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1. UNIT SYLLABUS

Chapter-1: Electric Charges and Fields

Electric Charges; Conservation of charge, Coulomb’s law-force between two point charges,

forces between multiple charges; superposition principle and continuous charge distribution.

Electric field; electric field due to a point charge, electric field lines, electric dipole, electric field due

to a dipole, torque on a dipole in uniform electric field.

Electric flux, statement of Gauss’s theorem and its applications to find field due to infinitely
long straight wire, uniformly charged infinite plane sheet and uniformly charged thin spherical

shell (field inside and outside).
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Chapter-2: Electrostatic Potential and Capacitance

Electric potential, potential difference, electric potential due to a point charge, a dipole and system of
charges; equipotential surfaces, electrical potential energy of a system of two point charges and of

electric dipole in an electrostatic field.

Conductors and insulators, free charges and bound charges inside a conductor. Dielectrics and electric
polarization, capacitors and capacitance, combination of capacitors in series and in parallel,
capacitance of a parallel plate capacitor with and without dielectric medium between the plates,

energy stored in a capacitor.
2. MODULE WISE DISTRIBUTION OF UNIT SYLLABUS

The above unit is divided into 11 modules for better understanding. 11 Modules

Module 1 e Electric charge

e Properties of charge

e Coulombs’ law

e Characteristics of coulomb force

e Constant of proportionality and the intervening medium

e Examples

Module 2 e Forces between multiple charges
e Principle of superposition
e Continuous distribution of charges

e numerical

Module 3 e Electric field E
¢ Importance of field E and ways of describing field
e Superposition of electric field

e Examples
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Module 4 e Electric dipole
e Electric field of a dipole
e Charges in external field

e Dipole in external field Uniform and non-uniform

Module 5 e Electric flux,

e  Flux density

e Gauss theorem

e Application of gauss theorem to find electric field
e For adistribution of charges

e Numerical

Module 6 e Application of gauss theorem Field due to field infinitely
wire
e Uniformly charged infinite plane

e Uniformly charged thin spherical shell (field inside and o

e Graphs
Module 7
e Electric potential,
e Potential difference,
e Electric potential due to a point charge, a dipole af
charges;
e Equipotential surfaces,
e Electrical potential energy of a system of point charges a
dipole in an electrostatic field.
e Numerical
Module 8

e Conductors and insulators,
e Free charges and bound charges inside a conductor.

e Dielectrics and electric polarization
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Module 9
e Capacitors and Capacitance,

e Combination of capacitors in series and in parallel

e Redistribution of charges, common potential

e numerical

Module 10
e Capacitance of a parallel plate capacitor with and with

medium between the plates

e Energy stored in a capacitor

Module 11
e Typical problems on capacitors

MODULE 7

3. WORDS YOU MUST KNOW

Let us recollect the words we have been using in our study of this physics course.

e Electric Charge: Electric charge is an intrinsic characteristic, of many of the fundamental
particles of matter that gives rise to all electric and magnetic forces and interactions. There are
two kinds of charges positive and negative.

e Conductors: Some substances readily allow passage of electricity through them, others do not.
Those which allow electricity to pass through them easily are called conductors. They have
electric charges (electrons) that are comparatively free to move inside the material. Metals,
humans, animal bodies and earth are all conductors of electricity.

e Insulators: Most of the non-metals, like glass, porcelain, plastic, nylon, wood, offer high
opposition to the passage of electricity through them. They are called insulators.

e Point Charge: When the linear size of charged bodies is much smaller than the distance
separating them, the size may be ignored and the charge bodies can then be treated as point

charges.
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Conduction: Transfer of electrons from one body to another, it also refers to flow of charged
electrons in metals and ions in electrolytes and gases.

Induction: The temporary separation of charges in a body due to a charged body in the vicinity.
The effect lasts as long as the charged body is held close to the body in which induction is taking
place.

Quantization of charges: Charge exists as an integral multiple of basic electronic charge. Charge
on an electron is 1.6 x 101°C.

Electroscope: A device to detect charge, to find the relative magnitude of charge on two charged
bodies. A suitably charged electroscope can be used to find the nature of charge on a charged
body.

Coulomb: S.I unit of charge defined in terms of 1 ampere current flowing in a wire to be due to
1 coulomb of charge flowingin 1s.

1 coulomb = collective charge of 6 x 10*® electrons
Conservation of charge: Charge can neither be created nor destroyed in an isolated system it

(electrons) only transfers from one body to another.

Coulomb’s Force: It is the electrostatic force of interaction between the two point charges.
Coulombs law: A mathematical expression based on coulombs law to show the magnitude as
well as direction of mutual electrostatic force between two or more charges.

q1 X q>

F=K=—

Vextor form of Coulombs law: A mathematical expression based on coulombs law to
show the magnitude as well as direction of mutual electrostatic force between two or
more charges. Force between charges q: and gz, F12 is the force on 1 due to 2, depending
upon the nature of the charges (both positive, both negative or q: positive and Q2
negative or g2 positive and g1 negative)

', vector shows the direction of the force
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Laws of vector addition:

» Triangle law of vector addition: If two vectors are represented by two sides of a triangle in
order, then the third side represents the resultant of the two vectors.

» Parallelogram law of vector addition: If two vectors are represented in magnitude and
direction by adjacent sides of a parallelogram then the resultant of the vectors is given by the
diagonal passing through their common point.

Also resultant of vectors P and Q acting at angle of 0 is given by

R = /P2 + Q% + 2PQcos6

» Polygon law of vector addition: Multiples vectors may be added by placing them in order of

a multisided polygon, the resultant is given by the closing side taken in opposite order.
Linear charge density: The linear charge density, Zisdefined as the charge per unit length.
Surface charge density: The surface charge density o isdefined asthe charge per unit surface area.

The surface charge density o at the area element As is given by o = i—f.

Volume charge density: The volume charge density p is defined asthe charge per unit volume.

Superposition Principle: For an assembly of charges g1, g2, g3, ..., the force on any charge, say
qs, is the vector sum of the force on g: due to g, the force on g: due to gz, and so on. For each

pair, the force is given by the Coulomb’s law for two point charges.

Electric field lines: An electric field line is a curve drawn in such a way that the tangent at each

point on the curve gives the direction of electric field at that point.
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e Area vector: The area element vector AS at a point on a closed surface equals AS 7 where AS is
the magnitude of the area element and 7 is a unit vector in the direction of outward normal at

that point.

e Gaussian surface: The closed surface that we need to choose for applying Gauss’s law to a

particular charge distribution is called the Gaussian surface.

e Gauss’s Theorem/Law: The flux of the electric field through any closed surface S is 1/go times

the total charge enclosed by that surface.

e Electric field the space around a charge where its influence may be experienced by other charged
bodies. The field strength at appoint in the field is given by E =electrostatic force per unit charge;
unit is NC*

e Electric field line electric field lines in an electric field which trace the path of a unit positive
charge

e Electric flux electric field lines crossing an area

e Electric flux density field lines crossing a unit area held perpendicular to the field lines
represented by ¢ unit weber

¢ =E,As

4. INTRODUCTION

In Chapters 6 and 8 (Class Xl), the notion of potential energy was introduced. When an external force
does work in taking a body from a point to another against a force like spring force or gravitational force;
that work gets stored as potential energy of the body. When the external force is removed, the body

moves, gaining kinetic energy and losing an equal amount of potential energy. The sum of kinetic and
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potential energies is thus conserved. Forces of this kind are called conservative forces. Spring force and

gravitational force are examples of conservative forces.

Coulomb force between two (stationary) charges is also a conservative force. This is not surprising,
since both have inverse-square dependence on distance and differ mainly in the proportionality constants

— the masses in the gravitational law are replaced by charges in Coulomb’s law.

Thus, like the potential energy of a mass in a gravitational field, we can define electrostatic potential
energy of a charge in an electrostatic field.

5. ELECTROSTATIC POTENTIAL AND POTENTIAL DIFFERENCE

Fig shows: A test charge (q > 0, means a
positive charge) is moved from the point R e
to the point P against the repulsive force on e

it by the charge Q (> 0) placed at the origin. Q. ot

Consider an electrostatic field E due to some charge Q placed at the origin. Now, imagine that we bring
a test charge g from a point R to a point P against the repulsive force on it due to the charge Q.

This will happen if Q andq are both positive and both negative.

For definiteness, let us take Q, q > 0.

Two assumptions may be made here:

First,

We assume that the test charge @ is so small that it does not disturb the original configuration,

namely the charge Q at the origin.

Second,
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In bringing the charge g from R to P, we apply an external force, F,,; justenough to counter the
repulsive electric force TE (i.e., Fop= -TE). This means there is no net force on or acceleration of

the charge g when it is brought from R to P, i.e., it is brought with infinitesimally slow constant

speed.

Thus, work done by external forces in moving a charge g from R to P is:

P
Wrop =f Foye . dT
R

P
WR—)P = _f TE)dF
R
This work done is against electrostatic repulsive force and gets stored as the potential energy of the
charge.
AU = UP_ UR = WR—>P

Up _ _ 40Q
qo  4meer/qo

V(r) = Vp = 2 =
qo

Q

4megr

V(r) = Vp =

S.1 unit of electric potential is J/C or volt.
Potential difference between any two point P & R is given by:
Vp —Vg = Wrp/q0 = Up-Ur/qo

Wrsp = qo [Vp — VR ]
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Note here that this displacement is in an opposite sense to the electric force and hence work done

by electric field is negative, i.e. ~-Wr_p)

Therefore, we can define electric potential energy difference between two points as the work
required to be done by an external force in moving (without accelerating) charge g from one point

to another for electric field of any arbitrary charge configuration.

Potential energy of a point charge ‘q’ may be defined as amount of work done in bringing a charge
‘q’ from infinity to that point against the force of repulsion due to charge ‘Q’ without any
acceleration.

Similar deduction for potential is true for any sign of charge although we have derived it for Q > 0, for
Q<0V<oO

Work done by the external force per unit positive test in bringing it from infinity to the point is negative.
This is equivalent to saying that the work done by the electrostatic force in binging the unit positive
charge from infinity to the point P is positive (this is as it should be if Q < 0 the force on a unit positive
test charge is attractive, so that the electrostatic force and displacement from infinity to our point P are

in the same direction.

This helps us to describe infinity. In the context, the potential at infinity if zero or it is the boundary
of the electrostatic field (the region of influence) of the charge, or charges in consideration.

Infinity does not mean very very...very far

6. ELECTROSTATIC POTENTIAL DUE TO A POINT CHARGE

Electrostatic potential >V’ at a point ‘P’ in an electric field of a point charge Q is equal to amount of work
done in bringing unit test charge from infinity to that point (P) against the repulsion of field without any

acceleration.

Consider a point charge Q at the origin as shown in the Fig.
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For definiteness, we take Q to be positive. We wish to determine the potential at any point P with position
vector r from the origin. For that we must calculate the work done in bringing a unit positive test charge
from infinity to the point P.

For Q > 0, the work done against the repulsive force on the test charge is positive. Since work done is

independent of the path, we choose a convenient path — along the radial direction from infinity to the

point P.
< r rp,
0$ l: __,..__‘,; I —— ,...‘.; :-'_:.. S— :E,
Q ar
'f-jc-

Our point charge Q is placed at origin O.
Electric potential at point P will be equal to the amount of work done in bringing a unit positive test
charge from infinity to the point P.

The force F acts away from the charge Q. the small work done in moving the test charge qo from

A to B through small displacement ‘dx’ against the electrostatic force is :

dW = F.dr = Fdrcos 180° = — F.dr
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Think Why 18007

Total work done (W) by the external force is obtained by integrating

The negative sign appears because for Ar' < 0, W is positive.

T r
e[ a2 - O
o 4megr’ dmegr'l , Amegr

Using rules of integration

T T T Q
Wesp = —f Fdr = —J qoEdr = —qof = rdr
co 00 co 0

Q

4mregr

V(r) =

Thus the electric potential due to a point charge is spherically symmetric and it depends only on the
distance of the observation point from the charge and not on the directions from the charge
This means at all locations at distance x from the charge in 3 dimensional space, we have the same

potential.

Here, we have assumed that the potential energy of system is zero at infinity.
Potential energy difference (AU) depends only on initial and final positions and is independent of path

followed in going from one point to other because the electrostatic force is conservative

EXAMPLE
(a) Calculate the potential at a point P due to a charge of 4 x 10~'C located 9 cm away.
(b) Hence obtain the work done in bringing a charge of 2 x 10-° C from infinity to the point P.

Does the answer depend on the path along which the charge is brought?

SOLUTION

-7
(@) V(r) = —2— =9 x 10° Nm? (% x 222¢
4meyr 0.09m

)W = qV = 2x1079C x4 x10*V = 8x 107

=4 x 10*V
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No, work done will be path independent. Any arbitrary infinitesimal path can be resolved into two
perpendicular displacements: One along r and another perpendicular to r. The work done corresponding

to the later will be zero

EXAMPLE
Show the Variation of potential V with r [in units of (Q/4ns,) m™] and electric field E with r in units

of (Q/4ne,) m?] for a point charge Q.

SOLUTION
The blue curve is showing variation of potential with distance for a point charge
The black curve shows the variation of electric field with distance for a point charge

45F | 1/r*H

35| | i

1.5} | .

0.5 N .

o
o
(6}
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w
[6)]
o H
N
i
(6]

EXAMPLE

Figures (a) and (b) show the field lines of a positive and negative point charge respectively
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@ (b)

(a) Give the signs of the potential difference VP - VQ; VB — VA.

(b) Give the sign of the potential energy difference of a small negative charge between the points Q
and P; A and B.

(c) Give the sign of the work done by the field in moving a small positive charge from Q to P.

(d) Give the sign of the work done by the external agency in moving a small negative charge from
B to A.

(e) Does the kinetic energy of a small negative charge increase or decrease in going from B to A?

SOLUTION
1, . .
a) AsV « = Vp > V,.Thus, (VP — VQ)lS positive.

Also Vy is less negative than V,.Thus, Vg > Vyor (Vg —V,)is positive.

(b) A small negative charge will be attracted towards positive charge. The negative charge moves from
higher potential energy to lower potential energy. Therefore, the sign of potential energy difference of a
small negative charge between Q and P is positive.

Similarly, (P.E.) A > (P.E.) B and hence sign of potential energy differences is positive.

(c) In moving a small positive charge from Q to P, work has to be done by an external agency against the

electric field. Therefore, work done by the field is negative.
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(d) In moving a small negative charge from B to A work has to be done by the external agency. It is

positive.

(e) Due to force of repulsion on the negative charge, velocity decreases and hence the kinetic energy
decreases in going from B to A.
EXAMPLE

Two charges 3 x 10 C and -2 x 10-8C are located 15 cm apart. At what point on the
line joining the two charges is the electric potential zero?
Take the potential at infinity to be zero.

SOLUTION

Let us take the origin O at the location of the positive charge.

The line joining the two charges is taken to be the x-axis; the negative charge is taken to
be on the right side of the origin

l'.] P A
o x o
3x10°C 15 cm -2 %107 C

Let P be the required point on the x-axis where the potential is zero.
If x is the x- coordinate of P, obviously x must be positive.

(There is no possibility of potentials due to the two charge)

adding up to zero for x < 0.) If x lies between O and A, we have

1 [3x1078 2x1078 3
4mey [x x 1072 (15 —x) x 1072
Where x is in cm, hence

0

3 2

x_15—x=

Which gives x=9 cm
If x lies on the extended line OA, the required condition is

3 2

— =0
x x-—15

X=45cm
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Thus, electric potential is zero at 9 cm and 45 cm away from the positive charge on
the side of the negative charge. Note that the formula for potential used in the
calculation required choosing potential to be zero at infinity.

EXAMPLE

A charge of 8 mC is located at the origin. Calculate the work done in taking a small
charge of -2 x 10-° C from a point P (0, 0, 3 cm) to a point Q (0, 4 cm, 0), via a point
R (0,6 cm, 9 cm).

SOLUITION

Work done = potential difference between P and Q or work done in carrying the
charge of -2 x 10° C from P to Q

Wro = q(Ve = V)

1 1
Wpo =8x1073C X 9 x 10° x (=2 x 1079) [3 X102 4% 10-2]

1
=—144 x 1073 x 102 (— —) =1.2
12 J

Even if the path is made different the work done remains the same as electrostatic
force is a conservative force.

7. ELECTRIC POTENTIAL DUE TO A SYSTEM OF CHARGES:

Consider a system of charges q4, g5, ... ... gy, With position vectors ry, 15, ... ...., 1, relative to some origin.

[1“.\_ .‘ll

Fig: Potential at a point due to a system of charges is the sum of potentials due to individual charges.
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The potential V1 at P due to the charge qz is:

_ 1 q
4'71'80 r1p

Where, r;p is the distance between g and P

Similarly, the potential at point P due to other charges will be given by:

Therefore, total potential V at point P due to all charges is obtained by superposition principle

which is equal to algebraic sum of potential due to the individual charges at that point.

V =

L (4, g, )

4TE) \I'1p  Iyp Inp

n
1w
4'1'[80 Iip
i=1

Why not vector sum?

EXAMPLE
Two charges 4 x 1078C and -3 x 10 ~8C are located 12 cm apart. At what point on the line

joining the two charges is the electric potential zero? Take the potential at infinity to be zero.

SOLUTION
Let us take the origin O at the location of the positive charge. The line joining the two charges is taken

to be the x-axis; the negative charge is taken to be on the right side of the origin
18
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Draw the figure

Let P be the required point on the x-axis where the potential is zero. If x is the x-coordinate of P, obviously
x must be positive. (There is no possibility of potentials due to the two charges adding up to zero for x <
0.) If x lies between O and A, we have:

1 [4x107° 3x10°® —o
4mey |x x 1072 (12 —x) x 102|

4%x10°8 3x1078

_ =0
xx 102 (12 —x) x 102

4 3 _o
x (12.-x)
This gives: X = 6.85cm

8. ELECTRIC POTENTIAL DUE TO A UNIFORMLY CHARGED THIN SPEHRICAL
SHELL:

Consider a uniformly charged spherical shell of radius R and carrying charged Q.

To calculate potential at point P at a distance r from its center o is as shown:

For a uniformly charged spherical shell, the electric field outside the shell A
is as if the entire charge is concentrated at the centre. Thus, the potential e

outside the shell is given by

V=1 (r=R)

4ATTEGT

Where q is the total charge on the shell and R is its radius.
The electric field inside the shell is zero.
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This implies that potential is constant inside the shell (as no work is done in moving a charge inside the

shell), and, therefore, equals its value at the surface, which is

q v
V=
4megR T
Graph showing the variation of potential from the center of a charged K —

spherical hollow shell

EXAMPLE

A spherical conductor of radius 12 cm has a charged 1.6 x 107 C distributed uniformly on its
surface. What is electric potential?

(a) inside the sphere

(b) just outside the sphere

(c) At a point 18 cm from the center of sphere?

SOLUTION

V = kQ/R forr <R

V =kQ/r forr >R

kQ /R =9%x10%x1.6x10~7

— o = 1.2 x 1072 volt

(@) V (inside) =
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(b) V (at surface) = kQ/R = 1.2 x10*V

(c) For potential at any point outside the shell:

V=k —-9X1OQX16><ur7—08x10ﬂ/—8x1mv“—8kv
=ke/r = 18 x 102 - - -

POTENTIAL DUE TO AN ELECTRIC DIPOLE:
Electric dipole is a system of two equal and opposite charges (-q) & (+q) separated by (small) distance

(2a). Its total charge is zero. It is characterized by a dipole moment — whose magnitude is:

(p = q % 2a) and pointed in direction (—q to +q).

P

AB =2a
OA=0b=2a

Net potential at any point P at a distance r from the midpoint of dipole in a direction OP making angle
6 with dipole moment p is given by using superposition principle:
21
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Vp = potential at P due to - q + potential at Pdueto +q = V; + V,

kq k(=
L )
7 r,

=kql[l/r,-1/r,]

rl AP = MP = OP+ OM = r + a cosf

r2 = BP =~ NP = OP-0ON =r-a cosf

3V=M[ L ]

r—acos 6 r+acos 6

r+acosf —r+acosb

- kq[ r2 —a? cos? 6 ]
kq X 2a X cos 6
- (r?2 —a?cos?0)

kp cos 6

r2 —a?cos?6

wherep = q X 2a

kp.#
" r2—a2cos26
p.t
V=~ Kk— (wherer >>> a)
r

SPECIAL CASES:
(1) when the point ‘P’ lies on the axial line of the dipole ,0=0° or 180% and V = + kp/r?
(2) When the point ‘P’ lies on the equatorial line of the dipole, 6 = 90° and V = 0. However

electric field at such points is non-zero.
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The important contrasting features of electric potential of a dipole and electric potential due to

a point charge are:

(1) The potential due to a dipole depends not just on r but also on the angle between the position
vector 7 and the dipole moment p it is however symmetric about p .which means, if we
rotate the position vector r about p keeping e fixed .the points corresponding to P on the

cone so generated will have the same potential as at P.

(2) The electric dipole potential falls off, at large distance, as 1/r?, and not as 1/r? for a single

charge.

EXAMPLE:
A short electric dipole has dipole moment of 4 x 10° C cm. Determine the electric potential due to
the dipole at a point distance 0.3m from the center of dipole situated:

(a) on the axial line

(b) on the equatorial line

(c) on a line making an angle of 60° with the dipole axis.

SOLUTION

p=4x%x 10%cmandr = 0.3cm

(a) potential at a point on axial line is:

V = kp cos0° /12 = 9x10°9x 4x 1079/ (0.3)2 = 400V

(b) potential at a point on equatorial line is:

kp cos 90°

r2

V =

c) potential at a point on line making © = 60° with p is:
p p g p
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Kp cos 60°  9x10° x 4 x 10 ~?x 1/2
r2 (0.3)2

V = = 200V

EXAMPLE

Two charges —g and +q are located at points (0, 0, —a) and (0, 0, a), respectively.
What is the electrostatic potential at the points (0, 0, z) and (x, y, 0)?

SOLUTION:

Let us read the question once again carefully and note down the given parameters

Using symbols, we can write

The charge (-q) is located on the negative side of z-axis at a distance ‘a’ from the origin
‘O’ and the charge +q is located on the positive side of z-axis at a distance of ‘a’ from the
origin.

¢ P(0,0,2)

Ae+q(0,0,2)

B [ I (09 09 —3}

To find the potential at the point p (0, 0, z), let us find the distance of this point from the
given charges.

Distance from the charge +q=AP=r1=z-a

Distance from the charge-q=BP ==z +a

. _ -9 __ 1 q
Potential at P due to charge +q = V1= kr1 = e B
. -\, = 9 _ _ g
Potential at P due to charge - q = V2= —k - ines @t
. q 1 1
Net Potential at P, V =V1+ V2= (— - —)
4meg \z—a  z+a

_q (z+a—(z—a))
4TTE z2-qa?
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_q ( 2a )
41eg \z2-a?

Similarly, when we want to find the potential at the point P*(0,0,-z)

Then the distance of the point from +q charge = AP"
=n=z+a

The distance of the point from —q charge = BP" =r»

4
Z

Ae+q(0,0,2)

B ¢-9(0,0,-a)

X ¢ P 0,02

Vizk-L — k-1 =kq (—Z‘“‘Z‘“))

72-q2

= kq (zzz—aaz)

Part 11
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The point P (X, y, ) lies in X-Y plane, which is the perpendicular bisector of z-axis.
This point p will be at equal distance from the charges -q and +q i.e. AP =BP =r

Potential at P due to +q charge and due to —q charge will be equal but negative of each
other.
Vet =0
Note: In the same way, solve the Q. No. 2.21 of NCERT.
Two charges —g and +q are located at points (0, 0, —a) and (0, 0, a), respectively.
(a) What is the electrostatic potential at the points (0, 0, z) and (X, y, 0)?
(b) Obtain the dependence of potential on the distance r of a point from the origin
when r/a>> 1.
(c) How much work is done in moving a small test charge from the point (5,0,0) to
(~7,0,0) along the x-axis?
Does the answer change if the path of the test charge between the same points is not

along the x-axis?

10. EQUIPOTENTIAL SURFACES

Any surface which has same electric potential at every point on it is known as equipotential surface. For

a single charge Q, the potential at any point is given by:
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V(r) =
(r) 4megR

For a single charge q

/ f’/ff\?\‘*
L @“/l ) |
AR

\\“"’”//

(a) Equipotential surfaces are spherical surfaces centred at the charge, and

This would be the case even for a negative charge placed in vacuum.

For the same charge we can visualize the electric field lines

(b) Electric field lines are radial, starting from the charge if q > 0.

For any charge configuration, equipotential surface through a point is normal to the electric field

lines at that point.
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Equipotential surfaces for a uniform electric field.

If the field lines were not normal to the equipotential surface, it would have non-zero component along

the surface.

To move a unit test charge against the direction of the component of the field, work would have to be
done. But this is in contradiction to the definition of an equipotential surface: there is no potential

difference between any two points on the surface and no work is required to move a test charge on the

surface.

The electric field must, therefore, be normal to the equipotential surface at every point.
Equipotential surfaces offer an alternative visual picture in addition to the picture of electric field

lines around a charge configuration

For a uniform electric field E, say, along the x -axis, the equipotential surfaces are planes normal to the

X -axis, i.e., planes parallel to the y-z plane.

Equipotential surfaces for
(a) A dipole
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(b) Two identical positive charges

(b)

RELATION BETWEEN ELECTRIC FIELD AND POTENTIAL
Let us consider two equipotential surfaces A and B with potentials VV and V+ dV, where dV is change
in potential in the direction of electric field E
Let P be a point on the surface B. dx is perpendicular distance from the surface A to P. imagine a test
charge qo is moved along this perpendicular from surface B to surface A against the electric field.

Equipotentials

The work done in the process is:
dWp-a=Go [VA—Vs]
=qo [V - (V-dV)]
=(qodV

Same we can calculate as:
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dWB—>A: lfdg = 'qO E dX

.. Adding work done from both the process

dV = — Edx
" E = —dV/dx
Or vV =— IE.d)?
R |dV|
=+

dx
Two important conclusions can be drawn from the above relation between electric field and

potential:
(1) Electric field is in the direction in which potential decreases steepest.

(2) Its magnitude is given by the change in magnitude of potential per unit displacement normal

to the equipotential surface at that point.

EXAMPLE
Three points A, B and C lies in a uniform electric field E of 5 x10° N/C as shown in figure. Find the

potential difference between A and C.

----------------------------------------------------------------------------------------- —
A B
& - *
5, [
L I
B LT T TP PP PPEP PP PP PR et -
LY 1 L—
s i 3cm E
\\ i
Scrm '
\.\ |
----------------- \\ P T —ee - -
Y I
™ I
'\h i
\*C
........ —

SOLUTION
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Point B and C lies on same equipotential surface,
Vg =V,
2 Va—Vc=(Va—Vsg) + (Vs — Vc)
=+Edx+0
Where, (dx = AB =VAC? — BC?) =V52 — 32 = 4cm)
Vi-V=5x103%x4x%x10"?
=200V

PROPERTIES OF EQUIPOTENTIAL SURFACES

(1) No work is done in moving a charge over an equipotential surface:

“Wpoa = q Vg — V4]
:qxo
=01J

.. Va = Vg at equipotential surface.

(2) Electric field is always normal to the equipotential surface at every point.

For any two points A and B on Equipotential surface:

Wa—s =0 [Vs - V4]

=qfav ['E.dl
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=g % (-1)
=0

Which can only happen when E is perpendicular to equipotential surface.

(3) Equipotential surfaces are closer together in the regions of strong field and further apart in

the regions of weak field.

__.--"':--- -j.--_....,L\
/,/ —N N
/NN
LL@))) ] |
o /
E=—dV/dr o
—-dv
dr=—-

.. For given potential difference dV = constant dr « %

Hence, the gap between the equipotential surfaces will be smaller in the regions, where the
electric field is stronger and vice-versa.
(4) No two equipotential surfaces can intersect each other. If they intersect then there will be two

values of electric potential at the point of intersection, which is impossible.

11. ELECTROSTATIC POTNTIAL ENERGY:

It is energy possessed by a system of charges by virtue of their positions when two charges are at
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. But when they are brought closer to one another, work has
to be done against the force of repulsion.

This work done gets stored as the potential energy.

Potential energy of a system of two point charges:
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Suppose a point charge g1, shown in fig. is at rest at a point A in space. It will produce electric field

around it and hence work has to be done in bringing g2 from infinity to point B in the field of qz.

A E

oa Iq'l q? o0

fig. P.E. oftwo point charges

W1 = work done in bringing g: from oo to B when q; is at c0=0
W> = work done in bringing unit charge from oo to point B
= (2 X potential at B due to charge q:
= Q2 x kqu/ri2
W2 = kq102/ri2 (where r12 = distance between points A and B).

As the work done in collecting charges gi1 & g2 from o to their respective positions at A & B

respectively are stored as the potential energy U of the system,

L USWi+We=0+ k828

12

ie. U=kLe

- U>0; whengi02>0
& U >0; whengi02<0

Potential energy of a system of N point charges:

If 91,92, 93,94, - - qy, are placed in a space as shown in fig;
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Then the potential energy of the system is equal to sum of work done in collecting them from infinity

to their respective positions.
U=_3K, i, k2 where, i # j

T‘ij

As double summation counts every pair twice, to avoid this factor %2 has been introduced.

For three charges g4, q,, g3 System:

q14>2 + 4143 + 612613]
T12 T13 23

Potential energy U=k [

And for four charge system it will be as:
Potential energy

q19>2 n q193 N q194 n 4243 n 4294 N q3qas
T2 13 T4 23 24 T34

U=k

EXAMPLE
(b) Determine the electrostatic potential energy of a system consisting of two charges 7 uC and

-2 uC (and with no external field) placed at (-9 cm, 0, 0) and (9 cm, 0, 0) respectively.

(¢) How much work is required to separate the two charges infinitely away from each other?

Also called dissociation energy.

SOLUTION
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1 7x(-2)x10~12
(a) U=——292 — g x 109 x X210 -
4TTEY T 0.18

=—-0.7]

b)W=U,—U;, =0-U=0—-(—0.7)=0.7]
12. POTENTIAL ENERGY IN AN EXTERNAL FIELD:

(a) POTENTIAL ENERGY OF A SINGLE CHARGE:

Let any source at very large distance produced an electric field E in the surrounding region. Let we bring
a charge ‘q’ from infinity to a point in the field region where infinity to a point in the field region where

potential due to source is V(r), then the work done in bringing charge ‘q’ from infinity to point P in field

qV (r).
W = qV(r)
(b) POTENTIALENERGY OF A DIPOLE IN A UNIFORM EXTERNAL FIELD
Consider a dipole with charges g1 = +g and g2 = —q placed in a uniform electric field E, as shown in Fig.
You will recall that in a uniform electric field, the dipole experiences no net force; but experiences a

torque given by: tp x E which will tend to rotate it (unless p is parallel or anti parallel to E). Suppose an

external torque t(text) is applied in such a manner that it just neutralises this torque and rotates it in the

35
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plane of paper from angle 6o to angle 0: at an infinitesimal angular speed and without angular

acceleration.

The amount of work done by the external torque will be given by:

v

—
E -
@1
-a cosé i} : »
: i acosg = X
f P:
@ q -
‘-])0

>

Potential energy of a dipole in a uniform external field.

01 01
W= Text(0)dO = pEsin0d6 = pE(cos0, — cos0,)
0o 8o

This work is stored as the potential energy of the system.

We can then associate potential energy U (0) with an inclination 6 of the dipole. Similar to other potential

energies, there is a freedom in choosing the angle where the potential energy U is taken to be zero.

We can write:

01
U(0) = pE (cosi — cose) = —pEcos® = —pE

EXAMPLE
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A molecule of a substance has a permanent electric dipole moment of magnitude 10-° C m. A mole
of this substance is polarised (at low temperature) by applying a strong electrostatic field of
magnitude 10° V m.

The direction of the field is suddenly changed by an angle of 60°. Estimate the heat released by the
substance in aligning its dipoles along the new direction of the field. For simplicity, assume 100%

polarisation of the sample

SOLUTION

Here, dipole moment of each molecules = 102° cm

As 1 mole of the substance contains 6x 10?3 molecules; then total dipole moment of all the molecules,
p=6x10%x102®Cm=6x 10°Cm

Initial potential energy, U; = —pE cos @ = —6 X 10 ~® x 10° cos 0° = —6]

Final potential energy (when, 8 = 0°).

Us=—6x 10 7 x 10°cos60° = —3]

Change in potential energy=-3J- (-6 J) =3J

So, there is loss in potential energy.

This must be the energy released by the substance in the form of heat in aligning its dipoles.

13. SUMMARY':

e Electrostatic force is a conservative force. Work done by an external force (equal and opposite to the
electrostatic force) in bringing a charge g from a point R to a point P is Vp — Vg, which is the difference

in potential energy of charge g between the final and initial points.

e Potential at a point is the work done per unit charge (by an external agency) in bringing a charge
from infinity to that point. Potential at a point is arbitrary to within an additive constant, since it is
the potential difference between two points which is physically significant. If potential at infinity is
chosen to be zero; potential at a point with position vector r due to a point charge Q placed at the

origin is given is given by:
37
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Q

V(r) =
) 4mregr

The electrostatic potential at a point with position vector r due to a point dipole of dipole moment

p placed at the origin is:

The result is true also for a dipole (with charges —q and q separated by: 2a forr >>a

For a charge configuration q4, g2, q3, G4, «- - qn, With position vectors ry,r2 , ... I, the potential at a

point P is given by the superposition principle:

_ 1 (q1 Q@ , CIn>

4meg \rip  T2p Tnp
An equipotential surface is a surface over which potential has a constant value. For a point charge,
concentric spheres centred at a location of the charge are equipotential surfaces. The electric field E
at a point is perpendicular to the equipotential surface through the point. E is in the direction of the

steepest decrease of potential.

Potential energy stored in a system of charges is the work done (by an external agency) in assembling

the charges at their locations. Potential energy of two charges g1, g2 at r1, r2 is given by

__1N9
4EgTy0

Where, r12 is distance between g1 and gz

The potential energy of a charge q in an external potential V() is qV (r).

The potential energy of a dipole moment p in a uniform electric field E is —P.E.
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