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Preface

ince the time the IIT-JEE (Indian Institute of Techrology Joint Entrance Examination) started, the
S examination scheme and the methodology have witnessed many a change. From the lengthy subjective

probléms of 1950s to the matching column type questions of the ptesent day, the paper-setting pattern
and the approach have changed. A variety of questions have been framed (o test an aspirant’s calibre, aptitude,
and attitude for engineering ficld and profession. Across all these years, however, there is one thing that has not
changed about the IIT-JEE, i.e., its objective of testing an aspirant’s grasp and understanding of the concepts
of the subjects of study and their applicability at the prass-root level.

No subject can be mastered overnight; nor can a subject be mastered just by formulae-based practice.
Mastering a subject is an expedition that starts with the basics, goes through the illustrations that go on the lines
of a concept, leads finally to the application domain (which aims at using the learnt concept(s) in problem-
solving with accuracy) in a highly structured manner.

This series of books is an attempt at coming face-to-face with the latest IIT-JEE pattern in its own format,
which is going to be highly advantageous to an aspirant for securing a good rank. A thorough knowledge of the
contemporary pattern of the JIT-JEE is a ynust. This series of books features all types of problems asked in the
examjnation—be it MCQs (one or more than one correct), assertion-reason type, matching column type, or
paragraph-based, thought-type questions. Not discounting to need for skilled and guided practice, the material
in the book has been enriched with a large number of fully solved concept-application exercises so that every
step in leaming is ensured for the understanding and application of the subject.

This whole series of books adopts a multi-facetted approach to mastering concepts by including a varicty of
exercises asked in the examjnation. A mix of questions helps stimulate and strengthen muiti-dimensional
problem-solving skills in an aspirant, Each book in the series has a sizeable portion devoted to questions and
problems from previous years” IIT-JEE papers, which will help students get a feel and pattem of the questions
asked in the cxamination. The best part about this series of books is that almost all the exercises and problem
have been provided with not just answers but also solutions.

Overall the whole content of the book is an amalgamation of the theme of physics with ahead-of-time
probiems, which an aspirant must follow to accomplish success in IJT-JEE.

B. M. SHARMA









1.2 Physics for IIT-JEE: Electricity and Magnetism

ELECTRIC CHARGE

Electric charge, like mass, is one of the fundamental attributes of
the particle of which the matter is made. Charge is the physical
property of certain fundamental particles (like electron, proton)
by virtue of which they interact with the other similar funda-
mental parlicles,

e Charge is an intrinsic properly of some fundamental par-
ticles which accompanies thcse particles wherever they
exist,

¢ Charge is that property of a body/particle which is respon-
sible for electrical force between them.

To disti'nguish the nature of interaction, charges are divided
into two parts:

(1) positive (if) negative,

Fig. 1.1 shows an experitment to demonstrate that there are
two types ol charges.

We know that matter consists of atoms. An atomn consists
of a central core (called nucleus) and clectrons. Elecirons orbit
around the nucleus. Nucleus consists of neutrons and protons.
Neutrons do not contain any net charge. Protons and electrons

have equal charges, but of opposite nature. Protons arc positively

charged while electrons are negatively charged. Protons, how-
ever, are very heavy when compared with electrons, about 1836
times. Protons are imprisoned in the nucleus along with neu-
trons due to the strongest binding force existing in nature called
‘strong or nuclear force'. Thus, protons do not travel from atom
to atom, The outermost electrons may travel from atom 1o atoin.
Hence, we sy that electrons are the basis of electricity.

Charge on a proton or on un electron is of indivisible nature.
We designate this charge by +e¢ and —e, respectively. Hence,
charge in or on any object is always an integral multiple of the
electronic charge.

In a normal atom:

i. Number of protons = number of electrons.

ii. Protons have Lhe basic +e charge and electrons have the
basic —e charge. ;
iti. Hence, a normal atom is electrically neutral.

Electrons can Lravel from one atom to another and from one
body (o another.

If a body loses one electron, it becomes positively charged
with +¢ charge and vice versa,

A body, however, cannot lose or gain any proton, which is
heavy and remains imprisoned in the nucleus, by ordinary meth-
ods.

Note: Basic unit of charge = é, whosé mugnitude is equal
to the magnitude of charge on an electron or proton, le.,
e=1.6x10""C

S.L unit of charge: As mentioned above, e = 1,6 x 10~1?
C. Init, e stands for one electronic charge which Is the basic
unit of charge. C stands for “coulomb” (note the small ¢ in
“coulomb”). “coulomb” is the S.I. unit of charge.

CHARGING OF A BODY

Ordinarily, matter contains equal number of protons and elec-
trons. A body can be charged by the transfer of electrons or
redistribution of electrons.

A body can be charged by the transfer of electrons and not
due to the transfer of protons. Why?

It is because protons are inside the nucleus and it is very
difficult to remove them from there. Electrons lie in the outer
shells and it is easier to remove them.

N

7
Nalure ol‘cha S0 nc ulred
Repulston ; rg; q by Repulsion
Glass rod &’d !|Ebonite rod wod.
Both the g[ass rods are vubbed Both the ebonite rods are rubbed
with stlk cloth with fur
" Attractl As now (hese are altracting, so nature of
raetion ’ charge acquired by ebonite rod should be
Glass rod Ebonlte rod different from nature of charge acquired
\ by glass rod. Hence, there are Iwo
; kinds of charges.
Glass rod rubbed Conclusion: Unlike charges attract cach other
with sitk and ebonite rod
rubbed with fir
Final Concluston: Like charges repel ench other and unllke charges attract cach other.
Later on it was found that glass rod had positive charge and ebonite rod had ncgative charge
& There is no third kind of charge.

Z

Fig. 1.1



To charge a body negatively: some electrons are given to it.
To charge a body positively: some electrons are taken from it.

WORK FUNCTION OF A BODY

*he amount of work to be done on a body in order to remove
.«ectron from its surface. Obviously it is easier to remove an
electron from a body whose work function is lower.
Let us see how bodies get charged due to friction:
As shown In Fig. [.2, let W3 > W),
Now, suppose A and B are rubbed together.
Net transfer of electrons will take place from A to 8.
It is to be noted that mass is also affected during charging.
(Mass of negatively charged body Increases and that of posi-
tively charged body decreases.)

«

Wy w2
Fig. 1.2

Besically charging can be done by three methods:
1. Friction, 2. Conduction, and 3. Induction.

Charging by Friction

When two bodies are rubbed together, electrons are transferred
from one body to the other making one body positively charged
and the other negatively charged.

Example: When a glass rod is rubbed with silk, the rod be-
comes positively charged while silk gets negatively charged.
However, ebonite on rubbing with wool becomes negatively
charged making the wool positively charged.

Coulomb’s Laws and Electric Field 1

Charging by Conduction

The process of charging from an already charged body car
happen either by conduction or induction. Conduction from ¢
charged body involves transfer of like charges, A positively
charged body can cause more bodies to get positively charged
but the sum of the total charge on all positively charged bodies
will be the same as charge on Initially considered charged body

Charging by Induction

Induction is a process by which a charged body can be us:d
to creale other charged bodies without touching them or los-
ing its own charge. If a charged body is brought near a neutral
body, the charged body attracts opposite charge and repels siml-
lar charge present on the neutral body. If the neutral body is now
earthed, the like charge is neutralized by the flow of charge from
earth, leaving unlike charge on the body. Now, the earthing and
the charging body is removed leaving the initially neutral body
charged, The whole process is as shown in Fig. 1.3.

PROPERTIES OF ELECTRIC CHARGE
Quantization of Charge

Charge exists in discrete packets rather than in continuous
amount, i.¢., charge on any body Is the integral multiple of the
charge on an electron or proton.

Q = Lne, where n =0, 1,2, ...

Conservation of Charge

Charge is conserved, i.e., total charge on an isolated gsystem i8
constant, By isolated system, we here mean a system through

1 'Leta positively cherged rod is
+  brought near this body. Separation‘of
cherges in the body will take place.

tral b&dy tobe !
charged is mounted on
an insulating stand.

' Interesting thing here )| A e N
is that the rod does mot [« /iy tiriiin b
. loase any charge. '
St " Now, the rod is also removed.

BIELk i ' Negative charge spreads uniformly on
S

the body. Thus, the body becomes negatively charged; =

Tﬁc body.is carthed. l;osidvo :
charge flows to the earth

RS

Fig. 1.3



1.4 Physics for IIT-JEE: Electricity and Magnetism

the boundary of which no charge is allowed to escape or enter.
This does not require that the amount of positive and negative
charges separately be conserved.

Additivity of Charge

Total charge on a body is the algebraic sum of all the charges
located anywhere on the body. While adding the charges, their
sign must be taken into consideration.
For example, if a body has charges 2C, -5 C,4Cand 6 C
(Fig. 1.4), then total charge on the body =2 -5+ 4 +6="7C.
Note that charges arc added like real numbers. They have no
direction. So, charge is a scalar quantity.

Fig. 1.4

Charge is Invariant
Charge does not depend on the speed of body.

Points to Remember

There nre two types of forces which act between two charges.
If the churges are stationary, there is only one type of force
between them. Ttis culled “electric* or “electrostatic” force. It
is given by Coulomb’s law for point charges, If the charges are
moving, then two types of forces act between them. The first
one is the above suid electric force. The other force which
emerges due to motion is called magnetic force. We shall
study magnetic force in a later chapter.

Charge produces electric and magnetic fields and radlates
cnergy: A stationary charged particle produces only electric
field in the space surrounding it. A charged particle moving
without acceleration produces electric as well as magnetic
fields. A charged particle in accelerated motion radiates en-

ergy as well, in the form of electromagnetic waves.

IR R B A glass rod is rubbed with a silk cloth,
The glass rod acquires a charge of +19.2 x 10~ C.

1. Find the number of electrons lost by glass rod.

2. Find the negatlve charge acqulired by silk,

3. Is there transfer of mass from glass to sllk?
Given, m, = 9 x 10™3kg,

Sol.

1. Number of electrons lost by glass rod is

g 19.2x19°9
o PT T Texiom 2
2. Charge on silk = =192 x 107 C
3. Since an electron has a finite mass (m, = 9 x 1073 kg),
there will be transfer of mass from glass rod to silk cloth.
Mass transferred = 12 x (9 x 1073) = 1.08 x 10~ kg

Note that mass transferred is negligibly small: This is expected
because the mass of an electron is extremely small.

TIIIBWH  Electric charges A and B attract each

other. Electrle charges B and C repel each other. If A and C
are held close together, they will:

1. attract 2, repel 3, not affect each other

4. more information is needed to answer.

Sol. :

Case 1 Case 2

If A and B attract each other, | If A and B attract each other,
then o then e
[EH57 ama = || B 5 and + |
If B and C repel each other, | If B and C repel each other,
then then
[ and = @8 . and + |

From both cases, we see that A and C will be having unlike
charges, Hence, if the charges A and C are held together, they
will attract each other.

If an object made of substance A ls

Allasiration .3
rubbed with an object made of substance B, then A becomes
positively charged and B becomes negatlvely charged. If,
however, an object made of substance A is rubbed against
an object made of substance C, then A becomes negatlvely
charged, What wlll happen if an pbject made of substance
B Is rubbed against an object made of substance C?

1. B becomes positlvely charged and C becomes positively
charged.

2. B becomes posltively charged and C becomes negatlvely
charged,

3. B becomes negatively charged and C becomes positively
charged.

4, B becomes negatlvely charged and C becomes negatlvely
charged.

Sol. 3, When A and B are rubbed, A becomes positively charged

and B becomes negatively charged. It means

o Electrons ave loosely bound with A in comparison to B,
When A and C are rubbed together, A becomes negatively
charged and C positively charged. It means

o Electrons are loosely bound with C in comparison to 4,

e Hence, in C electrons are most loosely bound.
So, if the objects B and C are rubbed together, C will loose
electrons and B will receive electrons.

e Hence, C will become positively charged and B will be-
come negatively charged.

NI TE]  Objects A, B and C are three identlcal,

insulated, spherical conductors. Originally A and B both




\i ?

+3 mC, while C has a charge of —6 mC,

'C are allowed to touch, then they are moved

o objects B and C are allowed to touch before
oved apart.

.-jects A and B are now held near each other, they will
.attract b, repel c. have no effect on each other.
i Instead objects 4 and C are held near each other, they
will
a. attract b, repel c. have no effect on each other.

Sol.
Initially @ @

+3mC +3mC -6mC

o When the objects A and C are allowed to touch and then
moved apart:

@ © @O=0

{(+ 3 MC + (=6 mC) = =3 mC] _3mc 3 ¢

2 2

e When the objects B and C are allowed to touch and then
moved apart:

® © 0=

3 3 3 3
[(+3mC)+(—§ mC)—+§ mC] +3mC +ch

Hence, if A and B are now held near each other, they will
attract each other.

o If A and C are now held near each other, they will also
attract each ather.

Ilustration L.5 Figure 1.5 shows that a positively

charged rod is brought near two uncharged metal spheres 4
and B attached with Insulated stands and placed in contact
with each other.

1. What would happen If the rod was removed before the
spheres are separated?

2. Would the induced charges be equal in magnitnde even if
the spheres had different sizes or different conductors?

3, What will happen If the spheres are separated first and
then the rod Is removed far away.

T+
++++ °e

Fig. 1.5
Sol.

1. When a positively charged rod is brought near A, the free
electrons in the sphere A are attracted to the rod and move in
the left side of A. This movement leaves unbalanced positive
charge on B. If the rod is removed before the spheres ars
separated, the excess electrons on sphere A would flow back
to B. Both the spheres will become uncharged.

I — L1 L1 [ e[S

Fig. 1.6

2. Yes, net charge s conserved. Bafare the rod is brought near
A, both A and B were neutral. They will remain so even if
they have different sizes or materials.

3. If the rod is removed after the spheres are separated, the
sphere A will have net negative charge and sphere ‘B will
have net positive charge of same magnitude,

Concept Application Exercise 1.1

1. a, How many electrons are in [ coulomb of negative
charge? | -

b. Which is the true test of electrification, attraction or
repulsion? i

c. Can a body have charge of 0.8 x 10~'% C?

Find the unit and dimension of permittivity of free space.

If only one charge is avallable, can It be used to obtain a

charge many times greater than it in magnitude?

4. a. Can two bodies having like charges attract each other?
(Yes/No)

b. Can a charged body attract an uncharged body?
(Yes/No)

¢. Two ldentical metallic spheres of exactly equal masses
are taken, one Is given a positive charge ¢ and the other
an equal negative charge. Thelr masses after charging
are different. Comment on the statement,

A particle has charge of +107'2 C,

a. Does it contain more or less number of electrons as

. compared to the neutral state?

b. Calculate the number of electrons transferred to provide
this charge. ,

6. Anebonlte rod is rubbed with fur. The ebonite rod is found
to have a charge of —3.2 x 10~¥ Con it.
a. Calculate the number of electrons transferred.
b. What s the charge on fur after rubbing?

7. The electric charge of macroscopic bodies is actually a

surplus or deficiency of electrons. Why not protons?

A charged rod attracts bits of dry paper which after touch-

ing the rod, often jump away from it violently, Explain,

A person standing on an insulating stool touches a charged

insulated conductor. Will the conductor get completely

discharged? '

An electron moves along a metal tube with variable cross

section. How will its velocity change when it approaches

the neck of the tube (Fig. 1.7)?

2
3

.

5

e

9

D

10
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—
/7

Fig. 1.7

11. Define the following statement “If there were only one
electrically charged particle in the entire universe, the con-
cept of electric charge would be meaningless™.

o —

COULOMB'S LAW

The force of interaction between two point charges s propor-
tional to the product of magnitudes of the two charges and in-
versely proportional 1o the square of disiance between them.

e r b 42

Fig. 1.8

Let two point electric charges g, and g are at rest, sepamted
by a distance r, then they exert a force on each other which is
given by

F= k%lh

where k is a proportionality constant known as electrostatic force
constant,
[f between the two charges there is free space (or vacuum),

then k = —— = 9 x 10° Nm? C~2 (in SI units)
4msq
|
where 6p = — = 8.85 x 107" C2N~'m™2 is the absolute
electric permittivity of the free space.
|
So, force between two charges is givenas F = e

0
Equation (1) is applicable only for point charges placed in
vacuum, Now, what happens if the two charges are placed in
some medium?

In a medium, the force is given as: F/ = k’q:# (i1)
|
where &' = e and in this £ is known as absolute electrical
permittivity of medium.
1 q1q2 .
hen, = —
Then F y— (1ii)

The ratio o= &, is known as relative electrical permittivity
0

of medium.
" Itis also known as dielectric constant and denoted by K.
So, £ =g =K
€0
The value of K for different materials: Vacuum = |,

air = 1.006 [, glass = 3 to 4, water = 81, conductor = co.
In general K > 1

!
1
Now, from (i) and (iii) : £ = % =7 =
means when the charges are placed in a medium, .

creases X times.

F .
Also, K = —.So, the dielectric constant of a medium.,

defined as the ratio of force between two charges when the,
placed in vacuum to that when they are placed In that med,
at same separation.

Note:

e Coulomb’s law is not validfor di.s'tances <107%m..

o Electrostatic forces are comparatively, stronger lhan
gravitauonatforces. Can.you show thls? ey

(As an example—when we hold a book in our hand, electric
force between hand and the book is sufficient to balance the
gravitational force of earth on the book due to entire earth.)

L Y0 4% R LT Lt P

Some Important Paints

° Coulomb‘ﬁaw is apphcable only for poim charges

'Y Coulomb’s law is similar to Newton's graviut:onal

: law and both obey Inverse square 1aw. il

k) Coulomb’s law obeys Newton 5 tpxrd lqw,

forces exerted by the two chu:ges on each other are» ]
equal and opposite, . e fl

o This forceactsalong the line j Joxmng the two pamclas il
(called central force). .. ... i i

° Electmstatxq force is a conscmgvo fforce:’ '

[ETE e ST % 80 RS e
M PYa ek 10z SR Fat AN VTR N D R 3 S AT R

|‘|.:‘ VST RN
. N

COULOMB’S LAW IN VECTOR FORM

Let g and g2 be two like charges placed at points A and B,
respectively, in vacuum.

Flg. 1.9

71 is the position vector of point A and 7, is the position vecto!
of point B.

Let7 is vectorfrom Ato B,then? =7, — Fiandr = |F; — 7|



7 _ Rh=F
ro lR=rl
Let Fy, be the force on charge g, due to g;; and

= P =

Fi be the force on charge g due to g2.

From Fig. 1.9, it is clear that F‘zl and £, are in the same
direction, so

- 1 gqi1g2 [ g7 qug 7
P s e A = e Ay T dne S

4gy r 4reg rt r T8 r
~ q1q2 T2 —F

= F,,=—

As we know that charges apply equal and opposite forces on
each other, so we have
Q92 Fi—F
dmeq F) — R

Also, the forces due to two point charges are parallel to the line
jolning the point charges; such forces are called central forces
and so electrostatic forces are conservative forces.

Fo=-F = Fpo= 12

Superposition Principle

- Itenables us to calculate the force acting on a charge dus to more
than one charge.

According to superposition principle, the totul force on a
glven charge is vecior sum of all the individual forces exerted
by each of the other charge

F=bh+h+ +F

Another important polnt is that the force between two charges

remains unaffected due to the presence of a third charge.

4] -
le
e« —8 4y
F"/ \
Fig. 1.10

Note:

o Coulomb’s law and principle of superposition to-
gether can explain whole of the electrostatics.

e Both Coulomb’s law and Gravitational law describe
inverse square law that involve a property qf interact-
ing particles—ithe charge in' one case and mass in the
other case. < :

m' Two ideritical conducting spherés 1 and

2 carry equal amounts of charge and are fixed a certain dis-
tance apart that islarge compared with their diameters. The

Coulomb’s Laws and Electric Field 1.7

spheres repel each other with an electrical force of 88 mN,
Suppose now that a third identical sphere 3 having an in-
sulating handle and initlally uncharged, Is touched first to
sphere 1 then to sphere 2 and finally removed. Find the force
between spheres 1 and 2 now shown in figure d. .

F -F ﬁ

() ®)

P 7
(;3 +—0 >
(c) @

Fig. 111

Sol. Initial force between ‘1’ and ‘2’ F = ,iq— = 88 mN

Charge on ‘I’ afier sphere ‘3’ is touched wxr.h 1’ =q/2. Same
charge will be on sphers ‘3' also.
Charge on ‘2' after sphere ‘3’ is touched with ‘2'=
9t+4/2 g
T2 4
Now, force between '’ and ‘2‘ in situation d:
kq/2)3q/4) _3kg* _3

At =l

BTN WA  Two identlcal He-filled spherical bal-
loons each carrying a charge ¢ are tied to a welght Wwith

strings and float in equlllbrium as shown ln Fig, 1.12(a).
Find:

1. the magnitude of ¢, assuming that the charge on each
balloon acts as if it were concentrated at the centre,

2. the volume of each balloon.

x 88 =33 mN

qm
Fig. 1.12
Sol. 1. 27 cosd = W, T sinf = F [Rig. 1.12(b)]
tand - F tan @
= ——2 = W = F = W——
92  Wtand

= = = g = /8Wtanfweox?
dme (202 2 4 .

w
2. Tcosb+mg=B= 7+VPHe8= Voag
w

= =
2 (pq

— PHe) 8
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[ Dustration 1.5 B particles, each having a mass of § g

and charge 10~7 C, stay in limiting equilibrium on a hori-
zontal table with a separation of 10 cm between them. Find
the coefficient of frictlon between each partlcle and the table,
which is same between each particle and table.

Sol. Friction force f will balance the electrostatic repulsion,

2
. _ _ 9
1.e., f=F=umg= e
Flg. 1,13
5 _9x 10° x (10772

TGN A partlcle of mass m carrying a charge

—q) starts moving around a fixed charge +4; alonga circular
path of radius r, Prove that period of revolutlon T of charge

' 1673 2
—qilsgivenby T = 228 fOmr
41492
Sol. Electrostatic force on —¢; due to 4> will provide the nec-
essary centripetal force, hence
k 2
quzqz = L e kqiq2
r r mr

f 3 3
Now, T = 27r_r _ |62 gomr
v N2

14

=4

Fig. 1.14

Hlustration . l(b Consider three charges g1, ¢, and g3,

each equal to g, at the vertices of an equilateral triangle of
side /. What }s the force on & charge Q placed at the centrold
of the triangle?

3 Q¢ , 3 0, 301, .
' dmey 12 2mey 12 4:uo 7
Sol. Method 1. The resultant of three equal coplanar vectors
acting at a point is zero if these vectors form a closed polygon
(Fig. 1.15). Hence, the vector sum of the forces F,, F2 and F3
is zero.
Method 2. The forces acting on the charge Q are

Qqy

F = - —_—_—_—
| = force on Q due to0 g, Zmes A0 AO

Flg. 1.16
= ' | 0
F, = force on Q dueto g; = ines BO? BO
= _ _ 1 043 —~
Fy = forceon Q due to g3 = d78g CO? (0]

The resultant force Is l:‘;g = F‘; +Fz+l_':3'
! Q¢ 55+50+E0)=0

471'50 AO0?
@s g1} = lg2] = Igsl and |AO| = |BO| = ICO))

Also, A0 + BO + TO = 0 because these are three equal
vectors in a plane making angles of 120° with each other.

Method 3. The resultant force ) F is the vector sum of indi-

vidual forces
ey —_ —_ —
Y F=F+FA+HRor

Z.Fx.'=le + Fox + Fax
=0+ Fcos30° — Fycos30° )

Fig. 1.17

And Y Fy= Fiy + Fay + Fyy
= —F) + F8in 30° 4+ F3in30° (i)
As |F| = |F] = |F3| = | F| (say), theequauons (i) and (i)
become
Y F, =0and }_ Fy = 0. Hence, resultant force zF =0.



i Point charges are placed at the vertices
of a square of slde a as shown in Fig, 1,18, What should be

sign of charge ¢ and magnitude of the ratio ’%| so that:

1. net force on each @ is zero?
2. net force on each ¢ is zero?

Is it possible that the entire systemn counld be in electrostatic
equilibrium?

Fig. 1.18
Sol.

1. Consider the forces acting on charge Q placed at A (shown
in Fig. 1.19(a) and (b))
Case 1. Let the charges ¢ and Q are of same sign.

DO oC

g a 0
(=) (b)
(g and Q are of same nature) (g and Q are of opposite nature)
Here, net force caanot be zerg. Here, net force can be zero.
Fig. 1.19
Here, F; = 1 49 {forceof g at Don Q at A}
dmey a®
224;3031_? {force of g at B on Q at A}
1 00
= == f f tC
dmes 227 {force of Q at C on Q at A}

In Fig. 1.19(a), resultant of forces ¥y and F; will lie
along F; so that net force on @ cannot be zero. Hence, g and
0 have o be of opposite signs.

- Case 1, Let the charges g and Q are of opposite sign.
In this case, as shown in Fig. 1.19(b), resultant of F| and P,
wil} be opposite to F3 50 that it becomes possible to obtain a
condition of zero net force. _
Letus write Ffr = F1 + F>

! 90
Fr=\/Ft+F}= 45“12«/_

Direction of Fz will be along AC (FR, being resultant
of forces of equal magnitude, bisects the angle between the

Coulomb’s Laws and Electric Fleld 1.9

two) f‘R and F‘g are In opposite directions. Net force on Q
can be zero If their magnitudes are also equal, i.e.,

l 40 b QQ .
47, az\/5 4megy 222 ° zi;'rsoa2 (fq‘_) 3
Ve 2 a1
=>Q—2ﬁ=> Q| W {Q #0)

', The sign of g should be negative.

. Consider now the forces acting on charge g placed at B (see
Fig. 1.20(a) and (b)).

In a similar manner, as discussed ia 1, for net farce on ¢ to
be zero, ¢ and Q have to be of opposite signs. This is also
shown in the given figures.

(gend O are( Bo)f same sign) (g and Q are c?l:" )opposltc sign)
Here, net force cannoi be zero. Here, net foree could be zero.
Fig. 1.20
Now, F = —1—-@ {force of Q at A on g at B}
4mrsg a?
P = 47r150 %21 {force of O at C on g at B}
F3 b ¢ {force of g at D on g at B}
47{6‘0 2a2

Referring to Fig. 1.20(b), let us write Fg = F| + F3

1 Qq
— 2 7 N
Fp=F!+ F}= 4£ JE

Resultant of Fy and Fa, ie. FR is opposite 1o F3. Net
force can become zero if their magmtudcs are also equal, i.e.,

LI Y, LI iU (v2e-2)=o

47190 a? 4;730 242 47rs0a?
q
=21 5 |il-22 0)
2V2 i Q| o7
‘. The sign of ‘¢’ should be negative.

In this case, we need not to repeat the calculation as the
present situation is same as previous one; we can directly

’ q
write [ =| = 2.2
’Q'

. The entire systern cannot be in equilibrium since both condi-

tions, i.e,g=——=and Q = . carnuiot be satisfied

22 2.2

together.

QUTTTTRUTYRE]  Two identical small charged spheres,
each having a mass m, hang in equilibriom as shown in
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Fig. 1.21(a). The length of each string is / and the angle made
by any string with vertical is . Find the magnltude of the
charge on each sphere.

Sol. The forces acting on the sphere are tension in the string T
force of gravity, mg; repulsive electric force, F,, as shown in the
free body diagram of the sphere (Pig. 1.21(b)). The sphere is in
equilibrium. The forces in the horizontal and vertical directions
must separately add up to zero..

Y F=Tsing—F, =0 ) ©
Y Fy=Tcos¢ ~mg=0 (it)
. . :6 T
q "Jr q Fe
mg
(2) (®)
Fig. 1.21
; - mg i
From equation (ii), 7 = oy Thus, we can eliminate T
from equation (i) to obtain
k
F, = mgtané or iz =mgtan8 (iii)
r
where k = and r =2/ sind.
TEY
e | . q2
The equation (iii) now reduces to —— =mgtand

4yrey (2 sin H)?
org = J|6ﬂ£olzmg tand sin’é '

| (RETLTBE &S Two identical balls each having a density
o are suspended from a common point by two insulating
strings of equal length. Both the balls have equal mass and
charge. In equilibrium, each string makes an angle 8 with
the vertical. Now, both the balls are immersed in a liquid. As
a result, the angle § does not change. The density of liquid is
0. Find the dielectric constant of the liquid.

Sol. Let V is the volume of cach bal), then mass of each ball:

m=pV
When the balls are in air, from previous problem,

F=mgtand = pVgtand Q)

(Vg - o¥y) (pVe—aVy)
{b)

Fig. 1.22

~.1¢ balls are suspended in liquid, the Coulombic force
I$rew... .dto F’' = F/K and apparent weight = weight - upthrust:
W =(pVg—-oVyg). )
According to the problem, angle 8 is unchanged. So,
F'=Wian = (pVg —cVg)tan b (ii)
From equations (i) and (ii), we get

£=K= oVeg  p
F pVg—oVg p-o

Muostration 1.14 VIV partlc'les,. each of mass ‘m’ and
carrying a charge g each, are suspended-from a common

point by insulating massless strings, each of length ‘L’, If the
particlés are in equilibrivm and are located at the corners of
an equilateral triangle of side ‘a’, calculate the charge g on
each particle. Assume L >> a.

Sol. From Fig. 1.23(b), for equilibrium of a particle along a
vertical line,

T cos8 = mg O
While for equilibrium in the plane of equilateral triangle,
T.sinf = 2F cos 30° {ii)

So, from equations (i) and (ii), we have

(3i1)

F=2F cos30°
()

Fig. 1.23
1 g? OA OA
HCI‘C,F— Ea—: andl&.n@- E" = ﬁ
Also, from Fig. 1.23(c)
2 2 a
OA=-AD = —asin60° = —
3 D 3a sin 7
%
So, tang = {as L >> a}

Jri-@n) (V3L
On substituting the above values of F and tan @ in equation
(iii), we get:
a LI LI 47(£oa3mg:|]’2
= — Ve, g = | —
(ﬁ) 1 mg4meoa’ 3L

A thin fixed ring of radius ‘a’ has a pos-

itive hge ‘q nil‘ormly distributed over it. A particle of
mass ‘m’ and having a negative charge ‘0’ is placed on the



axls at a distance of x (x << a) from the centre of the ring.
~ Show that the motion of the negatively charged particle is
approximately simple harmonic. Calculate the time period
of osclllation,

Fig. 124

Sol. The force on the point charge O due to the element dg of
the ring

1 dqQ
dF_47reo 2 along AB

As for every element of the ring there is symmetrically situated
diametrically opposite element, the components of forces along
-the axis will add up while those perpendicular to it will cancel
each other. Hence, net force on the charge —Q is

F=decos@=cos0de;

X 1 _qu
F—rf47rso[ r? ]

1 t Qgx .
F=—-—={dg=————
Se. ¥ 4mey r3 f 7 Aneo (a2 +x2)3/2 ®

[asr: (a*+x*)"" and [dg =q}

—ve sign shows that this force will be towards the centre of ring.
As the restoring force is not linear, the motion will be oscil-

latory. However, if x << a so that x* << a?,

L %x = —kx with k = Q4
dmey a3 47 ega’
i.e., the restoring force will become linear and so the motion is
simple harmonic with time period

F=-

2w m Axsoma’
T=""cn = =2n 22—
w ”\/k_ qQ"

[IBT e (RWL] The field lines for two point charges are
shown in Fig, 1.25.

Coulomb’s Laws and Electric Feld 1,11

Is the field uniform?
Determine the ratto %i.

Apart from infinity, where is the neutral point?
If g4 and g5 are separated by a distance 10(~/2 — 1) cm,
find the position of neutral point.

. Where will the lines which are not meeting at g5 meet?

. Will a positlve charge follow the line of force if free to
move?

Sol.

1. No. i
2. Number of lines coming from or coming to a charge is pro-
portional to magnitude of charge, so

@m_12_,

48 6
3. g4 is positive and gp is negative,
. C is the other neutral point.
5. For neutral point E4 = Ejp

1 ga 'l 98"
4y ([ +x)2  4wey x2

1.
2.
B
3. What are the sign of g4 and g5?
4.
5.

N A

_

A B Ez C
eu .-<<4®

PR E,

Fig. 1.26

b -
(£ -2+ -
x 4s

6. Atinfinity,

7. No, as lines of force are curved, the direction of velocity and
acceleration will be different. Hence, a charge cannot follow
strictly the line of force.

x=10cm

Concept Application Exercise 1.2

1. a, A nepatively charged particle is placed exactly mid-
way between two fixed particles having equal positive
charges. What will happen to the charge:

i. if it is displaced at right angle to the line joining the
positive charges?

ii. if it is displaced along the line joining the positive
charges?

b. Does the Coulomb force that one charge exerts on other
charges change if the other charges are brought nearby?
(Yes/No)

2. a. Does an electric charge experience a force due to the
field produced by itself? (Yes/No)

b, Two point charges ¢ and —g are placed at a distance
d apart. What are the points at which resultant electric
field is parallel to line joining the two charges?

3. Two negative charges of a unit magnitude and a positive
charge ‘q’ are placed along a straight line. At what position
and value of g will the system be in equilibrium? (Negat: .«
charges are fixed.)




1,12 Physics for OT-JEE: Electncity and Magnetism

4. Fig. 1.27 shows three arrangements of an electron ¢ and
two protons p (D > d).

a. Rank the arrangements according to the magnitude of

the net electrostatic foece on the electron due to the
protons, largest first.

— D —— .
o d—p e f e Db
——o0——0 6——o0————o
e P PP ¢ p
@ ®)
e D P
d[——‘“.
i ©
Fig. 1.27

b. In situation ¢, is the angle between the net force on
the electron and the line labeled horizontal less than or
more than 45°?

S. Fig. 1.28 shows two charge particles on an axis. The
charges are free 1o move. At one point, however, a third
charged particle can be placed such that all three particles
are in equilibrium. )

- 3‘] +g
Fig. 1.28

&, Is that pomt to the left of the first two particles, to their
right, or between them?

b. Should the third particle be positively or negatively
charged?

. -¢, Is the equilibrium stable or unstable?

6. In Fig. 1.29, a central particle of charge —g is surrounded
by two circular rings of charged particles, of radii » and
R, with R > r. What is the magnitude and direction of
the net electrostatic force on the central particle due 10
the other particles?

Fig. 1.29
Fig. 1.30 shows four situations in which particles of charge
+¢ or —q are fixed in place. In each, the particles on the
x-axjs are equidistant from the y-axis. The particle on y-
axis experiences an electrostatics force F from each of
these two particles.
a. Are the magnitudes F of those forces the same or
different?
b, Is the magnitude of the net force on the particle on
" y-axis equal to, greater than, or less than 2F?
¢. Do the x components of the 1wo forces add or can-
cel?

N

d. Do their y components add or cancel?

e. Is the direction of the net force on the middie particle
that of the canceling components or the adding com-
ponents?

f. What is the direction of that net force on the middle
particle?

i
3

Fig, 1.30

8. Force between two point electric charges kept at a distance
‘d’ apart in alr is F. If these charges are kept at the same
distance in water, the force between the charges is F/.
The ratio F'/F isequaltto .

9. Two small balls each having charge g are suspended by
two insulating threads of equal Jength L from a hook in an
elevator. The elevator is freely falling. Calculate the angle
between the two threads and tension in each thread.

10. Suppose we have a large number of identical particles,
very small in size. Any two of them at 10 cm separation
repel with a force of 3 x 1071 N,

a. If one of them is at 10 cm from a group (of very small
size) of n others, how strongly do you expect it to be
repelled?

b. Suppose you measure the repulsion and find it 6 x
10~¢ N. How many particles were there in the group?

ELECTRIC FIELD

If we place a single charge g at some point in space, it will
cxpericnce no force. But if some other chargc (say Q) is placed
near it, ¢ will start experiencing a force given by

Fe kQq

r2

¥

<@

o
Fig. 1.31
Now, question arises, how does Q apply a force on g or how
docs g know the presence of Q when there is no direct contac
between them.
Basically, the force between two charges can be seen as a twc
Step process:

1. Firstly, charge Q will create somemmg around itself knowr
as electric field.




2. Any other charge particle like ¢ if placed at some point in

that field wil} experience a force.
Or we can say that charges interact with cach other through

clectric field.
So, we can define electric field as the space around a charge
in which its influence can.be felt by any other charged particle.

A

(b) Remove body 8 and label
its former position as P,

(a) How doces chnrged body A
exert a force on charged body 87

4 I
5/ Test
A

@
|m

L

charge 4

(¢) Body 4 scts up an eleclric ficld £ af point .
£ is the force per unit charge cxened.

Fig. 1.32

How to Measure Electric Field

Strength of electric field at a point in space can be measured in
Lwo measureable quantities:

1. Electric field intensity denoted by E. It is a veclor quantily.
2. Electric field potential denoted by V. It is a scalar quantity.

We will first discuss them separately and then we will see
what is the relation between them and how to obtain them from
each other.

Electric Field Intensity E

How to find electric field intensity E at a point?

General method: Electric field intensily, £, is a vector quantily.
At a pointin a given space it has both magnitude and direction.
Let us calculate £ at some point P created due to some charges
around P. Bring another small charge gq [1est charge, generally
positive] al point P. Let this charge experiences a force F, hen
we define electric field intensity al P as force experienced per
unit test charge (Fig. 1.33). .

F
90 E

P
Fig. 1.33

“ F - -
E = lim —. The dircction E will be same as that of F.
20-0 g0

Note: 0. Why the magnitude of test charge is kept small?
Ans, Because otherwise it may disturb the original charge
distribution and then we will get electric field due (o dis-
turbed configuration and not original.

Q. What is the minimum possible value of qy?

Ans, 1.6 x 10712 C

Coulomb’s Laws and Electric Field 1.13

Unit of E£: N/C (newton per coulomb)

-2
Dimensional formula of E: Faece = MiT -
Charge  ampere x (ime

_ MLT™?
T AT

= [MLTA7]
Note: Ifatest charge experiences no force af a point, the
electric field ut that point must be zero.

Electric field duc to a point charge is illustrated in Fig. 1.34.

(3) Positive point charge

Etectric ficld duc
10 a point charge
is spherically
symmetric

(it) Negative paint charge

P P R
L, T @

20 Q’ E P
.
E= 41!%7 towards the charge
Fig. 1.34

A Point Charge in an Electric Field

What happens if a point charge g is placed at any point in an elec-
tric field which js produced by some other stationary charges.
Let this electric field is E. Charge ¢ will experience a force, let
this force is 7. Then, value of clectric field at that point must be

. F
=— =

4 . - -
Direction of F: The direction of # will be same as of E if g is

+ve and opposite if ¢ is —ve (Fig. 1.35).

F= qZ’.. This is the force on ¢ by E.

»
>

v

+ M Fe =
% %

> g
> »

(b) Negative charge Yg placed in an
clectric field: force on 9y is in
opposite direction as E.

(a) Posilive charge 44 placed inan
eteciric ficld: force on 9y is in
same dircclion a5 E.

Fig. 1.35

Note: g has no contribution in E. A charge particle is
not affected due to its own ficld. It means a charge particle
can experience force due to field produced by other charge
particles, but not due to field produced by itself.

Electric Field Intensity due to a Point Charge in Position
Vector Form
Q@F —7y)

Electric field at P due to charge Q1 £ = ——————
dreg |r — rol
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2|

Fig. 1.36

If a charge g is placed at P, then force on this charge by Q:

-

qL
qQ(F —Fo)
dreg |F — 7ol

"2
Ii

"y
ll

=

Ele&ﬁc Field Intensity due to a Group of Charges

Using the principle of superposition, net field al point P (sec
Fig. 1.37)

E=E +E+--+E,
- ! 9 1 q2 | qn
= E=—2% %5, . &
47ey rlz" 4reg "%rz dweg r2 "
= i s
=2 E= 2—7;
47(6‘0 r;

Fig. 1.37
In terms of position vectors:
= | g~
BE= q_(r - )
47(80 in |f —I','P

TP T AREA Two point-like charges  and b whose
strengths are equal in absolute value are positioned at a cer-
tain distance from each other. Assuming the field strength is
positive in the direction coinciding with the positive direc-
tion of the r axis, determine the signs of the charges for each
distribution of the field strength between charges shown in
Figs. 1.38(a), (b), (c) and (d).

Sol.

a. Aselectric field tends away at a and towards at b, hence there
should be + charge at g and negative charge at b, i.e., g, is
A+l ﬂnd qb is \__;l

E \_/ E
? b r aJ by
(a) (b)
E E
ac /\b r A b= r
(©) (d)
Fig. 1.38

b. The newtral point exists between a and b only when g, and
qp both are of same sign. As direction of electric field is away
from both, so both charges are positive, i.e., g, is ‘+" and g,
is ‘4

Similarly, for (c) and (d) in Fig. 1.39:
€ Gqis =" and gp 18 ‘+'.

d. g, is "= and g, is *-’.

E

N/

Ilvlustralion;lj.llst: Two identical positive point charges g
are placed on the axis at x = —a and x = +a, as shown In
Fig. 1.40. '

Fig. 1.40

1. Plot the variation of E élong the x-axis.
2. Plot the variation of E along the y-axis



Sol.

1. Variation of E along the x-axis: 1.41(a).
2. Variation of £ along the y-axis: 1.41(b)

E
A
=y > )
(@
I Il {11

®)
Fig. 1.41

liistratio Y In Fig. 1.42, determine the point (other
than infinity) at which the electric field is zero.

—1.00 m——»

-2.50uC
Fig. 1.42

Sol. Electric field will be zero at a poinl‘ctoser to the charge
smaller in magnitude. Let at P electric field is zero (see Fig.
1.43). Then :

6.00 uC

G;Nﬂ—l m——»
@
pe 6.000C

. Fig. 1.43

-

(®)

n
w

k(2.5 x 1079) k(6 x 10-%)
x2 T+ x)?
= x=182m ,

U tion” )] Four charges are arranged as shown in
Fig. 1.44. A point P is located at distance r from the centre
of the configuration. Assuming r >> [, find
1. the magnitude of the field at point P.

2. the angle of its vector with x-axis.
Sol. Electric field due to charges placed on y-axis (Fig. 1.45(a))

Ey =28 sing =2 — 2 i

" dmeg s 1\2 r2+§ 72
2 4

E P
Il O----i5--O—e—>
—-q 1 q X
i
1
_ch
—————
!
Fig. 1.44
1 ql 1 ql
Ey= e 2 i Ik 3 (asr >> 1)
-5
4
Electric field due to ¢harges placed on x-axis (Fig. 1.45(b))
1 | q
x E3 — L4 = il

" dney IN2 dmey \?
CREE

1
s

~
TTTTTIETTTTR
O w
=
Eﬁ
m
&

(v) ©
TFig. 1.45

| ql
E. .. = E2 E2 =
= net — X + y = ‘\/5_ 47{80"3

The angle E, makes with x-axis (Fig. 1.45(c))

E. A
a = tap~! (E_)) = tan™! (5) below x-axis.
P g

(ITIRISAOIY A uniform electric field E exists between
two metal plates. The plate length is / and the separation of

the plates is d.

1. An electron and a proton start from the negative plate
and positive plate, respectively, and go to opposite plates.
Which one of them wins this race?
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2. An electron and a proton start moving paralle! to the
plates towards the other end from the midpoint of the
separation of plates at one end of the plates. Which of the
two will have greater deviation when they come out of the
plates if they start with the
a. same initial velocity,

b. same initial kinetic energy, and
c. same initial momentum.

Sol.
E E 1
La="a="—d=>a’
me mp 2

t=‘lgort=1/ﬁ;50,wehav r_,= 25
a ¢E ty Y mp

Asm, < m,,thereforet, < t,.Hence,electron will take
less time, i.e., the electron wins the race.

@

Fig. 1.46

l
2. Time to cross the plates t = —
u

1 1 eE (1\*
Deviation: y = Eaﬂ . °% <_)

2 m \u
2
m u .
Ye _Mp (_") )
Yp Me U,
m
a. Ifu, = u, then N —2
Yp me

Asmy, > m,, therefore y. > yp.
Hence, deviation of electron will be more.

AN

Ye
Yp
‘
Fig. 1.47
2
Myt
b. From equation (i), b 7 =1 (as given)
by eld,

Hence deviation of both electron and proton will be

Same. Y, myu,\?% m m
- !5
¢. From (i), = = (M) — ==
Y myu, mp  m,
Asm, < mp, hence y, < y,.

Hence, the deviation of proton will be more.

STIHETeRI P A charge 10~° coulomb is located at
gin in free space and another charge Q at (2, 0, 0), If
x-component of the electric field at (3, 1, 1) is zero, calcu
the value of Q. Is the y-component zero at (3, 1, 1)?

Sol. The electric field due to a point charge g; at position .
vector from is given by

=P,

q -
E,'= —3)','
%

]
4meg
Here: 1 =B -0+ -0+ -0k=31+]+
withr; = /32 + 12412 = /Tl m
Pn=G-i+(1-0j+(0-0k=1+]+k

withr, = J(12 + 12+ 12) = +/3m

So,
E L (314 +k)and
= ———— [3i
V7 mee (L2 /
- | s o  ®m
Er = g [+ J+k]

4y (3)22
Hence, net field:

E—E+E— { [(3x10‘9+ Q);,
T T e [\ 1V/TT 33

s 595 (G 545

G.nLn

©,0,0) 2,0,0)
Fig. 1.48
According to given problem:
1 [3x107° 0 ]
E,=0,ie,— | —F—+—=|=0
4 ey [ V11 343

5 2
So, 0 = — I:TI:I x 3 x 1072 coulpmb

And for this value of Q
1 107 @/11)¥2 x3x 107

T 47me [llﬁT - 33 ]
1 2x107°

T awey J1/11

Ey

# 0, i.e., E, is not zero,

Lines of Force

This idea was given by Michael Faraday. The lines of -
provide a nice idea to visualise the pattern of electric fie
a given space. We assume that space around a charged bo
filled with some lines known as electric lines of force. 7



lines of force are drawn in space in such a way that tangent 1o
the line at any point gives the direction of electric field at that
point. It has been found quite convenient to visualize the electric
field in teyms of lines of force,

Fielda.  Ep

g+ "Field at

point R

Electric ficld
line

Fig. 1.49

Properties of Electric Lines of Force

o Electric lines of force start (or diverge out) from a positive
charge and end (or converge) on a negative charge.

o The tangent drawn at any point on the line of force gives
the direction of force acting on a positive charge at that
point (see Fig. 1.50).

s InS.I system of units, the number of electric lines of force
originating or terminating on a charge of g coulomb is
equal to i, [C1- i

& €0
unit charge.

electric lines are associated with

Fig. 1.50

e Two electric tines of force never cross each other, because
if they do so then at the point of intersection, intensity will
have two directions which is absurd.

e Electric lines of force can never be closed loops, as a line
can never start and end on the same charge.

o The electric lines of force do not pass through a conductor
as electric field inside a conductor is always zero.

e Lines of force have a tendency to contract longitudinally
like a stretched elastic string producing attraction between
opposite charges and repel each other laterally resulting in
repulsion between similar charges and edge effect (curving
of lines of force near the edges of a charged conductor).

s Electric lines of force end or start normally on the surface
of a conductor.

e Tangent to the line of force at a point in an electric field
gives the direction of intensity or force or acceleration
which a positive charge will experience there but not the
direction of motion always, so a positive point charge free
to move in an electric field may or may not follow the line
of force. It will foilow the line of force if it is a straight line

Coulomb’s Laws and Electric Field 1.17

(as direction of velocity and acceleration will be same) and
will not follow the line if it is curved as the direction of
motion will be different from that of acceleration and the
particle will move neither in the direction of motion nor
acceleration (line of force).

The use of the electric lines of force is that we can compare
the intensities at two points just by looking at the distribution of
lines of force. Where the field lines are close together, E is large
and where they are far apart, E is small.

° 2
7--_
Fig. 1.51

As an example in the figure electric lines of forces are shown.
At point 2 the electric field intensity will be greater in compari-
son to that at point 1.

DIFFERENT PATTERNS OF ELECTRIC FIELD
LINES '

o _
- \
—_— _
—_—
—— T '
Magnitude is Ditectionis  Both magnitude and Both magnitude and

direclion constant .

direction not constant

(a)

nol constant not conslant

(c) A positive charge and 2
negative charge of cqual
magnitude (an electric dipole)

(b) A single positive charge

(c) 4 is a positive charge and B a
negative charge of different
magnitudes (|95} <lg,))

(d) Two cqual positive charges. N
is the neutral point lying at
the middle of the charges.
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(f) Two positive charges of different magnitudes (g < ¢2)
Fig. 1.52

Note: Neutral poini (N) is the location where the net elec-
tric field due to charges is zero. It lies near the charge of

smaller magnitude.

Edge effcet

| ficld

A o =
2|+ Uniform i

|+ ol

Paralle! metal plates
having dissimilar charges

Fig. 1.53

ITRTR{HIEEPR]  Fig. 1.54 shows the sketeh of field lines

for two point charges 2Q and — Q. The pattern of field lines

can be deduced by considering the following points:

Fig. 1.54

Sol.

1. Symmetry: For évery point above the line joining the two
charges, there is an equivalent point below it. Therefore, the
pattern must be symmetrical about the line joining the two

charges.

2. Near field: Very close to a charge, its field predominates.
Therefore, the lines are radial and spherically symmetric,

3. Far field: Far from the system of charges, the pattern should
look like that of a single point charge of value (20 — — Q) =
+Q, i.e., the lines should be radially outward.

4. Null pointor neutral point: There is one point at which E = 0.
No lines should pass through this point.
— Neutral point Jies near the position of charge of smaller
magnitude.

5. Number of lines: Twice as many lines leave +2Q as enter

_Q.

Note: Excess lines from 2 Q charge will meet ai infinity.

*q -2q

Fig. 1.55

1. Sketch roughly the pattern of electric field lines, showing
position of neutral point.

2. Where should a charge particle g be placed so that it
experiences no force?

Sol. Let net force on ¢ at P is zero, then

L 2
ke” _ kq2q S g d
x? (d + x)? 2=
: .
Pre—(—> a i ~2q
Fig. 1.56

P is the neutral potential where clectric field will be zero.

—————

- M
I 4 ) ~~a>s_ A >
L S350 L7
A\l ‘i:',
2 A S
e +g v'”iz N
T S -V 4q
LEY S At Stian v 4’ \'\
Sso o 7 %
- -
\\\\“ "’/
Fig. 1.57

FIELD OF RING CHARGE

A ring-shaped conductor with radius a carries a total charge O
uniformly distributed around it. Let us calculate the electric field
at a point P that lies on the axis of the ring at a distance x from
its center.
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As shown in the figure, we imagine the ring divided into in-
finitesimal segments cach of length d's. Each segment has charge
dQ and acts as a point charge source of electric field. Let ¢ E be
the electric field from one such segment; the net electric field at
P is then the sum of all contributions d E from all the segments
that make up the ring. (This same technique works for any sit-
vation in which charge is distributed along a line or a curve.)
The calculation of E is greatly simplified because the field point
P is on the symmetry axis of the ring. If we consider two ring
segments at the top and bottom of the ring, we see that the con-
tributions dE to the field at P from these segments have the
same x-component but.opposite y-components. Hence, the total
y-component of field due to this pair of segments is zero. When
we add up the contributions from all such pairs of segments,
the total field E will have only a component along the ring’s
symmeltry axis (the x-axis), with no component perpendicular
to that axis (that is, no y-component or z-component). So, the
field at P is described completely by its x-component E, .

To calculate E, note that the square of the distance » from a
ring segment to the point P is r? = x2 4 a®. Hence, the magni-
tude of this segment’s contribution to the electric field at P is

I dQ

dE = — %
diweg x2 + a2

Usingcoso = S 77 the component £ E of this
r (X2 al. a2)
field along the x-axis is

dQ X 1 xdQ

dEy =dEcosa =

To find the total x-component E, of the field at P, we integrate
this expression over all segments of the ring:
1 xdQ
A= f .
S 4meg (x2 +a?)

Since x does not vary as we maove from point (o point around
the ring, all the factors on the right side except dQ are constant
and can be taken outside the integral. The integral of dQ is just

the total charge O and we finally get
- I xQ 4

i
4y (x2 + a?) 2

E=FE=

O]

o Electric ficld is directed away from positively charged ring.

e For x =0, £ = 0. This conclusion may be arrived at by
the syminetry consideration. )

e At a large distance from the ring, the electric field wil
be zero. Hence, it should have certain maximum value
between x = 0 and x = 00 (or ¥ = —c0).

!
dmeoxit @ Tt ar | ey (x2 4 g1 Forceonchage F=—gF =~

Coulorab’s Laws and Electric Field 1.19

¢ If we maximize equation (i), we can get the value of x,, as
well as Eqyax.
For maximum value of E,:

d 1 X -0
Q(x2+a2)3/2 ~

3
2 +a?)? ) —x 5 (x* + a2 2x

dx 4meg

~

=0
(2 +a?)?
xR +a)-3%x2=0 = e -
and the maximum value of the electric field is
E A 20
a{max) = 47t£0 3-\/5 R2
y
]
----- Bk~~~ - e >~
x(to~m) -! j ! x (lo+ )
! {
i _____ : 22" Enax
i \
1 ]
------------- D T L LRt
]
i

Fig. 1.59

JIIBETEGE IS 1f we place a negative charge (of magni-
tude —g and mass m) at the center of a charged ring and
slightly displace it along the axis of ring and release. Exam-
ine whether it will perform simple harmonic motion. If yes,
then find the time period of oscillation of the particle.

kQx
Sol. E = (————{12 I

"k qQx
(a2 + x2)3/2

Fig. 1.60

F o —kqQx
m om(a?+ x2)32

Hence, acceleration is opposite to displacement, so motion wiJ
be oscillatory. '
But a is not directly proportional to x so motion is not SHM,
kg Qx

ma3
Here ¢ o x, so the motion will be SHM. Comparing with

a=—w’x

1
Ifx << a,thena = —

kg Q

We getw =
§ ma3
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Tyt Jd Twoidentical point charges having mag-
nitude g each are placed as shown in the figure.

B
o

Fig. 1.61

1. Plot the variation of electric field on x-axis.

2. Where will the magnitude of electric field be maximum
on x-axis? Find the maximum value of electric field on
X-axis.

3. If we place a negative charge (of magnitude —g and mass
m) at the mid point of charges and displaced along x-
axis, examine whether it will perform simple harmonic
motion. If yes, then find the time period of oscillation of
the particle.

~Sol. 1.
1
‘ /\
AN 7 » X
.\;/E
a . ,
94"
Fig. 1.62
2. Field at il O |
. X =X = _—_—-— <
4meg (a® + x?)
q X
E= —
= 2mep (a2 + x2)312
’ dE
For E to be maximum, — =0
dx
Solve to get x = & a = W e N g ’
2 _ " 3 /37 gga?

3. Ferce on parllcle: F = —QE — mm

For x << a, particle will execute SHM with time period

2 egma’

q°

Positive electric charge Q is distributed uniformly along a
line, lying along the y-axis. Let us find the eleciric field at point
D on the x-axis at a distance ry from the origin.

We divide the line charge into infinitesimal segments, each of
which acts as a point charge; let the length of a typical segment.
at height / be d!. If the charge is distributed uniformly with
the linear charge density A, then the charge 4Q in a segment of
length dlis dQ = ) dl. At point D, the differential electric field
dE created by this element,

T =2n

di

4 M2

y
0 P

2

l r=rgsecd
) Fig. 1.63
d rdl rdl .

dE 0 = )

- 4 egr? & dmegr?  Amegrdsect

In triangle AOD; OA = OD tand, i.e.,

! = rytan 8, Differentiating this equation with respect to 6;
dl = rosec?0.dé

Substituting the value of 4/ in equation (i);

rdé
, 4megry

Field d £ has components ¢ E,, dE, given by

dE, = Lcosb db Asiné do
4egro

A=

ddE, =
47 eprp an 2

: T
On integrating expression for d E, and d E in limits 6 = — )

tod = +Zt—. we obtain E,und E,. Nole that as the length of wire

increases, the angle @ increases; for a very long wire (infinitely
long wire), it approaches /2.

g — +1/2 ) cos 6 d6 _ A ard
T pp Ameery 21 epry
E, = +1/2 ) 5in B d6 -
—wj2 4meoro
Thus, E =E, = Znioro

Note: Using a symmetry argument, we cou:ld have guessed
that E, would be zero; if we place a positive test charge at
D, the upper half of the 'ne of charge pushes downward
on it, and the lower half pushes up with equal magnitude.

o [[the wire has finite length and the angle subtended by ends
of wire at a point are 8, and #,, the limits of integration
would change. '

+0;

/ ).cos O db
Bo=|————
dmegry

-0
= (sin 8 + sin 6,)
4 eyt
*7 5 sin 6 db
A sin
£y [ 3008
dregry
-0



= (cos By — cos&y)
4n 8oro

L1

. — r)———»
Fig. 1.64

o If we wish to determine field at the end of a long wire, we
may substitute §; = 0 and 8, = /2 in the expressions for
E, and E,,

By =5 "77!):0"0 [sin (0) + sin (-725)] = 4n20ro and

4n20r0 [cos (0) = cos (%) ] = 47r;r0

E, =

mmm—mm— R - E,. - 2 (Perpendicular away)
0 L 4reyy
N N
| E
E = A (Parallel away)
4regry

Fig. 1.65
Magnitude of resuitant field E:

=B+ 5

E makes an angle & with the x-axis, where tan 6 = =1
6 = 45°

47r£or0

FIELD OF UNIFORMLY CHARGED DISK

Let us find the electric field caused by a disk of radius R with a
uniform positive surface charge density (charge per unit area) o,
at a point along the axis of the digk a distance x from its center.

Fig. 1.66

The situation is shown in Fig. 1.66. We can represent this
charge distribution as a collection of concentric rings of charge.

Coulomb’s Laws and Electric Field 1.21

We already know how to find the field of a single ring on its axis
of symmetry, so all we have to do is to add the contribution of
all the rings. As shown in the figure, a typical ring has charge
dQ, inner radius r and outer radius r + dr. Its area dA is ap-
proximately equal to its width dr times its circumference 2777,

or dA = 2nr dr. The charge per unit area is ¢ = —, so the

chargeofringisdQ = o (2nrdr),ordQ = 2nor dr.The field
componentd E, at point P due to charge 4 Q of a ring of radius r

1 Q@rordr)x
. dE, = o e
' TEY (12 = ,.2)

To find the total field due to all the rings, we integrate d E,
over r. To include the whole disk, we must integrate from O to
R (not from —R to R) :

2nord
E——de-/dE / Qranrs
47 (x2 +1r2) /
Remember that x is a constanf dunng the integration and that
the integration variable is . The integral can be evaluated by

use of the substitution z = x? + r2. We will let you work out
the details; the result is

E_ax[ 1 +1}_a i x '(i)‘
20l I+ RE x] 20|, JG2+RE)

In this figure, the charge is assumed to be positive. At a point
orn the symmetry axis of a uniformly charged ring, the electric
field due to the ring has no components perpendicular to the axis.
Hence, at point P in the figure, dEy = d E, = 0 for each ring,
and thus the total field has E, = E, = 0.

Again, we can ask what happens if the charge distribution
gets very large. Suppose we keep increasing the radius R of the
disk, simultaneously adding charge so that the surface charge
density o (charge per unit area) is constant. In the Jimit that R
is much larger than the distance x of the field point from the
disk (R >> x), i.e., the situation becomes the electric field near
infinite plane sheet of charge.

From (i)

o X o 1

= |1 | = |1 - —— [;
E.x 260 R2 230 R2
X X .

And we get E, = %
0

Our final result does not contain the distance x from the plane.

This is correct but rather surprising result.
It means:

e That the electric field produced by an infinite plane sheet

* of charge is independent of the distance from the sheet.

e Thus, the field is uniform; its direction is’ everywhere per-
pendicular to the sheet and away from it.
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« Infinite plane sheet of charge is a hypothetical case. In real
practice, there is no such infinite plane sheet of charge.
Again, there is no such thing as an infinite sheet of charge,
but if the dimensions of the sheet are much larger than the
distance x of the observation point P from the shee, the
field 1s very nearly the same as for an infinite sheet.

FIELD OF TWO OPPOSITELY
CHARGED SHEETS

Two infinite plane sheets are placed parallel to each other, sep-
arated by a distance d (as shown in figure). The lower sheet has
a uniform positive surface charge density o, and the upper sheet
has a uniform negative surface charge density —o with the same
magnitude. Let us find the electric field between the two sheets,
above the upper sheet and below the lower sheet.

y
4

E4 g E=E+E=0
Shee1 2 ~ 0 [ 1y x

t
‘Il

le— ]

t
—>
m
1
iyl
+
Ryl
4

Sheet | + o [

tr

t
t
Fig. 1.67

The situation described in this example in an idealization of
twa finite, oppositcly charged sheets, like the plates shown in the
figures. If the dimensions of the sheets are large in comparison to
the separation d, then we tan to good approximation consider the
sheets to be infinite in extent. We know the Aeld due 1o a single
infinite plane sheet of charge. We can then find the total field by
using the principle of superposition of electric fields. Let sheet 1
be the lower sheet of positive charge, and let sheet 2 be the upper
sheet of negative charge; the fields due to each sheet are E, and
Ea, respectively, and both have (he same mnagnitude at all points,
no matler how far from either sheel, j.e., Ey = E; = %

0

At all points, the direction of Ej is away from the positive
charge of sheet 1, and the direction of E, is towards the ncgative
charge of sheet 2. These fields, as well as the x- and y-axes, are
shown in figure. At points between 1he sheets, the fields at each
other and at points above the upper sheet or below the lower
sheet cancel each other. Thus, the (otal field is

0 above the upper sheet
E=E +E = :—0] between the sheets
0 above the upper sheet

Because we considered the sheets to be infinite, our result
docs not depend on the separation d.

Symmetry plays very important role in problem solving. Elec-
lric fie)d is in the direction along the line which divides the charge
distribution symmetrically. '

Lincar charge
distribution

Line divides the
l chargc distribution
symmetrically

Encl = fZIE ¢os b

Line divides the
charge distribution
symmetrically
Charged ring

Ena = [dE cos8

Cp Line divides
tho charge
distribution
symmelrically

Semicircular
charge

distribulion

Enu = de COSG

Line divides the
< charge distribution
& symmelrically

0/2

A cireular arc
of charge

Epe = [dE cos6

T\vo point charges
“+

E,
Line divides the '
charge distribution
syramclrically

1
1
[l
1
1
1
-
1
1
1
[
1
1

@ 07
.

— -
Here, [ £1] = [ E2]|
Lpey = 2| £ | cosd

Three poiat charges at the corner

of an equilateral triangle
E
e
P

®
o=y
[—bCDLinc divides the

charge distribulion
symmetrically

Here, electric field at P due 10
charges (1), (2) and (3) are equal,
i - —~ —
ie,|Ey| = IEzl_,= | E3].
Hence, Eqey =3 | £y | cos6

Four point charges at the cor-

ner of a square
Line divides the
@ charge distribution
symmetrically

The cleclric field at point P
due ta charges (1), (2). (3) aud
—) - -

@ B l= L= | Es|l=
g

| £4)

l-Ic_n:cc nel clcgy'ic ficld at P

| Ena ) =4 E)|cosb

Charged disk

Charged disk




Some Useful Results

Coulomb’s Laws and Electric Field 1.23

A charged rod of fixed length
having charge density A

.
<
. E.
e 2
.
.
.
<

. T
3|,:t Sl

-,

——V0—
(sin @y + sin 6;)

" 4meory
(cos 61 = cos 02)

y=

4ﬂ€oro

Seml-Infinite rod having charge
density X

Parallel away
component
_ A
P ™ Tmeg
Porpendicular away
component

B ™ her

E, (Perpendicular
away) ~
r¢—r—> £, (paralicl awvay)

Semicircular ring having

Quarter circular ring having

s 2megr
En=.0

charge density X charge density A
_ A
N 2w eqr
£y =0
Eg
E,
B oA
£ dgegr > dxeor
Charged ring

Charged disk

g X
— = —=;
260 V2 + RZ)]

i e e e d ey

Concept Application Exercise 1.3

1. A particle with positive charge @ is held fixed at the

origin. A second particle with positive charge ¢ is fired
at the first particle, and follows the trajectory as shown in
the figure. Is the angular momentum of second particle
constant about some axis? Why or why not? Give reason
10 SUPPOTt your answer.

o0
Fig. 1.68

Figure shows some of the electric field lines due to three
point charges arranged along the vertical axis. All three
charges have the same magnitude.

a. What arc the signs of each of the three charges? Explain
your reasoning.

b. At what point(s) is the magnitude of the cleciric field
the smaltest ? Explain your reasoning. Bxplain how
the fields produced by each individual point charge
combine to give a small net field af this point or points.

Fig. 1.69

3. Two point charges  and 4Q are fixed al a distance of 12

c¢m from each other. Sketch lines of force and locate the
neutral point. if any.

4. Is an electric field of the type shown by the eleclric lines

in the Fig. 1.70 below physically possible?

—e——

_—
_—

——
Fig. 1.70

5. Figure 1.7] shows three electric field lines. What is the

direction of the elcclrostatic force on a positive lest charge
" placed at
a. points A and B?
b. Atwhich point. A or 8, will the acceleration of the test
charge be greater if the charge is released?
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Y

. Fig. 1.71

.6. A thin metallic spherical shell contains a charge Q on it.
A point charge g is placed at the center of the shell and an-
other charge g is placed outside it as shown in figure. All
the three charges are positive. Find the force on the charge

@

Fig. 1.72
a. at center due to all charges.
b: at center due to shell,

7. In Fig. 1.73, two particles each of charge —¢g, are
arranged symmetrically about the y-axis; each producing
an electric field at point £ on y-axis.

y
¥

1—  —Pl—  —>1

Fig. 1.73

a. Are the magnitude of the fields at P equal?

'b. Is each electric fiéld directed toward or away from the
charge producing it?

c. Is the magnitude of the net electric field at P equal to
the sum of the magnitudes E of the two field vectors
(1s it equal (0 2E)?

d. Do the x-components of those two field vectors add or
cancel?

¢. Do their y-components add or cancel?

f. Is the direction of the net field at P that of the canceling
components or the adding cormponents?

g. What is the direction of the net field?

8. In Fig. 1.74(a), a plastic rod in the form of circular arc
with charge 4@ uniformly distributed on it produces an
electric field of magnitude £ at the centér of curvature (at
the origin). In figures (b), (c), and {(d) more circular rods
with identical uniform charges +Q are added until the
circle is complete. A fifth arrangement (which would be
labeled e) is like that in d except that the rod in the fourth
quadrant has charge -Q. Rank all the five arrangements

* ‘accordingto the magnitude of the electric field at the center
of curvature, greatest first.

y y

@ ®) © @
Fig. 1.74

9. Figure shows that E has the same value for all points
in front of an infinitely charged sheet. Is this reason-
able? One might think that the field should be stronger
near the sheet because the charges are so much clos~e.

3
\

A

—_—
—_—
—_—
—_—
.

F A7+

Fig. 1.75
10. Figure shows the tracks of three charged particles in a
uniform electrostatic field projected parallel to plate with
same velocity. Give the signs of the three charges. Which
of the theee particles has the highest charge to mass ratia?

11. Three small spheres x,; y and z carry charges of equal
magnitudes and with signs shown in figure. They are
placed at the vertices of an isosceles triangle with the
distance between x and y equal to the distance between
x and z. Spheres y and z are held in place but sphere x is
free to move on a frictionless surface.

A s
\\ K
- ,
\\\ S
X: ~ *c
%
5 w4
E
Fig. 1.77

a. What is the direction of the electric force on sphere x
at-the point shown in the figure?
b. Which path is sphere X likely to take when released?
12, Two identical positive charges are fixed on the y-axis,
at equal distances from the origin O. A particle with a
negative charge starts on the x-axis at a large distance
from O, moves along the x-axis, passes through O and
moves far away from O on the other side. Its acceleration
a is taken as positive along its direction of motion. Plot
the particle’s acceleration a against its x-coordinate.




13.

14.

18.

16.

=y

Electric field is defined in terms of gp, 2 small positive

charge. If instead the definition were in terms of a small

negative charge of the same magnitude, then compared to

the original field, the newly defined electric field

a. would point in the same direction and have the same
magnitude.

b. would pointin the opposite direction and have the same
magnitude. )

c. would point in the same direction and have a different
magnitude.

d. would point in the opposite ditection and have a differ-
ent magoitude.

Three identical positive charges Q are arranged at the ver-

tices of an equilateral triangle. The side of the triangle is

a. Find the intensity of the field at the vertex of a regular

tetrahedran of which the triangle is the base.

Two point charges of +5x 107! C and +20% 10~"° C are

separated by a distance of 2 m. The electric field intensity

will be zero at a distance d = from 5 x 10719 C

charge.

An electron (mass m,) falls through a distance ‘d’ in a
uniform electric (ield of magnitude E.
+ 0+ o+ + o+
T 4 1 T -
W ¢ te
, I I ‘
L y L 4 l? ‘&
+ o+ o+ + 4+ - = - -
(a) ®)
Fig. 1.78

. Thedirection of the field is reversed keeping its magnitude

" unchanged and a proton (mass 1 ,,) falls through the same
. distance. If the times taken by electron and proton to fall

17.

18.

19.

the distance d is ‘fejcerron® and “foroi0n”, TESpECtively, then
. leleetron
the ratio —— =
Iprolon
Two charged metal plates in vacuum are 10 cm apart. A
uniform electric field of intensity (45/16) x 103 NC~! is
applied between the plates. An electron is released be-
tween the plates from rest at a point just outside the neg-
ative plate. Calculate
a. how long (¢) will electron take to reach the other plate?
b. At what velocity (v) will it be going just before it bits
the other plate?
A polythene piece rubbed with wool is found to have a
negative charge of 3.2x 1077 C.
a. The number of elecurons transferred is
b. Is there a transfer of mass from wool to polythene?
(Yes/No)
Two identical point charges ‘Q’ are kept at a distance ‘r’
from each other. A third point charge is placed on the
line joining (he above two charges such that all the three
charges are in equilibrium. The thicd charge

29.

21.

22.

24.

25,

Coulomb’s Laws and Electric Field 1,25

a. should be of magnitude g = ...

b. should be of sign ...

c. should be placed ...

If we introduce a large thin metal plate between two

point charges, what will happen to the force between the

charges?

Two point electric charges of unknown magnitude and

sign are placed a cenain distance apart. The electric field

intensity is zero at a point not between the charges but on

the line joining them. Write two essential conditions for

this to happean.

A ball of charge ¢ is placed in a hollow conducting un-

charged sphere. After this, the sphere is connected with

earth for a short time and the bail is then removed from

the sphere. The ball has not been brought into contact with

the sphere.

a. What charge wijll the sphere have after these opera-
tions? Where and how will this charge be distributed?

b. What will be the electric field inside as well on outside
of sphere?

. Two pieces of plastic, a full ring and a half ring, have the

same radius and charge density. Which electric field at the
center has the greater magnitude?
Define your answer.

Fig. 1.79

A droplet of ink in an industrial ink-jet printer carries a
charge of 1.6 x 107! C and is deflected onto paper by
a force of 3.2 x 10~* N. Find the strength of the electric
ficld to produce this force.

An electric dipole of length 4 cm, when placed with its
axis making an angle of 60°¢ with a unifonm electric field
experiences a torque of 44/3 N m. Calculate the (a) mag-
nitude of the electric field and (b) potential energy of the
dipole, if the dipole has charges of + 8 nC.

. An electric dipole consists of two opposite charges each

of | uC separated by 2 cm. The dipole is placed in an
_}Qema] uniform ficld of 10° NC~! intensity. Find
a. maximum torque exerted by the field oo the dipole and
b. the work done in rotating the dipole through 180° start-
ing from lhe position & = 0°.

ELECTRIC DIPOLE

e An clectric dipole is a sy's‘tem of two equal and opposite

point charges scparated by a very small and finite distance.

o Fig. 1.80 shows an electric dipole consisting of two equal

and opposite point charges —g and +9 separated by a small




1.26 Physics for ITT-JEE: Electricity and Magnetism

distance 2/. The strength of an electric dipole is measured

by a vector quantity known as electric dipole moment. Its-

magnitude is equal to the product of the magnitude of either
charge and the distance between the two charges.

—q " +q
OO
te = »
Fig. 1.80
p=q2
The direction of p is from negative charge to positive

charge.
e In S.I. system of units, p is measured in coulomb-metre.

ELECTRIC FIELD DUE TO A DIPOLE

Electric Field Intensity due to an Electric Dipole
at a Point on the Axial Line

¢ A line passing through the negative and positive charges -

of the electric dipole is calted the axial line of the electric
dipole.

e

B 0. P4 E, E

E, E
O—o—Pp-O0——— R a-——->] = X
E -9 *+q P
! / '

Axial line P :l
Fig. 1.81

¢ Suppose an electric dipole AB is located in a medium of di-
electric constant X (as shown in Fig. 1.81). Let the dipole
consists of two point charges of —g and +¢ coulomb sepa-
rated by a short distance 2/ meter. Let P be an observation
point on the axial line such that its distance from the mid
point O of the electric dipole is r. We are interested to
caleclate the intensity of electric field at P. ’

|

4q
E;, =
: 4J'!£()K (I‘ = 1)2

duetogat P

{along the direction OX}
{

q
dmegK- (r +1)?

and E; = due to —g at P

{along the direction OB}
The intensities E| and E, are along the same line but in
opposite directions. Since E; > E3, hence resultant inten-
sity E at Lhe point P will be equal to their differences and
in the direction A P. Thus, '

1 1
E=E —E= i~ 7_
AmegK (r —1) daeeK (r+1)

£ 4 alr 1 2Qq1)r
T dmegK [ (P2 — 22| T 4dmwegK | (2 = 12)?

But 2¢! = p =electric dipole moment;

[ 2pr

By __
= dmeoK (2 — )

e If I is very small compared to r (! & r), then {2 can be
neglected in comparison to 2. Then, the electric field in-
tensity at the point P due to a short dipole is given by

1 2pr 1 2p
- AreaK Iz 4regK s
1 2p
= &= A egK 3
e If dipole is placed in air or vacuum, then X =] and
ol 2
4oreg r3

Note: The direction of electric field E is in the direction

. of p, ie.,.parallel to the axis of dipole from the negative

charge towards the positive charge.

In vector form, we can write:
1 2p. 1 2p

E = i = ==
4meg 13 4mwey 13

Electric Field Intensity due to an Electric Dipole
at a Point on the Equatorial Line

An equatorial line of the electric dipole is a line perpendicular
to the axial line and passing through a point mid way between
charges. '

e Let us now suppose that the observation point P is situ-
ated on the equatorial line of dipole such that its distance
from mid-point O of the electric dipole is » (as shown in
Fig. 1.82). Let us assume again that the medium between
the electric dipole and the observation point has dielectric

constant XK.
q : g
El=——r —— along the direction PD
alial 4regK (rt+12) fplong }
1
and £, = 4 {along the direction PC}

dregK (r2 +17)
The magnitude of E; and E, are equal but directions are
different.
Net intensity: E = Ej cosé + E; cosé
[sine components cancel out]
I q 1 q
= ek 21 Ot ek P4 D
1 q
T dmegK (X2 +12)
But from the figure,

04 04 R
PA  (OPY+ QAR)I2 ~ (p24 )2
! !
E= g X 4 = ] X 2‘)
dreoK (P2 412y (2412 AmegK T (24122
But 2gl = p = electric dipole moment '
r
E =
4K * (r2 4 12)3/2

e If [ is very small as compared to r (! « r), then [? can
be neglected in comparison to r2, Then, the electric field

cosé

x 2cos@ along PR

cosf =




intensity at the point P due to a short dipole is given by

1 2, P
47reoK (G

T dmegK r?

o If dipole is placed in air or vacuum, then X =1 and

l
E = S
dmeg 13

As direction of resultant eleciric field is along the negative x-
axis, hence in vector form we can write

X 4 -i)=-

2 x £
drey 13 dmey 3

E =

Note:. The direction of electric field E is opposite to the
direction of p, le., antiparallel to the axis of dipole from
the positive charge towards the negative charge.

ELECTRIC FIELD INTENSITY DUE TO A SHORT
DIPOLE AT SOME GENERAL POINT

e Lct AB be a short electric dipole of dipole moment 5 (di-
rected from B to A). We are interested to find the electric
ficld at some general point P, The distance of observation
point P w.r.l. mid point O of the dipole is » and the angle
made by the line OP w.r.t. axis of dipole is 6.

Coulomb’s {aws and Electric field 1,27

e We know that dipole noment of a dipole is a vector quan-
tity. Tt can be resolved into two rectangular components 5
and P as shown in figure, so that p = p| + pa.

The magnitude of py and pp are p; = pcosf and
p2 = psing.

o Itis clear from figure that point P lies on the axial line of
dipole with moment p,. Hence, rpagnitude of the electric
field imensity £, at P due 10 py is

Fig. 1.83

| 2/)c0§9 {along OC) o

Similarly, P lies on the equalorml line of dipole with moment
2. Hence, magnitude of electric field intensity E; at P due to

pa is

1 palne .
E,= — te (0 pa ii
2= {opposite to p2} ) (i)
Hence, resultant mtens)ty A PisE= E, + E,

Magnitude of Eis: E = J(E? + E}) (as E, and E/Z are mu-

tually perpendicular).

2pcosé 2 psing\?
E == i)
or \/( 4megr? ) T (47r£gr3

P 2 . 2 p
V4dcos? o 6=
3 €0s° 6 + sin 4,180'_3

Axegr

VI 43cos?

o If the resultant field intensity vector E makes an angle ¢
with the direction of E, then
E; _ (psin8/dmegr’) 1

(ang = =2 = SPONO/ATET) " ang
Mé = = Gpcosbjaneyd 2

Miustration 327

Three charges —q, +2¢ and —q are ar-
ranged on a line as shown in the Fig. 1.84. Calculate the field

at a distance r >> & on the line. =
Sol. The field at point P is superposition of fields E. Ez. Ey

due 1o each charge.

=T drep(r — a)’-“

= q 2
= ————1; Now
Ameg(r +a)2‘ o
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E=EI+E2+E3=

q 1 n 2 1 ;
dreg | (r—a) r* (r+a)?

gt [ 1= ()] o2 e ()]

If r >> a, we can use binomial approximation:
-1
14+ ~1+na+ n(nlg )a2+--~foro: <<1

Therefore,

g  ln o a (=2~ 1) {—a\’
E_47r50r2[ [(1 2(—r))+ 2 (T)]

a  —2=2-1)sa\2] _ 6a’q
bl [1_27+ 2 (;) ”—47r£0r4.

The charge in this problem may be considered as two dipoles
placed close together. Such an arrangement of charge is called
an electric quadrupole. ‘

[ITe B BL]  What is the force on a dipole of dipole
moment p placed as shown in the Fig. 1.85.

3 ﬁ =
| +g
J¢——a—s]a—a—opl
1
Fig. 1.85
Sol. Force on any ¢ by dipole:
9 P
F = g Eyipole = 4—”5;‘ downward
So from third law, force on dipole due to both charges
_ __4ar
=2F = 2 e0d upward

Net Force on a Dipole in a Non-Uniform Field

Suppose an electric dipole with dipole moment ; is placed in

a non-uniform electric field £ = Ef that points along x-axis
(Fig. 1.86). Let E depends only on x. Thé electric field at the
position of negative charge is E and at the position of positive
charge (E + AE). Net force acting on the dipole is then

9(E+AE)

O
2aI #
©

qE

Fig. 1.86

E_T.
F=q(E+AE)-gE=qAE=gq [%;m]

S AE_dE
Ax ~ dx
dE

F=2¢1q—=p£j£

—

dE
where e is the gradient of the field in the x-direction.
x

ITETP WY Find the force on a small electric dipole

of dipole moment D due to a point charge Q placed at a
distance r.
+Q R
" >
Fig. 1.87

Sol. Electric field of a point charge is a non-uniform electric
field. Electric field at a distance x from the point charge is

1 Q0 dE 1 20
E= - —= —_— e i
47eq x2 dx 4dmeg x3
magnitude of force on the dipole:
po| 4Bl 1 200
9 pdx - T 4mey 13

Alternatjvely: Same can be calculated as force on the point
charge due to dipole which is same as the force on dipole due
to point charge (Newton’s 3™ law). The electric field of small
dipole at a distance r is

2
o — _p' Hence, force on the point charge Q is
deg r3
1 2pQ
F=——
4mey 3

DIPOLE IN A UNIFORM ELECTRIC FIELD

Torque: When a dipole is placed in a uniform field as shown in
Fig. 1.88, the net force on it: P [qE - (—q)ZZ] =0

»
»

E=4E
P /i’ir*"
E /\:1 +q " /
¢ "dsin¢
F.=4E
Fig. 1.88

Hence, net force on 2 dipole is zero in a uniform electric field.
While the torque 7 = gE x d sin¢

Le., T = pEsin¢ {as p = qd}
or % = p x E (by electric field)
and 7 = E x P (by us if the dipole is in equilibrium)

From the expression, it is clear that couple acting on a dipole
is maximum (= pE) when dipole is perpendicular (¢ = 50°) to
the field and minimum (= 0) when dipole is parallel (¢ = 0°) or
antjparallel (¢ = 180°) to the field.

By applying a torque, electric field tends to align a dipole in
its own direction.



[ B[] Anelectric dipole consists of two charges
of 0.1 pC separated by a distance of 2.0 cm. The dipole is
placed in an external field of 10° NC-}. What maximum
torque does the field exert on the dipole?

Sol. t = pEsinf = g x 2a x E sinf. Max. value of 7 will be
when sin 6 =1

o Tpax = 0 5% 2. % 1072 % 10° %

1 =2x10"*N-m

Concept Application Exercise 1.4

1. State the following statements as true / false:
a. An electric dipole is kept in a uniform electric field at
some angle with it. [t experiences a force but no torque.
b. An electric dipole may experience a net force when it
is placed in a non-uniform electric field.
¢. Anelectric dipoleis keptin a non-uniform electric field,
It can experience a force and a torque.
. Electric intensity due to an electric dipole varies with dis-
tance as E o r", where n is
3. An electric dipole of moment p is placed at the origin
along the x-axis. The electric field E at a point P, whose
position vector makes an angle 8 with the x-axis, will
make an angle with x-axis is

\/

P

-9 o/ +q
’o)
Fig. 1.89

4. Two point charges of | uC and —1pC are separated by a
distance of 100 A. A point P is at a distance of 10 ¢cm
from the mid point and on the perpendicular bisector of
the line joining the two charges. Find the electric field at
P

5. Anelectric dipole consists of two opposite charges of mag-
nitude 2 x 1078 C each and separated by a distance of 3
cm. It is placed in an electric ficld of 2 x 10° NC-!. De-
termine the maximum torque on the dipole.

6. Three charges are arranged on the vertices of an equi-
lateral triangle as shown in Fig. 1.90. Find the dipole
moment of the combination.

Fig. 1.90
7. The electric field at A due to dipole p is perpendicular to
p.theangle@is_

Coulomb’s Laws and Electric Field 1.z

A

Fig. 1.91
8. A dipole lies on the x-axis, with the positive charge +¢ at

d d
x = +— and the negative charge at — . Find the electric

flux ¢ through the yz plane midway between the charges.

9. An electric dipole is formed by two particles fixed at the
end of a light rod of length /. The mass of each particle is
m and the charges are —g and -+¢q. The system is placed
in such a way that the dipole axis is parallel to a uniform
electric field E that exists in region. The dipole is slightly
rotated about its center and released. Show that for small
angular displacement motion is SHM. Evaluate its time
period. -

> E

Fig. 1.92
A dipole consists of two particles carrying charges +2 and
—2uC and masses | and 2 kg, respectively, separated by
adistance of 6 m. It is placed in a uniform electric field of
8x10% vm~'. For small oscillations about its eguilibrium
position, find the angular frequency.
11. A small electric dipole of dipole moment P is placed
near a point charge +(Q as shown. Then, the net force on
the dipole is towards

10

Solved Examples

A uniformly charged wire with linea

| Example 1.1,
charge density A is laid in the form of a semicircle of ra:
dius R. Find the electric field generated by the semicircle ar
the center.

Sol. We consider a differential element d/ on the ring, that sub-
tends an angle 46 at the center of the ring,

dl = R df. Charge on this element =dQ = AR d6.
This element creates a field 4E which makes an angle 8 ai
the center as shown in Fig. 1.94. For each differential element
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dl'= Rd§
1%

(®) (®)
in the upper half of the ring, there corresponds a symmetri- Fig. 1.96
cally placed charge clement in the lower half plane. The y- Yy 9
components of field due to these symmetric elements cancel,
out and x-components remain,

_ dQ MR dB)cos 6 B = A A A %
A S O = e B = B >=\"Zer ) " \drer )’
Field due to quarter shape wire segment (3):

Field due to segment (2):

On integrating the expression for d Ey, w.r.t. angle 8, in limits ; i
6 =—m/2t08 = +m/2, we obtain Fa = 5 Y (8 = 090° §, = 0°
+)2 : 3 4egR 5 470k J (6 ] )
E AR oo do
= COS U « =
AmeyR? 2meoR )
)3 4 Y
, o 3 2 | ,
In terms of total charge, say @, on the ring, A = - and we x
4
' Q
et B =0
_g 229 R2 R 0 2
If we consider the wire in thé form of an arc as shown inthe — \ \ ¢  =====- Ey “tmeR |
figure, the symmetry consideration is not useful in canceling out A a
x-and y-components of the fields, il 8) and 8, are different. We EV Ey z_ﬁm J
will integrate  E, as well asd Ey in limits 8 = =6, to 6 = +6,. Segment 3 s > Segméitl)
. egmen egm
A
b Y A A E “dneR’
X dne,R !
) H Y
1)
) ! T_>
Fig. 1.95 ii:l——x—
" Segment (2) . Segment (3)
/ oo (8in B; + sin 6,) DT
—-———‘—*L ap = S (7) sin &y :
., Ameg k2 ., 4meyR ' Resultant field is superposition of fields due to each part.
! '\ ; 4, ’ = - — -
iy ‘ E=E+E+E, (i)
E, = f p & 5 gme 6 = A (cos 8, — cos 8)) Substituting the values of £, E, and E; in (i),
: dregR* & dreg R ) A
- =z ~ A
~ = (rear) "+ (70t
For a symmetrical arc, 8) = 8. Thus, E, vanishes and 4meoR gl L

A sin@ . )
; y

S t)
( egmen )
| 5.2 ) ,

Segment 2

A s bc t in two configurations shown in figure (a) and (b).

Determine the clectric field intensity at point O. £ - 2
. . L R % *TameR !
Sol. Consideration of Fig. 1.96(a) S T 2 5
Field due (o segment (1): N £y= aner”’
) L,
[‘,’ A F i A ) 4 ’
5y = ( ——— )i —
: 476‘0}? 47T€0R J Segment (1)

. Fig~1.98



V2

4regR

- r Y R
(E] = l:(MreoR) +(4neoR)] -

Here. E, = E, =
3 ) 47 coR

make an anglc of 45° with the axis.
b. Field duc to segment [,

. Hence, the resultant Aeld will

- A P
E.\'| = ;
4716()R
- A A
Ly =—-
N 4meoR 2
Fe g
: 4JT€()R[‘ J1
. ' = A
Field due to segment 2, £, = — 4regR '
2 A ~
2= 4mregR 4
i A 4 4
2= auR[l + J1
. A
2R

..... R

- = /‘ A
Ef{'ﬁ = W”

v o_ F Sepment (3)

&= Efm )
Segmem (2)

Fig. 1.99
- A A

Field due to segment 3, E—A‘.\ =0, E, = 2me, RJ
0

-

= iy =

2w &0 R /
From principle ol superpasition of electric fields,

E=E|+EQ+E3= R[T—*—)]

NE()R[’ —J1= 4

-

€. g

Hence, net field is zero.

A particle having chargc that of an ¢lec-

tron and mass 1.6 x 107 kg is pro_;ected with an initial
speed i at an angle 45° to the horizon{al from the lower plate
of a parallel plate capacifor as shown in figure. The plates
arc sufficiently long and have separation 2 em. Find the max-
imum value of velocity of particle for it not to hit the upper
plate. Take electric field between the plates = 10° Vm™' di-
rected upward.

Sol. Resolving the vclocny of particle parallel and pcrpcndlcular

lorthe plate. -

i \u C
iy = ucos4S’ = —= and vy = usin4s’

Force on the charged particle in downward direction normal
(o the plate = ¢ £

Coulomb’s Laws and Electric Field 1.31

— )
u TE =10V/m!
2em
i — ]

Fig. 1.100

- eE .
*. Acceieration ¢ = —, where m is the mass of charged
: m

parlicle.

The particle will not hit the upper plate, if the velocity com-
ponent normal to plate becomes zero before reaching i, i.e.,

0 = u} — 2ay with y < d, where d is the distance between
the plates.

.. Maximum velocity for the particle not to hit the upper plate,
(for this y = d = 2 cin)

2x 1.6x 107" % 10° x 2 x 1072
u_]_=\/2_a_=\/xx x_x><0

L.6 x 10-30
=2 x 10¢ ms™!

= Uy = Uy /c0s45° = 2+/2 x 10% ms™!

SExample1. A particle of mass m and charge ¢ s re-
leased at rest in a uniform field of magnitude £, The uniform
field is created between two parallel plates of charge densities
+0 and —o, respectively. The particle accelerates towards
the other plate 2 distance d away. Determine the speed af
which it strikes the opposite plate.

y
A
c—— a
""0'? 9 £ i "
ny J VL Yy Y
=0 —> X
4
Origin
Fig. 1.101

Sol. The applicd electric field is E= —on
The force experlcnccd by the charge ¢, F q E = —qEy)
The force is constant, and so the acceleration is constant as
well

qEq -,

g = — = ——

" m
Due to constant acceleration, the pacticle moves in —ve y-

direction; the problem is analogous to motion of a mass released
from rest in a gravitational field.
From equations of motion,

E
Vy = Uy -+ a‘.l =0- q——mol (’)
[ 1 gEy » .
And y = yp-g-‘zz)ul+-—a) ,O-d+0—§q——°‘ (ii)
m
Particle starts alyg = d and i |mpac1 occursaty =0
2dm
From equation (ii), 7 =
9Eo
2qE()(1

7 2(/1")”2 _
m \ gk B m

Two balls of charges ¢y and g, initially
have a velocity of the same magnitude and direction. After

" From equation (3), vy, =
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a uniform electric field has been applied for a certain time
interval, the direction of first ball changes by 60° and the ve-
locity magnitude is reduced by half. The direction of velocity
of the second ball changes thereby 90°. In what ratio will the
velocity of the second ball change? Determine the magnitude
of the charge-to-mass ratio of the second ball if it is equal
to oy for the first ball. Ignore the electrostatic interaction
between the balls.

E E v_ E
=
60° R 90°
& v 7 v >V - d:
o o Final condition
Initial condilion

Fig. 1.102

Sol. Let the electric field on each ball be given by

E=E.l+E,j
From impulse-momentum equation, we have
Impuise = Change in momentum
Let the final velocities of the balls be vy and v,. Nothing that
v = v/2, we have :

2 A v
G (Exi+Ey DAt =m, (5

qz(Exf+ E).}')Al =niy (vz c0590°7 + v, sin 90°}') — mavi (i)
On comparing the x- and y-components on both sides of equa-
tion (i), we get

q 3 V3

cos 60°F +§ sin 60°}‘) —mvi (@)

—E, Al === —
S 4v and E Al 7] v (1i1)
Similarly, for equation (n), we get
ﬂE At = —p and ﬂE). Al = vy (iv)
my ma

Fram equations (iii) and (iv), by-dividing the equations ex-
pression for x-components, we get

q|/m| = 3

qz/m?_ - Z (V)
g 4q 4
' a  3my 3a\ ;
V3 3
siso g/l V3 Be 3L
ga/m 4y, 4 4 S3

i A rigid insulated wire frame, in the form
of right triangle ABC is set in a vertical plane. Two beads
of equal masses i each carrying charges ¢; and g; are con-
nected by a chord of length / and can slide without friction
on the wires. Considering the case when the beads are sta-
tionary. determine (IIT-JEE, 1978)

1. the angle a.
2. the tension in the chord, and
3. the normal reactions on the beads if the chord is not cut.

What are the values of the charges for which the beads
continue to remain stationary?

Sol. Because of equilibrium of charge ¢,
Ny =mgsin60° + (T — F)sine... (1)

Fig. 1.103
and (T — F)coso = mg cos 60° (i)

M
(T-F)cosa

T-F
in 60°

mg cos 60°
(T-F)sinx
!
Fig. 1.104
Because of equilibrium of charge q;

(T — F)sine = mg cos 30° (i)
From (i) and (iii), Ny = mg sin 60° + mg cos 30° (iv)
C) (T- F)sina
5a90——a M

mg sin 30:),
»
(T-F)cosa

Fig. 1.105
= N|=mg<§+£)=~/3mg

From (ii) and (iv),

11
Ny = mg cos 60° + mg sin 30° = mg (i + E) =mg

Also, F = k12

Now, from equations (ii) and (iii), we get
(T = F)*cos’a + (T — F)*sin? o = m%g? cos? 60°

+ m?g? cos? 30°
1
=3 (T _ F)2 — m2g2 |:Z o %] — ’n2g2
= T —F=x%mg (v)
=T=mg+F =mg+ kq;;h . (vi)
[Taking positive sign] -
From (ii) and (v),

mgcoso = mgcos60° = cose = cos 60°

When the string iscut, T =0

ke
kl2

mgl?
k

."-From (vi), mg = + = q1gy==%
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Subjective Type Solutions on page 1.45

1. Calculate the number of electrons in a small, electrically neu-

10.

tral silver pin that has a mass of 10.0 g. Silver has 47 electrons
per atom, and its molar mass is 107.87 gmol~'.

A charged particle of radius 5 x 10~ m is located in 2 horizon-
tal electric field of intensity 6.28 x 105 Vm™'. The surround-
ing medium has coefficient of viscosity 7 = 1.6x10% Nsm™2,
The particle starts moving under the effect of electric field
and finally attains a uniform horizonta) speed of 0.02 ms™!.
Find the number of electrons on it. Assume gravity free space.

. Suppose that 1.00 g of hydrogen is separated into electrons

and protons. Suppose also that the protons are placed at the
Earth's north pole and the electrons are placed at the south
pole. What is the resulting compression force on the Earth?
(Given: Radius of earth is 6400 km).
Two identical conducting small spheres are placed with their
centers 0.300 m apart. One is given a charge of 12.0 nC and
the other a charge of —18.0 nC.
a, Find the eJectric force exerted by one sphere on the other?
b.'If the spheres are connected by a conducting wire, find
the electric force between the two after they have come
to equilibrium.
Four equal point charges each of magnitude +Q are to be
placed in equilibrium at the corners of a square. What should
be the magnitude and sign of the point charge that should be
placed at the center of square to do this job?
Two point electric charges of values g and 2g are kept at
a distance 4 apart from each other in air, A third charge Q
is to be kept along the same line in such a way that the net
force acting on ¢ and 2q is zero. Find the location of the
third charge from charge ‘g".
Two fixed point charges +4e and +e unit are separated by a
distance ‘a’. Where the third point charge should be placed
from +-4¢ charge for it to be in equilibrium.
Two identical particles are charged and held at a distance of
1 m from each other. They are found to be attracting each
other with a force of 0.027 N. Now, they are connected by a
conducting wire, so that charge flows between them. When
the charge flow stops, they are found to be repelling each
other with a force of 0.009 N. Find the initial charge on each
particle.
Two similarly and equally charged identical metal spheres
A and B repel each other with a force of 2 x 1075 N. A
third identical unchacged sphere C is touched with A and
then placed at the mid-point between A and B. Find the net
electric force on C.
Three point charges of +2 pC, —3 pC and —3 pC are kept at
the vertices A, B and C respectively, of an equilateral triangle
of side 20 cm as shown in the figure. What should be the sign
and magnitude of the charge (¢) to be placed at the mid point
(M) of side BC so that the charge at A remains in equilibrium?

EXERCISES

11

12.

13.

14,

Coulomb’s Laws and Electric Field 1.33

AQ+2pC

¥ .
+3 pCTD ~-3uC

Fig. 1.106

Two small beads having positive charges 3g and g are fixed
at the opposite ends of a horizontal, insulating rod, extending
from the origin to the point x = d. As shown in figure, a
third small charged bead is free to slide on the rod. At what
position is the third bead in equilibrium? Can it be in stable
equilibrium?

+39 tq
P S
@ =)
te d »

Fig. 1.107

A copper atom consists of copper nucleus surrounded by
29 electrons. The atomic weight of copper is 63.5 gmol™'.
Let us now take two pieces of copper each weighing 10 g.
Let us consider one electron (rom one piece is transferred to
another for every 1000 atoms in a piece. '

a. Find the magnitude of charge appearing on each piece.
b. What will be the Coulomb force between the two pieces

after the transfer of electrons if they are 10 cm apart?

[Avogadro’s number = 6 x 107 mol™']

A flat square sheet of charge of side 50 ¢m carries a uriform
surface charge density. An electron 0.5 ¢m from a point near
the center of the sheet experiences a force of 1.8 x 1072 N
directed away from the sheet. Determine the (otal charge on
the sheet,

Particle of mass 9x 107" kg and a ncgative charge of
1.6x10™'% C is projected horizontally with a velocity of
10 ms~' into a region between two infinite horizontal
paralle! plates of metal. The distance between the plates is d
= 0.3 ¢m and the particle enters 0.1 cm below the top plate.
The top and bottom plates are connected, respectively, to the
positive and negative terminals of a 30 V batlery. Find the
components of the velocity of the particle just before it hits
one of the plates.

y U).

A A
I N I +TI

V(
ELS 14
Y Y,Y l
E—— - ]
< L »l

Fig. 1.108
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15.

16.

A solid spherical region having a spherical cavity whose di-
ameter ‘R’ is equal to the radius of the spherical region, has a
total charge ‘Q'. Find the clectric field at a point £ as shown.

Fig. 1.109

A sphere of radius R has a uniform volune densuy p- A

. spherical cavity of radius b whose center lies at r = =a is

17.

18.

19.

removed from the sphere.

a. Find the electric field at any point inside the spherical
cavity.

b. Find the electric field outside the cavity,

Fig. 1.110

A very long, solid insulating cylinder with radius R has a
cylindrical hole with radius @ bored along its entire length.
The axis of the hole is a distance b from the axis of the
cylinder, where a < b < R (as shown in figure). The, solid
material of the cylinder has a uniform volume charge density
p. Find the magnitude and direction of the electric field inside
the hole, and show that this is uniform over the entire hole.

)

Charge density p
Tg. 1.111

Point charges g and —g are located at the vertices of a
square with diagonals 2/ as snown in figure. Evaluate the
magnitude of the electric field strength at a point located
symimetgically with respect to the vertices of the square at a
distance x from the center.

4Gt B
{ \\ ,/ |
5 \\\ f’/ :
: =26 |
‘ ,// \\ ;
: e SN
§ o (REE N Ve
-q -q
Fig. 1.112

Two mutually perpendicular long straight conductors carry-
ing uniformly distributed charges of linear charge densities

X1 and X, are positioned at a distance a from each other.
How does the interaction between the rods depend on a?

Fig. 1.113

. A ring of radius 0.1 m is made out of a thin metallic wire of

area of cross section 1076 m?. The ring has a uniform charge
ol 7 coulombs. Find the change in the radius of the ring
when a charge of 1078 coulomb is placed at the center of the
ring. Young’s modulus of the metal is 2 x 10'' Nm~2

. A charged cork ball of mass m is suspended on a light string

in the presence of a uniform electric field as shown in figure.
When E = (A7 + B J)NC~!, where A and B are positive
numbers, the ball is in equilibrium at the anglc 8. Find a. the
charge on the ball and b. the tension in the string.

Fig. 1.114

22. Aring of radius R has charge —Q disiributed uniformly over

it. Calculate the charge that should be placed at the center of
the ring such that the eleclric ficld becomes zero at a point
on the axis of the ring distant ‘R’ from the center of the ring.

23. Two identical small equally charged conducting balls are

suspended from’ long threads secured at one point. The
charges and masses of the balls are such that they are in
equilibrium when the distance between them is a (the length
of thread L >> a). One of the balls is then discharged.
What will be the distance b (b << [) between the balls when
equilibrium is restored? *

24. Two point charges 0, and Q; are positioned at points A and

B. The field strength to the right ol charge O, on the line

that passes through the two charges varies according to a law

that is represented schematically in the figure accompanying

the problem (without employing a definite scale). The field

strength is assumed to be positive if its direction coincides

with the positive direction of x-axis. The distance between

the charges is | = 21 em (Fig. 1.115). Find

a. the signs of the charges.

b. the ratio of the absojute values of charges O, and Q.

¢. the coordinate x of the point where the field strength is
maximuim.

25. Two semicircular wires ABC and ADC each of radius ‘R’

are lying ou x—y and x—z plane, respectively, as shown in the
Fig. 1.116. If the linear charge density of the semicircular



E
w7
> )
[=2lem )
12‘ )
A x (incm)

Fig. 1.115

parts and straight parts is A, find the electric field intensity
-

E at the origin.

7>
M 16 +7 zalis
v 2

7
o

Fig. 1,116

26. An infinite wire having linear charge density X is arranged
as shown in the Fig. 1.117. A charge particle of mass /n and
charge ¢ isreleased from point 2. Find the initial acceleration

of the particle (at 7 = 0) just after the particle is released.

y

Semicircular
loop

”
700

Fig. 1.117

27. Three small balls, each of mass s are suspended separately
from a common point by three silk threads, each of length /.
The balls arc identically charged and hang at the corners of an
equilateral triangle of side x. What is the charge on each ball?
Two similar bails, cach of mass m and charge g, are hung
from a common point by two silk threads, each of length /

28

¢

(Fig. 1.118). Prove that separation between the balls is

21 1/3
X = [_q_] ,if @ is small.
2mspimg

d
Find the rate -(% with which the charge should leak off
cach sphete if their velocity of approach varies as v = a/./x,

where ¢ is a constant.

29. Three equal negative charges, ~¢, each, form the vertices of
an equilateral triangle. A particle of mass »z and a positive

b

Coulomb’s Laws and Electric Field 1.3

Fig. 1.118

charge g3 is constraincd lo move along a line perpendicular
{o the plane of wriangle and through its cenler which is al a
distance » from each of the negalive charges as shown in
figure. The whole system is kept in gravily [ree space.

-9

=4 -
Fig. 1.119
Find the time period of vibration of the particle for
small displacement [rom equilibrium position.

. A ball of radius R carries a-posilive charge whose volume

density at a point is given as p = po(1 — r/R). where pq is

n constont and r is the distance of the point from the center.

Assuming the permitlivitics of the ball and the environment

10 be equal to unity, find

A. the magnilude of the clectric field strength as a function
of the distance r bolh inside and outside the ball

b. the maximum intensity Ex and (he corresponding
distance ry,.

The Fig. 1.120 shows (wo dipole moments parallel (o cach

other and placed at a distance x aparl. What is the magnitude

ol force of interaction? What is the nature of force, aliractive

or repulsive?

) v »!

Fig. 1.120

. Two dipoles p; and pa are placed along the same axis at &

distance x apart, as shown in Fig. 1.121. What is magnitude
of force of interaction? What is the nature of lorce, atlraclive

or repulsive?

P P2
B = R —p----
[t N —— ——

Fig. 1.121

A short dipole is placed along x-axis at v = x (Fig. 1.122),

a. Find the force acting on the dipole due to a point charge
¢ placed al origin.

b. Find (he foree on dipole if the dipole is rotated by 180
about z-nxis.
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y
b

q hx—»?

Fig. 1.122

¢. Find the force on dipole if the dipole is rotated by 90° anti-
clockwise about z-axis, i.e., it becomes parallel to y-axis.

Objective Type Solutions on page 1.51

1. If a body is charged by rubbing it, its weight

. always decreases slightly

. always increases slightly

. may increase slightly or may decrease slightly
d. remains precisely the same

2. In S.I. system, the value of &g is
a. 1 CIN"'m™2
b. 9%x10° C2N~'m~2

CZN—I m~2

0o p

C.

9% 109
=1, —2
'477x9><109CN m

3. Dimensions of &g are

a. M-1L73T%Ar b. MOL—3T3 A3
e M-'L73T3A d. M~'L3TA?
4. The dimensional formula of electric intensity is
a. MLT2A"! b. MLT—3A"!
c. ML*T-3A! d. ML2T3A"?

5. The dielectric constant K of an insulator can be
a. —1 b. -0 c. 0.5 d. 5

6. Choose the correct statement:
a. The total charge of the universe is constant.
b. The total number of the charged particles is constant.

. The total positive charge of the universe remains con-
stant,

d. The total negative charge of the universe remains con-

stant.
7. Two neutrons are placed at some distance apart from each

other. They will
4. attract each other
b. repel cach other
c¢. neither attract nor repel each other
d. cannot say
8. When a soap bubble is charged, its size
a, increases
b. decreases
¢. remains the same
d.

increases if it is given positive charge and decreases

if it is given negative charge

9. Two point charges certain distance apart in air repel each

10.

11.

12‘

13.

14.

15.

16.

17

-«

other with a force F. A glass piate is introduced between
the charges. The force becomes £, where .

A F <F b. FF=F

¢c. Fi>F d. data is insufficient

There are two charges + | uC and + 5 uC. The ratio of the
forces (force on one due to other) acting on them will be
a. |:1 b. 1:2 cyl:3 d. 1:4

Two point charges Q and (; are 3 m apart, and their sum
of charges is 10 uC. If force of attraction between them is
0.075 N, then the values of Q) and Q5 respectively, are
a. SuC,5uC . b. 15uC,-5uC
e 5uC, 15uC d. —15pC, 5uC

A cenain charge 'Q’ is to be divided into two parts g
and Q - g. What is the relationship of ‘Q’ to ‘g’ if the
two parts, placed at a given distance ‘r” apart are to have
maximum Coulomb repulsion?

0 0
mq—z b.q—3
_ 20 _Q
8=~ d.q_4

Three charged panticles are placed on a straight line as
showa in figure. | and ¢ ace fixed but g3 can be moved.
Under the action of the forces from ¢, and g3, g3 is in
equilibrium. What is the relation between g, and g,?

O L O~ X
q (4] H]
Fig. 1.123
a g1 =4 b. 1 =-¢
¢. g1 =-4q; d =g

Two particles A and B (B isright of A) having charges 8 x

1078 Cidnd =2 x 10~ C, respectively, are held fixed with

separation of 20 cm. Where should a third charged particle

be placed so that it does not experience a net electric force.
a. Scmyrightof 8 b. 5cmleft of A

¢. 20 cm left of A d. 20 cmright of B

Five balls numbered 1, 2, 3, 4, § are suspended using
separate threads. The l{alls (1, 2), (2, 4) and (4, 1) show
electrostatic attraction, while balls (2, 3) and (4, 5) show
repuision. Therefore, ball 1 must be

a. negatively charged b. positively charge

¢. neutral d. made of metal

Electric chacges A and Byrepel each other. Electric charges
B and C alsorepel other. If A and C are held close together,
they will :

a. attract b. repel

¢. not affect each other d. none of these

Two point charges repel each other with a force of 100 N.
One of the charges is increased by 10% and the other is
reduced by 10%. The new force of repulsion at the same
distance would be

a. 100N b. 121 N

e 99N ' d. none of these



18.

19.

20.

21.

22.

23.

Three charges +Q, +0, and g are placed on a straight
line such that g is somewhere in between +Q) and +05.
If this system of charges is in equilibrium, what shouid be
the magnitude and sign of charge ¢?

010

N e =71k

(VOi +v03)

.M,H}e

2
0102

(VO + Vo)’
Q1+ O
’ 2
Two positive and equal charges are fixed at a certain dis-
tance. A third small charge is placed in between the two
charges and it experiences zero net force due to the other
two.
a. The equilibrium is stable if small charge is positive
b. The equilibrium is stable if small charge is negative
¢. The equilibrium is always stable
d. The equilibrivm is not stable
An isolated charge g, of mass m is suspended freely by
a thread of length /. Another charge ¢, is brought near
it (r >> ). When g, is in equilibrium, tension in thread
will be

b

- Ve

d ,—ve

(12.fﬂql
Fig. 1.124
a. mg b. >mg
c. <mg d. none of these

Three equal charges, each +g, are placed on the corners of
an equilateral triangle of side a. Then, the coutomb force
experienced by one charge due to the rest of the two is

a. kg*la* b. 2kq*/a®
c. /3kg*a? d. zero

A positively charged ball hangs from a long silk thread.
Eleclric field at a certain point (at the same horizontal Jeve)
of ball) due to this charge is E. Let us put a positive test
charge gq at this point and measure F/gq on this charge.
Then, E

a. >Flgo b. <F/go

¢ = Flgp d. none of these

Electric field near a straight wire carrying a steady current

15
a. proportional to the distance from the wire

b. proportional to inverse square of the distance from
the wire .

¢. inversely proportional to the distance from the wire

d. zero '

Coulomb’s Laws and Electric Field 1.37

24. A forceof 2.25 N actsonacharge of 15% 1074 C. Caleulate

25.

26.

27.

28.

29.

30.

31
_ quadruple distribution shown in figure for r >> a. .

32.

a2

the intensity of electric field at the point.
a. 1500 NC™' b. 150 NC™’
c. 15000 NC-! d. none of these

An e particle is situated in an electric field of strength 15
x 10* NC~!. Force acting on it is
a. 48x107"2N b. 48x107* N

c. 48x 10~ N d. none of these

Two particles of masses in the ratio | : 2, with charges in
the ratio ] : 1, are placed at rest in a uniform electric field.
They are released and allowed to move for the same time.
The ratio of their kinetic energies will be finally

b. 8:1 c. 4:] d. 1:4

Three equal charges, each +g, are placed on the corners

of an equilateral triangle. The electric field intensity at the

centroid of the triangle is
a, kq/r?

¢. 3kglr?

A point charge of 100 »C is placed at 37 + 4 m. Find the

electric field intensity due to this charge at a point located

at9l 4+ 12) m.
a. 8000 V™!

¢. 2250 Vm™!

Electric lines of force
a, exist everywhere
b. existonly inthe immediate vicinity of electric charges
¢. exist only when both positive and negative charges
are near one another
d. are imaginary
Two charges @) = 18 uC and Q4 =— 2 uC are separated
by a distance R and Q| is to the left of Q,. The distance
of the point where the net electric field is zero is
a. between Q; and Q> b. leftof Q) at R/2

c. rightof @z at R d. right of 05 at R/2

Determine the electric field intensity at point P due to

b. 3kgqlr?

d. zero

b. 9000 Vm™!
d. 4500 Vm™!

le r N|
o2 & ¢ o Sp
+q -2 +q
Fig. 1.125
a. 0 b. kga*/r*
¢, 6kgat/r! d. 6kga®/r?

An oil drop, carrying six electronic charges and having a
mass of 1.6 x 10~'? g, falls with some terminal velocity
in a2 medium. What magnitude of vertical electric field is
required to make the drop move upward with the same
speed as it was formerly moving downward with? Ignore

buoyancy.
a. 10° NC™' b. 10 NC™!
c. 3.3x10* NC~! d. 3.3x10° NC™!
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33. Whatis the largest charge a metal ball of | mm radius can
hold? Dielectric strength of air is 3 x (0% Vin~!.
a. 3nC b. 173 nC

c. 2nC d. 1/2nC

34. Five point charges, +q cach, are placed at the five vertices
of a regular hexagon. The distance of center of hexagon
from any of the vertices is a. The electric field at the center
of the hexagon is

a. _q_ b. _q_
4 g0a’ 8 ega?
q
¢ — d. -
167 epa? £ero

35. A ring of charge with radius 0.5 m has 0.0027 m gup. If
the ring carries a charge of +31 C, the electric field at the

center is
Fig. 1.126
a. 7.5 x 10’ NC™! b. 7.2 x 107 NC™!
c. 6.2 x 10" NC™! d. 6.5 x 107 NC™!

36. A block of mass m containing a net negative charge —q is
placed on a friction)zss horizontal table and is connected
to a wall through an unstretched spring of spring constant
k as shown. If horizontal electric field E parallel to the
spring is swilched on, then the maximum compression of

the spring is
E
-
00000 | ™|~7
Fig. 1.127
a. JoE/k b. 2qE/k
c gE/k d. zero

37. Figure shows (he clectric lines of force emerging from a
charged body. If the electric fields at A and B are £ 4 and
L g, respeclively, and if the distance belween A and B is
r, then

Fig. 1.128

a. E, > Eg b. E4 < Eg
o Ey= Eplr d. EA = EBII‘2

38. If an clectron has an initial velocity in a direction differen:
from that of anniform electric field, the path of the electror

1S

a. astraight line b. acircle

¢. anellipse d. a parabola

39. An electron is taken from a point A to point B along the
palth A8 in a uniform electric field of intensity E = [C
Vimn~'. Side AB = 5 m and side BC = 3 m. Then, the
amount of work done is -

40. A pointcharge gy is moved along a circular path of radius
r in the clectric field of another point charge g; at the
certer of \he path. The work done by the electric field on
the charge ¢, in half revolution is

a. Zero b. positive
€. negative d. none of these

41. A spherical conducting ball is suspended by a grounded

conducting thread. A positive point charge is moved near

the ball, The ball will
a. be allracted 1o the point charge and swing toward it.

b. be repetled from the point charge and swing away

from il.
¢. nol be affected by the point charge

d. none of these
42, Two point charges are located on the positive x-axis of a

coordinate system (as shown in figure). Charge 4y = 1.0
nC is 2.0 cm from the origin, and charge g2 = —3.0nCis
4.0 e from the origin. What is the total force exerted by
these two charges on a charge g3 = 5.0 nC located at the
origin? Gravitational forces are negligible.

a. 28uN directed to the left

b. 28 uN directed to the right

c. 196 uN directed to the left

d. 196 pN directed to the right

N g2 9
+)— 0! — x{cm)
0
2.0 cm—:r .
4.0 cm

Fig. 1.130

43. Three +ve charges of equal magnitude ‘¢’ are placed at
the vertices of an equilateral triangle of side I*. How can
Ihe system of charges be placed in equilibrium?
: q s
a. By placing a charge O = { ——= | at the centroid of
y placing ge @ ( ﬁ)

the triangle



u

b. By placing a charge Q = (i) at the centroid of

V3
the riangle
c. By placing a charge O = ¢ at a distance / from all

the three charges
d. By placing a charge 0 = —g above the plane of the

triangle at a distance / from all the three charges

44. In figure, two equal positive point charges q; = g2

45,

46.

47,

48,

= 2.0 pCinteract with a third point charge Q = 4.0 pC.
Find the magnitude and direction of the net force on Q.

¢r=2.0pC

Fig. 1.131

a. 0.23 N in +x direction

b. 0.46 N in +x direction

¢. 0.23 N in —x direction

d. 0.46 N in —x direction
Three identical spheres, each having a charge ¢ 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
1o other two.

/3 2

w e (3) & (%)
3 2 /5 2

© Terss (F) O (&)

Five point charges, each of value +¢, are placed on five
vertices of a regular hexagon of side L. What is the mag-
nitude of the force on a point charge of value —¢ coulomb
placed at the center of the hexagon?

. () b o (1)

| ( 2
c. 277 & (%)/2 s dmey (%)

It is required 1o hold equal charges, ¢, in equilibrium at
the corners of a square. What charge when placed at the
center of the square will do this?

G q
a5 (1+2J5) b. 5(1+2\/i)
A 9 4
e/ (1 +2«/§) d -1 (1 4 2\/5)
A point charge g = —8.0 nC is located at the origin. Find

the electric field (in NC™') vector at the point x = 1.2 m,
y = —1.6 m (as shown in Fig. 1.132).

a, —14.4i +10.8] b. —14.4] — 10.8]
c. —10.81 + 14.4] d. ~10.8/ — 14.4]

49.

50.

51,

52.

1.39

Coutomb’s Laws and Electric Field

O~Iq=-—0,0 nC
4 7 Sl

T
X i
N )
\\ :
N K 1
hRY !
\"\'.)olb : 1.6m
b
\\ : AY
S
. ' L
1
’ Y ik
7 ——
Fig. 1.132

A positive point charge 50 uC is located in the plane
xy at a point with radius vector 7y = 21 +3J. Evaluate
the electric field vector E at a point with radius vector
7 = 81 — 5], where o and r are expressed in meters,
a. (1.47 - 2.67) kNC™' b. (1.41 +2.67) kKNC™!
¢ (277 —3.6j) knC™! d. (2.77 +3.6j) kNC™

A charge g = 1 uC is placed at point (3 m, 2 m, 5 m).
Find the electric field vector at point P (0 m, —4 m, 3 m).

a. —%(3i+6]+2/‘<) kNC™!

b. 3793(32—6)' +k) kNC™! g
c. ;1—3(3?+6}+2k) kNC™! )

& 5o (31 +6] +2k) kNC™!

Four identical charges Q are fixed at the four corners of
a square of side a. Find the electric field at a point P

. . a
located symmetrically at a distance E from the center

of the square.

e — 2 b, —2
2/ 2n gga V2 epa?
22/20 V20

G d.
mepal wepat

A thin glass rod is bent into a semicircle of radius r. A
charge +0 is uniformly distributed along the upper half
and a charge — @ is uniformly distributed along the lower
half, as shown in Fig. 1.133. Calculate electric field E at
P, the center of semicircle.

Q b, 22

2eqr?
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