ELECTRIC CHARGE AND ELECTRIC FIELD

1.1 Introduction

Whatever facilities an individual is enjoying in this modern age is due to technological
development. From all kinds of energy, electric energy holds an important role for human
comfort. Electric energy can be easily stored and can be transferred to another form of energy.
There is no exaggeration in calling the electricity is the mother of technology. Electric charges
are the foundation stones of electricity.

In this chapter we will study about static charges, their properties and interaction between
them. Such a study is called static electricity. Static electricity is used in copier machine, laser
printer, television etc. Natural phenomenon such as lightning can be understood through static
electricity. Here, we will study about electric fields due to different system of charges and its
characteristics.

1.2 Electric Charge

Any matter consists of certain fundamental particles. Fundamental particles are more
than 100. Out of them three particles are most important namely electron, proton and
neutron. Because of their masses these particles exert gravitational force on each other. For
example two electrons lcm apart exert 5.5 X 10787 N gravitational force on each other, which
is attractive. However, an electron is found to repel another electron at the same distance
(1 cm) with a force of 2.3 X 107* N. This additional force other than gravitational force is
an electric force. The f ' hict I

damental in property due to which such a force acts is
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called the electric

Just as masses of two particles are responsible for the gravitational force, charges are
responsible for the electric force.

Two protons placed at a distance of 1 cm also repel each other with a force of 2.3 X 107 N,

which shows that proton has the electric charge. The magnitude of this charge is same as the
charge of an electron. Now if a proton and electron are placed 1 cm apart, they exert a force

of 2.3 X 102* N on each other but this force is attractive.
Thus, we conclude that magnitude of charge on electron and proton is same but they are
of opposite type.

Electric charges are of two types : Positive charge and Negative charge. Traditionally,
charge of a proton considered positive and that of an electron negative. Though it makes no
difference whatsoever to Physics if this sign convention is reversed.
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The force acting between two like charges is repulsive and it is attractive between two
unlike charges.

All material bodies contain equal number of electrons and equal number of protons in their
normal state. So they are electrically neutral. In any substance, electrons are comparatively weakly
bound than the force with which the protons are bound inside the nucleus. Hence, whenever there
is an exchange of charge between two bodies due to some process (e.g. friction), it is the electrons
are transferred from one body to the other. The body that receives the extra electrons, becomes
negatively charged. The body that loses the electrons, becomes positively charged because it has
more number of protons than electrons. Thus, when a glass rod is rubbed with a silk cloth, some
electrons are transferred from the glass rod to the silk cloth. The glass rod becomes positively
charged and the cloth becomes negatively charged because it receives extra electrons. To detect
these charges a simple device is used, known as electroscope.

Electic charge is a fundamental property like mass. It is dlfﬁcult to define. The SI unit of
the quantity of charge is coulomb and abbreviated as C.

One coulomb is the charge flowing through any section of the conductor in one second when
the electric current in it is 1 ampere. The charge on a proton is e = +1.6 X 107" C. The charge
on the electron is e = —1.6 X 107 C.

Quantization of Electric Charge

All the experiments carried out so far show that the magnitude
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This fact is known as quantization of charges. The fundamental charge is the charge of an
electron or proton. It is denoted by e and it is called the fundamental unit of charge.

Out of all the fundamental particles, the building blocks of all matters, the particles having
possesed charge equal to e. For example, charge on proton and positron (positive electron) is
+e, while charge on electron is —e. Thus, charge on any object can be increased or decreased
only in step of e. The quantization of charge was first suggested by English scientist Faraday.
It was experimentally demonstrated by Millikan in 1912,

No theory, so far, has been able to explain satisfactorily, the quantization of charges.

According to new research, the proton and neutron consists of another fundamental particles
called quarks.

A proton and neutron consist of three quarks each. These quarks are of two types : the

quark possessing +2e charge is called an up quark (#) and another having —le charge is

called a down quark (d). (The composition of proton is indicated as uud and composition of
neutron is indicated as udd). Thus, matier is formed of such quarks and electrons. The
independent existence of quark is not detected so far.

Conservation of Electric Charge

rems

law of conservation of charge

Th1s statement represents the

In an electrically isolated system, a charge can neither enter from outside nor escape from
inside. Any chargeless thing can enter or leave such a system.

In the experiment of glass rod and silk cloth, before rubbing glass rod with silk the net
charge on them is zero. After rubbing the glass rod with silk cloth, the glass rod becomes
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positively charged and same amount of negative charge is received by the silk cloth. Thus, after
the process of friction the net charge of system (glass rod + silk cloth) is zero.
Now, to understand the conservation of electric charge we consider another illustration.
As shown in figure 1.1, the initial charge in a box
having thin walls is zero. A highly energetic photon enters
in the box. A photon is a chargeless particle. As the

photon enters through a box it produces an -electron- (,e*
positron pair. After the pair production in the isolated m’ """ "“"E'“‘ia,‘e-
system the net charge is zero because the charges on the
electron and positron are equal and opposite type. The g=0 Teolated
initial charge of the system was zero. Thus, in this event System
also charge is conserved. e’ = Positron

In other words in an electrically isolated system, only e~ = Electron
those processes are possible in which charges of equal of

: . . Figure 1.1 Cons
magnitude and opposite types are either produced or

destroyed.
Charging by Induction

Consider two identical isolated sphere placed on an insulated stand, one carrying net charge +Q
(i.e. positively charged) and other having no net charge. If they are brought directly in contact or
brought in contact with conducting wire, some of the electrons from the chargeless sphere
transferred to positively charged sphere. As a result, the positive charge on the positively charged
sphere reduced and chargeless sphere becomes positive, because it loses the electrons. Now, both

the spheres will have equal amount of charge+% after the separation because they are identical.
Thus we have established % electric charge on the other sphere through contact or that the

charging of the second sphere has taken place.

There is another method of charging the object. In that method the charged body does not
looses its own charge and without coming in physical contact with other object it will induce
opposite charge in that. This phenomenon is called induction of electric charge.

Figure 1.2(a) shows an isolated metal sphere. The net charge on the sphere is zero. As shown
in figure 1.2(b), a negatively charged plastic rod is brought close to the sphere the free electrons
of the sphere move away from the rod because of repulsion and go to the other part of the sphere.
Consequently the part of the sphere close to the rod becomes positively charged due to deficiency
of electron in that region.

—> —
isolated me / /

negatively
sphere
P charged plastic
rod
) (b) (c
isolated
—
/ sphere
(a) b)
Figure 1.2 Induction of Electric Charge
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As shown in figure 1.2(c) when the sphere is connected to the earth through a conducting
wire, the some of the electrons of the sphere will flow to the ground. (The earth is a good
conductor and it act as a practically infinite source of extra electrons or sink of electrons.)

As shown in figure 1.2(d), even if the connection with the earth is removed, the sphere
retains the positive charge. When the plastic rod is moved away from the sphere, the electrons
get redistributed on the sphere such that the same positive charge is spread all over the surface
of the sphere. (Figure 1.2 (e))

1.3 Coulomb’s Law

French scientist Charles Coulomb (1736-1806) measured electrical attraction and repulsion
between two electric charges through a number of experiments and deduced the law that
governs them, which is known as Coulomb’s law. The law is as under :

force) between two stationar

f their charges and inversely proporti )
> ( .” This force is along the line joining the two charges.
According to Coulomb’s law, the electric force between the two point charges g, and g,
separated by a distance r can be given as,
9,9,
2
r

F o

99
. F = k5% (1.3.1)

r
Where k is a Coulomb’s constant. It’s value depends on the unit of g, g, and r.
Experimentally the value of k in vacuum in SI unit is 8.9875 X 10° Nm2C~2. For practical

purposes, kK = 9 x 10° Nm?C 2. (In CGS unit value of k is 1).
1
For the simplification of formula in electrostatic k is expressed as 4_n80.

1
47t80

k =

Where, € is the permittivity of free space. From the above equation,

1 1 —12 ~on—1...—2
g = —= —1 _ ~ 8854 x 102 C:N"'m
0 dmk 47x8.9875x10°
a4
Thus, F = g " 2" (1.3.2)

If the charges are in any other insulating medium and not in vacuum, the permittivity of
vacuum €, in equation (1.3.2) should be replaced by the permittivity € of that medium. Hence
force in that medium,

_ 1 4%
Fpo= I 2 - (1.3.3)

Thus, Coulombian force acting on two point charges is also depend on the medium between
the two charges. By taking ratio of equation (1.3.2) and (1.3.3),

—=_=8r=K

(1.3.4)

1
[
R
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Where, €, is known as relative permittivity of the medium or dielectric constant (K). A
detailed study about this we will learn in Chapter 2. From equation (1.3.4) it is clear that the

force between given charges held at a given distance apart in insulating medium is only %

times (i.e.k-th part) of the force between them in vacuum.

Remember that Coulomb’s law holds only for stationary point charges. Generally, this law is also
applicable for charged objects whose sizes are much smaller than the distance between them.

Coulomb’s law resembles inverse square law of gravitation. The charge q plays the same
role in Coulomb’s law that the mass m plays in gravitational law. The gravitational forces are
always attractive, whereas electrostatic forces can be repulsive or attractive, because electric
charges are of two types.

[Mustration 1 : The repulsive force between two particles of same mass and charge, separated
by a certain distance is equal to the weight of one of them. Find the distance between them.

Mass of particle = 1.6 X 10%kg
Charge of particle = 1.6 X 107°C, k = 9 x 10° MKS, g = 10ms~2.

Solution : Here,
Repulsive force between  Weight of one of
two particles - the particles
99
g k% = mg
_ kgg, | 9x10°x(1.6x107°)7 »
r= mg = aexi0hae - 44 x 10
* r =012 m.

Illustration 2 : Two spheres of copper, having mass 1g each, are kept 1 m apart. The
number of electrons in them are 1% less than the number of protons. Find the electrical force
between them. Atomic weight of copper is 63.54 g/mol, atomic number is 29, Avogadro’s

number N, = 6.023 X 10 mol™. k = 9 X 10° SL
Solution : In a neutral atom of copper the number of electrons and protons are 29 each.
Here, the number of electrons are less than that of protons by 1%.

Total Charge J_{Total Charge ]

of Protons of Electrons

". Net charge on each atom ¢q' = [
= (+29¢) + (—29¢) — (—0.29¢)
= + 0.29¢

~. Net positive charge of 1 g copper,

No. of Atoms 23
= — 6.023x10
1= [in 1g Copperj x 0.29¢ = 63.54 x 0.29e

*. Electric force between two copper spheres,

2 9 23 _19 \2
o kti_;z Y 9x10° [6.023x10 %0.29%1.6x10 J
,

12 63.54
= 1.74 X 10PN

It can be seen in above example that even a difference of 1% between positive and
negative charges in any substance can give rise to a very large force. Most of the matters are
electrically neutral so that there is a dominance of weak gravitational force on them.
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Illustration 3 : Charge Q is uniformly distributed over a body. How should the body be
divided into two parts, so that force acting between the two parts of body is maximum for a
given separation between them ?

Solution : Suppose the body is broken into two parts such that the charge on one part of

body is g and on the other is Q — g. The force existing between the two parts separated by
distance r will be,

F =k Q(QrZ—Q)

The force F to be maximum, the quantity y = g¢(Q — q¢) = Qq — ¢*

d d
should be maximum. For this d_z should be zero. .- d_z =Q -2 =0

cq=29

Thus, the body should be divided into two parts such equal charges are present on each part.
Coulomb’s Law in Vector from :

Force is a vector quantity, so the Coulomb’s law can be represented in vector form as
follows :

7 zZ
B,
= —
e 9, Jo
R\ r12 1 ‘\\_‘ F)
- /4 21
R A Y 2
9, B ! gD
= 21
0} ;)
0) v o 2
Y
X
(a) X b)
Figure 1.3 Coulomb’s Law in Vector Form

As shwon in figure 1.3(a), let a’ and r_z’ be the position vectors of the charges g, and g,

respectively in a Cartesian co-ordinate system. Let ’1_2) be the unit vector pointing from

5> _ o >
q2 to ql, h, — 4 ry -

According to Coulomb’s Law, force acting on charge g, due to charge g, is,

= 1

F, = k=73 # (1.3.5)
h2

Where, r,, = |Fl’ - r_z’ | is the distance between the two charges and #, is a unit vector

- . o
of r, in the direction from g, to ¢q,.

- -
R n—n
. = 55
lr—r,l
- >
F =k 9% (5-1)
12 - -, - -
lr—r,l lr—r,l
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99
E,

=k55-(5 - 1) (1.3.6)
lr—r,|
Above equation is valid for any sign of the charges whether positive or negative. If g, and
q, are of the same sign (either both positive or both negative)
131)2 is along #,, which denotes repulsive force. If g, and g, are of opposite sign, 13; . is
along —7,, which denotes the attraction between the opposite charges. (See Figure 1.3(b)).
The coulombian force on charge g, due to charge g, can be given by replacing 1 and 2
in equation (1.3.6)

9149

_>—
%_k@fﬁl (1.3.7)
91 49
=k:%%@>-m (1.3.8)
Irz—rll

- . . .
Where, r, 18 a unit vector directed from g, to g,.

Hore, ;= 7 == (7 - 2)

Thus, from equation (1.3.8),

> _ 1 99 e I =

21 k—> - (rl rZ)_ FIZ
Irl—rzl

Thus, Coulomb’s Law agrees with the Newton’s Third Law.
1.4 Forces between more than two charges : The Superposition Principle
We can use Coulomb’s Law to find the force acting between two electric charges. When more

than two charges (Suppose they are q,, ¢,, ...., ¢,) are present and to calculate the net force acting
on any one charge, we have to use superposition principle in addition to Coulomb’s Law.
Superposition Principle : When more than one coulombian forces are acting on a

charge, the resultant coulombian force acting on it is equal to the vector sum of the

individual force.
Thus, the coulombian force acting between two charges

is not influenced by the presence of a third charge. Hence,
the coulombian force is called a two body force.

Consider a system of charges ¢,, q,, g, and g, as

N
!
respective position vectors in a given co—ordinate system.

shown in figure 1.4. Let ?1’, r_; , and r, are their

Here, we will find the resultant force T-“-; acting on charge

q, due to the other charges. X
The force on charge g, due to charge g, is, Figure 1.4 Superposition Principle
- kql q, P
E, = r212 21

The force on charge g, due to g, is,
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99 |,
By

= k=7 Py

3
The force on charge g, due to g, is,
- 99
F24 - k r242 r24
According to superposition principle,

- - - = 94 . 4,43 994
F2=F21+F23+F24= 2r21+k 2r23+k 2r24
Ty r. r.
23
q . q3 d; .
= kq,| T2t 33t 3
| D3 67
4 q
= quZIr_Z rzj (1.4.1)
Y
or
- 3 q; 5 -
E, = qugl 555 (=) (1.4.2)
§¢2Ir2—rjl

In general, the force acting on charge g; due to system of n electric charges will be,

- . 9;
E =kg 23 %
=17
J#i
- = q_] - i d
E = kg2 55 (7-r) (1.4.3)
Flr=r,l
J#

Ilustration 4 : Three equal charges each having a magnitude of 2.0 X 107°C are placed at
the three comers of a right angled triangle of sides 3cm, 4cm and Scm. Find the force on the charge
at the right angle corner.

Solutior

Y The situation is as shown in the figure.
— — - = 6
9, =4, =¢g,=qg=2x107°C
139 The position vectors of gq,, g, and g, are
7; 5cm ] N 5
3 em respectively r , r, and ry -
SR 2 x F =00
B, 4 cm ,72’
-
VE, r, = (4, O)cm = (0.04, O)m

7 = (0, 3)cem = (0, 0.03)m.

q, is placed at the right angle of right angled triangle. Net force acting on g, is,
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4949 9 iy , fs
=k~ 2 hy + k=5 B =kq2[,z+,z (v q,=¢=9 (1)
12 s 1z 73

Now, r, = » — n = (0, 0) — (0.04, 0) = (-0.04, O)m.

(-0.04%+(©° = 0.04m.

Tia =

- -

. n-r —0.04,0

he = 52 = X0 _ (g o
Irizl

;1*3 - ;_;; = (0, 0) — (0, 0.03) = (0, —0.03)m

I = 1/(0)2+(-0.03)2 = 0.03m
- -

R r-r, (0,-0.03)

Ay = 1_> 2 = 0.03 = (0, —1)m
I741

Put all these values in equation (1),

1,0) , ©,-1) ]

9 —6y2
9 X 10°) 2 x 107 [ 0.047  (0.03)%

5
R

36 X 1073[625 (-1, 0) + 1111.1 (0, —1)]
(=22.5, —40)N

o R = 2257 +407 = 45.88N

Direction of force,

F

F -

— 1| 22| — 1240 ] R

0 = tan [ x} = tan (_22_5 = tan" ' (1.777)
= 60.6°

0 is the angle with respect to negative X-axis.

Illostration 5 : Two electric charges having magnitude 8.0UC and —2.0lC are separated by
20cm. Where should a third charge be placed so that the resultant force acting on it is zero ?

«——— 20cm —> B «—{(x+20)cm—>
A

g = 8ucC q,= —2uC q,

1 : Let the two charges g, = 8UC and g, = —2uC be placed at points A and B
respectively as shown in figure. The resultant force on the third charge g, will be zero only

if the forces due to two charges are equal in magnitude and opposite in direction. This is
possible only if the third charge is placed at a point on the line joining the two charges. Third
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charge g, cannot be placed anywhere between points A and B since g, and g, have opposite
sign. As the magnitude of charge on A is greater than that on B the third charge has to be
nearer to B.

Suppose the third charge is placed at point C and BC = x cm.
According to superposition principle, the net force on charge g,,
F,=F, +F,

0o pth L 8% _ g 4 _ B0 axi07
(r + x) x2 (r + x)2 x2 (20 + x) x2
% =2 5 x = 20cm

Ilustration 6 : Two spheres having same radius and mass are suspended by two strings of
equal length from the same point, in such a way that their surfaces touch each other. On depositing

4 x 107C charge on them, they repel each other in such a way that in equilibrium the angle
between their strings becomes 60°. If the distance from the point of suspension to the center of the
sphere is 20cm, find the mass of each sphere. Kk = 9 X 10° SI and g = 10ms ™2,

Solution : If the spheres are identical in all respects then 4 X 107'C charge will be
distributed equally between them. Hence charge on each sphere is 2 X 1077C. The force acting

on sphere 1 in equilibrium will be :
(1) Weight mg in the vertically downward direction.

:'Il“* Y (2) F,, the repulsive force between the spheres,
] {9 (3) The tension T produced in the string.
: 1 Under the balanced condition, if we consider the
: 0 X and Y components in the Cartesian co-ordinate
: T'L(_ATcose system as shown in the figure,
| 3 F, = Tsin®
! I
2 W) - ) X 7
Tsin® |! F, . kL = Tsin® (1)
X —> x
and mg = TcosO 2)
mg
2 2
];q = tan® = m = qu
x“mg x"gtan®
X
. - 2 _ x
From figure, sin® = 4 50
. x = 2l sin®
kq2
*om =

g4l 2 5in0 tand

9x10°)2x1077)?
10x4(20x107%)% x (5in30°)* x (1an30°)
1.5 Electric Field
When we place a point charge g, in the region around another point charge g in the space,
it will exert the electric force on g, We may ask the question. If charge g, is removed then

.m = = 1.56 x 10kg
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what is left in the surrounding ? Is there nothing ? If there is nothing in the surrounding, then
how does a force act on g, ? In order to answer these questions, the concept of electric field
is very useful.

A charge produces some effect in the space around it. The region around the charge in
which the effect of electric charge is prevailing is called the electric field of the charge. This
electric field can interact with another charge g, placed in it and exerts the force on it. (It
does not exert the force which produce the electric field). Thus, electric field acts as an agency

between ¢ and g,
Suppose a charge Q is placed at an origin of a co-ordinate system. Now bring a charge
g, at the given point in the electric field without disturbing the position of charge Q. If the

%
position vector of that point is r , then electric field at that point can be defined as follows :

I—-T>_)

- -

E(7)= W 1.5.1)
9

Here, E is called the electric field or electric field intensity of charge Q at a position

vector 7. The quantity E is independent of g,. It is dependent solely on the magnitude of

electric charges of the system, their arrangement and the position vector 7 of 4o

The charge g, used to define or to measure intensity of electric field is called a test
charge. The charges producing electric field are called the source charges.

In SI system, the unit of electric field is NC! or VL.

In equation (1.5.1), if g, = 1C then E = F and definition of electric field can be given
as follows :

Electric field is a vector quantity and it is in the direction of force acting on unit positive
charge at a given point.

If the system of charges consists of more than one charge, then electric field at a given
point can be obtained by using Coulomb’s Law and superposition principle.

Consider a system of charges 4 9y - 49, with position vectors g’, r_; s ey ;n) relative to
origin. The electric field is produced in the region surrounding the system due to the system of
charges. We want to determine the electric field at a point P(x, y, z) having position vector 7. For

this purpose place a very small test charge g, at that point and use the superposition principle.

Electric field at point P due to charge g, is given by, 7 E E)z
n A N
7 o
- _ B _ 9 2 o
e T A IpEG. % )
0 lr—n | q, P

Electric field at point P due to charge g, is. ‘q,

-
- E 9y - 5
— 2 = —_
E2 = q— =k 5 (r r2) Y
0 lr—r,l
Same way, electric field at point P due to X

charge g, is
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F

R

E =—"=k_)_) (r—n)
% IrrI3

According to superposition principle, net electric field at a point P is.

- - - =
E=E +E, +. +E,
= kil 2 - q, - -
_k_)_>3(r—r1)+k_) 3(r r2)+ ...... +k_>_>3(r—r)
lr—nl lr— r2I lr—r |
- - qj - -
E=kX 5 55(r-7) (1.5.2)
=llr—r,l
j
Here, q, qz, .., g, are the sources of electric field.

hy for an electric field
¢)) To determme the electnc ﬁeld there should not be any change in the original system of
charges due to the presence of a test charge. So it is necessary that the test charge should be very
small. To define electric field more precisely g, — 0. But minimum value of g, is 1.6 X 107,

(2) Equation 1.5.2 indicates the force acting on unit positive charge at point

The following po ints are notew

’ (x, y, 2). Once E(?) is known, we do not have to worry about the source of electric field.
In this sense, the electric field itself is a special representation of the system of charges
producing electric field, as far as the effect on other charge is concerned. Once such a
representation is done, the force acting on charge g kept at that point in the field can be
determined using following equation.

- - - -
F(r)=qE(r) (1.5.3)
(3) The direction of force acting on unit positive charge at a given point is the direction
of electric field at that point.
(4) Faraday was the first person to introduce the concept of electric field. Electric field is
not an imaginary concept but a physical reality.
1.6 Electric Field Due to a Point Charge

As shown in figure 1.6, consider a point charge Q on

Y the origin of a cartesian co-ordinate system.
E
In order to calculate electric field due to charge Q,
consider a test charge g, at a distance r from the charge
"10 Q. Force acting on charge q due to Q is,
R
) - Qq, .
F =k—> 7
r
QO X Therefore, electric field intensity at r due to Q will
; . be,
Figure 1.6 Ele o
:'.“\:‘ N
- F Q
E =-— =k ¢ 1.6.1
o = k7 (L6.1)

12 ' Physics-TIT



Figure 1.7 shows the electric field due to point charge in two dimensions using field vectors.
From figure 1.7 it is clear that for positive charge (Q > 0), direction of field vectors are
radially outward while those of a negative charge (Q < 0) are radially inward. The length of
the arrow decreases, indicating the decreasing strength of the electric field, as we go away
from the charge.

0 )

AN 1 A N J v
N T ¥ N l e
LA vy~
71N AN
4 N Va N
¥ J N 2 T R
\ i
Figure 1.7 Electric Field of a Point Charge

Ilustration 7 : A charge +107°C is located at the origin of cartesian co-ordinate system
and another charge Q at (2, 0, O)m. If X-component of electric field at (3, 1, 1)m is zero,
calculate the value of Q.

Solution : As shown in the figure, Position vector of
q = 107°C is (0, 0, 0) and position vector of Q is
(2, 0, O)m. Y
The co-ordinates of point P is (3, 1, 1) m. R P(3, L1
-
1
Lr =0G,1,1)-=(0,00=@3,11) o n
>X
=3; + ] + ¢ Z/q(o, 0,00 Q0,0

171 = J@?+0*+@* = V1 m

n =G 1,1)-@200=(11)m

=7+ F+ i

Il = Jor+@?+0* = V3 m.

Electric field at point P, E =E *t E;

4 QL |10°GI+]+k) QE+j+k)
- krf not kr; n =k N B

Now, x component of electric field is zero.

—

103, Q
. E, = 3 3|1 =0
an? 37>
3
“Q =- (%)2 X 3 x 10° = —0.43 x 10 C.
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IMlustration 8 : Four particles, each having a charge ¢, are placed on the four vertices of
a regular pentagon. The distance of each corner from the centre is a. Find the electric field

at the centre of the pentagon.
Solution : Let the charges be placed at the vertices A, B, C and D of the pentagon as

shown in figure. If we put a charge g at the corner E also, the field at O will be zero by
symx&etry.

B

— — — - —

Therefore, E, + E, + E. + E, + E, = 0
— - - — -
E, ¥ Ey T E. + E;, = "E

Thus, the field at the centre due to charges at A, B, C and
D is equal and opposite to the field due to the charges g at E
alone.

q

The field at the centre due to the charge g at E is.

E)E = ka% (along EO).

Thus, the field at O due to the charges on A, B, C and D is

= q . .
E = k? (along OE direction).

Ilustration 9 : Four electric charges +q, +q, —q and —q are respectively placed on the
vertices A, B, C and D of a square. The length of the square is a, calculate the intensity of
the resultant electric field at the centre.

tion : All the electric charges are equidistant from the centre O of the square, hence
the magnltude of intensity of electric field due to all the charges will be the same at point O.
If r is the distance of vertices from the centre, we have,

CBE—_—F_—F - ka
4 *a 4 E,;= Eg= E= E= 2
The directions of these electric field are as shown in
figure.
0 If E' is the resultant field of E, and E_, then
N A C
a ) &
AN E'=E, +E =2M (1
) = = L
Q,‘b SR A C r2
E
In a similar way E'' is the resultant field of E; and E_.
D —q g C nwo_ _ A kg
q E" =E, + E, =23 (2)

r

. . _) _>l ﬁll
Resultant electric field, E = E' + E

~ E = JE)Y+E" (" Angle between E' and E' is 90°)
kg ¥ (kg Y
= \/(2—‘21] "{2—‘21] (from equation (1) and (2))
r r
8k2q> 2\2kq
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From the figure, (2r)* = a®> + a?

a

S 2r = 2(12 S r = Nz

Putting the value of r in equation (3),

22k kq
E = qz =4J§a—2

%)

The direction of E is parallel to AD (or BC).

Illustration 10 : An electron falls through a distance of 1.5 cm in a space, devoid of
gravity, having uniform electric field of intensity 2.0 X 10* N cL (Figure (a)). The direction
of electric field intensity is then reversed keeping its magnitude same, in which a proton falls

through the same distance. (Figure (b)). Calculate the time taken by both of them. m, = 9.1 x 107!

kg, m, = 1.7 X 102 kg and e = 1.6 X 107 C.

Solution : As shown in the Figure (a), the direction of the electric field is vertically upward
because of which the electron experiences a force eE in the vertically downward direction.

The acceleration of electron,

® &€ @ @ @ ® & @

el_ E T
F=cE| F=cE R
E
® ® ® & ® @ @ @
Figure (a) Figure (b)

1

From the equation of motion d = vt + Eat2 (considering v, = 0) the time taken by

electron to travel distance h.

;= 2h _ ’the
e a, eE

Substituting the given data, we have ¢, = 2.9 X 10 = 2.9 ns.

As shown in the figure (b) electric field is now in the vertically downward direction, the

proton experiences the electric force eE in the vertically downward direction.

. E
Therefore, acceleration of proton a = £
P m,

. . . 2hm

Therefore, the time taken by the proton to travel distance A is t, = eE”

Substituting the given data t, = 13 x 1077s = 0.13Uus (microsecond).

Electric Charge and Electric Field
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Hence, we can see that the time taken by a heavier particle is more than the time taken
by a lighter particle having the same magnitude of charge in a uniform electric field.

(On the contrary, as we have studied in Standard 11, the time taken for free fall in
gravitational field is independent of the mass.)
1.7 Electric Dipole

A system of two equal and opposite charges, separated by a finite distance is called

As shown in figure 1.8, the two electric charges of electric dipoles are +g and —g and

distance between them is 2a. Electric dipole moment (Z)) of the system can be defined as
follows :

an electric dipole.

p =4q23a) (1.7.1)

The SI unit of electric dipole is coulomb-meter (Cm).

—q ;’ +q Electric dipole is a vector quantity and its direction is from
o)  —— ® the negative charge (—q) to positive charge (+g).

I 2 ,| The net electric charge on an electric dipole is zero but

its electric field is not zero, since the position of the two

- L g charges is different.
Figure 1.8 Electric Dipole

If lim g = o0 and 2a — 0 in ; =2 E’q, then the electric dipole is called a point dipole.

Electric field of a Dipole :

To find the electric field due to an electric dipole, placed the co-ordinate system such that
its Z-axis coincides with the dipole and origin of system coincides with the centre of dipole. The
separation between the charges of the dipole +q and —gq is 2a.

Here, we will determine the electric field at the point on the axis as well as point on the
equator of a dipole.

Electric field at the point on the axis of a Dipole :

N /Fz As shown in figure 1.9, we want to determine the
electric field at a point P on the axis of a dipole. Let
the point P be a distance z from the origin. Hence, the
+q'ﬁ distance of point P will be z — a and z + a from
S charges +g and —g respectively.

““n“\ Q @ =% Electric field at point P due to charge +q is,
. ~
© e E _sind
B.sin o E,=k ) (1.7.2)
a .- E + (z—a o
=" E_ E cos® §+cos9 * )
-qr Where, p is the unit vector along the dipole axis
Figure 1.9 Electric Field at the from —q to +q.
Point on the Axis of a Dipole
Now, Electric field at point P due to charge —gq is, E)_ = — ( _:1)2 p (1.7.3)
z+a

According to superposition principle, the net electric field at point P is,

=2 2 = 1 1 A 4za X
= + =k - = kg—52—
E@ By B q|:(z—a)2 (z+a)2:| P q(zz_az)z P
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- 2
B0 = 7o 2% 5 (v 2aq = p) (1.7.4)
7 —a’)

If z >> a, then a® can be neglected in comparison with z2.

- 2kp
E() = B p (z > a) (1.7.5)

The direction of this resultant electric field is from O to P.
Electric Field at a Point on the Equator of a Dipole

The perpendicular bisector to the line joining the two electric charges of the dipole is called
the equator of a dipole. Here, we want to determine the electric field at a point Q on the
equator. Point Q is at a distance y from the centre of a dipole. The magnitude of electric field
due to the two charges +¢g and —q will be same since they are at equal distance from
point Q.

Magnitude of Electric field due to +q is,

_ 4 (1.7.6)

+ ()’2 + a2)

Magnitude of Electric field due to —q is,

E = k—1— 1.7.7
B &’ +d?) 477

The direction of E 4+ and E_ at point Q are shown in Figure 1.9.

The components of E+ and E_ normal to the dipole axis are E_ _sin® and
E _sin® respectively. These components cancelled each other, since they are of equal magnitude

with opposite directions.

The components of E + and E_ along the dipole axis are E cos® and E_cos0 respectively.

They will be added up since they are in the same direction.

A

The net electric field at point Q is opposite to p we have,

E)(y) = —(E, + E_)cosOp

2
:_[ 2kq2+2kq2} alﬁ:—k(aq)gf’
(y +a”) (y"+a") O? +d%)? (2 +a%)?
- kp .
EQ)=-——730P (1.7.8)
(y*+a°)?
If y >> a then, E() = -2 p v >> a) (1.7.9)
y

From the equations (1.7.5) and (1.7.9) it is clear that electric field of dipole at large

distance falls of not as Lz but as %
r r
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Behaviour of an Electric Dipole in a Uniform Electric Field :

A As shown in figure 1.10, an electric dipole of

N
/\ >E 171 = ql2 a | is kept in a uniform electric field E.
P a}’ ‘i The origin O of co-ordinate system coincides with

2° 7 9 >X the centre of a dipole and electric field E is in
LB positive X-axis. Suppose, at any instant, the angle

N % / Cd I
-q E<—/q between p and E is 6.

The forces qﬁ) and —qE are acting on +q and

—q charges respectively. These forces are equal and

8 Uniferm in opposite direction. The resultant force being zero,
keeps the dipole in translational equilibrium.

But, the two forces have different lines of action, hence the dipole will experience a torque.

. . . =
A torque acting on +gq with respect to point O, due to force gE is,

-

- g
1, = (a X gE) (1.7.10)
In a similar way, the torque acting on —g with respect to point O due to force —qﬁ) is,

1, =(-ad) X (~qE) = (& X gE) (1.7.11)

Here, a and —a are the position vectors of +q and —gq respectively.
From the equation (1.7.10) and (1.7.11) the resultant torque acting on a dipole,

T=(2 XqE)+ (a2 XqBE) =23 XqgE =2aq X B
T= 7 X E (1.7.12)
Magnitude of torque, |_t)| = pEsin0 (1.7.13)

The direction of torque is perpendicular to the paper, going inside of it.

The torque rotates the dipole in such a way that the angle © reduces (In this case dipole
rotates in clockwise direction), when the dipole align itself along the direction of the electric
field (0 = 0), the torque becomes zero. This is the normal position of dipole in electric field.
If the dipole is to be rotated by an angle O from this position, work is required to be done
against the torque. This work is equal to the change in the potential energy of the dipole.

Behaviour of electric dipole in non-uniform electric field

If the electric field is non-uniform the intensity of electric field will be different at different
points as a result the electric force acting on the positive charge and negative charge of the
dipoles will also be different. In this situation both the net force and torque are acting on the
dipole. As a result dipole experiences a linear displacement in addition to rotation. This rotation
of dipole continues only till the dipole aligns in the direction of the electric field. But linear
motion of the dipole will continue.

Our common experience is that when a dry comb is rubbed against dry hair, it attracts the
small pieces of papers.

Here, the comb acquires negative charge through friction. But the paper is not charged,
then why does paper attract by comb ?
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The non-uniform electric field is produced by the charge

on the comb. Electric dipole is induced along the direction of

non-uniform electric field in the small pieces of papers. Comb

Non-uniform Electric

When charged comb is brought near to the small pieces of Pld
1€.

paper, this non-uniform electric field exerts a net force on {

. . . . Piece of Paper
the small pieces of paper and paper move in the direction of P

Figure 1.11

ctric Field of
comb. Coml

Illustration 11 : Calculate the magnitude of the torque on an electric dipole having dipole
moment of 4 X 10 Cm placed in a uniform electric field of intensity of 5 X 10* NC~! making
an angle 30° with the field.

Solution : p =4 x 10°Cm, E =5 x 10* NC!, 8 = 30°, T = ?

T = pEsin® = (4 x 107 (5 x 10%sin30° = 10 Nm.
1.8 Continuous Distribution of Charges

We can determine the net electric force acting on a point charge due to the discrete
charges in the space using Coulomb’s law and superposition principle. But, in practical situation
we need to work with the continuous charge distribution. For example, a continuous charge
distribution on a surface. In this situation, it is difficult to describe the effect of these charges
using superposition principle. Therefore, we use the concept of charge density to describe the
system of continuous charge distribution. It is not necessary that charge density will be uniform
in the system.

The continuous charge distribution of electric charge can be of three types :

(1) Linear charge distribution, (2) Surface charge distribution and (3) Volume -charge
distribution.

(1) Linear Charge Distribution : Consider a et dl!
continuous charge distribution over a line as shown in +
figure 1.12. We want to determine the force acting on a
charge q situated at point P due to this charge distribution.

Let the amount of charge per unit length of line be A. 0 Y
It is called the linear charge density.

X
Total Charge on a Line

Length of a Line

A=

= %, Unit of A is Cm_l Figure 1.12

Dis

If the charge distribution is not uniform, then A will be different at different points on the
line. In that case linear charge density is represented as M7') at a point on a line having

.. -
position vector 7 '

Imagine the line to be divided into a large number of small segments of length dl''. Such

ﬁ
a line element dl'' having position vector r ' with respect to O is shown in figure 1.12.

Hence, the charge in line element d?' will be,
dg = M7 ") |dl'| (1.8.1)
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The force acting on charge g having position vector 7 will be,

. d ,
d¥ = k(j’Lfi (7-7" (1.8.2)
lr—r'l

In order to calculate total force acting on charge g we have to add the forces like dF¥
due to all the line elements of entire linear charge distribution. If the line elements of the
charges are distributed continuously then the sum results into integration.

Total force,

k(q)(dq) ,
F) _ Id J (g)( ‘13 - 7 )
lIr r'l
MDA 5 L, .
F = kg |72 ()] MOILL] > 20y (from equation 1.8.2) (1.8.3)

1 Ir—rI

If the charge q situated at point P is very small (g — 0), then the intensity of electric field
at that point due to linear charge distribution will be,

Ix(7§|d7'| oo

Ez%zk (7-7" (1.8.4)

Llr=r'l
Illustration 12 : A circle, as shown in the figure, having radius ‘a’ has line charge
distribution over its circumference having linear charge density A = kocosze. Calculate the total

2n
electric charge residing on the circumference of the circle. [Hint : jcosze do= T]
0
Solution : The length of an infinitesimally small line element shown in the figure is ad®,

then the charge on the line element is
= Aad® = A cos’0 add
In order to calculate the total charge Q residing on the surface, we have to integrate dg
over the entire surface.

ade = § dq

Here the symbol j; indicates the integration over the entire

N closed path (circumference of the circle)
21 2w )
= Jkocosze add = a?&o J.cos 846 = nak,,
0

Ilustration 13 : A conducting wire of length L carries a total charge g which is uniformly
distributed on it. Find the electric field at a point located on the axis of the wire at a distance
‘a’ from the nearer end. (Neglect the thickness of a wire).

3 1 : Consider a small element dx of the rod located at a distance x from point P

where the electric field is to be determined.
dx f« a g E
=+ + + + + + |+ + + F}------------- [} >
A L B P

[ |
[ X [
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The charge in this element will be, dg = %dx

Hence, magnitude of electric field at point P will be,

dq q dx
dE = kxz = kf 7
Now, electric field at P due to entire wire,

L+a L+a L+a
_ _ kg [dx _ ﬂ[_l}
E = -I.dE T L 2[ 2 LL xl,

k_q[_ 1 +l} — —2 _ 1 q
L L+a a] = “a(L+a) = 4ne, a(L+a)

Note : If L << @, then B = 7.—

q . . . .
pe ? which is same as electric field due to a point charge.
0

If the charge g is positive, the direction of the field will be along the AP.

Ilustration 14 : An arc of raidus r subtends an angle O at the centre with the X-axis
in a cartesian co-ordinate system. A charge is distributed over the arc such that the linear
charge density is A. Calculate the electric field at the origin.

Solution : The electric charge distributed on the portion of arc making an angle d¢ is

dq = Ardo. YA
The electric field at the origin due to this
charge rdo
kArd
dE = :Jf
N d
The electric field vector dE is shown in the dEcost
‘ >X
figure. Taking two components of d E r
— k-Ardg .
dE, = - 2 cos¢ [ and
— klrd¢ . a
d Ey =T sm¢ j
= f kA t kA
o . 9 ~
Now, E, = IdEx == cospdpi = —T[Stn(])]ol
0 0
b . 2
E = —%smez ¢))
= kA 9 kA 0
Now, Ey =-== Osinq)d(p] === [—cos(p]o ]
= ) _ -
E, =—7 [cos® — 1] (2)
E = 1:3: + Ey = —k—:" sin®i + k—:”(cose -7 (From equations (1) and (2))
-

= %[(—sinﬂ)f + (cos® — 1) ]
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IMustration 15 : A charge Q is uniformly distributed on the circumference of a circular
ring of radius a. Find the intensity of electric field at a point at a distance x from the centre

on the axis of the ring.
on : Given situation is depicted in the figure. Consider an infinitesimal element at point A

on the cucumference of the ring. Let charge on this element be dg. The magnitude of the intensity

of electric field dE , at a point P situated at a distance x from the centre on its axis is,

A 1__dq dgq
= = 1
4ney ApP? k (@ +x%) M

Its direction is from A to P. Now consider two

components of d E (1) dEsin0, perpendicular to the
axis of the ring and (ii) dEcos0, parallel to the axis.

Here it is clear that in the vector sum of intensities due to all such elements taken all over
the circumference, the dEsin® components of the diametrically opposite elements will meet each
other as they are mutually opposite. Hence only dEcos® components only should be considered
for integration.

. The total intensity of electric field at point P.

_ _ dg__OP .. _ OopP
E = JdEcosG = '[k(a +x )AP (" cos® = E)
dq x .
E = k‘[(a2+x2) 1 (from equation 1)
(a”+x°)2
CE=k—t— [ = - LR
(a% +x7)2 surface (a* +x7)? 0 (@ +x2)2

(2) Surface Charge Distribution
As shown in figure 1.13 suppose the charge is distributed continuously over a surface. We

want to determine the force on the charge g placed at point P having position vector 7 due
to these charge distribution.

74 ~ Here, charge is distributed continuously over a surface
(] cf? ) having surface charge density o7 .
N
L Surface charge density is the charge per unit area.
r P
r » _ Total Charge on the Surface _ Q . . -2
q Cc = Surface Area =A> Unit of ¢ is Cm™.
P Imagine the entire surface to be divided into large
O >Y
number of small surface element of dg'. The charge in
X Flgun 1.13 area element dZ‘ will be,
yurface Ul Distribution dq — G(? I) Idz‘l (1.8.5)
Force acting on charge g due to this charge (dg) will be,
d
d¥ =k (f)(f) (7-7" (1.8.6)
lr—r'P

The total force on g due to charge on the surface can be determined by taking surface
integration of above equation,
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From equation 1.8.5 and 1.8.6,

B = kg j"(r')|da|(7—7‘) (1.8.7)

s lr—r'P

_)
F =

ml_'

If the charge at point P is very small, then electric field at that point,

2 o(r)|da|
-
E = g = k[ (-7

Illustration 16 : As shown in the figure, a square having length a has electric charge
distribution of surface charge density ¢ = ©, xy. Calculate the total electric charge on the
square The Cartesian co-ordinate system is shown in the figure.

. on : As shown in the figure, consider an element of area dxdy at a point (x, y).
The charge on the area element is,

dq = o, xy dx dy v

*. Therefore, the total electric charge on the surface,

a a 21052 “ 2\ &2

o,

Q=2 X
4 o "

(3) Volume Charge Distribution

As shown in figure 1.14, suppose electric charge is distributed continuously over some

Q

[-]

(. »)

volume and volume charge density is p(? ). Z . o
. L Vd y—r__".
Volume charge density is charge per unit volume.
P
_ Total Charge _ Q . . -3 e o
= TotlVolume = V° Unit of p is Cm™. E q
r
0O > Y

Imagine the entire volume divided into small volume

elements dV'. The charge in this volume element will be,
. Figure 1.14 ° Volume
dq — p( r ')dv’ Distribu

Force acting on the charge g at point P having position vector 7 due to charge dg will

K@dg) > -
(q)(q)(r_ )

be dF = k—i=—2

lr—r'P
As explained earlier, the total force acting on charge g can be determined by taking volume
integration of above equation.
'dVl
F) J‘ J'p( ) —) 7 |)
v Vir—-r |
If charge g is very small, then electric field at point P will be,

2o B g qelhav
q
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1.9 Electric Field Lines

+q P Electric field lines are the pictorial representation of the electric
field produced by the electric charge. Scientist Michael Faraday
introduced the concept of electric field lines and obtained important
results of electric field. (Faraday called these electric field of lines
as lines of electric force.)

m

An electric field line is a curve drawn in an electric field

in such a way that the tangent to the curve at any point is

l

R

in the direction of met electric field at that point,
In fact, an electric line of field is the path along which a
positive charge would move if free to do so.

Now we consider an example of electric dipole to understand

il

4 the method of drawing electric field lines.

Fig.gl-rg; 1.15 To Draw Electric We can use the equation of electric field to determine the
Field Line of an Electric . . . . .
‘ ‘ G intensity of electric field at any point. As shown in figure 1.15

Dipole

draw a vector of electric field (E) ) at a point P, according to magnitude and direction at
electric field at that point. Now consider another point P' close to P and draw a vector of

electric field E , at that point according to its magnitude and direction. Similarly draw a vector

1_2)3 at point P'', very close to P'. Same way other vectors of electric field can be drawn.

P, P', P'" all these points are so close to each other that a continuous curve passes through
the tails of these vectors can be drawn. This curve represents the eleciric field line. Thus the

curve on which the tangents drawn at different points like P, P', P'' ... and so on, represent the
direction of the electric field at the respective points, is called the electric field line.
Characteristics of Electric Field Lines
(1) Electric field lines start from positive charges and end at negative charges.
(2) The tangent drawn at any points on the electric field lines shows the direction of
electric field at that point.
E; (3) Two field lines never cross each other.
P If two lines intersect at a point, two tangents can be

drawn at that point indicating two directions of electric

B field at that point which is not possible.
' (4) Electric field lines of stationary electric charge
Figure 1.16 distribution do not form closed loops.

(5) The separation of neighbouring field lines in a region at electric field indicates the
strength of electric field in that region.

In practice, the number of field lines are so restricted

that the number of field lines passing through unit cross

sectional area about a point, kept perpendicular to electric
field lines is proportional to the intensity of electric field
at that point. If the field lines are close to each other, the

electric field in that region is relatively strong, if the field

Figure 1.17 Intensity of Electric
g ]

lines are far apart, the field is weak in that region.

Field
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From the figure 1.17, it is clear that at point P, electric field is relatively strong than

electric field at point P,.

N\ N\ S

@ © W

SRS i

q>0 q<0

Figure 1.18 Electric Field Lines of Some Systems of Charges

(6) Field lines of uniform electric field are mutually parallel and equidistant.

Note : The electric field lines are geometrical representation of electric field and are not
real. But electric field is a reality.

Figure 1.18 shows the electric field lines of some systems of charges.

Here, the field lines are drawn in a plane but are actually they are in three dimensional
space.
1.10 Electric Flux

Coulomb’s law is the fundamental law in electrostatics, we can apply Coulomb’s law to find
electric field at any point. Another equivalent of Coulomb’s law is Gauss’s law. Gauss’s law is
useful to determine the electric field of the system of charges having symmetry. Before we
discuss Gauss’s law we discuss the concept of electric flux.

The concepts of electric flux relates the electric field with its source. Flux is simply a
mathematical concept which can be interpreted physically. Flux is a characteristics of all types
of the vector fields.

G A -
7 A
P NS
e *E
SE | N_ "
i / Acos® .

>

(a) (b) (c)
0=0¢6=EA ¢ = EAcosO 0 =290 ¢=0
Figure 1.19 Electric Flux for Uniform Electric Field

Electric flux is quantity proportional to the number of electric field lines passing through
surface. (Here we use the word proportional because the number of lines we choose to draw

arbitrary.) Consider a surface of area A placed in a uniform electric field E. Surface A s
perpendicular to E as shown in figure 1.19. Area A is vector quantity and its direction is

= .
along the outward drawn normal to the area. Here, area vector A and E both are in the same

direction.
Electric field can also be defined in terms of the electric field lines. Electric field at any
point is the number of electric field lines are passing through a surface of unit area placed
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perpendicular to the electric field at that point. Therefore, the number of lines passing through
surface of area A will be EA. This is an electric flux ¢ associated with the given surface.

Thus, electric flux is the number of lines passing through the surface. It is represented as ¢.
. 0 = EA (1.10.1)
If the surface under the consideration is not perpendicular to the field, the number of lines

passing through it must be less. As shown in figure 1.19(b), if the surface of area A is making

an angle O with the direction of electric field E , then to determine the electric flux linked with

the surface, we have to consider the Acos® component of the A parallel (or anti-parallel) to
the electric field. Hence, Electric flux linked with the surface is,

¢ = EAcosO (1.10.2)
In the vector form,
O=E-A (1.10.3)

Electric flux is a scalar quantity. Its SI unit is Nm? C™' or V m. From equation 1.10.2, it
is clear that flux can be positive, negative or zero. If the surface is parallel to the electric field

then, X 1 E. Hence, the flux linked with surface will be ¢ = EAcos90° = 0. For 0 < 90°,

flux is positive and for O > 90° it is negative. If the field lines are entering in the close
surface, then flux linked with this surface is considered to be negative and if the field lines are
leaving the surface, the flux is considered to be positive. (See the figure 1.20).

o

¢ > 0 (Positive Flux) ¢ < 0 (Negative Flux)

Figure 1.20 Flux
Now, we will discuss the general definition of electnc ﬂux

As shown in figure 1.21, consider an arbitrary surface in
the electric field. Divide this imaginary surface into small
surface elements. If the element is infinitesimally small and
surface is not highly irregular, each surface element can be
considered as a plane. In such a small element we can
consider an electric field to be uniform. Each of these small
surface element can be represented by an area vector. The
magnitude of this vector should be equal to the area of
surface element and direction is along the normal to the
surface. If the surface is closed, i.e. surface enclosed the
volume, then such vectors are drawn in outward direction of
closed surface.

Suppose the vector Aa_;. is an area vector of j® element and the electric field at this

element is ]::)j. As the area of this element is very small the electric field does not change

appreciably at all the points over the element. Hence, the electric flux associated with the j®

surface element will be.
%

o, = E;-AY (1.10.4)
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Total flux ¢ linked with the surface can be determined by adding the flux associated with
all such elements.

0 = YE,- A9, (1.10.5)
J

lim
. - . s . .
Taking |Aaj | >0, i.e. considering each element as small as possible, the summation taken

in equation 1.10.5 can be written as integration.

lim

- -
¢ = FYARYY 2E;- Ad;
J
6= [ Eda (1.10.6)
surface

5
Equation 1.10.6 is known as the surface integration of E over surface a.
Thus, the general definition of electric flux can be given as follows :

ETha Fflavw ]-_‘_.z xrith o eface = tha ennwfano mntooratinn of the alectrice fiald
1ne 1ux HcQ Wil ally sSuridacc 15 Lne surrace Iniegratlion ol une cleciric iicia ovel

the given surface.’

1.11 Gauss’s Law dans
The integration of electric field over a closed surface which %
enclosed the charges, leads us towards the Gauss’s law. Gauss’s /
law is one of the fundamental laws of nature. To understand
this law, consider the following example :
Consider a point charge +gq located at the centre O of the
sphere of raidus r. See figure 1.22. Now, we will determine the
total flux linked with the surface of a sphere.
According to definition of flux, total flux linked with the

Figure 1.22 Flux Associated

surface, itk (he. Sulers

o = jE.dZ = [Bdacosd (1.11.1)
S S

All the points on the surface are at equidistant from the centre, hence magnitude of B will
be same at every points at the surface. The electric field due to a point charge is radially
outward.

Hence, area vector gz of each surface element will be along the direction of E(G = 0).
From equation 1.11.1

o = _[Eda (*rcosO = 1)

= EJ.da = 2 1 5 X 4mr’ (Area of the surface of sphere is 47mr?)
TCSOV
_ 4
o = e (1.11.2)
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Here, the flux is independent of the radius of the sphere; hence it is true for any closed
surface. Equation (1.11.2) is the general result of Gauss’s law. Gauss’s law statement is as

follows, we will accept it without proof.

al Tk s Th tntal N P e £l =Gty Dttt S ik R = P R = | e =1
Guass’s Law : The total electric flux associated with any closed surface is equal to th

: : =g Zq

Flux associated with any closed surface, ¢ = JE-da = g (1.11.3)
S

The law implies that the total electric flux through a closed surface is zero if no charge

is enclosed by the surface.
Let us note some important points regarding this law :
(1) Gauss’s Law is true for any closed surface, no matter what its shape or size.

(2) The term g on the right side of equation (1.11.3), includes the sum of all charges enclosed
by the surface. The charges may be located anywhere inside the surface.

4, (3) The electric field appearing on the left hand side of
equation 1.11.3 is the electric field produced due to a
d;  system of charges, whether enclosed by the surface or

outside it.

e ————

As for example q,, q,, q,, q, and g as shown in figure

1.23. To calculate the electric flux passing through surface

_) . . . ..
Surface (S) S, E is determined by taking the vector addition of the

electric fields at the surface due to all the charges, which
is used in the left side of the equation (1.11.3). But on the

Figure 1.23

right side of the equation (1.11.3) we should consider the charges g,, g, and g, to calculate
net charge Xgq.

Flux linked with the surface S,
gy +tq,+qs

¢ = €

0

(4) The surface that we choose for the application of Gauss’s Law is called Gaussian
surface.

(5) Gauss’s Law is useful towards a much easier calculation of electric field when system
has some symmetry.

Hlustration 17 : An electric field prevailing in a region depends only on x and Yy

x+y

=
co-ordinates according to an equation, E = bxz +y? where b is a constant. Find the flux
passing through a sphere of radius r whose centre is on the origin of the co-ordinate system.
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: As shown in the figure, 7 is the unit vector in the
direction of 7.

-2 * I - xt+yj
I - Mty+tzk Now, E = b
x+y

?:

~
~

2+y 2442 7

xf+yf I » 242
W B.dd = b| G5y | Mrurek g, bda XY _ by,
F r x“+y r

.. jﬁ)-dz = % Ida = %‘41'[,,-2: Anthr

. O = 4nbr
NMustration 18 : Calculate the total electric flux linked with a circular disc of radius a,
sitnated at a distance R from a point charge g.

[Hint : IL = - 1

3 ——]
(Rz +r2)§ 1/(R2+r2)
: Consider a thin circular ring of radius r and width dr as shown in figure. The
electric field intensity at some point P on the ring is given by,

k -
|dE| q dE

The area of the ring is |da | = 2mrdr.

da is perpendicular to the plane of the

ring and makes an angle © with dE . The flux 4
passing through the small area element of the
disc is given by,

do = |dE | [d 7 |cosO

rdr rdr

k
= 2 x2mrdr x B =2nkgR x B = 2mkgR x —— (- 2 =R* + 1)
X X X 2 2.5
(R*+r°)2

T__rdr 1 1___ 1
. Total flux ¢ = 2mkgR|—""—5 = 2mkgR| " T=5—5 | = 2mkgR
¢ q -([(R2+r2)% mkq (R2+r2)]cl & [R J(R2+a2)]

lllustration 19 : Q amount of electric charge is uniformly distributed on a ring of radius
r. A sphere of radius r is drawn in such a way that the centre of the sphere lies on the
surface of the ring. Calculate the electric flux associated with the surface of the sphere.

; i : It is evident from the geometry of the sphere that
OP = O0' and O'P = 0'O. Hence, AOPO' is an equilateral
triangle.

. ZPO0' = 60° or ZPOQ = 120°

Hence, the chord PO'Q of the ring will subtend an angle 120°

at its centre. Hence, it is evident that the length of the chord will
be equal to one third of the circumference of the ring. The total

charge residing on this chord (enclosed by sphere) PO'Q will be Q

equal to % .

From Gauss’s Law, the total flux passing through surface of the sphere is equal to %
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1.12 Applications of Gauss’s Law

The electric field of any symmetric charge distribution can be easily determined by using
Gauss’s Law. Let us consider some examples.

(1) Electric Field_)Due to an Infinitely Long Straight Uniformly Charged Wire :

da ﬂP Q An infinitely long and linear charge
E L ! ! distribution having uniform linear charge
S (7 i T, ] ’f iz
1 L} I' a - - - -

“gmaee _da —t s . density A is shown in figure 1.24. We want
Electric field U \ j to find the intensity of electric field at point

linear \/ _Cylindrical _ . _
I L s1Gaussian Surface P situated at a perpendicular distance r

Figure 1.24 Infinitely Vire having Linear Charge from the linear charge distribution.
Since the wire is of infinite length, the electric field at all points line P, Q, ..... situated at

the same perpendicular distance from the wire will be same.

Now imagine a cylindrical Gaussian surface of radius r and length L, whose axis coincides
with the line of linear charge distribution. At all the points at such a cylindrical surface the
electric field is same and directed radially outward. The area of this curved surface of cylinder

is 2mrL and cross sectional area is 77’ The charge enclosed by the cylinder of length L is
q = AL.
As shown in figure, electric flux associated with cylindrical surface of radius r and length
L is,
- -
o, = IE-da = IEdacosO = E.[da
. ¢, = EQnrL) (1.12.1)
Now, the flux associated with the two end sides of cylinder perpendicular to axis is,
- o
o, = IE-da = .[Edacos90° =0
" Total flux, ¢ = ¢, + ¢, = 2nrL)E

According to Gauss’s Law, ¢ = (2nrL)E = % = (2nrL)E = )S“—L
0

N =

Y
B = g (1.12.3)

Electric field is in the direction of raidus, hence taking # as the unit vector in the direction
of radius.

R
2 . (1.12.4)

N =

A
2me,,

Illustration 20 : An electric dipole is prepared by taking two electric charges of 2 X 1073C
separated by distance 2 mm. This dipole is kept near a line charge distribution having density
4 X 10™*C/m in such a way that the negative electric charge of the dipole is at a distance 2 cm

from the wire as shown in the figure. Calculate the force acting on the dipole. Take k = 9 X 10°
Nm2C2.
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Solution : The electric field intensity at some point r 5

from continuous line charge distribution having density A 1‘ "+
is given by the following formula. +
4| e —— +
=2k s 2 2 Fheacsascacacaa P >
FromE=—2}~ 1=M,1_:>= Ml andl_?)= le + X
7[80 r r - r_ + r+ «— 2 cm —> (z—b
mm

1 1
. Resultant force, F = 1_3: + 1_3_ = ZkM[Z_Z}f '

1 1
9 —4 —8 — 2
2% 9 x 10° X 4 X 10 x 2 x 10 [2.2><10‘2 2.0x10‘2]’

= —0.65{ N
(2) Electric Field Due to a Uniformly Charged Infinite Plane Sheet :
As shown in Figure 1.25, we want to find the electric field at point P situated at a
perpendicular distance r from the infinite plane sheet of uniform surface charge density O.
(The figure shows only a small part at the infinite plane sheet.)
It can be inferred from the symmetry that on either side and equidistant from the plane,

points like P and P' the magnitude of electric field will be same. But the direction of electric
field at these two points are perpendicular to the plane and mutually opposite. (If the charge
on the plane is positive / negative, the direction of the field will be away / towards the plane).

As shown in the figure 1.25 consider a close Infinite Plane

cylindrical Gaussian surface having cross-sectional area T : : of Charge

A and equal length on either side of the cylinder. The 47 (3 " : ¥ : iz

charge enclosed by the close cylinder is ¢ = GA since B <* ,,( a3l @lﬁ’

the surface charge density of plane is O©. : i : +| Gaussian
+ ¥ Surface

The flux linked with the curved surface of
cylinder is

¢, = [E-dd = [Edacos90® =0 (1.12.5)

because for curved surface, E and da both are perpendicular to each other.

The flux linked with the surface of area A at the end of cylinder at point P is,
=2 -
0, = [E-dd = [Bdacos0 = [Eda = EA (1.12.6)

Same way, flux linked with surface area A at point P' is, (])p, = EA (1.12.7)
Thus, total flux, ¢ = ¢, + ¢p + (])p, = 0 + EA + EA = 2EA

According to Gauss’s Law, ¢ = 2EA = %
A
= 2EA = Z—O ("+ g = OA)
" E = 50 (1.12.8)
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This equation shows that electric field at a point is independent of the distance of the point
from the plane.
Electric field in a vector form is represented as,

-

E = A (1.12.9)

o
2¢,
Where, 7 is a unit vector normal to the plane and going away from it. If the charge on

a plane is negative, then E is towards the plane and perpendicular to it.
Equation (1.12.8) is used to calculate the electric field intensity and direction of the electric
field between two planes having surface charge density G, and ©,.

S1 52 Two parallel planes S, and S,
" i K S having surface charge density G, and
El El . . .
. g 2 E, H S O, respectively are shown in figure
ES— |+ —> | —— B N N
> | R | Q 1.26. E, and E, are the electric
R —> field produced due to the charge on
E=E+E, [ B-E+E i BB t+E, .
P 1T 2 E.=E+E, the S, and S, respectively.
+ I+
! L . C g
o o, From the figure, electric field at
Figure 1.26 point P,
N - - o, o, 0,70, . . .
E, = E +E, = T + %, = 2 (in S,S, direction)

Electric field at point Q,

= 0,70, . . .
, + E, = 2, (in S,S, direction)

Electric field at point R, (for 6, > G,)

- 61_02 . . .
+ E, = 7%, (in S,S, direction) (1.12.10)
Ilvstration 21 : A particle of mass m and charge g is attached to one end of a thread.
The other end of the thread is attached to a large, vertical positively charged plate, having
surface charge density . Find the angle the thread makes with the plate vertical in equilibrium.

Solution : Electric field produced due to positively charged plane is,
)
O
E = %,
L 6 0

i The forces acting on the charge and components of the

+ tension (T) produced in string are shown in the figure.
T MTcosO
= In the equilibrium,
6
+
T cos® = mg and T sin@® = gE
+
+ Tsin® qE - tan® = ¢E _ g0
i - fanb = Jo = 2mgey
+
~ 1 qo
mg . = -
:,/ s 0 = tan [ngSOJ
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(3) Electric Field Due to a Uniformly Charged Thin Spherical Shell

Let 0 be the surface charge density on a spherical shell having radius R, as shown in
figure 1.27. Therefore, total charge on the shell,

g = CA = O(4nR? (1.12.11)

The electric field produced from such a spherical shell is radial. We want to determine the
electric field at points inside and outside the spherical shell.

Spherical Shell

Figure 1.27 Electric Field of a Spherical Shell

(1) For a Point Lying Inside a Shell : Consider a spherical Gaussian surface of radius
r'(r' < R), concentric with the shell (See figure 1.27)

Since the charge enclosed by such a surface is zero then according
to Gauss’s Law,

- S q
[Eda =5 =0 (v q = 0)
E =0

(1.12.12)
Thus, electric field inside the charged spherical shell is zero.

(2) For a Point Lying Outside the Shell :
To determine electric field outside the shell, consider a spherical Gaussian surface of radius
r(r > R). (See figure 1.27 (b))

According to Gauss’s Law, flux linked with this surface,

- - i
_[E~da = g

9 - - . . .
IEdacosO = & (- E and Jq are in the same direction.)

B(m) = o

_ 1 49
B = (1.12.3)

For an electric field on the surface of a shell, put r = R.

_ 1 g
E = Ine, R (1.12.4)
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Equations 1.12.3 and 1.12.4 shows that for an electric field outside the sphere the entire
charge on a shell can be treated as concentrated at its centre.

Putting, ¢ = (4nMR?G in equation 1.12.4

E= L (4R o
mE,
2
. B = %1:—2 (1.12.5)
| B Figure 1.28 shows the variation of electric field

intensity with distance from the centre O to the
region outside the uniformly charged spherical shell.

Inside the shell E = 0. The magnitude of E is

maximum on the surface (r = R). However, outside

o] r=R r
(distance from centre of sphere)

1
. - - the shell electric field decreases) according to —7 .
Figure 1.28 [Electric Field of a Spherical Shell ) & r2

(4) Electric Field Intensity Due to Uniformly Charged Sphere :

d—éLiz’ Let p be the volume charge density of a charged
sphere having radius R as shwon in figure 1.29. The

charge inside the sphere is
Gaussian sphere

inside the
surface 4
q = (gnR3)p. (1.12.6)
/—Gaussian sphere
outside the )
surface The electric field due to such a sphere is radial.
Field due to We want to determine the electric field at points

inside and outside for such a charge sphere.

Charged Sphere
(1) For Point Lying Inside the Sphere : Imagine spherical Gaussian surface of radius r'

(where r' < R) concentric with sphere to determine the electric field at a distance r' (point P')
from the centre of sphere. The charge enclosed by such a sphere is.

4
q' = (zmr')p (1.12.7)
_ 4.3 q .
= 3’ X —— (From equation 1.12.6)
—nR
3
1 I"3
. q' = qF (1.12.8)
The flux linked with the Gaussian surface.
- - _ q_’
E-da = g
3
19 qr .
Ednr ©) = Y (From equation 1.12.8)
0
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q
g

"~ E = 3 # (for r' < R) (1.12.9)

i.e. Inside the sphere, E o« r'
By putting the value of g from equation 1.12.6, we can represent electric field in terms of
charge density.

E = %0 (for ' < R) (1.12.10)

(2) For Point Lying Outside the Sphere : Now, consider a Gaussian surface of radius r
(where r > R). The centres of two spheres coincide with each other. The charge enclosed by this
surface 1s g. According to Gaussian’s Law.

d - i
'[E-da = €
JEda = %
q
E@4nr’) = e
1 4 .
. E = Fso r_2 (for r 2 R) (1.12.11)

This shows that a point outside the sphere the entire charge of the sphere can be

. . . . 1
considered as concentrated at its centre. Thus, for a point outside the sphere, E oc -

In above equation put g = (%TER3)p,

We can have electric field in terms of p.

E = R;p (1.12.12)
3r7g, .
Figure 1.30 shows the variation of electric Eas ;mi
field intensity with distance r from the centre O Q)O” E E « r%
to the region outside the charged sphere. Note |
that electric field on a surface of sphere is |
0 r=K ' distance from
A 1 centre of sphere
maximum (B = F80 %) Figure 1.30 Electric Field of a ( p

SUMMARY

Electric Charge : Just as masses of two particles are responsible for the gravitational
force, charges are responsible for the electric force. Electric charge is an intrinsic
property of a particle.

Charges are of two types : (1) Positive charge (2) Negative charge.

The force acting between two like charges is repulsive and it is attractive between two
unlike charges.

The SI unit of charge is coulomb (C).
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Quantization of Electric Charge : The magnitude of all charges found in nature are in
integral multiple of a fundamental charge. Q = ne where, e is the fundamental unit of
charge.

Conservation of Electric Charge : Irrespective of any process taking place, the
algebraic sum of electric charges in an electrically isolated system always remains
constant.

Coulomb’s Law : The electric force between two stationary point charges is directly
proportional to the product of their charges and inversely proportional to the square of the
distance between them.

If q,9, > O, then there is a repulsion between the two charges and for g,q, < O there
is an attractive force between the charges.

Electric Field Intensity : The force acting on a unit positive charges at a given point
in an electric field of a system of charges is called the electric field or the intensity of

electric field (E) at that point.

%
E =

SV

The SI unit of E is NC! or Vm™..

If g), ;2) e ;n) are the position vectors of the charge q,, q,, .... g, respectively then

neot electric field at a point of position vector 7 s,

9;

-
r—

E = kY,

j=1

G-

)

ol

3
I

S

Electric Dipole : A system of two equal and opposite charges, separated by a finite
distance is called an electric dipole.

Electric dipole moment ; = (2 a )q
The direction of ; is from the negative electric charge to the positive electric charge.

Electric field of a dipole on the axis of the dipole at point z = 2,

2kp
3

g(z) = b (for z >> a)

Electric field of a dipole on the equator of the dipole at point y = y.
B@) = —% p  (for y > a)

The torque acting on the dipole place in the electric field at an angle 6,
T = 7P X E), |_r)| = pEsin®
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Electric Flux : Electric flux associated with surface of area A, placed in the uniform
electric field.

0 = E.A = EAcos®
’ - -
where O is the angle between E and A.
Its unit is Nm2C™! or Vm.
10. Gauss’s Law : The total electric flux associated with the closed surface,

Sq

=2 o
¢= E.da = &

s
where Xq is the net charge enclosed by the surface.
Electric field due to an infinitely long straight charged wire,

2,?8 % #, where, r is the perpendicular distance from the wire.
0

ﬁ
E =

Electric field due to uniformly charged infinite plane, E = %

Electric field due to uniformly charged thin spherical shell,

(1) Electric field inside the shell E = 0.
(2) Electric field at a distance r from the centre outside the shell,

_,4 _ oR
E—krz =T

, where R = radius of spherical shell.

Electric field due to a uniformly charged sphere of radius R,
(1) Electric field inside the region of the sphere :

- CIR—-
- 47I80R3 - 380

(2) Electric field outside the sphere,

R3p
3r2s0

Q

1
E(r) = 4_1t80,-_2 =

where, Q is the total charge inside the sphere.

EXERCISE

For the following statements choose the correct option from the given options

The force acting between two point charges kept at a certain distance is ¢. Now
magnitudes of charges are doubled and distance between them is halved, the force acting
between them is .......... .

A) o (B) 4¢ ©) 80 (D) 16¢
An electric dipole is placed in a uniform field. The resultant force acting on it .......... .

(A) always be zero (B) depends on its relative position

(C) never be zero (D) depends on its dipole moment.
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An electric dipole is placed in an electric field of a point charge, then ..........

(A) the resultant force acting on the dipole is always zero

(B) the resultant force acting on the dipole may be zero

(C) torque acting on it may be zero

(D) torque acting on it is always zero.

When an electron and a proton are both placed in an electric field .......... .

(A) the electric forces acting on them are equal in magnitude as well as direction.
(B) only the magnitudes of forces are same

(C) accelerations produced in them are same

(D) magnitudes of accelerations produced in them are same.

The electric force acting between two point charges kept at a certain distance in vacuum
is O If the same two charges are kept at the same distance in a medium of dielectric
constant K. The electric force acting between them is .......... .

(A) o (B) Ko ©) K% (D) /K

The distance between two point charges 4g and —¢q is r. A third charge Q is placed at
their midpoint. The resultant force acting on —g is zero then Q = .......... .

(A) —q B) q © —4q (D) 4q
The linear charge density on the circumference of a circle of radius ‘a’ varies as
A = A, cos0. The total charge on it is ... .

(A) zero (B) infinite ©) Tcalo (D) 2ma

Two identical metal spheres A and B carry same charge g. When the two spheres are
at distance r from each other, the force acting between them is F. Another identical
sphere C is first brought in contact with A, then it is touched to sphere B and then
separated from it. Now the force acting between A and B at the same distance is ..........

(A) F (B) 2F © ¥ o) %

Two point charges of g and 4g are kept 30 cm apart. At a distance .......... , on the
straight line joining them, the intensity of electric field is zero.

(A) 20 cm from 4q (B) 7.5 cm from gq

(C) 15 cm from 4q (D) 5 cm from g

The dimensions of permittivity [€]] are .......... .Take Q as the dimension of charge.

A) MIL?2T12Q2 B) M 'L2T3Q! (©) MIL°T2Q* (D) M 'L*T2Q?
The electric dipole moment of an HCL atom is 3.4 X 103 Cm. The charges on both
atoms are unlike and of same magnitude. Magnitude of this charge is .......... . The

0o
distance between the charges is 1 A

A 17x102%C B 34x102°C ©68x102C D 34x10°cC

There exists an electric field of 100 N/C along Z—direction. The flux passing through a
square of 10 cm sides placed on XY plane inside the electric field is .......... .

(A) 1.0 Nm%C (B) 2.0 Vm (C) 10 Vm (D) 4.0 Nm%C
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The radius of a conducting spherical shell is 10 mm and a 100 UC charge is spread on

it. The force acting on a 10 WC charged placed at its centre is .......... . k=9 x10°
MKS.
(A) 10°N (B) 10°N (C) zero (D) 10°N

When a 10 UC charge is enclosed by a closed surface, the flux passing through the

surface is ¢. Now another —10 UC charge is placed inside the closed surface, then the
flux passing through the surface is ..........

(A) 20 ®B) ¢ ©) 46 (D) zero
15. An electric dipole is placed at the centre of a sphere. The flux passing through the
surface of the sphere is .......... .

2
(A) Infinity (B) zero (C) cannot be found (D) S—Oq
Two spheres carrying charge g are hanging from a same point of suspension with the
help of threads of length 1 m, in a space free from gravity. The distance between them

will be .......... .
(A) O B) 0.5
) 2 m (D) cannot be determined.

17. One point electric charge Q is placed at P. A closed surface is placed near the point P.
The electrical total flux passing through a surface of the sphere will be

€9 Q ,
(A Q €, (B) Q © % (D) zero

18. Charge Q each is placed on (n — 1) corners of a polygon of sides n. The distance of
each corner from the centre of the polygon is r. The electric field at its centre is ..........

Q Q n

a) k% ®) (- 1) k3 © k3 3

X n=1,X
k3 ® 2Lk

When two spheres having 2Q and —Q charge are placed at a certain distance, the force
acting between them is F. Now they are connected by a conducting wire and again
separated from each other. How much force will act between them if the separation now
is the same as before ?

E E D)y E
(A) F ®) = © % ®) %
The number of electric field of lines emerged out from 1 C charge is ..........
(g, = 8.85 x 1072 MKS)

(A) 9 x 10° (B) 8.85 x 10> (C) 1.13 x 10! (D) infinite

When 10" electrons are removed from a neutral metal plate through some process, the
charge on it becomes .......... .

(A) -1.6 C (B) + 1.6 C (©) 10° C D) 107 ¢
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A charge Q is placed at the centre of a cube. The electric flux emerging from any one
surface of the cube is .......... .

@ ®) 7 © 7= ©) 5

The liquid drop of mass m has a charge g. What should be the magnitude of electric field
E to balance this drop ?

mg E mgq
A (B) 4 ©) mgq D)
As shown in figure the electric flux associated with close surface is ..........

s 29

3 2
A) 3 ®) 5
a
.q (&)} & (D) zero

As shown in the figure, g charge is placed at the open end of the cylinder with one end
open. The total flux emerging from the surface of cylinder is .......... .

2
A) 5 ®)
eq q
© 2—80 (D) zero
ANSWERS
LD 2 (A) 3 (@ 4B 5 @D 6 (A
L(A) 8. (C) 9. (A 10. (C) 1. (B) 12. (A)
3. (C) 14. (D) 15. (B) 16. (C) 17. (D) 18. (A)
9. O) 20. (C) 21. B) 22. (D) 23 (A) 24.(D)

25. (©)

Answer the following questions in brief :

40

How many number of protons of the charge is equivalent to a 1 UC ?

Two identical metal spheres of equal radius are taken. One of the spheres has charge of
1000 electrons and another has charge of 600 protons. When the two spheres are brought
in contact with copper wire and removed, what will be the charges on each sphere ?
If q,9, > 0, which type of the force acting between two charges ?

What is a test charge ? What should be its magnitude ?

Define the electric dipole moment and give its SI unit.

What will be the torque acting on the dipole if it is placed parallel to the electric field.
Explain the behaviour of electric dipole placed in the non-uniform electric field.

Give the statement of Gauss’s Law.

Why does the two electric field lines not intersecting each other ?

Draw the electric field lines of electric dipole.

A charge enclosed by the spherical Gaussian surface is 8.85 X 1078C. What is the

electric flux linked with this surface ? If the radius of sphere is doubled, what is the
electric flux ?
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Write the conservation law of electric charge.
13. An electric dipole is placed at the centre of the cube. What is the total electric flux
linked with the surfaces of the cube ?
Answer the following gquestions
I. Write the Coulomb’s Law and represent the forces between the two charges in vector
form.
Explain the linear charge density, surface charge density and volume charge density. Also
give their units.
What is electric field ? Explain, giving the characteristics of the electric field.
Obtain the expression of the electric field at a point on the axis of the electric dipole.
5. Obtain the expression for the torque acting on the electric dipole place in the uniform
electric field.
Write the characteristics of the lines of the electric field.
Write and explain the Gauss’s Law.
8. Obtain the expression of the electric field due to an infinitely long linear charged wire
along the perpendicular distance from the wire.
Derive the expression of the electric field produced due to uniformly charged infinite
plane.
10. Using Gauss’s Law, find the intensity of the electric field inside and outside the charged
sphere having uniform volume charge density.
Solve the following examples
I. A metal sphere is suspended through a nylon thread. When another charged sphere
(identical to A) is brought near to A and kept at a distance d, a force of repulsion
F acts between them. Now A is brought in contact with an identical uncharged
spheres C and B also brought in contact with an identical uncharged sphere D and
then they are separated from each other. What will be the force between the

spheres A and B when they are at a distance % ? [Ams. : F]

Two identically charged spheres are suspended by strings of equal length. When they are
immersed in kerosene, the angle between their strings remains the same as it was in the
air. Find the density of the spheres. The dieletric constant of kerosene is 2 and its density

is 800 kg m™, [Ans. : 1600 kg m‘?’]
3. Three point charges 0.5 UWC, —0.25 UC and 0.1 UC are placed at the vertices A, B and
C of an equilateral triangle ABC. The length of the side of triangle is 5.0 cm. Calculate

resultant force acting on the charge placed at point C. k = 9 x 10° SL
[Anms. : F; = 0.045 (3, +3)N]

Three identical charges g are placed on the vertices of an equilateral triangle. Find the
resultant force acting on the charge 2q kept at its centroid. (The distance of the centroid
from vertices is 1 m). [Ans. : Zero]

5. An electric dipole of momentum P is placed in a uniform electric field. The dipole is

rotated through a very small angle © from equilibrium and is released. Prove that it

executes simple harmonic motion with frequency f = 21_1r JPT Where, I = moment of

inertia of the dipole.
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The surface charge density of a very large surface is —3.0 X 10%Cm™. From what
distance should an electron of 150 eV energy be projected towards the plane so that its
velocity becomes zero on reaching the plane ? Charge of an electron = 1.6 X 107,
1ev=16x10"], g =9 x 1072 SL [Ans. : 9 X 107"m]
Two small, identical spheres, one positively charged and another negatively charged are
placed 0.5m apart attract each other with a force of 0.108N. If they are brought in

contact for some time and again separated by 0.5m, they repelled each other with force
of 0.036N. What were the initial charges on the spheres ?

[Ans. : ¢, = £3.0 X 10°C, ¢, = F1.0 x 107°C]
Two charged particles of mass m and 2m have charges +2g and +q respectively. They
are kept in a uniform electric field far away from each other and then allowed to move
for some time f. Find the ratio of their kinetic energy. [Ans. : 8 : 1]

A simple pendulum is suspended in a uniform electric field

is I ? Charge on the bob of pendulum is g and mass is m.

>9/
/ f 3
[Ans. : T = 21 T ]
/@/ \1[82+L]i2—2g—chos6]2
m m

A charge of 4 X 1078C is uniformly distributed over the surface of sphere of radius lcm.
Another hollow sphere of radius Scm is concentric with the smaller sphere. Find the

E E as shown in the figure. What will be its period if its length
q

intensity of the electric field at a distance 2cm from the centre. £k = 9 X 10~ SL
[Ans. : 9 X 10° NC™]

An arc of radius r, lying in the first quadrant is
Y
shown in the figure. The linear charge density on
the arc is A. Calculate the magnitude and direction

of electric field intensity at the point of origin.

, making an angle 45° with

[Ans, : E = m
>X r

O
X-axis in the third quadrant]

A particle of mass 5 X 10~ kg is held at some distance from very large uniformly charged
plane. The surface charge density on the plane is 4 X 1075C/m>. What should be the charge
on the particle so that the particle remains stationary even after releasing it ?
g, = 885 x 1072C?N'm?, g = 9.8 ms™

[Ans. : g = 2.17 x 10713C)
In the hydrogen atom, an electron revolves around a proton in a circular orbit of radius
0.53 A . Calculate the radial acceleration and the angular velocity of the electron.

m, = 9.1 x 107! kg, e = 1.6 x 107°C.
[Ans. : @, = 9.01 x 102 m/s®>, ® =39 x ' radfs)

L]
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