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ELECTROSTATICS

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,
a-particle etc.

Charge is a derived physical quantity. Charge is measured in coulomb in S.I. unit. In practice we use mC
(10-3C), uC (10-8C), nC(10-°C) etc.

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

1 coulomb = 3 x 10° esu of charge

Dimensional formula of charge = [MCL°T[']

2.1 Properties of Charge

2.2

(1) 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.

(iii)  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 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
guantization of charge or atomicity of charge
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Note : Recently, the existence of particles of charge + 3 e 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)  Acharge 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.

(a) Charging by Friction :
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(b)

(c)

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.
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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

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.

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.
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Method II

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..

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

T+ + P

++++++

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.

Step 1. Take an isolated neutral conductor..

O

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

l k

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.

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

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.

—o[iiii o
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.
\\ ‘ ‘
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(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.
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———— Solued Evamples

Example 1. If a charged body is placed near a neutral conductor, will it attract the conductor or repel it?
Solution.

" repulsion
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).
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Example 2.

Answer.

Example 3.

Answer.
Solution.

Example 4.

Solution.

Example 5.

Solution.

Example 6.

Answer.

AN

So "repulsion is the sure test of electrification".

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

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
(A) + - + 0 +
(B) + - + + 0
© + - + 0 0
(D) - + - 0 0
C

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 :

(i) 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)

(ii) Ininduction, total charge of a body remains unchanged while in conduction it changes.

(i) 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 :
(A) protons are added to it

(B) protons are removed from it

(C) electrons are added to it

(D) electrons are removed from it.

D

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.

i.e.

(i)

1 919, Kayq,
F o« 0102 and F « r? = F « r* = F= r?

Important points regarding Coulomb's law :
It is applicable only for point charges.
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(i)

(iii)

(iv)
(v)

(vi)

(vii)

(viii)

— Solved Enamples

Example 7.

Sol.

AW

—\\ [/~

Example 8.

Answer.

Solution.

1

The constant of proportionality K in Sl units in vacuum is expressed as 4neg and in any other
1

medium expressed as 47 . If charges are dipped in a medium then electrostatic force on one

LI 1
dnege, 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.

The value of relative permittivity &r is constant for medium and can have values between 1 to .
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 & will be higher.

1

The value of 4™0 =9 x 10° Nm2 C-2 = g = 8.855 x 10-12 C2/Nm2.
Dimensional formula of e is M1 L=3 T4 A2

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.

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.

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,

In vector form formula can be given as below.

L e - 1 90,
_ =3 ﬁir
F = 4nege, |r|° _ 4mege, |r|

- (g1 & g2 are to be substituted with sign.)

here T is position vector of the test charge (on which force is to be calculated) with respect to
the source charge (due to which force is to be calculated).

Find out the electrostatics force between two point charges placed in air (each of + 1C) if they
are separated by 1m.

kg, 9x10% x1x1
Fez 2 = 1 = 9x10° N

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

Two particles having charges g1 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 patrticles:

16 F
kg,d,

F= 1
r

If q’l = qu, q,z = 2q2 r’ = 2 ,

k(2q,)(2q,)
1 L] 2
ka'yq', [r]
then F= 1% = 2
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Example 9.

Solution.

Example 10.

Solution.

AW

=\ [/~

AN |

16kq,q,
r2

=
F'=16F

A particle of mass m carrying charge gz is revolving around a fixed charge —qz in a circular path
of radius r. Calculate the period of revolution and its speed also.

L An’mr

dney 2

2
=mrw?2= T

(4meq )r? (4n?mr) nEgmr
T2= Q2 or T = 4nr | %2

and also we can say that

992 mv? / 4.9z
4mg,r? - r N V= 4meomr

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

0] Magnitude of Electrostatic interactio_r; force acting between them
(ii) Find Fa (force on A due to B) and Fe (force on B due to A) in vector form
() i

q, = +200uc

--""B(4,4,2)

-
-
-
-
-

/.6. +100pc

F A(1,0,2)

K (9x10%)(100 x107°)(200x 107%)
Fl-=4 TN,
Value of F : [ \/(4—1) +(4-0)"+(2-2)

|, kdaGp - (9x10°)(100 x 10°)(200x 10°°)
oo TP - -1 +(4-07+(@2-2)

=72N

[(4=1)i+(4-0)]+(2-2)k]
(i) Force on B

[3: 4A.]
=72"° 97N
[ 3. 4..]

- 273
Similarly I:!°~=7.2 > SYN

Action(FA) and Reaction (FB) are equal but in opposite direction.

4. PRINCIPLE OF SUPERPOSITION

The electrostatic force is a two body interaction, i.e., electrical force

q,
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
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forces due to individual point charges, therefore, force on a point test charge due to many charges is

given by

———— Solved Examples

Example 11.

Solution.

Example 12

Solution.

F=F+F+F+.....

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 calculatf speed
q

-----

2
F2—-2F1cos30= R = RZ  _ (V3R) ¢os30= R
2
V= f;i{Z—%}
= m 3

Two equally charged identical small metallic spheres A and B repel each other with a force
2 x 10-°N 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 g and separation I r N
between their centres be r; then according to given problem.
Y o
1 axq q
q
F=4% r* -2x105N

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;
Qe = dc = (a/2)
So sphere C will experience a force
1 q(q/2) r/2 r/2

2 LLLT
Foa= 480 (1/2)° _op along AB due to charge on A Am ®
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1 (9/2)(q/2)

2 LI
and  Fee= ™0 (1/2) = F along BA due to charge on B
So the net force Fc on C due to charges on A and B,

LT
Fc=Fca—Fce=2F-F=2x 10° N along AB.

Example 13  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?

Solution. Method-I : If there had been a sixth charge +q at the remaining vertex of hexagon force due to
all the six chargea})'n —q at O would be zero (as the forces due to individual charges will balance
each other), i.e. Fr=0
Now if T is the force due to sixth charge and F due to remaining five é
charges. L E . D
F+f=0 ie. F=_f - S

2 ‘.' f:‘ :a'
1 qxg 1 q_2 q “0/ .
or IF| = If| = 4ne, 2 - 4neg L Fq‘:--(-----:,-“----->---E|'-‘,-C
1 Loy
FNet = FCO = 4n €y L a|ong oD ‘b" ........ C.l‘.‘.'
A B

Method : 1l (;)

In the diagram we can see that force due to E.q ......... .'?
charge A and D are opposite to each other R SO

Foo + Fao =g (i) oA

= = . q T .

simitarly Foo + Feo =0 Gy e e R Ll
So Fao + Fso + Feo 4+ Foo + Feo = et h y ’

& e 2 L q_2 E 9
Using (i) and (ii) "Net = "CO = e L along OD A B

Example 14. A thin straight rod of length | carrying a uniformly distributed changeq — =~~~ -Q
is located in vacuum. Find the magnitude of the electric force on a point re—
charge 'Q' kept as shown in the figure.

Solution. As the charge on the rod is not point charge, therefore, first we have to find force on charge Q
due to charge over a very small part on the length of the rod. This part called element of length
dy can be considered as point charge.d

y
- — Y P
HHHHHHHHHHHHH i
€ 7 re——>
94
Charge on element dqg = Ady = £
K.dgQ KQqdy
) 2 2,
Electric force on 'Q' due to element= ¥ = Y-
All forces are along the same direction
DdF o _
F= This sum can be calculated using integration,
a+t a+f
[ QadY kg {_ 1 } KQg [ 11 } KQq
therefore F = Y=2 yt - Y 1a - ! a a+/ — a(a+1)
Note : (1) The total charge of the rod cannot be considered to be placed at the centre of the rod as

we do in mechanics for mass in many problems.
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Note : (2)

KQq

Ifa>>Ithen F= @
behaviour of the rod is just like a point charge.

AN

5. ELECTROSTATIC EQUILIBRIUM

The point where the resultant force on a charged particle becomes zero is called equilibrium position.

5.1 Stable Equilibrium : Acharge 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
then it is called neutral equilibrium.

——— Solved Examples

Example 15.

Solution.

Example 16.

Two equal positive point charges 'Q' are fixed at points B(a, 0) and A(-a, 0). Another test charge
go 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.

-, ., _, KQQD yT
(i) Initially Fao + Feo =g = |Faol = IFeol = a2
When charge is slightly shifted towards + x axis 5
by a small distance Ax, then. 9---F-Ba- qun _FM___C.J_X>
|Fao | < [Feo | A ;
dl
Q 9%
@ F‘BO‘_'_)'F » —>

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

(ii) When charge is shifted along y axis
2Fcosb

Fe fr _.aF
.. b9 ..
et ‘
Fsing et Fsing
Letld T
Q.- . .Q
...................... >
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 g1 and gz (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?
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Solution.

Example 17.

Solution.

Example 18.

Solution.

Example 19.

Solution.

Kaa, Gm’

. 2 2 . . .

In given example : T = I . 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 g at the mid-point the displaced slightly to the E __________ - - ) /j
left. The force on the displaced charge g due to charge gat q q
A, .oV

2 le £ sle ! |

1 q < < 1

F, = 4T (L+x) e 2¢ >
The force on the displaced charge q due to charge at B,

1 q

£, = 475y (£ x)?
Net restoring force on the displaced charge q.

1 q° 1 R
F=Fo—FiorF= 4 (L—x)* _ Ameq (£+x)?
@ { L. } @ Aix
or Fo dneg [(E-XP (E+x) | _ 4req (22 - x2)?
q’Ix g°x
Since ¢(>>x, ~F= LN ARSI, N

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

2 3
!

o Im an on IT‘ITE€20

T= K herek= "% = q

Find out mass of the charge Q so, that it remains in equilibrium for the given configuration.

B
|

h q

C
q
ai 1
C
h &
‘ (ﬂz \3.’2
0 L§+h2J
V2 = 4Fcosb=mg = 4 x h =mg

Two identical charged spheres are suspended by strings of equal length. Each string makes an
angle 8 with the vertical. When suspended in a liquid of density ¢ = 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,
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Tcos6=mg ... (8]
and along horizontal
Tsine=F .. (2)
Dividing Eqn. (2) by (1), we have
F

tanp=m9
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 — Fs = mg — Vog [as Fs = Vog, where ¢ is
density of material of sphere]
o] e
ie., mg'=mgL P P
So for equilibrium of ball,
F' F
tang'= M9’ = Kmg[1-(c/p)] .. (4)
According to given information 6' = 6; so from equations (4) and (3), we have
p 1.6
K = (p-0o) _ (1.6-0.8) - Ans.

6.

6.1

———— Solved Examples

ELECTRIC FIELD

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

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 qo is placed at a point in an electric field and experiences a force F due to some charges

E—L F
(called source charges), the electric field intensity at that point due to source charges is given by %

If the E is to be determined practically then the test charge qo 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 20. 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 qo
at the point and measure F/go. Will F/gqo be less than, equal to, or greater than E at the point in

guestion?
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)
F
- . q
and the measured value of electric field Emeasurea = 90 will be less than g (.0 P

(AR|

the actual value Eact that we wanted to measure.

6.2

Properties of electric field intensity E
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(i)

(i)
(iii)
(iv)
(V)

(vi)

(vii)

—_ Solved Enamples

Example 21.

Solution.

Example 22.

Solution.

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

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

Its S.I. unit is Newton/Coulomb.
Its dimensional formula is [MLT-3A1]
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.

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.

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.

Electrostatic force experienced by —3pC charge placed at point 'P' due *P
to a system 'S’ of fixed point charges as shown in figure is F=(21i+9))
HUN.

(i) Find out electric field intensity at point P due to S.

(i) If now 2uC charge is placed and —3 uC is removed at point P then
force experienced by it will be.

. - - . BN
(ii) Since the source charges are not disturbed the electric field intensity at 'P* will remain same.
Fac=+2(E) =2(-7i-3)y =_147 _6lpN

Calculate the electric field intensity which would be just sufficient to balance the weight of a
particle of charge —10 pc and mass 10 mg. (take g =10 ms2)

As force on a charge q in an electric field E is Fq=qE fe
So according to given problem
Fl = [W
IFql Wi i.e., |g[E=mg A®q lE
mg
ie. E= 19l =10 N/C., in downward direction. W

List of formula for Electric Field Intensity due to various types of charge distribution :
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Name / Type Formula Note Graph
Paint charge ‘g is source charge.
— .
— Kq F * Fig wactor drawn from source
\ '/ | T |2 charge to the tes: point. E
‘,“. outvrards dus to toharges r
/ \ & inwrards due to —charges.
Infinitely Inng line chare . .- * 1 ig linear charge dansity
. 2. F 2Kir [assamed unifarm)
. N el * ris permpandiculardistonca E
2migh r of paint from | ne charge.
-— -—p *is radial unit vector drawn r
frorm the charge to test point.
Infinite non-conducting thin sheet 5 = & is surface change dersity.
A tassumead uniform) E
: 2c * i unitnonmal vector, i
: a * x=distanne af pointonthe =2k
“— - axis from centra o thea ring.
* alactric fisld is Always ———r
\ along the axis.
Unifarmly charged ring Ko + Qistetal ehargs of the ring
X . ; ’
E = ¥ —digiange of pointan tne
2 2 )3!2 axis from centre of the ring.
(R X * cloalric finld s always
—- e — alany the axis.
En =0
Infinizely large charged
conducting shaet i3 f * misthe surare charge .
. . density {assurmed unifonm) E
! b ¥ v is the Lnit veeto- perpendicular
is the surface. .
A L R --
. I
. * Ris radius af the sphare.
Lnifarmly charged hellowr P . .
aonducting nonconducting /salid iy fore >R kO E%Z;ﬁg'?:rtg;?:gzﬂr centre
i hers = ‘ ' : .
sonducting spher E - —T * Sphere acts like a point chaqe.
| ] placed at sentes frr painta ontaics
fiyforr=R the sphers.
* £ is always along radial dirertinn.
E=D * Qg total charge (= o4:RY.
(o = surface charge density)
Uniformly charged solid (hforr =R ki . is vector drawn jrom centre
noneanduling = of sphera to the point E
* L H
sphere (ingulaling malerial} . Sphereactslike a poultc_harge E
r-—- placed atthe centre for points .
el i i KO/RY - -
vulside the sphere "
(itforr = R £ isalways along radial dir’ .
1 ™ g b 3 '
. ka . Qs total charge (12 n:R_ 1. = r
E- R ¥ {jr=alume dharge density)
* Insidethe sphereE« r,
* Dutside the sphens E « 1

Solved Evamples

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).

Example 23.
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Solution.

Example 24.

Solution.

Example 25.

KQ - KQ.,
R -
g=Irl =1rl = I =PV.of A—P.V.of B (P.V. = Position vector)
S V214l 7= V2P (P (P
9x10° x (-20x107) . ,
E= 8 V2 i+laky =—225x103(-V2 1+ 1+ k)yniC.

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].

2 Y
(©, E) ¢ D
c29) | @20 @2o) |
A B c
2uC -2uC

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

. +—+—eo—+ %

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 Eg > Ea .
Enet = (Es — Ea) towards negative X-axis
K(2uc) K(2uc)

2 2
= (V2 (3V2) towards negative X-axis

= 8000 (~1) N/C
Electric field at point D :
Since magnitude of charges are same and also AD = BD

E.
Dp<s
2E,cos0
8] Es A
A <o 0 B
(-v2,0) (+/2,0)

So Ea=Es

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

2K(2uc)
So, Enet= 2Eacos® = 2°  cos450
Kx10° 9000
N N

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?
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Answer. Zero
A
=

Similarly electric field dueto a uniéormly charged ring at the centre of ring :
+

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)
(ii) On the surface of isolated spherical conductor charge is uniformly distributed.

(AN|

6.3  Electric field due to a uniformly charged ring and arc.

———— Solved Examples

Example 26.  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.
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 do at centre of ring and it lies between 6 and 6 + d6

dE dE,
L . s dE, =0
dE =g, i + dEy ] Ex= -[ * (due to symmetry)
Jae [dEsino  Ku. [sinodo  2¢2
Ey = Y — 0 - RO - R

Example 27. Find out electric field intensity at the centre of uniformly charged quarter ring of radius R and
linear charge density I.

s , : K _ivd)
Solution. Refer to the previous quation dE = gE. i + dEy I'on solving Enet = R

AN |
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AWy
2\[/=

By use of symmetry and from the formula of electric field due to half ring.
Above answer can be justified.
(i) Derivation of electric field intensity at a point on the axis at a distance x from centre of
uniformly charged ri(rjlg of radius R and total charge Q.
q

s> dE , =dE cos 6
0

| .

dE , = dE sin 0

Consider an element of charge dg. Due to this element the electric field at the point on axis,

which is at a distance x from the centre of the ring is dE. There are two component of this electric

field
dE

—

dEy dE,

The y-component of electric field due to all the elements will be cancelled out to each other.
So net electric field intensity at the point will be only due to X-component of each element.

T Kda) X
oR¥+x* R? + X2

[ e, _ [ dECoso

Enet = =
KQx
dE R 2KQ
E will be max when dx = 0, thatis at x = V2 and Emax = 3V3 R?
KQ
Case (i) : if x>>R, E = x* Hence the ring will act like a point charge
KQ x
Case (ii) : ifx<<R, E= R’

— Solved Enamples

Example 28. 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 E
the ring along its axis then force acting on the point charge due to the I
ring : =
Fe = gE (towards centre) X : Fe

{ KQx
R2 4 x2)3/2
= q ( )
if R >> x then

R2 + x2 ~ R2
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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.

o
T=2n'kK =21

Example 29. Derive the expression of electric field intensity at a point 'P' which is situated at a distance x on
the axis of uniformly charged disc of radius R and surface charge density o. Also derive results

m
( Qq ) 167°e,mR? "z
L4nsOR3J _ Qq

for
() x>>R (i) x<<R
Solution. The disc can be considered to be a collection of large number of concentric rings. Consider an
element of the shape of ring of radius r and of width dr. Electric field due to this ring at P is
K.c2nr.dr.x
dE = (rZ + XZ )3:’2
dr/
Put r2+x2=y2
2rdr = 2ydy
K.o2ny.dy.x ydy
3 3
dE = y = 2Komx Y
Electric field at P due to all rings is along the axis.
JRE 42 1 VR24x2
—d —
e~ [ [ 5 e
= E =2Komx X = 2KpmX. x

1 : } { : }
- 1-—

(o2 2 2 2

=2Kcmx{ X R™+x = 2Kom R™+x

2 2
= 28 VR™+X" 1 "along the axis

Cases: (i) Ifx>>R

- *
5 R2 - ( 2\71/2
20 et _2e o U
E=%op X p=%op-t X7
S 1 R? c R2 onR? Q

— 1 5 2 2
= 2% [1-1+ 2 x* 4 higher order terms] = 4zp x2 o AmEgX” _ 4meoX
i.e. behaviour of the disc is like a point charge.

(i) Ifx << R
S S
E= 2z [L-0]= 229 i.e. behaviour of the disc is like infinite sheet.

(AR|

6.4  Electric field due to uniformly charged wire
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(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 61 and
02 with the perpendicular line.

-
>

Consider a small element dx on line charge distribution at distance x from point A (see fig.). The
charge of this element will be dg = Adx. Due to this charge (dq), the intensity of electric field at
the point P is dE.

K(dq) K(rdx)
2

thendE = r*+x% = r’ +x
there will be two component of this field
dE
l

I I
dEy dE,

e .[dEx = IdEcose = I%.cose

assuming x = r tan® = dx = r sec?6. do
+0y 2 +6,
Kirsec“0-cos0-do
_[ —— > Ko, _[ cos0.do  K).
r<+r-tan0 — —

S0 Ex= "% =r =% = I [sin0i+sin®2] (1)
Similarly y-component.
+6,
Ko Icose.de Ko,
Ey= r % = T [cos6: - cosbi]

Net electric field at the point

JE2 + E2
Enet = x 4

(i) We can derive a result for infinitely long line charge
In above eq. (1) & (2) if we put 81 = 2= 90° we can get required result.
2K
Enet=Ex= T
e 8]
............ —_
rE T .
oC
E r
o0 r—>

(iii) For Semi- infinite wire
01 = 90°and 62=0° so

KL K

Ex= T ,Ey= r
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— Solued Eramples

Example 30. 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 g due to the thread,

S
F=> T |

By Newton's III law, every action has equal and
2K q

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

Example 31.  Figure shows a long wire having uniform charge density A as shown in figure. Calculate electric
field intensity at point P.

et
A
S
r
Solution. 01 = 90°and 62=360°—-37° so
K.
Ex= T [sinBi+sin62]
K

Ey= T [cosB:2- cosBi]
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Example 32.

Solution.

Example 33.

Solution.

Find electric field at point A, B, C, D infinitely long uniformly charged wire with linear charge
density A and kept along z-axis (as shown in figure).Assume that all the parameters are in S.I.
units.

2K -
— (i)
EA: 3
2K -
—()
Es= 4
2K, 2Kk(a+ﬂj
Ec= 5 oc= ° ' 93
2Kx(m+4q
Epb= ° S = Ep = Ec

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).
(2K1]
r

Force on charge g due to the thread, F = q
* q
] +——F
(r—)i

By Newton's III law, every action has equal and opposite reaction so force on the thread
2K},

= (away from point charge)
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6.5

Note:

———— Solved Examples

Electric field due to uniformly charged infinite sheet
g

Enet = 28, toward normal direction

ELECTRIC FIELD DUE TO AN INFINITELY LARGE, UNIFORMLY CHARGED
SHEET

Derivation of expression for intensity of electric field at a point which is at a perpendicular
distance r from the thin sheet of large size having uniform surface charge density o.

Assume a thin strip of width dx at distance x from line AB (see figure). Which can be considered as a
infinite line charge of charge density A = odx

oK(dx)
[.2 2
Due to this line charge the electric field intensity at point P will be dE = VI +X

Take another element similar to the first element on the other side of AB. Due to symmetry Y-component
of all such elements will be cancelled out.

J‘ 2K (odx)
dEcos0 (2
So net electric field will be given by Enet = j J r?+x* x cose
assume X =r tand = dx = r sec?0. do
E
/2 F 3
rsec’0.dd.cos9 _ o ol2e,)

r? +r’tan®0 2,

—_r

Enet = 2Ko /2 away from sheet
(1) The direction of electric field is always perpendicular to the sheet.

(2) The magnitude of electric field is independent of distance from sheet.

Example 34. 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

0
.............. IF + + + + + + F+ F F+ F F 1

(i) The time taken by the particle to return on the plate..
(i) Maximum height achieved by the particle.
(iii) At what distance will it strike the plate (Neglect gravitational force on the particle)
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Solution.

Example 35.

Solution.

Example 36.

Solution.

(o)

Electric force acting on the particle Fe = oE : Fe = (qo) o/ downward
Fo o

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.

2usino u?sin’0

2usind [ gyo ) u?sin20 2 g0 )

() T= Qe 2g,m (i) H= m = 2e,m
u? sin 20
u?sin20 [ 9,0 )
(ijR= Ger = 2o

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_QqE

m M where E = 0/2¢0

As initially the block is at rest and acceleration is constant,
from second equation of motion, time taken by the block to o Sheet
reach the wall R
1 [2L \/2mL \/4ng0
L= 2 at e, t=Va =VAa _\ qo m —qE
As collision with the wall is perfectly elastic, the block will I IIIIIIIIIIITITIIT
rebound with same speed and as now its motion is opposite < T
to the acceleration, it will come to rest after travelling same v
distance L in same time t. After stopping it will be again mg

accelerated towards the wall and so the block will execute
oscillatory motion with 'span’ L and time period.

2mL 4mlLe,
T=2t=2V 9E -5V a°

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

If an isolated infinite sheet contains charge Q1 on its one surface and charge Q2 on its other
Q
2Aeq

surface then prove that electric field intensity at a point in front of sheet will be
where Q=Q1+ Q2 _ _
>
Electric field at point P : E = Eo, +Eq,
Q . Q, . Q+Q,. Q .
n n n A
= 2Agy | 2Rgy  _ 2Ag,  _ 2Ag
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P Q, Q,
*—>—>

— 4

2Ae, 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 37. 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 -2Q 3Q
AleC|D y
X
Solution. For point A
Q -2Q 3Q
E_o
E, ExA
Q 3Q 2Q —if
Enet: EQ+ Eso+ E—ZQ:—ZASO P _2Agy i, 2Agy - Agg
For point B
Q -2Q 3Q
E_q
E.,, B Eq
3Q 2Q Q
Enet: an+ E_2Q+ EQ:_ 2Aegg |4 2Rey |, 2R | _
For point C
Q -2Q 3Q
ESQ EQ
E..C
Q 3Q 2Q 2Q
Enetz EQ+ E_'3Q+ E—ZQ:+ 2Acy i _ 2Agy i _ 2Agy i _ _Agg
for point D
Q -2Q 3Q
EO E:-m
«———>—>
E..D
Q 3Q 2Q Q

Enet: EQ+ qu+ E—2Q2+2A80 i, 2Reg §_ 2Agy - Asgg ]
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6.6 Electric field due to uniformly charged spherical shell

KQ
2
E=T rrR = 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<R

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

———— Solved Examples

Example 38. Figure shows a uniformly charged sphere of radius R and total charge Q
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
(iiy Force acting on the sphere due to the point charge.

E-"9;
Solution. (i) Electric field at the position of point charge r?
— KqQ. - KgQ
= —-7T I F I = 72
SO, r r
(i) Since we know that every action has equal and opposite reaction so

KqQ. KqQ

= 2 ' = 7
F sphere = r | F spherel =T

Example 39. Figure shows a uniformly charged thin sphere of total charge Q and
radius R. A point charge q is also situated at the centre of the sphere.
Find out the following :
(i) Force on charge g
(i) Electric field intensity at A.
(iii) 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

- = - Kq
EAzESphere"'Eq =0+ I'2 “r=CA
E due to sphere = 0, because point lies inside the charged hollow sphere.
- . —~  KQ. Kg. K(@Q+q).
. E _ E +E, a2ttt T f
(iii) Electric field =B atpointB = SPhee ™ =a = r ro=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.

Example 40. Two concentric uniformly charged spherical shells of radius R1 and Rz Q.
(R2 > Ri1) have total charges Qi and Q: respectively. Derive an
expression of electric field as a function of r for following positions. (a
() r<Ri (i) Ri1<r<R: (iii) r>R2

Solution. (i) For r<Ru,

therefore point lies inside both the spheres
Enet = Einner + Eouter= 0+ 0
(i) For Ri<r<Rg,
therefore point lies outside inner sphere but inside outer sphere:
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Enet = Einner + Eouter

KQ, KQ, .
2 a 2 r
= T r + 0= r
(iii) For r> Rz

point lies outside inner as well as outer sphere therefore.
KQ,. KQ,. KQ;+Q,).
r 5T r

2 2
Enet = Einner + Eouter = T + T = r

Example 41. A spherical shell having charge +Q (uniformly distributed) and a point charge + qo are placed as

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

*+q;
------ )
P

[@)f KQq, .
7 2
() Force on the point charge + qo due to the shell = goEshei = (qo) = r

r
where T is unit vector along OP.
From action - reaction principle, force on the shell due to the point charge will also be

KQ -
S0 ()
Fshen = T
Ay
/=~
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 42. Find force acting between two shells of radius R:1 and Rz which +Q.R, +Q; R,
have uniformly distributed charges Qi1 and Q2 respectively and .
distance between their centre isr. | mmmmmmmmmm—m—m
Solution. The shells can be replaced by point charges kept at centre so force between them
KQ,Q,
F=
+ Q, R 1 + Q: R 2

mA
[=]
L
[s]
nvy

6.7 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.
MHr>R(ii)r<R
Assume an elementry concentric shell of charge dg. Due to this shell
the electric field at the point (r > R) will be
Kdq

dE = r? [from above result of hollow sphere]
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KQ
de =
Enet = =T

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 = r_2
inR:a x%m‘a Q_I‘3
here Q'= 3 - R®
Ka'_Kar
Era= 12 R away from the centr%

KQ/RY - -

R r

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

——— Solued Evamples

Example 43. A solid non conducting sphere of radius R and uniform volume charge density p has its centre at
origin. Find out electric field intensity in vector form at following positions :

[R R 0}
(i) (R/2, 0, 0) (ii) V2’2 (i) (R, R,0)
(R/2) +0% +0?

Solution. (i) at (R/2, 0, 0) : Distance of point from centre = = R/2 < R, so point lies
inside the sphere so
PP R:

E _ gy _ 3g [EI]

R R }
["O 2 2 2
(i) At V2’2 ; distance of point from centre = \/(R"‘E) +(R’I\E) +0
lies at the surface of sphere, therefore

4 o3
KQ - KgﬂRP[m R:} p [R~ R]}

=R =R, so point

. = i+ —_— | —=i+—=
LR LR 2 2% 22
(iii) The point is outside the sphere
KinRSp

KQ = 3 .. P s
= 7 WRP [Ri+Rj] _ 62z, [Ri+Rj]

Example 44. A Uniformly charged solid nonconducting sphere of uniform volume
charge density p and radius R is having a concentric spherical cavity of

radius r. Find out electric field intensity at following points, as shown in '
the figure : 2
(i) Point A (i) Point B
(iii) Point C (iv) Centre of the sphere
Solution. Method I :

(i) Forpoint A: We can consider the solid part of sphere to be made of large number of spherical
shells which have uniformly distributed charge on its surface. Now since point A lies inside
all spherical shells so electric field intensity due to all shells will be zero.

LI

Ea -

(i) For point B : All the spherical shells for which point B lies inside will make electric field zero
at point B. So electric field will be due to charge present from radius r to OB.
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Example 45.
Solution.

- K%R(OB3 - o OB -F]
so, Ee = OB® OB -3 oB® OB
(iii) For point C, similarly we can say that for all the shells point C lies outside the shell
K[3 (R’ —r®)] p R*-r°
Ec . [ocP  8€_ 3% (ocP 8¢
Method : Il

We can consider that the spherical cavity is filled with charge density p and also —p, thereby
making net charge density zero after combining. We can consider two concentric solid spheres
one of radius R and charge density p and other of radius r and charge density —p. Applying
supe[)position principle.

o En =B Bl _TEe L3
4 3
K|:—TCI' (—p)}
L U o p(ggi 3
Gy Es == +5» = 350, (0B)
3 3
p__ TP ~|OB P 1_r_3 glgﬁ-
35, 3t,(OB) 3¢,| OB
(5] k(G )
W o
(|||) EC = Ep + E’p = OCB + OC3 %

_ 35(0C)° [R*-r’Joc

LILLT LT LT

. E E

(v) Fo =P + " P =0+0=0

In above question if cavity is not concentric and centered at point P then repeat all the steps.
Again assume p and —p in the cavity, similar to the previous example.

o wy POAl  (-pPA

EUE: Ep + E*p - 3¢ 3y

+

(i)

@

.

P P ¢
= 3% [5"5_ HE] = 32 [OF]
Note : Here we can see that the electric field intensity at point P is independent of position of
point P inside the cavity. Also the electric field is along the line joining the centres of the sphere
and the spherical cavity.
p(OB)

R K4 2 (-p)]

(ii) Ee - B +E5p - 3% L [PBP B
G UT KI3mRp] Kol
iiy Eo = 5o 4 B = [OCP &€, [PCP  BC
K[ nr®(—p)]
LLT LT -
ko B Ev_ g, POF BF
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Example 46.

Solution.

AN |

A nonconducting solid sphere has volume charge density that varies as p = po r, where po is a
constant and r is distance from centre. Find out electric field intensities at following positions.
0) r<RrR (i) r>R
Method I :
(i) for r<R
The sphere can be considered to be made of large number of spherical shells. Each shell
has uniform charge density on its surface. So the previous results of the spherical shell can
be used. Consider a shell of radius x and thickness dx as an element. Charge on shell dq =
(4tx2dx)pox
Kdq

Electric field intensity at point P due to shell dE = x°

Since all the shell will have electric field in same direction
R r R

E- _[dE J'dE jdE
0 =0 + T

Due to shells which lie between region r < x < R, electric field at point P will be zero.

r r 2 4
E_ Iqu 0 J-K.4nx dxpyx 4nKp, {X_} ogr2 -
2 2 " o f
o _ % r 2 o~ e,

R R
IdE J-K Anx? prDx P0R4 :
0

2
(i) r>R E=0 = = 4ol

Method Il :

(i) The sphere can be considered to be made of large number of spherical shells. Each shell
has uniform charge density on its surface. So the previous results of the spherical shell can
be used. we can say that all the shells for which point lies inside will make electric field zero
at that point,

r
K j' (47x2dxX)pX ,
0 P ;
S r2 _ 4gg

SO
(ii) similarly for r > R, all the shells will contribute in electric field, therefore

K| (4nx2dx)p,x
[ (4rxaxp, PR

S 2 _ Aegr?

7. ELECTRIC POTENTIAL

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..

7.1 Mathematical representation :

If (W » - P)ext 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. = pr )ext _ 7Welc )ucap _ A_U _ Up *Uw _ U_p

P 9 oo q q q q
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Note :

0] (W« s P)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.

7.2 Properties :

0] Potential is a scalar quantity, its value may be positive, negative or zero.
joule
(ii) S.I Unit of potential is volt = coulmb  and its dimensional formula is [M1L2T-3[-1].

(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+V2+Vs+ ...

7.3  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

——— Solved Evamples

Example 47

Solution.
Example 48

Solution.

Example 49

Solution.

Wel Jp =QqVp

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.

W,, —40u
v= 9 = 20C - 5oy

When charge 10 uC 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.

Wext)oo p= _We|)oo p= We|)poo =10 pJ
Wet)op  100d

because AKE = 0 N Vo= 9 =10uC gy
So if now the charge is doubled and taken from infinity then

w ext )uo P

1= 20wC Wex)zc p = 20 i > Wel) o p = =20 pJ

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 :

Wel = AK = Ki—-0

Welp ~ » = qVe = 60 pJ So, Kf =60 pJ

Electric Potential due to various charge distributions are given in table.
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Name f Type Farmula Note Graph
Foint charge ¥ g is source charge.
KCI * ris the distance of the point
r from the pnint charge.

Ring {uniferm/aonunifarm
charge distribution)

at centre KQ
R

atthe axis kg

* Qis source chage.
* % is the distance of the point on
the axis

forr= R W=—
R

R? +x?
. k) *Risradius of sphere
Uniformly charged hollow | ¢ 00 g wve *ris the distance from cantra of
conducting/noncenducting r sphere tothe point
fsolid conducting sphera *Ctistotal charge = c4=R". KQIR
kC

iRaks

*Risradius of sphere

1

sheat

* Potential difference bhetween two
paints is given by fermula

VE ~ Va __i(rn —ra)

Uniformly charged solid - _ka e
noncanducting farr= R W= ris distance from centre to the
forrz R poimt g
KAaR? —r?) * Vo= 5 Vosanos- 3KQH2R
2R* KR
P *Qistotal charge = b % =R
= B, R )
* Inside sphere potentail vares R r
narahalically
* putside potential varies
hyperbolically.
Infinite line charge Not defined * Absolute potential is not defined.
* Potential difference between two
points is given by formula v, — v,
=—2K%: In(r.fr.)
Infinite nonconducting thin | Noldslined * Absolute patential is not defined.

Infinite charged conducting
thinsheat

MNoldelined

*Absoluta potential is hot defined.
* Potential difference bebween two
points is given by formula

)
Vg Va = . (rEl rA)
]

|

Potential due to a point charge :

Derivation of expression for potential due to point charge Q, at a point which is
at a distance r from the point charge.

from definition potential

9]
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]
— (qOE)Ar’ r s []B‘ r
Wet(o>p) __» i[E-dr j@(fdr)cost" KQ
V= qo qo = ® = V=== r = T
Example 50  Four point charges are placed at the corners of a square of side ¢ +9 _______ = 3,Q
calculate potential at the centre of square. :
Solution. V =0at'C". S TOR
RETTp -
-2Q +4Q
Example 51  Two point charges 2uC and — 4uC are situated at points (-2m, 0m) *D
and (2 m, 0 m) respectively. Find out potential at point C. (4m, 0m) 4 : B o
and. D (0m, V5 m). q=pe Y gelae T
(-2, 0) (2,0
Solution. Potential at point C
K(2uC) K(-4uC) 9x10°x2x10°® 9x10%x4x10°®
Ve = Vo, + Ve, = 6 4+ 2 = 6 - 2 =_-15000 V.
K(ZZ‘C) - K(‘t“c)z K(2uC)  K(-4uC)
Similarly, Vb = Vo, Ve, \/(\/5) 20 \/(JE) 20 - 3 3 =-6000V.
Finding potential due to continuous charges
If formula of E is tought, then we take If formula of E is easy then we use
r=r e J—
- j. E-dr
a small element and integrate V= >
[dv
V= (i.e. for sphere, plate infinite wire etc.)
Example 52 A rod _of Iengt_h ¢ is uniformly charged with charge q calculate ExTaxxx: P
potential at point P. r
Solution. Take a small element of length dx, at a distance x from : 4 q
left end. Potential due to this small element q
x=1 I+ FF01T+ + + H-------- oP
kdq le_sle N
K(dq) | = X X '
dv= X total potential vV = *=9
X=r+f K[de]
q [ 2L ka (Err
o X _loge
dg=fdx = v= xr =1 r

7.5 Potential dueto aring :
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(i) Potential at the centre of uniformly charged ring :
Potential due to the small element dq
Kdq
dVv = R
Kdg
Net potential V=+ R
K Kg
v=R j d_7R
(ii) For non-uniformly charged ring potential at the center is
Kiotal
V = R
LR

(iii) Potential due to half ring at center is :

v-ta
R
%
(iv) Potential at the axis of aring:

Calculation of potential at a point on the axis which is a
distance x from centre of uniformly charged (total charge Q)
ring of radius R.
Consider an element of charge dq on the ring.
Potential at point p due to charge dqg will be

K(dq)

dv= VR? +x?
Net potential at point P due to all such element will be

IdV: KQ

V = VR? + x?

<—n—>

———— Solved Examples

Example 53  Figure shows two rings having charges Q and — V5 Q. Find Potential

difference between A and B (Va — V).
K(-V5 Q)

- 2 2
2R R
Solution.  va= R + VR +[R)
From above we can easily find Va — Vs.

K(-v5 QJ _KQ

ver 2R 4 VR +(R)

Example 54 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
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1
We=AK =2mv2 -0
KQ

= Now Wel)c-»= 0o Ve = (o . R

KgQ 1 |2KaQ
R = 2my = v= "V mR

Potential due to uniformly charged disc :

Vv =2L(\jR2 +x? -x)
0 , 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.

Finding potential due to a uniformly charged disc:

A disc of radius 'R’ has surface charge density (charge/area) = 6. We have to find potential at its axis, at
point 'P* which is at a distance x from the centre.

For this We can divide the disc into thin rings and lets considered a thin ring of radius r and thickness dr.
Suppose charge on the small ring element = dqg. Potential due to this ring at point 'P" is

dr A
. *
- . ‘:¥
X —> P
Kdq

av = m

[ K

. 2 2

So, net potential :  Vper= VI + X

dq

Here, ¢ = charge/area = d(area)

So,dg=o0xd (area) = ° (2nr dr)
(hered (area) = area of the small ring element =(length of ring) x (width of the ring) = (2mr) . (dr)

J- KO' 2nr dl’

SO, Vhet = + X

to integrate it letr? + x2 = y2
2r dr = 2y dy, substituting we will get :

o(2n)ydy R
Vv t = _ = Vo = i r=
ne F»L Ane, y . "ot e [v]io
r=R
Vnet:i(“rz"'xz) Viet = 5~ (VRZ X _X)
2g, r=0 - 2g

If a test charge qo is placed at point P, then potential energy of this charge go due to the disc = U = qoV

VR _x)}
(VR - R

Graph of Vv/s x : V=280 at x=0V=280
to check whether V will increase with x or decrease, lets multiply and divide by conjugate.

QU|:
U=
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(\/m+x) GRZ( 1 )
Zi(\/R2+x2 —x) (\/WJFX) 2¢9 h R? + x? +X)J

v = <% x > V=
Now we can say that as x T = V! so curve will be like this
V.
_oR
Vmai—z—eu
X
x=0

7.7  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(i)r<R

As the formula of Eiseasy,weuse V= 2%
0] At outside point (r > R):

_ T [@] dr KQ KQ

5 s
r r (Distance from centre)

Vour= f7* = Vout =
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 ,

Ka 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.
Potential difference between Point P and O :
P

- =
~[Epar
Vp-Vo = © Where Ein=0
Ka
So Ve -Vo =0 = Ve =Vo= R
Ka _ KQ
- V= R (Radius of the sphere)

7.8 Potential Due To Uniformly Charged Solid Sphere :
Derivation of expression for potential due to uniformly charged solid sphere of radius R and total charge
Q (distributed in volume), at a point which is at a distance r from centre for the following situations.
Hr>R (i) r<R
Consider an elementary shell of radius x and width dx
(@ for r >R

R

Vo J‘ K - 4nx?dxp KQ
r
0

= r
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(i) for r<R

r 2 R 2
v =IK 4nx pr+jK4nx dxp
0 r r X

Q
K
_Q?J inR?’
= 2R (3R2 - r2) > p= 3
From definition of potential
() r>R
jKQ- KQ
- —2r . dr =
r r
V= =
(i) r<rR
KQ KQr
—.dr —d
I
V=== —
KQ KQ KQ KQ

V= F_ 2R3 [rZ_RZ]

———— Solved Examples

= 2R® pR2-r2+R?7 = R® (3R2-12)

Example 55  Two concentric spherical shells of radius R1 and Rz (R2 > R1) are having C

uniformly distributed charges Q1 and Q2 respectively. Find out potential o

(i) at point A "

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

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

(iv)atr<R: (V)atRi<r<R2 (vi)atr>R2 2
Solution. Using the results of hollow sphere as given in the table 7.4.

KQ, KQ, KQ, KQ,
@  Vaz N4 Re @i Ve= M+ Re
KQ, KQ, KQ, KQ,
iy ve= Rz 4+ Re (V) forr<Ri = V= R
kQ, K%
(v) forRi<r<Rz V= T + Ry
KQ, KQ,

(vi) forr>R2 v= T + T
Example 56  Two hollow concentric nonconducting spheres of radius a and b (a > b) contains charges Qa and

Qv 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. Vinner sphere = b + a
KQ, KQ,
Voutersphere = @ + @
KQ, KQ,

Vinner sphere — Vouter sphere =

E
b - a 5  av=kQ P 2

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.
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8.

8.1

Note :

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 = K¥))

(@) Mathematical representation :

If (Wa - B)ext = Work done by external agent against electric field in taking the unit charge from A

to B.
[Fa
(Wi )ext] ~(Waadeare Ys ~Ua { - _T?dr
Vg —Va = q AK=0 = q = q = q = A
Note : Take W and q 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)as= q (VB — Va) or (Wel) a8 = q (Va—Vs) .
(iv) Potential difference between two points is independent of reference point.
Potential difference in a uniform electric field :
Ve—Va=— E-AB
> Vs — Va =— |E| |AB| cos 6
=—|E|d=-Ed

N
y
ml

d = effective distance between A and B along electric field.
AV
or we can also say that E = Ad
Special Cases :
Case 1. Line AB is parallel to electric field.
Va—Ve = Ed

Case 2. Line AB is perpendicular to electric field.
Va-Ve=0 = Va = Vb

In the direction of electric field potential always decreases.
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———— Solved Examples

Example 57. 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 — Vs

Solution. (Wag)ext = q(Ve —Va) = A0 I =1uC (Ve —Va) = Va—Vs=-40

Example 58. 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)

— — . . “
Solution. Ve—Va=-E . AB =—(5i).(5i+)) =-25V.

Solution.

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.)

Example 59.  Find out following D, .
(i) Va—Vs (ii) Ve — Vc : uniform electric
(i) Ve — Va (iv) Vo — Vc ——Lo—— field E =20 NiC
(V) Va—Vb ri(—>20m _—
(vi) Arrange the order of potential for points A, B, A B
C and D. “Zom > X
i Vel =Bd _ 505w 102204
so,Va—Ve=04V
because In the direction of electric field potential always decreases.
iy Vel =B o0 k0102204 so,  Ve_Ve=04V
iy 1AVerl =B9 00 4102208 so.  Ve—Vaz—08V
because In the direction of electric field potential always decreases.
vy 1AVoel =Ed _ 54020 s0, Vp—Vc=0
because the effective distance between D and C is zero.
v) AVaol=Bd _ 50 44102208 so.  Va_Vo= 08V
because In the direction of electric field potential always decreases.
(vi) The order of potential
Va>Ve>Vc=Vp.
Potential difference due to infinitely long wire : *
Derivation of expression for potential difference between two points, which have
perpendicular distance ra and rs from infinitely long line charge of uniform linear
charge density A..
From definition of potential difference < %A 5
B & (B p|e— r —°
—J.E.g?:—j&f-dr :
r
Vag=Ve—Va = A

(5

Vag = —2KA /n ) N
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8.3

9.1

9.2

9.3

— Solved Enamples

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.

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

J.EgEL I—r dr G od

Vas=Vg—Va = ™ = Vap = — 20 (rs — ra) = 2%

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 :

0] When a charge is shifted from one point to another point on an equipotential surface then work

done against electrostatic forces is zero.
(i) Electric field is always perpendicular to equipotential surfaces.

(iii) Two equipotential surfaces do not cross each other.

Examples of equipotential surfaces :
0] Point charge :

Equipotential surfaces are concentric and spherical as shown in figure.

In figure we can see

that sphere of radius R1 has potential V1 throughout its surface and similarly for other concentric

sphere potential is same.
8

()

(i) Line charge :

Equipotential surfaces have curved surfaces as that of coaxial cylinders of different radii.

Vv,

(iii) Uniformly charged large conducting / non conducting sheets
Equipotential surfaces are parallel planes.
Vi v, Vq

4+ 4+t

+

Note : In uniform electric field equipotential surfaces are always parallel planes.
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Example 60  Some equipotential surfaces are shown in figure. Y(cm)

What can you say about the magnitude and the

direction of the electric field ?

Solution. Here we can say that the electric will be perpendicular to equipotential surfaces.

LAV
Also |E| = Ad
where AV = potential difference between two equipotential surfaces.

Ad = perpendicular distance between two equipotential surfaces.
10

so  |ElZ (10sin30°)x107% _ 500 v/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 61  Figure shows some equipotential surface produce by some charges. At 2 3 § .§
which point the value of electric field is greatest? B
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 *C
closer so E at point B is maximum A

10.
10.1

10.2

— Solved Enamples

ELECTROSTATIC POTENTIAL 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
*

0

U = Wepjextlacc=0 = qV = — Wl

Here q is the charge whose potential energy is being calculated and V is the potential at its position due
to the source charges.
Note : Always put g and V with sign.

Properties :
(M 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.
leV=1.6x%x10"1]

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




Electrostatics

Example 62

Solution.

Example 63

Solution.

Example 64

Solution.

A8

The four identical charges q each are placed at the corners of a square q S a Cq

of side a. Find the potential energy of one of the charges due to the

remaining charges. a a
ql& Bl

The electric potential of point A due to the charges placed at B, C and D is

R I B W
vz 4mey g , 4mey 2a 4y 5 _ 4meg V2

a

1 [2+%} % |

Potential energy of the charge at Ais = qV = 4nzg

A particle of mass 40 mg and carrying a charge 5 x 10~ C is moving directly towards a fixed
positive point charge of magnitude 10-8 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?

If the particle comes to rest momentarily at a distance r form the fixed charge, then from
conservation of energy' we have

1 ., 1 ag _1 Qg

Emu L 4neg g - ey

Substituting the given data, we get

1 11 [1_10}
2 x40%x106x 2 x 2 =9x109%x5x 108 x10°9 L'

5x10° 100 1 190 9
or ~10= 9x5x10° 9 r- 9 or=190m or ie.,r=47x102m
1 q Pt
As here, F= 4me 2 S0 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 patrticle 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= 2y
And by conservation of energy’
S Lo 1 (Y = v
2 muz= 2mvz+ 2mvz+ A0 1 o 2muzom 2 = 4T o lasv=2]
2 2
1 € e
— 2
N 4 mue = 4meqr N = TMegU

11. 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.

11.1 Types of system of charge

(i)

Point charge system (i) Continuous charge system.
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11.2 Derivation for a system of point charges:

(i)

(ii)

(iii)

———— Solved Examples

Example 65.

Solution.

Example 66.

Solution.

Example 67

Solution.

Example 68

Solution.

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 W1 = work done in bringing first charge
W2 = work done in bringing second charge against force due to 15t charge.
W3 = work done in bringing third charge against force due to 15t and 2" charge.
nin—1)

PE=W1+W2+Ws+ ... . (This will contain 2 =1C, terms)
Method of calculation (to be used in problems)
U = sum of the interaction energies of the charges.
=(Uiz+ Uiz + ........ + Un) + (U2s + Uza + ..., + Uzn) + (Usa + Uss + ........ + Uan) .....
Method of calculation useful for symmetrical point charge systems.
Find PE of each charge due to rest of the charges.
If U1 = PE of first charge due to all other charges.
= Uz +Uis + ........ + Uin)
Uz = PE of second charge due to all other charges.
U +U, +...U,

= (Ua1 + Uzs + ... + Uzn) then U = PE of the system = 2

Find out potential energy of the two point charge system having q: and gz charges separated by
distance r.
Let both the charges be placed at a very large separation initially.
Let W1 = work done in bringing charge i in absence of g2 = q(Vi— Vi) =0
W2 = work done in bringing charge gz in presence of q. = q(Vs — Vi) = qu(Kgz/r — 0)
PE=W1+W2 =0+ Kqugz/r= Kqugz/r

Figure shows an arrangement of three point charges. The total +q -Q +q
q Kk—r—
potential energy of this arrangement is zero. Calculate the ratio Q. < 2r A
1 [qQ L (ra)+a) , Q(-q) q qg 9 4
Uss= #M60 L T Z ' J=05-Q+2-Q=0 or2Q=2o0or Q=1
Two point charges each of mass m and charge g are released when V V
) . <~ *—>
they are at a distance r from each other. What is the speed of each —
charge particle when they are at a distance 2r? 2r
According to momentum conservation both the charge particles will V vV
move with same speed now applying energy conservation. «—e *—
—
qu 1 qu ’K_q‘? 2r
0+0+ I =22mv2+ 2r o y= V2rm

Two charged particles each having equal charges 2 x 105 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 =Ur—Ui =Ur—0= Ut

We have to simply calculate the electrostatic potential energy of the given system of charges

1 g9, 9x10°x2x10°%x2x107°x100

AU=Ui= 40 = 10 J=361J
work required = 36 J.
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Example 69

Solution.

Example 70

Solution.

Example 71

Three equal charges g are placed at the corners of an equilateral A.Q
triangle of side a. o

(i) Find out potential energy of charge system. R

(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 Be-omonnnnn “C
them has same mass m then find the speed of each particle when they q q
lie on triangle of side 2a. a

(i) Method I (Derivation)

Assume all the charges are at infinity initially.
work done in putting charge g at corner A
Wi=q((vi—vi)=q(0-0)

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

[@ _ 0} K¢’
W2 = a - a Be---men-n- :-C
Similarly work done in putting charge g at corner C in presence of charge at A and B.

W3 = g(vf —vi) = qu?Jr?j_o}

So net potential energy PE = W1 + W2 + W3

Kg? 2Kg®  3Kg®
= o + a + a = a
Method Il (using direct formula)
K Ko Kg° 3K
U=Uw+Us+Us = 8 + @ + @ = a
3Ka®  3Kg® 3K
(i) Work required to decrease the sidesW=U;—Ui= a/2 - a = a
(iii) Work done by electrostatic forces = change is kinetic energy of particles.
Kg® 3Ke® 1 Kq®
Ui — Ur = Ki = Ki = a - 2a =3(Z2mw»®)-0 = y=Vam
Four identical point charges q are placed at four corners of a square of 44 q 3
side a. Find out potential energy of the charge system M '
Method 1 (using direct formula) : U = Uiz + U1z + U1 + U2z + Uz4 + ! :
Usza ' !
K’ K& ko’ ka? K Ko i =
=a+a\@+a+a+axf2+a 15 ------- 62
4Kq?  2Kg? 2
qa 419 2Kq 24 1
= a a\'/i = a \/E

1

Method 2 [using U= 2 (U1 + Uz +......)] :

U. = total P.E. of charge at corner 1 due to all other charges
Uz = 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 U1 = U2 =Uz = Us

2Kg? [2 + 1}
V2

2 2 2
U, +U, +U, +U, {Kq LCHNLC }
2 —ou=ol @ @ Y2a

Unet = a
Six equal point charges q are placed at six corners of a hexagon of side C,',- --d
. . ’ AY
a. Find out potential energy of charge system e, B
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Solution.

AN |

U +U, +U; +U, +Us +Ug
Unet = 2

3Kq? 2 1
24 = 4
a[*ﬁ*J

Due to symmetry U1 =U2=U3z=Us=Us=Us SO Unet =3U1 =

11.3 Derivation of electric potential energy for continues charge system :
This energy is also known as self energy.
(i) Finding P.E. (Self Energy) of a uniformly Charged

spherical shell :- —

For this, lets use method 1. Take an uncharged shell Now

<« Charges
— T

bring charges one by one from infinite to the surface fo the
shell. The work required in this process will be stored as
potential Energy. shell

uncharged

Suppose we have given g charge to the sphere and now
we are giving extra dq charge to it.
Work required to bring dq charge from infinite to them shell

is

dw = (dq) (Vi- Vi)

(i)

+ +q
+ +
. dq
Kq Kq
dW = (dg) (R -0)= R dq SN T

q=Q
K
[ Fq KQ?
total work required to give Q chargeis W= 9° dq = 2R
This work will stored as a form of P.E. (self energy)

KQ?
So P.E. of a charged spherical shall U = 2R

Self energy of uniformly charged solid sphere :

In this case we have to assemble a solid charged sphere. So as we bring the charges one-by-
one from infinite to the sphere, the size of me sphere will increase. Suppose we have given q
charge to the sphere, and its radius becomes ‘X’ .Now we are giving extra dq charge to it, which
will increase its radius by ‘dx’ work required to bring dq charge from infinite to the sphere

e
total work required to give Q charge : W = X g=p 3
x=R p[—nxaj p(4nx3dx)
K
X
dg = p (4 X2 dx) = W = x=0

3KQ?
solving well get W= 9 R = User for a solid sphere
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— Solved Examplee

Example 72 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 (slow

process).
q q’ q
Solution.  Wea= Ur— U= 107m&R _ 8mgR __16me,R
q2 q2 q2
Woelee = Ui — Us = 8nggR _ 16mg,R _ 167ggR
Example 73 Two nonconducting hollow uniformly charged spheres of radii R1 Q, Q,
and Rz with charge Qi and Q: respectively are placed at a
distance r. Find out total energy of the system.
< ] >
Q2 Q3 Q,Q,
Solution. Utotal = Usett + Unnteracion = 0760R1 4 8780Rz - 4meor

Example 74  Two concentric spherical shells of radius R1 and Rz (Rz2 > R1) are having
uniformly distributed charges Qi and Q: respectively. Find out total
energy of the system.

()

Q,

@ @ g
8negRy | 8mggR, | 4mggR;

Solution. Utotal = Uself1 + Uself 2 + Uinteraction =

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

formula is given as following : Energy density = 2 ¢E2
where E = electric field intensity at that point ; & = eoer electric permittivity of medium

——— Solued Evamples

Example 75  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.

IiaOEde
Solution. Energy stored U =" 2 where dV is small volume
1 o 238
1 L c‘a
—goE° | dV 07, 2
=27 '[ E is constant = 2 " 45 Lad= S

Example 76.  Find out energy stored in the electric field of uniformly charged thin spherical shell of total charge
Q and radius R.

Solution. We know that electric field inside the shell is zero so the energy is
stored only outside the shell. Which can be calculated by using energy
density formula.

EsOE‘ZdV

Uselt = xR
Consider an elementry shell of thickness dx and radius x (x > R).
Volume of the shell = (4mtx?dx)

=1 [KQT 1 = 1
o802 580 11242 j 2
u="R X“ 1 amxzdx = 2 K'Q4m IR x® gy

ane, X [_ 1] Q@ KQ?
o (4me, ) R/ _ 8meR _ 2R
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Example 77. Find out energy stored inside a solid nonconducting sphere of total charge Q and radius R.
[Assume charge is uniformly distributed in its volume.]

Solution. We can consider solid sphere to be made of large number of concentric
spherical. Also electric field intensity at the location of any particular
shell in constant.

R
1.soE2dv
02

Uinside =
Consider an elementry shell of thickness dx and radius x.
Volume of the shell = (4mtx2dx)

R1 [KQx T 1 K2Q%4n (R,
_ UZSD[R?’} _ESOTIOXdX
Uinside = CAmx2 dx =

47[80 Qz R5 Qz KQ2
_ 2R® (4ngg)* 5 _ 40mgR _ 10R

8]
12. RELATION BETWEEN ELECTRIC FIELD INTENSITY AND ELECTRIC

POTENTIAL
12.1 For uniform electric field : _eB -
0] Potential difference between two points A and B >
— >
Vg —Va =— E AB A./ X
12.2 Non uniform electric field
NN :
(I) Ex:—ax,Ey:—éy,Ez:—aZ = E:Ex.i"i'EyJ +EZR
[.iw J%V+kiv} [I—+]§+Rﬁ}v
__L@ oy 0 0 oy oz = _yV=—grad V
v
Where ¢X = derivative of V with respect to x (keeping y and z constant)
N

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

0z = derivative of V with respect to z (keeping x and y constant)

12.3 If electric potential and electric field depends only on one coordinate, say r :

oV .
— —Tr .
0) E =—dr  where T is a unit vector along increasing .
I -
- L E. dr
) jdv E.dr
(ii) =— = VB—Va ="
LLr
dr s along the increasing direction of r.
- -
E. dr

(iii) The potential of a pointV = — =

——— Solued Evamples

Example 78 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.
AV 10

Solution. E=Ad = 2 =5v/m. It is along + ve x-axis.
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Example 79 V=x2+y,Find E.

N N _q v _

Solution. X = 2x, oy and 0z
(10V ~0V pov)

E=_\ & oy 0z/ = —(2x7 + j) Electric field is nonuniform.
Example 80  For given E = 2xi +3y] find the potential at (x, y) if V at origin is 5 volts.

v > X y

Jav=-Jear [eaxc  [E0 2 _3y? 2¢_3y*
Solution. 5 =-0 -0 > V-5=-2 2 = v=- 2 2 45

13. ELECTRIC DIPOLE

13.1 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~ frankline and separation of 1 A, i.e.,
1 debye (D) = 10719 x 10-8 = 10-18 Fr x cm
C

1D=108x 3x10? x102m=3.3%x103C xm.
S.I. Unitis coulomb x metre =C . m

——— Solved Examples

Example 81 A system has two charges ga = 2.5 x 107 C and gqg = — 2.5 x 1077 C located at points
A:(0,0,-0.15m)andB; (0, 0, + 0.15 m) respectively. What is the net charge and electric dipole
moment of the system ?

Solution. Net charge =2.5x 107 -25x 107 =0
Electric dipole moment,

P = (Magnitude of charge) x (Separation between charges)
=25x107[0.15+0.15]Cm =75x108Cm
The direction of dipole moment is from B to A.

AN

13.2 Electric Field Intensity Due to Dipole :

0] At the axial point : a
——0 - :
l r >
Kq(2ra) -
> Kq q ) q( )2 P
E= - along the P ( 2\

-3 () o

Kg2ras  2KkpP
— 4 P 3
If r>>athen E= T =,

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

N
2KP
3

SO E axial = T
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(ii) Electric field at perpendicular Bisector (Equitorial Position) =
Enet = 2 E cos 6 (along — P) 2E cosb <
( ) A
a ES 1\
Kq 2 /o \
P Kga . I
( 2\2 2( ) Agggggggjﬂa(_p) f : \
2 a l'2 +(a] ( a 2\ ! \
r<+ 2,02 !
RGN (3 AT
Enet =2 =2 [’ : \\
If r >> a then ,"Q ! \
) Q0 ----0
Enet = l’3

— -

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

- KP

Eeqt |-3

(iii) Electric field at general point (r, ) :

A
E=?
r
0
—
. - a
For this, Lets resolve the dipole moment into components.

K(Psiné) &

sinf /

E=—1 &%

Psind
One component is along radial line (=P cosB) and other component is L to the radial line (=Psin®)

2 . 2
2KPcos0 KPsin0®
\!Er2+Et2—J( 3 ] +[ 3 ) KP 1+ 3c0s?0

From the given figure Enet = r r r3
KPsin®
E; B 3
E, 2KPcos® tan6
tan Q= r3 = 2
Kf 1+3cos’0 tan6
Enet = r , tan @ = 2

———— Solved Examples

Example 82  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. Determine
r

the ratio " .
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Solution.

Example 83

Solution.

Example 84

Solution.

1 20 1 p 2 1 r

47[80 3 = 41’{80 r'3 or I'3 r'3 r'3 =2 or r =213

Two charges, each of 5 pC 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 « 4cm
the point is comparable to the distance between the two point ¢ , -5uC
charges. ‘ - '
q=5x10°%C, a=4x102m,r=4x102m em

K(BKC)  K(BMO) 144
Eee=Eo+E = (2™ _(Bom° _ 144,10% Ncaz10en e
Two charges = 10 pC are placed 5 x 102 m apart. Determine the *Q
electric field at a point Q which is 0.15 m away from O, on the equatorial :
line. :
In the given problem, r >> a 1015 m

T p 1 q@

E= dney (3 _ 4ngy 3

10x107® x5x107° 104C 5 +10uC

or E=9x10° 0.15x0.15x0.15 NC-1=1.33 x105 NC!

13.3 Electric Potential due to a small dipole :

(i)

(i)

Potential at axial position :

Kg  K(a)
a
3 ) O——@ - .
v=" 2 2 |< r >
Kqga
[, [ajz\
r — —
")
V= If r >>athan
Kaa KP
V= r* where ga=p = Vaxial = r?
Potential at equitorial position :
Ka . K(q)
a)’ a)’
@ ()
V= 2 2 O = Veqt—o
AT
AT
AT
! Il \
/ 113 \
/ Iy \
! h \
Il II \
h \
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(iii)

Potential at general point (r,0) : y = KPcoso)

5
Lets resolve the dipole moment P into components Pcos@ A
component along radial line and Psin® component L; to the radial
line. r
For the Pcosb component, the point A is an axial point, so, potential

K(Pcos#) peo

2 .
at A due to Pcos® component = r and for Psin® @
component, the point A is an equatorial point, P
so potential at A due to Psin@ component = 0 Psin0

K [3 %]
K(Pcos0) -’
Vhet = I’2 = V= I’3

13.4 Dipole in uniform electric field

(i)

(i)

———— Solved Examples

Example 85

Solution.

Dipole is placed along electric field :

A4

> qE a @ qE

=

E
In this case Fnet = 0, et = 0 S0 it is an equilibrium state. And it is a stable equilibrium position.

—
If the dipole is placed at 8 angle from E : -
qucosl—)

q E cost

In this case Fnet = 0 but
Net torque t = (QEsing) (a)
Hereqga=P =_>) T = PE sin6

in vector form T =P xE

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 ma. This dipole is placed in uniform electric field E

. If the dipole is disturbed by a small angle 6 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, >
Tnet = —PE sin6  (here — ve sign indicates that direction D—>
of torque is opposite of 0)

If 0 is very small, sin@ =6 = tnet = —(PE)0

I

Tnet X (—8) SO motion will be almost SHM. T = 2n K
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(iii) Potential energy of a dipole placed in uniform Uy
electric field :

B

T;—> J“?(E Ve /
6

Ug—Ua=-A O Here Ug—-Ua=-A ;
In the case of dipole, at 6 = 90° , P.E. is assumed to be v= 0 6 =180° \/
zero.

0=0

J' (-PEsin6)(d0)
Up — Ugor = —0=90°
(As the direction of torque is opposite of 0)

Ug—0=—PEcos 6 => 6 = 90° is chosen as reference,
so that the lower limit comes out to be zero.
Ug = — P-E

From the potential energy curve, we can conclude :
0] at 6 = 0, there is minimum of P.E. so it is a stable equilibrium position.
(ii) at 8 = 180°, there is maxima of P.E. so it is a position of unstable equilibrium.

(AR|

13.5 Dipole in nonuniform electric field :

—>Ex)

—>
If the dipole is placed in the along E EE— dx
( p p g ) _— qE(X)M(Q) E (x+ dX)
Net force on the dipole  Fnet = g E(x + dx) — g E(x) —_—
E(x+dx)—E(x) ; ;
Fret = q dx (dx) here q (dx) = P £ E (x+dx)

(5
Fret=P dx

——— Solved Examples

Example 86 A short dipole is placed on the axis of uniformly  +QR
charged ring (total charge —Q, radius R) at a distance

R p
V2 from centre of ring as shown in figure. Find the _R '
Force on the dipole due to the ring. 12
& @ 8
o — 2, ,2\3/2 -
Solution. F=p dX = F=pdx R +x7) atx= V2
Solving we get F=0

(AR|

13.6 Force between a dipole and a point charge :

——— Solved Examples

Example 87 A short dipole of dipole moment P is placed near a point charge as shown in figure. Find force
on the dipole due to the point charge
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Solution.

Example 88

Solution.

Example 89

Solution.

Force on the point charge due to the dipole /\
F= (Q) Edipole =
[ZKP] % """"""""""""""" “{——M

r3

F=(©Q (right) F=QBw~~—__
From action reaction concept, force on the _ (Q)‘ 2KP |
dipole due to point charge will also be o
2KPQ -
F= ©° (lef

A short dipole of dipole moment P is placed near a point charge as shown in figure. Find force
on the dipole due to the point charge.

F= Q Empo\e

= (@ &
"\__ r
)
F = (Q) r3 (¢)
So force on the dipole due to the point charge will also be
[KPQJ
@ (1)
Find force on short dipole P2 due to short dipole P1 if they are placed at a distance r as shown
in figure.

F= but in opposite direction.

Force P2 due to P1

(&)

F2=(P2)
(51[2ka]\
3
F2=(P2) Ldr r
6KP,P,
Fa=— ré

here — sign indicates that this force will be attractive (opposite) to r)
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14. ELECTRIC LINES 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.

14.1 Properties :
() 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.

ELOF of Isolated positive charge ELOF of Isolateq negative charge

ELOF due to positive and negative charge ELOF due to two positive charges
—>
(i) Two lines of force never intersect each other because there cannot be two directions of E at a
single Point
impossilble

(iii) 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.

(iv) 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

E,.>E,
(V) Number of lines originating (terminating) is proportional to the charge.

—_ Solved Examples

Example 90. If number of electric lines of force from charge g are 10 then find out number of electric lines of
force from 2q charge.



Electrostatics

Solution. No. of ELOF « charge

(|

10xq = 20 x 2q
So number of ELOF will be 20.

— Solved Examplee

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

Example 91  Some electric lines of force are shown in figure, for point A and B

N

(A) EA>Es (B) Es > Ea (C) Va>Vs (D) Vs > Ba
Solution. lines are more dense at B so Ea > Eg In the direction of Electric field, potential decreases
S0 Va> Vs
Example 92. 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) :
F=qE E
+qD! e - x - - -
—_—
_—

15.

—>
In this type of field, if a charge is released, force on it will be qoE and its direction will be along E
.So the charge will move in a straight line, along the lines of force.
Case Il : If lines of force are curved (in non-uniform electric field) :

The charge will not follow lines of force.

ELECTRIC FLUX

Consider some surface in an electric field E . Let us select a small area element c%

m}

Ialg on this surface. The electric flux of the field over the area element is given
by dee = E'dg

Direction of Ialg is normal to the surface. It is along n
or doe = EdS cos 6 or dee = (E cos 0) dS or dee = EndS

where Enis the component of electric field in the direction of d .
j £48 j E. dS
s - Js

The electric flux over the whole area is given by ¢e = 75
If the electric field is uniform over that area then @& = E-S
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Special Cases :
Case I: If the electric field in normal to the surface,

—
then angle of electric field E with normal will be zero
So@ =EScosO0

@ =ES
S .
E
N
Case Il : If electric field is parallel of the surface (glazing), then angle made by E with normal = 90°

~

So@=EScos90°=0

15.1 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

15.2 Unit
() 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 Exvamples

Example 93. The electric field in a region is given by 5 5 77 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 . N - m2
— — —Epi +—onj 0.2 240
Solution. e=ES =15 ° ) ( ' ) =
Example 94. A point charge Q is placed at the corner of a square of side a,then find Q
the flux through the square. a
a
Solution. 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.

Example 95  Find the electric flux due to point charge 'Q' through the circular region of radius R if the charge
is placed on the axis of ring at a distance x.

Solution. We can divide the circular region into small rings.
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Lets take a ring of radius r and width dr.
flux through this small element
de =E dscos 6
r=R
KQ X

( )
(%2 412y 2. 2
@net=* Edscos@=r=—o (X +r7) (andr)L X°+r J

Q {1_ X }
_ 2| Jx*+R?

AN |

Case-lll : Curved surface in uniform electric field.

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

<

N

<

NNRR

<

M
m

-
<

R
Flux passing through the surface ¢ = E (tR?)

(i) Now suppose, a hemispherical surface is placed in the electric field flux through
hemispherical surface

ds

E

AAAAD

<
<
-
<
<
<
<

AR

o

¢ =] Eds cos 6
@=EJdscos6
where [ ds cos 8 is

projection of the spherical surface Area on base.

I ds cosb = R?
so ¢ = E(mR?) = 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

T
-

@1 = @2 = @3 = E(mR?)
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
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16.

16.1

[ eatcn  wéummd
Q= E. ds=J Eqgs as E is along 95 (normal)
1 Q
o= 47 R? j ds where j ds = 4nR?
) B
@= 4TCR2 R2 (4TER ) N ®= 80
_ E
ds

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.

S

< 2 > < +Q s
v N
Q Q
(p = 80 (p = 80

GAUSS'S LAW 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.

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, €0 is the

permittivity of free space.
n

ZQi
If S is the Gaussian surface and =1 is the total charge enclosed by the Gaussian surface, then
according to Gauss's law,

N 1y i
@E:[DE"LE p

— &0 =1
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The circle on the sign of integration indicates that the integration is to be carried out over the closed

surface.

Note :

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
N is 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.

— Solued Eramples

Example 96  Find out flux through the given gaussian surface.

oq.=2uC

*0;=3uC

Gaussian surface

Q, 2uC-3uC+4uC 3x10°°

Solution. p= % = %o = %  NmzC
Example 97. If a point charge q is placed at the centre of a cube then find out flux through any one surface of
cube.
a
Solution. Flux through 6 surfaces = 0 . Since all the surfaces are symmetrical

149
so, flux through one surfaces = 6 %o

AR|

16.2 Flux through open surfaces using Gauss’s Theorem :

— Solued Examples

Example 98 A point charge +q is placed at the centre of curvature of a hemisphere. Find flux through the
hemispherical surface.

Solution. Lets put an upper half hemisphere.
q

Now flux passing through the entire sphere = £o
As the charge g 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 q
from lower half surface = 2—& from upper half surface =£
0 s
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Example 99

Solution.

Example 100

Solution.

AN |

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.

/7
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

©= 6gq

Q

Find flux through the hemispherical surface

a
0) Flux through the hemispherical surface due to +q = 2z (we have seen in previous
examples)
(i) 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.

16.3 Finding qgin from flux :

———— Solved Examples

Example 101
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10— —g>20

15

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

Solution. Net flux through the closed surface = + 20 + 30 + 10 -15 = 45 N.m?/c from Gauss’s theorem
Qn
et = ‘o
Qin
45 = ®o > Qin = (45)go

AN

16.4 Finding electric field from Gauss's Theorem :
From gauss’s theorem, we can say
- > qin
E.ds .
= = %
= (Pnet =
16.4.1 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,

= (.pnet = Qo = Q

!

- =
I|E|Ids|cosO >
(because the E is normal to the surface)

!

ds
Ej (because value of E is constant at the surface)

ds
E (4mr?) (j total area of the spherical surface = 4 mr?)
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Qin q
2
=  E@m)= 0 o o= TS
Electric field inside a spherical shell :
Lets choose a spherical gaussian surface inside the shell.
Applying Gauss’s theorem for this surface

[Eas ;
= @net = 0 =0
1
I| E||ds|cos0
1
jds
E
1
E (4mr?) = E@n)=0 = Ein=0

16.4.2 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

= @net= 0 = 70

l

I|E||d_;3|coso
l
E[ds
!

Q Q

_ 4:lt£;nr2

E (41r?) = E@nr)= % = Eout
Electric field inside a solid sphere :
For this choose a spherical gaussian surface inside the solid sphere Applying gauss's theorem
for this surface
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16.4.3

16.4.4

q X i1'(['3
4rcR3 3
N 94 3 qre
IEdS — = 80 — E0 = FGRS
Qnet= Y = =
l
IE ds
l
grs
g R®
E (41Tr2) = E(4T[r2) = %o
qr kQ
3 o
E= 47[80R = Ein = RS r

Electric field due to infinite line charge (having uniformly distributed charged of charge
density 1) :

Surface(1)
"] T~ eylindrical

gaussian
surface

surface(3)

"~ Siface(2)

Electric field due to infinite wire is radial so we will choose cylindrical Gaussian surface as shown
is figure.
e
9 M
¢]=0 ¢2:0 (b:,io =% =%

IE.JS _ [Eds _ £ ds

3= = E (2mr/)
M A 2k
E@u)= % = E= 27T —

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



Electrostatics

A

N
| + ¥ s

+ o+ o+

1 + + +

+ o+ o+ ;
! + + + .
+ + o+

H + + +

oL G S 8
o

() E out side the tube :- lets choose a cylindrical gaussian surface
g, o2nRl o2nR{ oR
Pnet = fo = %o = Eout X 271/ = €o = E= %o

(i) E inside the tube :
lets choose a cylindrical gaussian surface in side the tube.
Gin
et = Bo = 0
SoEn=0

» I

r=R
16.4.5 E due to infinitely long solid cylinder of radius R (having uniformly distributed charge in
volume(charge density p)) :
0] E at outside point :-
Lets choose a cylindrical gaussian surface.
Applying gauss's theorem

Gn  Px Rl
Ex2mr/= % = %o
pR?
Eout = ﬂ

-
,
\
\
\
\
[}
i
=Y
J
J
!
e
5

..........
.

L

(i) E at inside point :
lets choose a cylindrical gaussian surface inside the solid cylinder.
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% p X m’zf
Applying gauss's theorem E x 2mre = % = %o
Pr
Ein = 280 -
,
[ AE
Ik -
i ' A
E Eiﬂ:xr : Eout L(‘T
: ' > T
@ r=R

17. 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

O
o —=
E_¢&n
A
c EDFZG—Aﬁ Eﬂ]aﬂé:“—ﬂﬁ E”flo—ﬁ
B € ; € and €
(viii)  When a conductor is grounded its p?/teratial becomes zero.
(ix) When an isolated conductor is grounded then its charge becomes zero.
) When two conductors are connected there will be charge flow till their potential becomes equal.
(xi) Electric pressure : Electric pressure at the surface of a conductor is givey by formula
02

P= 2z where o is the local surface charge density.

(xii) Inside conductor net electric field is zero.

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
q G ds
flux through/\lf\flux through
surface (1) flux through surface (3)
¢, = Eds surface (2) 6,=0
(because E is 0.=0 (as E inside
normal to (Eis normal the conductor= 0)
the surface of to curved
conductor)  Gayssian surface )
cds o
So, Eds= %0 = E=*®
Electric field just outside the surface of conductor
C

E = %0 direction will be normal to the surface
- G.
E=—n

€

in vector form (here N = unit vector normal to the conductor surface)

Electric field due to a conducting and nonconducting uniformaly charge infinite

sheets
Suppose Q charge
is given to

/N

Conducting Non-conducting
plate plate
+H+

+ + +
+ +
Tttt At

+

Electric field for both the cases

Q
E=5—
2Ag,
E = Gmnduqu E = Gﬂ)w congducting
& 2¢,
where ¢, = & where ¢ = &
rondusting 2 A ron conducting A
Because Q is distributed Because Q is distributed
in "2A" area. in'A' area.

— Solued Eramples

Example 102 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.
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Solution.

Example 103

Solution.

5

Example 104

Solution.

Example 105

Solution.

Example 106

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. Q

¥y

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.

X Q-x

* O

r

2Ag, " 2Ag,

Let there is x charge on left side of sheeTand Q—x charge on right side of sheet.
Since point P lies inside the conductor so Ep = O

X Q-x 2x Q
2Aco _ 2Acg _ o 2Reg  _ 2Agg

So charge in equally distributed on both sides

N0

Q
Q-x= 2

3
x
I

If an isolated infinite sheet contains charge Qi1 on its one surface and charge Q2 on its other
Q

surface then prove that electric field intensity at a point in front of sheet will be 2Azg , Where
Q=Q1+Q

Electric field at point P :

N
E - Eo, +Eq, e P Q Q
1 + _2
Q1 ﬁ Q2 ﬁ Q1 + Q2 I:] Q I':I 2AEO 2A€n

_ 2Ag, + 2Ag, _ 2A¢g, _ 2A¢g,

[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].

Three large conducting sheets placed parallel to each other at finite Q -2Q 3Q
distance contains charges Q, —2Q and 3Q respectively. Find electric

field at points A, B, C, and D.

Ea= Eo + E—20 + E3o.

Here Eq means electric field due to ‘Q’. sA| eB | oC |eD
(Q-2Q+3Q) 2@  Q

Ea= 2Ag = 2Agy - Agg , towards left
Q-(-2Q+3Q)

i) Ee= A% -
(Q-2Q)-(3Q) -4Q -2Q 2Q

(iii) Ec = 2Azg = 2A% = A% towards right = A% towards left
(Q-2Q+3Q) 2Q Q

(iv) Ep = 2Ag = 2hgg - Ag , towards right

Two conducting plates A and B are placed parallel to each other. A is given a charge Q1 and B
a charge Q2. Prove that the charges on the inner facing surfaces are of equal magnitude and
opposite sign.

Consider a Gaussian surface as shown in figure. Two faces of this closed surface lie completely
inside the conductor where the electric field is zero. The flux through these faces is, therefore,
zero. The other parts of the closed surface which are outside the conductor are parallel to the
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Example 107

Solution.

electric field and hence the flux on these parts is also zero. The total flux of the electric field
through the closed surface is, therefore zero. From Gauss’s law, the total charge inside this
closed surface should be zero. The charge on the inner surface of A should be equal and opposite
to that on the inner surface of B.

E=0 . Qa9 p A
Q,t 1A 9
|E L
Q2| 1B [ 1B
E=0 Q,*q

The distribution should be like the one shown in figure. To find the value of g, consider the field
at a point P inside the plate A. Suppose, the surface area of the plate (one side) is A. Using the

Qi-q

equation E = o / (2¢0), the electric field at P due to the charge Q1 —q = 2A¢q (downward)

q
due to the charge + q = 27%0 (upward),

q
due to the charge — q = 2Aeg (downward),

Q, +q
_ 2A¢

and due to the charge Q2+ q = 0 (upward).

The net electric field at P due to all the four charged surfaces is (in the downward direction)
Q-9 q A B Q, +q
2Ag;  2Aegy 2Ag, 2Ag

Ep =
As the point P is inside the conductor, this field should be zero. Hence,
_9-Q
Qi-g-q+q-Q-q =0 or 2

This result is a special case of the following result. When charged conducting plates are placed
parallel to each other, the two outermost, surfaces get equal charges and the facing surfaces get
equal and opposite charges.

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 2Q

Te
o

Let there is x amount of 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

LY
0

Ep =0 ( By property of corﬁjctor)

X Q_x+ y +2C)—y
o 2Ag, _ 2Ae, 2Ae, 2Ag, _o
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Example 108

Solution.

Example 109

2 2

+3Q| [-Q@ Q| |+3q
2

we can also say that charge on left side of P = charge on right side of P
X=Q-Xx+y+2Q-y
3Q -Q
o> 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 : -

Figure shows three large metallic plates with charges — Q, 3Q and Q respectively. Determine the

final charges on all the surfaces.
-Q 3Q Q

We assume that charge on surface 2 is x. Following conservation of charge, we see that surfaces
1 has charge (— Q — x). The electric field inside the metal plate is zero so fields at P is zero.

1 33Q4 5 Q 6
_Q_x X
Resultant field at P -
Erp=0
-Q-x  x+3Q+Q -5Q
N ZASO — ZASD = _Q X=X+ 4Q = X = 2

Note : We see that charges on the facing surfaces of the plates are of equal magnitude and
opposite sign. This can be in general proved by gauss theorem also. Remember this it is
important result. Thus the final charge distribution on all the surfaces is as shown in figure :

3Q -5Q 5Qf [+Q -Q +3Q

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.
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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
2Agy |, £ = 2Ag

x4«
N Agy _ 2Agy _E
Q Q +EAg,
= X = 2 —EAgo and Q-x= 2
Q Q

So charge on one side is 2 — EAgo and other side 2 +EAe

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.

(|

17.1  Some other important results for a closed conductor.

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

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

(iv) 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
charge,

(V) Charge distribution for different types of cavities in conductors

charge is at the common centre
(A) (S,, S, — spherical)

6

S?

charge is at the centre of S,

(C) (S — spherical)

charge is at the centre of

(E) S, (Spherical)

(G) charge is at the geometrical centre

Using the result that
that

E

@SD

charge is not at the common centre
(B) (S,, S, — spherical)
S,

charge is not at the centre of S,
(D) (S, — spherical)

@@

charge not at the centre
(F) of S,(Spherical)

&

charges is not at the geometrical

(H) centre

res in the conducting material should be zero and using result (iii) We can show
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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 S1 = —q and on outer surface Sz = q. The distribution of charge on

‘S1’ will not change even if some charges are kept outside the conductor (i.e. outside the surface S»).
But the charge distribution on ‘Sz’ may change if some charges(s) is/are kept outside the conductor.

— Solved Examplee

Example 110

Solution.

Note :

Example 111

Solution.

An uncharged conductor of inner radius R1 and outer radius Rz contains
a point charge g at the centre as shown in figure

(i) Find E and V at points A,B and C

(ii) If a point charge Q is kept out side the sphere at a distance ‘r (>>Rz)
from centre then find out resultant force on charge Q and charge q.

At point A :
Kg Ka KCa) o Kg IF
vaz OA  Ro | R Ea- oA®
Electric field due at ‘A’ due to —q of S1and +q of Sz is zero individually
because they are uniformly distributed

Kq K(-q) Ka Kq
At point B : ve= OB + OB +R2:R2,EB:O
LC CI iy

At point C : ve= OC, Ec - oc?
(i) Force on point charge Q :

(Note : Here force on ‘Q’ will be only due to ‘q’ of Sz see result (iii)

—. KgQ.

F 2 ' . o~ o~

Q= (r = distance of ‘Q’ from centre ‘O’)

Force on point charge q:

F
9 =0 (using result (iii) & charge on S1 uniform)

An uncharged conductor of inner radius R1 and outer radius Rz contains a point charge q placed
at point P (not at the centre) as shown in figure ? Find out the following :

(i) Vc (i) Va (i) Vs (iv) Ea (v) Es
(vi) force on charge Q if it is placed at B
kg KCa) Kg
(i) Ve = CP + Ri R
*B
S,
K(-q)

Note : — g on S1 is nonuniformly distributed still it produces potential R at ‘C’ because ‘C’

is at distance ‘R1’ from each points of ‘St



Electrostatics

Kq Kq

(i) Va= Rz (i) Ve= CB (iv) Ea =0 (pointis inside metallic conductor)
Kq , KQq 5

(v) Es= CB? CB (vi) Fo= CB?

(vi) Sharing of charges :
Two conducting hollow spherical shells of radii R1 and Rz having charges Qi1 and Q2 respectively
and seperated by large distance, are jgined by a conducting wire

Let final charges on spheres are q:1 and gz respectively.
Potential on both spherical shell become equal after joining, therefore

Kg Koy 4 R
Ri — Ry @ -R (i)
and, qu+Q2=Q1+Q2 L. (i)
(Q +Qy )R (Q +Q,)R;
from (i) and (ii) q= RitR = RitRo
W R, o,41R? R,
i —— 1
ratio of charges %@ =R, = 0247Rz _ Ry
Gy &
ratio of surface charge densities 2 = R
Q4 &
Ratio of final charges 9 R,
o1 R
Sy R;

Ratio of final surface charge densities.

— Solued Eramples

Example 112 The two conducting spherical shells are joined by a conducting wire
and cut after some time when charge stops flowing.Find out the charge -3Q
on each sphere after that. e%

Solution. After cutting the wire, the potential of both the shells is equal

Kx  K(-2Q-x) k(x-2Q)
Thus, potential of inner shell Vin= R+ 2R = 2R

Kx  K(=2Q-x) -KQ
and potential of outer shell Vour= 2R + 2R = R

~KR K(x-2Q)

As Vot =Vin > R = 2R = 20=x-2Q = x=0
So charge on inner spherical shell = 0 and outer spherical shell = — 2Q.

Example 113 Find charge on each spherical shell after joining the inner most shell and outer most shell by a
conducting wire. Also find charges on each surface.
5Q

&

>

3
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Solution.

Example 114

Solution.

Example 115.

Solution.

Let the charge on the innermost sphere be x. 2k
Finally potential of shell 1 = Potential of shell 3 3

Kx  K(2Q) K(6Q-x) Kx K(-2Q) K(6Q-x)

— —+
R+ 2R 4+ B3R =3R 3R 3R f@’

>

Q
3x-3Q+ 6Q —-x=4Q ; 2Xx=Q ; x= 2
Q
Charge on innermost shell = 2
5Q
charge on outermost shell = 2 middle shell = -2Q

Final charge distribution is as shown in figure.
Q

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

-Q

2R

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
E + E =0
=3Q
x= 2 the charge that has increased
3Q @

= 2 — (-Q) 2 =hence charge flows into the Earth =

N0

x

2R

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
2 2 2

[ a _0\ fQ/4+QI4\ Q?

kSnaDR J LB’.’IEOR BHEORJ _ 16mgyR




Electrostatics

(AN|

18. VAN DE GRAAFF GENERATOR (HIGH VOLTAGE GENERATOR)

(i
(ii)

(iii)

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

It is an electrostatic generator capable of generating very high potential of the order of
5x 108 V.

This high potential is used in accelerating the charged particles.

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

().
2)

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

1 Q

Therefore, potential inside the charged conducting shell A, Vi1 = 4mg, R
Suppose that a small conducting sphere B having radius r and charge +q is placed at

the centre of the shell A.

L

Then, potential due to the sphere B at the surface of shell A, V2 = 4mzy R
1.9
dnegy T

and potential due to the sphere B at its surface, V3=
Thus, total potential at the surface of shell A due to the charges Q and q,

1. Q 1 q 1[93}

L=+ .= +
VA= Vi+Vp= 4ng, R 4ngy R or Va = 4nep \R R
and the total potential at the surface of sphere B due to the charges Q and q,
1. e, 1 g ! [9&]
Ve = Vi +Vs= 4ne, R 4dmgy r or Ve = 4ngs \R

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

L8 @) el
VVe_vac 410 \R 1) _dn\R'R) |, _ 4, \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 :

Working :

C,, C, - Metallic comb

P, P, - Pulley

s — Metallic hollow sphere
cc — Insulating column
D — Discharge tube

L — lon source

=)
ilf
_./‘_
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Problem 1.

Solution.

Problem 2.

Solution.

(i)
(i)

(i)

(iv)

(v)
(Vi)

(vii)
(viii)

(ix)

Solved MWliscellaneous Probllems

An endless belt of an insulating material is made to run on two pulleys P1 and P2 with
the help of an electric motor.

The metal comb Cq, called spray comb is held potential with the help of E.H.T. source
(= 10* V), it produces ions in its vicinity. The positive ions get sprayed on the belt due
to the repulsive action of comb Ci.

These positive ions are carried upward by the moving belt. A comb Cz, 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 Cz 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 equal positive point charges 'Q' are fixed at points B(a, 0) and A(-a, 0). Another negative
point charge qo is also placed at O(0, 0) then prove that the equilibrium at 'O’ is

(i) stable for displacement in Y-direction.

(i) unstable for displacement in X-direction.

(i) When charge is shifted along y-axis

Let x-y direction as :-A

Q .

F sin® qL F sin0
T E F y axis
: 2Fcosh - Q
A.'.................................O.................................'é ﬁ,x X axis

After resolving into components, net force will be along negative y-axis so the particle will return
to its original position. So it is stable equilibrium
(i) When negative charge qo is shifted along x-axis.

Initially

Fro Feo Q
Ae = = — 2R
oo FolFol-

When charge qo is slightly shifted towards + x axis by small distance Ax than

- -
Foo| > Fao

Also these forces are attractive forces (due to negative charge)
Therefore the particle will move towards positive x-axis and will not return to its original position
so it is unstable equilibrium for negative charge.

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 perpendicular bisector and released. Also find its time period.
Let x-y direction as :-
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Problem 3.

Solution.

Fsint -q Fsind

. F o0 F
y axis L x
A~ L 2F cos 0

’ —ed
> X axis ¢ /
When particle is shift along y-axis with a small displacement
After resolving component of forces between q and —q charges
by figure Fnet in x-axis = 0 [Fret = net force on —q charge]

Net force on — q charge in y direction = —2F coso

kQq X
Y (XZ +f2) ‘ (XZ +ﬂ2)11'2
- 2Kgx
IFl = (4222
2Kq2x
= ma = P (forx << /) (a = acceleration of — q charge)
2Kq?
= a=— m®
This is equation of S.H.M. (a = — w?x)
3
2 [ Mt
2Kq

so time period of this charge (-q) :- T= Ans.
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 q related ?
(b) Could q be chosen to make the resultant force on each charge zero ?
(a) Let at a square ABCD chargeg are placed as ghown
q Q

y axis

a L )
X axis

= e Q- o
FQq 450k‘,’-A B
oo a
Lo _\:l
Fag Faq

— 4

. F .
Now forces on charge Q (at point A) due to other charge are FQQ, Q9 and Foq respectively
shown in figure.

—

Faq +Faq +F,
FnetOI’]Q: aa * Qq+ Qq

(at point A)
But Fret =0
So,XFx=0
2Fx = — Foq €c0s45° — Foq
KQ* 1 Kag Q
o (V2ap V2 & =0 = q=—2\/5 Ans.

(b) For resultant force on each charge to be zero :
Q

From previous data, force on charge Q is zero when g = — 2V2 if for this value of charge g, force
on q is zero then and only then the value of q exists for which the resultant force on each charge
is zero.

Forceonq :-
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Problem 4.

Solution.

Forces on charge g (at point D) due to other three charges are
shown in figure.

— A FtlQ
th V.
_ o a Q
Feo D[~ C
QA Bq
Net force on charge q :-
Fl'let = qu + FqQ + FqQ But Fnet =0
So,XFx=0
Kg? 1 KQq
ZFX:_(\/ia)z i ﬁ_ (a)Z = q:_Q\EQ
Q

But from previous condition, g = — 2V2

So, no value of g makes the resultant force on each charge zero.

— — —

Fo F F
6@ 799 and 99 respectively

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

B
Q
(i) Force acting on charge q.
(ii) Electric field at centre of sphere.
(iii) Electric field at point B.
(i) Electric field inside a hollow sphere = 0
- Force on charge q.
F= qE =qx 0=0
(if) Net electric field at centre of sphere
Enet = Ey + E,
E: = field due to sphere =0
Kq
E2 = field due to this charge = r?
Kq
Enet = r2
Q
°B
KQ.
(iii) Electric field at B due to charge on sphere, 1 = 1
Ka;
E,o 1’ z

and due to charge q at A,
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— — — —N
So, Bt =By BEoof” 4 0 whereri=CB and r2 = AB
Problem 5. Figure shows two concentric sphere of radius R1 and Rz (Rz > R1) which Q
contains uniformly distributed charges Q and —Q respectively. Find out
electric field intensities at the following positions : e‘
() r<Ru (fRi<r<R2 (i) r> Rz

Solution. Net electric field = E1 + E2 Q

E: = field due to sphere of radius R1

E> = field due of sphere of radius Rz é

(i) E1=0,E2=0

Enet =0
-

(i) Ea= I JE2=0 > r

Mg,

4 > 4 >
i) E1=r" Ez2= r? H = Enet = E1 4 E2 =

~

A~

Problem 6. A solid non conducting sphere of radius R and uniform volume charge density p has centre at
origin. Find out electric field intensity in vector form at following positions.
() (R, 0,0) (i) (0,0, R/2) (i) (R, R, R)
Solution. For uniformly charged non-conducting sphere. Electric field inside the sphere :-
ar er
E -k R® - 35 for r <R and electric field outside the sphere
4 -3
KQ 1 gnR pR?

a . 2,
E0=r2.r=41’[80. 12 F o= 3T F

_ forr>R
) (R,0,0) meansitis atthe surface T = Rfand f =i
PR PR
_ 3g,R? (iy= 3% i
R

(i) (0,0, 2)

means point is inside the sphere

R PR

r=2k = E = 68

(iii) For position (R, R, R)

g

E

o]

P
F:R(i+i+r() = f: \/§ ,r=R"/§
means point (R,R,R) is outside the sphere

_ PR (i4jrk) PR
E-360BR) 3 9B (i+j+k) g

o

Problem 7. 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 :-
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Problem 8.

Solution.

Problem 9.

Solution.

Problem 10.

For any external point ; sphere behaves like a point charge. So it becomes a triangle having point
charges on its corner.
2

—~ ko
IFaa | _ 4R2
q
.".’._
2R & . 2R
qu
ka®. 60 ka* V3 V3 ka®

Sonetforce (F)=2. 4R* [ cos 2 =2 4R* 2 = 4 R® ps.

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
E=- dr = dv:—E‘dr
— — H N
for E =constant = Av =—E.Ar : Av = —10(-!). 50 x 102) | =5 volts.

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)

_> ~
Electric field in x - axis mean E\ =20

rd

~,

C (6,5) y axis
L Y S
B@42) ¢

«— 4m—> : .

A(0,0) L X axis
(a) |AVAB|=E‘1=2oi.4i"=80v > Ve — Va = — 80V
)  [AVee - E-d - 200 .21 = 40 volt > Vc-Ve=-40V
© Vel Ed_50i giz1o0vot = Ve—vaz —120V

Some equipotential surfaces are shown in figure. What can you say about the magnitude and
the direction of the electric field ?
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Solution.

Problem 11.

Solution :

Problem 12.

Solution.

We know, that the electric field is always perpendicular to equipotential

surface. So, making electric field lines perpendicular to the surface,

we find that these lines are originating from the centre. So, the field is

similar to that due to a point charge placed at the centre. So,

comparing the given potentials with that due to point charge, we have,
KQ

V=T = KQ=Vara=Vars=Vcrc = 6 V-m

Hence electric field at distance at radius r can be given by
KQ 6

E= r? =1 ym

As the electric field lines are directed towards the decreasing potential. So, electric field is along

radially outward direction.

A point charge of charge —q and mass m is released with Q\
negligible speed from a distance VIR on the axis of fixed fy‘, am
uniformly charged ring of charge Q and radius R. Find out its ~~7[~®~ ':' """"" &------
velocity when it reaches at the centre of the ring. fixed| < ’f‘ ; >
; V3R

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

kQ A

2 2 R — R
v = VR*+X° - 50 potential at point A due to ring e

__ kK «ka

vy = VR?+3R? - 2R
So potential energy of charge —q at point A

-kQq kQ
PE1= 2R  andpotential atpointB V.= R
So potential energy of charge —q at point B

~kQq
PE.= R

Now by energy conservation
P.E1+KEi1=P.E2+K.E2

—kQq -kQq 1 kQq
2R +0= R + 2 mv2 = V2 = mR
kQq

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

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

Potential energy of system :
U= U2+ Uiz + U1sa + U2z + U2sa + Uz

u= @ + a + a + a + a 4+ a

—2kg?
Total potential energy of this charge system U= @
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Problem 13. If V = x2y + y2z then find E at (x, y z)

Solution. Given V = x?y + y22 and E =—or
1V ﬁV -
- a - . H .
E=- x o = E =—[2xy! + (x+2yz) 1+ y2k]
20
Problem 14.  Magnitude of electric field depends only on the x — coordinate given E = x*> 1 V/m . Find
0] the potential difference between two point A (5m, 0) and B (10m, 0).
(ii) potential at x =5 if V at « is 10 volt.
(iii) in part (i) does the potential difference between A and B depend on whether the
potential at « is 10 volt or something else.
20
— —2 -
Solution. Given E = X* i vim
Jav=—[E.ar
we know that
J' dv = J' E,dx J‘ dx
20 20 20
Rkl § 9 —_—
Potential difference AV = X 1% = v,—vi= X2 X1
20_20
0) Potential difference between point A and B (AV for AtoB) Ve—Va= 10 5 =_2yolt
(i) AV forx=wtox=5
20 20

Vs—V,= 9 — @
Vs =10+ 4 = 14 volt

(iii) Potential difference between two points does not depend on reference value of potential
so the potential difference between A and B does not depend on whether the potential
at oo is 10 volt or something else.

Problem 15. If E = 2r2 then find V(r)
Solution. Given E =2r2

—.
dv E.dr 2r
we know that -'. =— J. =— -[ dr
—2r3
= V)= 3 +c Ans.
Problem 16. 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.
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Solution.

Problem 17.

Solution.

Problem 18.

Solution.

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.

Q
Linear charge density of rod = £

N | =

and minimum length of rod inside the cube =

e
= nf=

charged

rod

Q
!

N | =
N O

So charge inside the cube =
2q Q

so flux through the entire surface of the cube = S = 2

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

G

By Gauss law, ¢ = 0
|

Here, since Q is kept at the corner so only 8 charge is inside the cube. (since complete charge
can be enclosed by 8 such cubes)

Q
qih: 8
9 Q
So, @= fo = 8% 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 poteﬁtial 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

kQ?
so, total heat loss = 2R



