
potential increases but their is no change in photoelectric current

V2> " t T I = constant
Va
151
- Vo2 -V O V—

Effect of potential on photoelectric current :

We first keep the plate A at some positive potential with
respect to the plate C and illuminate the plate C with light of
fixed frequency n and fixed intensity I1. We next vary the
positive potential of plate A gradually and measure the

Photocurrent—

resulting photocurrent each time. It is found that the > b> 1 :

. . . . . gy . L= 3
photoelectric current increases with increase in positive /-———Iz
(accelerating) potential. At some stage, for a certain positive /—I'

potential of plate A, all the emitted electrons are collected by
the plate A and the photoelectric current becomes maximum
or saturates. If we increase the accelerating potential of plate
A further, the photocurrent does not increase. This maximum
value of the photoelectric current is called saturation current.
Saturation current corresponds to the case when all the
photoelectrons emitted by the emitter plate C reach the
collector plate A.

We now apply a negative (retarding) potential to the plate A with respect to the plate C and make it increasingly
negative gradually. When the polarity is reversed, the electrons are repelled and only the sufficiently energetic
electrons are able to reach the collector A. The photocurrent is found to decrease rapidly until it drops to zero at a
certain sharply defined, critical value of the negative potential Vo on the plate A. For a particular frequency of
incident radiation, the minimum negative (retarding) potential Vo given to the plate A for which the photocurrent

stops or becomes zero is called the cut-off or stopping potential.

The interpretation of the observation in terms of photoelectrons is straightforward. All the photoelectrons emitted
from the metal do not have the same energy. Photoelectric current is zero when the stopping potential is sufficient
to repel even the most energetic photoelectrons, with the maximum kinetic energy (Kmax), so that

Kmax =e Vo ()

We can now repeat this experiment with incident radiation of the same frequency but of higher intensity I> and I3
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(Is > Iz > I1). We note that the saturation currents are now found to be at higher values. This shows that more

electrons are being emitted per second, proportional to the intensity of incident radiation. But the stopping
potential remains the same as that for the incident radiation of intensity 11, as shown graphically in Fig. . Thus, for
a given frequency of the incident radiation, the stopping potential is independent of its intensity. In other words,
the maximum kinetic energy of photoelectrons depends on the light source and the emitter plate material, but is
independent of intensity of incident radiation.

PHOTOELECTRIC EFFECT AND WAVE THEORY OF LIGHT :

The wave nature of light was well established by the end of the nineteenth century. The phenomena of interference,
diffraction and polarisation were explained in a natural and satisfactory way by the wave picture of light.
According to this picture, light is an electromagnetic wave consisting of electric and magnetic fields with
continuous distribution of energy over the region of space over which the wave is extended. Let us now see if this
wave picture of light can explain the observations on photoelectric emission given in the previous section.

According to the wave picture of light, the free electrons at the surface of the metal (over which the beam of
radiation falls) absorb the radiant energy continuously. The greater the intensity of radiation, the greater are the
amplitude of electric and magnetic fields. Consequently, the greater the intensity, the greater should be the energy
absorbed by each electron. In this picture, the maximum kinetic energy of the photoelectrons on the surface is then
expected to increase with increase in intensity. Also, no matter what the frequency of radiation is, a sufficiently
intense beam of radiation (over sufficient time) should be able to impart enough energy to the electrons, so that
they exceed the minimum energy needed to escape from the metal surface. A threshold frequency, therefore,
should not exist. These expectations of the wave theory directly contradict observations (i), (ii) and (iii) given at
the end of sub-section.

(i) Foragiven photosensitive material and frequency of incident radiation (above the threshold frequency), the
photoelectric current is directly proportional to the intensity of incident light (Fig.).

Photoelectric current ——»

Intensity of light ——>
Variation of Photoelectric current with intensity of light.

(ii) For a given photosensitive material and frequency of incident radiation, saturation current is found to be
proportional to the intensity of incident radiation whereas the stopping potential is independent of its

intensity (Fig.).
]
=
v
£
2
2
g
] IL>L>1
E /’_’__ 13
" IZ
/_—— I
Stopping potential
v, 0
<+—— Retarding potential Collector plate —»

potential
Variation of photocurrent with collector plate potential for different intensity of incident radiation.
(iii) For a given photosensitive material, there exists a certain minimum cut-off frequency of the incident
radiation, called the threshold frequency, below which no emission of photoelectrons takes place, no matter
how intense the incident light is. Above the threshold frequency, the stopping potential or equivalently the
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maximum kinetic energy of the emitted photoelectrons increases linearly with the frequency of the incident

radiation, but is independent of its intensity (Fig.).

T

Stopping
potential
(V) Metal A
V>V Metal B
vy
Vo Vi
0

Frequency of incident radiation (v)—*

Variation of stopping potential Vo with frequency v of incident radiation for a given photosensitive material.

Further, we should note that in the wave picture, the absorption of energy by electron takes place continuously

over the entire wavefront of the radiation. Since a large number of electrons absorb energy, the energy absorbed

per electron per unit time turns out to be small. Explicit calculations estimate that it can take hours or more for a

single electron to pick up sufficient energy to overcome the work function and come out of the metal. This

conclusion is again in striking contrast to observation (iv) that the photoelectric emission is instantaneous. In

short, the wave picture is unable to explain the most basic features of photoelectric emission.

Failure of wave theory of light:

We first
(1)

(2)

(3)

According to wave theory when light incident on a surface, energy is distributed continuously over the
surface. So that electron has to wait to gain sufficient energy to come out. But in experiment there is no
time lag.

When intensity is increased, more energetic electrons should be emitted. So that stopping potential
should be intensity dependent. But it is not observed.

According to wave theory, if intensity is sufficient then, at each frequency, electron emission is possible.
It means there should not be existence of threshold frequency.

EINSTEIN EXPLANATION:

1)

(2)

(3)

Radiations is absorbed by surface is in the form of quanta (photon). Energy of each photon depends on
frequency. One photon can interact with one electron at a time. Interaction between photon and electron
is an elastic collision and photon transfers its complete energy to the electron.

If energy is sufficient then electron come out without any time delay. It means photo electric effect is an
instantaneous process.

If intensity of the given source is increased then number of photon increases. So that, more number of
electrons are emitted and greater saturation current is obtained. It means saturation current depends
on intensity of the given source is isoc |

At a time, only one photon can interact with one electron.
Energy of photon used by electron is

hv = Kinetic energy of electron + Energy required to bring out electron (¢0) + Energy lost in
collision before emission (Q)

If Q = 0, means there is no heat loss. Then kinetic energy of electron is maximum.
Now

hv = (K.E.max) + ¢o

It is known as Einstein's equation of P.E.E. or (Kmax) = hv - ¢o
oreVo=hv-¢ooreVo=hv-hvo

Here vo is threshold frequency for that Vo = 0
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It means maximum K.E. and stopping potential (Vo) depends on frequency. It is independent of

intensity of the given source.
(4) Kinetic energy cannot be negative so that,

hv = ¢o

hv 2 hvo {Here ¢y =hv, =%,¢0 = 12;00eV—A}
0 0

V 2 Vo

It means if frequency is less than 'vo', electron does not come out.

PARTICLE NATURE OF LIGHT: THE PHOTON

Photoelectric effect thus gave evidence to the strange fact that light in interaction with matter behaved as if it was
made of quanta or packets of energy, each of energy hv.

Is the light quantum of energy to be associated with a particle? Einstein arrived at the important result, that the
light quantum can also be associated with momentum (hv/c). A definite value of energy as well as momentum is a
strong sign that the light quantum can be associated with a particle. This particle was later named photon. The
particle-like behaviour of light was further confirmed, in 1924, by the experiment of A.H. Compton (1892-1962)
on scattering of X-rays from electrons. In 1921, Einstein was awarded the Nobel Prize in Physics for his
contribution to theoretical physics and the photoelectric effect. In 1923, Millikan was awarded the Nobel Prize in
physics for his work on the elementary charge of electricity and on the photoelectric effect.

We can summarise the photon picture of electromagnetic radiation as follows:
(i) Ininteraction of radiation with matter, radiation behaves as if it is made up of particles called photons.
(ii) Each photon has energy E (=hv) and momentum p (=hv/c), and speed c, the speed of light.

(iii) All photons of light of a particular frequency n, or wavelength |, have the same energy E (=hv =hc/A) and
momentum p (= hv/c= h/A), whatever the intensity of radiation may be. By increasing the intensity of
light of given wavelength, there is only an increase in the number of photons per second crossing a given
area, with each photon having the same energy. Thus, photon energy is independent of intensity of
radiation.

(iv) Photons are electrically neutral and are not deflected by electric and magnetic fields.

(v) Ina photon-particle collision (such as photon-electron collision), the total energy and total momentum
are conserved. However, the number of photons may not be conserved in a collision. The photon may be
absorbed or a new photon may be created.

DE-BROGLIE WAVES :

In 1925, before the discovery of electron diffraction, de Broglie proposed that the wavelength (1) of waves
associated with particles (like Electron, photons) of momentum 'p' is given by

a_h_h
p mv

The wavelength associated with an electron accelerated through a potential difference of V volt is given by

1mev2 =eV or V= ﬂ
2 m,
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I\ Chapter- 11 : Dual nature of radiation and matter /

i o Light has both wave character

cesannn

1l icl r— .

c ::r;:m ;n 4 iEinstein, after an average academic;
wave mmc,eew =Ehy icareer put forward quantum ]

: itheory of light in 1905 while :

) mexal:,%‘; osthf Mgdenﬂy §working as a grade IIl technical
behavaasapar’ticle : ;officer in a patent office o

¢ Light particle having definite
energy and definite linear
momentum called

¢ All matter can exhibit : “photon” or Energy packets.
: wave-like behaviour : Energy of each photon = hv = h/A

‘ e.g. beam of electrons: i Momentum of each photon = VA = Ek §
E can be diff,racted ; :lx;-a;\-;f--ellninnlunsnlel;:tu-bi;ll-lI-E
iikewaterwave | ¢ electron gun is made to fall on
: nickel crystal cut along cubical axis
i at a particular angle .Scattered beam :
: of electrons is received by detector. ~ :
Matter Waves * Results : A = de Broglie’s wavelength :
— =hp 3
- -;: -=- -l:'/-P- -------------------- E = 1227/J; nm E
: & = wavelength assomated § = 1227//54 nm :
: with particle or de-Broglie ; : =0167nm=167A° i
: wavﬂz’ﬁ?‘mm : § This experiment verifies the wave ~ }
i : Dual nature { nature of electrons & relation with
el ) o ¢ de-Broglie wavelength. :
mv  ZmKpax : of radiation : ;
H ¢’

and matter

De - Broglie :
relation :
Photoelectric :
effects i
* When light of sufficiently small g o K=k : hc“ § e Kmal: =E -¢=¢V, :
wavelength is incident on metal = 3 Kmax =0,ie : = = 5 o
surface, electrons are ejected :  Electron may just come out. : i ¢ Vo = stopping potential
from the metal, the phenomenon =} : = i
is called photoelectric effect. : I lf L>Ae : K;"“"Iec- te!:;:’ldmum kinetic energy
* Ejected electrons are i s B<¢ < : ois SCTIn
called photoelectrons i noelectron will come out : 1 Hore A, = ho/p
e Minimum energy equal to work - :e If A<A, : Ay = Threshold Wavelength :
funcion (9 mus be given to. £ Photoelecric effct takes place this ho= iy = 4 ;
an electron so as to bring it : : & Ao = :
out of the metal '_:"?‘_’. depends oﬂ_metal used e 3 K 'H\I'E:(l‘lldif;'equemy
: max = e

@) www.stepupacademy.ind.in () @stepupacademyindia €) @stepupacademyindia (@) @stepupacademy_



@ Step Up Academy

| 191

Important Questions

Multiple Choice Questions-

1.

Photoelectrons are being obtained by irradiating

zinc by a radiation of 3100 A. In order to increase

the kinetic energy of ejected photoelectrons.

(a) the intensity of radiation should be
increased.

(b) the wave length of radiation should be
increased.

(c) the wavelength of radiation should be
decreased.

(d) both wavelength and intesity of radiation
should be increased.

The de-Broglie wavelength of an electron moving

with a speed of 6.6 x 10> ms! is nearly equal to

() 10-11m

(b) 10°m

(c) 107 m

(d)105m

An electron accelerated through a potential

difference of V volt has a wavelength A associated

with it, Mass of proton is nearly 2000 times that

of an electron. In order to have the same A for

proton, it must be accelerated through a potential

difference (in volt) of:

@V

(b) v¥2000 V

() 2000 VV

s
2000

An electron of mass m, when accelerated through

(d)

a potential difference V, has de-Broglie
wavelength A. The de-Broglie wavelength
associated with a proton of mass M and
accelerated through the same potential
difference will be

m
(@ A M

m
(b) Kﬁ

CEN
m
() x«/T
m

The energy E and momentum p of a photon is
given by E = hv h and p =hA. The velocity of
photon will be:

E
(@) ;

E 2
(b) (FJ

E
(© \/;

(d) (EPY’

Ultra-violet radiation of 6.2 eV falls on an
aluminium surface having work-function 4.2 eV.
The kinetic energy (in ]J) of the fastest electron
emitted is nearly.
(@) 3x101°
(b)3x1015
(c)3x1017
(d)3x1021
For light of wavelength 5000 A, the photon
energy is nearly 2.5 eV. For X-rays of wavelength
1 A, the photon energy will be close to:
(a) 2.5 x 5000 eV
(b) 2.5 +5000eV
(c) 2.5 x (5000)? eV
(d) 2.5 = (5000)% eV.
A photocell is illuminated by a small bright
source placed 1 metre away. When the same
source of light is placed 2 m away, the electrons
emitted per sec. (i.e. saturation current in the
photo cell is) are:
(a) Ioc2?

1
(b) IXZ
(c) T4

1
(d) 1 ocE

Which one of the following graph represent
correctly the variation of maximum kinetic
energy Emaxwith the intensity of incident
radiations having a constant frequency.

@ www.stepupacademy.ind.in

(© @stepupacademyindia

€) @stepupacademyindia [E) @stepupacademy_



192 Step Up Academy @
Emax. Efax. b E
r r
(a) (b) h
] s ) 3 T c)] —
—> Intensiky —» intensity ( ) ch
Emax. Emax. h
d) —
T T @2
(@) (d) , . L )
— - eI 15. The time required in emitting photo electrons is:
—> Inlensity —» intensity
(a) 108s
10. The best metal to be used for photoemission is: (b) 10+
“*+s
(a) Potassium
(c) Zero
(b) Lithium
(d) 1 sec

(c) Sodium

(d) Cesium Vel‘y Short:

11. The threshold frequency for a certain metal is vo. 1. Calculate the energy associated in eV with a

When light of frequency v = 2vo is incident on it, photon of wavelength 4000A°

the maximum velocity of photo electrons is 4 x 2. Mention one physical process for the release of

106 msL. If the frequency of incident radiation is electrons from the surface of a metal.

increased to 5 vo, then' the maximum vglagléy of 3. The maximum kinetic energy of photoelectron is

photo electrons (m/s) is: 2.8 eV What is the value of stopping potential?

5

(2) 810 4. Calculate the threshold frequency of photon for

(b) 2 x 106 photoelectric emission from a metal of work

(c) 2 x 107 function 0.1eV

(d) 8 x 106 5. Ultravioletlight is incident on two photosensitive

12. The frequency and the intensity of a beam of light materials having work function @1 and @2
falling on the surface of photoelectric material (®1>®2). In which of the case will K.E. of emitted
are increased by a factor of two. This will: electrons be greater? Why?

(a) increase the maximum KE. of photo- 6.  Show graphically how the stopping potential for
electron as well as photoelectric current by a given photosensitive surface varies with the
a factor of two. frequency of incident radiations.

(b) increase maximum K.E. of photoelectrons 7. How does the stopping potential applied to a
and would increase the photo current by a photocell change if the distance between the light
factor of two. source and the cathode of the cell is doubled?

(c) increase the maximum KE. of photo 8.  On what factor does the retarding potential of a
electrons by a factor of two and will no affect photocell depend?
photoelectric current. 9. Electronand proton are moving with same speed,

(d) No effect on both maximum KE. and which will have more wavelength?
photoelectric current. 10. If the maximum Kkinetic energy of electrons

13. Which of the following is not the property of emitted by photocell is 4 eV, what is the stopping
photons: potential?

(a) charge Short Questions :

(b) rest mass 1. An a-particle and a proton of the same kinetic

(c) energy energy are in turn allowed to pass through a

(d) momentum magnetic field B, acting normal to the direction of

14. Dynamic mass of photon of wavelength k is: motion of the particles. Calculate the ratio of radii

(a) Zero

of the circular paths described by them.
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2.

10.

How will the photoelectric current change on
decreasing the wavelength of incident radiation
for a given photosensitive material?

Estimate the ratio of the wavelengths associated
with the electron orbiting around the nucleus in
the ground and first excited states of a hydrogen
atom.

Show graphically how the stopping potential for
a given photosensitive surface varies with the
frequency of the incident radiation.

the de-Broglie wavelength associated with an

electron accelerated through a potential
difference V is A. What will be its wavelength

when accelerating potential is increased to 4 V?

Plot a graph showing the variation of de Brogue
wavelength (A) associated with a charged particle
1
N
difference through which the particle is

of mass m, versus where V is the potential

accelerated. How does this graph give us
information regarding the magnitude of the
charge of the particle?

X-rays of wavelength ‘A’ fall on a photosensitive
surface, emitting electrons. Assuming that the
work function of the surface can be neglected,
prove that the de-Broghe wavelength of the

. . f hA
electrons emitted will be |—
2mc

Explain with the help of Einstein’s photoelectric
equation any two observed features in the
photoelectric effect. cannot be explained by the
wave theory.

Why is the wave theory of electromagnetic
radiation not able to explain the photoelectric
effect? How does the photon picture resolve this
problem?

(a) Define the terms,
(i) threshold frequency and

(ii) stopping potential in the photoelectric
effect.

(b) Plot a graph of photocurrent versus anode
potential for radiation of frequency v and
intensities 11 and L2. (11 < I2).

Long Answers Questions:

1.

What is the photoelectric effect? Write Einstein’s
photoelectric equation and use it to explain:

(a) independence of maximum energy of
emitted photoelectrons from the intensity of
incident light and

(b) existence of a threshold frequency for the
emission of photoelectrons.

An electron of mass m and charge q is accelerated
from rest through a potential difference of V.
Obtain the expression for the de-Broglie
wavelength associated with it. If electrons and
protons are moving with the same kinetic energy,
which one of them will have a larger de-Broglie
wavelength associated with it? Give reason.

Sketch the graphs showing the variation of
stopping potential with the frequency of incident
radiations for two photosensitive materials A and
threshold

B having frequencies  vo >

v’o respectively.
(a) Which of the two metals A or B has a higher
work function?

(b) What information do you get from the slope
of the graphs?

(c) What does the value of the intercept of
graph ‘A’ on the potential axis represent?

When a given photosensitive material is
irradiated with light of frequency v, the
maximum speed of the emitted photoelectrons
equals Vmax. The graph shown in the figure gives
a plot of V2 max varying with frequency v.

o

max

¥ —

—

¥

Obtain an expression for:
(a) Planck’s constant, and

(b) The work
photosensitive material in terms of the

function of the given

parameters T, ‘n’ and the mass ‘m’ of the
electron.

(c) How is threshold frequency determined
from the plot?
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X-rays fall on a photosensitive surface to cause
photoelectric emission. Assuming that the work
function of the surface can be neglected, find the
relation between the de-Broglie wavelength (1)
of the electrons emitted to the energy (Ev) of the
incident photons. Draw the nature of the graph
for A as a function of Ev. (CBSE Delhi 2014C)
Light of intensity 1’ and frequency v’ is incident
on a and causes
photoelectric emission. What will be the effect on
anode current when:

photosensitive surface

(a) the intensity of light is gradually increased,

(b) the frequency of incident radiation is
increased and

(c) the potential is increased?
In each case, all other factors remain the

anode

same. Explain giving justification in each
case.

The graphs, drawn here, are for the phenomenon
of the photoelectric effect.

o

Photoelectric
current

No Va Yy 0 Collector plate —#
potential

2| 2
&
[
2
g /
Fl—— "N

"
" h

~¥p 0 Collector plate—»

potential

(a) Identify which of the two characteristics
(intensity/frequency) of incident light is
being kept constant in each case.

(b) Name the quantity, corresponding to the @

mark, in each case.

() Justify the existence of a ‘threshold
frequency’ for a given photosensitive

surface.

Draw a graph showing the variation of de-Broglie
wavelength A of a particle of charge q and mass,
with the accelerating potential V. An alpha
particle and a proton have the same de-Broglie
wavelength equal to 1 A. Explain with
calculations, which of the two has more kinetic
energy.

Assertion and Reason Questions-

1.

For questiontwo statements are given-one

labelled Assertion (A) and the other labelled

Reason (R). Select the correct answer to these

questions front the codes (a), (b), (c) and (d) as

given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is NOT the
correct explanation of A.

c¢) Aistrue butRis false.

d) Aisfalse and Ris also false.

Assertion (A): Photoelectric effect demonstrates

the wave nature of light.

Reason (R): The number of photoelectrons is

proportional to the frequency of light.

For questiontwo statements are given-one

labelled Assertion (A) and the other labelled

Reason (R). Select the correct answer to these

questions front the codes (a), (b), (c) and (d) as

given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both A and R are true but R is NOT the
correct explanation of A.

c¢) Aistrue butRis false.

d) Aisfalse and Ris also false.

Assertion (A): On increasing the frequency of

light, larger number of photoelectrons are

emitted.

Reason (R): The number of electrons emitted is

directly proportional to the intensity of incident

light.

Case Study Questions-

1.

To study photoelectric effect, an emitting
electrode C of a photosensitive material is kept at
negative potential and collecting electrode A is

kept at positive potential in an evacuated tube.
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When light of sufficiently high frequency falls on
emitting electrode, photoelectrons are emitted
which travel directly to collecting electrode and
hence an electric current called photoelectric
current starts flowing in the circuit, which is
directly proportional to the number of
photoelectrons emitted by emitting electrode C.

Evacuated

Quartz window glass tube

Collector
Photosensitive
plate

Potential
divider
= F——
H.T.B. Key

While demonstrating the existence of
electromagnetic waves, Hertz found that high
voltage sparks passed across the metal
electrodes of the detector loop more easily when
the cathode was illuminated by ultraviolet light
from an arc lamp. The ultraviolet light falling on
the metal surface caused the emission of
negatively charged particles, which are now
known to be electrons, into the surrounding
space and hence enhanced the high voltage
sparks.

(i) Cathode rays were discovered by:
a) Maxwell Clerk James.
b) Heinrich Hertz.
c) William Crookes.
d) J].J. Thomson.
(ii) Cathode rays consists of:
a) Photons
b) Electrons
c) Pistons
d) aoa-particles

(iii) Who discovered the charge on an electron
for the frist time?

a) Millikan

b) Thomson
c) Kelvin
d) Coulomb

(iv) The dual nature of light is exhibited by:
a) Diffraction and photoelectric effect.
b) Photoelectric effect.
c¢) Refraction and interference.
d) Diffraction and reflection.

(v) In the phenomenon of electric discharge
through gases at low pressure, the coloured
glow in the tube appears as a result of:

a) Collisions between the charged
particles emitted from the cathode and
the atoms of the gas.

b) Collision between different electrons of
the atoms of the gas.

c) Excitation of electrons in the atoms.

d) Collision between the atoms of the gas.
Photoelectric effect is the phenomenon of
emission of electrons from a metal surface, when
radiations of suitable frequency fall on them. The
emitted electrons are called photoelectrons and
the current so produced is called photoelectric
current.

(i) With the increase of intensity of incident
radiations on photoelectrons emitted by a
photo tube, the number of photoelectrons
emitted per unit time is:

a) Increases.

b) Decreases.

c) Remains same.

d) None of these.

(i) It is observed that photoelectron emission
stops ata certain time t after the light source
is switched on. The stopping potential (V)
can be represented as:

a) 2(KEmax/€)

b) (KEmax/e€)

c) (KEmax/3e)

d) (KEmax/2€)

(iii) A point source of light of power 3.2 x 10-
3 W emits monoenergetic photons of energy
5.0eV and
The efficiency of photoelectron emission is

work function 3.0eV.

1 for every 10¢incident photons. Assume
that photoelectrons are
instantaneously swept away after emission.
The maximum kinetic energy of photon is:

a) 4eV
b) 5eV
c) 2eV
d) Zero
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(iv) Which of the following device is the
application of Photoelectric effect?

a) Light emitting diode.
b) Diode.
c) Photocell.

d) Transistor.

(v) Ifthe frequency of incident light falling on a
photosensitive metal is doubled, the kinetic
energy of the emitted photoelectron is:

a) Unchanged.
b) Halved.
c) Doubled.

d) More than twice its initial value.

Answer Key

Multiple Choice Question’s Answers-

1.

© N o

11.
12.

13.
14.
15.

Answer: (c) the wavelength of radiation should
be decreased.

Answer: (b) 10°m

Answer: (d) 2:?

Answer: (a) X\/E
M

Answer: (a) E

Answer: (a) 3 x 10-19
Answer: (a) 2.5 x 5000 eV
Answer: (b) I x %
Answer: (d)

Answer: (d) Cesium
Answer: (d) 8 x 10°

Answer: (b) increase maximum KE. of
photoelectrons and would increase the photo
current by a factor of two.

Answer: (a) & (b)
Answer: (c) %

Answer: (c) Zero

Very Short Answers:

1.

Ans: Given the wavelength of given photon is
L=4000°4=4x10"m
Hence the energy associated is

gohe_ 6.6x107* x3x10°
I8 4000x107"°

E=495x10"]

Ee 495%x107]

Tex10™ eV =3.09eV
O X

Photoelectric emission.

The phenomenon in which the electrons from the
surface of a metal are given energy in form of
electromagnetic waves and they are ejected out,
this phenomenon is called the photoelectric
emission.

Given an electron that is moving with a kinetic
energy. For it to be not ejected, it has to be held
back using a stopping potential Vo. The relation
between the two is:

KE =eV, =2.8eV

= V,=28V
Given is the work function
0.1eV
do =hv,
- VO :4)—0:%

h  66x10™*Js

-19

= vy 2260 T o 0t by

6.6x107* Js

and hence the threshold frequency is
24x10" Hz

According to the energy balance equation of the
photoelectric effect hv = @, + K.E

If ®1>d, thus K.E. will be more for second
surface whose work function is less.

Suppose

Vo is the threshold of frequency or cut off
frequency;

Vo is the corresponding stopping potential
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The required graph is as shown
1) B .
Stopping -
Polential 2
(V) L
§%
s a
A T
il W,
0 2V, Frequency (v) —» 0 » >
. Frequency of
;x radiation (v)
DT The de-BrogLie wavelength is inversely
proportional to the square root of potential,
7. Intensity of light drops quadratically with A, N7 _
distance. However,. the s.topping pf)tential doels therefore = x_lz 4y o Thus wavelength wilt
not depend on the intensity of the light. Hence it became half of its previous value.
is independent of distance as well. )
The plot is as shown.
8. The retarding photocell depends upon the
frequency of the incident light. A
9. Since the wavelength is inversely proportional to T
1
the square root of the mass of the body, Aoc‘/—m. So,
electrons being lighter will have more
wavelengths.
10. The stopping potential is 4 V.
1
Short Answers : w
1. Given qu = 2e, gp = €, Ka = Kp, ma = 4myp, ro/1p = ? h h
: ; We know that A=——==
Using the expression ZmE \/W
\2mK
- qB we have Now ey i slope of the graph
1/ N7 \2mgq
To | Mo o |- [ ey g=—
Ty m, g, m, 2e 2m(slope)?
2. Photoelectric current is independent of the The energy possessed by X-rays of wavelength A
wavelength of the incident radiation. Therefore is given by E=hc / A.
there will be no change in the photoelectric Consider an electron of mass charge e to be
current. accelerated the potential difference of V volts the
3. Since De Brogue’s hypothesis is related to Bohr’s velocity gained by it.

atomic model as
n.=2nr

Since  rocn?

r=ayn
n\ = 2mayn’

A =2mayn

Ay _2magl 1
A, 2may2 2

Then kinetic energy of electron is

Ezlmv2 =ev

2
,ZeV ’ZE
or v=,—=,|—
m m

If A is the de-Brogile wavelength associated with
an electron, then

h h h h
}\, =—= = =
mv. [2ev  \2meV 2mE

m
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Substituting for e, we have

10.

h h h
7\‘ = = =
\2mE Jthc /A \2mc

According to Einstein’s equation, we have
1
Emvﬁ1ax =h(v-vo)

Two features

(@) Maximum energy is directly proportional to
the frequency

(b) Existence of  threshold
Explanation of two features:

frequency

1. The energy of the photon is directly
proportional to the frequency

2. No photoelectric emission is possible if
hv < hv,

According to the wave theory, the more intense a
beam, more is the kinetic energy it will impart to
the photoelectron. This does not agree with the
experimental observations (max K.E. of the
emitted photoelectron is independent of
intensity) on the photoelectric effect. Also
according to the wave theory photoemission can

occur at all frequencies.

The photon picture resolves this problem by
saying that light in interaction with matter
behaves as if it is made of quanta or packets of
energy, each of energy hv. This picture enables us
to get a correct explanation of all the observed
experimental features of the photoelectric effect.

(a) Threshold frequency: It is the frequency of

the incident radiation below which

photoelectric effect does not take place.
Stopping potential: It is the minimum
negative (retarding) potential, given to the
anode (collector plate) for which the
photocurrent stops or becomes zero.

(b) The plotis as shown.

A L=l A=2,

o I
-t.z)“

qJC

EE !
o35 1
0

£

o

Stopping
Dcten\t:al/
(Vo) % Anode potential (V)

Long Answers:

1.

Answer: The election of photoelectrons from a
metal surface when Light of suitable frequency is
incident on it is catted photoelectric effect.

Einstein’s equation of photoelectric effect is% mv?

=hv - wo

(a) In accordance with Einstein’s equation, the
kinetic energy of the photoelectrons is

independent of the intensity of the incident
radiation.

(b) In accordance with Einstein’s equation, the
kinetic energy will be positive and hence
photoelectrons will be ejected if v > vo. Thus
below a certain frequency called threshold
frequency, photoelectrons are not ejected
from a metal surface (if v < vo).

Answer: Consider an electron of mass m and
charge e to be accelerated through a potential
difference of V volts. Let v be the velocity gained
by it. Then kinetic energy of the electron is

Ezlmv2 =el

2
/ZeV ,ZE
or v=,—=,—
m m
If A is the de-Broglie wavelength associated with

an electron, then

h h h h

}‘:—: = =
mv " ’@ \V2meV  \[2mE
m
Since de-Broglie wavelength is inversely

proportional to the square root of mass, the
lesser the mass, the more is the de- Broglie
wavelength. Since the mass of an electron is
lesser than that of the proton, the electron has a
greater de-Broglie wavelength than a proton.

Answer: The graphs are as shown below.

Stopping potential (V)

.

Frequency [v';
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(@) The work function is directly proportional to
the threshold frequency. The threshold
frequency of metal A is greater than that of
metal B; therefore A has a greater work
function than B.

(b) The slope of the graphs gives the value of
Planck’s constant.

(c) The intercept on the potential axis is negative
(-Wo/e) w.r.t. stopping potential, i.e. Work
function = e x magnitude of the intercept on
the potential axis. We may infer it to give the
voltage which, when applied with opposite
polarity to the stopping voltage, will just pull
out electrons from the metallic atom’s
outermost orbit.

Answer: (a) By Einstein’s photoelectric equation
we have

Kmax :%mvrznax ZhV—(I)O
2
or Vrznax = (%jv _ &
m m

Slope of the graph _2h 1

m n

; 2 2y
(b) Theintercepton V;_ axisis =—=1
m

Therefore, work function ¢, :m71

(c) The threshold frequency is the intercept on
the vaxisi.e.vo=n

Answer: Consider an electron of mass m and

charge e to be accelerated through a potential

difference of V volt. Let v be the velocity gained

by it. Then kinetic energy of the electron is

2E,
m

E, =1mv2 or v=
2

If A is the de-Broglie wavelength associated with
an electron, then

my. IZmEV

The nature of the graph is as shown.

A

Answer: (a) Anode current will increase with the
increase of intensity as the more the intensity of
light, the more is the number of photons and
hence more number of photoelectrons are

ejected.

(b) No effect as the frequency of light affects the
maximum K.E. of the emitted
photoelectrons.

(c) Anode current will increase with anode
potential as more anode potential will
accelerate the more electrons till it attains a
saturation value and gets them collected at
the anode at a faster rate.

Answer: (a) Graph 1: Intensity, Graph 2:

Frequency

(b) Graph 1: Saturation current, Graph 2:
stopping potential

(c) The electrons require minimum energy to
set themselves free. This is called the work
function. As the energy of the photon
depends upon its frequency, the photons
must possess a minimum frequency so that
their energy becomes equal to or greater
than the work function. This is called

threshold frequency and is given by vo = %

Answer: The graph is as shown.
The de-Broglie wavelength of a particle is given

by the expression A = v

Since the alpha particle and the proton have the
same de- Broglie wavelength, we have

f
0 I >
v
h  _  h
\2mEo \[2m,E,

Therefore, proton has a greater value of de-
Broglie wavelength.

Now Kkinetic energy is given by the expression

E, m, m 1

E, m, 4m 4

Thus proton has more kinetic energy.
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Assertion and Reason Answers-

1.

(d) Ais false and R is also false.

Explanation:

Photoelectric effect can be explained on the basis
of quantum theory or particle nature of light
where wave nature of light fails to explain the
effect.  The
photoelectrons is proportional to the intensity of

photoelectric number  of

incident light.

I=nhvwhere n is the number of photons
emitted/ absorbed per unit area per second. n
and hv are independent factors.

(d) Ais false and R is also false.
Explanation:

The maximum kinetic energy of the
photoelectrons varies linearly with the frequency
of incident radiation, but is independent of its
intensity. The number of photoelectrons emitted
per second is directly proportional to the

intensity of incident radiation.

Case Study Answers-

(i)

(iii)

(iv)

v)

Explanation:

With the increase of intensity of the incident
radiation the number of photoelectrons
emitted per unit time increases.

(b) (KEmax/E)
Explanation:

As eV = KEmax

KE
. VZ( max]
e

(c) 2eV

Explanation:

From Einstein's photoelectric equation,
KE .. =hv—¢=(5-3)=2eV

(c) Photocell.

Explanation:

A photocell is a technological application of

the photoelectric effect.
(d) More than twice its initial value.
Explanation:

Einstein's

According to photoelectric

1. Answer: equation, the kinetic energy of the emitted
(i) (c) William Crookes. photoelectron is
(ii) (b) Electrons K=hv—-¢,
(iii) (a) Millikan where v is the frequency of incident
(iv) (a) Diffraction and photoelectric effect. radiation and ¢, is a work function of the
(v) (c) Excitation of electrons in the atoms. metal. If the frequency of incident radiation
Explanation: is doubled, then
In discharge tube, collision between charged K'=2hv—¢ =2(hv—)+,
particles emitted from cathode and atoms of the K >2K
gas results to colorless glow in the tube.

2. Answer: ERRX
(i) (a) Increases.
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Atoms 1 2

Introduction

At ordinary pressures and ordinary voltages gases are bad conductors of electricity.

The p.d. required to start a spark through a gas is known as sparking potential. It is much greater than
the p.d. required to maintain the spark once started.

At ordinary pressures for moderately great spark lengths, the sparking potential is nearly proportional
to the spark length, being about 30,000 V per cm in air between spherical electrodes of 1 cm diameter
and less in case of pointed electrodes.

According to Paschen’s law, the sparking potential is directly proportional to the pressure (p) of the gas
between the electrodes and the distance (d) between them.

At ordinary pressures, the current is due to the presence of positive and negative ions as in the case of
electrolytic conductivity of a solution.

At low pressures, discharge (the passage of current through gases) occurs at much lower voltages than
at high pressures.

At lower pressures negative ion throws off its attendant atom or molecule and the resultant negatively
charged particle, the electron travels free and faster than the positive ions.

Atlow pressures in the discharge tube, as the pressure is reduced different phenomena such as sparking,
positive column, glow of cathode, Faraday’s dark space, Crooke’s dark space and the striations of positive
column are gradually observed.

Finally at a pressure of about 0.01mm of Hg pressure, Crooke’s dark space completely fills the discharge
tube with the walls of the tube glowing with light i.e., producing fluorescence on the walls of the tube.
This is due to some radiation emitted from the cathode surface to which the name cathode rays has been
given.

Cathode rays were first observed by Plucker. ] ] Thomson after studying their properties called them
“Streams of negative corpuscles”, while Johnson stoney who having found from the electrolysis that
electricity was atomic in nature, suggested the name “electron”.

e/m ratio of electron by Thomson’s method:

A narrow beam of cathode rays is subjected to crossed electric and magnetic fields i.e., magnetic and
electric fields at right angles to each other. By measuring the deflections produced in the two fields their
e/m can be determined.

The electric and magnetic fields are e so adjusted that the forces on the cathode ray beam are equal and
opposite. The cathode ray beam goes undeflected. In such a case, Ee = Bev. Velocity of the cathode ray

beamv = E
B

’ZV
e Ifanelectron is accelerated through a p.d.V, it acquires a velocity v which is given by v = zve from which
m

e v¢ E
m v zgy U VEEB)
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e/m of an electron can also be found from the radius of the circular path,
E
B’r

Specific charge of an electron =1.759x1011C/kg.

1’=ﬂ andv = E/B; L
Be m

Its value does not depend upon the nature of the electrodes and the gas inside the discharge tube.

Specific charge of an electron changes with velocity. It decreases as velocity increases because mass varies
with velocity. According to Einstein’s special theory of relativity, mass of a body moving with a velocity v

i m
ism= 0

where mo is the rest mass of the body.
1=

CZ

Millikan’s oil drop method:

Charged oil drops of heavy non volatile oil are produced by a spray atomizer.

Observations are made on single drop by suitable application of an electric field along with the
gravitational field.

When an oil drop moves in only gravitational field the forces acting on it are, weight mg = %nr3 pg,

vertically downwards Buoyancy of air gnr3 og, vertically upwards and opposing viscous force of air

6mnrv, vertically upwards.
Where p is density of the oil drop and o is density of air.

The first two forces remain constant as an oil drop falls downwards but the viscous force increases till the
sum of the upward forces becomes equal to the downward force. The resultant force becomes zero and
the oil drop continues to move down with a constant velocity called terminal velocity (vg). At terminal

1/2
. 4 . i 9 mv,
velocity 6mnrvg = — mr3 (p-o)g and radius of the oildrop=r= | =—>—
3 2(p-o)g

If an electric field of intensity E is applied so that the charged oil drop moves upwards with terminal
velocity, ve then

gE = 6mmrve + %nr3 (p-o0)g

qE = 6mmrve + 6mnrvg
67m(ve +V, )r
E
where q is the charge on the oil drop.
The experiment is repeated with different charges on the same oil drop by using x - rays.

The different values of q are found to be integral multiples of a least value which is the charge of an
electron.

Important inference of the experiment is Charge is quantised.ie. Q =+ ne

Charge of an electron e = 1.602 x 10-19C, mass of an electron m = 9.1 x 10-31 Kg

Rutherford’s a -ray scattering:

It helped in understanding the electron structure of the atom, internal structures of the nucleus and
nucleons.

Rutherford bombarded a narrow beam of « -particles on gold foil and observed that most of the a -
particles were either undeflected (or) deflected through small angles (= 1°)

He concluded that “the total positive charge of atom is confined in a very small volume called nucleus”
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e This experiment involves two important terms viz. impact parameter(b) scattering angle (6).

e The perpendicular distance of the initial velocity vector of the « -particle from centre of the nucleus is
called “impact parameter (b)”
ze’ cot(6/2)
= ——— % = impact parameter
4me, x—mv’
2

T,

Nucleus

alpha ray scattering

The angle 6 by which the direction of velocity has changed is called scattering angle.

In case of head on collision, the impact parameter is minimum and « -particles bounce back (6 = 180°).

For a large impact parameter, the particles go nearly undeviated (6 = 0°).

Important Points
The important points regarding Rutherford scattering experiment worth noting are:
o  All of the positive charge of an atom is concentrated into a sphere of diameter smaller than 10-12 cm.

e Scattering resulting from nuclear collision are considered to be perfectly elastic and obey the law of
conservation of energy, momentum and angular momentum.

e The scattering is proportional to the square of the atomic number of both the incident particle (Z1) and
the target scatter (Z2) due to the fact that increasing atomic number results in stronger coulombic force.

e The number of scattered particles is inversely proportional to the square of the kinetic energy K of the
incident particle. Higher the energy of the particle, the smaller will be the number of scattered particles.

: . : .0 .
o The number of scattered particles is inversely proportional to the fourth power of sin >’ where 6 is the

scattering angle.
o The number of scattered particles also depends upon the target thickness for thin targets.

e Distance of closest approach between a bombarding particle and target scatterer of like charge occurs for
a head -on-collision. The particle turns around and scatters backward at 180°. At that instant the entire
kinetic energy (K) has been converted into coulomb potential energy.

we solve this equation to determine min rmin
Z.e)(Z,e
K= M cereen(7)
4re,r
we solve this equation to determine

Z,7,€°
I'min = e Ze ....... (8)
4ne K

Electron orbits

The Rutherford nuclear model of the atom which involves classical concepts, pictures the atom as an electrically
neutral sphere consisting of a very small, massive and positively charged nucleus at the centre surrounded by the
revolving electrons in their respective dynamically stable orbits. The electrostatic force of attraction, Fe between
the revolving electrons and the nucleus provides the requisite centripetal force (Fc) to keep them in their orbits.
Thus, for a dynamically stable orbit in a hydrogen atom

Fe=Fc

@ www.stepupacademy.ind.in () @stepupacademyindia ) @stepupacademyindia () @stepupacademy_



204 | Step Up Academy @

1 & mv?

2
—= (12,2
g, v’ (12.2)

Thus the relation between the orbit radius and the electron velocity is

gl 4me,r

(The negative sign in U signifies that the electrostatic force is in the -r direction.) Thus the total energy E of the
electron in a hydrogen atom is

2 eZ
E=K+U= -
8me,r  4me,r
2
- en(12.4)
8me,r

The total energy of the electron is negative. This implies the fact that the electron is bound to the nucleus. If E were
positive, an electron will not follow a closed orbit around the nucleus.

Bohr’s Atomic Model

Bohr proposed a model for hydrogen atom which is also applicable for some lighter atoms in which a single
electron revolves around a stationary nucleus of positive charge Ze (called hydrogen like atom)
Bohr's model is based on the following postulates.

(1) He postulated that an electron in an atom can move around the nucleus in certain circular stable orbits
without emitting radiations.

(2) Bohr found that the magnitude of the electron's

2n

wheren=1, 2, 3, .... each value of n corresponds to a permitted value of the orbit radius.

. Lo h
Angular momentum is quantized i.e. L =mu,r, = n(

r, = Radius of n orbit, v, = corresponding speed

(3) The radiation of energy occurs only when an electron jumps from one permitted orbit to another.
When electron jumps from higher energy orbit (E,) to lower energy orbit (E,) then difference of energies of
these orbits ie. E, - E; emits in the form of photon. But if electron goes from E; to E, it absorbs the same

amount of energy.

Draw Backs of Bohr's Atomic Model

(1) Itisvalid only for one electron atoms, e.g. : H, He*, Li*2, Na+*! etc.

(2) Orbits were taken as circular but according to Sommerfield these are elliptical.

(3) Intensity of spectral lines could not be explained.

(4) Nucleus was taken as stationary but it also rotates on its own axis.

(5) It could not be explained the minute structure in spectrum line.

(6) This does not explain the Zeeman effect (splitting up of spectral lines in magnetic field) and Stark effect
(splitting up in electric field)

(7) This does not explain the doublets in the spectrum of some of the atoms like sodium (5890 A & 5896 A)

Bohr's Orbits (for Hydrogen and H,-like Atoms)

(1) Radius of orbit : For an electron around a stationary nucleus the electrostatics force of attraction provides
the necessary centripetal force
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1 (Zele mv?

Le. = e

4ng, r? r g

also, mur = n_h ...(ii)
2n

From equation (i) and (ii) radius of nth orbit

212 212 2
nh —”h80—0.53”7A (k—lJ

r. = = = =
n
4n’kZme®  mmZe® 4re
2
> ney

(2) Speed of electron : From the above relations, speed of electron in nth orbit can be calculated as

b = 2nkZe?  Ze* ( c

B 137

Z VA
= = S =22x10°%
" nh 2eqnh J n T [ sec

where (c = speed of light 3 x 108 m/s)

Table : Some other quantities for revolution of electron in nth orbit

Quantity Formula Dependency
onnandZ
(1) Angular speed v, amz’e* z?
On == 3 D g
r, Z2gnh n
(2) Frequency @, mze’ 7=
Yo =, T A28 Vo —
2r gk n
(3) Time period - 1 4£§n3h3 T xﬁ
v, mzfet "z
(4) Angular momentum ( h ] L, =n
=mu,r, =n| —
2
(5) Corresponding current | mz2e® R
h=ev,=——373 b =
dgyn*h
(6) Magnetic moment M =iA=i [ﬂr r2 } M, «n
(where
eh
1 = = Bohr
#o 4am
magneton)
(7) Magnetic field gy ﬂm233g?ﬂ0 . 2_3
2r, 8ein®h® n®

SOME IMPORTANT DEFINITIONS & THEIR MEANING

Energy state

Ground state Excited state
or

Most stable state

n=1

{ ¥
Energy state where Energy state where
electron experience electron do not
attractive force of nucleus ~ experience
n=m+1 nuclear attraction
If m = no. of excited state = lonised state

=>n=w
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(1) Ionization energy & ionization potential - The minimum energy required to remove an electron from
hydrogen or hydrogen like atom is called its ionization energy & corresponding potential through which an
electron is accelerated for this is called ionization potential LE.=E_—E, =—E, = Binding energy of e

(2) Excitation Energy & excitation potential - The minimum energy required to excite an atom is called
excitation energy of the particular excited state & corresponding potential is called excitation potential.

% A n=2 AE +E1=E2

AE AE +E1=E2
\_\ A
=1

Excitation Energy

>J10 m
p

n=3 AE +E1=E3
E AE =E3s - E1
\'\ T
E, n=1 2nd Excitation Energy
% i n=3 AE + E2 = E3
A

E AE=E;-E2
\_\’A )
n=2

Excitation Energy of e- for 1st excited state.

> JT M
P

n= 4 AE + E2 = E4
E AE =E4 - E2
\N T

E, n=2 2nd Excitation Energy of e- for 2nd excited state.
e Y o0 AE+E1=E_ =0

AE \—\A AE = - E1

(LE.)

E, 1
= - AE+E;=E, =0
AE AE=E, -E;=-E;

L.LE. of e~ in 1st exc. State.

J

NI

If excitation energy & ionisation energy are represented in ev then corresponding value in volt is termed as
excitation potential & ionisation potential respectively.

For example : Excitation energy & lonisation energy for H-atom are 10.2 eV & 13.6 eV respectively & therefore
10.2V & 13.6V are excitation & ionisation potential respectively.

TYPE OF LINE SPECTRUM:

Emission line spectrum :

When an atomic gas or vapour at a pressure less than the atmospheric pressure is excited by passing electric
discharge, the emitted radiation has a spectrum which contains certain specific bright lines only. These emission
lines constitute emission spectrum. These are obtained when electron jumps from excited states to lower states.
The wavelength of emission lines of different elements are different. For one element the emission spectrum is
unique. It is used for the determination of composition of an unknown substance.

Absorption line spectrum :

When white light is passed through a gas, the gas is found to absorb light of certain wavelength. the bright
background on the photographic plate is then crossed by dark lines that corresponds to those wavelengths which
are absorbed by the gas atoms.
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The absorption spectrum consists of dark lines on bright background. These are obtained due to absorption of
certain wavelengths, resulting into transition of atom from lower energy states to higher energy states. (The
emission spectrum consists of bright lines on dark background.)

The spectrum of sunlight has dark lines called Fraunhoffer lines. These are produced when the light coming out
of the interior (core) of the sun, passes through the envelope of cooler gas. The cooler gas absorbs light of certain
wavelengths corresponding to the elements present in the cooler gas. This results into dark lines (absence of
wavelength) on brighter background. Study of Fraunhoffer lines is used to determine the elements (composition)
of the star.

TIME PERIOD AND FREQUENCY OF ELECTRON’S MOTION:
Time period of revolution of an electron in the nt Bohr orbit is

T = 2mr,

n

\%

For H-atom,Z =1; thenforn=1,
T1=1.5x10-16sec
T1:T2:T3=1:8:27

Frequency of revolution

For H-atom, vi1 = 6.6 x 1015 Hz,
11

vi:vz:vi=1l:.—:—
8 27

Current and Magnetic field Due to Electron’s Motion

The motion of electron in circular orbit, give rise to some equivalent current in the orbit, it is equal to (in the nth
orbit).

In=evn
7} [ 47’mk’e’
Tl

ZZ

In oC F

For H-atom, I1 = 1 mA

The magnetic field at the centre of the orbit, (at nucleus) is

B Mo

n =

2a,

7% [ p,8n'm’k’e’
U
b, oc Z}/n°
For H-atom, B1 = 12.5 tesla
The magnetic moment (orbital) due to electrons orbital motion is

M = current x area

Mp = In - nr?
M, = nhe ;M. _eL
4mtm 2m

nh
where L = o angular momentum of the electron in its orbit. The value of magnetic moment in first Bohr orbit is
I

@ www.stepupacademy.ind.in () @stepupacademyindia €) @stepupacademyindia () @stepupacademy_



208 Step Up Academy @

called Bohr magneton (us). Its value is

s = - 2927 % 10-24 Am2,
4mm

Commeat In my view, you should not try to cram the formulas for Tn, vn, In, Bn. Usually no one is going to ask the
full form. What you must memorise is their dependence on Z and n and order of magnitudes in first Bohr orbit.

T, cn®/Z? ; T1 = 1.5 x 10-16 sec

v, Z’/n*;vi » 6.6 x 1015 Hz

[ ocZ?/n; 11 x 1TmA
B,ocZ/n°;B1 ~ 12.5T

M, ccn; M1 =pp = 9.27 x 10-24 Am?

_ 2/.3
o, =21v_; o, <Z}/n

n’

L =nh/2n; L «n

DETERMINATION OF NO. OF SPECTRAL LINES (THEORETICAL) IN EMISSION & IN
ABSORPTION TRANSITIONS:

No. of emission spectral lines -

If the electron is excited to state with principal quantum number n then from the nt state, the electron may go to
(n - 1)t state, ........ , 2nd state or 1st state. So there are (n - 1) possible transitions starting from the nth state. The

electron reaching (n - 1)t state may make (n - 2) different transitions. Similarly for other lower states. The total
. N n(n-1)

no. of possible transitions is (n-1)+(n-2)+(n-3) + ....... 2+1= § o .
No. of absorption spectral lines -

Since at ordinary temperatures, almost all the atoms remain in their lowest energy level (n = 1) & so absorption
transition can start only from n = 1 level (not fromn =2, 3, 4, ... levels). Hence, only Lyman series is found in the

absorption spectrum of hydrogen atom (which as in the emission spectrum, all the series are found)
No. of absorption spectral lines = (n - 1)

Remember : The absorption spectrum of sun has Balmer series also besides the Lyman series. Many H-atoms
remain in n = 2 also due to very high temperature.

EXPLANATION OF H-SPECTRUM & SPECTRAL LINE FORMULA :

In a hydrogen like atom, when an electron makes transition from any higher energy state n: to any lower energy
state n1 then a photon of frequency v or wavelength A is emitted.

E n,

A
x

Then AE = hv=%= Enz - En1

2 2

-*E=—RchZ ] =-13.6~_eV
n n

2 2
AR Rchz _(_Rchz ]
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hV:E =Rch z* {lz—iz]
n
1 2
b1 1)
A n; n,
v =wave number
A =no. of wave in unit length
v=cv
For H-atom, Z = 1 & there for,
1 1 1
e R(_z - _z]
nl nZ
(1) Lyman series -
n=1n2=2,3,4..0
"""""""" AT
F 9 3
2
t :
Absorption lines
""""""""""" = Last line or
series limit
3
Firstline —p 2
¢ Y h 1
Emission lines
For 1stline or series beginning
n=1,n=2
1 1 1
Z-R|l=-—=
7
Mo = A 12164
3R
For series limit or lastlineni=1,nz2=00
1 gft 1
A 1 oo?
1 o
Apin ===912.68 A
R
Remember - Lyman series is found in UV region of electromagnetic spectrum.
(2) Balmer series -
-1L Series limit
4
. ) 3
First line —» ¢
A h 4 9
=1
Energy level digram
n=1n=34y5,6,....©
wavelength of first line i.e. maximum wavelength
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1 1 1
- —_Rl=———
%)

max

* Amax = 6563 A
wavelength of last line or series limit i.e. minimum wavelength

1 1 o
)\min=R Y ;Amin=i=3646A
1° R

e Balmer series is found only in emission spectrum

e Balmer series lies in the visible region of electromagnetic spectrum

(3) Paschen series -

[
4
dil
-
O w &

i u
== M

n=3n=45,6, ..
For firstlineni =3, n2 =4

1 1 1
B » | el
o w)

max

}\max =18751 A

Fort last line or series limit

............ T sl

D3 3 & ¢

1]
_me

ni=3,n=®
Amin =R lz—iz Amin = = =8107 &
3w R

e Paschen series is also found only in emission spectrum

e Paschen series is obtained in infrared region of electromagnetic spectrum

(4) Brakett series -

8

<+
a4
e |
4l
-
[ I R SR &) I

=3
1]
-

4

n=4n2=5,6,7, ... 0

For first line i =R i _i
A 4* 5

max

Amax = 40477 A

For last line or series limit
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1 1
}\min = R|:E _Q:l

Amin = 16 14572 A
R

e Brakett series is also found only in emission spectrum

e Brakett series is also obtained in infrared region of electromagnetic spectrum

(5) Pfund series -

......................... -
{1— last line
Firstline 3 § " s
4
3
2
n=1

n=5n=6,7,8, .. o0

For first line i =R l _i
A 5 6°

max

Amax = 74515 A

For last line or series limit

1 1
Amin = R|:5_2_§:|

Aein = 22 = 22768 &
R
e Pfund series is also obtained only in emission spectrum

e Pfund series is situated in the infrared region of electromagnetic spectrum

DE BROGLIE’S EXPLANATION OF BOHR’S SECOND POSTULATE OF QUANTISATION :

Of all the postulates, Bohr made in his model of the atom, perhaps the most puzzling e \

is his second postulate. It states that the angular momentum of the electron orbiting ‘ v
around the nucleus is quantised (that is, Ln = nh/2m; n=1, 2, 3 ...). Why should the ’ ‘

angular momentum have only those values that are integral multiples of h/2n? The

French physicist Louis de Broglie explained this puzzle in 1923, ten years after Bohr
proposed his model. o

We studied, in Chapter 11, about the de Broglie’s hypothesis that material particles,
such as electrons, also have a wave nature. C. ]J. Davisson and L. H. Germer later “

experimentally verified the wave nature of electrons in 1927. Louis de Broglie argued

that the electron in its circular orbit, as proposed by Bohr, must be seen as a particle A standing wave is
shown on a circular
orbit where four de

Broglie wavelengths
textbook, we know that when a string is plucked, a vast number of wavelengths are fit into the

wave. In analogy to waves travelling on a string, particle waves too can lead to
standing waves under resonant conditions. From Chapter 14 of Class XI Physics

excited. However only those wavelengths survive which have nodes at the ends and ~ circumference of the
form the standing wave in the string. It means that in a string, standing waves are orbit.
formed when the total distance travelled by a wave down the string and back is one wavelength, two wavelengths,

or any integral number of wavelengths. Waves with other
wavelengths interfere with themselves upon reflection and their amplitudes quickly drop to zero. For an electron

moving in ntt circular orbit of radius ry, the total distance is the circumference of the orbit, 2mrs. Thus
2mrn=nA, n=1, 2, 3..(i)
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Figure ....... illustrates a standing particle wave on a circular orbit for n = 4, i.e., 2prn = 4], where | is the de Broglie

wavelength of the electron moving in nth orbit. From Chapter 11, we have |l = h/p, where p is the magnitude of the
electron’s momentum. If the speed of the electron is much less than the speed of light, the momentum is mvn. Thus,
A =h/mvn. From Eq. (i), we have

2mm=nh/mva or mvarn=nh/2mn

This is the quantum condition proposed by Bohr for the angular momentum of the electron [Eq. (12.15)]. In Section
12.5, we saw that this equation is the basis of explaining the discrete orbits and energy levels in hydrogen atom.
Thus de Broglie hypothesis provided an explanation for Bohr’s second postulate for the quantisation of angular
momentum of the orbiting electron. The quantised electron orbits and energy states are due to the wave nature of
the electron and only resonant standing waves can persist.

Bohr’s model, involving classical trajectory picture (planet-like electron orbiting the nucleus), correctly predicts
the gross features of the hydrogenic atoms*, in particular, the frequencies of the radiation emitted or selectively
absorbed. This model however has many limitations. Some are:

(i) The Bohr model is applicable to hydrogenic atoms. It cannot be extended even to mere two electron atoms
such as helium. The analysis of atoms with more than one electron was attempted on the lines of Bohr’s model
for hydrogenic atoms but did not meet with any success. Difficulty lies in the fact that each electron interacts
not only with the positively charged nucleus but also with all other electrons. The formulation of Bohr model
involves electrical force between positively charged nucleus and electron. It does not include the electrical
forces between electrons which necessarily appear in multi-electron atoms.

(ii) While the Bohr’s model correctly predicts the frequencies of the light emitted by hydrogenic atoms, the model
is unable to explain the relative intensities of the frequencies in the spectrum. In emission spectrum of
hydrogen, some of the visible frequencies have weak intensity, others strong. Why? Experimental
observations depict that some transitions are more favoured than others. Bohr’s model is unable to account
for the intensity variations.

Bohr’s model presents an elegant picture of an atom and cannot be generalised to complex atoms. For complex
atoms we have to use a new and radical theory based on Quantum Mechanics, which provides a more complete
picture of the atomic structure.

@& www.stepupacademy.ind.in ) @stepupacademyindia €) @stepupacademyindia [E) @stepupacademy_



Step Up Academy [ 213

:/ Class : 12th Physics \\I
\ Chapter : 12 Atoms /
=

. :
H
’

g
2
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g
2
5
g
:
g
@
G

mm;.]momsonmosedm‘;
first model of atom also known 3
as plum-pudding model y 5

Given by E,, =-13.6 = eV

Wheren =123.... "

Z = atomic number of atom

* These stationary energy orbits are also

called energy levels.

* When electron jumps from higher energy

level to lower energy level it releases
AE = E,-E, = 136) S -L |zev

=E-E=B8m-wfe

«"Atoms have a central, mudv-e.::'

positively charged core called
nucleus around which
electron revolves

* Size of nucleus

~1 fermi = 10°m

Hydrogen gas heated in a sealed tube
emits radiation which passes through

prism
+ Component of different wavelength
appears

* Wavelength in each series given by

;=1=R[L-L]

A n} n}

e .
e  Lyman series [U.V. region]

n=1,n =234....

Amin =912A°,  Appy = 1216 A°
*  Balmer series [visible region]

n=2 ne= 3 BN

Aamin = 3648 A°, Ay = 6563 A°
e Paschan series [I-R region]

n=3 ne= 4,56

Amin = 8208 A°, Aoy = 18761 A°
e  Brackett series [I R region|

n=4 ng = 5,6, 7+

Amin = 14592 A° A0, = 40533 A°
e P-fund [IR region]

Secavasssvrrsannanaresernansannnn

e

wnenrnsnnnd

e - particle bombarded on thin gold foil
* Most of a— particle passed undeviated or with a small angle
e 1outof8000a particles were deflected by scattering angle

lmin =23850 A° A'm = 74618 A°
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Important Questions

Multiple Choice Questions-

1.

The simple Bohr model cannot be directly
applied to calculate the energy levels of an atom
with many electrons. This is because

(a) oftheelectrons notbeing subjectto a central
force.

(b) of the electrons colliding with each other
(c) of screening effects

(d) the force between the nucleus and an
electron will no longer be given by
Coulomb’s law.

A set of atoms in an excited state decay.

(a) in general, to any of the states with lower
energy.

(b) into a lower state only when excited by an
external electric field.

(c) all together simultaneously into a lower
state.

(d) to emit photons only when they collide.

The ground state energy of hydrogen atom is -
13.6 eV. The kinetic and potential energies of the
electron in this state are

(a)-13.6eV,27.2 eV
(b) 13.6 eV,-13.6 eV
(c) 13.6eV,-27.2 eV
(d) 27.2eV,-27.2 eV

If the series limit frequency of the Lyman series is
vL, then the series limit frequency of the Pfund
series is:

(a) 16 vL
(b) vi/16
(c) VL/25
(d) 25 v

The ratio of kinetic energy to the total energy of
an electron in a Bohr orbit of the hydrogen atom
is:

(@1:1

(b)1:-1
2:-1
(d)1:-2

Ionisation energy for hydrogen atom in the
ground state is E. What is the ionisation energy of
Li++ atom in the 2nd excited state:

(A E

(b) 3E

(c) 6E

(d) 9E

Hydrogen (H}), deuterium (H?), singly ionised

helium (He$ )* and doubly ionised lithium (Li$ )**

all have one electron around their nucleus.

Consider an electron transition fromn=2ton =

1 if the wavelengths of the emitted radiations are

A1, A2, Az and A4 respectively then approximately

which of the following is correct?

(@) 4A1=2X2=2A3=2s

(b)A1=2A2=2A3=24

() A1 =22=4A3 =9\

(d) A1=2A2=3A3=4M\4

As an electron makes a transition from an excited

state to the ground state of a hydrogen like

atom/ion:

(a) its kinetic energy increases but potential
energy and total energy decrease

(b) kinetic energy, potential energy and total
energy decrease

(c) kinetic energy decreases, potential energy
increases but total energy remains the same

(d) kinetic energy and total energy decrease but
potential energy increases

An electron from various excited states of

hydrogen atom emits radiation to come to the

ground state. Let An, Az be the de-Broglie

wavelength of the electron in the nth state and

the ground state respectively. Let An be the

wavelength of the emitted photon in the

transition from the nth state to the ground state.

For large n (A, B are constants)

(@) A,=A+B\,
(b) A, =A+B:

(0 AZ=X

B
(d) ~, :A+P

n
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10.

11.

12.

13.

14.

A spectral line is emitted when an electron:
(a) jumps from lover orbit to higher orbit.
(b) jumps from higher orbit to lower orbit.
(c) rotates in a circular orbit.

(d) rotates in an elliptical orbit.

The ionisation potential of hydrogen is 13.6 V.
The energy of the atom in n = 2 state will be:

(a)-10.2 eV

(b) -6.4eV

(c)-3.4eV

(d)-4.4ev

At the time of total solar eclipse, the spectrum of

solar radiation would be:

(a) alarge number of dark Fraunhoffer lines

(b)

(c) All Fraunhofer lines changed into brilliant
colours.

a small number of dark Fraunhofer lines.

(d) None of these.

The adjoining figure indicates the energy levels of
a certain atom when the system moves from 2 E
to E level, a photon of wavelength A is emitted.

The wavelength of photon produced during its

transition from 43—E toEis
2E
4E/3
L ' E:
0
A
(@) 3
3\
b) 2=
(b) 2
4
() 3
(d) 3x

A hydrogen atom is in the p-state. For this, values

31

®) 53
3
© 535

15. Energylevels A, B, C of a certain atom correspond

to increasing value of energy i.e., Ea > Ep > Ec. If
A1, A2 and A3 are the wavelengths of radiation
corresponding to transition C to B, Bto A and C to
A respectively, which of these of the following is

correct?
C Ec
o P
h A
B Ey
M
A 4 Ea
(@) A=A, +dA,
A A
b) A,=—12_
() 4 A+,

() A +A,+A;3=0

(d) A5=A%and2;

Very Short :

1.

Name the spectral series which lies in the visible
region.

What is the maximum number of spectral lines
emitted by a hydrogen atom when it is in the
third excited state?

When is Huline of the Balmer series in the
emission spectrum of hydrogen atom obtained?
When an electron jumps from n =3 to n = 2 level.

A mass of lead is embedded in a block of wood.
Radiations from a radioactive source incident on
the side of the block produce a shadow on a
fluorescent screen placed beyond the block. The
shadow of the wood is faint but the shadow of
lead is dark. Give a reason for this difference.

What was the source of alpha particles in
Rutherford’s alpha scattering experiment?

If the radius of the ground level of a hydrogen
atom is 5.3 nm, what is the radius of the first
excited state?

Calculate the ratio of energies of photons
produced due to the transition of electron of a
hydrogen atom from its:

(a) Second permitted energy level to the first
level, and
(b)

Highest permitted energy level to the second
permitted level.
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10.

The mass of an H-atom is less than the sum of the
masses of a proton and electron. Why is this?

Name the series of hydrogen spectrum lying in
ultraviolet and visible region.

What is Bohr’s quantisation condition for the
angular momentum of an electron in the second
orbit?

Short Questions :

1.

Define electron-volt and atomic mass unit.
Calculate the energy in joule equivalent to the
mass of one proton.

State Bohr’s quantization condition of angular
momentum. Calculate the shortest wavelength of
the Bracket series and state to which part of the
electromagnetic spectrum does it belong.

Or

Calculate the orbital period of the electron in the
first excited state of the hydrogen atom.

Write limitations of the

Rutherford nuclear model of the atom.

two important

Find out the wavelength of the electron orbiting
in the ground state of the hydrogen atom.

(a) State Bohr’s postulate to define stable orbits
in a hydrogen atom. How does de Broglie’s
hypothesis explain the stability of these
orbits?

(b) A hydrogen atom initially in the ground
state absorbs a photon which excites it to
the n = 4 level. Estimate the frequency of the
photon.

An alpha particle moving with initial kinetic
energy K towards a nucleus of atomic number Z
approaches a distance ‘d’” at which it reverses its
direction. Obtain an expression for the distance
of closest approach ‘d’ in terms of the kinetic
energy of the alpha particle, K.

The figure shows the energy level diagram of the
hydrogen atom.

l n=4
n=3

10.

(a) Find out the transition which results in the
emission of a photon of wavelength 496 nm.

(b) Which transition corresponds to the emission
of radiation of maximum wavelength? Justify
your answer.

A nucleus makes a transition from one permitted
energy level to another level of lower energy.
Name the region of the electromagnetic spectrum
to which the emitted photon belongs. What is the
order of its energy in electron-volts? Write four
characteristics of nuclear forces.

In accordance with the Bohr's model, find the
quantum number that characterises the earth's
revolution around the sun in an orbit of radius
1.5x101m

with orbital speed

3x10%m/s

(Mass of earth.)

=6.0x10%*kg

The total energy of an electron in the first excited
state of the hydrogen atom is about

-3.4eV.

a) Whatis the kinetic energy of the electron in
this state?

b) What is the potential energy of the electron
in this state?

c) Which of the answers above would change if
the choice of the zero of potential energy is
changed?

Long Questions:

1.

Rutherford’s
scattering of alpha particles and state the

Explain experiment on the

significance of the results.

Using Bohr’s postulates, obtain the expression for
the total energy of the electron in the stationary
states of the hydrogen atom. Hence draw the
energy level diagram showing how the line
spectra corresponding to the Balmer series occur
due to the transition between energy levels.

Hydrogen atoms are excited with an electron
beam of energy of 12.5 eV. Find

(a) The highest energy level up to which the

=12
hydrogen atoms will be excited.
(b) The longest wavelengths in the (i) Lyman
Yy _ n=1 series, (ii) Balmer series of the spectrum of
these hydrogen atoms.
www.stepupacademy.ind.in stepupacademyindia stepupacademyindia (5] @stepupacademy_
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4,

10.

Using Bohr’s postulates of the atomic model
derive the expression for the radius of the
11t electron orbit. Hence obtain the expression
for Bohr’s radius.

State Bohr’s postulate of the hydrogen atom
successfully explains the emission lines in the
spectrum of the hydrogen atoms.
Use the Rydberg formula to determine the
wavelength of Ha line. [Given Rydberg constant R
=1.03 x 107 m-1].

Using Bohr’s postulates derive the expression for
the frequency of radiation emitted when an
electron In a hydrogen atom undergoes a
transition from a higher energy state (quantum
number n-) to the towering state (n,). When an
electron in a hydrogen atom jumps from the
energy state ni=4 to n = 3, 2, 1, identify the
spectral series to which the emission lines
belong.

Calculate the ratio of the frequencies of the
radiation emitted due to the transition of the
electron In a hydrogen atom from Its (i) second
permitted energy level to the first level and (ii)
highest permitted energy level to the second
permitted level.

Monochromatic radiation of wavelength 975 A
excites the hydrogen atom from its ground state
to a higher state. How many different spectral
lines are possible In the resulting spectrum?
Which transition corresponds to the longest
wavelength amongst them?

of Bohr’s
hydrogen atom, show that

(a) Using postulates theory of

(i) the radii of orbits increases as n?, and

(ii) the total

increases as 1/n? where n is the

energy of the electron

principal quantum number of the atom.

(b) Calculate the wavelength of H2 line In
Balmer series of hydrogen atom, given
Rydberg constant R = 1.097 x 107 m-1.

State Bohr’s quantization condition for defining

stationary orbits. How does de Brogue

orbits?

Find the relation between the three wavelengths

hypothesis explain the stationary
A1 A2 and A3 from the energy level diagram

shown below.

A
zl Y .

Assertion and Reason Questions-

1.

For two statements are given-one labelled

Assertion (A) and the other labelled Reason (R).

Select the correct answer to these questions from

the codes (a), (b), (c) and (d) as given below.

(i) Both A and R are true, and R is the correct
explanation of A.

(ii) Both A and R are true, but R is NOT the
correct explanation of A.

(iii) Ais true, but R is false.

(iv) Ais false and R is also false.

Assertion (A): Total energy of revolving electron

in any stationary orbit is negative.

Reason (R): Energy is a scalar quantity. It can

have positive or negative value.

For two statements are given-one labelled
Assertion (A) and the other labelled Reason (R).
Select the correct answer to these questions from
the codes (a), (b), (c) and (d) as given below.

a. Both A and R are true, and R is the correct
explanation of A.

b. Both A and R are true, but R is NOT the
correct explanation of A.

c. Aistrue, butRis false.
d. Aisfalse and R is also false.

Assertion (A):In He-Ne
inversion takes place between energy levels of

laser, population

neon atoms.

Reason (R): Helium atoms have a meta-stable
energy level.

Case Study Questions-

1.

Hydrogen spectrum consists of discrete bright
lines in a dark background, and it is specifically
known as hydrogen emission spectrum. There is
one more type of hydrogen spectrum that exists
on the bright
background, it is known as absorption spectrum.

where we get dark lines

Balmer found an empirical formula by the
observation of a small part of this spectrum, and
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1 l) wheren =3,

i 1

itis represented by x= R(Z_Z 3
4, 5 For Lyman series, the emission is from first
state to nth state, for Paschen series, it is from
third state to nthstate, for Brackett series, it is
from fourth state to nth state and for Pfund series,

it is from fifth state to nth state.

(i) Number of spectral lines in hydrogen atom
is:

a) 8
b)

c) 15
d o

(ii) Which series of hydrogen spectrum
corresponds to ultraviolet region?

a) Balmer series.
b) Brackett series.
c) Paschen series.
d) Lyman series.

(iii) Which of the following lines of the H-atom
spectrum belongs to the Balmer series?

a) 1025A
b) 1218A
c) 4861A
d) 18751A

(iv) Rydberg constantis.
a) Auniversal constant.
b) A universal constants.
c) Different for different elements.
d) None of these.

(v) Hydrogen atom is excited from ground state
to another state with principal quantum
number equal to 4. Then the number of
spectral lines in the emission spectra will be.

a) 3
b) 5
c) 6
d 2

In 1911, Rutherford, along with his assistants, H.
Geiger and E. Marsden, performed the alpha
particle scattering experiment. H. Geiger and E.

Marsden took radioactive source (ZégBi) for a-

particles. A collimated beam of aa-particles of
energy 5.5 MeV was allowed to fall on 2.1x107 m

thick gold foil. The a-particles were observed
through a rotatable detector consisting of a Zinc
sulphide screen and microscope. It was found
that CL-particles got scattered. These
scattered aa-particles produced scintillations on
the zinc sulphide screen. Observations of this
experiment are as follows.

Most of the a-particles passed through the foil
without deflection.

Only about 0.14% of the incident a-particles
scattered by more than 1°

Only about one a-particle in every 8000 a-
particles deflected by more than 90°

These observations led to many arguments and
conclusions which laid down the structure of the
nuclear model of an atom.

Vacuum Most o-particles pass
|:| it L straight through
5 —
S e A
e ﬁSomea-parﬁcles
5 S deviate through
ol ] a large angle
About 1 in 8000 o.-particles M
is repelled back S

(i) Rutherford's atomic model can be visualised
as.

(ii) Gold foil wused in Geiger-Marsden
experiment is about 108m thick. This
ensures.

a) Gold foil's gravitational pull is small or
possible.

b) Gold foil is deflected when a-particle
stream is not incident centrally over it.

c) Gold foil provides no resistance to
passage of a-particles.

d) Most a-particle will not suffer more
than 1° scattering during passage
through gold foil.

(iii) In Geiger-Marsden scattering experiment,
the trajectory traced by an a-particle
depends on.

a) Number of collision.

b) Number of scattered aa- particles.

c) Impact parameter.

d) None of these.
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(iv) In  the
experiment, in case of head-on collision, the

Geiger-Marsden scattering

impact parameter should be.
a) Maximum

b) Minimum

c) Infinite

d) zero

(v) The fact only a small fraction of the number
of incident particles rebound back in
Rutherford scattering indicates that.

a) Number ofaa-particles undergoing

head-on-collision is small.

b) Mass of the atom is concentrated in a
small volume.

c¢) Mass of the atom is concentrated in a

large volume.

d) Both (a) and (b).

Answer Key

Multiple Choice Answers-

1.

© N o U ok~ w

10.

11.
12.

13.

14.

15.

Answer: (a) of the electrons not being subject to
a central force.

Answer: (a) in general, to any of the states with
lower energy.

Answer: (c) 13.6 eV,-27.2 eV

Answer: (c) VL/25

Answer: (b) 1:-1

Answer: (a) E

Answer: (c) A1 =2A2=4A3=9A4

Answer: (a) its kinetic energy increases but
potential energy and total energy decrease

Answer: (d) A, =A+ }%

n

Answer: (b) jumps from higher orbit to lower
orbit.

Answer: (c) - 3.4 eV

Answer: (c) All Fraunhofer lines changed into
brilliant colours.

Answer: (d) 31
Answer: (b) %i

Answer: (b) %
14

Very Short Answers:

1.
2.
3.

Answer: Balmer series
Answer: Six.

Answer: It is obtained

(a)
(b)

Answer: The shadow of the wood is faint because
only the a-radiations are stopped by the wood
(since a-radiations are least penetrating). The
shadow oflead is dark because p and y-radiations
are also stopped by lead.

Answer: The source was 214g3Bi.

Answer: Itis 4 x 5.3 =21.2 nm ( = r = n’ro)
Answer:

energy of photon E1 =-3.4 - (-13.6) =10.2 eV
energy of photon E2 =0 - (-3.4) =3.4 eV

Ratio= E = 10.2 =3

E, 34

Answer: Einstein’s mass-energy equivalence
gives E = mc?. Thus the mass of an H-atom is mp +
me - B/c* where B = 13.6 eV

Lyman series lies in ultraviolet region while
Balmer series lies in visible region.

We know that,
_nh

2n
We are given,
n=2

L

:L:@
21

“L=—
Y

Therefore, Bohr’s quantisation condition for the
angular momentum of an electron in the second

orbit is found to be, L= ﬁ
T
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Short Questions Answers:

1. Answer: Electron volt: It is defined as the energy
gained by an electron when accelerated through
a potential difference of 1 volt. Atomic mass unit:
It is defined as one-twelfth of the mass of one
atom of carbon 12.

The mass of a proton is 1.67 x 10-27 kg. Therefore,
energy equivalent of this mass is E = mc? = 1.67 x
1027 x (3 x 108)2=1.5 x 10-10]

2. Answer: Bohr’s Quantisation condition: Only
those orbits are permitted in which the angular
momentum of the electron is an integral multiple
ofh/2m.

For Brackett Series, The shortest wavelength is
for the transition of electrons from nj = o to nr=
4 Using the equation

1 1
or k=—6=—67=14-67.8nm
R 1.09x10
or Firstexcitedstaten=2,T=7?
3,3
T2 %
v  4n"me* k
where k= 1
4me,

Substituting the values, we have

- (2)°(6.6x107*)
4%(3.14)° x9.1x10731 x (1.6 x107?)x (9% 10°

T=122x10"s
3. Answer:

1. Rutherford’s model fails to explain the line
spectra of the atom.

2. Rutherford’s model cannot explain the
stability of the nucleus.

4. Answer: The wavelength of an electron in the
ground state of hydrogen atom is given by:

g=ne

A

or X:E
E

For ground state E=-13.6 eV=13.6 x 1.6 x 10-19]
Hence wavelength of electron in the first orbit

o he _ 6.6x107** x3x10°
E 13.6x1.6x107"

=0.9%x107J

Answer: (a) Bohr’s postulate for stable orbits
states the electron in an atom revolves around
the nucleus only in those orbits for which its
angular momentum is an integral multiple of
h/2m (h = Planck’s constant), (n=1, 2,3 ...)

As per de Broglie’s hypothesis A = h/p = h/mv
For a stable orbit, we must have a circumference
ofthe orbit=nA(n=1,2,3,..)

2mr =ni

or mvr = nh/2m

Thus de-Broglie showed that the formation . of

“«_n

stationary patterns for integral “n” gives rise to
the stability of the atom.

This is nothing but Bohr’s postulate.
(b) Energyinthen=4levelni=1andnz =4

1 1
:R —— ——
H(nf nﬁj

>

=CX—

From eqn (i)
15
=cxR, | —
e H(léj

=3x10%x1.09%x 10’ 15
16

v=3.1x10" Hz

Answer: At the distance of the closest approach,
the kinetic energy of the alpha particle is
converted into the electrostatic potential energy
of the alpha particle-nucleus system. Therefore,
at the distance of the closest approach we have
Kinetic energy = Potential energy Therefore,

1, 1 2z

2 4dne, 1,

in
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1 2Zée*

or r... =
" 4me, K

where K is the kinetic energy.

7. Answer: (a) The wavelength of photon emitted is
given by
None of these transitions correspond to a
wavelength of 496 nm. The closestis 4 to 2 of 489
nm
(b) Transition 4 to 3 as the frequency of this
radiation is maximum.

8. Answer: (a) Emitted photon belongs to gamma-
rays part of the electromagnetic spectrum.

(b) the energy is of the order of MeV.
(c) Four characteristics of nuclear forces are:

1) Nuclear forces are independent of
charges.

2) Nuclear forces are short-range forces.

3) Nuclear forces are the strongest forces
in nature, in their own small range of
few fermis.

4) Nuclear forces are saturated forces.

9. Answer: We are given:

Radius of the orbit of the Earth around the Sun,

r=1.5x101m

Orbital speed of the Earth,

v=3x104m/s

Mass of the Earth,

m= 6.0 x 1024kg

According to Bohr's model, angular momentum is
quantized and could be given as:

Mvr = ﬂ
Where,
h=
Planck's constant
=6.62x10734]s
n=
Quantum number
mvrin
= =
h
.  2mx6x10** x3x10* x1.5x10"
6.62x107%*

n=25.61x10" =2.6x10"*

10.

Hence, the quanta number that characterizes the
Earth' revolution is found to be

2.6x1074,
Answer: (a) We are given,
Total energy of the electron,

E=-3.4eV

Kinetic energy of the electron is equal to the
negative of the total energy.

= KE=-E
KE=-(-3.4)=+3.4eV

Hence, the kinetic energy of the electron in the
given state is found to be

+3.4eV.

(b) We know that, the potential energy (U) of the
electron is found to be equal to the negative of
twice of its kinetic energy.

= U=-2KE
U=-2x3.4=-6.8eV

Hence, the potential energy of the electron in
the given state is found to be

-6.8eV.

(c) We know that, the potential energy of a
system would depend on the reference
point taken. Here, the potential energy of the
reference point is taken to be zero. On
changing the reference point, then the value
of the potential energy of the system would
also change. Since, we know that total
energy is the sum of kinetic and potential
energies, total energy of the system will also
change.

Long Questions Answers :

1.

Answer: The schematic arrangement in the
Geiger Marsden experiment is shown in the

figure.
Thingold foll ™. Small angle
Lead bricks " scattering
Beam of ~. of some
a-particles -
Source of g L"’Ia :":
oe-particles —

\ * In5 screen

’ Large angle \‘
Backward scattering scattering of %

of a very small some Detector
fractian {1 in 8000 [Microscope]
or 50]

Alpha-particles emitted by a Bismuth (214g3Bi)
radioactive source were collimated into a narrow
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beam by their passage through lead bricks. The
beam was allowed to fall on a thin foil of gold of
thickness 2.1 x 107 m. The scattered alpha-
particles were observed through a rotatable
detector consisting of a zinc sulfide screen and a
microscope. The scattered alpha-particles on
striking the screen produced bright light flashes
or scintillations. These scintillations could be
viewed through the microscope and counted at
different angles from the direction of the incident
beam.

Significance: The experiment established the
existence of a nucleus that contained the entire
positive charge and about 99.95% of the mass.

Answer: The electron revolving around the
nucleus has two types of energy:

Kinetic  energy due to its motion.
Potential energy due to itlying in the electric field
of the nucleus.

Thus the total energy of the electron is given by
E=K E.+P.E. ..(1)

An electron of mass m moving around the
nucleus with an orbital velocity v has kinetic
energy given by

1, 1ké

KE=—mv* = w(2)
2 2r

Now the potential energy of the electron at a

distance r from the nucleus is given by

PE = potential due to the nucleus at a distance r x

charge on the electron =V x - e ...(3)

Now the potential ata distance r from the nucleus
having a charge e is given by

v=k& (4
r

Substituting in equation (3) we have

2

PE=Vx—e=—k& (5)
r

Substituting equations (2) and (3) in equation 1

Substituting in equation (6) we have
_2n’me*k?

E =
n*h?

(7)

This gives the expression for the energy
possessed by the electron in the nth orbit of the
hydrogen atom.

Answer: (a) The maximum energy that the
excited hydrogen atom can have is

E=-13.6eV+125¢eV

or E=-11eV
Since E, = _1:2.661/

n
Forn=1,E;=-13.6 eV (<1l.1eV)
(<-11eV)

Forn=3, Ej :%:—I.SeV
(<-11eV)
-13.6

Forn:4—, E4:1—6:—0.856V

(>-11el)
~ The electron can only be excited up to n = 3
states.

(b) From energy tevet of hydrogen atom,
we have

S
A ny n
Longest wavelength of Lyman senes

1113
A, L1222 4

A :i:(—“ 7jm:1218A
3R (3x1.1x10

Longest wavelength of Balmer series

Ll 1]-2
Ap 2> 3] 36

we have s :2_16?:(—5 13;6 0 Jm=656OA
1 k 2 k 2 X1.1X
E=KE.+PE=-"¢_"¢ . .
r r Answer: Let us consider a mechanical model of
1 ke? the hydrogen atom as shown in the figure that
o -(6) incorporates this quantization assumption.
But the radius of the nth orbit is given by
n*h?
h="5
4n°me“k
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Proton is assumed to be stationary.

Electron revolves in a
circle of radius r, with

¥
[]
v
i
1
1
]

speed v,
v
Protn: @ " Electron
M, +e fF [m-e

Electrostatic attraction
provides centripetal
acceleration

This atom consists of a single electron with mass
m and charge - e revolving around a single
proton of charge + e. The proton is nearly 2000
times as massive as the electron, so we can
assume that the proton does not move. As the
electron revolves around the nucleus the
electrostatic force of attraction between the
electron and the proton provides the necessary
centripetal force. Therefore, we have

e’ mv?
k—=—
rn rn
2
e
or k=—=mv* (1)
r

n
By Bohr's quantisation condition we have

nh
mvr=—
27

nh

or =
2nmr,

(2)

substituting equation 2 in equation 1 we have

2 2
ke—=m( nh J (3)
r, 2nmr,

n*h?

47’me’k

Solving for r we have r, =

(4)

This gives the radius of the nth orbit of the
hydrogen atom.

If n = 1 we have r = ao which is called Bohr’s
radius.
h2

AQy=—5——
R
Answer: It states that an electron might make a
transition from one of its specified non-radiating
orbits to another of lower energy. When it does
so, a photon is emitted having energy equal to the
energy difference between the initial and final

states. The frequency of the emitted photon is
then given by hv = Ei - Ef where Ei and Erare the
energies of the initial and final states

1 1 1

Using the formula — =Ry [_z __ZJ we have for
A n

f i

Haline n; =3 and n,= 2.

Therefore, l:1.03><107 (l_lj
A 28 3
or 7»=L7:6.99x10*7 m.
5x1.03x10

Answer: According to Bohr's frequency
condition, if an electron jumps from an energy
Level E to Ei, then the frequency of the emitted
radiation is given by hv = E - E1 ...(1)

Let n; and n,be the corresponding orbits then

22me I 22me* I
E = 5 172162 and E; = z rznez
n/h nih

substituting in equation (1) we have

_ 2ntme*k? _( 2ntme*k? ]

n’h* njzch2

_2’me*k*[ 1 1
R njzc n’

1

hv

Rewriting the above equation, we have

J_2wme'k (11
n njzc n’

1

This gives the frequency of the emitted radiation.
When ni=4 and nr= 3, Paschen series
When ni= 4 and nr= 2, Balmer series
When ni = 4 and nf= 1, Lyman senes.

Answer: We have

hv = Ef— E,'
_EO EO
P

Answer: The energy corresponding to the given
wavelength:
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he 6.6x1073* x3x 108
E(ineV)=—=
( ) A 975x107x1.6x107"°

=12.71eV

The excited state:

E,-E =12.71

—1:—2'6 -(-13.6)=12.71

orn=4

Total no. of spectral lines emitted:

nn-1) 4(4-1) 12 _
2 2 2

The longest wavelength Will correspond to the

6

transitionn=4ton=3

Answer: Let us consider a mechanical. model of
the hydrogen atom as shown in the figure.

This atom consists of a single electron with mass
m and charge - e revolving around a single
proton of charge + e. As the electron revolves
around the nucleus the electrostatic force of
attraction between the electron and the proton
provides the necessary centripetal force.
Therefore we have,

2 2
K= (1)
rn rn
2
or k& = m? w(2)
r

n

By Bohr's quantisation condition we have

nh
myvr=—
2n
or V= nh —(3)
2rnmr,

Substituting equation 3 in equation 2 we have

2 2
kizm(”hJ (4
r, 2nmr,

n

Solving for r we have
n“h?
r,= TEmek ..(5)

This gives the radius of the nt orbit of the

hydrogen atom which shows that E « %

(i) the total energy possessed by an electron in
the nth orbit of the hydrogen atom is given
by

E=T+U (1)
i.e. the sum of its kinetic and electrostatic
potential energies.

An electron of mass m moving around the
nucleus with an orbital velocity v has kinetic

energy given by
2
KE.=Lmy = 1K (2)
2 2r

Now the potential energy of the electron at
a distance r from the nucleus is given by
PE = potential due to the nucleus at a
distance r x charge on the electron

= V X - [3)
Now the potential at a distance r from the
nucleus having a charge e is given by

v=k& (4)
r
Substituting in equation 2 we have
2
PE.=Vx—e=—k— w(5)
r
Substituting equations 2 and 5 in equation 1
we have
2 2
E=KE.+PE—1k_k
2r r
1 ke?
=——— (6
> (6)
But the radius of the nth orbit is given by
n*h*
Th =753
41" me°k
Substituting in equation 6 we have
2n°me*k?
E=—""——— (7
NP (7)

This gives the expression for the energy
possessed by the electron in the nth orbit of

the hydrogen atom which shows that E « iz
n

(b) For Hz Line in Balmer series n1 = 2 and nz =
3
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%=1.097><107 E—ﬂ=1.097x107 X%
or A =656.3 nm
¢
A Ay
) B
h2 L J A

10. Answer: It states that only those orbits are

permitted in which the angular momentum of the
electron about the nucleus is an integral multiple

of %, where his Planck’s constant.

According to de Broglie, an electron of mass m
moving with speed v would have a wavelength A
given by A =h/mv.

Now according to Bohr’s postulate,

mvr, =—
2n
nh
or 2nr, =—
mv

Buth / mv = Ais the de BrogUe wavelength of the
electron, therefore, the above equation becomes
2Ttrn = nA where 21 is the circumference of the
permitted orbit. If the wavelength of a wave does
not close upon itself, destructive interference
takes place as the wave travels around the loop
and quickly dies out. Thus only waves that persist
are those for which the circumference of the
circular orbit contains a whole number of

wavelengths.
AE, =AE, +AE,
hc hc hc
—_— =t —
Ay Ay A,
1 1 1
or — =+
Ay Ay Ay
1 M
Ay M,
_ My
W

Numerical Problem: Formulae for solving
numerical problems

e Distance of closest approach

L1 2zE°
°4ne, E,

e  Radius of the nth orbit of hydrogen atom
n“h?
m=————
4n’me’k

e  Velocity of electron in the ntt orbit

_c
137n

. Wavelength of radiation emitted when
electron jumps form n; to ny

1 1 1
TR | ———
A H[n; n,zJ

e  Energy of electron in the nth orbit of
hydrogen atom
2 41,2
E:_Zn r;ze2 k
n“h

or geV
n

Assertion and Reason Answers-

1.

(b) Both A and R are true, but Ris NOT the correct
explanation of A.

Explanation:

The reason is correct, but does not explain the
assertion properly. Negative energy of revolving
electron indicates that it is bound to the nucleus.
The electron is not free to leave the nucleus.

(a) Both A and R are true, and R is the correct
explanation of A.

Explanation:

Helium-neon laser uses a gaseous mixture of
helium and neon. An electric discharge in the gas
pumps the helium atoms to higher energy level,
(which is meta stable energy level).

collision

20.61 eV

_20.66eV
A metastable

AN 632.8 nm
LW laser

18.70 eV —y|" transition

spontaneous
radiationless transition

emission

ground — L

state He ground

state
Sequence of transitions in He-Ne laser,

Then these helium atom excite the neon atoms to
higher level by collision and produce an inverted

population of neon atom which emit radiation
when they are stimutated to fall to lower level.

@ www.stepupacademy.ind.in

(© @stepupacademyindia

€) @stepupacademyindia () @stepupacademy_



226 |

Step Up Academy @

Case Study Answers-

1.

2,

Answer :
) (o
Explanation:

(i)

(iii)

(iv)
™)

Number of spectral lines in hydrogen atom
1S 0

(d) Lyman series

Explanation:

Lyman series lies in the ultraviolet region
(c) 4861 A

Explanation:

The shortest Balmer line has energy = 1|(3.4
- 1.51)|1eV = 1.89eV and the highest energy
= 1(0- 3.4)1 = 3.4eV The corresponding
wavelengths are

12400eVA 65164 and 12400eVA
1.89eV 3.4eV

=3647A

Only 4861A is between the first and last line
of the Balmer series.

(a) A universal constant.

(c)6

Answer :

@

(i)

(d)

Explanation:

Rutherford's atom had a positively charged
centre and electrons were revolving outside
it. It is also called the planetary model of the
atom, as in option (d).

(d) Most a-particle will not suffer more than
1° scattering during passage through gold
foil.

(iii)

(iv)

v)

Explanation:

As the gold foil is very thin, it can be
assumed that a-particles will suffer not
more than one scattering during their
passage through it. Therefore, computation
of the trajectory of an aa-particle scattered
by a single nucleus is enough.

(c) Impact parameter
Explanation:

Trajectory of a-particles depends on impact
parameter, which is the perpendicular
distance of the initial velocity vector of
the aaparticles from the centre of the
nucleus. For small impact
parameter, a particle close to the nucleus

suffers larger scattering.
(b) Minimum
Explanation:

At minimum impact parameter, a particles

rebound back (6xm)and suffers large
scattering.

(d) Both (a) and (b).

Explanation:

In case of head-on-collision, the impact
parameter is minimum and the a-particle
rebounds back. So, the fact that only a small
fraction of the number of incident particles
rebound back indicates that the number
of a-particles undergoing head-on collision
is small. This in turn implies that the mass of
the atom is concentrated in a small volume.
Hence, option (a) and (b) are correct.

>
>

L X X4

D)
D)
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Nuclei

Nucleus:

It exists at the centre of an atom, containing entire positive charge and almost whole of mass. The electron revolve
around the nucleus to form an atom. The nucleus consists of protons (+ve charge) and neutrons.

I.

il.

iil.

A proton has positive charge equal in magnitude to that of an electron (+1.6 x 10-1° C) and a mass equal
to 1840 times that of an electron.

A neutron has no charge and mass is approximately equal to that of proton.

The number of protons in a nucleus of an atom is called as the atomic number (Z) of that atom. The
number of protons plus neutrons (called as Nucleons) in a nucleus of an atom is called as mass number
(A) of that atom.

iv. A particular set of nucleons forming an atom is called as nuclide. It is represented as zX".
v.  The nuclides having same number of protons (Z), but different number of nucleons (A) are called as
isotopes.
vi. The nuclide having same number of nucleons (A), but different number of protons (Z) are called as
isobars.
vii. The nuclide having same number of neutrons (A - Z) are called as isotones.
Types of Nuclei:

ISOTOPES: Atomic nuclei having same atomic number but different mass numbers are known as
isotopes. They occupy same position in the periodic table and possess identical chemical properties.
They have same proton number.

Ex: 1) 3Li6, 3Li? 2) 1H?Y, 1H?, 1H3

ISOTONES : Atomic nuclei having same number of neutrons are called isotones.

Ex: 1) 17CI37, 19K39  2) 7N17, 3018, gF19

ISOBARS: Atomic nuclei having same mass number but different atomic numbers are called Isobars.
They have same number of nucleons.

Ex: 1) 18Ar#?, 20Ca%®  2) 32Ge76, 34Se76

ISOMERS: Atomic nuclei having same mass number and same atomic number but different nuclear
properties are called isomers.

Ex:- m 35Br8% metastable Bromine and g 35Bré° ground state Bromine are two isomers with different half
lives.

ISODIAPHERS: Nuclei having different Atomic number (Z) and mass number (A) but with same excess
number of neutrons over protons (A-2Z) are called isodiaphers.

Ex:- 11Na?23, 13Al27

Size of the Nucleus:

Nuclear sizes are very small and are measured in fermi (or) femtometer
1 fermi=10-15m

Radius of the nucleus depends on number of nucleons.

R=R A"
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above equation does not apply to heavy nucleides Value of Ro = 1.4 x 10-15m

) Radius of the nucleus is in the order of 10-15 m.
) Size of an atom is in the order of 10-1°m.

e Ifan a -particle with an initial kinetic energy E approaches a target of atomic number Z, if the distance
of closest approach is “d” then

2
2 1 ZZde =E (Where ‘e’ is charge of an electron) If “V” represents the initial velocity of a particle, (m
TE,
is mass of “a” particle) then
1 22¢® 1,
=—mv
4ne, d 2
Note : If a particle of charge q, mass m is projected towards a nucleus of charge Q with velocity v from infinity then
the distance of closest approach d is given by Q zlmvz
dne, d 2

Density of the Nucleus:
e  Density of nucleus is independent of mass number of the atom.
e Density of the nucleus is 1.45 x 1017 Kgm-3.
e  The density is maximum at the centre and gradually falls to zero as we move radially outwards.

e Radius of the nucleus is taken as the distance between the centre and the point where the density falls
to half of its value at the centre.

e Density of nucleus is of the order of
10" gm/cc =10" kg/m®

Mass Defect and Binding Energy:

(1) Mass defect (Am)

It is found that the mass of a nucleus is always less than the sum of masses of it's constituent nucleons in free state.
This difference in masses is called mass defect. Hence mass defect

Am = Sum of masses of nucleons - Mass of nucleus
={Zm, +(A-Z)m,} -M={Zm_ +Zm, +(A-Z)m,|-M
where mp = Mass of proton, mn = Mass of each neutron, me = Mass of each electron

M = Mass of nucleus, Z = Atomic number, A = Mass number, M’ = Mass of atom as a whole.

Note:- The mass of a typical nucleus is about 1% less than the sum of masses of nucleons.

(2) Packing fraction
Mass defect per nucleon is called packing fraction

Packing fraction (f) = ATm = % where M = Mass of nucleus, A = Mass number

30
20 A
10

. Mass
—10- A=>240 number (A)

-204

(i) Packing fraction may be of positive, negative or zero value.
(i) AtA=16,f- Zero
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(3) Binding energy (B.E.)
The neutrons and protons in a stable nucleus are held together by nuclear forces and energy is needed to pull them
infinitely apart (or the same energy is released during the formation of the nucleus). This energy is called the

binding energy of the nucleus.

or
The binding energy of a nucleus may be defined as the energy equivalent to the mass defect of the nucleus. If Am
is mass defect then according to Einstein's mass energy relation

Binding energy = Am - c2 = [{mpZ+mn (A—Z)} —MJ ¢

(This binding energy is expressed in joule, because @m is measured in kg)

If Am is measured in amu then binding energy = Am amu = [{mpZ + mn(A - Z)} - M] amu = Am x 931

(4) Binding energy per nucleon
The average energy required to release a nucleon from the nucleus is called binding energy per nucleon.

Total binding energy _Amx931 MeV
Mass number (i.e. total number of nucleons) A Nucleon

Binding energy per nucleon =

Binding energy per nucleon « Stability of nucleus.

Binding energy Curve

It is the graph between binding energy per nucleon and total number of nucleons (i.e. mass number A)

g 80|He ~ype

33

Sg 6.0

§5c .

> § 40| L

,Eg

g

E = 2.0 HQ

0 : : - i
56 100 150 200
Mass number A —>

(1) Some nuclei with mass number A < 20 have large binding energy per nucleon than their neighbour nuclei.

For example 2He*, 4Be8, sC12, 3016 and 10Ne?? . These nuclei are more stable than their neighbours.

(2) The binding energy per nucleon is maximum for nuclei of mass number A = 56 (26Fe>9). It's value is 8.8 MeV
per nucleon.

(3) For nuclei having A > 56, binding energy per nucleon gradually decreases for uranium (A = 238), the value of
binding energy per nucleon drops to 7.5 MeV.

B.E. T
A ° s
. ‘r\.
ﬂ:usion Fission
. +e

Note:-
e When a heavy nucleus splits up into lighter nuclei, then binding energy per nucleon of lighter nuclei is
more than that of the original heavy nucleus. Thus a large amount of energy is liberated in this process
(nuclear fission).
e  When two very light nuclei combines to form a relatively heavy nucleus, then binding energy per nucleon
increases. Thus, energy is released in this process (nuclear fusion).
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Nuclear Force

The force that determines the motion of atomic electrons is the familiar
Coulomb force. In Section 13.4, we have seen that for average mass nuclei the
binding energy per nucleon is approximately 8 MeV, which is much larger than
the binding energy in atoms. Therefore, to bind a nucleus together there must
be a strong attractive force of a totally different kind. It must be strong enough
to overcome the repulsion between the (positively charged) protons and to

Potential energy (MeV)
o
O

bind both protons and neutrons into the tiny nuclear volume. We have already 5 /ﬁ

seen that the constancy of binding energy per nucleon can be understood in 10D

terms of its short-range. Many features of the nuclear binding force are "1 2 3
summarised below. These are obtained from a variety of experiments carried FIGURE_: Poténitidl energy of
out during 1930 to 1950. a pair of nucleons as a

function of their separation.
(i) The nuclear force is much stronger than the Coulomb force acting For a separation greater

between charges or the gravitational forces between masses. The than ro, the force is attractive
nuclear binding force has to dominate over the Coulomb repulsive and for separations less than
force between protons inside the nucleus. This happens only because ro, the force is strongly
the nuclear force is much stronger than the coulomb force. The repulsive.
gravitational force is much weaker than even Coulomb force.

(i) The nuclear force between two nucleons falls rapidly to zero as their distance is more than a few

femtometres. This leads to saturation of forces in a medium or a large-sized nucleus, which is the
reason for the constancy of the binding energy per nucleon.
A rough plot of the potential energy between two nucleons as a function of distance is shown in the
Fig. 13.2. The potential energy is a minimum at a distance ro of about 0.8 fm. This means that the force
is attractive for distances larger than 0.8 fm and repulsive if they are separated by distances less than
0.8 fm.

(iii) The nuclear force between neutron-neutron, proton-neutron and proton-proton is approximately the
same. The nuclear force does not depend on the electric charge.

Unlike Coulomb’s law or the Newton'’s law of gravitation there is no simple mathematical form of the
nuclear force.

Radioactivity:

It is the phenomenon of spontaneous disintegration of the nucleus of an atom with emission of one or more

radiations like a-particle, 3-particle or y —rays.

Radioactive Decay:

Itis a nuclear transformation process in which the radioactive rays are emitted from the nucleus of the atom. This
process cannot be accelerated and slow down by any physical or chemical process.

Radioactivity Displacement Law:

It states that:

e  When a radioactive nucleus emits an a -particle, atomic number decreases by 2 and mass number decreases
by 4.

e  When a radioactive nucleus emits 3 -particle, its atomic number increases by 1 but mass number remains
same.

e  The emission of a y -particle does not change the mass number or the atomic number of the radioactive
nucleus. The y -particle emission by a radioactive nucleus lowers its energy state.

Alpha Decay:

In this process, parent nucleus disintegrates to give a daughter nucleus and helium nucleus or an alpha-particle.
Mass number of the daughter nucleus decreases by four units and atomic number decreases by two units. A typical
example of this decay mode is.

UZ® - He{ + ThEj"

Thus, daughter nucleus is shifted in periodic table by 2 unit in backward direction.
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Beta Decay:

It is the process of emission of an electron from a radioactive nucleus. It may be represented as,
X A7+ e+ V

Gamma Decay:

Alpha and beta decays of a radioactive nucleus leave the daughter nucleus in an excited state. If the excitation
energy available with the daughter nucleus is not sufficient for further particle emission, it loses its energy by
emitting electromagnetic radiations, also known as Gamma-rays. Mass and charge of the daughter nucleus remains
the same as before the emission of Gamma-rays.

Baly’ - Bal?’ +

Alpha and beta decays of a radioactive nucleus leave the daughter nucleus in an excited state. If the excitation
energy available with the daughter nucleus is not sufficient for further particle emission, it loses its energy by
emitting electromagnetic radiations, also known as Gamma-rays. Mass and charge of the daughter nucleus remains
the same as before the emission of Gamma-rays.

Law of Radioactive Decay:
According to the law of radioactive disintegration the rate of spontaneous disintegration of a radioactive element
is proportional to the number of nuclei present at that time.

Mathematically, it can be written as
s N ...(1)
Where, N is the number of atoms present at time t. Removing Proportionality sign, we get
dN
Frin —AN ... (2)
Where, A is a constant of proportionality and is known as decay constant of the element. Negative sign indicates

that as tincrease N decreases.

dN
N - —Adt ... (3)

Integrating both sides, we have
dn

~ = [dt

log.(N) = At +C...(4)
where C is constant of integration and is evaluated by the fact that at t = 0, number of atoms of the radioactive
element is NO. Using this condition, we get

C =log.(Ny) ...(5)

Substituting this value of C in Eq. (5), we get

loge(N) = —A + loge(Ny)

loge(N) — loge(No) = —At

Thus, N = Nye ... (6)

100 ¥ ¥ ¥ v

830+

5
A
=
B
5 40
Z20
l’} i . |
5

1(5)
Exponential decay curve
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Nuclear Energy:

Nuclear Fission:

The process of the splitting of a heavy nucleus into two or more lighter nuclei is called nuclear fission. When a
slow-moving neutron strikes with a uranium nucleus (92U235), it splits into ssBal#* and 36Kr8° along with three
neutrons and a lot of energy.

U33% + n} > Batg* + Kr$? + 3n}
Nuclear fusion:
The process of combining of two lighter nuclei to form one heavy nucleus, is called nuclear fusion.
H? + H? - He3 + n}
In this process, a large amount of energy is released. Hydrogen bomb is based on nuclear fusion. The source of
Sun’s energy is the nuclear fusion taking place at sun.

Critical size and Critical Mass:

e  The size of the fissionable material for which reproduction factor is unity is called critical size and its mass is
called critical mass of the material.

e  The chain reaction in this case remains steady or sustained.

Moderator:
Any substance which is used to slow down fast-moving neutrons to thermal energies is called a moderator.

The commonly used moderators are water, heavy water (D20) and graphite.
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Important Questions

Multiple Choice Questions-

1.

When a nucleus in an atom undergoes a
radioactive decay, the electronic energy levels of
the atom:

(a) do notchange for any type of radioactivity.

(b) change for a and f radioactivity but not for
y-radioactivity.

() change for a-radioactivity but not for others.

(d) change for 3-radioactivity but not for others.

A radioactive isotope has a half-life of T years.

The time it takes its activity to reduce to 3.125%

is

@>5T

(b) 6.654 T

(c)5.645T

(d) 6.654 T

For a radioactive material, half-life is 10 minutes.
If initially there are 600 number of nuclei, the
time taken (in minutes) for the disintegration of
450 nuclei is:

(a) 20
(b) 10
() 30
(d) 15
A nuclear explosive is designed to deliver 1 MW
power in the form of heat energy. If the explosion
is designed with nuclear fuel consisting of U235 to
run a reactor at this power level for one year,

then the amount of fuel needed is (given energy
per fission is 200 MeV)

(@) 1kg

(b) 0.01 kg
(c) 3.84 kg
(d) 0.384 kg

When the radioactive isotope ssRa?2¢ decays in a
series by emission of three alpha (a) and a beta
(3) particle, the isotope X which remains
undecayed is

(a) s3X214
(b) gaX218
(c) gaX?220
(d) s7X223

Fusion reaction takes place, at high temperature
because:

(a) nuclei break up at high temperature
(b) atoms getionised at high temperature

(c) Kkinetic energy is high enough to overcome
the coulomb repulsion between nuclei

(d) molecules break up at high temperature
Half-lives of two radioactive elements A and B are
20 minutes and 40 minutes, respectively.
Initially, the samples have equal number of
nuclei. After 80 minutes, the ratio of decayed
numbers of A and B nuclei will be:

(@1:16

b)4:1

(c)1:4

(d)5:4

Radioactive material ‘A’ has decay constant ‘8 A’
and material ‘B’ has decay constant A’. Initially
they have same number of nuclei. After what

time, the ratio of number of nuclei of material ‘B’
to that ‘A’ will be 1/e?

@ o
)
© o
@ 5

A radioactive nucleus A with a half-life T decays
into a nucleus B. At t = 0, there is no nucleus B. At
some time, t the ratio of the number of B to that
of Ais 0.3. Then, tis given by:

(a) t=Tlog(1.3)

T
(b) t_log(1.3)
(©) t= Tlog(2)
2log(1.3)
(d) t= Tlog(1.3)
log(2)
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Very Short Answer Questions-

1.

Complete the following nuclear reactions:

@ JBe’ + H' = ,Li® +.......

What is the Q-value of a nuclear reaction?

The wavelengths of some of the spectral lines
obtained in hydrogen spectrum are 9546Ac,
6463A° and 1216A°. Which one of these
wavelengths belongs to the Lyman series?

Write the empirical relation for paschen series
lines of hydrogen atoms.

What will be the ratio of the radii of two nuclei of
mass numbers A1 and Az2?

Two nuclei have mass numbers in the ratio 1: 2.
What is the ratio of their nuclear densities?

A nucleus of mass number A has a mass defect
Am. Give the formula, for the binding energy per
nucleon of this nucleus.

Write the relation between half-life and decay
constant of a radioactive sample.

Write the nuclear decay process for -decay of
1532p.

10. State the relation between the mean life (t) of a

radioactive element and its decay constant A.

Short Answer Questions-

1.

Draw the curve showing the binding
energy/nucleon with a mass number of different
nuclei. Briefly state, how nuclear fusion and
nuclear fission can be explained on the basis of
this graph.

Define decay constant for a radioactive sample.

Which of the following radiations «, 3, and y rays
(i) are similar to X-rays,

(ii) are easily absorbed by matter, and

(iii) are similar in nature to cathode rays?

State  the
Plot a graph showing the number of undecayed

law of radioactive decay.
nuclei as a function of time (t) for a given
radioactive sample having a half-life T
Depict In the plot the number of undecayed
nuclei at (i) t = 3T1/z and (ii) t = 5 T1,2

Draw a plot of the potential energy of a pair of
nucleons as a function of their separations. Mark
the regions where the nuclear force is (i)
attractive and (ii) repulsive. Write any two

characteristic features of nuclear forces.

10.

(@) Write the relation for binding energy (BE)
(in MeV) of a nucleus of mass zA M atomic
number (Z) and mass number (A) in terms
of the masses of its constituents - neutrons
and protons.

(b) Draw a plot of BE/A versus mass number A
for 2 < A< 170. Use this graph to explain the
release of energy in the process of nuclear
fusion of two light nuclei.

If both the number of neutrons and the number
of protons are conserved in each nuclear
reaction, in what way is mass converted into
energy (or vice versa) in a nuclear reaction?
Explain.

State two properties of nuclear forces. Write the
relation between half-life and decay constant of a
radioactive nucleus.

(@) Draw a graph showing the variation of
binding energy per nucleon (BE/A) vs mass
number A for the nucleiin 20 < A< 170.

(b) A nucleus of mass number 240 and having
binding energy/nucleon 7.6 MeV splits into
two fragments Y, 1 of mass numbers 110
and 130 respectively. If the binding energy/
nucleon of Y, 1 is equal to 8.5 MeV each,
calculate the energy released in the nuclear
reaction.

Explain with the help of an example, whether the
neutron-proton ratio in a nucleus increases or
decreases due to beta decay.

How is the size of a nucleus experimentally
determined? Write the relation between the
radius and mass number of the nucleus. Show
that the density of the nucleus is independent of
its mass number.

Long Answer’s Questions-

1.

2.

The wavelength of the first member of the Balmer
series in the hydrogen spectrum is 6563A0.
Calculate the wavelength of the first member of
Lyman series in the same spectrum.

A neutron is absorbed by a $Linucleus with
subsequent emission of a—particle. Write the
corresponding nuclear reaction. Calculate the
energy released in this reaction. Given mass of
¢ Li=6.015126a.m.u., Mass of % He=4.00026044
a.m.u.,, Mass of neutron (1,n=1.0086654- a.m.u.,
Mass of tritium 1 H=3.016049 a.m.u.
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3. Define decay constant of a radioactive sample. 2. For question, statements are given-one labelled
Which of the following radiation a-rays, B-rays Assertion (A) and the other labelled Reason (R).
and g-rays. y-rays. Select the correct answer to these questions from
a) Are they similar to X - rays? the codes (a) (b) (c) and (d) as given below.
b) Are they easily absorbed by matter? a. Both A and R are true, and R is the correct
4. State radioactive decay law and hence derive the explanation of A
relation N=Noe* where symbols have their b.  Both A and R are true, but R is NOT the
usual meanings. correct explanation of A.
5. Define half life and decay constant of a c.  Aistrue, butRis false.
radioactive element. Write their S.I. unit. Define d. Ais false and R is also false.
expression for half life. Assertion (A): A fission reaction can be more
6. Draw a curve between mass number and binding easily controlled than a fission reaction.
energy per nucleon. Give two salient features of Reason (R): The percentage of mass converted
the curve. Hence define binding energy. to energy in a fission reaction is 0.1% whereas in
7. a) Two stable isotopes of a fission reaction it is 0.4%
lithium § Li and 3 Li have respective
abundances of 7.5 and 92.5. These Case Study Questions-
isotopes have 1. When subatomic particles undergo reactions,
masses 6.01512u and 7.01600u respectiv energy is conserved, but mass is not necessarily
ely. Find the atomic mass of lithium. conserved. However, a particle’'s mass
b)  Boron has two stable isotopes, 12 Band 11 B. “contributes” to its total energy, in accordance
Their respective 58S with Einstein's famous equation, E = mc? In this
are 10.01294u and 11.00931u , and the equation, E denotes the energy carried by a
atomic mass of boron is 10.811u . Find the particle because of its mass. The particle can also
abundances of 12 B and 1} B. have additional energy due to its motion and its
) . interactions with other particles. Consider a
8. Obtain the binding energy of the

nuclei 3¢ Feand 233 Biin units ofMeV from

the following data:
m(3¢ Fe)=55.934939u, m(%J3 Bi)=208.980388u.

Assertion and Reason Questions-

1.

For question, statements are given-one labelled

Assertion (A) and the other labelled Reason (R).

Select the correct answer to these questions from

the codes (a) (b) (c) and (d) as given below.

a) Both A and R are true, and R is the correct
explanation of A.

b) Both A and R are true, but R is NOT the
correct explanation of A.

c) Aistrue, but Ris false.
d) Ais false and R is also false.

Assertion (A): Thermonuclear fusion reactions
may become the source of unlimited power for
the mankind.

Reason (R): A single fusion event involving

isotopes of hydrogen produces more energy than
energy from nuclear fission of a single uranium.

neutron at rest and well separated from other
particles. It decays into a proton, an electron and
an undetected third particle as given here:
Neutron — proton + electron + 7??

The given table summarizes some data from a
single neutron decay. Electron volt is a unit of
energy. Column 2 shows the rest mass of the
particle times the speed of light squared.

Particle Mass x Kinetic

cz (MeV) energy

(MeV)
Neutron 940.97 0.00
Proton 939.67 0.01
Electron 0.51 0.39

(i) From the given table, which properties of
the undetected third particle can be
calculate?

a) Total energy, but not kinetic energy.
b) Kinetic energy, but not total energy.
c) Both total energy and kinetic energy.

d) Neither total energy nor kinetic energy.
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(ii) Assuming the table contains no major
errors, what can we conclude about the
(mass x cZ) of the undetected third particle?

a) Itis0.79 MeV

b) Itis 0.39 MeV

c) Itislessthan or equal to 0.79 MeV; but
we cannot be more precise.

d) Itislessthan or equal to 0.40 MeV; but
we cannot be more precise.

(iii) Could this reaction occur?
Proton — neutron + other particles
a) Yes, if the other particles have much
more kinetic energy than mass energy.

b) Yes, but only if the proton has potential
energy (due to interactions with other
particles).

c) No, because a neutron is more massive
than a proton.

d) No, because a proton is positively
charged while a neutron is electrically
neutral.

(iv) How much mass has to be converted into
energy to produce electric power of 500MW

for one hour?

a) 2x10%kg
b) 1x10°kg
c) 3x10°kg
d) 4x105kg
(v) The equivalent energy of 1g of substance is.
a) 9x1013]
b) 6x1012]
c) 3x1013]
d) 6x101]

Neutrons and protons are identical particle in the
sense that their masses are nearly the same and
the force, called nuclear force, does into
distinguish them. Nuclear force is the strongest
force. Stability of nucleus is determined by the
neutron proton ratio or mass defect or packing
fraction. Shape of nucleus is calculated by
quadrupole moment and spin of nucleus depends
on even or odd mass number. Volume of nucleus
depends on the mass number. Whole mass of the

atom (nearly 99%) is centered at the nucleus.

(i) The correct statements about the nuclear
force is/ are.

a) Change independent.
b) Short range force.
c¢) Non-conservative force.
d) All of these.
(ii) The range of nuclear force is the order of.
a) 2x1010m
b) 1.5x102'm
c) 1.2.x10*m
d) 1.4x101m

(iii) A force between two protons is same as the
force between proton and neutron. The
nature of the force is.

a) Electrical force.

b) Weak nuclear force.
c) Gravitational force.
d) Strong nuclear force.

(iv) Two protons are kept at a separation of 40
A. Fnis the nuclear force and Fcis the
electrostatic force between them. Then.

a) Fn<<Fe
b) Fan=Fe
c) Fn>>Fe
d) Fn=Fe

(v) AD the nucleons in an atom are held by.
a) Nuclear forces
b) Van der Waal's forces
c) Tensor forces

d) Coulomb forces

Multiple Choice Question’s Answers-

1.

L

N

Answer: (b) change for a and {3 radioactivity but
not for y-radioactivity.

Answer: (a)5T
Answer: (a) 20
Answer: (d) 0.384 kg
Answer: (a) g3X?214

Answer: (c) kinetic energy is high enough to
overcome the coulomb repulsion between nuclei

Answer: (d) 5: 4
Answer: (a) %

Tlog(1.3)

Answer: (d) t= o8 @)
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Very Short Answers- 2. Answer: The decay constant is defined as the
0 L o . reciprocal of that time duration for which the
1. Ans: (a) 4Be”+ H —3Li% +  He number of nuclei of the radioactive sample
decays to 1 / e or 37 % of its original value.
(b) 5Be10 + 2He4 - 7N13 + Onl _ Y / ’ 8
(i) Gamma
2. Ans: Q-value = (Mass of reactants — Mass of (ii) Alpha
duct
products) (iii) Beta
3. Ans: 1216A° belong to the Lyman series. 3. Answer: The number of nuclei disintegrating per
1 1 1 second is proportional to the number of nuclei
—:R[—Z——zjwheren:4,5,6,7 ....... _ o . _
4. Ans: A 3 n present at the time of disintegration and is
y independent of alt physical conditions like
& :( ﬁ J ’ temperature, pressure, humidity, chemical
5. Ans: The ratio is R, \ 4 composition, etc.
6. Ans: The densities of both nuclei are equal as The plotis as shown.
they do not depend upon mass number.
E Amxc? :_2;, T
7. Ans: The formula is A -E
0.693 g
8. Ans: The relation is A >
[=]
32 32 0, = =
9. Ans: The process is 5P 165+ _1e+v+Q -E
=
10. Ans: Thetwo arerelatedast=1 /A =
Short Answers et Time
4. Answer:
1. Answer: The diagram is as shown.
510 - = iE
s . 11;59 iy | fe 109 12 154y 151 K é
8 eNTo - =
ER TN 24
EL Wi g
& 4 S no
! -
g. 2 -E 0
§ 1y E '-'-____.=_=|
a % 50 100 150 200 250 E : A
Mass number (A) ! D
The binding energy per nucleon as a function of mass —'Fl:ll}
number 1
o 1 2 3
Light nuclei have a small value of binding energy rifmy}
per nucleon, therefore to become more stable For r > ro (attraction), For r < ro (repulsion)
they fuse to increase their binding energy per .
| 1. Strong attractive force (stronger than the
fucteon. repulsive electric force between the
A very heavy nucleus, say A 240, has Lower protons)
binding energy per nucleon compared to that of a 2. Are short-range forces.
nucleus with A = 120. Thus if a nucleus A = 240
5. Answer:
breaks into two A = 120 nuclei, nucleons get more ™ ed o is AE = (2 A
tightly bound. This implies energy would be (a) 7) ereqll\l/[l)re 9ZX11);:S\S;OH is AE = (Zmy + (A -
mp - M) x e
released in the process.
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The binding energy per nucleon as a
function of mass number

Since the binding energy of the smaller nuclei like
hydrogen is less, therefore they fuse together to
form helium in order to increase their binding
energy per nucleon and become stable. This
means that the final system is more tightly bound
than the initial system. Again energy would be
released in such a process of fusion.

Answer: We know that the binding energy of a
nucleus gives a negative contribution to the mass
of the nucleus (mass defect). Now, since proton
number and neutron number are conserved in a
nuclear reaction the total rest mass of neutrons
and protons is the same on either side of a
reaction. But the total binding energy of nuclei on
the left side need not be the same as that on the
right-hand side.

The difference in these binding energies appears
as the energy released or absorbed in a nuclear
reaction. Since binding energy contributes to
mass, we say that the difference in the total mass
of nuclei on the two sides gets converted into
energy or vice-versa.

Answer:

1. They are saturated forces.

2. They are charge - independent.
The required relation is

_In2_2303log2 _0.693

T

A A A
Answer:
(a)

10.

Since the binding energy of the smaller nuclei like
hydrogen is less, therefore they fuse together to
form helium in order to increase their binding
energy per nucleon and become stable. This
means that the final system is more tightly bound
than the initial system. Again energy would be
released in such a process of fusion.

(b) Energy released per fission = (110 + 130) x
8.5 -240 x 7.6 = 240 x (8.5 - 7.6) MeV = 240
x0.9=216.0 MeV

Answer: Consider the following decay
ZTh L Bipq

Number of neutrons before beta decay
=234-90 = 144

Number of neutrons after beta decay
=234-91=143

Number of protons before beta decay
=90

Number of protons after beta decay
=91

Neutron-proton ratio before beta decay

=216

90

Neutron-proton ratio after beta decay

_ 143

= 1.57

Thus neutron-proton ratio decreases during beta
decay.

Answer: The size of the nucleus can be

determined by the Rutherford experiments on
alpha particles scattering. The distance of the
nearest approach is approximately the size of the
nucleus. Here it is assumed that only coulomb
repulsive force caused scattering. With alpha
rays of 5.5 MeV, the size of the nucleus was found
to be less than 4 x 10-14m. By doing scattering
experiments with fast electrons bombarding
targets of different elements, the size of the nuclei
of various elements determined accurately.

é i 1609|725 “Fe | g 4 . . .
AL DWW an b, The required relation is R = RoA1/3, where Ro =
oY
PRy 1L 1.2x105m
EE "L
g2 4 The density of a nucleus of mass number A and
o
w L radius R is given by
2 .
3 0 50 100 150 00 250 . Mass of nucleus
Mass number (A) Nuclear density = Vol m i
The binding energy per nucleon as a olume o € nucleus
function of mass number
@ www.stepupacademy.ind.in o @stepupacademyindia €) @stepupacademyindia r@ @stepupacademy_



Nuclear reaction is: gn+ SLi — yHe+ ;H
Mass of reactants = m( én) + m( §Li) =

= Mass = 1.0086654 + 6.015126
=7.0237914 a.m.u
Mass Defect, Am=mass of reactant

mass of product

240 | Step Up Academy @
Aamu Ax1.660565x107%7 = Am =7.02371947.0186534
CAnRP 4nRIA = Am = 0.005138 am.u.
—23x10" kg 3 It is known that, 1a.m.u.= 931MeV
Energy released, E=Am x 931MeV
which is independent of the mass number A.
= E=0.005138 x 931
Long Answers- = E = 4.783MeV
1. Ans: [tis known that, Ans:
1 1 1 (a) Radioactive decay constant(A)is the
n R 2 2 n=34,5, .. reciprocal of time during which the number
I of atoms in the radioactive substance is
For first member n; = 3 (Balmer series) reduced to 36.8 of the original number of

1 ( 1 1 j atoms in it.

= —=R| =-—=
A 2% 3 y-rays are similar to X-rays.

1 1 1 (b) Penetration power of a-raysis less than

= 7‘_1 = (Z _5) that of B-rays and y-rays. Soy-rays are
easily absorbed by matter.

= M ::—6 (1) Ans: From the radioactive decay law, the rate of

R disintegration of a radioactive substance at an

For first member of Lyman series instant is directly proportional to the number of

1 1 1 nuclei in the radioactive substance at that time
= Rz ie.

1

N=NOe-At where symbols have their usual
= i = R[l _1) meanings
4
M Consider a radioactive substance
% 4 having NO atoms initially at time(t=0). After
= M “5R ~(2) time(t), let the number of atoms left undecayed
From (1) and (2) beN.
, If AN is the number of atoms decayed in time dt,
Ay 4 B5R
i Vg then
A, 3R 36
From the law of radioactive decay:
-5
= A =—M —dN —dN
——<Nor——=AN (1
27 it it (1)
= A =2—57><6563 Where,

) 3 Ais the decay constant and negative sign
= A =121544 indicates that a radioactive sample goes on
Therefore, the wavelength of the first member of decreasing with time.
the Lyman series is 1215.4 A. dN

= —=-A\dt
2. Ans: N

Integrating both the sides
log, N=—At+K .(2)

Where K is constant of integration
Fort=0,N=N,
= K =log, N,

Substituting K in equation (2)
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= log, N=—At +log, N,
= log, N—log, N,

= —M{loge m-log,n=log, (EH
n

= log, {Nﬂj =-—At
0

= N=Nge™

Hence derived.

5. Ans: The time during which half of the atoms of
the radioactive substance disintegrate is called
half life of a radioactive substance.

Itis known that, N=N,e

It ¢ =T, (Half life), N=%

—ATy
= % = Noe %
2
—ATy
- 1 =e A
2

= e”% =2

= AT, =log, 2

= AT, =2.303xlog,2
= AT,, =2.303x0.3010

0.6931
A

S.I. unit - second(s)

—At

Radioactive decay constant(A) is the reciprocal of
the time during which the number of atoms in the
radioactive substance reduces to 36.8 of the

original number of atoms in it.

S.I. unit - s or min-!

6. Ans: The total energy required to disintegrate

the nucleus into its constituent particles is called

binding energy of the nucleus.

4
aHe

12

B.E per

Mudeon L
inMey | B~
i: a®
3I- P
0l2- '

-

f i 2 A/\,;:ﬁf"\\libzm

e

I i I [ I i

e R
0 20 40 &0 8O 100120 140 150 180 200 220

Mess Murmbar A

Salient features of the curve

(i) The intermediate nuclei have a large value
of binding energy per nucleon, so they are
most stable. (For 30<A>63)

(ii) The binding energy per nucleon has low
value for both the light and heavy nuclei. So,
they are unstable nuclei.

Ans: (a) Given that,

Mass of lithium isotope $Li, m; =6.01512u
Mass of lithium isotope jLi, m, =7.01600u
Abundance of $Li,n ;=7.5

Abundance of jLi,n ,=92.5
The atomic mass of lithium atom,

+
m = Ml + M1
Th +17;

_6.0512x7.5+7.01600x 92.5
7.5+92.5

= m=6.940934 u

= m

Therefore, the atomic mass of lithium is
6.94.0934 u.

(b) It is given that,

Mass of boron isotope B, m, =10.01294 u
Mass of boron isotope ‘3B, m, =11.00931u
Abundance of '¢B, 77, =x

Abundance of 1§B, 1, =(100—x)

Atomic mass of boron, m=10.81u

The atomic mass of boron atom,

mn, +m
m =" T M1,

m+n,
— 10.811= 10.01294x x +11.00931x(100—x)
x+100-x
= 108.11=10.01294x + 1100.931 - 11.00931x
(19821 oo
0.99637

= 100-x=80.11

Therefore, the abundance of 1§B is 19.89 and
abundance of '1B is 80.11.

Ans. Given that,

Atomic mass of 5cFe, m, =55.934939u
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znge nucleus has 26 protons and (56 - 26) = 30
neutrons

Therefore, the mass defect of the nucleus,
Am=26xmy +30xm,, —m,

Where,

Mass of proton, my = 1.007825 u

Mass of a neutron, m, = 1.008665 u

= Am=26x1.007825+30x1.008665—-55.934939
= Am=26.20345+30.25995-55.934939

= Am=0.528461u

MeV

C2

It is known that, 1u=931.5

The binding energy of this nucleus is E, =Amc?

c is the speed of light

2

= E, =O.528461x931.5(MeV)xcz
C

= E, =492.26 MeV

Average binding energy per nucleon

_ 492.26 —8.79 MeV

Atomic mass of “03Bi, m, =208.980388 u

2S;)Bi nucleus has 83 protons and (209 - 83) =
126 neutrons.

Therefore, the mass defect of this nucleus
Am'=83xmy +126xm, —m,

Where,

Mass of proton, my =1.007825 u

Mass of a neutron, m, = 1.008665 u

= Am'=83x1.007825+126x1.008665—208.980388
= Am'=83.649475+127.091790-208.980388
= Am'=1.760877 u

MeV

CZ

It is known that, lu=931.5

The binding energy of this nucleus is £, = Am'c?

Where,
c is the speed of light

= E, = 1.760877x931.5(Me2V)><cz
c

= E, =1640.26 MeV

Clearly, average binding energy per nucleon

L p—

Assertion and Reason Answers-

1.

(c) Ais true, but R is false.
Explanation:

When fusion is achieved by raising the
temperature of the system so that particles have
enough kinetic energy to overcome the coulomb
repulsive behaviour, it is called thermonuclear
fusion. It is clean source of energy, but energy
released in one fusion is much less than a single

uranium fission.

Both A and R are true, but R is NOT the correct
explanation of A.

Explanation:

Percentage of mass converted to energy in a
fission reaction is 0.1% whereas in a fusion
reaction it is 0.4%. Consequently, the amount of
energy released is more in a fusion than in a
fission reaction. II is not easy Jo control a fusion
reaction.

Case Study Answers-

1.

Answer :
(i) (@) Total energy, but not kinetic energy.
Explanation:

As just shown, energy conservation allows
us to calculate the third particle's total
energy. But we do not know what
percentage of that total is mass energy.

(i) (d) It is less than or equal to 0.40 MeV,
but we cannot be more precise.

Explanation:

According to the passage, subatomic
reactions do not conserve mass. So, we
cannot find the third particle's mass by

setting Mneutron €qual to-

Mproton + Melectron +Ethird particle

The neutron has energy 940.97 MeV. The
proton has energy 939.67 MeV + 0.01 MeV =
939.69 MeV. The electron has energy 0.51
MeV + 0.39 MeV = 0.90 MeV. Therefore, the
third particle has energy.
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(iii)

(iv)

Ethird particle = Eneutron = Eproton = Eelectron
=940.97 - 939.67 - 0.90 = 0.40 MeV

We just found the third particle's total
energy, the sum of its mass energy and
kinetic energy. Without more information,

we cannot figure out how much of that
energy is mass energy.

(b) Yes, but only if the proton has potential
energy (due to interactions with other
particles).

(a) 2 x 10-5kg
Explanation:
Here, P = 500MW =5 x 108W,
t=1h=3600s

Energy produced, E=P xt=5x 108 x 3600
=18 x 1011]

2.

~E=103x9x1016=9 x 1013]

Answer :
(i) (d) All of these.
Explanation:

(i)

(iii)
(iv)

All options are basic properties of nuclear
forces. So, all options are correct.

(d) 1.4 x 10->m
Explanation:

The nuclear force is of short range and the
range of nuclear force is the order of 1.4 x
10-15m. Now, volume coR30A

(d) Strong nuclear force.
(@) Fn<<Fe
Explanation:

Nuclear force is much stronger than the
electrostatic force inside the nucleus i.e., at

- 2
AsE=Amc distances of the order of fermi. At 40 A,
_E 18x10" nuclear force is ineffective and only
2 _(3><108)2 electrostatic force of repulsion is present.
" This is very high at this distance because
:wx—lglﬁ:2x10—5 kg nuclear force is not acting now and the
(3x10%) gravitational force is very feeble. Fnuclear <<
(V) (a) 9 x 1013] Felcctrostatic in this case.
Explanation: (v) (a) Nuclear forces
Using, E = mc?

Here,m=1g=1x 103kg,c=3 x 108m s! IR
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Semiconductor
Electronics

14

ENERGY BANDS IN SOLIDS :

(i) Overlapped energy levels are termed as energy bands.

(ii) The energy band formed by the overlapping of valency electrons is known as valency energy band.

(iii) The energy band formed by the overlapping of conduction electrons is known as conduction energy

band.

(iv) Electrical conduction in solid can take place only when electron remains presentin its conduction energy

band.

(v) The minimum energy required for exciting an electron from valency energy band to conduction energy

band is known as forbidden energy gap (AEg)
AEg = CEBmin — VEBmax

TYPES OF SOLID MATERIALS ON THE BASIS OF FORBIDDEN ENERGY GAP :

1. Conductors

CEB

i

Those solid substances in which forbidden energy gap is zero are known as conductors.

2. Insulators

Empty

eV I Forbidden

max

T =

CEB,,.
VEB

min

Conduction
band

band

T
UL
W A
HHTHTH 1
i

Valence
band

These are solids in which the energy band formation occurs in such a manner, that valence band is completely

filled while the conduction band is completely empty. Furthermore the valence band and the conduction band are

separated by a large forbidden energy gap AEg > 6eV.

The energy band in diamond is shown is Fig. There occurs a forbidden band of width 6 eV between conduction and

valence band. No electron can have energy corresponding to the forbidden band. Thus an electron needs at least

6 eV to reach the empty conduction band. Such an energy can not be supplied by heat or electric fields that are

generally used in laboratories. Therefore diamond is an insulator.
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3. Semiconductors

These are solids in which the forbidden energy gap between the valence band and the conduction band is small, of
the order of 1eV. At 0 kelvin temperature, the valence band is completely filled and the conduction band is
completely empty. At OK, it behaves lie an insulator (electron can not absorb infinitesimal energy because there is
a forbidden gap just above the top of the valence band). At a finitude temperature, (room temperature), some
electrons gain energy due to thermal motion and jump from the top of the valence band to the conduction band.
These electrons contribute to the conductions to the conduction of electricity in a semiconductor.

The forbidden gap in semiconductor is small ~ 1eV. At finite temperature, some balance electron goes to
conduction band. Then the formlessly is in the middle of the gap.

The energy gap is some semiconductors is as follows :

Conduction
band

-1eV } Forbidden{

band

Valence
band

}

.

TK

OK
Eg (Silicon) = 1.12 eV
Eg (Germanium) = 0.7 eV
Eg (Indium antimonide) 0.17 eV
Eg (Gallium arsenide) = 1.43 eV
Eg (Tellurium) = 0.33 eV

The energy gap decreases slightly with increases in temperature.

TYPES OF SEMICONDUCTORS AND DIFFERENCE BETWEEN THEM :

i) The semiconductors are of two types.
p
(a) Intrinsic or pure semiconductor
(b) Extrinsic or dopes semiconductors

(ii) Difference between intrinsic and extrinsic semiconductors:

S.No. Intrinsic semiconductors Extrinsic semiconductors
1. Pure Ge or Si is known as intrinsic | The semiconductor, resulting from mixing
semiconductor. impurity in it, is known as extrinsic
semiconductors.
2. Their conductivity is low (because only one | Their conductivity is high.
electron in 10° contribute).
3. The number of free electrons (ni in conduction | In these ni # pi
band is equal to the number of holes pi in
valence band).
4. These are not practically used. These are practically used.
In these the energy gap is very small. In these the energy gap is more than thatin pure
semiconductors.
6. In these the Fermi energy level lies in the middle | In these the Fermi level shifts towards valence
of valence band and conduction. or conduction energy bands.
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P-N Junction Diode :

When a P-type semiconductor is suitably joined to an N-type semiconductor, then resulting arrangement is called

P-N junction or P-N junction diode.

(1)

(2)

——— P-N Junction

i .
1 @':___,9 4 An-ode

Cathode

-

N
|
!

Depletion region : On account of difference in concentration of charge carrier in the two sections of P-
N junction, the electrons from N-region diffuse through the junction into P-region and the hole from P-
region diffuse into N-region.

Due to diffusion, neutrality of both N and P-type semiconductor is disturbed, a layer of negative charged
ions appear near the junction in the P-crystal and a layer of positive ions appears near the junction in N-
crystal. This layer is called depletion layer.

.
]
-

Vs |
@ ®iol@o o
® © cl@o o
® ®iol@ 6 ©
P N

Depletion layer

)] The thickness of depletion layer is 1 micron = 10-6 m.
(ii)  Width of depletion layer € ———
Dopping

(iii) Depletion is directly proportional to temperature.

(iv)  The P-N junction diode is equivalent to capacitor in which the depletion layer acts as a dielectric.

Potential barrier : The potential difference created across the P-N junction due to the diffusion of
electron and holes is called potential barrier.

For Ge Vg = 0.3V and for silicon Vs = 0.7V
On the average the potential barrier in P-N junction is ~ 0.5 V and the width of depletion region ~
10-°m.

V. 05

So the barrier electric field E=—=——=>5x 10°V/m
d 10°
(3) Some important graphs:
Potential Charge density
p 1 N p 1 N
+
— — —
— | Distance \4 distance
Electric
field
P N

—
Distance
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(4) Diffusion and drift current: Because of concentration difference holes/electron try to diffuse from their
side to other side. Only those holes/electrons crosses the junction, which have high kinetic energy. This
diffusion results in an electric current from the P-side to the N-side known as diffusion current (idf).

As electron hole pair (because of thermal collisions) are continuously created in the depletion region.
There is a regular flow of electrons towards the N-side and of holes towards the Pside. This makes a
current from the N-side to the P-side. This current is called the drift current (idar).

Biasing :

It means the way of connecting emf source to P-N junction diode. It is of following two types

(1) Forward biasing : Positive terminal of the battery is connected to the P-crystal and negative terminal
of the battery is connected to N-crystal.

(ii)
(iii)

(iv)

™)

(vi)

_lljr: Ep <—
& oo o
@—)E@ ®:<—@
o | i S
o> ©|@i<0o
P N
|
1

In forward biasing width of depletion layer decreases.

In forward biasing resistance offered Rrorward 100 - 25().

Forward bias opposes the potential barrier and for V > Vg a forward current is set up across the

junction.

The current is given by i=1i, (ee"/kT —1) ; where

is = Saturation current, In the exponent e = 1.6 x 10-1° C, k = Boltzmann's constant

Cut-in (Knee) voltage : The voltage at which the current starts to increase rapidly. For Ge it is 0.3

V and for Siitis 0.7 V.
df - diffusion

dr - drift

—_

Forward current in mA

P N
—_— Ly
— | dr
Inef

Knee —

voltage Forward voltage

(2) Reverse biasing : Positive terminal of the battery is connected to the N-crystal and negative terminal of
the battery is connected to P-crystal.

,'I I“ Eb -
75 Toclewl o
o2 00|88 o
P N
1]
-
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)] In reverse biasing width of depletion layer increases
(ii) Inreverse biasing resistance offered Rreverse  105Q

(iii) Reverse bias supports the potential barrier and no current flows across the junction due to the
diffusion of the majority carriers.

(A very small reverse currents may exist in the circuit due to the drifting of minority carriers
across the junction)

(iv) Break down voltage : Reverse voltage at which break down of semiconductor occurs. For Ge it is
25Vand for Siitis 35 V.

)
<«— Reverse voltage
Break down/ Reverse current
voltage l — I

€ Idr

- Tet

Special Purpose Diodes :

(1) Zener diode : It is a highly doped p-n junction which is not damaged by high reverse current. It can
operate continuously, without being damaged in the region of reverse background voltage. In the
forward bias, the zener diode acts as ordinary diode. It can be used as voltage regulator

R
Unregulated

voltage .
I Load Regulated ﬁf
R: voltage
. . (B) Symbol of

zener diode

(A) Zener diode as a voltage regulator

(2) Light emitting diode (LED : Specially designed diodes, which give out light radiations when forward
biases. LED’S are made of GaAsp, Gap etc.
These are forward biased P-N-junctions which emits spontaneous radiation.

(3) Photo diode : Photodiode is a special type of photo- detector. Suppose an optical photons of frequency

vis incident on a semiconductor, such that its energy is greater than the band gap of the semiconductor
(i.e. hv > Eg) This photon will excite an electron from the valence band to the conduction band leaving a
vacancy or hole in the valence band.

Which obviously increase the conductivity of the semiconductor. Therefore, by measuring the change in
the conductance (or resistance) of the semiconductor, one can measure the intensity of the optical signal.

B
N

(4) Solar cells : It is based on the photovoltic effect. One of the semiconductor region is made so thin that

the lightincident on it reaches the P-N-junction and gets absorbed. It converts solar energy into electrical
energy.

™

@ www.stepupacademy.ind.in Q @stepupacademyindia ) @stepupacademyindia r@ @stepupacademy_



Q-

Up Academy | 249

P-N Junction Diode as a Rectifier:

Rectifier is a circuit which converts ac to unidirectional pulsating output. In other words it converts ac to dc. It is

of following two types :
(1) Half wave rectifier : When the P-N junction diode rectifies half of the ac wave, it is called half wave
rectifier
Vorl
Input
ac signal
Vorl | i
Qut| AN AN ver
)] During positive half cycle

(i)

(iii)

(iv)

™)
vi)

(vii)

(viii)

(ix)

)

Diode —— forward biased
Output signal ——> obtained
During negative half cycle

Diode —— reverse biased
Output signal —> not obtained

Output voltage is obtained across the load resistance Ri. It is not constant but pulsating (mixture
of ac and dc) in nature.
Average output in one cycle
VO
r; +R,

I V
Idc=—0 and[dc=—0;10=
T

(rt = forward biased resistance)

I V
r.m.s. output : Irms = ; Vims = —
2 2

The ratio of the effective alternating component of the output voltage or current to the dc
component is known as ripple factor.

2 1/2
Idc Idc

Peak inverse voltage (PIV) : The maximum reverse biased voltage that can be applied before
commencement of Zener region is called the PIV. When diode is not conducting PIV across it = Vo

Efficiency : It is given by
If R >> rethenn =40.6%
If Ry >> rethenn = 20.3%

rms T

Form factor = I =—=1.57
dc 2

The ripple frequency (w) for half wave rectifier is same as that of ac.
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(2)

(3)

Full wave rectifier : It rectifies both halves of ac input signal.

@

(i)

(iii)
(iv)
(v)

(vi)
(vii)
(viii)
(ix)
)

During positive half cycle
Diode: D1 —— forward biased
D2 — reverse biased
Output signal —— obtained due to D1 only
During negative half cycle
Diode: D1 —— reverse biased
D; —— forward biased
Output signal —— obtained due to Dz only
Fluctuating dc — Filter ——> constant dc.

Output voltage is obtained across the load resistance R.. It is not constant but pulsating in nature.

2V, 21
Average output: V, =—2%,1 ==L
s

V, I
rms.output: V_ =—%,1 =—7

\/E' rms ﬁ
Ripple factor : r = 0.48 = 48%

Ripple frequency : The ripple frequency of full wave rectifier = 2 x (Frequency of input ac)

Peak inverse voltage (PIV) : It's value is 2Vo.

Efficiency : n,, =

forrr<<RL,m=812%

1+
RL

Full wave bridge rectifier : Four diodes D1, D2, D3 and D4 are used in the circuit.

During positive half cycle D1 and D3 are forward biased and Dz and D4 are reverse biased.

During negative half cycle D2 and D4 are forward biased and D1 and D3 are reverse biased.

Output ; : i
dc signal : : :
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/ Class : 12th Physics )
Chapter- 14 : Semiconductor Electronics Materials, Devices & Simple Clrcults
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Important Questions

Multiple Choice Questions-

1.

In the figure, assuming the diodes to be ideal,

D
A R !

10V e~ wwwW—>}
P,
B

A. Diisforward biased and Dz is reverse biased

and hence current flows from A to B.

B. D:isforward biased and D1 is reverse biased
and hence no current flows from B to A and
vice versa.

C. Di and D2 are both forward biased and
hence current flows from A to B.

D. Diand D2 are both reverse biased and hence
no current flows from A to B and vice versa.

Hole is:
A. an anti-particle of electron.

B. avacancy created when an electron leaves a
covalent bond.

C. absence of free electrons.
D. an artificially created particle.

For the depletion region of a diode which one is
incorrect?

A. There are no mobile charges.

B. Equal number of holes and electrons exists,
making the region neutral.

C. Recombination of holes and electrons has
taken place.

D. Immobile charged ions exist.

To reduce the ripples in a rectifier circuit with
capacitor filter which one is false?

A. RL should be increased.

B. Input frequency should be decreased.
C. Input frequency should be increased.
D

Capacitors with high capacitance should be
used.

Carbon, silicon and germanium have four valence
electrons each. These are characterised by

valence and conduction bands separated by
energy band gap respectively equal to (Eg)C,
(Eg)Si and (Eg) Ge. Which of the following
statements is true?

A. (Eg)Si< (Eg)Ge < (Eg)C

B. (Eg)C < (Eg)Ge > (Eg)Si

C. (EgC> (Eg)Si> (Eg)Ge

D. (Eg)C=(Eg)Si=(Eg)Ge

In an unbiased p-n junction, holes diffuse from

the p-region to n-region because:

A. free electrons in the n-region attract them.

B. they move across the junction by the
potential difference.

C. hole concentration in p-region is more as
compared to n-region.

D. All the above.

In a p-n junction diode, change in temperature

due to heating:

A. affects only reverse resistance

B. affects only forward resistance

C. Does not affect resistance of p-n junction

D. affects the overall V-I characteristics of p-n
junction

A specimen of silicon is to be made p-type
semiconductor for this one atom of indium, on an
average, is doped in 5 x 107 silicon atoms. If the
number density of silicon is 5 x 1022 atoms m3,
then the number of acceptor atoms per cm?® will
be:

A, 2.5x1030
B. 1.0x1013
C. 1.0x10?s
D. 25x1036

The given circuit has two ideal diodes connected
as shown in the figure below. The current flowing

through the resistance R: will be:

3Q

10V 3
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A. 143A
B. 3.13A
C. 25A

D. 10.0A

10. Consider the junction diode as ideal. The value of

current flowing through AB is:
1kQ
o >F—wvwin—e

+4V 6V
A. 0A
B. 102A
C. 101tA
D. 103A

Very Short Questions:

1. Give the ratio of number of holes and the number
of conduction electrons in an intrinsic
semiconductor.

2.  What type of impurity is added to obtain n-type
semiconductor?

3. Doping of silicon with indium leads to which type
of semiconductor?

4. Draw an energy level diagram for an intrinsic
semiconductor.

5. A semiconductor has equal electron and hole
concentration of 6x108m=3. On doping with a
certain  impurity electron concentration
increases to 3x1012m-3. Identify the type of
semiconductor after doping.

6. How does the energy gap of an intrinsic
semiconductor vary, when doped with a trivalent
impurity?

7. How does the width of the depletion layer of p-n-
junction diode change with decrease in reverse
bias?

8. Under what condition does a junction diode work
as an open switch?

9. Which type of biasing gives a semiconductor
diode very high resistance?

10. If the output of a 2-input NAND gate is fed as the

input to a NOT gate,
a) name the new logic gate obtained and

b) write down its truth table

Short Questions :

1.

If the frequency of the input signal is £ What will

be the frequency of the pulsating output signal in
case of :

() half wave rectifier?
(i) full wave rectifier?

Find the equivalent resistance of the network
shown in figure between point A and B when the

p-njunction diode is ideal and :
(i) Adisathigher potential

(ii) Bisathigher potential

A o— —— B
20 €2
A
Potential barrier of p.n. junction cannot be
measured by connecting a sensitive voltmeter

across its terminals. Why?

The diagram shows a piece of pure
semiconductor S in series with a variable resistor
R and a source of constant voltage V. Would you
increase or decrease the value of R to keep the
ammeter A when

reading of constant,

semiconductor S is heated? Give reason.

[t S
V

|
/

I 4

R

Why is a photo diode used in reverse bias?

What is an ideal diode? Draw the output wave
form across the load resistor R, if the input

waveform is as shown in the figure.

oV ° R

6V
With the help of a labeled circuit diagram, explain
full wave rectification using junction diode. Draw

input and output wave forms?
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8.

10.

Name the gate shown in the figure and write its

truth table?
} C

In the following diagrams indicate which of the

A
B

diodes are forward biased and which are reverse
bias?

In the given figure, is
(i) The emitter base

(ii) collector base forward or reverse biased?

Justify.
+3V

ov

+1V

Long Answers Q.:

1.

Distinguish between conductors, insulators and
semiconductors on the basis of energy band
diagrams?

The following truth table gives the output of a 2-
input logic gate.

0 0 1

0 1 0

1 0 0

1 1 0

Identify the logic gate used and draw its logic
symbol. If the output of this gate is fed as input to
a NOT gate, name the new logic gate so formed?

With the help of a diagram, show the biasing of a
(LED).
over conventional

light emitting diode Give its two

advantages incandescent

lamps?

10.

11.

The input resistance of a silicon transistor is
665Q). Its base current is changed by 154 A, which
results in the change in collector current by 2maA.
This transistor is used as a common emitter
amplifier with a load resistance of 5kQ. Calculate
current gain (B ac).

Draw the symbol for zener diode? Zener diodes
have higher dopant densities as compared to
ordinary p-n junction diodes. How dos it affect
the (i) width of the depletion layer (i) junction
field?

A P-N-P transistor is used in common - emitter
mode in an amplifier circuit. A change of 4044 in
the base current brings a change of 2mA in
collector current and 0.04V in base - emitter
voltage. Find (i) input resistance (ii) current
amplification factor (/). If a load resistance of
6kQ is used, then find voltage gain?

A semiconductor has equal electron and whole
concentration of 6 x 108 / m3.

On doping with certain impurity, electron

concentration increases to 8 x 1012 / m3.

(i) Identify the new semiconductor

(ii) Calculate the new whole concentration.

(iii) How does the energy gap vary with doping?
Draw a labeled circuit diagram of a common
emitter transistor amplifier. Draw the input and

the output wave forms and also state the relation
between input and output signal?

In an intrinsic semiconductor the energy gap Egis
1.2 eV. Its hole mobility is much smaller than
electron mobility and
temperature. What is the ratio between
conductivity at 600K and that at 300K? Assume

that the temperature dependence of intrinsic

independent  of

carrier concentration n; is given by

Eg
n; —n, exp ToRT
B

where noisa constant.

In a p-n junction diode, the current I can be
expressed as

=1, exp(zivT —1j
B

where I0 is called the reverse saturation current,
V is the voltage across the diode and is positive
for forward bias and negative for reverse bias,
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and [ is the current through the diode, k is the
Boltzmann constant (8.6 x 10->eV/K) and T is the
absolute temperature. If for a given diode [o = 5 x
10-12 A and T = 300 K, then

(@) What will be the forward current at a
forward voltage of 0.6 V?

(b) What will be the increase in the current if
the voltage across the diode is increased to
0.7 V?

(c) Whatis the dynamic resistance?

(d) What will be the current if reverse bias
voltage changes from 1 Vto 2 V?

Assertion and Reason Questions -

1.

Two statements are given-one labelled Assertion
(A) and the other labelled Reason (R). Select the
correct answer to these questions from
thecodes(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both AandR are true but R is not the correct
explanation of A.

c) Aistrue butRis false.
d) Aisfalse and R is also false.

Assertion: The ratio of free electrons to holes in
intrinsic semiconductor is greater than one.
Reason: The electrons are lighter particles and

holes are heavy particles.

Two statements are given-one labelled Assertion
(A) and the other labelled Reason (R). Select the
correct answer to these questions from the
codes(a), (b), (c) and (d) as given below.

a) Both A and R are true and R is the correct
explanation of A.

b) Both AandR are true but R is not the correct
explanation of A.

c) Aistrue butRis false.
d) Ais false and R is also false.

Assertion: : The half-wave rectifier work only for
positive half cycle of ac.

Reason: In half-wave rectifier only one diode is
used.

Case Study Questions -

1.

Solar cell is a p-n junction diode which converts
solar energy into electric energy. It is basically a
solar energy converter. The upper layer of solar

cell is of p-type semiconductor and very thin so
that the incident light photons may easily reach
the p-n junction. On the top face of p-layer, the
metal finger electrodes are prepared in order to
have enough spacing between the fingers for the
lights to reach the p-n junction through p-layer.

(i) The schematic symbol of solar cell is:

Anode Anode
14 P
(@) & (b) 3
7 n |
Cathode Cathode
Anode Anode
p_| P
© \/ @
7] no|
Cathode Cathode

(ii) The p-n junction which generates an emf
when solar radiations fall an it, with no
external bias applied, is a:

a) Light emitting diode.
b) Photodiode.
c) Solar cell.
d) None of these.
(iii) For satellites the source of energy is:
a) Solar cell.
b) Fuel cell.
c) Edison cell.
d) None of these.

(iv) Which of the following material is used in
solar cell?

a) Barium.
b) Silicon.

c) Silver.

d) Selenium.

(v) The efficiency of a solar cell may be in the
range:

a) 2to5%

b) 10to15%
c) 30to40%
d) 70to80%
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P-n junction is a single crystal of Ge or Si doped in
such a manner that one half portion of it acts asp-
type semiconductor and other half functions as n-
type semiconductor. As soon as a p-n junction is
formed, the holes from the p-region diffuse into
then-region, and electron from n region diffuse in
top-region. This results in the development of V 8
across the junction which opposes the further
diffusion of electrons and holes through the
junction.

(i) Inanunbiased p-njunction electrons diffuse
from n-region top-region because:

a) Holesin p-region attract them.

b) Electrons travel across the junction
due to potential difference.

c) Electron concentration inn-region is
more as compared to that in p-region.

d) Only electrons move from n top region
and not the vice-versa.

(i) Electron hole recombination in p-n junction
may lead to emission of:

a) Light
b) Ultraviolet rays.
c) Sound.
d) Radioactive rays.
(iii) Inan unbiased p-n junction:
a) Potential at pis equal to that at n.
b) Potential at pis + ve and that atn is - ve.
c) Potential at pis more than that at n.
d) Potential at pis less than that at n.
(iv) The potential of depletion layer is due to:
a) Electrons.
b) Holes.
c) lons.
d) Forbidden band.

(v) In the depletion layer of unbiased p-n
junction,

a) Itisdevoid of charge carriers.
b) Has only electrons.
c) Hasonly holes.

d) P-njunction has a weak electric field.

Multiple Choice question’s Answers -

D2 is forward biased and D1 is reverse biased and
hence no current flows from B to A and vice versa.

2. a vacancy created when an electron leaves a
covalent bond.

3. There are no mobile charges.

4. Input frequency should be decreased.

5. (Eg)C> (Eg)Si> (Eg)Ge

6. hole concentration in p-region is more as
compared to n-region.

7. affects the overall V-I characteristics of p-n
junction

8. 1.0x1015

9. 25A

10. 10-2A

Very Short Answers :

1.

n P .
—1 =1 (In intrinsic semiconductor, n, = ny).
n

e

Pentavalent atoms (group -15) like Phosphorus
(P), Arsenic (As), etc.

Doping of Silicon with Indium produces a p-type
semiconductor as Indium is a trivalent impurity.

In intrinsic semiconductor, ne = nn

The energy level diagram for an intrinsic
semiconductor is shown below:

Band energy

Fermi level

Forbidden
gap

According to the question, after doping, ne> n.
Clearly, we get an n-type semiconductor after
doping.

An acceptor energy level is formed in the
forbidden energy gap above the valence band
when an intrinsic semiconductor is doped with a
trivalent impurity.

Due to this, electrons quickly jump to the
acceptor energy level.

The width of the depletion layer will decrease
with decrease in reverse bias.

Ajunction diode works as an open switch when it
is connected under reverse bias conditions.
Reverse biasing gives a semiconductor diode
very high resistance.
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10.

a) An AND gate is obtained when the output of
a 2-input NAND gate is fed as the input to a
NOT gate.

b) Truth table for an AND gate is given below.

A B ‘ Y
0 0 0
0 1 0
1 0 0
1 1 1

Short Answers:

1. Frequency of output in half wave Rectifier is fand
in full have rectifier is 2f.

2. Equivalent resistance is
i 10Q
(i) 20Q

3. Because there is no free charge carrier in
depletion region.

4. On heating S, resistance of semiconductors S is
decreased so to compensate the value of
resistance in the circuit R is increased.

5. In this case diode is sensitive and it gives very
large amount of current in this situation.

6. Anideal diode has zero resistance when forward
biased and an infinite resistance when it is
reverse biased. Output wave from is:

+6V
> — .
oV
7. Full wave rectifier consists of two diodes and a

transformer with central tap. For any half cycle of
a.c. input only one diode is forward biased where

as the other one is reverse biased.

Current flows
when Dy
conducts

AC
Input

Current flows
when Dy
conducts

v

VAW AWAN
o

Resultant Output Wavefarm

Suppose for positive half of a.c. input diode D1 is
forward biased and D2 is reverse biased, then the
current will flow across D1 where as for negative
half of a.c. input diode D2 is forward biased and
the current flows across D2 .Thus for both the
halves output is obtained and current flows in the
same direction across load resistance Rz and thus
a.c. is converted into d.c.

8. Itis AND gate and its truth table is:

T

A B Y=AB
0 0 0
0 1 0
1 0 0
1 1 1
9. (a) Forward Biased
(b) Reverse Biased
(c) forward Biased
10. Figure shows n-p-n transistor

(i) Emitter is reversed biased because n-region
is connected to higher potential.

(i) Collector is also reversed biased because n-
region of p-n junction is at higher potential
than p-region.

Long Answers:
1. Conductor - Conduction band in a conductor is

either partially filled or conduction and valence
band overlaps each other. There is no energy gap
in a conductor.

@ www.stepupacademy.ind.in

(© @stepupacademyindia

€) @stepupacademyindia r@ @stepupacademy_



258 |

Step Up Academy @

Conduction Band

Energy ———»

(LN - - P - T - -

Valence Band

e- e~ e~

Conductors

Insulators - conduction band and valence band
of all insulator are widely separated by and
energy gap of the order 6 to 9eV Also conduction
band of an insulator is almost empty.

E

Conduction Band

Band Gap

Energy

y

Valence Band

- a-@a- a-e-a-e-a-

Insulators

Semiconductor - In semiconductors the energy
gap is very small i.e. about 1ev only.

£

Conduction Band

s
w0
& e- e- e-
&
Band Gap :

Valence Band
0 O

“e-e-e-e-e-e- O

Semiconductors

2.

The gate is NOR gate. If the output of NOR gate is
connected to a NOT gate then the figure will be:

¥
A
Y
B
New truth table is:
‘ A ‘ B Output
0 0
0 1
1 0 1
1 1 1

Light emitting diode is forward biased i.e. energy
is released at the junction.

Light

Advantages of LED

1) They are used in numerical displays as
compact in size.

2) It works at low voltage and has longer life
than incandescent bulbs.

(1) Trans conductance (gm)

(2) voltage gain (Av) of the amplifier.
Here Al, =15uA=15x10"A
Al =2mA=2x10"A

Rin=665QR, =5kQ=5x10’Q

Al,  2x107°
Bac:—C:X—O6:133.3
Al 15x10°
(1) Trans conductance,
m=P_1333_; o0
Rin 665

(2) Voltage gain (Av) =
gmR, =0.2x5x10° =1000
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5.

6.

Ans.: Symbol for zener diode
NP

(i) Width of the depletion layer of zener diode
becomes very small due to heavy doping of

p and n-regions
(i) Junction field will be high..

Ans:

Al, =40pA=40x10"A
Al =2mA=2x107A
AV, =0.04V

R, =6kQ=6x10°Q

Rin:%:%:1x103(2:1k§2
Al 40x10°
B_AVC _2x107°
Al 40x10°°
50x6x10°
Voltage gain = BRly, =———=300
8e8 P74 1x10°

(i) New semiconductor obtained is N-type
because

(ii) nenh = ne?

ni* _36x10"
ne 8x10"
nh=4.5x 10%/m3

nh=

(iii) Energy gap decreases due to creation of
donor level in between the valence band and
the conduction band.

Diagram:

Input wave form

Output wave form

Relation - output waveform has 180° phase
reversal as compared to input and also the output
is being amplified.

Energy gap of the given intrinsic semiconductor,
Eg=1.2eV

The temperature dependence of the intrinsic
carrier-concentration is written as:

Eg
n;, —ny exp| —
2kpT
Where Kg = Boltzmann constant = 8.62 x 10-5
eV/K

T = Temperature

no = Constant
Initial temperature, T1 =300 K

The intrinsic carrier-concentration at this
temperature can be written as:

L} (1)

i exl{_ “2k, x300
B

Final temperature, T2 = 600 K

The intrinsic carrier-concentration at this
temperature can be written as:

i} (2

iz~ o eXp{_—Zk X600
B

The ratio between the conductivities at 600 K and
at 300 K is equal to the ratio between the
respective intrinsic carrier-concentrations at
these temperatures.

E
n, exp| ——%
ny 2k, 600

n; E
T nyexp| ——2
2k, 300

Eg[ 1 1 }
2k, | 300 600

[ 1.2 2—1}
=exp —= X
2x8.62x107° 600

=exp[11.6]=1.09x10°

Therefore, the ratio between the conductivities is
1.09 x 105.
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10. Inap-njunction diode, the expression for current

is given as:

I=1,exp _eV -1
2kpT
Where,
Io = Reverse saturation current=5 x 1012 A
T = Absolute temperature = 300 K

Ks = Boltzmann constant = 8.6 x 105 eV / K =
1.376 x 10-23 JK1

V = Voltage across the diode

(a) Forward voltage,V=0.6V

.. Current,

-19
[=5x 10_12 exp 1.6x10 23X 0.6 1
1.376x107° x300

=5x10"" xexp[22.36]=0.02564

Therefore, the forward current is about
0.0256 A.

(b) For forward voltage, V' = 0.7 V, we can write:

-19
5102 exp| _L6X10 23x0.7 .
1.376x1072 x300

=5x10"" xexp[22.25]=1.2574

Hence, the increase in current, Al = 1" - |
=1.257-0.0256=1.23 A

Change in voltage
Change in current

(c) Dynamic resistance =

_07-06_01 —00810
1.23 1.23

(e) If the reverse bias voltage changes from 1V
to 2 V, then the current (I) will almost
remain equal to Io in both cases. Therefore,
the dynamic resistance in the reverse bias
will be infinite.

Assertion and Reason Answers -

(b) Both A and R are true but R is not the correct
explanation of A.

Explanation:

In intrinsic semiconductor Z—Z =] and holes are
not particles but vacancies created due to
breakage of covalent bond.

(a) Both A and R are true and R is the correct
explanation of A.

Explanation:

In half wave rectifier, the one diode is biased only
when ac is in positive half of its cycle. For

biased and there is no output corresponding to
that. Since for only one-half cycle we get a voltage
output, because of which it is called half wave
rectifier.

Case Study Answers -

1.

2.

Answer :
H (@
Anode
ANA%
Y
Cathode
(ii) (c) Solar cell.
(iii) (a) Solar cell.
Explanation:
Solar cells are the source of energy for
satellites.
(iv) (b) Silicon.
Explanation:

Silicon is used in solar cell.
(v) (b)10to15%
Answer :

(i) (c) Electron concentration inn-region is
more as compared to that in p-region.

Explanation:

Electron concentration in n-region is more
as compared to that in p-region. So electrons
diffuse from n-side to p-side.

(i) (a) Light.
Explanation:

When an electron and a hole recombine, the
energy is released in the form of light.

(iii) (a) Potential at pis equal to that at n.
Explanation:

In an unbiased p-n junction, potential at p is
equal to that at n.

(iv) (c) lons.
Explanation:

The potential of depletion layer is due to
ions.

(v) (a)Itis devoid of charge carriers.
Explanation:

In the depletion layer of unbiased p-n,
junction has no charge carriers.

negative half of the ac cycle the diode is reversed RXEXS
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