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ELECTROSTATICS

4

———— - - e I o S S L e gl
Major Concepts =~ = (21 PERIODS) Q;@;i%}iﬁ*ﬁﬁir* AT
e Force between charges in different media ' This chapter is built on
e Electric field ' Electrostatics Physics X
e Electric field of various charge configurations
e Electric field due to a dipole
e Electric flux
e Gauss’s law and its applications
e Electric potential
e (Capacitors
e Energy stored in a capacitor

Studéns Learning Outcomes _
After studying this unit, the students will be able to:

e state Coulomb’s law and explain that force between two point charges is reduced
in a medium other than free space using Coulomb’s law.

e derive the expression E = ] iz for the magnitude of the electric field at a

4ne, T
distance ‘r’ from a point charge ‘q’.
e describe the concept of an electric field as an example of a field of force.
e define electric field strength as force per unit positive charge.
e solve problems and analyze information using E = F/q.

. ; : 1
e solve problems involving the use of the expression E = %
: dne, T
e calculate the magnitude and direction of the electric field at a point due to two

charges with the same or opposite signs.
e sketch the electric field lines for two point charges of equal magnitude with same

or opposite signs.
e describe the concept of electric dipole.

define and explain electric flux.
e describe electric flux through a surface enclosing a charge.




e stale and explain Gauss’s law.
e describe and draw the electric field due to an infinite size conducting plate of

posilive or ncgative charge.
e skelch the electric field produced by a hollow spherical charged conductor.
sketch the electric field between and near the edges of two infinite size

oppositely charged parallel plates.
define clectric potential at a point in terms of the work done in bringing unit
positive charge from infinity to that point.

e define the unit of potential.

e solve problems by using the expression V = ? ;

describe that the electric field at a point is given by the negative of potential

gradient at that point.
Vv

e solve problems by using the expression E = i

e derive an expression for electric potential at a point due to a point charge.
calculate the potential in the field of a point charge using the equation

I q
dne, T
define and become familiar with the use of electron volt.

define capacitance and the farad and solve problems by using C=Q/V.

describe the functions of capacitors in simple circuits.
solve problems using formula for capacitors in series and in parallel.

explain polarization of dielectric of a capacitor.
demonstrate charging and discharging of a capacitor through a resistance.

prove that energy stored in a capacitor is W=1/2QV and hence W=1/2CV=.

INTRODUCTION

Electrostatics is a branch of physics in | FOR YOUR h* ?*OR.L»iT}—L?—_-
which we study about the charges at rest. In Sumeume 2 sabe clecticiy o]
this unit, we will not only discuss the big problem at gasoline filling station,
behaviour of charged particles at rest but also | where the spark can ignite gasoline
introduce laws governing it. For example, | vapours and make fire. A good safety |

Coulomb’s law which explains the rule is to touch metal and discharge |
static charge from your body before you

V=

electrostatic force of attraction or repulsion R

between two stationary point charges | ot e
separated by some distance. Here a general question anses ‘how is the electrostatic




force exerted whep the chargal particles are separated? This “action at a distance”
force can be explained b}f using the electric field theory, i.e. every charge q produces
an electric field around it. Now if another charge q,is brought near to q, then the

electric field of q exerts a force on q,. In the same way, we will also develop the

concept of electric field in terms of electric lines of force. These electric lines of force
can be studied by using Gauss’s law. We will also study these electric lines of force
passing through different conducting media called flux. All these are very useful in
the understanding of various clectrostatic phenomena. Similarly, we will explain the
electric potential gained by a charged particle due to work done on it in an electric
field between a pair of parallel and opposite charged plates. In the last section of this
unit, we will introduce the most important device capacitor and its capacitance in the
absence and presence of diclectrics.

11.1 CHARGE AND ITS PROPERTIES

Like mass, electric charge y e
is the intrinsic property of some
particles such as electrons etc.
The presence of charge causes it
to exert or experience a force
when it is placed in an electric or
magnetic field. Charge is a basic
property of matter which is
responsible for all electric and
magnetic interactions.

[t is a‘. common A charged comb attracts small pieces ol paper.

experience that when we comb

our hair by a plastic comb, then Charge transformation between glass rod and silk eloth
it may attract the nearby small ~ Silk C'l‘ih Glass rod

pieces of paper. Il. is therefore, N

the comb has gained charges She >

through the rubbing process. ' @

The charge which is created by Charge transformation between glass rod and woolen cloth
rubbing two objects against “oolenLloth Glass rod
each other 1s called 'static N Neutral >
charge. There are two kinds of _—
charges, which were named as 3 ()

negative and positive by _
. . . I'IE»II.I a) Transfe seative charees [ 5% 1.|.L'|511|5‘
Benjamin Franklin (1706- cloth unilc}r “f:;l:, L..r 01I‘1:11:.gamt L-h'"'k:w In?m ;__tm Fm

. : process of rubbing (b) translcr ©
1790). It is explained by a charges from woolen cloth to plastic rod.

&




simple experiment. Whe:n_ a
glass rod is rubbed with silk
cloth, electrons are transferred
from the glass rod to the silk
cloth. The silk cloth now has
an excess of electrons and
hence , becomes negatively
charged. Whereas, the glass
rod which has deficiency of
electrons becomes positwa!y

charged as shown n il ﬁ
Fig.11.1(a). Similarly, when a

hard plastic rod 1s rubbed with

glan

s {h;r:nl plan rody
plantle Fads
woolen cloth then the wool /
becomes positively charged — -2 =

.
= pesktively charged
LAR A

>

(a)

negatlely chargid ponkthy ely charged

td

whereas, the plastic rod Fig.11.2(n) Unlike charged rods attract to each other. (b) like
becomes negatively charged.  charged rods repel to each other,

It is shown in Fig. 11.1(b). 1
If the positively charged glass rod is
brought near to the negatively charged
suspended plastic rod then it will attract the
plastic rod as shown in Fig. 11.2(a). Similarly,
when the negatively charged plastic rod is
brought near to the suspended plastic rod
which is also negatively charged then they

will repel each other as shown in Fig.11.2(b)
The same result of repulsion will be observed |

when two positively charged glass rods are
brought near each other. Based on these
observations, we have two most important

results. First, like charges repel each other and *

unlike charges attract each other. Secondly, if
one material gains some charges, the same
magnitude of charges is lost by the other
material during the rubbing process. This is

o DO YOURNOWZ . [T i
A charge is transferred from one body to
another by electrons.

POINT 7O PONDER g
If an object transfers its charges to |
another object, will its mass be affected?

POINT TO PONDER f
If 2 x 10? electrons are transferred from |

{
|
|
|

objects?

| a glass rod to a piece of silk by rubbing, |
what will be the net charges on both

FOR YOUR INFORMATION
Like energy and momentum, charge is
also a conserved and quantized quantity.

known as law of conservation of charges, which states that “electric charge can
neither be created nor be destroyed or the total charges of an isolated system

remains constant.”
: 3

Ly

‘———



Electric charge is a scalar quantity and its SI unit is coulomb ‘C’. As we know
that electron is a sub-atomic particle of an atom, it carries negative charge of
magnitude 1.6 % 107" C. A proton is also a sub-atomic particle of an atom and it
carries positive charge of magnitude 1.6 x 10°" C. This shows that electron and proton
both have charges of same magnitude but opposite in nature. One coulomb
corresponds to the amount of charge on 6.25%10'® ¢lectrons. As an atom contains
cqual number of protons and electrons, so it is electrically neutral at normal condition.
It has been observed that the charges are transferred from one body to another body
in discrete form. That is, a body may
have charges of value +le,+2e, £3e...
respectively but not +0.5e,+1.5¢,+2.1e

... etc. where e is charge of an electron
or proton.

11.2 COULOMB’S LAW

As we have discussed that the
like charges repel and unlike charges
attract each other with a force called
electrostatic force of repulsion and
attraction respectively. This force was
first QIIalllitilliV(:iy studied by a French  Fig.11.3(a) repulsive force between two like point
military enginecer Charles Coulomb  charges (b) attractive force between two unlike point

. i charges.
under different conditions  and
formulated a law in 1785 A.D. known
as Coulomb’s Law, which is stated as: :

The magnitude of clectrostatic force of attraction or repulsion between
two point charges is directly proportional to the product of the magnitude of

charges and inversely proportional to the SRR ;

square of the distance between them. Doe ani?ml Tt{u?:fu??cf:glﬁs?bemeen
Mathematically, it is expressed as: e cliafged'nﬁd" an-uiichmge-:ﬁ bodies?
Let two point charges q, and q, which SN SRR T Ty

are separated by a distance ‘r’ as shown in Fig.11.3. According to Coulomb’s law
the electrostatic force of attraction or repulsion between them is given as:

£ 9 | Do youxnow? ;
Foc X Both electrostatic force between charges
2 and gravitational forces between masses
By combining these two relations, obey inverse square law.

A ¢ '




where ‘ k ’ is constant of proportionality known as Coulomb’s or electrostatic
constant. Its value depends upon the nature of the medium between the charges. If the
medium, between the two point charges is free space then the value of “k * in terms of
SI units is 9 x 10° Nm?/C? and it can be calculated by the following relation:

1

k=——......(11.2
4ne, e
Putting the value of electrostatic constant ‘k’ from Eq. 11.2 in Eq. 11.1
I q,9,
F= 2 ...(11.3
4me, 1 ( :

where ‘g’ is known as permittivity of free

space and its value is 8.85%10"'2C*N-'m™
As force is a vector quantity and the line of
action of electrostatic force is along the

position vector ‘r ', so eq. 11.3 can be

expressed in term of the unit vector of r
ds;

o1 99,
F — I 2 BEEEE R li|4 .
dne, 1’ ' ( )
Eq. (11.4) is the vector form of

Coulomb’s law.

The electrostatic force between
two point charges is a mutual force, i.e.
both charges exert the forces on each
other, which are same in magnitude but

POINT TO PONDER

What would be the magnitude of
electrostatic force between two point
charges, when the separation between
them is doubled?

Fig.11.4 The charges qi and q: exert forces each
other which are same in magnitude but in opposite
direction.

in opposite directions. Let Fi2to be the force which is exerted by qi on gz along the

line joining the two point charges represented by unit vector f,, as shown in Fig.11.4.

Similarly, Fa be the force which is exerted by g2 on q: along the line joining the two -

points charges represented by unit vector (—f,, ). The negative sign shows that f,, in

opposite direction with respect to f,,. Thus by using Eq. 11.4 the two forces Fi2 and

F21 can be expressed as:




- 1 ~

FI! —Z-Eﬂ::gl}—rlz ...... (115)
Similarly,

- _1 -

Fa = Eﬂ;‘;‘_ﬁz, ...... (11.6)
Comparing eq. 11.5 and eq. 11.6

PR e (11.7)

Equation 11.3 shows that the electrostatic
forcc not only depends upon the magnitude of
charges and distance between the charges but also
depends upon the medium between the charges. If the
medium between the charges is an insulating material
which is known as diclectric, then we introduce a
relative permittivity &, which is defined as the ratio

between the permittivity of insulating medium & to
the permittivity of free space €, that is:

= Table 11.1

The values of  relgy,
permittivity  for dilferey
materials for static cleeyy,
field L M,

Matcrial s ?P e ks,

R 6> )

Vacuum 1.0000
Air 1.0006
PTFE, FEP 0
(Teflon)

Polypropylene 22010228 |
Polystyrenc 241032 |
Wood (Oak) 3.3
Bakelite 3.51060 |

" Wood (Maple) 44 |
Glass 491075 |
Wood (Birch) 53 T
Glass-Bonded 631093 |
Mica
Porcelain, 6.5
Steatite |

Relative permittivity is also known as dielectric constant and its value is
always greater than onc (as shown in table 11.1). For static electricity, the electrostatic
force ‘ F'* between point charges for insulating medium is given as

F = __I_{hflz;
dne 1
Using Equation 11.6 £ =¢_g, . Therefore:
et 9%2: (11.9)
4nee, r1°
By comparing Eq. 11.4 and 11.7 we have
P =LF ceenn(11.10)
EI’
: I
Since, ]
EI
So, F <F

This result shows that the electrostatic force of attraction or repulsion between two
point charges is greater, if the medium between them is a free space.




e T e R B

Fxample 11,1
How many electrons constitute a charge of 2.
"4 Solution;
number of electrons (n) =2

'"f‘ total charge =Q = 2C

charge on an electron =e = 1,6 x 10°19C

charge on ‘n’ electrons =Q = ne

Q

n:._
e
2C

n=s—m—m—m
1.6x107"°C

n=1.25x10" electrons

Example 11.2
The Hydrogen atom consists of a single electron which is orbiting around the

nucleus and contains a single proton in its nucleus. Calculate the ratio between
electrostatic force and gravitational force between electron and proton in hydrogen

atom.
solution:
Charge on an electron = q, = 1.6 x 10°C
Charge on a proton = q,= 1.6 x 10°°C
Mass of electron =m,=9.11 x 102" kg
Mass of proton = m,= 1.67 x 10?7 kg
Coulomb’s constant (k) = 9 x 10 Nm? ¢
Gravitational constant (G) =6.673 x 10! Nm? kg

Distance between electron and proton =r
Now, the electrostatic force between electron & proton is given as

Similarly, the gravitational force between electron & proton is given as
m,m ”
: (i)

F)=6"2 ...

r
Dividing eq. (i) by eq. (ii)

—




CLE POINT TOPONDER
ol S S Does an electric field exist in empty
G m]T!_ space?
- ' DO YOU KNOW?
Y. _ K9, There is no electric field inside the
. Gmm, conductor. ;

E, _ (9xH]'}Nmzc"z)(l.6x1{]'wC)(l.6x10"9_(3)
F, (6.673%10™" Nm?kg2)(9.11x107'kg)(1.67x10 7" kg)
2304107

Ko

F, 1.014x1077

L. 2.27x10%
B

The result shows that the electrostatic force between an electron and a proton is
extremely large i.c. 2.27x10" times greater than the gravitational force between

them for the given same distance.

11.3 ELECTRIC FIELD AND ELECTRIC FIELD INTENSITY

In Coulomb’s law, we have

studied the clectrostatic force of | qﬂ./f;‘
attraction and repulsion between every

two point charges. According to field P Test Charge
thcory, the clectrostatic force of o P

attraction and repulsion is transmitted ,.""

from one charged body to another $
through a ficld called clectrostatic field, q
which exists in the region around every (
electric charge. Electric field is defined Point (source charge)
as, the ‘region {{l‘ Spﬂl:.E Hround 2 Fig.11.5 Electric field intensity E due to a force by a
charged body in which another iy charge q on a test charge qo
charged body can experience force of
attraction or repulsion.

The charge which has a considerable electric field around it, is known as a
point charge. It may be positive or negative. Usually, the point charge is being

considered as a source charge. Similarly, the charge which has negligible field is
known as test charge. It is always taken as a unit positive charge and it is being used



to determine the strength of the field of the point charge. The source charge has a very
large value of charge as compared with test charge. We assume that test charge moves
in the electric field of source charge without causing any appreciable change in its

field.

The strength of the electric field at any point is known as electric field intensity
or electric intensity. Electric field strength is a vector quantity and it has both
magnitude and direction. It is explained as:

Let an electric field is produced by a positive point charge °q’ in the space
around it. In order to examine whether, the field exists in space, we introduce a unit

positive test charge qo. As the test charge is very very small in magnitude and it does
not affect or disturb the field of the point charge so the electrostatic force is exerted

by a point (source) charge on a test charge as shown in Fig.11.5 and it is known as
electric intensity. It is represented by E and is also defined as a force per unit positive
charge qo 1.€.,

E= = .o (11.11)
9s
Electric intensity is a vector quantity. Its direction 1s the same as that of the force. It

is directed outwards from positive source charge and directed inwards for a negative
source charge. The SI unit of electric intensity is NC™'.
f

11.4 ELECTRIC INTENSITY DUE TO A POINT CHARGE

Consider an electric field due to a
point charge q as shown in Fig.11.7. To q, /ﬁfE
determine the strength of this field at @
point ‘p’ at a distance ‘r’ from surface of 5
point charge ‘q’, we place a test charge "
‘Go” at that point. Now according to re

Coulomb’s law, the electrostatic force r
between them is given as ‘/
F = ] qqn

2
4“5:- B , Fig.11.7 Electric intensity due to a point charge q at
F 1 q point ‘P" at a distance r from q.

:]:_ dne, t*
But E= E
9o




E=—— ...(1112)

As [ is a vector quantity, its direction is same as that of the force. So, eq. 11.12 can

be expressed in vector form as

Be—t 93 1113
dme,, 1

This results shows that electric intensity depends upon magnitude of point charge,

distance and medium,

Example 11.3

Two charges of the magnitude
15 % 10C and 30 = 10”C arc separated
by a distance 6em, Find the intensity of
electric field at a point which is at a
distance 2cm from the first and 4em
from the sccond charge respectively.
Solution:

“q, =15 % 10°C

Distance between ¢, & ¢, = r= 6ecm = 0.06m
Distance between ¢, & P = 1, = 2em = 0.02m
Distance between q, & P= r, = dem = 0.04m

| Eleetric intensity E, duc to ¢, at point P and at distance T, -

given as
@y 9x10"x15x107

!' —
o 4

FOR YOUR INFORMATION
| If the charges on a conductor are at rest
| then the conductor is in static equilibrium

135

b (0.02)°
E,=3.375 x 10° NC"!
9

is given as
 4: 9x10"x30x10”

~0.0004

2. Electric intensity E, due to q, at point P and at a distance r2 = 0.04m from q;

270

' (0.04)°
E,=1.69 x 10°NC"'

The resultant intensity ‘E" at point P is given by

&,

0.0016

0.02m from q, 18



e .

‘ = E| ik E}
E =3.375 x 105 — 1.69 x10°
| E=1.685 x 10° NC-! which is directed towards the larger

o charge i.e., q,.

11.5 ELECTRIC FIELD LINES:

We have discussed that an electric
field is a region around a point charge
where an clectrostatic force acts on
another charged body placed in such
region. The clectric ficld is represented
by imaginary lines which was introduced
by Michacl Faraday and these are called
clectric lines of force. An electric line of
force is the path along which a small
positive test charge, placed in an
electric ficld of a point charge €aN o, 4y g(a) Electric field due to an isolated positive
move if free to do so. The lines of force  charpe (+q) and the direction of lines are outwards.
of an electric field may be straight or
curved but its direction is always from
positive to negative charged body. It is
explained under the following different
field patterns.

When a ficld is produced by an
isolated positive charge (+q) then the
lines of force are directed radially
outward from the charge in all directions
as shown in Fig.11.6(a). It is therefore,
*‘whcn we introduce a positive test charge
- }hm filed, .“ wauld bc.l‘cp(.‘..ned by a Fig. 11.6(h) Electric field due to an isolated negative
point chargc in outward direction. charge (—q) and the direetion of lines are inwards,

Similarly, when a field is due to
an isolated negative charge (—q), then the lines of force of the field are directed

radially inward as shown in Fig.11.6(b). If we place a positive test charge in this field,
it would be attracted by the point charge in inward direction. '

If the field is due to two charges of same magnitude, but oné is positive and
other is negative then the lines of force start from positive cha}gf: surface and

terminate at the negative charge surface, as shown in Fig.11.6(c). In this case, we can

@
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observe both straight and curved lines. The direction of field at any point along a
curved line can be determined by drawing a tangent at that point. -4
The Fig.11.6(d) shows the field wngent
pattern due to two positive charges of
same magnitude. In this case the lines of
force are repelled 1o one another. Again,
we can observe both straight and curved
lines. The strength of the field at the
middle point between the two charges is
zero. This point is called neutral point of

the feld.
From the above discussion, we

some important results which are ‘
have sc I.Tm POt ¢ Fig.11.6(c) The clectric ficld pattern due to two
summarized ‘15: . — charges of same magnitude but having opposite
1. The electric lines of lorce mmitiate
from positive charge surface and
terminatc  al  negative charge
surlace.

The number of lines drawn 1s

directly  proportional 1o the p——— .

magnitude of the charge. _/ N \
3, Curved lines show non-uniform

clectric ficld while straight and

parallel lines indicate uniform
electric feld.

4. The langent at any point on a curved
line gives the direction of the field.

5. The lines of force do not exist inside the charged body.

The lines of force are closer when the field is stronger, and the lines arc farther

aparl when the field is weaker.
7.. Two lines of force never cross each other. If they cross then at the point of

intersection, clectric intensity would have more than one direction but only one
magnitude and it is not possible.
11.6 ELECTRIC DIPOLE
A pair of charges of same magnitude, but one is positive and other is negative

separated by a small distance is known as electric dipole. For example, many
molecules such as, H.O, HCl etc. behave as electric dipoles in their normal states. The

charges are distributed in these molecules in such a way that the centre of positive

@ 3

1

Fig.11.6(d) The clectric field patten duc to two
charges of same magnitude and having same signs.

=N




charge does not coincide with centre of
negative charge, as a result, one end of
the molecule is positively charged and
the other is negatively charged as
shown in Fig. 11.7.

Let an electric dipole which
consists of two charges of equal
magnitude but opposite nature or signs
(@ and —q) separated by a small Fig.11.7.A molccule of H:0 behaves as an electric

distance ‘d’ as shown in Fig.11.8. In > =
electric dipole, the resultant charge 1S ' p=qd
equal to zero, but 'its corresponding
field exists, because the charges arc
placed at some distance. The line q
joining the charges is known as dipole 1
axis. It is a vector and its direction is  Fig.11.8 Electric dipole duc to ‘:’?IFDE“' charges of
from negative charge to posilivc Shirn:dlll'sl;j;:!;uéic but having opposite signs scparated
charge.

Now the product of magni
separation between the two charge

>

tude of either of the charge and the distance of
s is known as dipole moment. It is represented by

p and it is expressed as
P=qd.....(11.14)
Dipole moment is a vector quantity. Its direction is along the dipole axis, i.c., from

negative charge to positive charge. The SI unit of a dipole moment is C m, which is a
larger unit. However, a smaller unit used for dipole moment is debye (D).

11.6.1 Electric field due to a dipole

Let an electric field due to a 7 Aitiiie
dipole which consists of two A —> B /‘ Tf C TE-};
charges of equal magnitude, but of [ & o>
opposite nature or signs and are q 4 0 d 4
separated by a distance 2d from ‘ r >

each other. I:Et we CﬂlC%l]a!E the Fig.11.9 Resultant Electric field strength at point C due to
strength of this field at point ‘C’ at  adipole.

a distance ‘r’ from centre ‘O’ of the

dipole. Such that C is at a distance r — d from the positive charge +q and at a distance

r + d from the negative charge —q as shown in Fig.11.9.
The field due to positive charge +q at point ‘C’ at a distance r - d is given by

pr
¥




e L |

1
E, = - S (11.15)

o 41‘[5“ (r—d)2
Similarly, the field due to negative charge —q at point ‘C’ and at a distance r + d is

given by
] 2
E, = q :
4me, (r+d)
The resultant field at point C is given by,
E=E+E,
TR L .
© e, (r—d): 4me, (r+d]z

...... (11.16)

E=— S
dne, | (r—d) [r—t-d)z

E=_0 ((r+d)* —(r-d)?
4ne, |\ (r—d)?

1]

!
" 4 drd
L= 2 5
ne 2 _ 42
[ l\(l‘ EI ]
e 3\
E = q 4rd

-

dre | (. ( a2\Y
r°| 1= 5
\ ¥4 2

d”, :
As —-is very small so it can be neglected.
i

B I 2dq(2r)
dre, r'(1-0)

But (2d)(q) =P (Dipole moment)
1 P
e e T 11.17
2ng, 1’ ( )

This is the electric field intensity at a point due to a dipole, which depends upon dipole
moment, distance and medium.

24
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pyample 1.4 ;
An electric dipole consists of - 30nC +30rC
' two charges +30pC and -30pC

ceparated by a distance of 2cm. P

' Calculate the electric field intensity
at a point P on the axial line at a |
e

distance of 15cm from the mid-point
of the dipole.
r..lllll.iﬂll:

WE have,

r=15cm

Charge, q, = +3{}pLC =30x107°C
Charge, q, = =30uC = -30x107°C
Distance between dipole =d = 2cm = 0.02m
Electric field intensity at point P=E =7
Distance between mid-point of dipole and point P = OP=r=15cm=0.15m

= 9x10°Nm?’C™

Electrostatic constant =k =

4ne,
By definition of electric intensity due to a dipole
v 1 2P
. E= =
4dme, T
But P =qd
B
dre, 1
" 9><-10*Nm’<:42(30x10‘6Cx0.02m)
(0.15m)’
g 10.8x10’
0.003375
E = 3200x10’
E=3.2x10°NC”

# L

&




11.7 ELECTRIC FLUX A

: Aty
We have studied that an electric field is l"
rep.rcstnlt?.(_.l !3}' electric lines of force, V4 l
which originate from a positively —” ——='|=.__:
charged surface and terminate at 2 — .
ﬂﬂgﬂ“_‘*”:l}' Eh‘arged surface, Now when —-: — E
an object having an area is placed in an —== ._%"‘
electric field such that the direction of the — %
area is parallel to the direction of clectric T e
ficld as shown in Fig.11.10 then the &N s

electric lines of force pass through it and | | 7
is called clectric flux, The word flux
comes from a Latin word which means to
flow or penetration of ficld lines through
some surface. Thus, the electric flux is
defined as the number of electric lines
of force passing through a certain area
held perpendicular to the field.
It is usually represented by a
Greek letter ¢ and it depends upon the
strength of the field (Electric intensity),
the size of the surface arca it passes
through, and on how the area is oriented
with respect to the field. That is, stronger Fig.11.11 Lines 0F I'r.'rn:f.;qi::!
the electric field E, larger will be the  gnd the direction of arca ¥ p
clectric flux ¢. Similarly, the larger the Arca =
area, the more field lines pass through it,
the greater the flux.
Based on these results, the electric flux is
defined as the product of electric
intensity E and vector area A.
¢=EA ...(11.18)
Now if the area is not held
perpendicular but it makes an angle ‘0’

with the field E as shown in Fig.11.11.
In this case we take the base component

Ax of area A which is parallel to the Fig.11.12 Angle 6 between E and A is zero and the
flux is maximum.

: N

aceinge through o
- g P.lhhll- -
{orce

issing through an arey
an angle * 07 with the




ectric lines of force and thus Eq.11.18 becomes
¢l = EAx -
¢ = E Acosh ...... (11.18)
¢=E-A ... (11.19)

This is an electric flux in terms of the scalar product of E and A. Thus Electric
flux is a scalar quantity and its SI unit is Nm?C"!, The flux can be studied under the
following two cases:

Case-I: When area is held perpendicular to E such that the vector area A becomes
parallel to the direction of electric lines of force and angle ‘8’ between them is zero
as shown in Fig.11.12. Then Eq.11.18 becomes

el

¢ =EAcos0°
¢ =EA A
This is the maximum electric
flux. .
Case-II: ~ When surface area held
parallel to the electric field such that the : E
vector area becomes perpendicular to
the direction of clectric lines of force -—4@
and angle ‘0" between them is 90° as —
shown in Fig.11.13. Then Eq.11.16 ' _
becomes Fig.11.13 Angle 8 between E and A is 90° and the
) flux is minimum,
¢ = EA cos90°
¢=0

This 1s the minimum electric flux or zero flux.

11.8 ELECTRIC FLUX THROUGH A SURFACE ENCLOSING A
CHARGE

Consider a point charge q which is
enclosed by spherical shape surface of
radius ‘r" as shown in Fig.11.14. Since
the charge is at the centre of the sphere so
the electric intensity ‘E’ at the whole
spherical ~ surface remains  same
(constant). To calculate the total flux due
to this point charge, we divide the whole
spherical surface of the sphere into ‘n’

number of small and equal patches of Fiﬁ-”-” A point charge q at the center of the
sphere.

Spherical
surface

s
) »




area(AA,AA,,AA,, - AA, ). It is to be noted that the radius of the sphere is always
perpendicular to each small patch. Therefore, the direction of vector area through each

patch remains parallel to the direction of intensity E and angle ‘0’ between them is
Zero. ;
Thus, the flux ¢, through small patch of area AA, is given by

¢ = E-AA
¢, = EAA, cos0’
= EAA,
Similarly, the flux ¢, through AA, is given by
d,= E-AA2=EAA,
b= E-AA:= =EAA, : 14 POINT TO PONDER

The electric lines of force that can pass
through an area, is named as electric flux.
Can the same lines of force pass through ‘
a volume?

¢,= E-AA,=EAA,

Hence, the total fux
b=+, + Py,
b = EAA, + EAA, + EAA, +---+ EAA |

o= E(m +AA, +AA; 4+ AA )

ZM.

But surface area of sphere = ) AA; = 4nr’

sL‘L‘- I'

¢,=i ...... (11.20)

This result shows that the electric flux due to a point charge through the surface
of sphere is independent of its radius. It means, the flux through a closed surface does
not depend upon a geometrical shape but it depends upon magnitude of charge and

medium used.

&




11.9 GAUSS’S LAW

We have studied in the previous section
that the flux due to a point charge at the centre of

the sphere is q/€_ . This shows that the flux is

independent of the radius. Therefore, this result
can be extended for ‘n’ number of point charges
q,,42>9; - --d, Which are arbitrarily distributed in

a closed surface of non-geometrical or non-
uniform shape as shown Fig.11.15. To calculate
the total flux due to all the given point charges,
we enclose each point charge in a small
imaginary sphere within the boundary of the
closed surface as shown in Fig.11.16. The
surface of this imaginary sphere enclosing the
charges is called gaussian surface.

Thus, the flux ¢, due to a point charge qi

which is enclosed by a small sphere is given by
o=

E

0o

Similarly, the flux ¢, due to a point charge gz is
given by

=4

=

and $,= =
Eﬂ

P

="

o

i
gr - ey ' q
Ao )
: . "'".'::E[-E*-.:.‘:r:-r —

R '-'-:".'" . F
Fia.11.15 There are 'n number of point
a,
charges enclosed by @ surface of non-

geomelrical shape.

Fig.11.16 The point charges which are
enclosed in small spheres.

Total flux can be obtained by adding above equations i.e.,

b= ¢’| +¢’3 +¢, +"'+¢n

¢ = ﬂl.+_q_3.+q_}+...+£1.'l.
E, &, &, £

1+
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1
¢=E_(ch+q: +Q3+“'+qn)
[+]

b= L (total charge enclosed in the surface)
£

o '

This is the mathematical form of Gauss’s law and it is stated as ‘the total flux
through a closed surface is equal to 1/e, times the total charge enclosed by the

surface’.

11.10 APPLICATIONS OF GAUSS’S LAW

Gauss’s law can be applied to calculate the electric intensity due to the
different configuration of the charges. Though the charges must be enclosed by a
surface called ‘Gaussian Surface’, but it is not necessary that the surface should have
a regular geometrical shape.

(a) Electric field due to an infinite charged sheet
Consider a thin infinite charged sheet of uniform surface charge density o
which is given by
_ charge Q '
o=—"=— ... (11.22)

area A

To calculate the electric field E
due to this charged sheet at point ‘p’
near the sheet, we pass a cylinder of -
cross-section area ‘A’ through the sheet.
This closed cylinder acts as a Gaussian
surface as shown in Fig.11.17.
Since the cylinder is
perpendicular to the plane of the sheet,
so the direction of electric field is along
the cylinder. Now we determine the
electric flux through the two flats and one Gatisslan
curved surface of the cylinder, stirfdce
Flux due to the curved surface of Fig.11.17 A Gaussian-Surface inform of a cylinder
the G}I'Ifndﬂl' 1S passed through a sheet of positive charge.
¢,= E A cos®

where the angle ‘0’ between electric intensity E and curved area A is 90° so

{ o




¢,=EA, cos90" =0
Similarly, the flux through the flat surfaces or end faces of the cylinder is given

by ¢,=E Az cosB

The direction of flat surface of the cylinder is parallel to the electric intensity
and angle ‘07 between them is zero
; ¢, =E Az cos 0°

¢, =EA:
The flux for the other flat surface of the cylinder is given by;
¢,=EA3
Total flux
b= +d,+¢,
¢ =0+ EAz + EAz
We know that A, = A,= A = Area of circular surface of cylinder

¢ =2EA ......(11.23)
Now, by definition of Gauss’s Law

o=
Eﬂ
But from Eq.11.22; Q=0A
p=22 _...(1124)
Eﬂ
Comparing Eq.11.23 and Eq.11.24
2EA=%A
Eﬂ
E=—
2g

In vector form

E =i ... (11.25)

where T.is a unit vector, perpendicular to the sheet and E is directed away from it.
Similarly, if the given sheet is negatively charged then

E=_2¢%
2g,

In this case E is directed toward the sheet.

<&



The above results show that the electric field due to a charged sheet depends
on its charged density and medium in which the sheet is placed.

(b) Electric field due to two parallel and opposite charged plaleu
Consider two charged plates of -

same size with equal and opposite surface
charge densities +o and —o. The plates

are held closed and parallel to each other
such that there is a uniform electric field
between them.

To calculate the electric ficld due to
these plates by using Gauss’s law, we
draw a Gaussian surface in the form of a
box as shown in Fig.11.18. The electric | .
ficld outside the plates is zero, because the Fig.11.18 Electric ficld due to a pair of 1 wallel
dircction of ficld (E+) due to the positive . and opposite charged plates.
plate is opposite to direction of field (E )

due to the negative plate, However, there is uniform electric field inside the plates, 1t
is therefore, the magnitude of Ey and E_ at each point is the same inside the plates

Since cach charge plate behaves as a charge sheet, so the field inside the plates due
the positive charge plate is given by

E, = ;’“ ...... (11.26)
Similarly, the ficld inside the plates due to the negative charge plate is given by

-0
E=——] ... 11.27
=52 i

Negative sign shows that the direction of E_ is opposite to the direction of E.
Resultant field intensity E between the plates is given by

E=E_+E_
Pest g =
g, 2t
E=
In vector form
E =

m[q




Where 1 is a unit vector and it shows the direction of E . i.c., E is directed from
positive charged plate to negative charged plate.

(¢)

Electric field due to the hollow spherical charged conductor

Consider uniformly charged spherical shell of radius *R’. The electric field
due to this charged shell is calculated for two different cases.

[ - Electric field outside the shell

To calculate the electric field
outside the shell, we surrounded it by a
closed spherical Gaussian Surface of radius
+* as shown-in Fig.11.19(a) where r > R.
Thus., the flux through the Gaussian
Surface is given by

¢=E-A

In case of sphere, angle 0 between E and
A is zero

So $ =E A cos 0°
¢ =EA
According to Gauss Law.
=
¢ =
EA=-

L&)

Here A = Arca of sphere = 4mur’

E-4nr® =1
£,
B S8 0i139)
4ne, 1

Il  Electric field inside the shells

Similarly, to calculate the electric
field inside the shell, we consider a closed
spherical Gaussian surface of radius ‘1’ and
area ‘A’ inside the shell as shown in
Fig.11.19(b) where R > r. Thus, by
definition of flux

T

Fig.11.19(a) A uniformly charged spherical
shell of radius R surrounded by Gaussion surface
ol radius r (r= R)

Guassian Surface

Fig.11.19(b) A Gaussian surface of radius r
inside the uniformly charged shell of radius R

(R>r)




¢ =EA" -...... (11.30)
But according to Gauss’s Law
d=2=0..... (11.31)

(1]
-

It may be noted that Gaussian surface does not enclose anjl,r charge, therefore electric
flux through it is zero. Comparing eq. 11.30 and eq. 11.31

EA" =0
As A'# 0
Thercfore, E=0

This shows that the electric field inside the charged spherical shell is zero.

11.11 ELECTRIC FOTENTIAL
We have studied the force by an
electric fcld on a charged particle in the
previous section. Now in this section we
study the work done on the charged
particle. Consider a uniform clectric ficld
due to parallel and opposite charged
plates scparated by a distance d. The
direction of the ficld is from positive to
negative plate. This lield exerts a force
(qE) on a small positive charge “q" and the
charge moves [rom point B to point A as
shown in Fig.11.20. Now if the Ci‘lf‘ll'gﬂ s Fig 0120 Electrie field due o parallel and
to be displaced [rom point *A’ to point "B 5 0siie charged plates where a charped particle
against the dircction of the field, an g’ is displacing against the diection of elecinie
external force with magnitude (qE) must il Efiom point A to point 1.
be applied on it. In this way, the charge gains potential energy called electrical
potential energy and it is represented by U.

Let U, be potential energy of the charge at point A and U, be the potential
energy of the charge at point B. Indeed, the work done by the applied force against
the direction of field causes of change (increase) in electrical potential energy AU of
the charged particle. Thus, according to work-energy principle, -

Work = AU
Wapn=U,-=Uy ......(11.32)

Dividing Eq.11.32 by ‘q’
Wm = Uu _ U.r".

q q q

¥ =]
- A

L 4

...... (1'1 33)
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; ; . U, . ;
: _{:I_&. is the potential energy per unit charge at point ‘A’ and — is the potential
',!.'he q q
per unit charge at point B. Thus, the work done per unit charge by the
energy force when charge moves against the direction of field is called electrical

ap ]:,Etfal or potential difference. It is represented by 'V’ and hence Eq.11.33
oté '

be Wae — v _v POINT TO PONDER
q I What will be the value of - electric
W potential when a positive charged particle
A = AV, moves in the direction of electric field?
q
W
AV == e (11.34)
“ |
This is an expression for electric potential difference between two points in an electric
I
field.

he point ‘A’ is at infinity that is, we bring the unit positive charge from

if t
H?—,‘:i{[)':m point ‘B’ against the field. Then Vi = 0 and Eq.11.34 becomes
in

=

I = ......(1135)

Electric potential is a scalar quantity and its unit is volt.

Volt
The potential difference between two points is one volt, if one joule of work is
_done on a moving unit positive charge from one point to the other point against the
direction of electric field. It is expressed as
1joule
lcoulomb

lvolt=




11.12 ELECTRIC FIELD AS POTENTIAL GRADIENT

As the gravitational potential
energy of a mass depends on the height
likewise the electrical potential energy of -
a charged body also depends on its
position in the electric field. Thus the
rate of change of electric potential of a
charged body with respect to
displacement or position in an electric
field is called potential gradient. It is
explained as: ’

Consider a uniform electric field
between two parallel and opposite ar
charged p]EtES. When a charged body is  Fig.11.21 Electric potential between two points
displaced against the direction of electric ~ separated at distance Ar.
field from point A to point B through a small distance Ar by the applied force (qE)
as shown in Fig.11.21, then there is change in electric potential which is given by

v

-}*

v

. A% '
AV =— -
q
But W=F-Ar=qE-Ar
‘ﬁV:qE-m.
q

Here angle ‘0’ between E and Ar is 180°

AV = EArcos180°
AV = -EAr

By (11.36)
Ar n

This shows that electric field at any point is

equal to the negative of potential gradient. The | =~ POINT TO PONDER
What will be the work done on the

A _ : i
term — specifies the change in potential with | charged particle when it is displaced
r between two points which have same

respect to distance (position in specific | potential?
direction) is known as potential gradient. The '
negative sign shows that the direction of E is opposite to the direction in which V
increases, where E is directed from higher potential to lower potential. The unit of
electric intensity in terms of potential gradient is Vm™ and it is equal to NC"'.

fnty
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11.13ELECTRIC POTENTIAL AT A POINT DUE TO A POINT

CHARGE i

Consider an electric  ficld 4 1_" .
produces by a point positive charge q. / . A
The direction of lines of force of this \ T i )

Ar

field is radially outward. When a unit */\g’\ x B

positive charge is displaced from / L ) "

infinity inward against the direction of 4 "

the field then there is change in electric  Fig.11.22 Electric potential due 10 G e

pule:ntial and 1s gi'\-’ﬁﬂ b}": at distance r from the center of the point charae.
AV = -EAr ...... (11.37)

The negative sign shows that the work is done on a charged particle against
the direction of electric field. Eq. 11.37 holds when the electric intensity 'E' remains
constant. Since the given field is due to a point charge so its electric intensity E varies
inversely with the square of the distance from that point charge. i.e.

B=—t B H138)
4ne, 1

To calculate the electric potential, we consider two points ‘A’ and ‘B’
separated by a small distance Ar such that E remains constant between them. Let
point ‘A’ is at distance 1, from the center of point charge and point ‘B’ is at 1, such
that r; —r; = Ar as shown in Fig.11.22. In order to get the average value of electric

intensity, we consider the midpoint bétween ‘A’ and ‘B’ at a distance ‘r’ from the
centre of the point charge. Such that;

I 1
.
2
But Iy =1, +Ar
I, +1, +Ar
r:——-—_
2
2r, +Ar
r:———
2

Squaring on both sides
; ‘Jfrl,‘2 +4r, Ar + Ar’

'["- =
4
As Ar* is very very small so we neglect it

y SR

@




2 mg, (5, +8) =0y (ts + 5 ~1)

=TI,y
Substitute the value of ¥ in Eq.11.38
I g
E=
4:":50 r.hrI]
Substitute the value of E in Eq.11.37
AV =-EAr -
- '
VoV = L I
A B 4ne, I'AI'E( A B)
I 9
V.=V, = -
AR 4me rﬁrﬂ( 8= T)
q ] |
V=¥ = i) 11.39
A B 41-:5"(1-* I'EJ ( )

This is the electric potential between two points in an electric field by a point charge,
Now if the point ‘B’ is at infinity (r; =) then Vg = 0 and potential at point A is

known as absolute potential. So, Eq.11.39, becomes,
1
-0 {L-1]
4me, Ja  ®

= d [L—O}
4me \ 1,

V, = Il 9
4ne, 1,

In general, the electric potential ‘V’ due to a point charge ‘q’ at distance ‘r’ from the
centre of the point charge is given by

v=—1_9 . (1140
4ne, r

11.14 ELECTRON VOLT
As we know that the unit of energy is joule, but this is the larger unit and it is
difficult to use for atomic physics. To overcome this problem, another smaller unit of
energy called electron volt (¢V) is used. One electron volt is that amount of electrical
potential energy which gained by an electron when it is displaced in an electric field
through a potential difference of one volt. Thus, by definition of work
W=qAV '

=0

R 3
j oo

G




According to work-energy theorem
W =AU (gained potential energy)

AU = qAV
Here q=le
and AV =1V
Therefore AU =1eV ...... (11.41)

As the charge on an electrone = 1.6 x 10" C
: AU =1.6x 10 CV
AU =1.6%10"17] ...... (11.42)

Comparing Eq.11.41 and 11.42
leV=16x10"7]

Example 11.5

The potential difference between two large parallel and opposite charged metal
plates is 160V. If the plates are separated by a distance 4mm then calculate the electric
field between them.
Solution:

Potential difference AV=160V
Distance between the plates Ar =4mm =4 x 10° m
Electric field between plates E =7

According to electric field in terms of potential gradient

AV 160V 0
= — = b4 m‘
At 4x107m
E=40 kVm

Example 11.6 :
When a unit positive charge is displaced at a distance 40cm towards the point

charge of magnitude 0.4 pCthen calculate the absolute potential.

Solution:
Absolute potential: V=7

Distance: r=40cm=0.4m
q=04uC =04 x 10° C=4x107C

k=—
4ne,

=9 x 10" Nm’C?

According to the absolute potential




P |
dne, r
=7
V=9x10%. M
0.4m
V=9x10V
V=9kV

11.15 CAPACITOR AND ITS CAPACITANCE

A capacitor is a device that stores electrical energy, or it is a device to store
energy in the form of electrical charge producing a potential difference (static
voltage) across its plates. :

A common capacitor consists of Q+ + - s
two parallel conducting plates separated +
by vacuum, air or any other insulalgr +* Dielectric
known as diclectric as shown in +
Fig.11.23. When a capacitor is connected .
to a batlery or other source of voltage,
then the potential difference V'’ develops e
between the plates of the capacitor, such V

oa s ip.11.2 arallel plate capacitor separated by ;
that the plate which is connected to the Fig-E520-A paraliel plate sapactarscparsied ey n
diclectrie material and connected across the source

positive (erminal of the source stores  ,pyojiagpe,
positive charges. While the other plate
stores the negative charges, which is connected to negative terminal. The
experimental results show that these storage of charges (Q) on the plates of the
capacitor is directly proportional o the applied potential difference of the source. That
IS,
QaV
& =BV G (11.43)
where ‘C’ is a constant of proportionality. It is known as the capacitance of the
capacitor..It depends upon size of the plates, distance and medium between the plates.
The SI unit of the capacitance is Farad (F). It is defined as:
If a charge of one coulomb is stored on one of the plates of the capacitor
and it could generate a potential difference of one volt, then the capacitance of a
capacitor is said to be one Farad.
The farad is a larger unit of capacitance, for practical purposes, the smaller

units such as millifarad (mF=107 F), microfarad (uF=10"F), nano-farad
(nF=10""F) and picofarad (pF = 10"'2 F) are used.




11.16 CAPACITANCE OF PARALLEL PLATE CAPACITOR

A parallel plate capacitor consists
of two parallel metal plates of same size
separated by a distance ‘d’ and connected
with a source of a voltage as shown
Fig.11.24. Let ‘A’ be the area of each
plate and & be its surface charge density.
If the medium between the plates of
capacitor 1s vacuum or air then its
capacitance is given by;

. (11.44)

o 7
When voltage “V* is applied across the
plates of capacitor then with the storage
of charges, an electric field ‘E’ is setup
between the plates and is given by;

p=2
Ed
but o= 9
A
Therefore E =Q 11.4
= (11.45)

Similarly, by definition of electric field in
terms of potential gradient,

\'
= q (11.46)
Comparing Eq.11.45 and Eq.11.46

Q |V
g, d
LV
g, d

Ag,

G =S8
s (11.47)

Fig.11.24 A parallel plate capacitor consist of a
pair of plates separated by a distance d and the area
of each plate is A.

Dielectric

Fig.11.25 The diclectric material between the
plates of the capacifor. .




This is the capacitance of a parallel plate [~ zop yoUR INFORMATION
capacitor in the presence of air or vacuum between | A capacitor is a passive component
its plates. This result shows that the capacitance of | that can be used in both electric and
a capacitor depends upon the area of the plates, | electronic circuits. 145 I
distance and medium between the plates of — o !
capacitor, .

Faraday found experimentally that when the free
of the capacitor is occupied by insulator called diclectric then for the :
voltage, more charges store on the plates of the capacitor. To explain this, we consider
two parallel plate capacitors, each of Area ‘A’ separated by a distance d. Let the space

between the plates occupied by some dielectric material of permittivity (€=8¢,) as
shown in Fig.11.25. When the voltage ‘V’ is applied the induced electric field E'

space between the two plates
n for the same applied

between the plates is'given by : —
g Q@ FOR YOUR INFORMATION
Ae g,
" V II
But E' = —
d |
Vv Q' ‘
d - Aegg, | | ; |
External structure of cylindrical, spherical and | :
parallel plate capacitors.
v Cfv . ==
d A‘Enﬁr - Table 1 |_._I___
* Deleetric Constant of
' A‘Enar Materials
C = N M ¥
d Aisimag 196 | 570 |
: Bakelite [T A
_ Ag, Cellalose | 390
But (B . .
d ] Fiber ; _600 |
o Formica ~ | 175
C = ErC ...... (”.48) "Glass T 75 e |
As g, > M| 510
Mycalex - J0 |
So CsC  Paper I 300 i
. S—" : : : Plexiglass 2.80 |
The relative permittivity €, is also called dielectric Fnlﬂilmt 230
constant. The values of dielectric constant for different | [ Polystyrene i:g
materials ‘are shown in table 11.2. The dielectric | |ZoeT=" T
constant is defined as; the ratio of the capacitance of | [Quarz 3.80 |
a capacitor with dielectric substance as a medium gﬁﬂgmﬂ :'?g —]
: elon . i S

__4
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between the plates to the capacitance with air or vacuum as medium between the
plates. That is,

g =— ... (11.49)

11.16.1 Combination of capacitors
Capacitors are manufactured with different values of capacitance and

voltage. Sometimes these standard values do not match with the circuit requirement.
' To overcome this problem, we can obtain these required values by combining the
capacitors either in series or in parallel, such combination of capacitor are explained

as.

I Capacitors in series

A series circuit is one when all the capacitors are connected in the form of a
chain (one after the other) and the flow of charges are along the single path. Hence,
when the capacitors are connected in series the storage of charges on each capacitor

is the same. It is explained as:

Consider three capacitors of C,
capacitances C;, Cz and Cs connected in &
v series as shown in Fig.11.26. When the H

potential difference V is applied across
them, the right plate of Cs is negatively

charged (—Q), it induces an equal and
opposite charge (+Q) on the left plate of
Cs. Where, the ‘total charge (-Q) has II
+
E

moved from the left plate of C; to the right

plate of C;. Again, the charge (+Q)

induces on the left i)iate of Ca. Finally, the  Fiz.11.26 A scries connection of capacitors across
negative charges are induced on the right  the potential difference. =

plate of ‘C,” from the left plate of C:
which also repels the negative charges from the left plate of C, toward the battery and

the charges (+Q) left on it. Thus, it is obvious that when capacitors are connected in
series, the charges on each capacitor is the same, but the voltage drop across each

capacitor 1s different. 1.e.,
' V=V +V2+V;

As - Q=CV




Q FOR YOUR INFORMATION
LME E When capacitors are connected in
series, their equivalent capacitance
2 - Q +_Q +Q is always less than each individual
c G G G capacitance.
Fale s
c, G G G

This result shows that the equivalent capacitance of a series combination is
always less than any individual capacitance connected in series, or the reciprocal of

equivalent capacitance in series combination is equal to sum of reciprocal of the
individual capacitance.

I1  Capacitors in Parallel

In parallel circuil, the cupacitors
are connected across one another and
flow of charges i1s divided into all the
given paths. Consider three capacitors of
capacitances Ci, Cz and Ci; which are
connected in parallel as shown in
Fig.11.27. When the potential difference
‘V* is applied across them, then the same

potential is drawn across cach capacitor,
but the charges stored on the three - l l"_ =
capacitors are Qy, Q and Qs, So,

Q= Q+Q,+Q, =

CV=CV+C,V+C,V
Cm = C! +CZ +C]

Fig.11.27 A parallel connecetion of capacitors
(14 51) across the potential difference

This result shows that the equivalent capacitance of a parallel combination of
capacitors is greater than any of the individual capacitance, or the equivalent
capacitance in parallel combination is equal to sum of the individual capacitance.

11.17 ELECTRIC POLARIZATION OF DIELECTRIC

The insulating materials e.g., glass, mica, paper etc. are called dielectrics. They
transmit electric effect without conduction. As we know that each dielectric material
consists of a number of atoms or molecules and in each atom, there is positively

charged nucleus which is surrounded by negatively charged electronic cloud as shown
in Fig.11.28.




ll""----"-

When the dielectric material is o oo
placed between the plates of charged X, A
capacitor then their atoms are subjected to s e © “
external electric field Ee. The negatively

l
I
_charged electrons are attracted towards ! ’ e
1 ©
e

the positively charged plate of the
capacitor, and the positively charged \
nucleus is attracted towards the % ;
negatively charged plate of the capacitor, - 5
A‘S a result, the chflrge_s Gf the afc_rms s Fig.11.28 Positively charged nucleus surrounded
dlSplﬂCFd from their orl'gma_l position a"_d by negatively charged electrons,
form dipoles as shown in Fig.11.29. This :

E, -

formation of electric dipole i the Bl i
presence of eclectric field is known as i — [
electric polarization of the dielectric. H | EF @® C— -
In the process of polarization of ANLSES a® @®| §
the diclectric between the plates of the Y | @g® EHEY o
capacitor, we have observed that the __ E® &
negative charges arc induced on one side H | Q-_* e
ncar the positive plate and an equal  ° [# - B
positive charges on the opposite side near B T

the negative charged plate. These induced
charges produce an internal electric field

Eiand it opposes the applied external field

Ecas shown in Fig.11.29. Thus, their resultant | FOR YOUR INFORMATION
field is given by When capacitors are connected in
E= E.—E; (11.51) parallel, their equivalent capacitance
+ —Ei...... : ' _ : ]
This shows that in the presence of dielectric, the ::Ea:l;:;i:f:mr e cchtivicu

electric field is reduced, and it causes smaller
potential drop across the plates of the

Fig.11.29 Polarization of atoms of dielectric
material between the plates of the capacitor.

DO YOU KNOW?

L] # . I i i ed
capacitor, A = = shows [ o EctaICCORMCaNAIOnIBHnCIEsE
P s the relation C v shows by inserting a dielectric material between its

that at constant Q, the capacitance ‘C’ plates.

inversely proportional to the applied pntentla] difference ‘V’. Thus, it is clear that in
the presence of dielectric the capacitance of a capacitor has been increased.

11.18 CHARGING AND DISCHARGING OF A CAPACITOR

When a resistor R and a capacitor C with a source of voltage V are connected
in senes as shown in Fig.11.30 then it is called RC-series circuit. It is being used for,




charging of a capacitor. Now when the R
switch ‘S;” in RC-series circuit is closed

then the process of charging of the

capacitor is started. This process of

charging is not an instantaneous one, but E —-C
it takes some time. The rate of charging or

discharging of a capacitor depends on the

product of resistance R and capacitance B
C. As the unit of product of RC is that of S1
time, so this product is termed as time  Fig.11.30 Charging of a capacitor in RC-series
constant and it is represented by T, circuit

Mathematically the charging of a

capacitor can also be studied under the following expression

7 o]
S2

: i
q=qo(l-e R¢) ...... (11.52)

This relation shows that the nature of charging of a capacitor is exponential,
where qo represents the maximum charge on the capacitor that stores after an infinite
length of time. It means, the rate of charging of a capacitor is different at its different
stages, graphically it is explained as:

If time ‘t’ = It (I1RC),
then eq. 11.52 becomes

q= ‘-]u[l_e_;]

q=qo(1 —¢”)

(-3)
q=qo | I--
c
(121
L ST

q=063qo...... (1153 - " &
This gives us that after one time constant, ;
the capacitor will be charged about 63%.

If  timet= 2t (2RC)

) =S - R
h _ [— % v 0 T 2t It 4t 5t
en q= qy| I—€ t(s)
- Fig.11.31 A curved line in charge = time graph
q=_4qo (1-¢%) shows charging of a capacitor, )

q=0.86qo...... (11.54) .
The shows that the capacitor is charged about 86% after 2 time constant.




Similarly, after five time constant a
capacitor acquires a charge very close to
its maximum value qo. Graphically, a
curved line in charge-time (g-t) graph
shows charging of a capacitor as shown in
Fig.1 1.31.

After maximum charging of a
capacitor, when switch S; is opened and ) . —
switch Sz is closed in RC-circuit as shown $ ¥ & A
in Fig.11.30, then there is flow of charges t(s)
from the capacilﬂr and hence the process Fig.1 [.Jl_r‘a i:unl-ccl li:_n: in l:}]'..iT_I__'l.! ~ lime graph

bR _ : ; shows a discharging of a capacitor
of discharging of the capacitor is started. |
The rate of discharging also depends upon the product of R and C, Mathematically,
the relation for discharging of a capacitor is given by

dr 5t

q= q.e k¢ ... (11.55)

This shows that the charge stored on the capacitor also decreases exponentially
and graphically the discharging of a capacitor is explained as;
If time ‘t"= 1t (IRC)
Then q=qoe'=037q0 ...... (11.56)
It means a capacitor is discharged about 63% or there are 37% charges left on
the capacitance after one time constant.
Similarly, if time ‘’=21 (2RC)
Then q= qoe”=0.14qo ...... (11.57)
This shows that a capacitor is discharged about 86% after two time constants.
After five time constants, the capacitor will be almost discharged. Graphically,
a curved line in charge - time graph as shown in Fig.11.32 gives us discharging of a
capacitor. -

11.19 ENERGY STORED IN A CAPACITOR

As we know that a capacitor is a device which stores the charges. A charged
capacitor has an electric field between its plates. This field has ability to store the
energy in the form of electrical potential energy, it is explained as: Consider a parallel
plate capacitor which is connected with source of potential difference 'V'.The charges
from the source begin to flow towards the plates of the capacitor. The potential
difference across the plates of the capacitor increases until it attains the same value as
that of the source. It means there is work has to done in carrying the charges from the
source onto the plates of the capacitor. This work done is stored in the form of

4




electrical potential energy in the electric field between the plates of the capacitor. Its
value can be calculated as: By the definition of work;

ek = 1A FOR YOUR INFORMATION
=qE-Ar A capacitor has potential in terms of
AV electrical energy.
=q—-Ar A battery has potential in terms of
Ar | chemical encrgy.
Work = qAV ....(11.58)

As the potential difference across the capacitor rises from 0 to V so its average value
is given by;

2 2
Also, q=CV
Thus, substituting the values of AV and q in Eq.11.58
Work = CV ok
2
| i
Work = =CV~
2

This work is stored in a capacitor in terms of clectrical potential energy. It is
represented by AU, According to work-energy theorem:
Work =AU

-
AU =Ecv- ...... (11.59)

This is the clectrical P.E. stored in a capacitor, when the medium between the plates
is air or vacuum. 1 the medium between the plates is dielectric material, then,

=] AEIIET
d
and V=Ed
Thus Eq 11.59 becomes
| Aeg € 242
AU = —.—2L.Ed"
2 d
1 volume of dielectric

2
=—.g g E°(volume) ' - Ad=
AU 2 €& ( ) medium between the plates

Energy per unit volume i.c., energy density is given by;
AU
U=
volume

&




"

-1 1
= €&, E"(volume)
U= 2 _

volume

Example 11.7
Three capacitors of capacitances 10uF | 50 uF

and 25 uF respectively are given. Calculate: II L
I. Its total capacitance and charges on each Tl k
capacitor when these are connected in paralle| V=250V
to a 250V supply. ' c. "
il. Total capacitance and .potential difference _tl ; 4
across each capacitor when these are | I I | I-_
connected in series.
Solution:
Let Ci=10puF = 10x107°F |
C2=50uF= 50x107°F ‘~+'| -
Cs = 25uF = 25x10°F V=250V
L. Total capacitance when capacitors are connected in'paralle] C = 2

Charges on each capacitor, Qi, Q2 and Q; = ?
Applied voltage =V = 250v
il Total capacitance when capacitors are connected in series = C = 9
Vi, V2 and V3=7 (when capacitors in series) '
i. Let the three capacitors connected in parallel as shown in figure then their
equivalent capacitor ‘C’ is given as:
Ceq=Ci+C2+C;
Cuq=10+50+25
Ceq =85 uF
As the capacitors are connected Iin parallel so each capacitor has a same
potential difference of 250V across it. To find the charge stored on each capacitor we

have:
Qi1 =C)V = 10pFx 250V =2500uC

Q2=C2V = 50pF x250V= 12500 uC
"Q3=C3V = 25uF x 250V = 6750 uC _
ii. Now when the three capacitors are connected in series, as shown in figure, then _
their equivalent capacitance is given by




| | 1 1
e e — e —
C:q : I:-"I Cj ':-1
| ] l |
= ¥ !
C.. 10pF SOuF 25uF
' .1* _ ST1aa oy LT . e
c. 30
1) .
C':hl 30 25
¥ 28 X
G, = —:1-,1_1F=ri.251.ﬂ*

As Q=C_ V= 6.25uF %250V
; T
Q= 15635 uC
Ag the capacitors arc connected in scries 50 each capacitor has same charge
equal (o 1562.5uC. To find the potential difference across each capacitor we have

(= Q _DEAC _ 5625v
C, 10gF
ST ]
s 50uk
vim Q020G g 5y
C, 25ul

Example 118 . ol .
A eapacitor is charged with 9nC and has 120V potential difference betwecn 118
terminals. Compute its capacilance and the energy stored m it.

olution:
We have
" q=IC=9x10°C
V=120
C=?
gnergy (auy="7

As q=CcV




or

9%107°C

. -9 "
C=— =——=0.075x10"F = 1
Vo 120V x107F = 75x107"F
C=75pF ~pF=1x10"F
[
AU=—-CV~
2 -

= ] -12 et 1
AU= E(?leo F)(120V)

&U=%x?5xl[}"le4400

AU= 540000 x 107'2)
AU=0.54x107°]
- AU =0.54p]

SUMMAR ' R BT

Electrostatlcs It is thc branch of physics in whlch we study the chargcd partu:lcs

at rest.

Charge: Like mass, electric charge is the intrinsic property of matter which causes
it to exert or experience a force when placed in an electric or magnetic field.
Coulomb’s Law: This law is stated that the electrostatic force of attraction or
repulsion between two point charges is directly proportional to the product of
magnitude of charges and inversely proportional to the square of distance between
them.

Electric Field: The regmn around a point charge in which another charge can
experience force of attraction or repulsion is known as electric field. The electric
field is represented by lines known as electric lines of force.

Electric Intensity: The electric intensity is defined as a force experienced by a
unit positive charge placed at any point in an electric field.

Electric dipole: A pair of charges of equal mabmlude but opposite sign separated
by a small distance.

Dipole moment: The product of magnitude of charge (either positive or negative)
and the distance between the two charges is known as dipole moment.

Electric Flux: The number of electric field lines passing through a certain element
of area is known as electric flux.

Gauss’s Law: This law is stated as “the flux through any closed surface is equal

| e
~ to — times the total charges enclosed in it.”

E
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o Potential Difference: The difference in electric potential between two points in
an clectric field or an electric circuit. It is measured in terms of voltage.

o Electric Potential: The amount of work on a unit positive charge in moving it
from infinity to a point in the electric field against the direction of electric field is
known as electric potential at that point. Its unit is volt. ) S

o Electron Volt: Electron volt is the unit of energy where leV is equal to
1.6%107"]. It is the amount of energy gained or lost by an electron when it is
moved across an electric potential difference of one vollt.

e Capacitor: A capacitor is a device that stores electric charge.

o Dielectric: The insulator or insulating material placed between the plates of the
capacitor is known as dielectric. ;

o Polarization: The process in which the molecules of the dielectric materials
between the plates of the capacitor forms dipoles is known as polarization.

o Time Constant: The product of resistance and capacitance (RC) in the given
circuit is termed as time constant OR It is a time in which a capacitor is charged
or discharged about 63% of its fully charged valuec.

EXERCISE

O Choose the most appropriate option.

1. The electrostatic force between two point charges is independent of one of
the following quantities
(a) Magnitude of charges (b) Temperature of the charges
(c) Distance between charges (d) Medium between charges

% If the distance between two equal charges is reduced to half and the magnitude
of charges is also decreased to half, then the force between them will be
(a) Remain same (b) Decreased to half
(c) Increased to double (d) Becomes four time

3. The concept of clectric field was introduced by
(a) Coulomb (b) Faraday (c) Gauss (d) Ampere

4, The number of electrons or protons which constitutes a charge of one coulomb
is

(a) 6.25 x 108 (b) 6.25 x 10'® (c) 1.6 x 1017 (d) 1.6 x 10"
5. For static electricity the value of relative permittivity is always
(a) Zero (b) Less thanone  (c) Equal toone  (d) Greater than one
6. A metallic charged sphere is placed in uniform electric field E, the electric
[ield inside the sphere will be ;
(a) E (b) Less than E (c) Greater than E (d) Zero




10.

11.

12.

13.

14.

16. .

17.

18.

19,

The electric intensity E at a point in a field due to a dipole depends upon
distance ‘r’ the relationship between them is :

@Ewr () Ee- @Fcr  @Eg
The dipole moment is defined as the product of

(a) Charge and distance (b) Charge and displacement
(c) Charge and force (d) Charge and electric field
Debye is the unit of

(a) Electric field (b) Electric charge

(c) Lines of force (d) Dipole moment

The electric flux is maximum when angle ‘0" between area vector and electric
intensity 1s L

(a) 0° (b) 45° ~ (c) 60° ~(d) 90°
Electric flux is independent of one of the following quantities _
(a) Charge (b) Medium (c) Field (d) Distance
The dimension of an electric potential is same as that of

(a) Work (b) Work per unit charge

(c) Electric field per unit charge (d) Electric force per unit charge
Electron volt is the unit of

(a) Energy (b) Charge

(c) Current (d) Electric Potential

The energy of an electron which accelerates through a potential difference of

1000V is
@ 1.6x 1021 (b)1.6x10%5  (c)1.6x 10" (d) 1.6% 10"

The unit of surface charge density is

(a) cm (b) C m’! (c) C m? (d) C m™
Capacitance of a capacitor does not depend upon

(a) Area of plate (b) Distance between plates
(c) Medium between plates (d) Material of the plates

In the presence of dielectric material, the electric ficld between the plates of
the capacitor will be |
(a) Zero (b) Remain same  (c) Decreased (d] Increased
When the potential difference across the capacitor is decreased by dielectric
then the capacitance of the capacitor will be

(a) Zero (b) Remain same  (c) Decrease (d) Increase
The unit of product of resistance and capacitance is equal to unit of
(a) Time ' (b) Work"

(c) Potential difference (d) Current

&



20.

* What is the capacitance of a capa

- . What is the polarization 0

ged after

A capacitor is approximately full char
(a) Two time constant
(c) Four time constant

(b) Three time constant
(d) Five time constant

| 5 A Y

What is the effect of the medium on the electrostatic force between two point
charges?

What do you know a r relative permittivity?

bout dielectric constant 0
harge by another charge?

How does the electrostatic force exert on one ¢
do not cross each other?

Why the two lines of force
How can you determine the direction of electric intensity?
Differentiate between point charge and test charge.

What do you know about the dipole axis and its direction?
Is dipole moment vector or scalar? If vector, then where is its direction in an

electric field? x
When the electric flux will be minimum and maximum?

What do you know about the Gaussian Surface? :
What is the electric field inside the hollow charged spherical shell?
What do you know about the electric potential gradient?

What is the relation between work and electrical potential energy?
Define one electron volt and give 1ts nurnerical value.

What is the absolute electric potential? '-

citor?

What is the effect of dielectric on the capacitance 0
f dielectric?

duce in dielectric material?

plate of the capacitor reduce by

f a capacitor?

How does dipole moment pro
How does the electric field between the

“dielectric?

What is RC-circuit and its function?
What is meant by time constant of the RC-circuit?
of product of resistance and*capacitance?

What is the unit
- SOMPREHENSLY: TOUESTIONS =
v, . e S .'_:'.;;'_'=::’;._:...+:L--,'.--;- ._fr.:;:;r,,"-.:.:u%j:.-u_- et R e et
Define and explain charges, their kinds and properti€s.
of electrostatic

aw, also discuss the magnitude

State and explain Coulomb’s |
between two point charges in th

force of attraction or repulsion

presence of dielectric.
What do you know about the electric field and electric field intensit

the magnitude and direction of electric field intensity?

e absence and

y? Explain
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What are the characteristics of the electric lines of force? Explain the electric © -
field in terms of lines of force due to a positive charge, a negative charge and
two identical positive or negative charges.

What is electric dipole? Calculate electric field due to a dipole.

Define electric flux and discuss how does the electric flux become maximum
and minimum?

State and explain Gauss’s law. Also discuss the various applications of Gauss’s
law.

What do you know about the electric potential? Define potential gradient and
calculate potential due to a point charge.

Define capacitor and its capacitance. Also calculate the capacitance of a

parallel plate capac:tur

State and explain series and parallel combinations of capacitors.

What is electric polarization? Discuss the effect of dielectric on the capacitance

of a capacitor.

S!ata and cxplam the procef chargmg and dtschargmg ofa capacitor.

How many Elactrnns are cﬂntamed in lC and 3C of t:h::lrgf:s"*1

(6.25 x 10" electrons, 1.9 x 10'%eletrons)
Detenmne the force of repulsion between:two free electrons spaced 0.5

Angstrom (1A% = 10"""m). : (92nN)
Two coins lie 2m apart on a-table, and carry identical charge. How large is
the charge on each if a coin experiences a force of 3N? (3.65 x 10°°C)

Two positive charges of magnitudes qi =5uC and q:=2pC are separated by
50cm from each other. At what point the electric intensity due to these charges
will be zero? (0.3m from qi)
Find the force that an electron experience in an electric field of 1000NC'. If
the electron is free to move. Find the distance covered by it in 10ns.The mass
of electron is 9.11x107'kg . (1.6 % 10°'*N)(0.88mm)
The diameter of a hollow metallic sphere is 10cm and the sphere carries charge
of 80uC. Find the electric intensity (i) at a distance 60cm from the centre of
the sphere and (ii) at the surface of the sphere.
(2 x 10°N/C, 2.88 x 10°N/C) .

An electric dlpDIE consists of two charges +10uC and —10pC separated by
distance 0.5cm. Calculate the electric field intensity at a point on the axial line

at a distance of Scm from the midpoint of the dipole. (7.2 x 10° N/C)
Find the electric flux through each face of a hollow cube of side Scm. If a
charge of 6uC is placed at its centre. (1.133 x 10 Nm*C™")
55
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. stored on it.

The potential difference between two metal plates is 120V. The plate
separation is 3mm. Find the electric field between the plates. (40KV/m)
A charged particle remains stationary between .the two horizontal Opposite
charged plates due to its weight and the electric force by the field. Find the
potential difference between the plates. Where the distance between the plates
is 2cm, mass of particle 4 x 10"%kg and charge on particle. 2.4 x 10'8C.

(32.6KV).
e charge and energy

(60uC, 3.6 x 10))
Three capacitor have capacitance 2uF, SuF and TuF. Calculate their

equivalent capacitance when they are connected in (1) Series (ii) Parallel

(1.19uF, 14pF)

A capacitor of SuF is charged by a'12V battery. Find th




