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INTRODUCTION

The branch of physics which deals with electric effect of static charge is called electrostatics.

ELECTRIC CHARGE

Charge of a material body or particle is the property (acquired or natural) due to which it produces and
experiences electrical and magnetic effects. Some of naturally charged particles are electron, proton, o-
particle etc.

Charge is a derived physical quantity. Charge is measured in coulomb in S.1I. unit. In practice we use mC
(10-5C), uC (10-6C), nC(10-C) etc.

C.G.S. unit of charge = electrostatic unit = esu.

1 coulomb = 3 x 10s esu of charge

Dimensional formula of charge = [MCLTul4]

Electric Charges
It was observed that if two glass rods rubbed with wool or silk cloth are brought close to each other, they
repel each other.

The two strands of wool or two pieces of silk cloth, with which the rods were rubbed, also repel each
other. However, the glass rod and wool attracted each other. Similarly, two plastic rods rubbed with cat’s
fur repelled each other but attracted the fur.

Silk thread Silk thread Silk thread

Glass rod Plastic rod Glass rod
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It was concluded, after many careful studies by different scientists, that there were only two kinds of an
entity which is called the electric charge.

We say that the bodies like glass or plastic rods, silk, fur and pith balls are electrified. They acquire an
electric charge on rubbing.

The experiments on pith balls suggested that there are two kinds of electrification and we find that (i) like
charges repel and (ii) unlike charges attract each other

The charges were named as positive and negative by the American scientist Benjamin Franklin.
By convention,

The charge on glass rod or cat’s fur is called positive and that on plastic rod or silk is termed negative. If
an object possesses an electric charge, it is said to be electrified or charged. When it has no charge it is
said to be neutral
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Note :

2.3
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Properties of Charge
(0 Charge is a scalar quantity : It adds algebraically and represents excess, or deficiency of
electrons.

(i) Charge is of two types : (i) Positive charge and (ii) Negative charge Charging a body
implies transfer of charge (electrons) from one body to another. Positively charged body means
loss of electrons, i.e., deficiency of electrons. Negatively charged body means excess of
electrons. This also shows that mass of a negatively charged body > mass of a positively
charged identical body.

(ili) Charge is conserved : In an isolated system, total charge (sum of positive and negative)
remains constant whatever change takes place in that system.

(iv) Charge is quantized : Charge on any body always exists in integral multiples of a
fundamental unit of electric charge. This unit is equal to the magnitude of charge on electron
(1e = 1.6 x 10-10 coulomb). So charge on anybody Q = *+ ne, where n is an integer and e is the
charge of the electron. Millikan's oil drop experiment proved the quantization of charge or
atomicity of charge
1 2

Recently, the existence of particles of charge te 3 and 3 +e has been postulated. These particles are
called quarks but still this is not considered as the quantum of charge because these are unstable (They
have very short span of life).

(v) Like point charges repel each other while unlike point charges attract each other.

(vi) Charge is always associated with mass, i.e., charge can not exist without mass though mass
can exist without charge. The particle such as photon or neutrino which have no (rest) mass
can never have a charge.

(vii) Charge is relativistically invariant: This means that charge is independent of frame of
reference, i.e., charge on a body does not change whatever be its speed. This property is worth
mentioning as in contrast to charge, the mass of a body depends on its speed and increases
with increase in speed.

(viii) A charge at rest produces only electric field around itself; a charge having uniform motion
produces electric as well as magnetic field around itself while a charge having accelerated
motion emits electromagnetic radiation.

Charging of a body

A body can be charged by means of (a) friction, (b) conduction, (c) induction, (d) thermionic ionization or
thermionic emission (e) photoelectric effect and (f) field emission.

(8) Charging by Friction :

When a neutral body is rubbed against other neutral body then some electrons are transferred from one
body to other. The body which can hold electrons tightly, draws some electrons and the body which can
not hold electrons tightly, looses some electrons. The body which draws electrons becomes negatively
charged and the body which looses electrons becomes positively charged.

B o 2 e

After rubbing M b = =
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For example : Suppose a glass rod is rubbed with a silk cloth. As the silk can hold electrons more tightly
and a glass rod can hold electrons less tightly (due to their chemical properties), some electrons will leave
the glass rod and gets transferred to the silk. So in the glass rod their will be deficiency of electrons,
therefore it will become positively charged. And in the silk there will be some extra electrons, so it will
become negatively charged
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(b)

Charging by conduction (flow): There are three types of material in nature

(i) Conductor : Conductors are the material in which the outer most electrons are very loosely
bounded, so they are free to move (flow). So in a conductors, there are large number of free
electrons.

EX. Metals like Cu, Ag, Fe, Al.............

(ii) Insulator or Dielectric or Nonconductor : Non-conductors are the materials in which
outer most electrons are very tightly bounded, so they cannot move (flow). Hence in a non-
conductor there is no free electrons. Ex. plastic, rubber, wood etc.

(iii) Semi conductor : Semiconductor are the materials which have free electrons but very less
in number.

Now lets see how the charging is done by conduction. In this method we take a charged conductor 'A’
and an uncharged conductor 'B'. When both are connected some charge will flow from the charged body
to the uncharged body. If both the conductors are identical & kept at large distance, if connected to each
other, then charge will be divided equally in both the conductors otherwise they will flow till their electric
potential becomes same. Its detailed study will be done in last section of this chapter.

(c)

Switch

A B

Charged body Uncharged body A B

Charging by Induction : To understand this, lets have introduction to induction.
Induced charges

charged
partical

conductor

We have studied that there are lot of free electrons in the conductors. When a charge particle +Q is
brought near a neutral conductor. Due to attraction of +Q charge, many electrons (—ve charges) come
closer and accumulate on the closer surface. On the other hand a positive charge (deficiency of electrons)
appears on the other surface. The flow of charge continues till there is resultant force on free electrons
of the conductor becomes zero. This phenomena is called induction, and charges produced are called
induced charges.

A body can be charged by induction in the following two ways :

Method I :

Step 1. Take an isolated neutral conductor..

&-
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Step 2. Bring a charged rod near to it. Due to the charged rod, charges will induce on the conductor.

++
++
++
++
++
++

Step 3. Connect another neutral conductor with it. Due to attraction of the rod, some free electrons will
move from the right conductor to the left conductor and due to deficiency of electrons positive charges
will appear on right conductor and on the left conductor there will be excess of electrons due to transfer
from right conductor..

electrone
transfer

Step 4. Now disconnect the connecting wire and remove the rod.

The first conductor will be negatively charged and the second conductor will be positively
charged.

Method 1l

&-

Step 1. Take an isolated neutral conductor..

Step 2. Bring a charged rod near to it. Due to the charged rod, charges will induce on the conductor.

FFI+++
+4+++++

Step 3. Connect the conductor to the earth (this process is called grounding or earthling). Due to
attraction of the rod, some free electrons will move from earth to the conductor, so in the conductor there
will be excess of electrons due to transfer from the earth, so net charge on conductor will be negative.

electron
transfer

Step 4. Now disconnect the connecting wire. Conductor becomes negatively charge.
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(d) Thermionic emission : When the metal is heated at a high temperature then some electrons of
metals are ejected and the metal becomes positively charged.

SRS Can
W

(e) Photoelectric effect : When light of sufficiently high frequency is incident on metal surface
then some electrons gains energy from light and come out of the metal surface and remaining
metal becomes positively charged.

X bde

+++ .

+++
+++

(f) Field emission : When electric field of large magnitude is applied near the metal surface
then some electrons come out from the metal surface and hence the metal gets positively
charged.

o N —

2.4 Gold Leaf Electroscope (GLE)

a. A simple apparatus to detect charge on a body is the gold-leaf electroscope

b. It consists of a vertical metal rod housed in a box, with two thin gold leaves attached to its bottom end.
When a charged object touches the metal knob at the top of the rod, charge flows on to the leaves and
they diverge.

(Metal knob
®
|~ Metal rod
Rubber,
0] (@]
Il
o]
L4 AllB A B
Glass &
window Gold leaves

——— Solved Examples
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Example 1.
Solution :

Example 2.

Ans.

Example 3.

Ans.
Solution:

Example 4.

Solution:

Example 5.

Solution:

Example 6.

&-

If a charged body is placed near a neutral conductor, will it attract the conductor or repel it?

*q
repulsion
Attraction ?orce
force

If a charged body (+ve) is placed leftside near a neutral conductor, (-ve) charge will induce at
left surface and (+ve) charge will induce at right surface. Due to positively charged body —ve
induced charge will feel attraction and the +ve induced charge will feel repulsion. But as the —
ve induced charge is nearer, so the attractive force will be greater than the repulsive force. So
the net force on the conductor due to positively charged body will be attractive. Similarly we can
prove for negatively charged body also.

From the above example we can conclude that. "A charged body can attract a neutral body."

If there is attraction between two bodies then one of them may be neutral. But if there is
repulsion between two bodies, both must be charged (similarly charged).

So "repulsion is the sure test of electrification".

A positively charged body 'A" attracts a body 'B' then charge on body 'B' may be:
(1) positive (2) negative (3) zero (4) can't say
(2,3)

Five styrofoam balls A, B, C, D and E are used in an experiment. Several experiments are
performed on the balls and the following observations are made :

(i) Ball A repels C and attracts B.

(i) Ball D attracts B and has no effect on E.

(iii) A negatively charged rod attracts both A and E.

For your information, an electrically neutral Styrofoam ball is very sensitive to charge
induction, and gets attracted considerably, if placed nearby a charged body. What are the
charges, if any, on each ball ?

A B C D E
(1) + - + 0 +
(2) + - + + 0
3) + - + 0 0
(4) - + - 0 0
3

From (i), As A repels C, so both A and C must be charged similarly. Either both are +ve or both
are

—ve. As A also attract B, so charge on B should be opposite of A or B may be uncharged
conductor.

From (ii) As D has no effect on E, so both D and E should be uncharged, and as B attracts
uncharged D, so B must be charged and D must be on uncharged conductor.

From (iii) a —ve charged rod attract the charged ball A, so A must be +ve, and from exp.
(i) C must also be +ve and B must be —ve.

Charge conservation is always valid. Is it also true for mass?
No, mass conservation is not always. In some nuclear reactions, some mass is lost and it is
converted into energy.

What are the differences between charging by induction and charging by conduction ?

Major differences between two methods of charging are as follows :

() In induction, two bodies are close to each other but do not touch each other while in
conduction they touch each other. (or they are connected by a metallic wire)

(i) In induction, total charge of a body remains unchanged while in conduction it changes.

(iii) In induction, induced charge is always opposite in nature to that of source charge while in
conduction charge on two bodies finally is of same nature.

If a glass rod is rubbed with silk it acquires a positive charge because :

(1) protons are added to it (2) protons are removed from it
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Example 7.
Solution :

Example 8.

Solution

Example 9.
Solution :

Example 10.

Solutions :

&-

(3) electrons are added to it (4) electrons are removed from it.
Ans. 4

How can you charge a metal sphere positively without touching it?

Figure (a) shows an uncharged metallic sphere on an insulating stand.

Bring a negatively charged rod close to the metallic sphere, as shown in Fig. (b). As the rod is
brought close to the sphere, the free electrons in the sphere move away due to repulsion and
start piling up at the farther end. The near end becomes positively charged due to deficit of
electrons. This process of charge distribution stops when the net force on the free electrons
inside the metal is zero.

Connect the sphere to the ground by a conducting wire. The electrons will flow to the ground
while the positive charges at the near end will remain held there due to the attractive force of
the negative charges on the rod, as shown in Fig. (c).

Disconnect the sphere from the ground. The positive charge continues to be held at the near
end Fig.(d) Remove the electrified rod. The positive charge will spread uniformly over the

sphere as shown in Fig. (e).

(a) (2]

If 10s electrons move out of a body to another body every second, how much time is required to
get a total charge of 1 C on the other body ?

In one second 10s electrons move out of the body. Therefore the charge given out in one
second is 1.6 x 10-19 x 109 C = 1.6 x 10-10 C.

The time required to accumulate a charge of 1 C can then be estimated to be

1C _ 6.25x10°
1.6x107"°C/s = 25 x 10, s = 365x24x3600 years = 198 years.

Thus to collect a charge of one coulomb, from a body from which 10s electrons move out every
second, we will need approximately 200 years. One coulomb is, therefore, a very large unit for
many practical purposes.

How much positive and negative charge is there in a cup of water?

Let us assume that the mass of one cup of water is 250 g.

The molecular mass of water is 18g.

One mole(= 6.02 x 1023 molecules) of water is 18 g. Therefore the number of molecules in one

9
250107 | & 02102

cup of water is
Each molecule of water contains two hydrogen atoms and one oxygen atom, i.e., 10 electrons
and 10 protons. Hence the total positive and total negative charge has the same magnitude. It

9
250107 6 0241073

isequalto 18 x 10 x 1.6 x 1019 C = 1.34 x 10 C.

Which is bigger, a coulomb or charge on an electron? How many electronic charges form one

coulomb of charge ?

A coulomb of charge is bigger than the charge on an electron.
Magnitude of charge on one electron, e = 1.6 x10-19 coulomb
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Number of electronic charge in one coulomb, e 16x10 = 0.625%1019
Example 11. Assume that each atom in a copper wire contributes one free electron. Estimate the number of
free electrons in a copper wire having a mass of 6.4 g (take the atomic weight of copper to be

64g/mol).
Solutions : Number of atoms in 64 g of copper = 6.023 x 1023
23
6.023x10 6.4
Number of atoms in 6.4 g of copper = 64 =6.023 x 1022

As each atom contributes one free electron, therefore, number of free electrons in copper
wire = 6.023 x 102..

Self Practice Problems

1. A body can be negatively charged by
(1) Giving excess of electrons to it (2) Removing some electrons from it
(3) Giving some protons from it (4) Removing some neturons from it
2. The minimum charge on an object is
(1) 1 coulomb (2) 1 stat coulomb (3) 1.6%10.1 coulomb  (4) 3.2x10-19 coulomb

Ans. 1.(1) 2.(3)

m—
3. COULOMB'’S LAW (INVERSE SQUARE LAW)

On the basis of experiments Coulomb established the following law known as Coulomb's law.
The magnitude of electrostatic force between two point charges is directly proportional to the product of
charges and inversely proportional to the square of the distance between them.

1 %42 Kaiq,
i.e. Foquand Fo I = Foo I > F= r°
Important points regarding Coulomb's law :
0] It is applicable only for point charges.
1
(i) The constant of proportionality K in Sl units in vacuum is expressed as 4nzg and in any other

1

medium expressed as 4ne |f charges are dipped in a medium then electrostatic force on one

T a9
4nege, 2

charge is . €0 and & are called permittivity of vacuum and absolute permittivity of
the medium respectively. The ratio e/eo = & is called relative permittivity of the medium, which is
a dimensionless quantity.

(iii) The value of relative permittivity &r is constant for medium and can have values between 1 to oe.
For vacuum, by definition it is equal to 1. For air it is nearly equal to 1 and may be taken to be
equal to 1 for calculations. For metals the value of & is == and for water is 81. The material in
which more charge can induce er will be higher.

1

(v)  Thevalue of 4™0 =9 x 10s Nm. C» = g0 = 8.855 x 10.12 Co/Nma.
Dimensional formula of € is M-1 L3 T4 A2

(V) The force acting on one point charge due to the other point charge is always along the line
joining these two charges. It is equal in magnitude and opposite in direction on two charges,
irrespective of the medium, in which they lie.

(vi) The force is conservative in nature i.e., work done by electrostatic force in moving a point
charge along a close loop of any shape is zero.

(vii) Since the force is a central force, in the absence of any other external force, angular
momentum of one particle w.r.t. the other particle (in two particle system) is conserved,

(viii)  Coulomb low in vector form

>
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Let us consider g: and g are placed at positions h=Xqi+Yqj+Zk and 2 = X2 +Yaj+ 25k
respectively. If we want to calculate coulomb force on g2 due to g: then q: will be considered as
a source charge and g= will be considered as test charge.

- where ' = position vector of test charge — position vector source charge.
(T = position vector of test charge w.r.t. source charge)

0) When we will use this formula in vector form then we have to put value of charges with their
sign. . -
(i) If the force F1z on charge qg: due to charge gz, and Fay is force on charge g2 due to charge q:
- -
Fio = 4723 _q12qz I:12 =—F;
then 0 T2

——— Solued Evamples

Example 12.  Find out the electrostatics force between two point charges placed in air (each of +1 C) if they
are separated by 1m .
koG,  9x10% x1x1

Solution : Fe= 1° = & = 9x10s N

B From the above result we can say that 1 C charge is too large to realize. In nature, charge is usually of
the order of uC

Example 13. Two particles having charges g: and g2 when kept at a certain distance, exert a force F on each
other. If the distance between the two particles is reduced to half and the charge on each
particle is doubled then what will be the force between the particles :

Ans. 16F
ka,gp
Solution : F= r’
r
If q’: = 2q, q’2 = 2qz r=2,
k(2q,)(2q; )
ka4 q', [rf 16kq,q,
then F= r? 2 = F'= 16F

Example 14. A particle of mass m carrying charge g: is revolving around a fixed charge —g- in a circular path
of radius r. Calculate the period of revolution and its speed also.

1 qq, 4n’mr (4reg % (4n®mr) \/m
4ney 2 T2 T, = 4492 or T =4nr o Mo

=Mrwz =

Q1q2 sz q1q2
2 —
and also we can say that anegt™ _ ¢ => V= Areomr

Example 15. A point charge ga = + 100 pc is placed at point A (1, 0, 2) m and an another point charge
gs = +200uc is placed at point B (4, 4, 2) m. Find :

Solution :

&-
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Solution :

Example 16.

&-

(i) Magnitude of Electrostatic interaction force acting between them
(i) Find Fa (force on A due to B) and Fa (force on B due to A) in vector form

q, = +200puc F

-7 B(4.4,2)

(i) A(1,0,2)
(9x10°%)(100x107°)(200x107%)
F|‘kq'2q8 J4—12 +(4-0) +(2-2)?
Value of F : r = =7.2N
o kaags (9x109)(1oox10-6)(200x1o—5)[(4_1)?+(4_0)j+(2_2)@
o 1P _ @17 +(4-0P+(2-27

(if) Force on B

- [ﬁpij)
Similarly_’FA =72 5 5 N
Action(FA) and Reaction (FB) are equal but in opposite direction.

A charged metallic sphere A is suspended by a nylon thread. Another charged metallic sphere
B held by an insulating handle is brought close to A such that the distance between their
centres is 10 cm, as shown in Fig. (a). The resulting repulsion of A is noted (for example, by
shining a beam of light and measuring the deflection of its shadow on a screen). Spheres A and
B are touched by uncharged spheres C and D respectively, as shown in Fig. (b). C and D are
then removed and B is brought closer to A to a distance of 5.0 cm between their centres, as
shown in Fig. (c). What is the expected repulsion of A on the basis of Coulomb’s law? Spheres
A and C and spheres B and D have identical sizes. Ignore the sizes of A and B in comparison
to the separation between their centres.

o o
3 8.,

10 sm

@
(b)
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Solution : Let the original charge on sphere A be g and that on B be g'. At a distance r between their

Ans. :

m—

centres, the magnitude of the electrostatic force on each is given by

Fo_1 99

4meg r?

neglecting the sizes of spheres A and B in comparison to r. When an identical but uncharged
sphere C touches A, the charges redistribute on A and C and, by symmetry, each sphere
carries a charge g/2. Similarly, after D touches B, the redistributed charge on each is q'/2.
Now, if the separation between A and B is halved, the magnitude of the electrostatic force on
each is

B 4rey  (r/2)? B 4ne, r?
Thus the electrostatic force on A, due to B, remains unaltered.

pro_ 1 (a/2)(q72) 1 (a9) _p

Self Practice Problems

A total charge Q is broken in two parts Q: and Qz and they are placed at a distance R from each other.
the maximum force of repulsion between them will occur, when

Q Q Q 2Q
(1)Q=R Q. =qQ-R Q=4 Q=Q- 3
Q 3Q Q Q

(3)Q: =4 Q= 4 4)Qi= 2 Q= 2

+2C and +6C two charge are repelling each other with a force of 12N. if each charge is given —2C of
charge,the the value of the force will be

(1) 4N(Attractive) (2) 4N (Repulsive) (3) 8N (Repulsive) (4) Zero

3.(4) 4.4

4.

&-

PRINCIPLE OF SUPERPOSITION

The electrostatic force is a two body interaction i.e. electrical force
. —>
F Fis

in

>

Fr.

e ot
.
‘-" N

Ky
A ~
I H r13 *
q pal ’. Y

2

..

R
[ T, \
¢ a,

between two point charges is independent of presence or absence of other charges and so the principle
of superposition is valid i.e. force on charged particle due to number of point charges is the resultant of
forces due to individual point charges.

Consider that n point charges qs, g2, g3, .... gn are distributed in space in a discrete manner. The charges
are interacting with each other. Let us find the total force on the charge, say q: due to all other remaingin

charge. If the charge gz, s, .... gn exert forces Fr2:Fia.---Fan on the charge gz, then according to principle

of super-position, the total force on charge q. is given by
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———— Solued Evamples

Example 17.

Solution :

Example 18.

Solution :

>

Two point charge of charge value Q and q are placed at a distance of x and x/2 respectively
from a third charge of charge value 4q, all charges being in the same straight line. Calculate the
magnitude and nature of charge Q, such that the net force experienced by the charge q is zero.
Suppose that the charge 4q is located at point A. The charges Q and g are placed at the points
B and C, such that AB = x and AC = x/2. Also, all the charges lie on the same straight line. We
assume that the charges of 4q and q are of same nature, a say positive.

Then, force on the charge g due to 4q,

1 4q.q
: 2
Fa= 4m0 (X/2) (along AB)
4q q Q
: A :
7 »
X/2
R R R R I +

The net force experienced by charge g will be zero only if the charge Q exerts force on the
charge g equal and opposite to that exerted by the charge 4qg. Thus, the charge Q should exert
force Fe on charge q equal to Fa (in magnitude) and along CA. For this, charge Q has to be
positive (i.e. of the nature same as that of 4q or q).

Now, force on the charge g due to charge Q,

1 Qq
Fo = 476 (BCY
or

1 Qq

: 2
Fo= A0 (x/2) (along CA)
For net force on the charge q to be zero, Fe = Fa
1 Qq 1 4q.q

4neg (x/2f  4meg (x/2F Zq=gq

Consider three point charges each having charge q at the vertices of an equilateral triangle of
side ¢. What is the force on a charge Q (with the same sign as q) placed at the centroid of the
triangle, as shown in figure.

A

el
A

L

In the given equilateral triangle ABC of sides of length |, if we draw a perpendicular AD to the
side BC, AD = AC cos 30° =(‘/§"2) | and the distance AO of the centroid O from A is

23) D = (1/3) | By symmetry AO = BO = CO.
Thus,

L 4
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Example 19.

Solution :

Example 20.

>

L 4

. 3 Qq
F _ 4ng, 72
Force "1 on Q duetochargeqatA = along AO
_ 3 Qq
F _ 4ng, 92
Force "2 on Q due tochargegatB = along BO
_ 3 Q
2
Force Fy on QduetochargeqatC = aney 1 along CO
e
F. Fy i 4me, £?
The resultant of forces "2 and '3 is along OA, by the parallelogram law. Therefore,
3 Qq - -
2 E—z(r -r) )
the total force on Q = "0 =0, where T is the unit vector along OA.

It is clear also by symmetry that the three forces will sum to zero. Suppose that the resultant

force was non-zero but in some direction. Consider what would happen if the system was
rotated through 60° about O.

Consider the charges q, gq, and —q placed at the vertices of an equilateral triangle of side /.
Calculate force on each charge?

—-q

Cc
F
= 30°130 FCB
s “,
"' \‘
; '\

Fe

The forces acting on charge g at A due to charges g at B and —q at C are Fas along BA and

Fac along AC respectively as shown in Fig.

The force of attraction or repulsion for each pair of charges has the same magnitude
2

-9 IFl = IFol = F
4neyd |F|=V3F

F. Fo

60° 80°

as shown in figure TA *Fs +Fc =0
It is interesting to see that the sum of the forces on three charges is zero.

Two pith-balls each of mass weighing 10-4 kg are suspended from the same point by means of

silk threads 0.5 m long. On charging the pith-balls equally, they are found to repel each other to
a distance of 0.6 m. Calculate the charge on each ball. (g = 10m/sz)
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Consider two pith balls A and B each having charge q and mass 10-1z kg. When the pith balls
are suspended from point S by two threads each 0.5 m long, they repel each other to the
distance AB = 0.2 m as shown in Fig.

S

Solution :

mg
Each of the two pith-balls is in equilibrium under the action of the following three forces :

mg

(i) The electrostatic repulsive force F.
(il) The weight mg acting vertically downwards.
(iii) The tension T in the string directed towards point S. The three forces mg, F and T can be

represented by the therefore, according to triangle law of forces,
F_mg_ T
OA SO AS

2 2
L& _9x10°x3

~4ne, (ABR (0.6
mg = 104x 10 =105 N
From the equation (i), we have

q2

OA 9x10% x =10
vy (0.6

F =mg x SO or or

Three equal point charges of charge +q are moving along a circle of radius R and a point

charge —2q is also placed at the centre of circle as (shown in figure), if charges are revolving

with constant and same speed then calculate speed
+

V’fﬁ'—’ﬂ -----

N

Here,

0.3

=3 =9
(0.5)% —(0.3)?

q= V3 x 10 C
Example 21

S
-

‘
+

N,
-~
.
#

Py

.l-_-_-
N
Nl

»
- -
________

Solution :

>

L 4
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Example 22

Solution :

Example 23

Solution :

>

m?  K@@q) 2Ke) m? oy

MiF“L}
Fr2Ficos30= R o R _(BRP s R o ml 3

Two equally charged identical small metallic spheres A and B repel each other with a force
2 x 10sN when placed in air (neglect gravitation attraction). Another identical uncharged
sphere C is touched to B and then placed at the mid point of line joining A and B. What is the
net electrostatic force on C?
Let initially the charge on each sphere be q and separation between their centres be r; then
according to given problem.

1 gxg

F= 40 7 _2x105N
r

ke N
@ @
q q

When sphere C touches B, the charge of B, q will distribute equally on B and C as sphere are
identical conductors, i.e., now charges on spheres;

Oe = dc = (a/2)
So sphere C will experience a force
r/2 r/2
A o] B
q q/2 q/2
1 qg(a/2)

2 LLIT
Feaz 4m0 (1/2)° —op along AB due to charge on A
1 (9/2)(q/2)

2 LIIT
and, Fes= 4™o  (1/2)°  —F along BA due to charge on B
So the net force Fc on C due to charges onu,JATand B,

Fc=Fca—Fes =2F —F =2 x 105 N along AB,

Five point charges, each of value g are placed on five vertices of a regular hexagon of side L.
What is the magnitude of the force on a point charge of value —q coulomb placed at the centre
of the hexagon?

Method : |

If there had been a sixth charge +q at the remaining vertex of hexagon force due to all the six
charges on —q at O would be zero (as the forces due to individual charges will balance each
other), i.e.,

LIT
FR=O

Now if T is the force due to sixth charge and F due to remaining five charges.

1 gxq 1 C|2

Fl=1f = 40 L* = 4me U

F+f=0 ie. F=_f or

L 4
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I
Fuet = Foo= 4mg, L2
Method : Il

along CO

In the diagram we can see that force due to
charge A and D are opposite to each other

Foo + Fao = ¢ (i) o
S|m||ar|y FBO + FEO =0 (||) So FAO + FBO + FCO + FDO + FEO = FNet
1 q2

= = 2
Using () and (i) Tet = Feo = 47€0 L g10ng cO.

Note : (1) The total charge of A rod cannot be considered to be placed at the centre of the rod as
we do in mechanics for mass in many problems.
KQq
Note : (2) If a>>|then F= a’ behaviour of the rod is just like a point charge.
5. ELECTROSTATICEQUILIBRIUM
The point where the resultant force on a charged particle becomes zero is called equilibrium position.

5.1 Stable Equilibrium: A charge is initially in equilibrium position and is displaced by a small distance.
If the charge tries to return back to the same equilibrium position then this equilibrium is called position
of stable equilibrium.

5.2 Unstable Equilibrium: If charge is displaced by a small distance from its equilibrium position and
the charge has no tendency to return to the same equilibrium position. Instead it goes away from the
equilibrium position.

5.3 Neutral Equilibrium: if charge is displaced by a small distance and it is still in equilibrium condition

——— Solved Examples

then it is called neutral equilibrium.

Example 24  Two equal positive point charges 'Q' are fixed at points B(a, 0) and A(—a, 0). Another test

&-

charge qo is also placed at O(0, 0). Show that the equilibrium at 'O’ is
(i) stable for displacement along X-axis.
(i) unstable for displacement along Y-axis.

L 4
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Solution :

(ii)

Example 25.

Solution :

Example 26.

Solution :

>

Q q, Q
A O: g X
E — — — - KQq,
(i) Initially Fao + Feo = 0 = |Fao | = IFso | = a2

When charge is slightly shifted towards + x axis by a small distance Ax, then.

Q LG
®------- Fus > F;z® —x)
A Of&"

|Fao | < IFgo |

Therefore the particle will move towards origin (its original position) hence the equilibrium is stable.

When charge is shifted along y axis

2Fcosb
F\"‘~ T ’_-‘IF
R R R
Fsinb< o » Fsino
Q. : -.Q
B necesnsmbaannanana] >
A B

After resolving components net force will be along y axis so the particle will not return to its
original position so it is unstable equilibrium. Finally the charge will move to infinity.

Two point charges of charge q: and g2 (both of same sign) and each of mass m are placed
such that gravitation attraction between them balances the electrostatic repulsion. Are they in
stable equilibrium? If not then what is the nature of equilibrium?

In given example :

Ka;g, Gm?
r2 = I‘2
We can see that irrespective of distance between them charges will remain in equilibrium. If

now distance is increased or decreased then there is no effect in their equilibrium. Therefore it
is a neutral equilibrium.

A particle of mass m and charge q is located midway between two fixed charged particles each
having a charge g and a distance 2/ apart. Prove that the motion of the particle will be SHM if it
is displaced slightly along the line connecting them and released. Also find its time period.

Let the charge q at the mid-point the displaced slightly to the left.

The force on the displaced charge q due to charge q at A,

1 q2
2
Fi= 47[80 (E + X)
B q A
[T e A LT .
q « q
&>

le ¢ Sle ¢ S
I< Cd bl 21
le 2( S|
le

“1

The force on the displaced charge q due to charge at B,

L 4
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Example 27.

Solution :

O

1 9

F. = 47[80 (E 7x)2
Net restoring force on the displaced charge qg.

1 q2 1 q2
F=F.—FiorF= 4o (L-x)° _ 4meo (£+x)°
q° L g’ 44x
or Fo dmeg [(E-x)7 (L4+x)7] _ 4mey (12 -xP)?
qlx g°x
4 3
Since ¢(>>x, ~F= negl orF = neol

We see that F o x and it is opposite to the direction of displacement. Therefore, the motion is

2 3
znﬁ d 3 2n —mr:ezol
SHM. T= k , here k = negl = q

Two identical charged spheres are suspended by strings of equal length. Each string makes an
angle 6 with the vertical. When suspended in a liquid of density o = 0.8 gm/cc, the angle
remains the same. What is the dielectric constant of the liquid? (Density of the material of
sphere is p = 1.6 gm/cc.)

Initially as the forces acting on each ball are tension T,

weight mg and electric force F, for its equilibrium along vertical,

T cos 6 =mg (1)
and along horizontal
Tsine=F ..(2)

mg mg
Dividing Eqn. (2) by (1), we have
F
tang= M9 .. (3)

When the balls are suspended in a liquid of density o and dielectric constant K, the electric
force will become (1/K) times, i.e., F' = (F/K) while weight
mg' = mg — Fe = mg — Vog [as Fs = Vog, where o is density of material of sphere]

[1 —E} [as V= E}
ie., mg' = mg P p So for equilibrium of ball,
F' F
tan o' = mg' _ Kmg[1-(c/p)] (4
According to given information 6' = 8; so from equations (4) and (3), we have
p 1.6

K= (p_G) = (16_08) =2 Ans.

6. ELECTRICFIELD

Electric field is the region around charged particle or charged body in which if another charge is placed,
it experiences electrostatic force.

&-
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6.1

———— Solved Evamples

Electric field intensity E : Electric field intensity at a point is equal to the electrostatic force
experienced by a unit positive point charge both in magnitude and direction.

If a test charge o is placed at a point in an electric field and experiences a force F due to some charges
(called source charges), the electric field intensity at that point due to source charges is given by

> F

E=
Yo -

I}
—

If the E is to be determined practically then the test charge go should be small otherwise it will affect the
charge distribution on the source which is producing the electric field and hence modify the quantity which
is measured.

Example 28. A positively charged ball hangs from a long silk thread. We wish to measure E at a point P in

the same horizontal plane as that of the hanging charge. To do so, we put a positive test
charge o at the point and measure F/qo. Will F/go be less than, equal to, or greater than E at
the point in question?

Solution : When we try to measure the electric field at point P then after placing the test charge at P it

repels the source charge (suspended charge) and the measured value of electric field
F

Emeasued = 30 will be less than the actual value Ea« that we wanted to measure.

. \ P

6.2

6.3

>

Properties of electric field intensity E:

0] It is a vector quantity. Its direction is the same as the force experienced by positive charge.

(i) Direction of electric field due to positive charge is always away from it while due to negative
charge always towards it.

(iii) Its S.1. unit is Newton/Coulomb.

(iv) Its dimensional formula is [MLT-:A-]

(v) Electric force on a charge g placed in a region of electric field at a point where the electric field
intensity is E is given by F=qE

Electric force on point charge is in the same direction of electric field on positive charge and in
opposite direction on a negative charge.
(vi) It obeys the superposition principle, that is, the field intensity at a point due to a system of
charges is vector sum of the field intensities due to individual point charges.
E=E/+E;+E;5 |

(vii) It is produced by source charges. The electric field will be a fixed value at a point unless we
change the distribution of source charges.

Electric field due to a point charge :
Consider that a point charge +q is placed at the origin O of the co-ordinate frame. Let P be the point,

where electric field due to the point charge +q is to be determined. Let OP =1 pe the position vector of
the point P.

L 4
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To find electric field at point P, place a vanishingly small positive test charge qo at point P. According to
Coulomb’s law, force on the test charge qo due to charge q is given by :

-
Fo_ ' 9%;
4ngy r
where T is uni_t’vector along OP. If E is the electric field at point P, then
- - —
- E (L s I PRI T
Qo \do 4mey 1 or 4ney r?  4ngy 3
The magnitude of the electric field at point P is given by
149
E= 4ne, 12

———— Solued Evamples

Example 29.

Solution :

Example 30.

Solution :

>

Electrostatic force experienced by —3uC charge placed at point 'P' due to a system 'S’ of fixed

point charges as shown in figure is T = (211 +9))
P

MUN.

(i) Find out electric field intensity at point P due to S.
(ii) If now 2uC charge is placed and -3 uC is removed at point P then force experienced by it
will be.

— — —

Q) F=qE = (21 +9juN _ -3uC (E)
, BN
= E = — 7.|‘ -3 J C
(i) Since the source charges are not disturbed the electric field intensity at 'P' will remain
same.

Foc=+2(E)=2(=71 —31)=—141 —6pN
Calculate the electric field intensity which would be just sufficient to balance the weight of a

particle of charge —10 uc and mass 10 mg. (take g = 10 msz)

As force on a charge q in an electric field E is

—

Fo=qE

So according to given problem

L 4
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Ans.

>

F.
N
A®q lE
v
W
Il = |W
IFel Wi ie., |q[E=mg
mg
i.e., E= lal =10 N/C., in downward direction.

Self Practice Problems

The maguitude of elective field intensity E is such that an electron placed in it would experience an

electrical force equal to its weight is given by

mg e e?
(1) mge 2 °© 3) (4) m
The distance between the two charges 25uC and 36uC is 11cm At what point on the line joining the two,
the intensity will be zero
(1) At a distance of 5cm from 25uC (2) At a distance of 5 cm from 36uC

(3) At a distance of 10cm from 25uC (4) At a distance of 11cm from 36uC

A charge produce an electric field of 1 N\C at a point distant 0.1 m from it. The megnitude of charge is
(1) 1.11x1042C (2) 9.11x10-12C (3) 7.11x10C (4) None of these

5.2) 6.(1) 7.(1)
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List of formula for Electric Field Intensity due to various types of charge distribution :

* |hside the sphere Exr.
* Outside the sphere E =14,

Name / Type Farmula Mots Graph
i Tayis soures ohange.
Print charge 1 bary
- n
- Kq T ¥ Tig vectar drawn from source
\ / | ¥ |2 charge to the test point. E
‘,'"“ autwards duc ta +chargcs r
/' -\ & inwards dus to —charges.
Infinitely lang line charge R . * nizlinear charge density
oo 2Kar fassumead uniform)
s r= * ris paraendicular cistanca E
2yl r o palnt Tror lhe char e
-— | — * isradialunit vectardrawn r
frornthe chargs ta lest poirit.
Infinite non-gcanductirg thin shaet 5 *erig sUrtace charge density.
n {assumed uniform} E
. 2e * isunitnormalvectar. b
i 0 * - distanca ofpaintanthe =2,
— -— axis fram centre of thering.
* alactrie.feld s alyays —_—r
. alongthe axis.
H
Unitarmiy charged ring KDx - Qs el chare of 1he ring
E = T w—digtanee of poinsonthe E
2 2 }-J‘E exisfrom centre of the nag.
(R tx * electric ield is always
-— ] — elong the axis.
Con: =0
Infinitely large charged
cenducting sheet iﬁ * mis b suracschangs
. . darisity (assumed uniform) E
H Eg * 3 =theurit vectorperpendicular )
isthe surface. R
" -— 35
. —_—T
Unitermly sharged hollow ) . : Risradius oftie sphere.
conducting nonconducting fsalid {ihforrzR r;s vector drawn from sente
Ir|” plases a: cantre for peints outside
fiffor r < R II[es[J}l:;‘.m
* b isalways along radial dirsction.
E=0D *Qistotal chargs ¢ = cdR5
{a=surface charge danaity)
. % i vectordrawn fram centre
Uniifetrely orjarged golld fiyforr R tenharetn o
nanconeucting :’OSF aretn TP' P .
sphere finsulating materialy C k. Sphereacts like a point c_harge
E —= placaed at the cantraTor points
I*l oulside the sphers
fijtarr< R E isahwaysaloryg radialdic®
sk *Oistotalcharge(ugnRﬁ‘]_
E= ? r {p =volume charge density]
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Electric field due to point charge

k = kq. - kg -
E- E=55F E=—5r
r = r = r
~ L
% + - . - =
A4 ~

-

f_’ = Bosition vector of test point with respect to source charge

I = Tiestpoint ~ I sourcecharge

Example 31.

Solution :

Example 32.

Solution :

4

———— Solved Exvamples

Find out electric field intensity at point A (0, 1m, 2m) due to a point charge —20uC situated at
point B(\E m, 0, 1m).

Kam KQ;
e IrP _Irf N F =PV.of A—P.V.of B (P.V. = Position vector)
:(_\ET+]+R) |F_‘|::
9x10° x (-20x107°) , .
E= 8 (_\/ET+J+R) =—22.5X103(—‘/§?+j+§)N/C-

Two point charges 2uc and — 2uc are placed at point A and B as shown in figure. Find out
electric field intensity at points C and D. [All the distances are measured in meter].

©02)4 p
(/2.0) (20) @R2o)
A B C '
2nucC —2uC

Electric field at point C
(Ea, Es are magnitudes only and arrows represent directions)

EB E,

* » X
2uC -2uC c

Electric field due to positive charge is away from it while due
to negative charge it is towards the charge. It is clear that Es > Ea
Enet = (Es — E») towards negative X-axis

K(2uc) K(2uc)

2 2 .
= (JE) (3‘5) towards negative X-axis = 8000 (-!) N/C
Electric field at point D :
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A <8
(—v2,0) (+2,0)

Since magnitude of charges are same and also AD = BD
So Ea=Es

Vertical components of Ea and Eg cancel each other while horizontal components are in the
same direction.

2K(2uc)
So, Ene=2Eacos = 2°  cos45o
Kx10® 9000 -
-2 - e

Example 33.  Six equal point charges are placed at the corners of a regular hexagon of side ‘a’. Calculate
electric field intensity at the centre of hexagon?

Ans Zero

m—

Similarly electric field due to a uniformly charged ring at the centre of ring :
+Q

Note : (i) Net charge on a conductor remains only on the outer surface of a conductor. This property will
be discussed in the article of the conductor. (article no.17)
(if) On the surface of isolated spherical conductor charge is uniformly distributed.

M

>
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6.4 Electric field due to a uniformly charged ring and arc.

——— Solved Examples

Example 34. Find out electric field intensity at the centre of uniformly charged semicircular ring of radius R
and linear charge density A.
Solution : A = linear charge density.

dE v
The arc is the collection of large no. of point charges. Consider a part of ring as an element of
length Rd6 which subtends an angle d6 at centre of ring and it lies between 6 and 6 + do

LAT . * dE, =0

dE = gE. i +dE, ! Ex= -[ * " (due to symmetry)
i jdEsine KA. Isine.de 2K

Ey— J‘ Y =20 = R 0 = R

Example 35. Find out electric field intensity at the centre of uniformly charged quarter ring of radius R and
linear charge density A.

woo B+
Solution : Refer to the previous quation 9E = dE« i + dE,! on solving Ent = R ,
Electric field due to ring on its axis :
KQx
. R + X272
dE R 2KQ
Ay 5 a2 @2
E will be max when 9X =0, that is at x= V2 and Emax = 3J3R
Ka
Case (i) : if x>>R, E = x> Hence the ring will act like a point charge
KQ X

Case (ii) : if x<<R, E =

Soé’aec{ gqu!zé’ea

Example 36. Positive charge Q is distributed uniformly over a circular ring of radius R. A point particle having
a mass m and a negative charge —q, is placed on its axis at a distance x from the centre. Find
the force on the particle. Assuming x << R, find the time period of oscillation of the particle if it
is released from there. (Neglect gravity)

Solution : When the negative charge is shifted at a distance x from the centre of the ring along its axis
then force acting on the point charge due to the ring:

¢
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—-q

- -——>T]
!

{KOX}
2 243/2
Fe = gE (towards centre) = q (R* +x
if R >>x then
R2 + x2 s R>
1 Qgx
Fe= 470 R’ (Towards centre)

Since restoring force Fe « X, therefore motion of charge the particle will be S.H.M.
Time period of SHM.

m
T=2nVk

6.5 Electric field due to uniformly charged wire
(i) Line charge of finite length : Derivation of expression for intensity of electric field at a point due to
line charge of finite size of uniform linear charge density A. The perpendicular distance of the point from
the line charge is r and lines joining ends of line charge distribution make angle 6: and 6. with the

perpendicular line.

E,
Ma r L
% M& ________ p Ex
B
K
Ex= T [sin@:+sin®] ... Q)
K
Ey= F [cosO:-c0s6i]
Net electric field at the point
[c2 , =2
Enet = Ex " Ey
(i) We can derive aresult for infinitely long line charge
In above eq. (1) & (2) if we put 82 = 82= 90° we can get required result.
20
Enet = Ex = r

L 4
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O
............. —_
" E
[ |
E o
E r
o0 r—>
(iii) For Semi- infinite wire
K KA
6:= 90°and 82=0°so0 Ex= I ,Ey= T

%0

Example 37. A point charge q is placed at a distance r from a very long charge thread of uniform linear
charge density A. Find out total electric force experienced by the line charge due to the point
charge. (Neglect gravity).

Solution : Force on charge q due to the thread,

e

-

By Newton's Il law, every action has equal and
2K2

opposite reaction so force on the thread = T
(away from point charge)

O

6.6 Electric field due to uniformly charged infinite sheet

&-
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G

Enet = 2z, toward normal direction

Note: (1) The direction of electric field is always perpendicular to the sheet.
(2) The magnitude of electric field is independent of distance from sheet.

———— Solued Evamples

Example 38.

(i)
(i)
(iii)

Solution :

Example 39.

Solution :

>

An infinitely large plate of surface charge density +o is lying in horizontal xy plane. A particle
having charge —go and mass m is projected from the plate with velocity u making an angle 6

with sheet. Find :
u

—q, 0

-------------- FH%F F F F F F F F F F1 e
the time taken by the patrticle to return on the plate..

maximum height achieved by the patrticle.

At what distance will it strike the plate (Neglect gravitational force on the particle)

G ]
Electric force acting on the particle Fe = qoE : Fe = (Qo) (28‘3 downward
R G0
So acceleration of the particle: a= M = 2eoMm _ uniform

this acceleration will act like ‘g’ (acceleration due to gravity)
So the particle will perform projectile motion.

2usin® 2u?sin? 0 u? sin20

2usin® [ 4,0 } u?sin? @ 2[ Q4,0 J u? sin26 { 4,0 ]
mT= 9 = \ZMG p= 20 - \ZM) Gyr- 9 - (2N

A block having mass m and charge —q is resting on a frictionless plane at a distance L from
fixed large non-conducting infinite sheet of uniform charge density ¢ as shown in Figure.
Discuss the motion of the block assuming that collision of the block with the sheet is perfectly
elastic. Is it SHM?

The situation is shown in Figure. Electric force produced by sheet will accelerate the block
towards the sheet producing an acceleration. Acceleration will be uniform because electric field
E due to the sheet is uniform.

F_qE

m m where E = o/2¢0

— Sheet

m qE
e

A L

\
mg

As initially the block is at rest and acceleration is constant, from second equation of motion,
time taken by the block to reach the wall

L 4
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1 2L \/ZmL \/4ng0

L= 2 at e, t=1Va akE ac

As collision with the wall is perfectly elastic, the block will rebound with same speed and as now
its motion is opposite to the acceleration, it will come to rest after travelling same distance L in
same time t. After stopping it will be again accelerated towards the wall and so the block will
execute oscillatory motion with 'span’ L and time period.

\/2mL J4m|.go
T=2t=2 V3 =p\ ac

However, as the restoring force F = qE is constant and not proportional to displacement x, the
motion is not simple harmonic.

Example 40. If an isolated infinite sheet contains charge Q: on its one surface and charge Q= on its other
surface then prove that electric field intensity at a point in front of sheet will be

Q
2A%0 \where Q= Qi+ Q:
Solution : Electric field at point P :
E’ _ Eq +Eq
Q, | Q,
P Q, Q,
—_— et —
2As, 2Ag,
Q, P Q, P Q, +Q2ﬁ Q A
_ 2Ag, + 2Ag, _ 2Ag, _ 2Ag

[This shows that the resultant field due to a sheet depends only on the total charge of the sheet
and not on the distribution of charge on individual surfaces].

Example 41. Three large conducting parallel sheets are placed at a finite distance from each other as shown
in figure. Find out electric field intensity at point A, B, C & D.
Q 3Q

X
Solution : for point A
Q -20 3Q
E-m
Eu EauA
_ - ., _ Q : 3Q: 20?__(2?
Enet — Ea 4 BE3a 4 Eoa —_ 2Agy  2Ag;  2Ag, Ac,
for point B
Q -2Q 3Q
E72G
E. B E,

. . . . 3Q - 2Q'i' Q?

i +
Enet = E3Q + E—2Q + EQ: _ 2ASO ZASO ZASO
for point C

=0

&-
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Q

Q 3 3Q'i‘ 2Q €7—2Q’i‘

Ent =Eq +Esq +Eoq _, 2As, 2Ag, 2Ag,  Ag

v

for point D
Q -2Q 3Q
E.E,
——>—>
E,D

v —

; ; . Q - 3Q s 2 + Q :
Enet =Eq +Eaq +E2q _ . 2Agy  2Ag,  2Ag,  Ag

m—

6.7 Electric field due to uniformly charged spherical shell

KQ
2
E=T rR = For the out side points & point on the surface the uniformly
charged spherical shell behaves as a point charge placed at
the centre
E=0 r<Rr

Electric field due to spherical shell out side it is always along the radial direction.

———— Solued Evamples

Example 42. Figure shows a uniformly charged sphere of radius R and total charge Q. A point charge q is
situated outside the sphere at a distance r from centre of sphere. Find out the following :
(i) Force acting on the point charge q due to the sphere.
Q

*q

(i) Force acting on the sphere due to the point charge.

Solution : (i) Electric field at the position of point charge

- - i

E- X9 - KaQ; F| =K
r so, r r

(i) Since we know that every action has equal and opposite reaction so
- KgQ .
Fsphere = —rq—zl'

i KQQ
| Fsphere |= F_2

>
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Example 43.  Figure shows a uniformly charged thin sphere of total charge Q and radius R. A point charge g
is also situated at the centre of the sphere.
Find out the following :

B

(i) Force on charge q (i) Electric field intensity at A. (i) Electric field intensity at B.
Solution : (i) Electric field at the centre of the uniformly charged hollow sphere = 0

So force on charge g =0

(ii) Electric field at A

- - Kk
Ea = ESphere+Eq -0+ r2 - r=CA
E due to sphere = 0, because point lies inside the charged hollow sphere.

- . E +E
(iii) Electric field £ at point B = —sehere ¥ =q
KQ. Kg. K .
—ZQ.r + —zq.r —(Q; a) r
=T r = r :r=CB
Note : Here we can also assume that the total charge of sphere is concentrated at the centre, for calculation of
electric field at B.

L 4

Example 44. Two concentric uniformly charged spherical shells of radius R: and R2 (R2 > Ri) have total
charges Qi and Q: respectively. Derive an expression of electric field as a function of r for

following positions.
Q,

(&

(hr<Ru (i) Ri<r <Rz (i) r2 Rz
Solution : () for r <Ry,
therefore point lies inside both the spheres
Enet = Einner + Eouter =0+0
(i) for Ri<r <Ry
therefore point lies outside inner sphere but inside outer sphere:
Enet = Einner + Eouter
KQ, KQ, :

= 4o = r

(iii) for rzRe

point lies outside inner as well as outer sphere therefore.
Net = Einner + Eouter

KQ, : KQ, - K(Q, +Q5)

N r?

f

Example 45. A spherical shell having charge +Q (uniformly distributed) and a point charge + qo are placed as

shown. Find the force between shell and the point charge(r>>R).
+Q, R

(i) Force on the point charge + qo due to the shell

>
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KQ P KQqp .
—’ r2 2 r - . .
= (o E shen = (Qo) = T where T is unit vector along OP.
From action - reaction principle, force on the shell due to the point charge will
KQgy (7
also be Fshen = r?

Conclusion - To find the force on a hollow sphere due to outside charges , we can replace the sphere by
a point charge kept at centre.

Example 46. Find force acting between two shells of radius R: and Rz which have uniformly distributed
charges Q: and Q: respectively and distance between their centre is r.

+ QH RI + QEI RZ
S SO
Solution : The shells can be replaced by point charges kept at centre so force between them
KQ,Q,
F = I'2
+Q R, +QR,

6.8 Electric field due to uniformly charged solid sphere
Derive an expression for electric field due to solid sphere of radius R and total charge Q which is
uniformly distributed in the volume,
at a point which is at a distance r from centre for given two cases.

dq

(rzR(i)rsR
Assume an elementry concentric shell of charge dg. Due to this shell
the electric field at the point (r > R) will be

Kdg
dg= r° [from above result of hollow sphere]
E
Enet = ‘l‘ = r2

L 4
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For r < R, there will be no electric field due to shell of radius greater than r, so electric field at the point
will be present only due to shells having radius less than r.

KQ'
E net = r2
L
4 3 . 3 o Qr3
*TL’R —3
here Q=3 = R
E
KQ/RY - -
= r
KQ _Kar
Ew= I° R away from the centre.

Note : The electric field inside and outside the sphere is always in radial direction.

>
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Note :

7.2

7.3

ELECTRICPOTENTIAL

In electrostatic field the electric potential (due to some source charges) at a point P is defined as the work
done by external agent in taking a point unit positive charge from a reference point (generally taken at
infinity) to that point P without changing its kinetic energy..

Mathematical representation:
If (W > p)ex is the work required in moving a point charge g from infinity to a point P, the electric potential
of the point P is

V. = Woop )ext _ _Welc )m—>p
T q o q
AK=0
Q) (W« r)ext can also be called as the work done by external agent against the electric force on a

unit positive charge due to the source charge.
(i) Write both W and q with proper sign.

Properties:
Q) Potential is a scalar quantity, its value may be positive, negative or zero.
joule
(ii) S.1. Unit of potential is volt = €2UIMb ang its dimensional formula is [MaL2T-sl4].

(iii) Electric potential at a point is also equal to the negative of the work done by the electric field in
taking the point charge from reference point (i.e. infinity) to that point.

(iv) Electric potential due to a positive charge is always positive and due to negative charge it is
always negative except at infinite. (taking V-= 0).

(V) Potential decreases in the direction of electric field.

(vi) V=Vi+Va+Vs+....

Use of potential :

If we know the potential at some point (in terms of numerical value or in terms of formula) then we can
find out the work done by electric force when charge moves from point 'P' to == by the formula

Wel pw = qu

——— Solved Examples

Example 47. A charge 2uC is taken from infinity to a point in an electric field, without changing its velocity. If

work done against electrostatic forces is —40uJ then find the potential at that point.
We  —40pd

Solution : v= 9 = 21C - gy
Example 48. When charge 10 pC is shifted from infinity to a point in an electric field, it is found that work

done by electrostatic forces is —10 pJ. If the charge is doubled and taken again from infinity to
the same point without accelerating it, then find the amount of work done by electric field and
against electric field.

Solution : Wext)m p= —Wel)m p= Wel)pm =10 |J.J
because AKE =0
Wext )op 10pJ
Vp = q = 10uC _ 1y
So if now the charge is doubled and taken from infinity then
Wext ):r_\p
1= 20uC N Wex)=p = 20 pJ N Wl ) = p = =20 uJ

Example 49. A charge 3uC is released at rest from a point P where electric potential is 20 V then its kinetic

energy when it reaches to infinite is :

Solution : We = AK = Ki—0

¢

Wel)P—)w =qgVe =60
so, Ki =60 puJ

L 4
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Electric Potential due to various charge distributions are given in table.
Name / Type Farmula Nate Graph
Paint charge g is source charge.
@ ris the distance of the point
r from tha point charge. v L
r
) i ) * Qissourcechage.
Ring (unl_form;’npnl_\lnlform st centra KO * % is the distanca of tha point on v
charga distribution) R the avis
atthe axis K@
T r
R2 + x?
) kQ *Ris radius of sphere
Uniformly charged hollow | . rn g V= * 1 ig the distanca from centra of v
conducting/noncenducting r sphere  tothe point i
fealid canducting sphare o *Qis total charge — sd=RE. KoiR
forrz RV = =
=] r
. . * R is radius of sphera
Umformlyl charged solid forr~ R WV _ka * 1 ig distance from centre to the
nonconducting r ; Y
forrz R paimt g
KOaR? —r?) M e = E k- SKG2R
2R . KR
p *Qistotal charge =p 4 nR’.
= 5. GBR-r) 3
b * Inside sphera potentail varies R r
parabaolically
* outside potential wvaries
hyparbolically.
Infimita line charge Not defined *Ahsolute potential is not defined.
* Potential difference batwaen two
points is given by formula ve — v,
=—2Kh In{r fr,}
Infinite  nonconducting thin | Notdefined *Ahsolute potential is not defined.
sheet * Potential difference hatween two
points is given by formula
¥
Vg -y~ -1 —FA}
zﬁo
In_finite charged conducting | Notdefined *Absalute potential is hot defined.
thin sheat * Potential difference between two
points is given by farmula
o,
Vg —Va=——fg—Ta)
ip
¢- o
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Potential due to a point charge:

The electrostatic potential at a point in an electric field due to the point charge may be defined as
the amount of work done per unit positive test charge in moving it from infinity to that point
(without acceleration) against the electrostatic force due to the electric field of point charge.

It is a scalar quantity.

Consider a point charge +q placed at point O. Suppose that Va is electric potential at point A, whose
distance from the source charge +q is ra

If W-ais work done in moving a vanishingly small positive test charge go from infinity to point A, then
W‘:‘JA

Yo
Derivation : (i) Consider a positive point charge Q at the origin. We wish to determine the potential at
any point A with position vector r from the origin.
(i) Work done in bringing a unit positive test charge from infinity to the point A. For Q > 0. The work done
against the repulsive force on the test charge is positive.
(iif) Since work done is independent of the path, we choose a convenient path - along the radial direction
from infinity to the point A.
(iv) At some intermediate point A’ on the path, the electrostatic force on a unit positive charge is
- Q .
Fe = r

V, =

2 "
Amer where T is the unit vector along OP’. Work done by electric field on test charge for small

displacement (dr as shown in figure .

Foxt = Fe
— — 4 -
dw = Fext .dr = (_FE)-(dr)
N2
dw = Fg(-dr) (// " Here T is decreasing so we will take dr negative)
T s Q
W, =—| dw=- dr
A -[ £4m:0r2
VoV, = Q
= Amegia (V-=0) (reference point is taken at infinity)
V, = Q
_ 4megry
In case, the distance of point A is from the charge +Q is denoted by r
_ Q
4megr

Electric potential due to a system of charges

&-

Let us now find electrostatic potential at a point P due to a group of point charges qz1, gz, gz ... gn lying at
distances ri, r2, ra.... rn from point P (fig.). The electrostatic potential at point P due to these charges is
found by calculating electrostatic potential P due to each individual charge, considering the other charges
to be absent and then adding up these electrostatic potentials algebraically.
The electrostatic potential at point P due to charge g:, when other charges are considered absent,
T %
Vi = 4ngg 1

L 4
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———— Solued Evamples

Example 50.  Four point charges are placed at the corners of a square of side ¢ calculate potential at the

+Q —
... 3Q
oC
—ZQ-"“"+4Q
Solution : V =0at'C.
Example 51. Two point charges 2uC and — 4uC are situated at points (—2m, Om) and (2 m, 0 m) respectively.
Find out potential at point C. (4m, Om) and. D (Om, V5 m).
*D
ASURRRS .. 8.8
q,=2uC q.=—4uC
(-2, 0) (2,0)
Solution : Potential at point'C
K(2uC)  K(—4uC) 9x10°x2x10°  9x109x4x107®
Vez VotVo, - 6 . 2 - 6 - 2 = 15000 V.
K(2uC) K(-4pC)

&-

Similarly, electrostatic potentials at point P due to the individual charges gz, Qs,.....gs (When other charges

are absent) are given by
1% 1% 1

Vo= 40 To .y, = 4meg T Vo = 4ney T,

Hence, electrostatic potential at point P due to the group of n point charges,
V=Vi+V2+Vz+ ... + Vh

19 1 9 1 q 1 a,

_ 4ney 1 + 4neg T, + 4meg ' + 4 Amgy
1 1 NG
L s I B .1 S
_Amegln o6 i v = 4me T

centre of square.

K(ZuC)  K(=4uC)

Vo, NWBY 22 | JWBY 422 T3 LT 3 g0y

\Y/
Similarly, Vo= % %

Finding potential due to continuous charges

I

If formula of E is easy then we use

If formula of E is tought, then we take

r=r S5
- j E-dr
a small element and integrate v= "
[av
V= (i.e. for sphere, plate infinite wire etc.)

L 4
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7.5 Potential due toaring:

(i)

(i)

(iii)

(iv)

Example 52.  Figure shows two rings having charges Q and — V5 Q. Find Potential difference between

>

Potential at the centre of uniformly charged ring :
Potential due to the small element dq

Kdq
dv= R
q,R
vgliq
Kdq K lag Ko
Net potential V=+¢ R = v=R = R
For non-uniformly charged ring potential at the center is

4,

thotal
V = R
Potential due to half ring at center is :
v-Ka
R

+q
Potential at the axis of aring:
v

AN

KQ
V= R? + x2

olued Examples

Aand B (VA - VB).

L 4
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-\5Q, 2R

K(-/5 Q) (-5 q) K( Q)

KQ o 2 WA S v Ea
Solution : Va= R + (R)"+(R) Vs= 2R & (R)"+(R)

From above we can easily find Va — Ve.

Example 53. A point charge qo is placed at the centre of uniformly charged ring of total charge Q and radius

R. If the point charge is slightly displaced with negligible force along axis of the ring then find
out its speed when it reaches to a large distance.

Solution : Only electric force is acting on qo
1 KQ
We=0K =2mv. -0= NOW Wel)es==qo Ve =qo. R
KgQ 1 2Kq,Q
"R = 2mw ~ y=VmR

7.6

1.7

>

Potential due to uniformly charged disc :

szi(\}R2+X2 —x)
o , Where ¢ is the charged density and x is the distance of the point on the axis
from the center of the disc, R is the radius of disc.

Potential Due To Uniformly Charged Spherical shell :
Derivation of expression for potential due to uniformly charged hollow sphere of radius R and

total charge Q, at a point which is at a distance r from centre for the following situation
MHr>R(ii)r<R

- 4
- I E-dr
As the formula of E is easy , we use v= "~
0] At outside point (r > R):
r=r
- (@] dr KQ KQ
r - .
Vox= " N Vorz (Distance from centre)
For outside point, the hollow sphere act like a point charge.
(i) Potential at the centre of the sphere (r=0) :
As all the charges Are at a distance R from the centre ,
+Q
x_* +

KQ KQ
R (Radius of the sphare)

S0 Veentre =
(iii) Potential at inside point (r<R):
Suppose we want to find potential at point P, inside the sphere.

L 4
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+Q, R

x * +

* x
+ 4+
Potential difference between Point P and O :
P

-
~[Ep-dr
Ve-Vo= O Where En =0

So Ve -Vo =0

Ka
=4 Ve =Vo= R

Ka _ K

N Vaz R (Radius of the sphere)

7.8 Potential Due To Uniformly Charged Solid Sphere:

(i)

(ii)

———— Solued Evamples

Example 54.

Solution :

forr 2R (outside)

KQ
v= ¥
for r<R (inside)

dx
Q
K
_Q 4 T[R3

v=2R® (3R, —n1) = Here p= 3

Two concentric spherical shells of radius R: and Rz (R2 > R:1) are having uniformly distributed
charges Q: and Q: respectively. Find out potential

(i) at point A

(ii) at surface of smaller shell (i.e. at point B)

(iii) at surface of larger shell (i.e. at point C)

(iv)atr<Ra (vV)atRi<r<R: (viyatr >Rz
Using the results of hollow sphere as given in the table 7.4.
KQ, KQ, KQ, KQ,

Ry i) Vo= Mo+ Re

L 4
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KQ;  KQ,
i)y Ve= Rz 4+ R v) forr<R v
KQ, KQ
(v) for Ri<r<R: v r o+ R
KQ,  KQ,
(vi) forr>Re V=  +

>
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Example 55.  Two hollow concentric nonconducting spheres of radius a and b (a > b) contains charges

Qa and Qs respectively. Prove that potential difference between two spheres is independent of
charge on outer sphere. If outer sphere is given an extra charge, is there any change in
potential difference?

KQ, KQ,
Solution : Vimersprere = 0+ @
KQ, KQ,
Vouter sphere = a + a
Q

m—

KQ, KQ,

(5
b a

Vinner sphere — Vouter sphere = -

-

AV = KQ, LP @

Which is independent of charge on outer sphere.

If outer sphere in given any extra charge then there will be no change in potential difference.

8.

Note :

81

&-

POTENTIAL DIFFERENCE

The potential difference between two points A and B is work done by external agent against electric field
in taking a unit positive charge from A to B without acceleration (or keeping Kinetic Energy constant or
Ki = Ki))
(a) Mathematical representation:

If (Wa-s)ex = work done by external agent against electric field in taking the unit charge from A

toB
B
—|F.dr B,
M] ~(Wa_8 Jelectric Ug —Uj '/[ - J E.dr
Ve —Va= q AK=0 = q = q = q = A
Take W and g both with sign
(b) Properties:
0] The difference of potential between two points is called potential difference. It is also called
voltage.
(i) Potential difference is a scalar quantity. Its S.I. unit is also volt.
(iii) If Va and Vs be the potential of two points A and B, then work done by an external agent in

taking the charge q from Ato B is
(Wext)ABZ q (VB - VA) or (Wel) AB = ( (VA - VB) .
(iv) Potential difference between two points is independent of reference point.

Potential difference in a uniform electric field :

Ve-Va=-— E-AB

> Ve — Va = — |E| |AB| cos 6
=—|E[d
=-Ed

\,
my

d = effective distance between A and B along electric field.

L 4
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AV

or we can also say that E = Ad

Special
Case 1.

Case 2.

Note : Inthed

——— Solued Evamples

Example 56.

Solution :

Example 57.

Solution :

Example 58.

Solution :

>

Cases :
Line AB is parallel to electric field.
Y Va— Ve = Ed

Line AB is perpendicular to electric field.
Va—-Ve=0 = Va= Vb

Ara

E

Bev

irection of electric field potential always decreases.

1uC charge is shifted from A to B and it is found that work done by an external force is 40uJ in
doing so against electrostatic forces then, find potential difference Va — Ve
(WAB)ext = q(VB - VA) = 40 upJ = 1puC (VB - VA) = Va—Ves=-40

A uniform electric field is present in the positive x-direction. If the intensity of the field is 5N/C

then find the potential difference (Vs —Va) between two points A (Om, 2 m) and B (5 m ,3 m)
- -

E.AB

Ve —Va=— :—(57).(5in+]) = 25V,

AV
The electric field intensity in uniform electric field, E = Ad
Where AV = potential difference between two points.

Ad = effective distance between the two points.
(projection of the displacement along the direction of electric field.)

Find out following

D .
: uniform electric
l?: > field E = 20 N/C
|—‘E 2cm
A B !
“Zem
() Va— Vs (i) Ve — Vc
(i) Vc — Va (iv) Vo — Vc
(V) Va—Vo (vi) Arrange the order of potential for points A, B, C and D.
i 14Vl =B _ 0« 2w 10,204

SO, Va—Ve=04V
because In the direction of electric field potential always decreases.

(ii) AVec|=Bd _ 50w 2x 104204 so, Ve—Vc=04V

iy 1AVerl =B _ 50 4 4% 102208  so,  Ve—Va=-08V
because In the direction of electric field potential always decreases.
vy 1AVoel =Ed _ 554 0= g s0,  Vo—Vc=0

because the effective distance between D and C is zero.

(v) [AVao | =Bd _ 50 x 4 x 104 = 0.8 so, Va—Vo= 0.8V

because In the direction of electric field potential always decreases.
(vi) The order of potential
Va> Vs > Vc = Vb.

L 4
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83

&-
v

9.2

Potential difference due to infinitely long wire :
Derivation of expression for potential difference between two points, which have perpendicular distance

ra and re from infinitely long line charge of uniform linear charge density A..
o

—c©
From definition of potential difference

T*BE jzm

Vae=Ve=Va = ™

Vas = —2KA (n\ 1A

Potential difference due to infinitely long thin sheet:

Derivation of expression for potential difference between two points, having separation d in the direction
perpendicularly to a very large uniformly charged thin sheet of uniform surface charge density o.
G

LY

«—d—*
rB

N
v

Let the points A and B have perpendicular distance ra and rs respectively then from definition of potential
difference.

TI; r— j—rElE G od

Vae=Ve—Va = = Vas = — 280 (rs —ra) == 280

EQUIPOTENTIAL SURFACE:

Definition : If potential of a surface (imaginary or physically existing) is same throughout then such
surface is known as a equipotential surface.

Properties of Equipotential Surfaces :
The following properties are associated with the equipotential surfaces :
(i) No work done in moving a test charge over an equipotential surface.

L 4
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(i)

(iii)

(iv)

(v)

>

Let A and B be two points on an equipotential surface (Fig. ). If a positive test charge go is moved from
point A to B, then work done in moving the test charge is related to electrostatic potential difference
between the two points as

WAB
Ve —Va= qo
Since the two points A and B are on the same equipotential surface ,
Ve—-Va=0
WAB
% =0 or Was = 0
Hence , no work is done in moving a test charge between two points on an equipotential surface.
_)
E
4

T Ty
A@L L=B

The electric field is always at right angles to the equipotential surface
Since work done in moving a test charge between two pints on an equipotential surface is zero, the
displacement of the test charge and the force applied on it must be perpendicular to each other. Since

displacement is along the equipotential surface, and force on test charge is qoE , then the electric field (
E) must be at right angles to the equipotential surface.

The equipotential surfaces help to distinguish regions to strong field from those of weak field.
We know that

_av av
E= dr or dr= E
For same change in value of dV i.e. dV = constant, we have
1
dr < E

i.e. the spacing between the equipotential surfaces will be denser in the regions, where the electric field
is stronger and vice-versa. Therefore, the equipotential surfaces are closer together, where the electric
field is stronger and farther apart, where the field is weaker.

The equipotential surfaces tell the direction of the electric field.
dv

Again E= dr

The negative sign tells that electric field is directed in the direction of electric potential with distance.
Therefore, direction of electric field is from the equipotential surfaces which are close to each other to
those which are more and more away from each other, provided such surfaces having been drawn for
same change in value of dV.

No two equipotential surfaces can intersect each other .

In case, two equipotential surfaces intersect each other, then at their point of intersection, there will be
two values of electric potential. As it is not possible, the two equipotential surfaces can not intersect each
other.
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9.3 Examples of equipotential surfaces:

0] For a uniform electric field : In a uniform electric field, the strength and direction of the field is same at
every point inside it.
In a uniform electric field, equipotential surfaces differing by same amount of potential difference will be

equidistant from each other.
Equipotential surfaces

~

ml

1 Il 111
(i) For an isolated point charge : The electric field due to an isolated point charge is radial in nature and
varies inversely as the square of the distance from the charge. The potential at all the points equidistant
from the charge is same. All such points lie on the surface of a spherical shell, such that the charge lies
at its centre. Therefore, for a point charge, equipotential surfaces will be a series of concentric spherical

shells.
Equipotential
Surface

(iii) For a system of two point charges : the dotted lines represent electric lines of force. The thick circles
around the charges represent equipotential surfaces due to individual charges.

&-
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——— Setued Evamples

(iv) Line charge:
Equipotential surfaces have curved surfaces as that of
coaxial cylinders of different radii.

Vv,

1

Vi

———

Example 59. Some equipotential surfaces are shown in figure. What can you say about the magnitude and

the direction of the electric field ?

y(cm)
10\ 20V, y 40V
0 /ét‘ /40 30°_<30°
‘ 10 20 30 40 x(cm)
Solution : Here we can say that the electric will be perpendicular to equipotential surfaces.

_ AV
Also IEl - Ad
where AV = potential difference between two equipotential surfaces.
Ad = perpendicular distance between two equipotential surfaces.
_ 10
so  ElZ (10sin30°)x10 _ 500 \/m

Now there are two perpendicular directions either direction 1 or direction 2 as shown in figure,
but since we know that in the direction of electric field electric potential decreases so the
correct direction is direction 2.

Hence E =200 V/m, making an angle 120° with the x-axis

Example 60. Figure shows some equipotential surface produce by some charges. At which point the value

of electric field is greatest?

—_—

P

Solution : E is larger where equipotential surfaces are closer. ELOF are L to equipotential surfaces. In the

&-

figure we can see that for point B they are closer so E at point B is maximum

Angle between equipotenital surface and lines of force is

(1) Zero (2) 1800 (3) 900 (4) 450

A charge of 5C expriences a force of 5000N when it is kept in unifrom electric filed. What is the potential
difference between two points separated by a distance of 1cm

(1) 10V (2) 250 V (3) 1000 V (4) 2500 V
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8.(3) 9. (1)

11.
111

Note :

——— Solved Examples

11.2

ELECTROSTATICPOTENTIAL ENERGY

Electrostatic potential energy of a point charge due to many charges:

The electrostatic potential energy of a point charge at a point in electric field is the work done in taking
the charge from reference point (generally at infinity) to that point without acceleration (or keeping KE
const. or Ki=Ky).

Its Mathematical formula is

Source charges

/Test charges

[ ]
q

U= WuP)ext]acc:O = qV = — Wrwxel
Here q is the charge whose potential energy is being calculated and V is the potential at its position due
to the source charges.
Always put g and V with sign.

Properties:
Q) Electric potential energy is a scalar quantity but may be positive, negative or zero.
(i) Its unit is same as unit of work or energy that is joule (in S.I. system).

Some times energy is also given in electron-volts.
1leV=1.6 x 10-19 J

(iii) Electric potential energy depends on reference point. (Generally Potential Energy at r= oo is
taken zero)

Example 61  The four identical charges q each are placed at the corners of a square of side a. Find the

potential energy of one of the charges due to the remaining charges.
q

g a
D C
a a
q A B q
Solution : The electric potential of point A due to the charges placed at B, Cand D is
1 g 1 a 1 g _1 (mi]q
V = 47‘[80 a 4 4]‘[80 \/Ea + 47‘[80 a - 4]‘[80 \/E a

L)
+—| 1
-~ Potential energy of the charge at Ais =qV = 4neg V2) a .

Example 62 A particle of mass 40 mg and carrying a charge 5 x 10-0 C is moving directly towards a fixed

positive point charge of magnitude 10-s C. When it is at a distance of 10 cm from the fixed point
charge it has speed of 50 cm/s. At what distance from the fixed point charge will the particle
come momentarily to rest? Is the acceleration constant during the motion?

Solution : If the particle comes to rest momentarily at a distance r form the fixed charge, then from

>

conservation of energy' we have

1, 1 .Q 1 Qg
Emu L 4neg a - 4ngy o

Substituting the given data, we get

1 11 110
2 x40%x106x 2 x 2 =9x100%x5x 105 x10.0 L'
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Example 63

Solution :

1 5x10° 100 1190 9
or.  r_10= 9x5x10° 9 or= 9 o219
or, ie., r=4.7x10-m
1 Qq F 1
As here, F= 4mg r? ) acc.= M o I’

i.e., acceleration is not constant during the motion.

A proton moves from a large distance with a speed u m/s directly towards a free proton
originally at rest. Find the distance of closet approach for the two protons in terms of mass of
proton m and its charge e.

As here the particle at rest is free to move, when one particle approaches the other, due to
electrostatic repulsion other will also start moving and so the velocity of first particle will
decrease while of other will increase and at closest approach both will move with same velocity.
So if v is the common velocity of each particle at closest approach, then by 'conservation of
momentum' of the two protons system.

1

mu=mv+mv ie, v=2u

And by conservation of energy'

1 1 1 T g2

2 mu= 2 mva+ 2 mua+ 0 T

1 [“]2 1T 2 u 1 e? e?
EmUZ -m 2 = 47[80 T [asv = E] = Z Mmuz = 4megr = r= TEm80U2

12. ELECTROSTATIC POTENTIAL ENERGY OF A SYSTEM OF CHARGES

(This concept is usefull when more than one charges move.)
It is the work done by an external agent against the internal electric field required to make a system of
charges in a particular configuration from infinite separation without accelerating it.

121 Types of system of charge

0] Point charge system
(i) Continuous charge system.

12.2 Derivation for a system of point charges:

>

0) Keep all the charges at infinity. Now bring the charges one by one to its corresponding
position and find work required. PE of the system is algebric sum of all the works.
Let W: = work done in bringing first charge
W: = work done in bringing second charge against force due to 1« charge.
W:s = work done in bringing third charge against force due to 1st and 2na charge.

n(n—1)
PE=W:i+W2+Ws+..... . (This willcontain 2 =.Cz terms)
(i) Method of calculation (to be used in problems)
U = sum of the interaction energies of the charges.
= (U +Uis + ........ + Uin) + (Uz2s + Uaa + ... + Uzn) + (Uaa + Uss + ........ + Uan)
(iii) Method of calculation useful for symmetrical point charge systems.

Find PE of each charge due to rest of the charges.
If U: = PE of first charge due to all other charges.

= (U2 + Uiz + ........ + Un)

U = PE of second charge due to all other charges.

= (Uz1 + Uzs + ........ + Uzn) then U = PE of the system
U +Up +...U,

= 2
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——— Solved Examples

Example 64

Solution :

Example 65

Solution :

Example 66

Solution :

Example 67

Solution :

Example 68

Solution :

>

Find out potential energy of the two point charge system having g: and g2 charges separated by
distance r.
Let both the charges be placed at a very large separation initially.
Let W: = work done in bringing charge q: in absence of g = q(Vi— Vi) =0

W. = work done in bringing charge g in presence of g: = q(Vi — Vi) = q:(Kga/r — 0)
PE=W:i+W:2 =0+ Kagig2/r= Kqgugz/r

Figure shows an arrangement of three point charges. The total potential energy of this
q

arrangement is zero. Calculate the ratio Q.

(e * et
—r—>

€ 2r >

1 {—qa L (ra)+a) | Q(—q)}
=0

Usys = dmeg |1 2r r

a q a
_Q+2_Q:0 or 2Q:20r Q -
Two point charges each of mass m and charge g are released when they are at a distance r
from each other. What is the speed of each charge particle when they are at a distance 2r?

According to momentum conservation both the charge particles will move with same speed
now applying energy conservation.
Vv Vv

4
1.

e *~—
2r
Kq® 1 Kq? ﬁ
O+0+T:25mv2+7 = y= V2rm

Two charged particles each having equal charges 2 x 10-s C are brought from infinity to within
a separation of 10 cm. Calculate the increase in potential energy during the process and the
work required for this purpose.

AU=Ui—U =U— 0= Us

We have to simply calculate the electrostatic potential energy of the given system of charges
g0, 9x10°x2x10°x2x107°x100

AU=U= 4o T = 10 1=361
work required = 36 J.

Three equal charges q are placed at the corners of an equilateral triangle of side a.

K
Bulemno.s 3
q qC
a
0] Find out potential energy of charge system.
(i) Calculate work required to decrease the side of triangle to a/2.
(iii) If the charges are released from the shown position and each of them has same mass

m then find the speed of each particle when they lie on triangle of side 2a.
(i) Method I (Derivation)
Assume all the charges are at infinity initially.
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work done in putting charge g at corner A

Wi=qg(vi—vi)=q (0-0)

Since potential at A is zero in absence of charges, work done in putting g at corner B in
presence of charge at A :

[@0] Ke®
We =@ = a

Similarly work done in putting charge q at corner C in presence of charge at A and B.
()
a a
Kg® 2Kq® 3Kg?

So net potential energy PE=W: +W.+Ws =0+ & + @ = @
Method Il (using direct formula)

Kg° Kgq° Kg° 3Kg?
UzU+Us+Uxs = @ + @ 4+ a - 2@
(if) Work required to decrease the sides
3Kg®  3Kg®  3Kg?

Ws=q(vi —Vvi) =q

w=U-u =2al2 _ a - a

(iii) Work done by electrostatic forces = change is kinetic energy of particles.
*e KL Ko

Ui— Ui = Ki — Ki = a _ 2a ZS(EmVZ)—O = y=Yam

Example 69  Four identical point charges q are placed at four corners of a square of side a. Find out
potential energy of the charge system

O 3
S i
q q
Solution : Method 1 (using direct formula) :

U = U2 + Uiz + Uza + U2z + Uzsa + Uas
K@ K K K@ Kq& K |2Ke 2K’ | okg? 1
il B —_— = 2 = A a 2 2
- a ya/2, a 4 a ;a2 , a - ave | _ a
1
Method 2 [usingU = 2 (Ui + Uz +......)]
U: = total P.E. of charge at corner 1 due to all other charges
U: = total P.E. of charge at corner 2 due to all other charges
Us = total P.E. of charge at corner 3 due to all other charges

U4 = total P.E. of charge at corner 4 due to all other charges
Since due to symmetry Ui = Uz = Us = Us

2 2 2
Uy +U, +Uz + Uy {Kq +Kq +Kq } 2Kg? [2+i}
Unet = 2 _ou=pL @ @ 22| T3

V2

V2

Example 70  Six equal point charges g are placed at six corners of a hexagon of side a. Find out potential
energy of charge system

>
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p—
/
o, A
\ /
Q%{q
U +Up +Uz +U, +Ug +Ug
Solution : Unet = 2

3Kg? 2 1
24 = 4

Due to symmetry Ui = Uz = Us = Us = Us = Us SO Unet = 3U1 =

Self Practice Problems

10. Two equal charges g are placed at a distance of 2a and a third charge —2q is placed at the midpoint,
The potential energy of the system is
q° 6q° 79 9¢°
Q) 8ngpa 2) 8ngpa ?) 8ngpa 4) 8ngpa
11. A particle of mass ‘m’ and charge ‘q’ is accelerated throught a potenital difference of V uoit, its engery
will be
[i]v a
(1) av (2) mqV @ " (4) mV
12. When one electron is taken towards the other electron, then the electric potenital energy of the system
(1) Decreases (2) Increase
(3) Remains unchanged (4) Becomes zero

Ans. 10.(3) 11.(1)12.(2)

12.3 Electric potential energy for continues charge system:
This energy is also known as self energy.
0] P.E. (Self Energy) of a uniformly Charged spherical shell :-

KQ?
Userr = 2R
(i) Self energy of uniformly charged solid sphere :

3KQ?
for a solid sphere P.E. is User = 5 R

———— Solued Evamples

Example 71 A spherical shell of radius R with uniform charge q is expanded to a radius 2R. Find the work
performed by the electric forces and external agent against electric forces in this process.

q° q° q°
Solution : Wer = Ui — Uy = 1678R _ 81R _ _ 1676,R
q° q° q°

We = Ui — Uy = 8m8oR _ 16mgeR _ 167g,R

Example 72 Two nonconducting hollow uniformly charged spheres of radii R: and R2 with charge Q. and Q-
respectively are placed at a distance r. Find out total energy of the system.

Q, Q,
r
QF Q2 QQ,
Solution : Usotal = Userr + Uinteraction - 8ﬂ80R1 + STESORZ + 41‘[80|‘
Example 73

&-
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Two concentric spherical shells of radius R: and Rz (Rz > R1) are having uniformly distributed charges Q:
and Q: respectively. Find out total energy of the system.

Q,

Q? Q3 Q,Q,
= 8mgRy | 8mggR, | 4mggR,

Solution : Utotal = Uset1 + Uselr2 + Uinteraction

—
12.4 Energy density:

Def: Energy density is defined as energy stored in unit volume in any electric field. Its mathematical
formula is given as following
1

Energy density = 2 ¢E. where E = electric field intensity at that point
€ = eoer electric permittivity of medium

Example 74  Find out energy stored in an imaginary cubical volume of side a in front of a infinitely large
nonconducting sheet of uniform charge density o.

Solution : Energy stored
J' 1 E2av T eoE? JdV
u="-2 where dV is small volume = 2
1 62 0283
2072
-+ E is constant = €0 g, = B%

[—

13. RELATIONBETWEENELECTRICFIELD INTENSITY AND ELECTRIC
POTENTIAL

13.1 For uniform electric field:

N
/ 5
N X

0) Potential difference between two points A and B

Vo —Va=—E. AB
13.2 Non uniform electric field

v v v
(|) Ex=-— 6x,Ey:— 6y,Ez:—GZ E: x.+Eyj +EZI;
~ ~ A ~ "!
[i;V+ng+ij} { + ﬂi}
X oy z _ oz = _VV=—grad V
v
Where X = derivative of V with respect to x (keeping y and z constant)
oV

Y = derivative of V with respect to y (keeping z and x constant)
av

92 = derivative of V with respect to z (keeping x and y constant)
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13.3 If electric potential and electric field depends only on one coordinate, say r:

(i)

(ii)

(iii)

Example 75

Solution :

Example 76

Solution :

Example 77

Solution :

m—

v .
- —r
E —-_ or

where I' is a unit vector along increasing r.

]

JE a
- E. dr
IdV j E.dt
= - = Ve—Va ==

LIT
drjs along the increasing direction of r.

;

- -
J.E. dr

The potential of a point V=-

A uniform electric field is along x — axis. The potential difference Va— Ve = 10 V between two
points A (2m, 3m) and B (4m, 8m). Find the electric field intensity.

w10
E= Ad = 2 =5V /m.Itis along + ve x-axis.

V=x2+y,Find E.

N; N 1 N _ 0
ox =ox, and 2

[fav 2V - av]
- ! 3 +Hj—tk— .2
E=_\ X oy ) = —(2xi + J) Electric field is nonuniform.
For given E = 2xi +3y] find the potential at (x, y) if V at origin is 5 volts.
v -5 X y
fav=—[e-ar  [Eax [Edy
5 =_20 _0

2 _3y* 2 _3y*

V-5=—- 2 2 s V=— 2 2 45,

14. ELECTRICDIPOLE
14.1 Electric Dipole

If two point charges equal in magnitude g and opposite in sign separated by a distance a such that the
distance of field point r>>a, the system is called a dipole. The electric dipole moment is defined as a
vector quantity having magnitude p = (g x a) and direction from negative charge to positive charge.

Note: [In chemistry, the direction of dipole moment is assumed to be from positive to negative charge.] The
C.G.S unit of electric dipole moment is debye which is defined as the dipole moment of two equal and
opposite point charges each having charge 10-1 frankline and separation of 1 A, i.e.,

——— Solved Examples

Example 78

Solution :

&-

1 debye (D) = 10-10 X 10-s = 10-1s Fr x cm
C

9
1D=101sx 3%10° x 10, m=3.3x 103 C xm.
S.l. Unitis coulomb x metre =C . m

A system has two charges ga = 2.5 x 10 C and gs = — 2.5 x 10-7 C located at points A :
(0, 0,-0.15m) and B ; (0, 0, + 0.15 m) respectively. What is the net charge and electric dipole
moment of the system ?

Net charge =2.5x 107—-2.5x107=0
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Electric dipole moment,

P = (Magnitude of charge) x (Separation between charges)
=25x%x10-7[0.15+0.15]Cm =75x10sCm

The direction of dipole moment is from B to A.

14.2 Electric Field Intensity Due to Dipole:

(i)

(i)

>

At the axial point :-
a

O—0 - ;

[« r =
Kqg(2ra) -
- - —P
E-_R9___Kg along the P 22
a 2 2 a
r—— a [
2 [r+§} 4

If r>>athen -
Kg2ras  2KP

E = r4 = r3

5
As the direction of electric field at axial position is along the dipole moment (P )

2KP
3

-
Eaxial = T

Electric field at perpendicular Bisector (Equitorial Position)

E

2E cosb

s}

-~
-

°
e

-
-

-~
=

Enet = 2 E cos 6 (along — I‘:")

a
K .
e T . -
a2 , (a 2\3/2
I )
Enet:2 =2
If r >> a then
KP, -
£ P

net =

—

>
As the direction of E at equitorial position is opposite of P so we can write in vector form:

4
- KP
Eeqt r3
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(iii)

Enet =

———— Solved Evamples

Example 79

Solution :
Example 80

Solution :

Example 81

Solution :

>

Electric field at general point (r, 0) :

%
£ _ K(Psino) {_g"oﬁ
1 r:s ) <
¢ Q,f’
A
;
0 o=
@
=]
Psind
KP
—~ 1+3cos®0 tand
r ; tan d) = 2

The electric field due to a short dipole at a distance r, on the axial line, from its mid point is the
same as that of electric field at a distance r', on the equatorial line, from its mid-point.
r
Determine the ratio I .
1t 1 p 2 1 r '
4ney (3 _ Amgg 3 ) = or r* =2 or I =2
Two charges, each of 5 uC but opposite in sign, are placed 4 cm apart. Calculate the electric
field intensity of a point that is at a distance 4 cm from the mid point on the axial line of the
dipole.
We can not use formula of short dipole here because distance of the point is comparable to the
distance between the two point charges.
q=5%x10C, a=4x%x10>m,r=4x10->m
. 4cm
5uC -5uC

4cm
K(54C)  K(5uC) 144
2 2 _—
ez +E = (2M) _(66m)" _ 144510 o, —10,n

Two charges + 10 uC are placed 5 x 10-s m apart. Determine the electric field at a point Q
which is 0.15 m away from O, on the equatorial line.
In the given problem, r >> a

*Q

10.15m

-—ie

10uC 0 +10uC
T p LITC))

E= 4o P 2 4meg O

10x10 8 x5x1073
or E=9x10¢ 0.15x0.15x0.15 NC_1
=1.33 x10s NC1
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O

14.3 Electric Potential due to a small dipole:
() Potential at axial position :

Kg _ K(=a)

If r >>athan
Kga
V= r* where ga=p
KP

Vaxial = r2
(i) Potential at equitorial position :

A
/N

(iii) Potential at general point (r,0) :

Psind

>
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K[P.rJ

V= r3

———— Solved Evamples

Example 82 (i) Find potential at point A and B due to the small charge - system fixed near origin.(distance
between the charges is negligible).
(ii) Find work done to bring a test charge go from point A to point B, slowly. All parameters are

in S.I. units.
Y
D eA(4,3)
«B(3,-4)
Solution : (i) Dipole moment of the system is

P =(qa) | +(qa) ]
Potential at point A due to the dipole

_g;;j Ki@a)i+(@a)il41+3)  Kiga) ;)
Va=K = S - 125
K[ (qa)i+(aa)j|(31-4]) K(qa)
S Ves (5 _ 125
{_KmaL{KmaNUJ} K g3
(i) Wi e = Us — Us = go (Ve — Vi) = 125 125 - WMB:?(B)

o

14.4 Dipole in uniform electric field
0] Dipole is placed along electric field :

, O O—
E qE

q

rd

E
In this case Fret = 0, et = 0 SO it is an equilibrium state. And it is a stable equilibrium position.

.
(i) If the dipole is placed at 8 angle from E : -
q E cost

- 5 qE

E gE sin® ‘ q E sin®
> torque

g E cos06
In this case Fnee = 0 but
Net torque t = (gESing) (a)

>
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Example 83

Solution :

o
Herega=P = t=PE sin6 in vector form v=PxE

Soluved Examples

A dipole is formed by two point charge —q and +q, each of mass m, and both the point charges
are connected by a rod of length ¢ and mass m.. This dipole is placed in uniform electric field
E . If the dipole is disturbed by a small angle 8 from stable equilibrium position, prove that its
motion will be almost SHM. Also find its time period.

If the dipole is disturbed by 6 angle,

ﬂ'—b qE

rd

v

o

wet = —PE sinB (here — ve sign indicates that direction of torque is opposite of 8). If 6 is very
small, sin@ =6
Tnet = —(PE)G
Tnet X (—B) SO motion will be almost SHM.
1

T=2nr VK

> E

(iii)

Potential energy of a dipole placed in uniform electric field :
B B
IF . 7.d0
Us—Ua=—A _dr Here Us—Ua=-A
In the case of dipole, at 6 = 90° , P.E. is assumed to be zero.

0=0
j (-PEsin0)(do)
Uo — Ugpe = — 6=90°
(As the direction of torque is opposite of 6)
Ue—0=—PEcos 8

0 = 90° is chosen as reference, so that the lower limit comes out to be zero.

U 4

N

From the potential energy curve, we can conclude :

(i
(ii)

———— Solued Evamples

&-

at 6 = 0, there is minimum of P.E. so it is a stable equilibrium position.
at 6 = 180°, there is maxima of P.E. so it is a position of unstable equilibrium.
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Example 84  Two point masses of mass m and equal and opposite charge of magnitude q are attached on

the corners of a non-conducting uniform rod of mass m and the system is released from rest
in uniform electric field E as shown in figure from 6 = 53°

— >E
P
0] Find its angular acceleration of the rod just after releasing
(i) What will be its angular velocity of the rod when it passes through stable equilibrium.
(iii) Find work required to rotate the system it by 180°.
Solution : 0] thet = PE sin53° =1 a
4
/)E
(o) {5) _ 48qE
mf2 (gJZ [ET 35 m/
——+m|—=| +m| =
a= 12 2 2
(ii) from energy conservation :
Ki+ Ui = Kr + Us
1

13.

14.

15.

Ans.

0 + (- PE cos 53°) = 2 |wz + (—PE cos 0°)

M2 (ff (ff [48qE
whereT= 12 +m 2/ ym\2 = w= V35ml
(|||) Wext = Ur — Ui
Wext = (—PE cos(180° + 53°)) — (—PEcos 53°)

3), o (&) 2)
Wea = (GE \°/ + (qnE \° = Wee= 2/ quE

Self Practice Problems

The electric potenital at a point on the axis of an electric dipole depends on the distance r of the point
from the dipole as

1 1 1

o — oC > oC )
@ r 2 T (3) oxr 4
An electric dipole when placed in a uniform electric field E will have minimum potenital energy if the
positive direction of dipole moment makes the following angle with E
Q) n (2) n/2 (3) Zero (4) 3n/2

An electric dipole of moment P is placed in the position of stable equilibrium in uniform electric field of
intensity E. It is rotated through an angle 6 from the initial position. the potenital energy of electric dipole
in the final position is :

(1) PE cos 6 (2) PEsin® (3) PE (1-cos 6) (4)—PEcos®

13.(2) 14.(3) 15.(4)

15.

151

&-

ELECTRICLINES OF FORCE (ELOF)

The line of force in an electric field is an imaginary line, the tangent to which at any point on it represents
the direction of electric field at the given point.

Properties:

Q) Line of force originates out from a positive charge and terminates on a negative charge. If there
is only one positive charge then lines start from positive charge and terminate at <. If there is
only one negative charge then lines start from o= and terminates at negative charge.
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(i)

(iii)

(iv)

(v)

Example 85

Solution :

&-

ELOF of Isolated positive charge ELOF of Isolated negative charge

ELOF due to positive and negative charge ELOF due to two positive charges

—
Two lines of force never intersect each other because there cannot be two directions of E at a
single Point

impossilble

Electric lines of force produced by static charges do not form close loop.

If lines of force make a closed loop, than work done to move a +q charge along the loop will be
non-zero. So it will not be conservative field. So these type of lines of force are not possible in
electrostatics.

The Number of lines per unit area (line density) represents
the magnitude of electric field.

If lines are dense, = E will be more

If Lines are rare, = E will be less

and if E = O, no line of force will be found there

Number of lines originating (terminating) is proportional
to the charge.

If number of electric lines of force from charge g are 10 then find out number of electric lines of
force from 2q charge.

No. of ELOF « charge

10x q = 20 x 2q

So number of ELOF will be 20.
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M

(vi) Electric lines of force end or start perpendicularly on the surface of a conductor.
(vii) Electric lines of force never enter into conductors.

———— Solued Evamples

Example 86  Some electric lines of force are shown in figure, for point A and B

N

(1) EA> Es (2) Ee > Ea (3) Va> Vs (4) Ve > Ba

Solution : lines are more dense at B so Ea > Es In the direction of Electric field, potential decreases
soVa>Vs

Example 87  If a charge is released in electric field, will it follow lines of force?
Solution : Case | :
If lines of force are parallel (in uniform electric field) :-

E
F=q,E

In this type of field, if a charge is released, force on it will be q.E and its direction will be along

5
E . So the charge will move in a straight line, along the lines of force.
Casell: -

If lines of force are curved (in non-uniform electric field) :-

The charge will not follow lines of force

Example 88 A charge + Q is fixed at a distance of d in front of an infinite metal plate. Draw the lines of force
indicating the directions clearly.

Solution : There will be induced charge on two surfaces of conducting plate, so ELOF will start from +Q
charge and terminate at conductor and then will again start from other surface of conductor.

Y

m—
15.2 SOLID ANGLE:

Solid angle is a measure of a cone. Consider the intersection of the given cone with a sphere of radius
R. The solid angle AQ of the cone is defined to be equal to AS/Rz, where AS is the area on thesphere cut
out by the cone.

&-
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16. ELECTRICFLUX

Consider some surface in an electric field E. Let us select a small area element (leg on this surface. The
electric flux of the field over the

area element is given by doe = EdS

- o
&S E

Direction of Hg is normal to the surface. It is along n
or doe = EAS cos 6 or doe = (E cos 9) ds or doe = EndS

where Enis the component of electric field in the direction of d .

I % j E dS
The electric flux over the whole area is given by ¢e = *5 =5

-

If the electric field is uniform over that area then ¢e = E-S

Special Cases :

—

Case l: If the electric field in normal to the surface, then angle of electric field E with normal will be

zero

Sop=EScosO

¢ =ES
S
E
—

Case ll : If electric field is parallel of the surface (glazing), then angle made by E with normal = 90°

Sop=EScos90°=0

L

A

16.1 Physical Meaning:

The electric flux through a surface inside an electric field represents the total number of electric lines of
force crossing the surface. It is a property of electric field

16.2 Unit
Q) The Sl unit of electric flux is Nm2 C-1 (gauss) or J m C-1.
(i) Electric flux is a scalar quantity. (It can be positive, negative or zero)

———— Solved Evamples
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Example 89.

Solution :

Example 90.

Solution :

Example 91

Solution :
Example 92

Solution :

Case-lll :

(ii)

>

If the electric field is given by (6i +3j+4k
area 20 m: lying in YZ plane.
Here, E=6i+3j+4k

T_r)e are vector representing the surface of area 20 units in YZ-plane is given by
S =20

Ther_e’@'re, electric flux through the surface,

¢ =F.S = (6i + 3] +4k).20i =120

)N/C, calculate the electric flux through a surface of

N-m2/C

A rectangular surface of sides 10 cm and 15 cm is placed inside a uniform electric filed of
25 Vm-1, such that normal to the surface makes an angle of 60° with the direction of electric
field. Find the flux of the electric field through the rectangular surface.

The flux throg’gh_tpe rectangular surface given by

¢ =E. AS=EA S cost

Here, E =25V m.;
AS =10 x 15=150 cmz = 150 x 104 m2

and 0 =60°
33
$=25x150 x 10 cos 60° = 18 Nm.Cu

- 3 4 -
E=—E;i+=E;j
The electric field in a region is given by 9 with Eo = 2.0 x 103 N/C. Find the flux
of this field through a rectangular surface of area 0.2m. parallel to the Y-Z plane.

3 _) 4 4] N_m2
- = | =Eji+—=E;j * 240
be = E.sz(S ol *550l) (020) _ C
A point charge Q is placed at the corner of a square of side a, then find the flux through the
square.

Q

a

The electric field due to Q at any point of the square will be along the plane of square and the
electric field line are perpendicular to square ; so ¢ = 0.
In other words we can say that no line is crossing the square so flux = 0.

Curved surface in uniform electric field
Suppose a circular surface of radius R is placed in a uniform electric field as shown.

%\\i
s
/<

<

N

N

R
Flux passing through the surface ¢ = E (nR2)

Now suppose, a hemispherical surface is placed in the electric field flux through hemispherical
surface
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E
< 7 < E
) T3
< l o~
R
¢ = [ Eds cos 6 ¢ =E[dscos8

where [ ds cos 6 is projection of the spherical surface Area on base.

I ds cosb = R

so ¢ = E(mR2) = same Ans. as in previous case

so we can conclude that
If the number of electric field lines passing through two surfaces are same, then flux passing
through these surfaces will also be same, irrespective of the shape of surface

=

b1=¢d2= ¢3=EMmMR2)
Case IV:
Flux through a closed surface :
Suppose there is a spherical surface and a charge 'q' is placed at centre. flux through the spherical
surface

J‘E d J‘ — d
¢ = L8 =) Eds as E is along 98 (normal)

. [ o
o= "™ R ds where ¢ ds= 47R
e (o .
b= 47R? R2 (4nR ) - 4= o

Now if the charge Q is enclosed by any other closed surface, still same lines of force will pass through
the surface.
Q

So here also flux will be ¢ = €0 | that's what Gauss Theorem is.

+Q
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16.

17.

Ans.

Figure shows the electric lines of force emerging from a charged body. If the electric field at A and B are
Ea and Es respectively and if the displacement between A and B is r then

A L + B
————
. —
Es Es
(1) Ea > Es (2) Ea< Es (3)Ea= T (4) En= 17

The figure shows some of the elective field lines corresponding to an elective filed. The figure suggests

D

\/

(1) EA>Es > Ec (2) EA=Es =Ec (3) EA=Ec>Es (4) EA=Ec<Es
16. (1) 17.(3)

17.

>

GAUSS'SLAW IN ELECTROSTATICS OR GAUSS'S THEOREM

This law was stated by a mathematician Karl F Gauss. This law gives the relation between the electric
field at a point on a closed surface and the net charge enclosed by that surface. This surface is called
Gaussian surface. It is a closed hypothetical surface. Its validity is shown by experiments. It is used to
determine the electric field due to some symmetric charge distributions.
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171

Note :

——— Solved Examples

Statement and Details :

Gauss's law is stated as given below.

The surface integral of the electric field intensity over any closed hypothetical surface (called Gaussian
1

surface) in free space is equal to €0 times the total charge enclosed within the surface. Here, «o is the
permittivity of free space.

n

ZQi
If S is the Gaussian surface and =t is the total charge enclosed by the Gaussian surface, then
according to Gauss's law,

5 1
¢E_[|Ehug qu.

The circle on the sign of integration indicates that the integration is to be carried out over the closed
surface.

0] Flux through gaussian surface is independent of its shape.

(i) Flux through gaussian surface depends only on total charge present inside gaussian surface.
(iii) Flux through gaussian surface is independent of position of charges inside gaussian surface.
(iv) Electric field intensity at the gaussian surface is due to all the charges present inside as well as

outside the gaussian surface.

(v) In a close surface incoming flux is taken negative while outgoing flux is taken positive, because
Nis taken positive in outward direction.

(vi) In a gaussian surface ¢ = 0 does not imply E = 0 at every point of the surface but E = 0 at every
point implies ¢ = 0.

Example 93  Find out flux through the given gaussian surface.

oq.=21C

.qe=3|\'lC

Gaussian surface

Q, 2uC-3uC+4uC  3x10°

Solution : b= %0 = &o = %  NmJC

Example 94  If a point charge q is placed at the centre of a cube then find out flux through any one surface of

cube.
g

Solution : Flux through 6 surfaces = %0 . Since all the surfaces are symmetrical

149

so, flux through one surfaces = 6 o

o

&-
v
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17.2 Flux through open surfaces using Gauss’s Theorem:

———— Solved Evamples

Example 95

Solution :

Example 96

Solution :

Example 97

Solution :

>

A point charge +q is placed at the centre of curvature of a hemisphere. Find flux through the
hemispherical surface.

N

Lets put an upper half hemisphere. Now flux passing through the entire sphere =

q

&)

As the charge q is symmetrical to the upper half and lower half hemispheres, so half-half flux
will emit from both the surfaces.

| !

Flux emmittring

_q Flux emmitting
from lower half surface = % from upper half surface 24

£ 2¢,

A charge Q is placed at a distance a/2 above the centre of a horizontal, square surface of edge
a as shown in figure. Find the flux of the electric field through the square surface.

i

a
We can consider imaginary faces of cube such that the charge lies at the centre of the cube.
Due to symmetry we can say that flux through the given area (which is one face of cube)

Q

¢ = 6eo

«Q

Find flux through the hemispherical surface

(i) Flux through the hemispherical surface due to +q =
examples)

(ii) Flux through the hemispherical surface due to +qo charge = 0, because due to +qo charge
field lines entering the surface = field lines coming out of the surface.

q

2&g (we have seen in previous
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17.3 Finding g from flux:

———— Solved Evamples

Example 98  Flux (in S.l.units) coming out and entering a closed surface is shown in the figure . Find charge

enclosed by the closed surface.
30

[
|

10 < 20

1
|

15

Solution : Net flux through the closed surface = + 20 + 30 + 10 -15 = 45 N.m2/c from Gauss's theorem
Qin. Gin
Prer = O = 45 = %0 = Oin = (45)&0

m—
17.4

&-

Finding electric field from Gauss's Theorem:
From gauss’s theorem, we can say

dard
IE.ds = e = 0

17.4.1 Finding E due to a spherical shell :-

Electric field outside the Sphere:

Since, electric field due to a shell will be radially outwards. So lets choose a spherical Gaussian surface
Applying. Gauss’s theorem for this spherical Gauss's surface,

v

J.|E||ds|cosO
N%

5
(because the E is normal to the surface)
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ds
E-[ (because value of E is constant at the surface)

ds
E (4nr2) (J- total area of the spherical surface = 4 nr2)
Qin 9
. 2
-  E(@m)= % = Eouz 7S

Electric field inside a spherical shell :
Lets choose a spherical gaussian surface inside the shell. Applying Gauss’s theorem for this surface

J.|E||ds|cosO
N

£ Ids
N%
E (4nr2) = E(@nr)=0 = En=0
17.4.2 Electric field due to solid sphere (having uniformly distributed charge Q and radius R):

Electric field outside the sphere:
Direction of electric field is radially outwards, so we will choose
a spherical gaussian surface Applying Gauss’s theorem

4

- - qi Q
J'Eds e o = 5
)

I|E||ds|cosO

>
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N2
Ejds
N2
E (4T[r2)
Q Q
o 2
=  E(@m)= % o Eu= 4TS

Electric field inside a solid sphere :

QR 7

For this choose a spherical gaussian surface inside the solid sphere Applying gauss’s theorem for this

surface
q 4 3
—qr
ETERS X 3 TU
- - qi 3 C]f'3
.[Eds = Cbnet: SD = 80 = SORS
N2
J‘E ds
N2
qr?
¢ R®
E (4nr2) = E(4nrz) = “o
qr kQ
3 el
E= 4ne R > En= R® ¢

17.4.3 Electric field due to infinite line charge (having uniformly distributed
charged of charge density A):

>
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Electric field due to infinite wire is radial so we will choose cylindrical Gaussian surface as shown is figure.
Gn M

0
jE.cTs _ [Eds _ e e o

E= ZT[SOI’ = r

17.4.4 Electric field due to infinity long charged tube (having uniform surface charge density o
and radius R)):

.................

v
\
:
|
)
\
Q
/
N
>

.................
e

-

s,
-
.......

o0
0] E out side the tube :- lets choose a cylindrical gaussian surface
d)nel: & = &
o2nRY
Eou x 2mrl = %o
aR
E= "%

(i) E inside the tube :
lets choose a cylindrical gaussian surface in side the tube.
Gin.

b= %0 =0 So En=0
AE

>
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17.4.5 E due to infinitely long solid cylinder of radius R (having uniformly distributed charge in
volume (charge density p)) :

(i)

(i)

18. A cylinder of radius R and length L is placed in a uniform electric field E parallel to the cylinder axis.The

E at outside point :-
o

mmmmmmA———

< J ‘,1: Y
¥
e /-—-|—-—-.\ -------- E‘ W
Mo ~— Y
w©
Lets choose a cylindrical gaussian surface. Applying gauss’s theorem
On  px nR?%L pR?
Ex2mri= % = %o = = 2T g0

E at inside point :
lets choose a cylindrical gaussian surface inside the solid cylinder. Applying gauss’s theorem
(¢ 4]

7

&
~

total flux for the surface of the cylinder is given by
(1) 2nR:E (2) nR/E (3) (MR2 — nR)E (4) zero

&-
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19.

20.

21.

22.

23.

Ans.

18.
18.1

18.2

&-

Electric field at a point varies as ro for
(1) An electric dipole (2) A point charge
(3) A plane infinite sheet of charge (4) A line charge of infinite length

An electric charge q is placed at the centre of a cube of side a. The electric fiux on one of its faces will
be

9 q q q
1) 6g, @) 8032 ®) 471:8082 4) £y
Total electric fiux coming out of a unit positive charge put in air is
(1) e (2) fo (3) (4neo)+ (4) 4neo
According to Gauss Theorem electric field of an infinitely long staight wire is proportional to

1 1 1

Wr @ r (3 r (@1
The S.1 unit of electric flux is
(1) Weber (2) Newton per coulomb (3) Volt xmeter (4) Joule per coulomb

18.(4) 19.(3) 20.(1) 21.(2) 22.(4) 23.(3)

CONDUCTOR
Conductor and it's properties [For electrostatic condition]
0] Conductors are materials which contains large number of free electrons which can move freely
inside the conductor.
(i) In electrostatics conductors are always equipotential surfaces.
(iii) Charge always resides on outer surface of conductor.
(iv) If there is a cavity inside the conductor having no charge then charge will always reside only
on outer surface of conductor.
(v) Electric field is always perpendicular to conducting surface.
(vi) Electric lines of force never enter into conductors.
(vii) Electric field intensity near the conducting surface is given by formula
G -~
wr —n
E = g
A
c
B
oo Bloen B oo
SO . 80 and SO

(viii)  When a conductor is grounded its potential becomes zero.

(ix) When an isolated conductor is grounded then its charge becomes zero.

(x) When two conductors are connected there will be charge flow till their potential becomes equal
o

(xi) Electric pressure : Electric pressure at the surface of a conductor is givey by formula P = 289

where ¢ is the local surface charge density.

Finding field due to a conductor
Suppose we have a conductor, and at any 'A’, local surface charge density = . We have to find electric
field just outside the conductor surface.
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For this lets consider a small cylindrical gaussian surface, which is partly inside and partly outside the
conductor surface, as shown in figure. It has a small cross section area ds and negligeable height.

Cylindrical
gaussian
surface

Applying gauss's theorem for this surface

_ 4 ads
nel g &g
flux throughi/‘l’\—‘ flux through
surface (1) flux through surface (3)
¢, = Eds surface (2) 6,=0
(because E is .= 0 (as E inside
normal to (E'is normal the conductor= 0)
the surface of to curved

conductor)  Gayssian surface )

ods G

So, Eds= %0 E= %
(¢}

Electric field just outside the surface of conductor E = €0 direction will be normal to the surface
in vector form %o (here A = unit vector normal to the conductor surface)

18.3 Electrostatic pressure at the surface of the conductor

2
&)

2¢,

Electrostatic pressure at the surface of the conductor P =

where o = local surface charge density.

Electrostatic shielding

¢
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Consider a conductor with a cavity of any shape and size, with no charges inside the cavity. The electric
field inside the cavity is zero, whatever be the charge on the conductor and the external fields in which it
might be placed.

Any cavity in a conductor remains shielded from outside electric influence: the field inside the cavity is

always zero (If cavity having no charge). This is known as electrostatic shielding.

This effect can be made use of in protecting sensitive instruments from outside electrical influence.

T >
b

conducting
body

18.4 Electric field due to a conducting and nonconducting uniformaly charge infinite

sheets
Suppose Q charge
is given to
Conducting Non-conducting
plate plate
+[+ +
¥
+| |+ +
+ |+ ¥
H
+| |+ +

Electric field for both the cases

Q
E= 2A¢,
E = Gccr\dwlvg E = G!N'lrwn(,uclu*g
€ 2g,

where G, = o where ¢, = Q

conducting 2A non conducting A
Because Q is distributed Because Q is distributed
in '2A' area. in'A" area.

Solved Evamples

Example 99  Prove that if an isolated (isolated means no charges are near the sheet) large conducting
sheet is given a charge then the charge distributes equally on its two surfaces.
Solution :

X Q-x

Q-x P L X
2Ae, > DA,

Let there is x?harge on left side of sheet and Q—x charge on right side of sheet. Since point P
lies inside the conductor so
Er=0

&-
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Example 100

Solution :

Example 101

Solution :

>

X Q-x 2x Q Q
2Aheq _ 2Agq -0 o 2Aeg _ 2Agg =>X:§ Q-x=
So charge in equally distributed on both sides

N O

If an isolated infinite sheet contains charge Q: on its one surface and charge Q: on its other
Q

2Ag

surface then prove that electric field intensity at a point in front of sheet will be , Where

Q=Q:+ Q2
Electric field at point P :

E _ Eq, +Eq,
Q, |q,
P Q. Q,
—— — + —
2Ag, 2Ag,
Q, A Q, P Q,+Q, P Q A
_ 2Ag, + 2Ag, _ 2Ag, _ 2Ag,

[This shows that the resultant field due to a sheet depends only on the total charge of the sheet
and not on the distribution of charge on individual surfaces].

Two large parallel conducting sheets (placed at finite distance ) are given charges Q and 2Q
respectively. Find out charges appearing on all the surfaces.

Q 20

Te
Oe

Let there is x amount?charge on left side of first plate, so on its right side charge will be Q—x,
similarly for second plate there is y charge on left side and 2Q — y charge is on right side of
second plate

X Q-x Y 2Q-y

T
'y

Er = 0 ( By property of conductor)
X {Q—XJr y +2Q—y}
=0

o 2Rg, _ 2Ae, 2Ae, 2Ag,

we can also say that charge on left side of P = charge on right side of P
3Q it

X=Q-x+y+2Q-y >x= 2 ,Q-x= 2

Similarly for point Q:

X+Q-x+y=2Q-y =>y=0Q/2,2Q-y=3Q/2

So final charge distribution of plates is : -
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2 2

+3Q| [-Q Q +3Q
2

Example 102 An isolated conducting sheet of area A and carrying a charge Q is placed in a uniform
electric field E, such that electric field is perpendicular to sheet and covers all the sheet. Find
out charges appearing on its two surfaces.

Q
» E
Solution : Let there is x charge on left side of plate and Q — x charge on right side of plate
Er=0 -
X Q-x

Q-x »

2Ag, © E’ i 2A¢, +E
X Q-x

2Agy E= 2Ag,

X Q Q Q

Ag, _ 2Ag _2 _ E“LEASD

= 0 = 0 _E = X = —EAg and Q—x =
Q Q

So charge on one side is 2 — EAeo and other side 2 + EAeo
Note : Solve this question for Q = 0 without using the above answer and match that answers with the
answers that you will get by putting Q = 0 in the above answer.

m—

18,5 Some otherimportant results for a closed conductor.

(M If a charge q is kept in the cavity then —q will be induced on the inner surface and +q will be
induced on the outer surface of the conductor (it can be proved using gauss theorem)

>
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(if)

(iii)

(iv)

(v)

(A)

>

*q

If a charge q is kept inside the cavity of a conductor and conductor is given a charge Q then —q
charge will be induced on inner surface and total charge on the outer surface will be g + Q. (it

can be proved using gauss theorem)
+q+Q

©

Resultant field, due to g (which is inside the cavity) and induced charge on Si, at any point
outside S: (like B,C) is zero. Resultant field due to g + Q on Sz and any other charge outside
Sz, at any point inside of surface Sz (like A, B) is zero

Resultant field in a charge free cavity in a closed conductor is zero. There can be charges
outside the conductor and on the surface also. Then also this result is true. No charge will be
induced on the inner most surface of the conductor.

No
chargeg,

Charge distribution for different types of cavities in conductors

S,
S,
charge is at the common centre charge is not at the common centre
(S4, S, —» spherical) (B) (84, S, — spherical)
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charge is at the centre of S,

charge is not at the centre of S,

(C) (S, — spherical) (D) (S, — spherical)
S, S,
charge is at the centre of charge not at the centre
(E) S, (Spherical) (F) of S,(Spherical)
S, S,
(G) charge is at the geometrical centre (H) charges is not at the geometrical centre
Using the result that Eres in the conducting material should be zero and using result (iii) We can show
that
Case A B C D E F G H
Sy Uniform | Nonuniform | Nonuniform | Nonuniform |  Uniform | Nonuniform | Nonuniform | Nonuniform
S, Uniform Uniform Uniform Uniform Nonuniform | Nonuniform | Nonuniform | NonUniform
Note : In all cases charge on inner surface S: = —gq and on outer surface Sz = . The distribution of charge on

>

‘S:’ will not change even if some charges are kept outside the conductor (i.e. outside the surface Sz). But
the charge distribution on ‘Sz’ may change if some charges(s) is/are kept outside the conductor.

(vi) Sharing of charges :

Two conducting hollow spherical shells of radii R1and Rz having charges Q: and Q- respectively
and seperated by large distance, are joined by a conducting wire Let final charges on spheres

are g: and g2 respectively.

‘ .qz

Potential on both spherical shell become equal after joining, therefore

Kg  Ka, 4% R
Ri =R 5 &R (i
and, Or+e=Q:+Q= ... (i)
(Q +Qy)Ry (Q+Qy)Ry
from (i) and (ii) = RtRy = RitRe
9 Ry c,4nR] Ry
ratio of charges % =R, = o241R3 _ R,
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ratio of surface charge densities ®2 = R

% R

Ratio of final charges % - R
G4

Ratio of final surface charge densities.

O3
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———— Solued Evamples

Example 103

Solution :

Example 104

Solution :

Example 105

Solution :

¢

The two conducting spherical shells are joined by a conducting wire and cut after some time
when charge stops flowing.Find out the charge on each sphere after that.

e -3Q

After cutting the wire, the potential of both the shells is equal
Kx K(-2Q-x) k(x-2Q)

Thus, potential of inner shell Va= R+ 2R = 2R and potential of outer shell Vout
Kx (—20 - x) —KQ
= 2R 4
. —2Q — x
-KR K(x-2Q)
As Vour = Vin = R = 2R > -2Q0=x-2Q = x=0
So charge on inner spherical shell = 0 and outer spherical shell = — 2Q.

Two conducting hollow spherical shells of radii R and 2R carry charges — Q and 3Q
respectively. How much charge will flow into the earth if inner shell is grounded ?
3Q

When inner shell is grounded to the Earth then the potential of inner shell will become zero
because potential of the Earth is taken to be zero.

Kx K3Q -3Q
R + 2R =0 = x= 2 the charge that has increased

-3Q Q

-2 _ (-Q) = 2 hence charge flows into the Earth = 2
An isolated conducting sphere of charge Q and radius R is connected to a similar uncharged
sphere (kept at a large distance) by using a high resistance wire. After a long time what is the
amount of heat loss ?
When two conducting spheres of equal radius are connected charge is equally distributed on
them (Result VI). So we can say that heat loss of system

AH = Ui — Us
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24,

25.

26.

27.

Ans.

10.

>

[ @2 0 Q2/4+02/4 Q2
| 8nggR |\ 8megR - 8megR ) _ 16reR
Self Practice Problems

A metallic soild sphere is placed in a unifrom elective field. The lines of force follow the path (s) shown
in figure as

M1 (2)2 33 (4)4

Inside a hollow charged spherical conductor, the potenital

(1) Is constant

(2) Varies directly as the distance from the centre

(3) Varies inversely as the distance from the centre

(4) Varies inversely as the spuare of the distance from the centre

If g is the charge per unit area on the surface of a conductor,then the electric field intensity at a point on
the surface is

(1) %0/ normal to surface (2) 28 normal to surface

a a

£g . 2¢g .
3) / tangenital to surface 4) tangenital to surface
A hollow conducting sphere of radius R has a charge (+Q) on its surface.What is the electric potential

R
within the sphere at a distance r = 3 From its centre
L) 1 q 1 Q

(1) Zero 2) 4negy 3) 4ngy R (4) 4ney 2

24.(4) 25.(1) 26.(1) 27.(3)
VAN DE GRAFF GENERATOR

This is a machine that can build up high voltages of the order of a few million volts. The
resulting large electric fields are used to accelerate charged particles (electrons, protons,
ions) to high energies needed for experiments to probe the small scale structure of matter.

(@ Designed by R.J. Van de Graaff in 1931.

(i) It is an electrostatic generator capable of generating very high potential of the order of
5x 106 V.

(iii) This high potential is used in accelerating the charged particles.

Principle : It is based on the following two electrostatic phenomena :

Q). The electric discharge takes place in air or gases readily at pointed conductors.

(2) (i) If a hollow conductor is in contact with an other conductor, which lies inside the hollow

conductor. Then as charge is supplied to inner conductor. The charge immediately shifts to
outer surface of the hollow conductor.

Consider a large spherical conducting shell A having radius R and charge +Q, potential inside
the shell is constant and it is equal to that at its surface.

Therefore, potential inside the charged conducting shell A,

1 Q

Vi = 4ngy, R

Suppose that a small conducting sphere B having radius r and charge +q is placed at the
centre of the shell A.
Then, potential due to the sphere B at the surface of shell A,
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1 q

V= 4mg, ‘R

and potential due to the sphere B at its surface,
1.9

Vaz 4mEq T

Thus, total potential at the surface of shell A due to the charges Q and q,

1., 1 g 1 [9 +3j
VazVi+ Vo= Hmeg R dngy R or vaz 4mg R R
and the total potential at the surface of sphere B due to the charges Q and q,
1.9, 1 g 1 [9+SJ
Ve=Vi+\Vsz Hteg R dnegy r Ve = dmeg\R T

or
It follows that Vs > Va. Hence, potential difference between the sphere and the shell,

1(2,9) (2,9 NERY
V=Ve—Vaz de\R 1) _dngg\RR) v = 4ng r R

It follows that potential difference between the sphere and the shell is independent of the
charge Q on the shell. Therefore, if the sphere is connected to the shell by a wire, the charge
supplied to the sphere will immediately flow to the shell.

It is because, the potential of the sphere is higher than that of the shell and the charge always
flows from higher to lower potential.

It forms the basic principle of Van de Graaff generator.

Construction :

C,, G, - Metallic comb
P, P, — Pulley
s — Metallic hollow sphere
cC' — Insulating column
D — Discharge tube
I — lon source
F~ § 1
\ Target
Working :
0] An endless belt of an insulating material is made to run on two pulleys P:1 and Pz with the help

of an electric motor.

&-
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(ii)

(iii)

(iv)

v)
(vi)

(vii)
(viii)

(ix)

Problem 1.

Solution :

(b)

>

The metal comb C:, called spray comb is held potential with the help of E.H.T. source (= 104
V), it produces ions in its vicinity. The positive ions get sprayed on the belt due to the repulsive
action of comb Ca.

These positive ions are carried upward by the moving belt. A comb C:, called collecting comb
is positioned near the upper end of the belt, such that the pointed ends touch the belt and the
other end is in contact with the inner surface of the metallic sphere S. The comb C: collects the
positive ions and transfers them to the metallic sphere.

The charge transferred by the comb C2 immediately moves on to the outer surface of the hollow
sphere. As the belt goes on moving, the accumulation of positive charge on the sphere also
keeps on taking place continuously and its potential rises considerably.

With the increase of charge on the sphere, its leakage due to ionisation of surrounding air also
becomes faster.

The maximum potential to which the sphere can be raised is reached, when the rate of loss of
charge due to leakage becomes equal to the rate at which the charge is transferred to the
sphere.

To prevent the leakage of charge from the sphere, the generator is completely enclosed inside
an earth-connected steel tank, which is filled with air under pressure.

If the charged particles, such as protons, deutrons, etc. are now generated in the discharge
tube D with lower end earthed and upper end inside the hollow sphere, they get accelerated in
downward direction along the length of the tube. At the other end, they come to hit the target
with large kinetic energy.

Van de Graaff generator of this type was installed at the Carnegie institute in Washington in
1937. One such generator was installed at Indian Institute of Technology, kanpur in 1970 and it
accelerates particles to 2 MeV energy.

Two charges of Q each are placed at two opposite corners of a square. A charge q is placed at
each of the other two corners.

(a) If the resultant force on Q is zero, how are Q and g related ?

(b) Could q be chosen to make the resultant force on each charge zero ?

(@) Letata gquare ABCD charggs are placed as shown

q Q

y axis

a L\ .
X axis

= Q o
Faa™ 45 A G
R a -
e v
[ele} FQq

. Fro Fa _
Now forces on charge Q (at point A) due to other charge are FQQ, 99 and Foq respectively
shown in figure.

Faa + FQq + FQq

FreeOn Q = (at point A)
But Free =0 So,Fx=0
YFx = — Fooc0s45° — Fqq
KQ® 1 KQq Q
2" 2 P
L (V2af V2 a =0 = q:—z\ﬁ Ans.
For resultant force on each charge to be zero :
Q
From previous data, force on charge Q is zero when q = — 2V2 if for this value of charge q,

force on g is zero then and only then the value of q exists for which the resultant force on each
charge is zero.

o
v
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Forceonq :-

— — —

: F.o F F :
Forces on charge q (at point D) due to other three charges are %% |, 99 and 99 respectively
shown in figure.

— A FGO
Fqc F.‘
N Q
Fea D™ C
QA Bq
Net force on charge g :-
Fnet = qu +FqQ + FqQ But Fnet -0
SO, SFx=0

K’ 1 Kag
o= (27 2 L@ 5 ge-22g
Q

But from previous condition, q = — 2V2
So, no value of g makes the resultant force on each charge zero.

Problem 2. Figure shows a uniformly charged thin non-conducting sphere of total charge Q and radius R. If
point charge q is situated at point ‘A’ which is at a distance r < R from the centre of the sphere
then find out following

[ J

B
Q
0] Force acting on charge q.
(ii) Electric field at centre of sphere.
(i) Electric field at point B.
Solution : (i) Electric field inside a hollow sphere = 0

-~ Force on charge q.
F=gE=qx0=0

(ii) Net electric field at centre of sphere

Enet = E1 + E2
E. = field due to sphere =0
Q

B
Kq
E: = field due to this charge = r?
Kq
Enet = r2
KQ .
S
(iii) Electric field at B due to charge on sphere, —1 = M

>
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and due to charge q at A,
where ri = CB and r. = AB

So,

Enet = E1 + E2
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Problem 3. Figure shows two concentric sphere of radius R: and Rz (R2 > R1) which contains uniformly
distributed charges Q and —Q respectively. Find out electric field intensities at the following
positions :

-Q
()r<R: (i) Risr<R: (ii) r 2 Rz
Solution : Net electric field = E1 + E2
-Q

&
E: = field due to sphere of radius R:
E: = field due of sphere of radius R:

(i) E:=0,E2=0

Enet =0
-
s £- X9
(i) Ei= " ,E2=0 = r
> EF > @ i > > >
(”') Ei1=-r E: - rZ (_r) = Enet = E1 + E> =0
Problem 4. Three identical spheres each having a charge g (uniformly distributed) and radius R, are kept in

such a way that each touches the other two. Find the magnitude of the electric force on any
sphere due to other two.
Solution : Given three identical spheres each having a charge g and radius R are kept as shown :-
q

N7
q a

For any external point ; sphere behaves like a point charge. So it becomes a triangle having
point charges on its corner.

— kqg?
IFoa | _ 4R2
q
.".'~,
2R 7 % 2R
q 2R ‘Raoa 0
qu
K60 kit Bk
Sonetforce (F)=2. 4R* . cos 2 =2. 4R* 2 = 4 R®  Anps.
Problem 5. A uniform electric field of 10 N/C exists in the vertically downward direction. Find the increase
in the electric potential as one goes up through a height of 50cm.
dv
Solution : E=-dr o gv=-E  dr
for E = constant = Av =—E Ar

Av

~10(-)). (50 x 10) } =5 volts.

>
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Problem 6.

Solution :

Problem 7.

Solution :

>

An electric field of 20 N/C exists along the x-axis in space. Calculate the potential difference

Ve— Va where the point A and B are given by —
(@ A=(0,0);B=(@4m, 2m)

(b) A= (4m,2m) ; B =(6m, 5m)

(c)A=(0,0); B=(6m, 5m)

—> a
Electric field in x - axis mean E =201

>

L

oo ®d) - y axis
<> N
B(42) : -
€«<—4m—> : N
A(0,0) X axis
@ Vel =Edoo0f ai=govs  ve-vi=-sov
@ Vel ZEd_pof pigovot s VeoVe=-40v
© WVl CEd_500 gi-120vot =  Ve—Va= —120V

A point charge of charge —q and mass m is released with negligible speed from a distance

V3R

velocity when it reaches at the centre of the ring.

As potential due to uniform charged ring at its axis (at x distance)

kQ
V= R? + x? ,
So potential at point A due to ring

vi= VR?+3R* _ 2R
So potential energy of charge —q at point A
Qg
PE.= 2R
kQ
and potential at point B Vo= R
So potential energy of charge —q at point B
-kQq

PE.= R
Now by energy conservation

on the axis of fixed uniformly charged ring of charge Q and radius R. Find out

its
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Problem 8.

Solution :

Problem 9.

Solution :

Problem 10.

Solution :

Problem 11.

Solution :

&-

PE.1+KE:1=P.E2+KE:2

—kQq -kQq 1 kQq
R 4+0= R +2me: =  w= MR
kQq

So velocity of charge — q at point B v= VMR Aps.

Four small point charges each of equal magnitude q are placed at four corners of a regular
tetrahedron of side a. Find out potential energy of charge system
q

q

Potential energy of system :
U = U2 + Uiz + Uza + Uzs + U2a + Uss
2

2 2

9" ka© ka© —ka© ka© kg
U = a + a + a + a + a + a
~2kg?
Total potential energy of this charge system U= 2
If V =xy + y2z then find E at (x, y, 2)
o
GivenV=x:y+y.z and E =— CF
{av » V. NV }
5 —i+—+ k
E__Lox oy oz
— » ~ ~
E =—[2xyi+ (xe+2yz) ! +y:K]
If E = 2r2 then find V(r)
Given E=2r.
—.
dv E.dr 2r
we know that I =— I =— j dr
—2r

V(r) = 3 +c Ans.

A charge Q is uniformly distributed over a rod of length ¢. Consider a hypothetical cube of edge
¢ with the centre of the cube at one end of the rod. Find the minimum possible flux of the
electric field through the entire surface of the cube.

According to Gauss law : flux depend upon charge inside the closed hypothetical surface so for
minimum possible flux through the entire surface of the cube = charge inside should be
minimum.
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Problem 12.

Solution :

Problem 13.

Solution :

Problem 14.

>

Q
Linear charge density of rod = £ and minimum length of rod inside the cube =

£
2

L
:
£
r 2
charged
rod
£ Q Q
So charge inside the cube= 2. £ = 2
g Q
so flux through the entire surface of the cube = o = 2o

A charge Q is placed at a corner of a cube. Find the flux of the electric field through the six

surfaces of the cube.
Q

/A
=

Gin
By Gauss law, ¢ = ©0
q
Here, since Q is kept at the corner so only 8 charge is inside the cube. (since complete charge
Q
can be enclosed by 8 such cubes) ~Qin = 8

G Q@
So, b= % =80 Aps.
An isolated conducting sphere of charge Q and radius R is grounded by using a high resistance

wire. What is the amount of heat loss ?

Re

When sphere is grounded it's potential become zero which means all charge goes to earth (due

to sphere is conducting and isolated) so all energy in sphere is converted into heat so, total heat
KQ?

loss = 2R

Two uncharged and parallel conducting sheets each of area A are placed in a uniform electric
field E at a finite distance from each other. Such that electric field is perpendicular to sheets
and covers all the sheets. Find out charges appearing on its two surfaces.
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Solution :

Problem 15.

Solution :

p

v

v

Plates are conducting so net electric field inside these plates should be zero. So, electric field
due to induced charges (on the surface of the plate) balance the outside electric field.

O
+
o
O
+
o

+ |+ + + |+ |+
I

+ +|+ F + [+ |+
m

——  —

_ Plate A Plate B

Here Ei= induced electrid field _
for both plates E+E=0 - B=_E . (1)
Let charge induced on surfaces are +Q and — Q then

_ Q
|Ei| = Ag
by equation (1)

Q

Asy — = Q=AEe Ans.

A positive charge q is placed in front of a conducting solid cube at a distance d from its centre.
Find the electric field at the centre of the cube due to the charges appearing on its surface.

Here Ei = electric field due to induced charges
and E,q = electric field due to charge q

We know that net electric field in a conducting cavity is equal to zero.
Means E =0 at the centre of the cube
Eq —o

—

E.

~ kg

m
+

{

m
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