| T T ] ® CH ||

www.tntextbooks.in

GOVERNMENT OF TAMIL NADU

HIGHER SECONDARY SECOND YEAR

PHYSICS

VOLUME - |

A publication under Free Textbook Programme of Government of Tamil Nadu

Department of School Education

Untouchability is Inhuman and a Crime

‘ ‘ XII_Physics_First 8 pages Higher.indd 1 @ 23-12-2021 12:34:19‘ ‘



Government of Tamil Nadu

First Edition - 2019

Revised Editon - 2020, 2022
(Published Under New Syllabus)

NOT FOR SALE

Content Creation

State Council of Educational
Research and Training

© SCERT 2019

Printing & Publishing

Tamil NaduTextbook and Educational

Services Corporation

www.textbooksonline.tn.nic.in

‘ ‘ XII_Physics_First 8 pages Higher.indd 2

®

www.tntextbooks.in

II

23-12-2021 12:34:19‘ ‘



CONTENTS

PHYSICS

PAGE No.

1 Electrostatics 01 June
2 Current Electricity 80 June
3 Magnetism and magnetic effects of electric current 125 July
4 Electromagnetic Induction And Alternating Current 195 July
5 Electromagnetic waves 266 August
Practical 286
Appendix 319
® Glossary 328 ®

III

‘ ‘ XII_Physics_First 8 pages Higher.indd 3 @ 23-12-2021 12:34:19‘ ‘



® CH ||

www.tntextbooks.in

HOW TO USE THE BOOK ?

Scope of Physics

‘0/ ) Learning Objectives:

&

Example problems

Summary

Concept Map

Evaluation

Books for Reference

Practical
Glossary

Content Focus

o Awareness on higher learning - courses, institutions and required
competitive exams
« Financial assistance possible to help students to climb academic ladder

o Overview of the unit
« Gives clarity on the goals and objective of the topics

o Additional facts related to the topics covered to facilitate
curiosity driven learning

« To ensure understanding, problems/illustrations are given at every stage
before advancing to next level

o Visual representation of concepts with illustrations
o Videos, animations, and tutorials

« To harness the digital skills to class room learning and experimenting

o Recap of salient points of the lesson

« Schematic outline of salient learning of the unit

o Evaluate students’ understanding and get them acquainted with the
application of physical concepts to numerical and conceptual questions

o List of relevant books for further reading

o List of practical and the description of each is appended for easy access.

o Scientific terms frequently used with their Tamil equivalents

o Sequential understanding of the stationary charges, moving charges, electric
current, magnetism and the interlink between electric and magnetic phenomena.

Back Wrapper: NIKOLA TESLA a Serbian-American Engineer

(10 July 1856 - 7 January 1943)

Nikola Tesla made breakthroughs in the production, transmission and application of electric power. He
invented the first alternating current (AC) motor and developed AC generation and transmission technology.
In 1884, he was hired by Edison (discoverer of DC dynamos) later on Tesla became his competitor in this field.

Tesla conducted a range of experiments with mechanical oscillators/generators, electrical discharge
tubes, and early X - ray imaging. Tesla in 1890 itself conducted research for wireless lighting and worldwide
wireless electric power distribution in his high - voltage, high-frequency power experiments in New York.
Unfortunately Tesla could not put his ideas in practical use due to lack of funds.
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@/ LEARNING OBJECTIVES
[

ELECTROSTATICS

Electricity is really just organized lightning
- George Carlin

In this unit, student is exposed to

« Historical background of electricity and magnetism
o The role of electrostatic force in day - to-day life
« Coulomb’s law and superposition principle

+ The concept of electric field

« Calculation of electric field for various charge configurations

« Electrostatic potential and electrostatic potential energy

o Electric dipole and dipole moment

o Electric field and electrostatic potential for a dipole

o Electric flux
» Gauss law and its various applications

o Electrostatic properties of conductors and dielectrics

» Polarisation

« Capacitors in series and parallel combinations

o Effect of a dielectric in a capacitor

o Distribution of charges in conductors, corona discharge

« Working of a Van de Graaft generator

[
In standard XI, we studied about the
gravitational force, tension, friction, normal
INTRODUCTION force etc. Newton treated them to be
independent of each other with each force
Electromagnetism is one of the most being a separate natural force. But what is the
important branches of physics. The origin of all these forces? It is now understood

technological developments of the modern
21" century are primarily due to our
understanding of electromagnetism. The
forces we experience in everyday life are
electromagnetic in nature except gravity.

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 1

D

®

that except gravity, all forces which we
experience in every day life (tension in the
string, normal force from the surface, friction
etc.) arise from electromagnetic forces within
the atoms. Some examples are

23-12-2021 19200:04‘ ‘
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(i When an object is pushed, the atoms
in our hand interact with the atoms in
the object and this interaction is basically
electromagnetic in nature.

(i) When we stand on Earth's surface, the
gravitational force on us acts downwards
and the normal force acts upward to counter
balance the gravitational force. What is the
origin of this normal force?

It arises due to the electromagnetic
interaction of atoms on the surface of the
Earth with the atoms present in the feet of
the person. Though, we are attracted by the
gravitational force of the Earth, we stand on
Earth only because of electromagnetic force
of atoms.

(iii) When an object is moved on a surface,
static friction resists the motion of the
object. This static friction arises due to
electromagnetic interaction between the
atoms present in the object and atoms on
the surface. Kinetic friction also has similar
origin.

From these examples, it is clear that
understanding electromagnetism is very
essential to understand the universe in
a holistic manner. The basic principles
of electromagnetism are dealt with
in volume 1 at XII standard physics.
This unit deals with the behaviour and other
related phenomena of charges at rest. This
branch of electricity which deals with
stationary charges is called Electrostatics.

m Historical background
of electric charges

Two millenniums ago, Greeks noticed
that amber (a solid, translucent material
formed from the resin of a fossilized tree)

CZ UNIT 1 ELECTROSTATICS

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 2

after rubbing with animal fur attracted

small pieces of leaves and dust. The amber

possessing this property is said to be

‘charged. It was initially thought that amber

has this special property. Later people found

that not only amber but even a glass rod
rubbed with silk cloth, attracts pieces of
papers. So glass rod also becomes ‘charged’
when rubbed with a suitable material.
Consider a charged rubber rod hanging
from a thread as shown in Figure 1.1. Suppose
another charged rubber rod is brought near
the first rubber rod; the rods repel each other.

Now if we bring a charged glass rod close to

the charged rubber rod, they attract each

other. At the same time, if a charged glass rod
is brought near another charged glass rod,
both the rods repel each other.

From these observations, the following
inferences are made

(i) The charging of rubber rod and that of
glass rod are different from one another.

(ii) The charged rubber rod repels another
charged rubber rod, which implies
that ‘like charges repel each other. We
can also arrive at the same inference
by observing that a charged glass rod
repels another charged glass rod.

(iii) The charged rubber rod attracts the
charged glass rod, implying that the
charge in the glass rod is not the same
kind of charge present in the rubber.
Thus unlike charges attract each other.

Therefore, two kinds of charges exist

in the universe. In the 18" century, Benjamin
Franklin called one type of charge as
positive (+) and another type of charge as
negative (—). Based on Franklin’s convention,
rubber and amber rods are negatively
charged while the glass rod is positively
charged. If the net charge is zero in the
object, it is said to be electrically neutral.

23-12-2021 19200:04‘ ‘
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A negatively charged rubber
rod is attracted to a positively
charged glass rod

————

=2V

F \F
() -
+ Glass

Rubber

A negatively charged rubber
rod is repelled by another
negatively charged
rubber rod

————

Rubber

(b) Rubber

==z

| Figure 1.1 (a) Unlike charges attract each other (b) Like charges repel each other

Following the pioneering work of
J. J. Thomson and E. Rutherford, in the late
19% century and in the beginning of 20"
century, we now understand that the atom
is electrically neutral and is made up of
the negatively charged electrons, positively
charged protons, and neutrons which have
zero charge. The material objects made
up of atoms are neutral in general. When
an object is rubbed with another object
(for example rubber with silk cloth), some
amount of charge is transferred from
one object to another due to the friction
between them and the object is then
said to be electrically charged. Charging
the objects through rubbing is called
triboelectric charging.

m Basic properties of

charges

(i) Electric charge

Most objects in the universe are made
up of atoms, which in turn are made up
of protons, neutrons and electrons. These
particles have mass, an inherent property
of particles. Similarly, the electric charge

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 3

is another intrinsic and fundamental
property of particles. The nature of charges
is understood through various experiments
performed in the 19" and 20™ century. The
SI unit of charge is coulomb.

(ii) Conservation of charges

Benjamin Franklin argued that when one
objectis rubbed with another object, charges
get transferred from one to the other. Before
rubbing, both objects are electrically neutral
and rubbing simply transfers the charges
from one object to the other. (For example,
when a glass rod is rubbed against silk cloth,
some negative charge are transferred from
glass to silk. As a result, the glass rod is
positively charged and silk cloth becomes
negatively charged).

From these observations, he concluded
that charges are neither created or nor
destroyed but can only be transferred
from one object to other. This is called
conservation of total charges and is one of the
fundamental conservation laws in physics. It
is stated more generally in the following way.

The total electric charge in the universe
is constant and charge can neither be
created nor be destroyed. In any physical

UNIT 1 ELECTROSTATICS D

23-12-2021 19200:04‘ ‘
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process, the net change in charge will
always be zero.

(iii) Quantisation of charges

What is the smallest amount of charge
that can be found in nature? Experiments
show that the charge on an electron is —e
and the charge on the proton is +e. Here, e
denotes the fundamental unit of charge. The
charge g on any object is equal to an integral
multiple of this fundamental unit of charge e.

q = ne (1.1)

Here n is any integer (0, +1, +2, %3,
4. ). This is called quantisation of
electric charge.

Robert Millikan in his famous experiment
found that the value of e = 1.6 x 10" C. The
charge of an electron is —1.6 x 10 C and
the charge of the proton is +1.6 x 10" C.
When a glass rod is rubbed with silk cloth,
the number of charges transferred is usually
very large, typically of the order of 10". So
the charge quantisation is not appreciable
at the macroscopic level. Hence the charges
are treated to be continuous (not discrete).
But at the microscopic level, quantisation of
charge plays a vital role.

EXAMPLE 1.1

Calculate the number of electrons in one
coulomb of negative charge.

Solution

According to the quantisation of charge,

q=ne

Here g = 1C. So the number of electrons in
1 coulomb of charge is

n=9- ng — 6.25x 10" electrons
e 1.6x10

Cl UNIT 1 ELECTROSTATICS

L

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 4

COULOMB’S LAW

In the year 1786, Coulomb deduced
the expression for the force between two
stationary point charges in vacuum or
free space. Consider two point charges g,
and g, at rest in vacuum, and separated
by a distance of r as shown in Figure 1.2.
According to Coulomb, the force on the
point charge q, exerted by another point
charge q, is

B, =k, (1.2)
where 7

., is the wunit vector directed
from charge g, to charge g, and k is the
proportionality constant.

o
ot
o
ot
o
ot

Figure 1.2 Coulomb force between two
positive point charges

Important aspects of Coulomb’s law

(i) Coulomb'slaw statesthatthe electrostatic
force is directly proportional to the product of
the magnitude of the two point charges and
is inversely proportional to the square of the
distance between the two point charges.

(ii) The force on the charge g, exerted
by the charge g, always lies along the line

23-12-2021 19200:06‘ ‘
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joining the two charges. 7, is the unit vector
pointing from charge g, to g, .It is shown
in the Figure 1.2. Likewise, the force on the
charge g, exerted by g, is along —7,, (i.e., in
the direction opposite to 7, ).

(iii) In SI units, k= and its value is

4me,
9% 10° N m’* C?. Heree_is the permittivity of free
space or vacuum and its value is

1
e, =——=28.85x10""C°N 'm".
4wk

(iv) The magnitude of the electrostatic
force between two charges each of one
coulomb and separated by a distance of 1 m
is calculated as follows:

9
|F|=%=9X109N.

Thisis a huge quantity, almost equivalent
to the weight of one million ton. We
never come across 1 coulomb of charge in
practice. Most of the electrical phenomena
in day-to-day life involve electrical charges
of the order of uC (micro coulomb) or nC
(nano coulomb).

(v) In SI units, Coulomb’s law in vacuum

14,
4me 1’

takestheform F,, = 7,. Inamedium

of permittivity €, the force between two

1 qq,.
=—"57,.
4T€E 1

point charges is given by F,

Since €>€, the force between two point

charges in a medium other than vacuum is
always less than that in vacuum. We define
the relative permittivity for a given medium

€ .
as €, =— . For vacuum or air, € = 1 and for
€

all other media €> 1.

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 5

(vi) Coulomb’s law has same structure
as Newton’s law of gravitation. Both are
inversely proportional to the square of
the distance between the particles. The
electrostatic force is directly proportional
to the product of the magnitude of
two point charges and gravitational force
is directly proportional to the product
of two masses. But there are some
important differences between these two
laws.

e The gravitational force between two
masses is always attractive but Coulomb
force between two charges can be attractive
or repulsive, depending on the nature of
charges.

e  The value of the gravitational constant
G = 6.67 x 10" N m?* kg? The value
of the constant k in Coulomb law is
k =9 x 10° N m* C2 Since k is much
more greater than G, the electrostatic
force is always greater in magnitude than
gravitational force for smaller size objects.

e The gravitational force between two
masses is independent of the medium. For
example, if 1 kg of two masses are kept in
air or inside water, the gravitational force
between two masses remains the same.
But the electrostatic force between the two
charges depends on nature of the medium
in which the two charges are kept at rest.

(vii) The force on a charge g, exerted by a

point charge g, is given by
- 1 R

Here 7,, is the unit vector from charge
q,toq,.

~

But 7,,=—1,,

UNIT 1 ELECTROSTATICS 5)
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Therefore, the electrostatic force obeys
Newton’s third law.

(viii) The expression for Coulomb force
is true only for point charges. But the point
charge is an ideal concept. However we
can apply Coulombs law for two charged
objects whose sizes are very much smaller
than the distance between them. In fact,
Coulomb discovered his law by considering
the charged spheres in the torsion balance
as point charges. The distance between the
two charged spheres is much greater than the
radii of the spheres.

EXAMPLE 1.2

Consider two point charges g, and g, at rest
as shown in the figure.

y

They are separated by a distance of 1m.
Calculate the force experienced by the two
charges for the following cases:

(@) g,=+2uCandg,=+3uC
(b) g,=+2uCandg,=-3puC

() g,=+2uC and q,= -3 pC kept in
water (€_= 80)

<6 UNIT 1 ELECTROSTATICS
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Solution

Case (a)

Case (¢)

N
F21

q, 9>

(@ g,=+2uC,g,=+3 puC,and r = Im.
Both are positive charges. so the force will
be repulsive.

Force experienced by the charge g, due

to g, is given by
= 1 q4q, .
E, = =27
' 4me, 1

Here 7, is the unit vector from g, to

q,- Since g, is located on the right of q,,
we have

~ >

r, =i and

=9x10° so that
4Te,

B _9><109><2><10*"’><3><10*61¢

21 2
1

—54x107°i N

23-12-2021 19200:11‘ ‘
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According to Newtons’s third law, the force
experienced by the charge g, due to g, is

E, = —F,. Therefore,
E,=-54x10"1 N.

The directions of F,andE, are shown in
the above figure in case (a)

(b) gq,=+2uC, q,=-3uC, and r = Im.
They are unlike charges. So the force will
be attractive.

Force experienced by the charge g, due
to g, is given by

5 - 9><109x(2><101‘26)><(—3><10‘6)r

— —54x10°Ni (Using 7,=1)

~

12

The charge g, will experience an
attractive force towards g, which is in the
negative x direction.

According to Newtons third law, the
force experienced by the charge g, due to

q,is F, =—F,. Therefore,
E,=54x10"1 N

The directions of F,andF, are shown
in the figure (case (b)).

(c) If these two charges are kept inside
the water, then the force experienced by g,
due to g,

- 1 q4, ~
w
E, :47'CE :,22 12

since € =€ €
r o

we have E} = Ay =2

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 7

Therefore,

= 4 1 . ~ ~
BV :—wi = —0.675x10°Ni

Note that the strength of

the force between the two

charges in water is reduced by
80 times compared to the force between
the same two charges in vacuum.

When common salt (NaCl) is taken
in water, the electrostatic force between
Na and Cl ions is reduced due to the high
relative permittivity of water (e, = 80).
This is the reason water acts as a good

olvent.

EXAMPLE 1.3

Two small-sized identical equally charged
spheres, each having mass 1 g are hanging
in equilibrium as shown in the figure. The
length of each string is 10 cm and the angle
0 is 30° with the vertical. Calculate the
magnitude of the charge in each sphere.

(Take g=10ms™)

Solution

If the two spheres are neutral, the
angle between them will be 0° when

UNIT 1 ELECTROSTATICS 7)
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hanged vertically. Since they are positively
charged spheres, there will be a repulsive
force between them and they will be at
equilibrium with each other at an angle
of 30° with the vertical. At equilibrium,
each charge experiences zero net force in
each direction. We can draw a free body
diagram for one of the charged spheres and
apply Newton’s second law for both vertical
and horizontal directions.

The free body diagram is shown below.

In the x-direction, the acceleration of
the charged sphere is zero.

Using Newton’s second law (13 = mZz),
we have

Tsin®7 —Fj =0

T'sin0=F, (1)

Here T is the tension acting on the
charge due to the string and F, is the
electrostatic force between the two charges.

Inthe y-directionalso, the netacceleration
experienced by the charge is zero.

Tcos®j —mgj =0
TcosO=mg . (2)

By dividing equation (1) by equation (2),

CS UNIT 1 ELECTROSTATICS
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tan0= L (3)
mg

Since they are equally charged, the
magnitude of the electrostatic force is

2

g :kq—2 where k=
r

4me,

Here r = 2a = 2Lsin6. By substituting
these values in equation (3),

2
tan@=k—I (4)
mg (2 Lsin 9)

Rearranging the equation (4) to get g

f tan®
q=2Lsin® mgkan

=2x0.1xsin30’ X\/

10 x10x tan30°
9x10°

q=28.01 x10°*C=280.1 nC

EXAMPLE 1.4

Calculate the electrostatic force and

gravitational force between the proton and
the electron in a hydrogen atom. They are
separated by a distance of 5.3 x 107! m.
The magnitude of charges on the electron
and proton are 1.6 x 107 C. Mass of the
electron is m = 9.1 x 10" kg and mass of
proton is m = 1.6 x 10" kg.

Solution

The proton and the electron attract each
other. The magnitude of the electrostatic
force between these two particles is given by

2
2 9x10° x(1.6x107"
Fe:kiz: ( )

r (53 ><1o*“)2

_ 9x%2.56
28.09

x107=8.2x10°N
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The gravitational force between the
proton and the electron is attractive.
The magnitude of the gravitational force
between these particles is

_ Gm,m,
G r2
6.67x10 " x9.1x10 ' x1.6x10™ %
- —11 2
(5.3><10 )
11
= 97—><10“*7= 34x10Y N
28.09

The ratio of the two forces

F —8
5 :&1047 —2.41 % 10%
F 3.4x10"

G

Note that F, ~10”F,

The electrostatic force between a proton
and an electron is enormously greater
than the gravitational force between them.
Thus the gravitational force is negligible
when compared with the electrostatic force
in many situations such as for small size
objects and in the atomic domain. This is
the reason why a charged comb attracts an
uncharged piece of paper with
greater force even though the
piece of paper is attracted
downward by the Earth. This
is shown in Figure 1.3

between a comb and pieces of papers

‘ Figure 1.3 Electrostatic attraction

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 9

m Superposition principle

Coulomb’s law explains the interaction
between two point charges. If there are
more than two charges, the force on one
charge due to all the other charges needs
to be calculated. Coulomb’s law alone does
not give the answer. The superposition
principle explains the interaction between
multiple charges.

According to this  superposition
principle, the total force acting on a given
charge is equal to the vector sum of forces
exerted on it by all the other charges.

Consider a system of n charges, namely
4,9, 9, ----q, The force on g, exerted by the
charge q,

where 7, is the unit vector from g, to g,
along the line joining the two charges and
r, is the distance between the charges g,
and g,. The electrostatic force between two
charges is not affected by the presence of
other charges in the neighbourhood.

The force on g, exerted by the charge g, is

T o 4.49; -
F13 =k 2 I3
e

By continuing this, the total force acting
on the charge g, due to all other charges is
given by

(1.3)

UNIT 1 ELECTROSTATICS 9)
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: Without the superposition
principle, Coulombss law will
be incomplete when applied

to more than two charges. Both the
superposition principle and Coulombs

law form fundamental principles

of electrostatics and explain all the
phenomena in electrostatics. But they
are not derivable from each other.

EXAMPLE 1.5

Consider four equal charges q,, q, q,and g,
= q = +1 pClocated at four different points
on a circle of radius 1m, as shown in the
tigure. Calculate the total force acting on
the charge q, due to all the other charges.

Solution

According to the superposition
principle, the total electrostatic force on
charge g, is the vector sum of the forces

due to the other charges,
Etvt = EZ +F13 +E4

The following diagram shows the
direction of each force on the charge g,.

GO UNIT 1 ELECTROSTATICS
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The charges g, and g, are equi-
distant from g,. As a result the strengths
(magnitude) of the forces F, and E, are
the same even though their directions
are different. Therefore the vectors
representing these two forces are drawn
with equal lengths. But the charge g, is
located farther compared to g, and g,
Since the strength of the electrostatic force
decreases as distance increases, the strength
of the force E, is lesser than that of forces
E, and E,. Hence the vector representing
the force F, is drawn with smaller length
compared to that for forces F, and E, .

Fromthefigure, r,, = Vam= r,andr, =2m

The magnitudes of the forces are given by

kg* 9x10°x10 "
F:L:X X

13 2
1, 4

23-12-2021 19:00:25‘ ‘
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F,=225X10°N

kq’ 9x10” x10™ "
Fy=—"%=K=""F"
1 2
=4.5X 10> N

From the figure, the angle 6 = 45°. In terms
of the components, we have

1312 =F,cos0i —F,sin0j
_3 ]. ~ =8 >

=4.5x10 xTz —4.5x10 " X—=j

2

=F,i=225x10"Ni

&~

E,=F,cos0i +F, sin@j

=45%x10" xiz + 45%x10°°

x—=]
V2 \/—
Then the total force on g, is

E" —(F cosBi —
+(Fl4cosez —|—Fl4sin9f)

E,sin®j )—l—FBf

E* = (F12 cosO+F, +F, cos0 )f
-1—(—F12 sin@+F, sinG)f

Since F , = the j* component is zero.

14’
Hence we have

F’”t (F cos®O+F,+E, cosG)

substituting the values in the above
equation,

[45+225—|— ]XIO_3

N 2
= (4.5\/5 +2.25) %1077

E* =8.61x107°i N

The resultant force is along the positive x
axis.

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 11

ELECTRIC FIELD AND
ELECTRIC FIELD LINES

m Electric Field

The interaction between two charges is
determined by Coulombs law. How does
the interaction itself occur? Consider a point

charge kept at a point in space. If another
point charge is placed at some distance from
the first point charge, it experiences either
an attractive force or repulsive force. This is
called ‘action at a distance’ But how does the
second charge know about existence of the
first charge which is located at some distance
away from it? To answer this question, Michael
Faraday introduced the concept of field.

According to Faraday, every charge in
the universe creates an electric field in the
surrounding space, and if another charge
is brought into its field, it will interact
with the electric field at that point and will
experience a force. It may be recalled that
the interaction of two masses is similarly
explained using the concept of gravitational
tield (Refer unit 6, volume 2, XI physics).
Both the electric and gravitational forces are
non-contact forces, hence the field concept
is required to explain action at a distance.

Consider a source point charge g located
at a point in space. Another point charge q_
(test charge) is placed at some point P which
is at a distance r from the charge q. The
electrostatic force experienced by the charge
g, due to q is given by Coulomb’s law.

F:—quqo _ L qqz ? where k——1
r 4Te, r 4Te,

The charge g creates an electric field in the
surrounding space within which its effect can
be felt by another charge. It is measured in

UNIT 1 ELECTROSTATICS ID
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terms of a quantity called electric field intensity
or simply called electric field E. The electric
field at the point P at a distance r from the
point charge q is defined as the force that
would be experienced by a unit positive
charge placed at that point P and is given by

p=f-¥;_ 1 4; (1.4)

Here T is the unit vector pointing from ¢ to
the point of interest P. The electric field is a
vector quantity and its SI unit is newton per
coulomb (NC™).

Important aspects of Electric field

(i) Ifthe charge g is positive then the electric
field points away from the source charge and
if q is negative, the electric field points towards
the source charge g. This is shown in the
Figure 1.4.

For a positive
source charge,
the electric
field at P points /
radially outward P
from q.

e\

o
.
o
o
\“‘
o
.
R
o
g
q

d P,

For a negative
source charge,
the electric

field at P points
radially inward E/o p
toward q.

.
\“‘
2
\\‘
q $
“
d*

Figure 1.4 Electric field of positive and
negative charges

(ii) If the electric field at a point P is E,
then the force experienced by the test charge
g, placed at the point P is

62 UNIT 1 ELECTROSTATICS
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Feg,F (15)

This is Coulomb’s law in terms of electric
field. This is shown in Figure 1.5

If q is positive,
the force on E
the test charge
= —
qo is directed ZV F=49,E
away from q. P

\“‘
\““
\‘\“‘
q
d f

If g is negative,,
the force on
the test ch:
e test charge q,

qo is directed >
toward gq. E P
o =
" F=9E
_q o
o™

Figure 1.5 Coulomb’s law in terms of
electric field

(iii) The equation (1.4) implies that the
electric field is independent of the test
charge g_and it depends only on the source
charge q.

(iv) Since the electric field is a vector
quantity, at every point in space, this field
has unique direction and magnitude as
shown in Figures 1.6(a) and (b). From
equation (1.4), we can infer that as distance
increases, the electric field decreases in
magnitude.

Note that in Figures 1.6 (a) and (b) the
length of the electric field vector is shown
for three different points. The strength
or magnitude of the electric field at point
P is stronger than at the points Q and R
because the point P is closer to the source
charge.
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N
N
ER \ 1EQ
*R P
\\ // Q
P
P
(a) q
_)
EQ .
oR ,K Q
— \ 7
ER 7
\\ - /_)
- EP
€
P
(b) p

Figure 1.6 (a) Electric field due to
positive charge (b) Electric field due to
negative charge

(v) In the definition of electric field,
it is assumed that the test charge g, is
taken sufficiently small, so that bringing
this test charge will not move the source
charge. In other words, the test charge is
made sufficiently small such that it will
not modify the electric field of the source
charge.

(vi) The expression (1.4) is valid only for
point charges. For continuous and finite size
charge distributions, integration techniques
must be used (Refer Appendix Al.1).
However, this expression can be used as an
approximation for a finite-sized charge if
the test point is very far away from the finite
sized source charge. Note that we similarly
treat the Earth as a point mass when we
calculate the gravitational field of the Sun
on the Earth (Refer unit 6, volume 2, XI
physics).

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 13

(vii) There are two kinds of the electric
field: uniform (constant) electric field
and non-uniform electric field. Uniform
electric field will have the same direction
and constant magnitude at all points in
space. Non-uniform electric field will
have different directions or different
magnitudes or both at different points
in space. The electric field created by a
point charge is basically a non uniform
electric field. This non-uniformity arises,
both in direction and magnitude, with
the direction being radially outward (or
inward) and the magnitude changes as
distance increases. These are shown in
Figure 1.7.

> > > —_— —>»> >
> > > > >»> >
> > > > > >
> > > > >»> >
> > > 3> > >
> > >» — —3 >
Uniform Flectric field Non uniform electric
field

<0
a A
\ ~ 7
Non uniform Non uniform electric
electric field field

Figure 1.7 Uniform and non-uniform
electric field

Calculate the electric field at points P, Q
for the following two cases, as shown in the
figure.

UNIT 1 ELECTROSTATICS 19
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(a) A positive point charge +1 uC is Case (b)

placed at the origin The magnitude of the electric field at

(b) A negative point charge -2 pC is point P

placed at the origin |E |:k_q: 1 g _9x10°x2x10"°
T 4me, 1 4
y
=4.5 X 10° NC™*
: Since the source charge is negative, the
4m electric field points towards the charge. So

the electric field at the point P is given by

" 2m
HHCG P g X E,=—-45x10’ i NC'
P

9 —6

EQ‘: 9%x10" x2x10
36

y =0.5x 10° NC!

E,=0.5x10’i NC

At the point Q the electric field is
directed along the positive x-axis.

-

For the point Q,

6m (O 2m
YA >
Eq
Q
Solution 4m
Case (a) om
The magnitude of the electric field at +1uC® P >
point P is P
1 g 9x10°x1x10°
EP = —2 =
4me, r 4
=2.25x10°NC™ y
Since the source charge is positive, the
electric field points away from the charge. So
the electric field at the point P is given by
= R N
E,=2.25x10°i NC™' E,
_ . 6m (O 2m
For the point Q Q_; —ZMC\D : E) ) x
- 10° x1x10° :
By == ; —056x10°NC

Hence E, =0.56x10°j NC™'

64 UNIT 1 ELECTROSTATICS
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m Electric field due to the
system of point charges

Suppose a number of point charges are
distributed in space. To find the electric field
at some point P due to this collection of point
charges, superposition principle is used. The
electric field at an arbitrary point due to a
collection of point charges is simply equal to
the vector sum of the electric fields created
by the individual point charges. This is
called superposition of electric fields.

Consider a collection of point charges
Q1>Gy>Gseeveneen g, located at various points in
space. The total electric field at some point
P due to all these n charges is given by

E,=E+E+E +...+E, (1.6)
I 1 4 2 % 25
ot — Sttt
v 4me, {rfp Ly T
oo AP q; T
rnP (1.7)
where 7,,,7,,,7, pevcereene. r, are the distance of

the the charges g¢,,q,,q;.cce g, from the

~

point P respectively. Also,

polypslapeeencas r

the corresponding unit vectors directed from
Q>G> Gyeeeeeen- g,to P. Equation (1.7) can be
re-written as,

i 1 g -~
B = 4Te, ;[ ' J 49
For example in Figure 1.8, the resultant

electric field due to three point charges
4,-9,-9, at point P is shown.

Note that the relative lengths of the electric
tield vectors for the charges depend on relative
distances of the charges to the point P.

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 15

r
q 3P

3 P E)
@—T 2P

q, "ip N
q, E,

5> > -

EZE,+ Ezp+€31>

Figure 1.8 Superposition of Electric field

EXAMPLE 1.7

Consider the charge configuration asshown
in the figure. Calculate the electric field at
point A. If an electron is placed at points
A, what is the acceleration experienced
by this electron? (mass of the electron =
9.1 x 107" kg and charge of electron =
-1.6 x 107 C)

y
q2:+1l.lc P A
AV
2mm
2mm
& X
q] = +1l,lC

Solution

By using superposition principle, the
net electric field at point A is

= 1 g, ~ 1 g, ~
E,= Tlr1A+ TzrzA
4me, 1, 4dme, 1,,

where 7, and r,, are the distances of point
A from the two charges respectively.

- 9x10°x1x107°°, ~y 9x10°x1x10°°, .
= (2><10*3)2 (7)+ (2><10*3)2 (7)

UNIT 1 ELECTROSTATICS 19
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=2.25x10° j+2.25x10%i =2.25x10°(i + f)

The magnitude of electric field

£, |= \/(2.25><109)2 +(225%10°)
—225x42x10°NC™

The direction of E, is given by

L 225x10°(i +j) (i +))

E
4 N which is

[E,|  2.25x42x10°

the unit vector along OA as shown in the
figure.

y
9, = +1puC ®
2mm
2mm Py
\ X
O qz = +1pC

The acceleration experienced by an
electron placed at point A is

_ F qEA
a, :;:7
(~1.6x107)x(2.25%10°)(7 +7)

9.1x10~"!
=—3.95x10"(i + j)N kg

The electron is accelerated in a direction
exactly opposite to E, .

m Electric field due

to continuous charge
distribution

The electric charge is quantized
microscopically. The expressions (1.2),
(1.3), (1.4) are applicable to only point
charges. While dealing with the electric

66 UNIT 1 ELECTROSTATICS

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 16

field due to a charged sphere or a charged
wire etc., it is very difficult to look at
individual charges in these charged
bodies. Therefore, it is assumed that
charge is distributed continuously on the
charged bodies and the discrete nature
of charges is not considered here. The
electric field due to such continuous
charge distributions is found by invoking
the method of calculus. (For further
reading, refer Appendix Al.1).

EXAMPLE 1.8

Ablock of mass m carryinga positive charge
q is placed on an insulated frictionless
inclined plane as shown in the figure. A
uniform electric field E is applied parallel
to the inclined surface such that the block
is at rest. Calculate the magnitude of the
electric field E.

Solution

Note: A similar problem is solved in
XI™ Physics volume I, unit 3 section 3.3.2.
There are three forces that acts on the mass #1:

(i) The downward gravitational force
exerted by the Earth (mg)

(ii) The normal force exerted by the
inclined surface (N)

(iii) The Coulomb force given by uniform
electric field (gE)

The free body diagram for the mass m
is drawn below.

23-12-2021 19200:39‘ ‘
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Forces acting on the mass m

qE
N

m,q

mg

Free body diagram

A convenient inertial coordinate system
is located in the inclined surface as shown
in the figure. The mass m has zero net
acceleration both in x and y-direction.

Along x-direction, applying Newton’s
second law, we have

mgsin@i —qEi =0
mgsin@—qE =0
_ mgsin®

g

Note that the magnitude of the electric
tield is directly proportional to the mass m
and inversely proportional to the charge g.
It implies that, if the mass is increased by
keeping the charge constant, then a strong
electric field is required to stop the object
from sliding. If the charge is increased by

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 17

keeping the mass constant, then a weak
electric field is sufficient to stop the mass
from sliding down the plane.

The electric field also can be expressed
in terms of height and the length of the
inclined surface of the plane.

FER Electric field lines

Electric field vectors are visualized by

the concept of electric field lines. They form
a set of continuous lines which are the visual
representation of the electric field in some
region of space. The following rules are
followed while drawing electric field lines
for charges.
e The electric field lines start from
a positive charge and end at negative
charges or at infinity. For a positive point
charge the electric field lines point radially
outward and for a negative point charge,
the electric field lines point radially
inward. These are shown in Figure 1.9 (a)
and (b).

For a positive point charge,
the field lines are directed

radially outward.

UNIT 1 ELECTROSTATICS ID
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For a negative point charge,
the field lines are directed
radially inward.

N\

N

(b)

Figure 1.9 Electric field lines for isolated
positive and negative charges

Note that for an isolated positive point
charge the electric field line starts from
the charge and ends only at infinity. For an
isolated negative point charge the electric
field lines start at infinity and end at the
negative charge.

o The electric field vector at a point in
space is tangential to the electric field line at
that point. This is shown in Figure 1.10

| Figure 1.10 Electric field at a point P

e  The electric field lines are denser (more
closer) in a region where the electric field has
larger magnitude and less dense in a region
where the electric field is of smaller magnitude.
In other words, the number of lines passing
through a given surface area perpendicular to
the lines is proportional to the magnitude of

GS UNIT 1 ELECTROSTATICS
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the electric field in that region. This is shown
in Figurel.11

:\
\

7

s

= £
N

|
N
I\

I\

Figure 1.11 Electric field has larger
magnitude at surface A than B

/

Figure 1.11 shows electric field lines from
a positive point charge. The magnitude of
the electric field for a point charge decreases

. So the

) . = 1
as the distance 1ncreases[‘E‘oc—2
;

electric field has greater magnitude at the
surface A than at B. Therefore, the number
of lines crossing the surface A is greater than
the number of lines crossing the surface B.
Note that at surface B the electric field lines
are farther apart compared to the electric
field lines at the surface A.

e No two electric field lines intersect each
other. If two lines cross at a point, then there
will be two different electric field vectors at the
same point, as shown in Figure 1.12.

—> = Flectric field
~~ \ = Electric field lines

Figure 1.12 Two electric field lines never
intersect each other
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As a consequence, if some charge is

placed in the intersection point, then it
has to move in two different directions
at the same time, which is physically
impossible. Hence, electric field lines do
not intersect.
e  The number of electric field lines that
emanate from the positive charge or end at
a negative charge is directly proportional to
the magnitude of the charges.

For example in the Figure 1.13, the
electric field lines are drawn for charges
+q and -2q. Note that the number of
field lines emanating from +q is 8 and
the number of field lines ending at -2¢q
is 16. Since the magnitude of the second
charge is twice that of the first charge,

Electric field lines

(a)
Electric field lines

(b)

Figure 1.13 Electric field lines and
magnitude of the charge

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 19

the number of field lines drawn for -2¢q
is twice in number than that for charge

+q.

EXAMPLE 1.9

The following pictures depict electric field
lines for various charge configurations.

A,

(i) Infigure (a) identify the signs of two
4@

q,
(ii) Infigure (b), calculate the ratio of two

charges and find the ratio

positive charges and identify the strength
of the electric field at three points A, B, and
C

(iii) Figure (c) represents the electric field
lines for three charges. If g, = -20 nC, then
calculate the values of g, and g,

UNIT 1 ELECTROSTATICS 19
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Solution

(i)  The electric field lines start at g, and
end at g,. In figure (a), g,is positive and g,
is negative. The number of lines starting
from g,is 18 and number of the lines ending
at g, is 6. So g, has greater magnitude. The
N, 6

1 . .
=— =—=—_Tt implies that
N, 18 3

a4
4,

ratio of

|q2| =3 |q1|

(ii) In figure (b), the number of field
lines emanating from both positive charges
are equal (N=18). So the charges are equal.
At point A, the electric field lines are
denser compared to the lines at point B.
So the electric field at point A is greater in
magnitude compared to the field at point
B. Further, no electric field line passes
through C, which implies that the resultant
electric field at C due to these two charges
is zero.

(iii) In the figure (c), the electric field
lines start at g, and g, and end at g,. This
implies that g, and g, are positive charges.

The ratio of the number of field lines is

8

16

4 —|%
9, 9
are half of the magnitude of g,. So g, = q, =

+10 nC.

= %,implying that g and g,

ELECTRIC DIPOLE AND
ITS PROPERTIES

m Electric dipole

Two equal and opposite charges
separated by a small distance constitute
an electric dipole. In many molecules, the

centres of positive and negative charge do

GO UNIT 1 ELECTROSTATICS
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not coincide. Such molecules behave as
permanent dipoles. Examples: CO, water,
ammonia, HC] etc.

Consider two equal and opposite point
charges (+g, —q) that are separated by a
distance 2a as shown in Figure 1.14(a).

The electric dipole moment is defined as

p=qr. +(—q)" (1.9)

where 7 is the position vector of +g from
the origin and 7 _is the position vector of —-g
from the origin. Then, from Figure 1.14 (a),

Figure 1.14 (a) Electric dipole (b)
Electric field lines for the electric dipole

(1.10)

The electric dipole moment vector lies along

p=qai —qa(—i)=2qai

the line joining two charges and is directed
from —q to +q. The SI unit of dipole moment is
coulomb metre (Cm). The electric field lines for
an electric dipole are shown in Figure 1.14 (b).

e For simplicity, the two charges are
placed on the x-axis. Even if the two charges
are placed on y or z-axis, dipole moment will
point from -g to +q.

e The magnitude of the electric dipole
moment is equal to the product of the
magnitude of one of the charges and the
distance between them,
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|| =2qa (1.11)

e  Though the electric dipole moment for
two equal and opposite charges is defined,
it is possible to define and calculate the
electric dipole moment for a collection of
point charges. The electric dipole moment
for a collection of n point charges is given by

p=> a7 (1.12)
i=1

where 7 is the position vector of charge g,
from the origin.

EXAMPLE 1.10

Calculate the electric dipole moment for
the following charge configurations.

y

CA AL (d)

Solution

Case (a) The position vector for the +g on
the positive x-axis is ai and position vector
for the +q charge the negative x axis is —ai .
So the dipole moment is,

| bt traa)=0 |

Case (b) In this case one charge is placed
at the origin, so its position vector is zero.
Hence only the second charge +g with
position vector ai contributes to the dipole
moment, which is p = gai .

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 21

From both cases (a) and (b), we can
infer that in general the electric dipole
moment depends on the choice of the
origin and charge configuration. But
for one special case, the electric dipole
moment is independent of the origin. If the
total charge is zero, then the electric dipole
moment will be the same irrespective of
the choice of the origin. It is because of this
reason that the electric dipole moment of
an electric dipole (total charge is zero) is
always directed from —q to +g, independent
of the choice of the origin.

Case (¢) p=(—2q)aj +q(2a)(—] ) = —4qaj.
Note that in this case p is directed from
-2q to +q.

Case (d) p=—2qa(—1)+qaj +qa(—j)
:2qaiA

The water molecule (H,0) has this
charge configuration. The water molecule
has three atoms (two H atom and one O
atom). The centres of positive (H) and
negative (O) charges of a water molecule
lie at different points, hence it possess
permanent dipole moment. The electric
dipole moment p is directed from centre
of negative charge to the centre of positive
charge, as shown in the figure.

&

% .+
Centre of
negative 9

charge

Centre of
positive charge

H

O "
0
-2q Q.‘>104

o+
H
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FX®] Electric field due to a

dipole

Case (i) Electric field due to an electric
dipole at points on the axial line

Consider an electric dipole placed on the
x-axis as shown in Figure 1.15. A point C is
located at a distance of r from the midpoint
O of the dipole on the axial line.

Axial line

> >

E E,
< z:  —

= Q>
Qe l"tn,
0w

r

Figure 1.15 Electric field of the dipole
along the axial line

The electric field at a point C due to +q is
P o— 1
* 4TCEO (r — a)2

Since the electric dipole moment vector P

along BC

is from —q to +q and is directed along BC,

the above equation is rewritten as
- 1 q ~ 7
E, = p 1.13
+ 4TC€0 (r _ a)Z ( )

where p is the electric dipole moment unit
vector from —q to +q.
The electric field at a point C due to —q is

~ A 1 q N
L 4me, (r—i—a)z P (1.14)

Since +¢ is located closer to the point C than

~q, E, is stronger than E . Therefore, the
length of the E, vector is drawn larger than
that of E_ vector.

The total electric field at point C is
calculated using the superposition principle
of the electric field.

Etot = E+ + EL
_ 1 q9 -~ 1 195
4TCEO (r_a)2 47[60 (r+a)2

Gz UNIT 1 ELECTROSTATICS
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By = — L L b s
Y 4me, (r—a)z (r+a)2 '

= 1 4ra ~

mt_4TC€Oq (r2—a2)2 P (116)

Note that the total electric field is along
E,, since +q is closer to C than -g. The
direction of E,, is shown in Figure 1.16.

)

f0w
Y

r

Figure 1.16 Total electric field of the
dipole on the axial line

If the point C is very far away from the
dipole (r >> a). Then under this limit the

2
term (rz—az) ~r*. Substituting this into

equation (1.16), we get

= 1 (4aq| -~
E, 6 =—— r>>a
o 4me | 1P ]p( )
since 2aqp = p
B, ,=— 2 (r>>0) (1.17)
4me, r

If the point C is chosen on the left side
of the dipole, the total electric field is still
in the direction of p. We infer this result
by examining the electric field lines of the
dipole shown in Figure 1.14(b).

Case (ii) Electric field due to an electric
dipole at a point on the equatorial plane

Consider a point C at a distance r
from the midpoint O of the dipole on the
equatorial plane as shown in Figure 1.17.
Since the point C is equi-distant from +q and
—q, the magnitude of the electric fields at C
due to +¢q and —g are the same. The direction
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—> Equatorial plane A
B ‘I:i ‘sinﬂ
‘Iz ‘cos@ 0
A/_\}@ - 7 6 (4‘]3 b ‘Iz?_ ‘cos() 0
:’1/ a (0] a \":1
ﬁ— ‘g_ ‘sin@
\

Figure 1.17 Electric field due to a dipole at a point on the equatorial plane

of E, is along BC and the direction of E_is
along CA. E, and E_can be resolved into
two components; one component parallel to
the dipole axis and the other perpendicular
to it. Since perpendicular components
‘E +‘sine and ‘Ef‘sine are eqaul in magnitude
and oppositely directed, they cancel each
other. The magnitude of the total electric
field at point C is the sum of the parallel
components of E .and E and its direction
is along —p as shown in the Figure 1.17.

E, :—|E+|cosef> —|1§7|cos9ﬁ (1.18)

The magnitudes E, and E are the same
and are given by

= | |_ 1 q
R s e S G

By substituting equation (1.19) into

equation (1.18), we get
- 1

2qcosO ~
ame, (1’ +a°)

tot

a

since cosO = —
N1 +a

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 23

= 1

p
tot §
r+a’ )2
since p=2qap

; 4TEEO (

(1.20)

At very large distances (r >> a), the
equation (1.20) becomes

- 1 »p
B2
4Te,

(r>>a) (1.21)

=

Important inferences

(i) From equations (1.17) and (1.21), it
is inferred that for very large distances, the
magnitude of the electric field at point on
the dipole axis is twice the magnitude of the
electric field at the point at the same distance
on the equatorial plane. The direction of the
electric field at points on the dipole axis is
directed along the direction of dipole moment
vector p but at points on the equatorial plane
it is directed opposite to the dipole moment

1 2qa  ~ vector, that is along —p.
B 4neo< 'y 2)317 (ii) At very large distances, the electric
r’+a
. . . 1
field due to a dipole varies as —. Note

-
that for a point charge, the electric field

UNIT 1 ELECTROSTATICS 29
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. 1 . . .
varies as —. This implies that the electric
r

tield due to a dipole at very large distances
goes to zero faster than the electric field
due to a point charge. The reason for this
behavior is that at very large distance, the
two charges appear to be close to each
other and neutralize each other.

(iii) The equations (1.17) and (1.21)
are valid only at very large distances
(r>>a). Suppose the
2a approaches zero and g approaches
infinity such that the product of
2aq = p is finite, then the dipole is called
a point dipole. For such point dipoles,

distance

equations (1.17) and (1.21) are exact and
hold true for any r.

m Torque experienced

by an electric dipole in the
uniform electric field

Consider an electric dipole of dipole
moment p placed in a uniform electric
field E whose field lines are equally
spaced and point in the same direction.
The charge +g will experience a force g E
in the direction of the field and charge —g
will experience a force —q E in a direction
opposite to the field. Since the external
field E is uniform, the total force acting
on the dipole is zero. These two forces
acting at different points will constitute
a couple and the dipole experience a
torque as shown in Figure 1.18. This
torque tends to rotate the dipole. (Note
that electric field lines of a uniform field
are equally spaced and point in the same
direction).

The total torque on the dipole about the
point O

64 UNIT 1 ELECTROSTATICS
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A - a 0l I

! 2a sinf
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»~ "o O

Y

_qE_)’(—@‘)-e ----------------------------
A

Torque is into the paper ®

| Figure 1.18 Torque on dipole

T=0Ax(—qE)+OBxqE (1.22)

Using right-hand corkscrew rule (Refer
XI, volume 1, unit 2), it is found that total
torque is perpendicular to the plane of the

paper and is directed into it.
The magnitude of the total torque

T= ‘07“<—qﬁ)‘sin9 + ‘@Hqé‘sin@

T=gE-2asin6 (1.23)

where 0 is the angle made by p with E.
Since p = 2agq, the torque is written in terms
of the vector product as

T=pxE (1.24)

The magnitude of this torque is

T = pEsin® and is maximum when 6 =90°.

This torque tends to rotate the dipole
and align it with the electric field E. Once
pis aligned with E, the total torque on the
dipole becomes zero.

If the electric field is not uniform, then
the force experienced by +q is different from
that experienced by —q. In addition to the
torque, there will be net force acting on the
dipole. This is shown in Figure 1.19.
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Non uniform F> q E;

_qE2

Net torque, Net force

Figure 1.19 The dipole in a non-uniform
electric field

A sample of HCl gas is placed in
a uniform electric field of magnitude
3 x 10* N C'. The dipole moment of each
HCl molecule is 3.4 x 107°° Cm. Calculate
the maximum torque experienced by
each HCI molecule.

Solution

The maximum torque experienced
by the dipole is when it is aligned
perpendicular to the applied field.

T,.. = pEsin90° =3.4x107 x3x10*

T, =102x10"Nm

ost

~ Microwave oven works on the principle of

w - torque acting on an electric dipole. The food

- we consume has water molecules which are
permanent electric dipoles. Oven produces
microwaves that are oscillating electromagnetic fields and
produce torque on the water molecules. Due to this torque
on each water molecule, the molecules rotate very fast and

ELECTROSTATIC
POTENTIAL AND
POTENTIAL ENERGY

Introduction

In mechanics, potential energy is
defined for conservative forces. Since
gravitational force is a conservative
force, its gravitational potential energy
is defined in XI standard physics (Unit
6). Since Coulomb force is an inverse-
square-law force, its also a conservative
force like gravitational force. Therefore,
we can define potential energy for charge
configurations.

m Electrostatic Potential
energy and Electrostatic
potential

Consider a positive charge g kept fixed
at the origin which produces an electric
field E around it. A positive test charge q’ is
brought from point R to point P against the
repulsive force between q and g’ as shown in
Figure 1.20. Work must be done to overcome
the repulsion between the charges and this
work done is stored as potential energy of
the system.

produce thermal energy. Thus, heat generated is used to

heat the food.

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 25
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q

Figure 1.20 Work done is equal to
potential energy

The test charge g is brought from R to
P with constant velocity which means that
external force used to bring the test charge
q' from R to P must be equal and opposite
to the coulomb force (13 =-F ) The

ext coulomb

work done is

P
W:fﬁext.d; (1.25)
R

Since coulomb force is conservative,
work done is independent of the path and
it depends only on the initial and final
positions of the test charge. If potential
energy associated with q" at P is U, and that
atRis U,, then difference in potential energy
is defined as the work done to bring a test
charge q' from point R to P and is given as
U -U-=W=AU

P

AU = ﬁt.d* (1.26)
froo

Since F:zxt = _Pcoulamh =9 i (1.27)
P P

MU= [(gB)dr =g [(-E)-d7
J~aE)- =4 [(-F) " ag)

The potential energy difference per unit
charge is given by

P
q’ —E).dr
Ay ‘Rf( ) :—]E-d? (1.29)

/ /

q q R
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The above equation (1.29) is independent

P
of q'. The quantity A_[/] - f E.dr is called
9 3
electric potential difference between P and
Rand is denotedas V, - V, = AV.
In otherwords, the electric potential
difference is defined as the work done by an

external force to bring unit positive charge
from point R to point P.

V,~V,=AV = [-E.d (1.30)

The electric potential energy difference
can be written as AU = q' AV. Physically
potential difference between two points
is a meaningful quantity. The value of
the potential itself at one point is not
meaningful. Therefore the point R is taken
to infinity and the potential at infinity is
considered as zero (V_=0).

Then the electric potential ata point P is
equal to the work done by an external force
tobringaunit positive chargewith constant
velocity from infinity to the point P in
the region of the external electric field E.
Mathematically this is written as

v, :—fE-dF (1.31)

Important points

1. Electric potential at point P depends
only on the electric field which is due
to the source charge g and not on the
test charge g'. Unit positive charge is
brought from infinity to the point P
with constant velocity because external
agency should not impart any kinetic
energy to the test charge.
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2. From equation (1.29), the unit of
electric potential is Joule per coulomb.
The practical unit is volt (V) named
after Alessandro Volta (1745-1827)
who invented the electrical battery. The
potential difference between two points

is expressed in terms of volt.

W

The description of motion of
objects using the concept of
potential or potential energy is
simpler than that using the concept of field.

m Electric potential due

to a point charge

Consider a positive charge g kept fixed at
the origin. Let P be a point at distance r from
the charge g. This is shown in Figure 1.21.

./

e/P

q

Figure 1.21 Electrostatic potential at a
point P

The electric potential at the point P is
V= [(-E)-df =~ [E-dF

Electric field due to positive point charge

(1.32)

qis
- 1 R
E= izr
47te0 r
—1 o
V= f%r.dr
4Te o

The infinitesimal displacement vector,
d7¥ = drr and using 7. 7=1, we have

‘ ‘ UNIT-1(XII-Physics_Vol-1).indd 27

1 rqg. ,. 1
V=-— f%r-drr =— f%dr
4me, < 1 4me, 1
After the integration,
1 1| 1
41€ r|. 4me r

Hence the electric potential due to a
point charge g at a distance r is

y-_1 4 (1.33)
4me, r
Important points

(i) If the source charge g is positive, V > 0.

If g is negative, then V is negative and equal

toV=— L 4
4dme, r

(ii) From expression (1.33), it is clear
that the potential due to positive charge
decreases as the distance increases, but for
a negative charge the potential increases
as the distance is increased. At infinity
(r=o00) electrostatic potential is zero
(V=0).

In the case of gravitational force,
mass moves from a point of higher
gravitational potential to a point of lower

Higher gravitational

potential
l Lower gravitational

potential

Mass moves from higher
gravitational potential to lower
gravitational potential

Figure 1.22 Motion of masses in terms of
gravitational potential

UNIT 1 ELECTROSTATICS ZD
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V Ve
67 —@—o—)—O
P +q° R

(a) Positive charge +q" moves from
higher electric potential to lower
electric potential (P - Q — R)

VP > VQ > VR
@ o—< ) @ °
tq P Q 9 R

(b) negative charge —q 'moves from lower
electric potential to higher electric potential
R—>Q—P)

P Q R
@ —« o—@—o
-q P Q +9 R

(c) Positive charge +q" moves from
higher electric potential to lower
electric potential (R > Q — P)

-q P 47 Q R
(d) negative charge —q" moves from lower
electric potential to higher electric potential
(P—>Q—>R)

Figure 1.23 Motion of charges in terms of electric potential

gravitational potential (Figure 1.22).
Similarly a positive charge moves from a
point of higher electrostatic potential to
a point of lower electrostatic potential.
However a negative charge moves from
lower electrostatic potential to higher
electrostatic potential. This comparison
is shown in Figure 1.23.

(iii) The electric potential at a point P due
to a collection of charges q,,q,q;..---q, is
equal to sum of the electric potentials due to
individual charges.

k k k
Vm — i + & + & R
rl r2 r3
L R e (1.34)
r 4me, — "1,
where Tplyl s r ~are the distances

of q, g, 4, ... q, respectively from P
(Figure 1.24).

GS UNIT 1 ELECTROSTATICS
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q;

Figure 1.24 Electrostatic potential due to
collection of charges

EXAMPLE 1.12

(a) Calculate the electric potential at
points P and Q as shown in the figure
below.

(b) Suppose the charge +9 uCis replaced
by -9 uC find the electrostatic potentials at

points P and Q

23-12-2021 19201:04‘ ‘
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10m P
+9uC

(c) Calculate the work done to bring a
test charge +2 pC from infinity to the point
Q. Assume the charge +9 uC is held fixed at
origin and +2 pC is brought from infinity
to P.

Solution

(a) Electric potential at point P is given by

1 9x10° x9x10°°
v,=—2- =8.1x10°V
4Te, 1, 10

Electric potential at point Q is given by

1 10° 10°°
__1 g _2X10x9xXI0 7 _ e 10V
4me, 1, 16

Note that the electric potential at point
Q is less than the electric potential at point
P. If we put a positive charge at P, it moves
from P to Q. However if we place a negative

ﬂ

charge at P it will move towards the charge
+9 uC.

The potential difference between the
points P and Q is given by

AV =V, -V, =+3.04x10°V

(b) Suppose we replace the charge
+9 uC by -9 uC, then the corresponding
potentials at the points P and Q are,

V, =—8.1x10’V, V, =—5.06x10’V

Note that in this case electric potential at
the point Q is higher than at point P.

The potential difference between the
points P and Q is given by

AV =V, -V, =-3.04x10’V

‘ ‘ UNIT-1(XIl-Physics_Vol-1).indd 29

(c) The electric potential V at a
point Q due to some charge is defined
as the work done by an external force
to bring a unit positive charge from
infinity to Q. So to bring the g amount
of charge from infinity to the point Q,
work done is given as follows.

W=qV
W, =2x10"°x5.06x10° =10.12x107°J.

EXAMPLE 1.13

Consider a point charge +q placed at
the origin and another point charge -2g
placed at a distance of 9 m from the charge
+¢. Determine the point between the two
charges at which electric potential is zero.

Solution

According to the superposition principle,
the total electric potential at a point is
equal to the sum of the potentials due to
each charge at that point.

Consider the point at which the total
potential zero is located at a distance x
from the charge +g as shown in the figure.

| dm |
[ [

exﬁ 9x o

4 -2q

Since the total electric potential at P is zero,

1 1q 2q
= =— =0

' 4me | x (9—x)] (o)
q__2q

X (9—x) {7

1__2

x_(9—x)

Hence,x =3 m

UNIT 1 ELECTROSTATICS 29
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m Electrostatic potential
at a point due to an electric

dipole

Consider two equal and opposite charges
separated by a small distance 2a as shown
in Figure 1.25. The point P is located at a
distance r from the midpoint of the dipole.
Let 0 be the angle between the line OP and
dipole axis AB.

Figure 1.25 Potential due to electric dipole

Let r be the distance of point P from +gq
and r, be the distance of point P from —q.

Potential at P due to charge +g = 1 9

4me, 1,
Potential at P dueto charge—-q = — L g
4me, 1,
Total potential at the point P
1 1
g ql—— (1.35)
4me, "\, 1,

Suppose if the point P is far away from
the dipole, such that r>>a, then equation
(1.35) can be expressed in terms of .

GO UNIT 1 